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ABSTRACT 
 
In this paper, a dual relaying non-orthogonal multiple access 
(NOMA) scheme in an overlay cognitive radio network is 
proposed to improve the performance of a licensed primary 
receiver (PR) in the shadowing area as well as a NOMA 
secondary receiver (SR). Closed-form expressions for the 
outage probability of the PR and the SR are derived, which 
includes the unavoidable effect of the outdated channel state 
information (CSI) caused during the relay selection process. 
Analytical results showed the performance improvement of 
both of the PR and SR due to the spatial gain obtained from 
the proposed dual relays. It is also noticed that the less 
correlation between the actual and the outdated CSI incurred 
more performance degradation. Also, when the distance of 
relay-SR is shorter than relay-PR, it was noticed that the 
optimal power allocation to the PR was increased to maintain 
the minimum outage probability. The analytical outage 
probability expressions have been validated through 
simulations. 
 
Key words: Cognitive radio, NOMA, Overlay CR, Relay 
selection.  
 
1. INTRODUCTION 
 
Recently, non-orthogonal multiple access (NOMA) is 
considered as a candidate multiple access technology for 5G 
wireless networks for efficient spectrum utilization and low 
latency [1], [2], [3], [4]. Conventional orthogonal multiple 
access (OMA) needs communication resources such as 
orthogonal frequency, time slot, and code for an information 
transfer, however, NOMA transmits multiple information 
simultaneously with different power levels. Consequently, 
NOMA can achieve spectral efficiency and low latency. 
 
To achieve further spectrum utilization, cognitive radio (CR) 
which shares the licensed spectrum with the unlicensed 
secondary system is highly focused [5], [6]. The 
representative CR networks are interweave, underlay, and 
overlay CR networks. In the Interweave CR network, the 
primary transmitter (PT) and secondary transmitter (ST) do 
not transmit simultaneously, however, the ST shares the 
spectrum when the spectrum does not occupy by the PT. 
While in the underlay CR network, the PT can transmit 
simultaneously under the limited interference to the PR [7], 
[8].  
 
 

 
On the other hand, in overlay CR networks, the ST can relay 
the information to the PR while the PR cannot decode the 
information due to the shadowing, fading, or interference. 
Conventional relay has been introduced for the 
communication reliability and extended coverage in fading 
channel [9]. Also the main role of the relay in an overlay CR 
network is to extend the coverage of the primary system. 
Furthermore the overlay CR requires less overhead than the 
underlay CR which requires much overhead to control the 
transmit power to sustain the limited interference level.  
 
More recently, several CR NOMA networks have been 
studied. Especially, in [6], [10], introduce a selected relay in 
overlay CR NOMA networks to improve the performance of 
the PR; the best relay is selected to maximize the spatial 
diversity gain, consequently, the outage probability of the PR 
in shadowing area is minimized. The best relay has the 
maximum channel gain of the relay-PR paths is selected 
among candidate relays. However, in terms of the outage 
probability of the SR, there are two disadvantages; first, the 
relay multiplex the messages to the PR and SR in NOMA 
protocol with more power allocation to PR for the reliable 
reception. The transmit power of the relay is limited, hence 
the less power is allocated to the SR. This is the first 
disadvantage to the performance of the SR. Second, the 
selected best relay has the maximum channel gain of relay-PR 
paths. However, the selected relay does not guarantee the 
maximum channel gain of relay-SR paths, it becomes a 
simple transmit node that does not have the spatial gain on the 
side of the SR.  
 
On the other hand, the CSI is constantly changing in a fading 
channel. The outdated CSI caused from the time differences 
between the relay selection moment and the relay 
transmitting moment degrades the receiver performance. 
Most studies on cooperative CR with relay selection did not 
include the degradation caused by the outdated CSI, they 
assumed perfect CSI [6], [10], [11].  
 
Motivated by the above studies, in this paper, we propose a 
dual relaying overlay CR NOMA network to improve the 
performance of SR as well as PR. We derive the closed-form 
expressions for the outage probability of PR and SR. The 
analytical results are conformed through comparison with 
simulation. The contributions of this paper can be 
summarized as follows. 
● Propose a dual rely overlay CR NOMA network to improve 
the performance of PR and SR, and derive the analytical 
outage probabilities in closed-form. 
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● Outdate CSI which is unavoidable for relay selection 
processing is included in the performance analysis. And 
the degradation is investigated in a fading channel.  

● Effect of the power allocation to the performance of the PR 
and SR is analyzed. And the optimum power allocation is 
considered.  

The remainder of this paper is organized as follows. Section II 
presents the proposed network model and transmission 
protocols. The closed-form expressions for the outage 
probability of the PR and the SR are analytically derived in 
Section III. In Section IV, numerical and the simulation 
results are presented and discussed. Finally, the conclusions 
and further research directions are given in Section V.  
 
2. SYSTEM MODEL 
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Figure 1:  Proposed dual relay overlay CR NOMA network model 
 
Figure1 shows the proposed dual relay overlay CR NOMA 
network model, where P  and Q  denote the PT and PR, 
respectively. Also   ( 1, 2,.., )iS i N  and D  is the STs and SR, 
respectively. In an overlay CR network, the STs become 
decode-and-forward relays for PR and for ST. The selected 
relays decode the PT signal and multiplex with the message 
for SR. After multiplexing with NOMA protocol, the dual 
relays transmit same signal to the PR and the SR. jS  and kS  
denote the selected relays for D  and Q , respectively. Relay 
selection will be described later. We assume the relays are 
clustered [12], hence, the distances of P - iS  path, iS - D  
path, and iS - Q  path are identical (i.e., 

iPS PSd d , 
iS D SDd d , 

and 
iS Q SQd d ), respectively. 

The transmission consists of two phases; the solid and partial 
lines denote phase 1 and phase 2, respectively. In phase1, the 
PT transmits and iS  receives. We assumed the direct path of 
P - D  path and P - Q  path are not exist. The transmitted 

signal from the PT is P PP x , where PP  denotes the transmit 
power of the PT and Px  is the message for the PR with 

2 1PE x    .  

The received signal of iS  can be written by 
 

i iS R PS P Sy P h x n                                                                  (1) 
 
where RP  is the received power of iS , n

R P PSP P d  , and where 

PSd  is the distance of P S  path, n  is the propagation loss 
coefficient. 

iPSh  is the channel coefficient of iP S  path, 
which has the  complex Gaussian distribution with zero mean 
and unit variance, ~ (0,1)

iPSh CN . Sn  denotes the noise of the 
relay which has the complex Gaussian distribution with zero 
mean and variance of 0N ,  0~ 0,Sn CN N . We assume that 
the noise power of each node is identical to 0N . The 
Signal-to-noise ratio (SNR) for decoding Px  at iS  can be 
given by 
 

2
P

i i

x
S PS Rh                                                                                     (2) 

 
where the SNR of the relay, 0/R RP N  . When the received 
SNR at iS  is greater than the threshold, the successful 
decoding happens. The successful relays become the 
candidate relays. And the decoding set ( Z ) denotes the 
candidate relay set, where the cardinal of Z  of lZ , 
0 l N  .    
 
In phase 2, the selected relays transmit and the PR and the SR 
listen. Prior to the transmission, the transmit relays are 
determined. Notice that the channel coefficient h  at 
transmission moment and the channel coefficient ĥ  at relay 
selection moment is different in fading environment, the 
conditional distribution can be written by [13]  
 

 2ˆ ˆ~ ,  1h h CN h                                                                           (3) 

 
where   denotes the correlation coefficient between two 
channels, 0 1  . Jakes’ model defines the correlation, 

 0 2 DJ f T   where Df  is Doppler frequency and T  is the 
time delay between two moments. 0 ( )J �  is the zero-order 
Bessel function of the first kind. 
 
D  and Q  transmit a pilot tone, respectively, and the relays 
which have the maximum channel gain are selected among 
the decoding set. The index of the selected relays is given by 

2ˆarg
mS Dj max h    

, 
2ˆarg ,  1,2,..,

mS Qk max h m l    
.              (4) 
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The selected relays are denoted *
j SS S  and *

k PS S  for the 
notational simplicity in Figure 1. The transmit signal of *

SS  

and *
PS  is  S P P S SP x x   according to the NOMA 

protocol, where SP  is the transmit power of the relay, P  and 

S  denote the power allocation coefficients. For the reliable 
reception probability of the PR, the more power is allocated to 
the PR than the SR, hence, P > S  with 1P S   . Px  and 

Sx  represent the message for the PR and SR, and the average 

of the message are 2 1PE x     and 2 1SE x    , respectively. 

We assume the PR and SR receives the strongest signal only. 
The received signal of Q  can be written by 
 

 * *
P P

Q Q P P S S QS Q S Qy P h x h x n                                          (5) 

 
where QP  denotes the received power of Q , *

P

n
Q S S Q

P P d   

where *
PS Q

d  is the distance of *
PS Q  path. As denoted in (1), 

*
PS Q

h  can be written as * ~ (0,1)
PS Q

h CN , and  0~ 0,Qn CN N . 

Define the transmit SNR to 0/SP N . The 
Signal-to-interference plus noise ratio (SINR) for decoding 

Px  at Q  can be given by 
 

*

*

2

2
1 /

Pp

P

P S Qx
Q

S QS Q

h

h




 



                                                                     (6) 

 
where Q  is the received signal-to-noise ratio (SNR) of Q , 

0/Q QP N  . 
 
Similarly, the received signal of D , which is the NOMA 
receiver, can be expressed as 
 

 * *
P P

D D P P S S DS D S Dy P h x h x n                                              (7) 

 
where DP  denotes the received power of D , *

S

n
D S S D

P P d   

where *
SS D

d  is the distance of *
SS D  path. *

SS D
h  is the channel 

coefficient of *
SS D  path, * ~ (0,1)

SS D
h CN . And the noise of 

D ,  0~ 0,Dn CN N . The SINR for decoding Px  at D  can be 
written by 
 

*

*

2

2
1 /

Sp

S

P S Dx
D

S DS D

h

h




 



                                                               (8) 

 
where D  is the received SNR at D , 0/D DP N  . After 
Successive interference cancellation, the SNR for decoding 

Sx  at D  can be written by 
 

*

2
S

S

x
D S DS Dh   .                                                                  (9) 

 
3.  OUTAGE ANALYSIS 
 
3.1 Outage Probability of PR 
 
In phase 1, when the received SNR of the relays exceeds the 
threshold, the relays become the decoding set ( Z ). The 
probability of the cardinal of the decoding set equals to l  can 
be written by  
 

       Pr Pr Pr
 

P P

i i

l N l
x x
S P S P

N
l

l
 

 
      

 
Z                  (10) 

 
where P  represents the threshold, 22 1PR

P   , and PR  is 
the spectral efficiency for the PR. When the received 
SINR/SNR bellows the threshold, then the outage is 
happening. The outage probability of the PR can be expressed 
as    
 

   0,Q
0

Pr PrP

N
x
Q P

l
P l l



     Z Z                                      (11) 

 
where the first conditional probability of (11) can be obtained 
from (6),  
 

   * *

2
Pr PrP

P S QP

x
Q P HS Q

l h l F l            
Z Z Z , 

P
P

S




                                                                            (12) 

 

where * *

2

P PS Q S QH h ,  /P Q P P S       . And  
*S Qp

HF �  

represents the cumulative distribution function (CDF) of 
*
PS Q

H . The conditional probability density function (PDF) of 

*
PS Q

H  is given by [13] 

 

 
2

2

* *

1
02 2ˆ

1 2
1 1S Q S QP P

z x

H H

zxf z x I e



 




 
     

                                     (13) 

 
where  0I �  stands for the zero-order modified Bessel 
function of the first kind which is given by [14, (6.19.4)] 
 

   
 

2

0
0

/ 2
1 !

n

n

z
I z

n n






                                                                       (14) 

 
where   � denotes Gamma function,   1

0

z tz t e dt
     . 

Therefore, the PDF of *
PS Q

H  can be obtained from the 

conditional PDF of (13), which is given by  
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* ** *

ˆˆ0S QP S QPS Q S QP P

H HH H
f z f z x f x dx


   .                                          (15) 

 
While, the PDF of *

ˆ
PS Q

H  is given by [15], [16] 

 

   
*

1
ˆ

1

1
S QP

l n nx
H

n

l
f x ne

n
 



 
  

 
  .                                              (16) 

 
After replacing (13) and (16), the PDF of (15) can be 
rearranged by  
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 .         (17) 

 
Therefore, we can obtain the CDF by integrating (17), which 
is the conditional probability of (12) is given by 
 

   

* *0

1
2 2

1

( ) ( )

                       ( 1)
1

S Q S QP P
H H

l
n

a
n

F l f z dz

l n
n n





 





 

 
   

  





Z

               (18) 

 

where     1 1 a
a e

a
    , and where 

 
2

2 2 2

1 1
1 1

a
n


  

        
.  

 
3.2 Outage Probability of SR 
 
Similar to the outage probability of the PR, outage probability 
of the SR can be defined by 
 

   *0,D 0,
0

P Pr
S

N

S D
l

P l l


   Z Z                                            (19) 

 
where  *0,P

SS D lZ is the conditional outage probability of 

*0,
P

SS D , where  Pr lZ  is given in (10) and *0,
P

SS D  is the 

outage probability of the SR between *
SS  and D  path. Since 

the SR is NOMA receiver, the decoding is done after 
removing the interference component by SIC. Therefore, the 
outage happens two cases; Firstly, the SR fails to decode the 
message for the PR. Secondly, though the message for the PR 
success, the SR fails to decode the message for the SR. The 
conditional outage probability of the SR can be written by [17] 
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*
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                                                                                   (20) 

 
where S  denotes the threshold, 2 1SR

S   , and SR  is the 

spectral efficiency for the SR. *
SS D

H  represents * *

2

S SS D S DH h , 

and 
 

max ,  P S

D P P S D S


    

     
   

. By replacing   with 

  into (18), the conditional outage probability of (20) can be 
obtained. Finally, from (10) and (20), the outage probability 
of the SR given in (19) can be obtained. 
 

When 
 

 P S

D P P S D S    
 


 

 and the distances of relay-PR 

path and relay-SR path is identical (i.e., * *
Q SS Q S D

d d ), then 

D Q   , consequently, the outage probability of (20) and 
(21) becomes identical. 
 
3.3 Outage Probability of Proposed System 
 
This paper assumes an overlay CR with cooperative NOMA, 
where the PR does not receive from the PT through direct path 
due to the shadowing. Therefore, for the successful reception 
of the proposed dual relay overlay CR NOMA network, both 
receivers of the PR and SR must be successful. The outage 
probability of the proposed system can be defined by   
 

  0, 0, 0,1 1 1Sys Q DP P P     .                                                 (21) 

 
4.  NUMERICAL EXAMPLES 
 
In this section, the distances are normalized to the distance 
between the PT and PR. Figure 2 shows the outage probability 
of the PR with 0.6PSd   and 0.4SQd   of which the distances 
of P - iS  path is longer than iS - Q  path. The solid lines 
denote the analytical results, and the “*” denotes the 
simulated ones. The analysis and simulation results are 
matched well.  
 
It is noticed that the curb with 1N   denotes the worst outage 
probability, that means no spatial diversity gain exist. As the 
number of relays increases diversity gain increases, hence, the 
outage probability decreases. This Figure 2 shows that the 
outage probability increases as the correlation between the 
actual and outdated CSI increases, however, the effect is 
lessened as the number of the relays increases. It is interpreted 
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that the spatial diversity mitigates the degradation due to the 
less correlation.  
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Figure 2: Outage probability of PR with different number of relays 
( 1P SR R  , 3n  , 0.6PSd  , 0.4SQd  , 0.8P  , 0.2S  ) 

 
Figure 3 shows the outage probability of the SR with 0.6PSd   
and 0.8SDd   of which the distances of iS - D  path is longer 
than P - iS  path. It is noticed that the performance of the SR 
in Figure 3 is inferior to that of the PR in Figure 2 due to the 
less power allocation and the longer distances. As shown in 
Figure 3, when the case of a single relay ( 1N  ), the 
performance of the SR indicates high outage probability. 
However, when the additional relay (i.e., *

j SS S  in (4)) is 
adapted which has the maximum channel gain among the 
candidate relays, the performance of the SR can be improved 
with the number of relays.   
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Figure 3: Outage probability of SR with different number of relays 
( 1P SR R  , 3n  , 0.6PSd  , 0.8SDd  , 0.8P  , 0.2S  ) 

 
 

The system performance of the proposed network is shown in 
Figure 4, which has the similar trends to the PR and the SR. 
As we see in Figure 2 and Figure 3, the performance of the SR 
is inferior to that of the PR, thus the system performance is 
nearly identical to that of the SR.  
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Figure 4: Outage probability of the proposed system ( 1P SR R  , 

3n  , 0.6PSd  , 0.4SQd  , 0.8SDd  , 0.8P  , 0.2S  ) 
 
Figure 5 shows the performance of the system versus power 
allocation with the distance of the PT-relay path is fixed to 
0.6, where “o” denotes the minimum outage probability with 
different kinds of distances. This Figure 5 shows two cases. 
First, the solid lines show the case that the distance of 
relay-SR ( SDd ) is shorter than relay-PR ( SQd ). Second, the 
partial lines show the reverse of the first case. Both cases 
reveal that the performance of the far receiver degrades due to 
the path loss.  
In the first case, as the distance of SQd  increases from 0.6 to 
0.8, the optimum power allocation coefficient of P  which 
has the minimum outage probability also increases from 0.91 
to 0.93. It is interpreted that the distance of SDd  is fixed, thus, 
the performance of the SR is fixed. However, the performance 
of the PR decreases with the distance of SQd , accordingly, the 
optimum P  increases. 
 
Also in the second case, it is noticed that the optimum P  is 
fixed to 0.86 irrespective of the distance of SDd . It is 
interpreted that the performance of the SR has a 
logarithmically convex function and is higher than the PR, 
therefore, the performance of the system is similar to that of 
the SR. This is the reason why the optimum P  is fixed. 
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Figure 5: Power allocation vs. outage probability of the proposed 
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5.  CONCLUSION 
 
Most overlay CR networks have been considered a single 
relay to improve the reception probability of the PR. Though 
the single relay can improve the performance of the PR, it 
does not assure the performance of the SR. In this paper, we 
propose a dual relay overlay CR NOMA network to improve 
the performance of the PR as well as the SR. Also, we have 
considered the effect of the outdated CIS, which is 
unavoidable for relay selection on the performance. The 
analytical expression is derived in closed-form. And the 
analytical results are confirmed through the simulation.  
Analytical results were shown that the performance of the PR 
and the SR improved due to the spatial gain obtained from the 
proposed dual relays. It was noticed that the less correlation 
between the actual and the outdated CSI incurred more 
performance degradation.  
 
On the other hand, when the distance of the relay-SR path is 
fixed, the optimum power allocation coefficient of P  
increased with the distance of the relay-PR path. On the 
contrary, when the distance of the relay-PR path is fixed, the 
optimum P  is fixed to 0.86. 
 
Future research will be focused on the performance analysis 
and increase of the spectral efficiency on the CR network with 
cooperative NOMA under several SRs.  
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