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Abstract: In this paper, we propose an overlay cognitive radio (CR) non-orthogonal multiple access (NOMA) network 

to improve the performance of the primary receiver (PR) as well as the secondary receiver (SR). To accomplish the 

purpose, firstly, we adapt combining technology, selection combining (SC) and maximal ratio combining (MRC) 

which utilizing both signals from an indirect path and a direct path for the PR. Secondly, we select a relay which 

provides the spatial diversity gain among the candidate secondary sources (SSs) for the SR. The performance of the 

PR and the SR is derived in closed-form and verified through simulation. Numerical results demonstrate that the 

performance of the PR with SC or MRC always better than that of the PR of a conventional overlay CR NOMA system 

which receives from the indirect path only. Also, to maintain the same outage probability of the PR with MRC 

compared to that with SC at the given condition, 2 dB less transmit power is noticed. Furthermore, the performance of 

the SR with the selected relay improves with the increase of the number of the SSs. Consequently, we show that the 

proposed network, which assumes a direct link and adapts a selected relay, has better performance than the 

conventional overlay CR NOMA network. 

Keywords: Cognitive radio, Cooperative NOMA, Direct link, Overlay CR, Selection relay. 

 

 

1. Introduction 

Recent mobile cellular systems require high 

throughput, reliable communication, and low latency 

due to rapid increase of data traffic. To satisfy these 

requirements, high spectral efficiency is essential [1-

3]. 

In the same context, the cognitive radio (CR) has 

been focused on the high spectral efficiency since the 

licensed spectrum can be shared with a secondary 

system [4-7]. There are three representative CR types 

which are interweave, underlay, and overlay CR. 

Among them, underlay and overlay CR, which 

transmit the primary and the secondary system 

simultaneously with the same frequency, have higher 

spectral efficiency than interweave CR.   

In recent studies, NOMA is applied to an overlay 

CR network as a secondary system because NOMA 

has high spectral efficiency, low latency, and mass 

connectivity [8-9]. Most of the overlay CR NOMA 

network, a NOMA relay is utilized for the 

performance enhancement of the Primary receiver 

(PR) in shadowing areas. In [9], overlay CR with the 

secondary NOMA relay was considered and the 

information for the PR was transmitted via a NOMA 

relay. Also B. Chen et al., derived the performance of 

the PR and SR in an overlay CR NOMA network over 

Nakagami-m fading channels [10]. While the relay 

selection in overlay CR NOMA networks was 

investigated in [11], which have reliability-oriented 

and fairness-oriented schemes, it was derived the 

outage probabilities of PR and SR. More recently, the 

outage probabilities of the PR and SR in cooperative 

overlay CR NOMA network with channel errors and 

SIC errors are studied in [12]. Even though it is not a 

CR system, there was a study on considering the 

direct link for a NOMA system, but it does not 

include a relay selection [13]. 

As mentioned above, most of the studies on an 

overlay CR NOMA networks have been considered 

an indirect path only for the PR. Also for the 

enhanced reception probability of the PR, the more 

power has been allocated for the PR than a secondary 

receiver (SR) in NOMA processing. Moreover, 

further performance enhancement contributed from 
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spatial diversity gain, a selected NOMA relay for the 

PR has been adapted. Consequently, performance 

improvement of the PR can be achieved by the more 

allocation of power and the selected relay. However, 

the total power of the relay is limited, hence, the more 

power allocation for the PR means the less power is 

allocated to the SR. Also, the relay selection for the 

PR means no spatial diversity gain to the SR. 

Consequently, the less power allocated to the SR and 

the selected relay for the PR deteriorate the 

performance of the SR. 

Therefore, in this paper, we propose an overlay 

CR NOMA system to improve the performances both 

of the PR and SR; (1) To improve the performance of 

the PR, we adapt the combining technologies, 

Selection combining (SC) and Maximal ratio 

combining (MRC) which utilizing a direct path. (2) 

To improve the performance of the SR, we select a 

NOMA relay for the SR, which offers the spatial 

diversity gain to the SR. For the relay selection, we 

utilize a partial channel state information between the 

candidate relay-SR paths, which reduces the system 

overhead. The performances of the PR and the SR are 

derived in closed-form. The analytical outage 

probability expressions have been validated through 

simulations.    

The rest of this paper is organized as follows. In 

section 2, the proposed overlay CR NOMA system 

model is presented and the transmission protocol is 

described as well as the outage probabilities of the PR 

with SC and with MRC are derived, respectively. 

Also the outage probability of the SR with a selected 

NOMA relay is derived in section 3. The numerical 

examples of the outage probabilities of the PR and the 

SR are given, and the results are verified with the 

simulation in section 4. Finally, in section 5, the 

conclusions and the future research direction are 

described. 

Notations: We introduce the notation used in the rest 

of the paper. 

ABh : channel coefficient between node A and B, 

which has complex Gaussian distribution with 

zero mean and unit variance, ( )1,0~ CNhAB . 

An :  noise of node A, which has complex Gaussian 

  distribution with zero mean and variance 0N , 

( )0,0~ NCNnA . 

P : transmit Signal-to-noise ratio (SNR) of the 

primary source (PS), 0/NPSP = where SP  

denotes transmission power of the PS. 

R  : transmit Signal-to-noise ratio (SNR) of the relay, 

0/NPRR =  where RP  denotes transmission 

power of the relay. 

ABP  : received power at node B through the node A-

node B path, n
ABTAB dPP −=  where ABd  denotes 

the distance between the node A and the node 

B, ( )RSTPT ,  is the transmission power, and n  

represents the propagation loss coefficient of 

the channel. 

AB : mean SNR or signal-to-noise ratio plus 

interference ratio (SINR), 

( )RPANPd AB
n
ABAAB ,,/ 0 == − . 

2. System model 

Fig. 1 shows the Primary system which is 

composed of a primary source (PS) P  and a primary 

receiver (PR) Q , and the secondary NOMA system 

which composed of the number of N  secondary 

sources (SSs) of mS  ( Nm ,...,2,1= ) and a secondary 

receiver (SR) D . Among the SSs, a SS is selected as 

a relay. The selected relay is a decode-and-forward 

relay, which decodes the information from PS and the 

multiplexed signal is forwarded to the PR and to the 

SR. We assume the N  relays are clustered, the 

distance and of PS-relay paths, relay-PR paths, and 

relay-SR paths are equal, by themselves. Each 

channel also has independent Rayleigh block faded, 

which maintain the identical channel coefficient 

during a time slot and independent to the next time 

slot.   

In the first time slot, phase 1, the PS transmits and 

the SSs and the PR receive. The transmitted signal 

from the PS is PP xP , where PP  denotes the transmit 
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power of the PS, and Px , the information to the PR, 

is a bipolar signal 1=Px  with 1
2

=







PxE . The 

received signal at the SSs and the PR can be written 

by 

iPPPi nxhPy
ii

+=                                               (1) 

where 
iP

P  and in  (  QSi m, ) represent the received 

power through iP −  path and the noise of the node i . 

Denotes the subset S which decodes the 

information from PS successfully among N  SSs, the 

cardinal of S  becomes KS = ( NK  ). The best relay 

for the SR is selected from S , which has the best 

channel gain among DSl −  ( Kl ,...,2,1= ) paths.       

The selected relay can be represented by   

( )DS
Kl

k l
hS

,..,2,1
max
=

= .                                               (2) 

Note that the selected relay can afford the spatial 

diversity gain for the SR, hence improves the 

performance of the SR, because the selection is done 

among the DSl −  paths. On the other point, the 

selected relay is no more than a transmit node for the 

PR, that does not provide the spatial diversity gain. 

For easy identification, we denote R  by the selected 

relay kS . 

In the second time slot, phase 2, the selected relay 

superimposes the information for the PR and SR 

using the NOMA protocol, the transmitted signal is 






 + SSPPR xxP  , where RP  is the transmit 

power of the relay, and Sx , the information for the 

SR, is a bipolar signal 1=Sx  with 1
2

=







SxE . P  

and S  denote the power allocation coefficient for 

the PR and for the SR,  respectively, where 

1=+ SP   and SP   . The received signal at the 

PR from QR −  path and SR from DR −  path can be 

given as  

 DQjnxxhPy jSSPPRRj jj
,, +





 +=  .          (3) 

3. Outage probability 

In this section, the outage probability of the PR 

and SR are derived analytically. Firstly, the outage 

probability of the PR with SC and with MRC is 

derived separately. Secondly, the outage probability 

of the SR which has the spatial diversity gain since 

the selected relay is derived. 

3.1 Outage probability of Primary receiver (PR) 

When the direct path exists, the performance of a 

receiver can be improved by combining the signals 

from the direct and the indirect paths. The most 

representative combining technologies are SC and 

MRC. In this subsection, we derive the outage 

probabilities of the PR with SC and with MRC.  

3.1.1. Selection combining (SC) 

In SC, the combiner outputs the signal of the 

highest SNR branch. The outage probability of the 

PR with SC can be written by multiplying the outage 

probabilities of the direct path and the indirect path, 

which is given by  

indirQodirQoSCQo PPP _,_,_, =                                   (4) 

where dirQoP _,  denotes the outage probability of the 

direct path ( QP −  path). The outage happens when 

the received SNR at Q  bellows the threshold, which 

is   









= P

x
PQdirQo
PP Pr_,                                         (5) 

where P  represents the threshold of the PR, 

12
2

−= PR
P , and where PP  is the required spectral 

efficiency of the PR. Px
PQ
  is the received SNR at Q  

for decoding Px , which can be obtained from Eq. (1), 

and written by  

2

0

2

PQPQ
PQPQx

PQ
h

N

hP
P  ==                                  (6) 

where n
PQPPQPQ dNP −==  0/ . The channel 

coefficient of PQh  in Eq. (6) is Rayleigh faded, the 

outage probability of the direct path, dirQoP _,  of Eq. 

(5) can be given by  













 
−−=
PQ

P
dirQoP


exp1_,  .                                   (7) 

Because each channel is independent, the failure 

of the indirect path, QRP −−  path, can be obtained 

by taking the complementary event that both paths 

(i.e., RP −  and QR −  paths) are successful. 
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Therefore, the outage probability of the indirect path 

is given by 

( )( )RQoPRoindirQo PPP ,,_, 111 −−−=                          (8) 

where PRoP ,  and RQoP ,  represent the outage 

probabilities of the RP −  and QR −  path, 

respectively. PRoP ,  can be obtained from Eq. (7) by 

replacing PQ  with PR  where n
PRPPR d −=  . 

The received SINR (signal-to-interference plus 

noise ratio) at Q  from QR −  path for decoding Px , 

which can be obtained from Eq. (3), and written by  

RQRQS

RQPx
RQ

h

h
P






/1
2

2

+

=                                        (9) 

where n
RQRRQRQ dNP −==  0/ . Therefore, the outage 

probability of QR −  path in Eq. (8) can be given by  

( )

( ) S

P
P

SPPRQ

P

SPPRQ

P
RQP

x
RQRQo hP P

























−


−−=















−


=








=

,exp1

PrPr
2

,

               

(10) 

where the second equality assumes Rayleigh fading. 

While the outage probability of PRoP ,  becomes 

( )PRPPRoP /exp1, −−=  from Eq. (7), the outage 

probability of the indirect path can be obtained by 

replacing Eq. (10) into Eq. (8), as  

( ) 
























−


+


−−=

SPPRQ

P

PR

P
indirQoP


exp1_, .  (11) 

Consequently, the outage probability of the PR 

with SC in Eq. (4) can be obtained from Eq. (7) and 

Eq. (11). 

3.1.2. Maximal ratio combining (MRC)  

In MRC, the received signal is co-phased and 

multiplied by the branch SNR (i.e., complex-valued 

weighting is performed) [14, 15]. After the weighting, 

two sums are formed. The combined SNR MRC  is 

the sum of the direct path and indirect path, 

PP x
RQ

x
PQ

 + . The outage event of the PR happens two 

cases: first, when RP −  path success, the combined 

SNRs at the PR below the threshold. Second, when 

RP −  path fails and the received SNR at the PR from 

the direct path bellows the threshold. Hence, the 

outage probability of the PR can be written by 

( )


















+









=

P
x
PRP

x
PQ

P
x
PRPMRCMRCQo

PP

PP





PrPr

PrPr_,

             (12) 

where PP x
RQ

x
PQMRC  += , and 

2
PRPR

x
PR

hP  =  from 

(1). The first probability in Eq. (12) can be obtained 

from Eq. (6) and Eq. (9) as follows. 

Theorem: The outage probability of the PR that 

combined the received signals both from the PS and 

the NOMA relay by MRC in an overlay CR system 

is given by  

( )
( ) 1exp1Pr −















−


−−=

PSPRQ

P
PMRC


        (13) 

where 

( )

( )



=


−




























+−


−=

0

2

1

!

1

1
exp

1

k
k

RQS

k

RQSPQS

P

PQ

P

RQS

k 







 ,   (14) 

and  

( )
( )

( )
( )

( )
( ) ( )



=

−−

+



=

++














−

−++

−
+

























 −−

+
+

−
=

k

i

ppu

k

iii

k

nnn
kk

ee
u

u

ikkk

p

nn

up

u
k

p

0
1

1

12

2

11

1

!

11

ln
!1

1

(15) 

where ( ) PPSPu  /−= , and PQSPp  /= . 

Proof: See Appendix.                                         ■  

The second probability in Eq. (12) is 













 
−=










PR

P
P

x
PR
P


 expPr   .                              (16) 

And from Eq. (6), the third probability is given by 













 
−−=










PQ

P
P

x
PQ
P


 exp1Pr  .                          (17) 
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Consequently, the outage probability of the PR 

with MRC can be obtained by replacing Eq. (13), Eq. 

(16), and Eq. (17) into Eq. (12).  

3.2 Outage probability of Secondary receiver (SR) 

As mentioned earlier, the power is allocated more 

for the message of the PR in overlay CR. This means 

less allocation of power for the SR since the transmit 

power is limited, hence the performance is degraded. 

This degradation can be improved by adapting the 

relay selection in Eq. (2) that offers the spatial 

diversity gain.  

The outage of the SR happens two cases: First, all 

SSs fails to decode the information from PS 

successfully (i.e., 0=S ). Second, though the relay 

decodes the information from the PS successfully, the 

PR fails. Therefore, the outage probability of the SR 

can be written by   

( ) ( )
=

=
=+==

N

l
lSRDoDo lSPSP

1
,, Pr0Pr                 (18) 

where ( )0Pr =S  denotes the probability of the all SSs 

fails, which is given as  

( ) ( ) NieS

N

PPS
PR

P

i
,..,2,1,1Pr0Pr =



















−===


−


    (19) 

where the second equality assumes Rayleigh fading 

and where PRPS i
 =  which is defined in Eq. (8). 

The probability of ( )Pr l=S  in Eq. (18) denotes 

the probability of the number of successful decoding 

SSs is l , it becomes Bernoulli trials which is given 

by  

( )
lN

P
x
PR

l

P
x
PR

PP

l

N
lS

−

















−




























==  Pr1PrPr  

(20) 

where Px
PR
  is the SNR at the relay for decoding Px , 

PRPR
x
PR

hP 
2

= . Then, the first probability of Eq. (20) 

becomes 

PR

P

P eh
PR

P
PRP

x
PR







−

=






 

=









2
PrPr   .            (21) 

From Eq. (21), we can obtain  

( )

lN

l
PR

P

PR

P

ee
l

N
lS

−


−


−



















−









==


1Pr  .                   (22) 

The second probability of 
lSRDo

P
=,

 in Eq. (18) is 

the outage probability of the SR which is the NOMA 

receiver under the given condition of lS = . The 

NOMA receiver cancels the interference component 

of the multiplexed signal using SIC prior to decode 

its own information. Therefore the outage happens in 

two cases, when the decoding the message of the PR 

fails and when the decoding of the information for the 

SR fails though the decoding of the PR success. The 

conditional outage probability of the SR can be given 

by [16] 









=+









==

=

lS

lSP

S
x
RDP

x
RD

P
x
RDlSRDo

SP

P





,Pr

Pr
,

              (23) 

where 12 −= SR
S , and SR  denotes the required 

spectral efficiency of the SR. Also Px
RD
  is the SINR 

at the SR for decoding of Px , it is obtained from Eq. 

(3),  

RDRDS

RDPx
RD

h

h
P






/1
2

2

+

=                                        (24) 

where n
RDRRD d −=  . Similarly, Sx

RD
  is the SINR at 

the SR for decoding of Sx  after SIC, it is obtained 

from Eq. (3),   

2
RDRDS

x
RD

hS  =  .                                              (25) 

By replacing Eqs. (24) and (25) into Eq. (23), and 

after rearrangement, we can write the conditional 

outage probability of the SR by Eq. (26) at the bottom 

of the next page [12]. The second equality of (26) 

assumes that each channel is independent and 

Rayleigh faded.  

Consequently, the outage probability of the SR 

can be obtained by replacing Eq. (19), Eqs. (22) and 

(26) into Eq. (18). 
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3.3 Outage probability of the proposed system 

The outage of the proposed system in this study 

can be defined by the complementary event of the 

successful decoding both of the PR and SR, which is 

given by 

( )( )DoQosyso PPP ___ 111 −−−=                             (27) 

where QoP _  denotes the outage probability of the PR, 

that can be replaced to SCQoP __  in Eq. (4) with SC 

and MRCQoP __  in Eq. (12) with MRC. DoP _   

represents the outage probability of the SR in Eq. (18). 

4. Numerical examples 

This section describes the numerical examples of 

the analysis in section 3. Fig. 2 shows the outage 

probability of the PR with SC and MRC. In this figure, 

“*” denote the Monte Carlo simulation results with 

1×108 iterations which show excellent match with the 

analytical results. For the numerical example, the 

distances are normalized to the distance between the 

PT and the PR. 

It is noticed that the outage probability of the PR 

with SC is higher than that with MRC under the same 

condition. The lesser transmit power of 2 dB to 

maintain the same outage probability can be expected 

with MRC. For the comparison, the outage 

probability of the PR without direct path is denoted 

“Indirect path”, which means the indirect path only in 

Eq. (11). As we expected the performance of the PR 

with the indirect path only is always inferior to that 

with the direct path irrespective of the combining 

technology, SC or MRC. Most of the studies on 

overlay CR NOMA networks have been assumed the 

indirect path only, however, the inclusion of the 

direct path signal in this study assures the 

performance improvement of the PR. 
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Figure. 2 Outage probability of the PR with SC or MRC 

( 3=n , 5.0=PRd , 5.0=RQd , 8.0=P , 2.0=S , 1=R , 

RP  = ) 

 

The analytical outage probabilities of the PR 

versus the distance between the PS and the relay are 

shown in Fig. 3, where “*” denote the Monte Carlo 

simulation results with 8101  iterations. It is noticed 

that the minimum outage probability happens when 

the distance of the RP −  path is 0.7. It is interpreted 

that the case with SC, it is desirable the signal from 

the QR −  path is stronger than that from the RP −  

path. However, as the relay approaches to Q , the 

distance of the QR −  path decreases and that of the  

RP −  path increases (i.e., PRRQ dd −=1 ). It degrades 

the performance of the RP −  path and of the indirect 

path, QRP −−  path. Consequently, the outage 

probability of the PR with SC increases. 

On the other hand, we noticed that the optimum 

distance to maintain the minimum outage probability 

of the PR with MRC is 0.55. Different from the 

performance of the PR with SC, it is interpreted that 

the performance with MRC is a function of the sum 

of the signals from the direct and indirect paths. 
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Figure. 3 Outage probability of the PR vs. distance of 

RP −  path ( 3=n , 8.0=PQd , PQRQ dd −=1 , 

8.0=P , 2.0=S , 1=R , RP  = ) 
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Figure. 4 Outage probability of the SR vs. number of the 

SSs ( 3=n , 5.0=PRd , 8.0=RDd , 8.0=P , 2.0=S , 

1=R , RP  = ) 

 
From this result, we conclude that the closer location 

of the relay to the PR than the PT is desirable, 

especially in the case of SC, for the better 

performance. 

The outage probability of the SR with different 

number of SSs is shown in Fig. 4. Generally, the 

voice traffic requires an outage probability of 1×10-3 

but the probability without the relay selection (i.e., 

1=N ) cannot be reached up to 30 dB of transmit SNR. 

When the number of the relays increases, the 

probability of 1×10-3 can be obtained by the spatial 

diversity gain.  

As the number of the SSs increases to 2, 3, 4, and 

5, the transmit SNR to satisfy the outage probability 
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Figure. 5 Outage probability of the proposed system 

( 3=n , 5.0=PRd , 5.0=RQd , 8.0=PQd , 8.0=RDd , 

8.0=P , 2.0=S , 1=R , RP  = ) 

 

of 1×10-3 becomes 24.0 dB, 18.9 dB, 16.1 dB, and 

14.4 dB, respectively; the diversity gain is 15.0 dB, 

20.2 dB, 22.9 dB, and 24.6 dB, respectively.  

The outage probability of the overlay CR NOMA 

system is shown in Fig. 5. When the number of the 

SSs is one, the outage probability of the SR is greater 

than the PR, hence, the outage probability of the 

system is close to that of the SR. However, as the 

number of the SSs increases, the outage probability 

of the system decreases; it shows that the proposed 

relay selection is effective for the performance 

enhancement. We noticed that the performance of the 

system with MRC is better than with SC under the 

same condition. The required SNR with MRC to 

maintain the outage probability of 1×10-3 is less 0.4 

dB, 1.6 dB, and 1.9 dB than those with the SC as the 

number of SSs are =N 3, 5, and 7, respectively. 

However the SNR gain remains constant as the 

number of the SSs increases up to 8=N .  

In this figure, “Indirect path” curve denotes the 

probability of the overlay CR NOMA system with the 

indirect path only and no relay selection. The curve is 

obtained by replacing QoP _  in Eq. (27) with 

indirQoP __  in Eq. (11).   

This figure shows that the proposed system has 

better performance than the conventional “Indirect 

path” system. 

5. Conclusions 
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In this paper, we proposed an overlay CR NOMA 

system with direct link and selection relay, which 

improves the performance of the PR and the SR. And 

the performance of the PR and the SR have been 

derived in closed-form and the analytical results were 

confirmed with the simulation. At the given condition, 

the performance of the PR with MRC is better than 

the PR with SC. The required SNR to maintain the 

same outage probability of the PR with MRC is 2 dB 

lower than the PR with SC. The results showed that 

the performance of the PR with either SC or MRC of 

the proposed system always better than the PR with 

the indirect path only which is the conventional 

assumption.  

Also, we noticed that the performance of the PR 

was influenced by the location of the relay, when the 

relay is located near the PR, the performance was 

better than near the PS; it is noticed that the 

performance of the PR with SC was more sensitive to 

the location of the relay compared to the PR with 

MRC. 

The numerical results showed that the 

performance of the SR with the selected relay 

improved with the increase of the number of the SSs, 

while the performance of the SR without the selected 

relay did not reach the outage probability of 3101 −  

up to 30 dB of the transmit SNR at the given 

conditions. Also the performance of the proposed 

overlay CR NOMA system, which includes the 

performance of the PR and the SR, was improved.  

Consequently, from those results, we can 

conclude that the proposed model, which includes the 

direct link and adapts the selected relay for the SR, is 

effective. The result from this study can be applied to 

the design of the system parameter for an overlay CR 

NOMA system. 

Further research will be focused on the 

development of the new architecture of an overlay 

CR NOMA network for the performance 

enhancement. 

Appendix 

By replacing Eq. (6) and Eq. (9), the first 

probability of Eq. (12) can be written by Eq. (A.1) at 

the bottom of this page. 

Since 0
2
PQh  in Eq. (A.1),  
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And after rearrangement, we can obtain  


2

RQh                                                          (A.3) 

where ( )PSPRQP −=  / . Replacing Eq. (A.3) 

into Eq. (A.1), the probability can be written by Eq. 

(A.4) on the next page [17]. 
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where ( )iE  is the exponential integral, which can be 

substituted by [18, 8.214.1, 8.214.2] 
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where C is Euler’s constant, C = 0.5772. Replacing 

Eq. (A.9) and Eq. (A.10) into Eq. (A.8), we can 

rewrite 
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where ( ) PPSPu  /−=  and PQSPp  /= . 
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