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TÓM TẮT: Bài báo này, đề xuất hệ thống truyền thông đa truy 

cập không trực giao (NOMA: Non-orthogonal multiple access) 

chuyển tiếp hai chiều (TWR: two-way relay) nhằm cải thiện hiệu 

quả phổ tần. Sử dụng kĩ thuật biến đổi thông tin và năng lượng 

đồng thời (SWIPT: simultaneous wireless information and power 

transfer) để nâng cao hiệu quả sử dụng năng lượng. Để đánh giá 

phẩm chất hệ thống, chúng tôi tính toán biểu thức xác suất dừng 

hoạt động trong ba pha liên lạc ở kênh truyền Rayleigh fading. 

Để giải quyết bài toán tối ưu, thuật toán lặp được sử dụng. 

Thông qua các kết quả mô phỏng và tính toán chỉ ra rằng mô 

hình đề xuất có hiệu quả sử dụng phổ tần và năng lượng cao hơn 

các hệ thống truyền thống. 

ABSTRACT: In this paper, we aim to enhance spectrum 

efficiency in infrastructure-based Non-Orthogonal Multiple 

Access (NOMA) networks over Rayleigh fading channels. To 

achieve this, we introduce a Simultaneous Wireless Information 

and Power Transfer (SWIPT)-enabled Two-Way Relay (TWR) 

system. We then derive closed-form expressions for the outage 

probability for both near and far users in three-time slots. We 

design an iterative algorithm to solve this optimization problem 

efficiently. Finally, through numerical simulations, we 

demonstrate that our proposed scheme outperforms baseline 

benchmarks, confirming the effectiveness of our approach.  

 

 

1. Introduction 

With the rapid evolution of smart 

devices, wireless communication has 

become more prevalent. Unfortunately, the 

limited spectrum makes it difficult to 

accommodate the increasing number of 

devices and deliver the best possible 

service [1]. One that solution can address 

these issues is the utilization of On the 

other hand, with the progress of the radio 

frequency (RF) energy harvesting 

technique, simultaneous wireless 

information and power transfer (SWIPT) is 

considered a promising technology to 

provide energy for relays to make them 

sustainable [2]. The above kinds of 

literature are mainly focused on the 

performances of one-way relay (OWR)-

aided SWIPT-NOMA networks. In such 

networks, the data are transmitted from 

source to relay and then to the destinations. 

In actuality, two-way relay (TWR) 

communications can improve the spectrum 

effectively. 

A TWR-assisted cooperative CNOMA 

network is proposed where the spectral 

efficiency is enhanced [3]. In an 

infrastructure-based NOMA network, a TWR 

with analog network coding is employed to 
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complete information exchange between the 

users and the base station. As an 

enhancement of TWR system, a SWIPT-

enabled secondary user is served as a TWR 

in the cognitive radio (CR) network [4]. 

Three-phase transmission scheme with a 

fixed power distribution factor and time 

distribution factor designed in [5].  

When related to NOMA transmission, 

two SWIPT-enabled TWRs with the source 

forming a NOMA pair to extend the coverage 

of the far users in [6]. Furthermore, to 

enhance the energy harvesting efficiency in a 

multiple-input single-output (MISO) full-

duplex TWR-NOMA system, a bilevel 

programming (BLP) based method is 

proposed in [7].  

Differently, in another FD TWR network 

with PS protocol over Nakagami-m fading 

channels, the outage performance under 

imperfect channel state information (CSI) 

with hardware impairments is studied in [8]. 

In [9], the authors design a two–phase 

transmission scheme based on TWRs in a 

network where the signal composed based on 

NOMA transmission. In the proposed 

scheme, the signal is transmitted to multiple 

relays in the first slot and transmitted to the 

terminal node in the second slot, through 

which the performance is improved 

compared to the conventional TWR method. 

Based on the current research, we 

manifest that SWIPT-enabled NOMA 

network with either HD or FD OWR can gain 

a better performance such as outage 

probability, system throughput, BER, energy 

efficiency or data rate compared with that in 

the Orthogonal Multiple Access (OMA) 

network. Some endeavors have been 

concerned with fulfilling the data 

transmission between a pair of primary users 

in CR or between two nodes in a wireless 

network via traditional TWR. Other works 

have also been devoted to analyzing the 

performance of the SWIPT-enabled TWR 

network with hardware impairments, residual 

self-interference, and a non-linear power 

amplifier.  Other works have also been 

devoted to proposing a SWIPT-enabled TWR 

network to enlarge coverage, enhancing 

energy harvesting efficiency and system 

performance.  

However, in the aforementioned 

literatures, the data exchange between near 

and far user by the collaboration of a SWIPT-

enabled TWR and base station (BS) in the 

infrastructure based NOMA network has not 

been leveraged yet. To fill this gap is the 

main objective of this paper. In order to 

finish the information exchange between near 

and far user in the infrastructure based 

NOMA network, we propose a TWR-aided 

SWIPT-NOMA network with the aim of 

combining TWR with SWIPT to enhance 

energy efficiency, then we design a hybrid 

protocol in the system. Also, we explore the 

optimal value to achieve a lower system 

outage probability. The contributions of this 

paper are as follows:  

i) We import a SWIPT-enabled TWR to 

the infrastructure-based NOMA network over 

Rayleigh fading channels. Then we propose a 

three-phase data exchange scheme based on a 

hybrid relaying protocol combining PS with 

TS protocol (HPTSR). We derive the closed 

expressions of outage probability for the near 

user and the far user, respectively. ii) We 

construct an optimization problem to 

minimize the system outage probability under 

the constraints of the power allocation factor 

and time allocation factor. The optimization 

problem with Bessel functions is solved by 

an iterative algorithm. iii) Simulation results 

show the superiority of our proposed design 

in terms of system outage probability 

compared with baseline schemes. The 

baseline schemes include the SWIPT-enabled 

TWR CR network and the SWIPT-enabled 

TWR with a direct link with fixed power and 

time allocation factor, respectively, also the 

TWR-aided NOMA without SWIPT.  

The remainder of this paper is organized 

as follows. In Section 2, we introduce the 

system model. We derive the closed 

expressions of outage probability for the near 

user and the far user in Section 3. Problem 
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formulation and solution to the optimization 

problem are presented in Section 4. Then we 

present simulation results and conclusion in 

Sections 5 and 6, respectively. 

2. Theoretical framework and methods 

As shown in Figure 1, the system in this 

paper contains a source node S, a TWR R 

and two users, denoted as UE1 and UE2.All 

users are equipped with a single antenna. It is 

assumed that the link between UE2 and the 

source node does not exist due to deep fading 

or shadowing，so does the link between UE1 

and UE2. UE2 is far from the base station 

and exchanges data with the source node 

through R.  0, ( 1,2,3,4,5,6)i ih CN i  denotes 

the Rayleigh fading channel.  

S

UE1

R UE2

Timeslot 1

Timeslot2

Timeslot3

1h

2h
3h

4h

5h
6h

 

Figure 1. System model 

The distance between S and UE1, S and 

R, R and UE2 is denoted by 1 2 3, ,d d d , 

respectively. It is assumed that R obtains 

energy from the RF signal and forward the 

data based on DF protocol. 

The three-stage hybrid protocol is shown in 

Figure 2. It is assumed that the transmit time is 

T. The entire duration T is initially divided into 

three time slots, with each of duration being T

and (1 2 ) T respectively, where (0 1)   is 

the time switching factor. Within the first 

timeslot T , the relay R takes energy from the 

signal transmitted by the source node. The 

power received from the source node is divided 

into two parts, SP  is used for energy harvesting 

and the rest (1 ) SP  is used for information 

decoding, where SP is the transmit power and  

(0 1)    is the power allocation factor. In the 

second timeslot, UE1 transmits a signal to the 

source node to complete the two-way 

information exchange. At the same time, UE2 

transmits a signal to the relay R.R obtains a 

portion of the power 2P of the signal from UE2 

for energy harvesting and the rest 2(1 ) P  for 

information decoding, where 2P is the transmit 

power of UE2.Within the third timeslot of 

duration (1 2 ) T , R mixes the two information 

streams received from UE2 and Sand then uses 

the harvested energy to broadcast the encoded 

information to both S and UE2.Once S and UE2 

receive the broadcasted information from R, 

they can decode the required information from 

the mixed information based on their priori 

experience. 
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Figure 2. Hybrid Relay Protocol 

In the first time slot, the source node S 

transmits signal x  to R and UE2 based on 

NOMA technique, 1 1 2 2 S Sx a P x a P x , where 

1a  and 2a denotes the NOMA power 

distribution coefficient per unit power RF 

signal 1x  and 2x , respectively, 1 2 2 11,  a a a a . 

The signals received by R and UE1 can be 

expressed by: 

1

2 1 1 2 2

2

( )  S

R Rm

P
y h a x a x n

d
  (1) 

1

1 1 1 1 2 2 1

1

( )  S

m

P
y h a x a x n

d
   (2) 

Where  ( ) 00,n CN N
 

is the additive 

Gaussian white noise of the receiving antenna at 

node R, m  is the path loss index. The 

superscript 1 indicates at the first time slot. 

Since 2 1a a , UE1 and R use serial 

interference cancellation to treat  low-power 

signals 1x  as noise, and decode high-power 
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signals 2x . After successful decoding 2x , 2x  

are removed from the received mixed signal, 

and then the low-power signals 1x are 

decoded to enable multi-user signal 

detection.The SNR of the UE1 decoded 

signal 2x is: 
2

1 1 2

1, 2 2

1 1 2 0








m

S

UE x m

S

P d h a

P d h a N
   (3) 

Let 0/S SP N the above equation can be 

expressed by： 

  
2

1 1

1, 2 2

1 1 1




S

UE x m

S

h a

h a d





     (4) 

UE1 successfully decodes the signal 2x

and removes it before decoding 1x , the SNR 

of UE1 for decoding 1x is  

 
2

1, 1 1 1 1/ m

UE x S h a d     (5) 

The TWR based on the hybrid protocol 

performs information decoding and energy 

collection of the received signal. The energy 

collected by the relay in the first time slot is 

expressed as: 

 
2

1 2 2/ m

SE P h T d   (6) 

where (0 1)    is the energy 

conversion efficiency of the RF signal into 

energy. 

The decoded and transmitted signals 

from the relay node can be expressed as 

 

 
 1

2 1 1 2 2

2

1
1

1


  

  

S

R m

R c

P
y h a x a x

d

n n






   (7)  

where cn  is the additive Gaussian white 

noise at the receiving antenna of the relay 

node. 

The SNR for R decoding signal 2x  can 

be expressed as： 

  
2

2 2

, 2 2

1 2 2

(1 )

(1 )




 

S

R x m

S

a h

a h d

 


 
  (8) 

 In the second time slot, UE2 transmits a 

signal 2Ux to the relay. At the same time, UE1 

transmits a signal 1Ux to the base station to 

complete the information exchange between 

the base station and UE1. The received signal 

at R is given by: 

  2 2

2 2

3

 R U Rm

P
y h x n

d
  (9)   

Where 2P  is the transmit power of UE2. 

The energy collected by R from the 

received signal can be denoted by： 
2

2 3

2

3


m

P h
E T

d


    (10) 

The SNR for the relay decoding 2Ux  can 

be denoted by： 

 
2 3

, 2 2 3(1 ) / R x U mh d      (11) 

The signal received by the source node S 

from UE1 is   

2 1

4 1

1

 S U Sm

P
y h x n

d
 (12) 

The SNR for S decoding 1Ux is   

  
2

, 1 1 4 1/ m

S x U h d   (13) 

 In the third time slot, R transmits signals 

to UE2 and S to assist in completing the 

information exchange between S and UE2. 

Assuming that all the energy harvested by R 

in the first two slots is used for signal 

transmission in the third time slot,the 

transmit power of R in the third time slot can 

be expressed as: 

1 2

2 22

2 3

2 3

2 2

2 3

(1 2 )

   ( )
(1 2 )

         






 


 

R

S

m m

E E
P

T

P P
h h

T d d

a h b h






 (14) 

where
2(1 2 )




S

m

P
a

T d




， 2

3(1 2 )


 m

P
b

T d




.   

In the third time slot, the relay R uses the 

collected energy to broadcast a normalized 

signal 1 2 2 2 R Ux b x b x  to both S and UE2, 

where 1 2 1 b b is the static power allocation 

ratio, which determines how the relay 

allocates power to the decoded signal based 

on the statistical CSI (or statistical channel 

gain). The relay R decodes the signal and 
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forwards it to UE2 and S. Since both UE2 

and S have their own priori information that 

can be subtracted from the received signal, 

the signal received by UE2 and S can be 

expressed as： 

3

2 6 1 2 2

3

 R

UE m

P
y h b x n

d
   (15) 

3

5 2 2

2

  R

S U Sm

P
y h b x n

d
  (16) 

The SNR for S decoding 2Ux  is：  
2

, 2 2 5 2/ m

S x U Rb h d     (17) 

The SNR for UE2 decoding 2x  is  
2

2, 2 1 6 3/ , m

x Rb h d   wher 0/R RP N    (18) 

3. Results and discussion 

3.1. Outage probability analysis 

In this section, we derive expressions for 

the outage probability of the SWIPT-based 

TWR NOMA system over Rayleigh fading 

channels. The OP is defined as the 

probability that the effective end-to-end 

SINR at the receiver node drops below a 

certain threshold due to channel fading or 

interference, and is denoted by outP below. 

3.1.1. Outage probability of UE 1  

The OP of UE 1 can be expressed a: 
1

1, 2 2 1, 1 1 , 1 11 ( , , )    UE

out r UE x UE x S x UP P         (19) 

Where 12

1=2 1
R ， 22

2 =2 1
R ， 1R and 2R

is the target data rate for detecting signals for 

UE1 and UE2, respectively. 

Put formulas (4), (5), and (12) into 

formula (18), the OP of UE1 can be written 

as 

2

1

22

1 11 2

1, 2 2 1, 1 12

11 1 11

2

, 1 1

1

22 1 1 1 1 1
4

2 1 1 1 1

,

1

1 4

        1 max ,
( )

 
    
 
  
 
 

  
 

    
            

r r

S

UE x UE x mm

SUE

out

S x U m

m m m

S S

h ah a S

dh a d
P Pr

h

d

d d d
P h P h

a a a


   




 

  

   

 (20) 

when 2 1 1 1( ) a a a ， 

1 1

1 1 1 1

1 1

1 1 1 4 1 1

1 1

2 21 1 1 1 1

1 4

1 1

1 4

1

        =1

        =1
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 
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  

 



 
m m

S

m m

s

m m

UE

out r r

S

x y

d d

a

d d

a

d d
P P h P h

a

e dx e dy

e

 

 

 

   

 

 

 

 

 

(21) 

  When 2 1 1 1( ) a a a ， 

 
1 1 1 4 1 1

2 1 1 11 1
 


 

m m

s

d d

a aUE

outP e

   

     (22) 

3.1.2. Outage probability of UE 2 

In a similar way, the OP of UE2 can be 

derived. UE2 occurs an outage at the moment 

of both the relay decoding the signals of S & 

UE2 unsuccessfully, and S & UE2 decoding 

the exchanged signals unsuccessfully, thus 

the OP of UE2 can be expressed as:   

, 2 2 , 2 22

2, 2 2 , 2 2

,
1

,

  
      

R x R x UUE

out r

x s x U

P P
   

     (23) 

Put formulas (8), (11), (17), (18) into the 

above formula, the OP of UE2 can be written 

as： 

 

 

 
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2 2

2 2 2 3

2 22 3

1 2 22
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2 5 1 6
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2 2 2 32 2
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2 1 2 2

2 2 2 32 2

5 6

2 1

1 1
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1
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,

,
1 ( ) 1
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  
  
  

   
 

   
 

 
  

   
 

 
   
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s

m
msUE

out r

R R

m m

mm

s

r mm

R R

a h h

da h d
P P

b h b h

d d

dd
h h

a a
P

dd
h h

b b

   
 

 

 
 



    



 

 (24) 

where 
2

2h  and 
2

3h  are the exponential 

random variables parameters of 2  and 3  

respectively. Let 
2 2

2 3 , z a h b h the 

probability density function (PDF) of z can 

be written as： 

32

3

2 3

3 2

3 2

2 3

3 2

( )

                       

 



  
       






z z
a b

z
b

e e a b
a b

f z

e a b
ab





 
 

 

 
 

    (25) 

When 3 2a b  the OP of UE2 is as 

following: 



19 

     

   

     

32

2 2 2 2

2 1 2 2

5 2 2 6 2 3

2 1

3 2 32 2 2

2 1 2 2

5 2 2 2

2

2 3

1 1
2

0 0

2

1 1 2 3

3 2

0

1

 


  

  

 
  

 

 
 
  
 
  
 

 
   

 



 

 



m m

s

m m

mm

s

m

yx
d d

a a
UE

out
d d

b z b z

dd

a a

d
z

b z a

e dx e dy

P

e f z dz e f z dz

e
a b

e dz


 

    

   

  

    

  

 

 

 

5 2 2 3

2

1

6 2 3 6 2 3 32

1 1

2

0

0 0

 

    

 
 
 
 

 
  
 
 



 

m

m m

d
z

b z a

I

d d
z z

b z a b z a

I

e dz

e dz e dz

  

    

(26) 

Using 4
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Put formulas (27), (28) into formula 

(26), so when 3 2a b  .The OP of UE2 is: 
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Put formulas (31), (32) into formula 

(30), when 3 2a b  , the OP of UE2 is  
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3.2. Numerical Results  

In this section, we present the numerical 

results to validate our analytical results derived 

in the previous section through Monte Carlo 

simulations. The simulation channel adopts 

Rayleigh fading channel. The simulation 

channel adopts Rayleigh fading channel. Main 

simulation parameters are listed in Table II. 

Table 2. Simulation parameters 

Parameter Value 

1 , 4  1 

2 , 3 , 5 , 6  0.5 

noise variance 0N  0dB  

1a , 2a  0.2 , 0.8 

1b , 2b  0.5  
  0.8  

1R  and 2R  0.5 / /bit s Hz  

1d  = 2d  0.3m  

3d  0.7m  

path loss index m  2.7 

 

Figure 3. Variation of OP vs S   

Fig. 3 reflects the effect of transmit 

power on the system outage performance. 

The optimal 


 and   obtained in this paper 

are compared with the OP performance with 

baseline scheme 1 and 2. Firstly, the 
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simulation results verify the correctness of 

the derived formula. From the figure, it can 

be seen that the optimal OP for the three 

cases decreases with the increase of transmit 

power. Among them, the curves of the outage 

probabilities for the two baseline schemes are 

very close. It indicates that optimizing only 

the time distribution factor or the power 

distribution factor has a very similar effect on 

the system outage performance. It implies 

that the system performance can be greatly 

improved by jointly optimizing the time 

switching factor and the power allocation 

factor. 

 

Figure 4. Variation of OP with thR  under 

different schemes 

The relationship between the system 

outage performance and the rate threshold are 

shown in Fig. 4. It can be seen that the 

system OP increases with the increase of the 

rate threshold. It is because when the user's 

reachable rate threshold increases, the 

probability of the signal transmission rate 

less than the rate threshold increases. Thus, 

the outage performance degrades. The outage 

performance of the proposed algorithm 

consistently outperforms the baseline 

schemes. Therefore, it is possible to make the 

channel transmit more information with a 

lower OP by rationally choosing the time 

allocation factor   and the power allocation 

factor  . 

Fig. 5 depicts the variation of the system 

outage performance for the relay position 

under three scenarios. It can be seen from the 

figure that the numerical results are in good 

agreement with the simulation results. Due to 

the effect of channel fading, the system OP 

increases initially and then decreases with 2d  

increase. Compared with baseline schemes, 

the performance of the proposed algorithm is 

optimal when 2 0.5d . This is because when 

2 0.5d , the system is symmetric and the 

transmit power of the relay is equally 

distributed. So the performance is optimal. 

Figure 5. Variation of OP with S-R distance for 

different schemes 

Fig. 6 depicts the variation of the system 

outage performance with respect to the 

energy harvesting efficiency  under three 

scenarios. Energy harvesting efficiency  

refers to the receiver's effectiveness in 

converting the collected energy into electrical 

energy. As  increases, relays can collect 

more energy to improve outage performance. 

It can be observed from Fig. 6 that the OP of 

the system gradually decreases with  

increase. In addition, the outage performance 

of the proposed algorithm is better than that 

of baseline schemes. 

 

Figure 6. Variation of OP with  

 for different schemes 
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Figure 7. Variation of OP with S under 

different transmission modes 

Fig. 7 gives the variation of system 

outage performance with transmit power for 

the two transmission modes which contains 

NOMA and SWIPT-NOMA in this paper at 

different the rate threshold. It can be seen 

from Figure 8 that when transmit power 

increases, the OP of both transmission modes 

decreases. The OP increases with the increase 

of the rate threshold. Under a fixed he rate 

threshold, the proposed algorithm has lower 

system OP compared with NOMA scheme in 

[10], where the relay does not have energy 

harvesting function. In contrast, the scheme 

proposed in this paper uses energy harvesting 

relays with dynamic time and power factor 

optimization algorithms. Thus, it proves that 

the combination of SWIPT and NOMA can 

obtain more transmission energy and thus 

achieve better outage performance. 

 

Figure 8. Variation of system OP with relay 

location for different transmission modes 

Fig. 8 gives the variation of the outage 

performance of the system with the location 

of the relay in different transmission modes. 

It can be seen that the outage performance of 

the SWIPT-NOMA system in this paper is 

better than that of NOMA transmission in 

[10] regardless of the location of the relay. 

This is because, as the distance between  

S and R increases, the channel quality 

between S and R becomes worse, resulting in 

a smaller strength of the received signal from 

R and an increase in OP. In contrast, for 

TWR networks with energy harvesting, more 

energy is harvested and the transmission 

performance is better when R is close to 

either S or UE2. Therefore, the optimal 

location of the two-way energy-carrying 

relay should be close to either S or UE2. 

4. Conclusion 

In this paper, a SWIPT-enabled TWR 

integrated with the infrastructure based 

NOMA network over Rayleigh fading 

channels is considered. We propose a three-

phase data exchange scheme based on hybrid 

relaying protocol combining PS with TS 

protocol (HPTSR) . The closed expressions 

of OP for the near user and the far user are 

derived. To achieve a lower system OP under 

the constraints of power allocation factor and 

time allocation factor, an iterative algorithm 

is proposed. Our simulation results 

outperform baseline scenarios.In the future, 

we shall extend our work to capture a 

scenario where reconfigurable intelligent 

surface (RIS) assisted TWR NOMA network 

will be considered.  
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