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Abstract—In this paper, we investigate a non-orthogonal multiple access (NOMA)-based underlay multi-channel 

cognitive device-to-device (D2D) communications and efficiently exploit a resource management scheme for the 

investigated model. A two-stage solution is used in which sub-channels (SCs) and powers are jointly assigned to the 

D2Ds and transmitters, respectively, employing a convex optimization method to achieve the optimal parameters. We 

show that throughput of the D2D users can be maximized by the proposed strategy, subject to controlling total 

transmission power, interference power, and minimum rate requirements. We study the performance of the network 

by increasing the number of PUs and SCs. Moreover, minimum rate requirement and maximum allowed interference 

at the PUs versus sum rate of the SU transceivers is investigated. The simulation results present insights about the 

impact of the optimal power and SC allocations. 
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I. INTRODUCTION 

Cognitive radio (CR) network is a promising 
technology to achieve high spectral efficiency. It allows 
the SUs to access idle spectrum allocated to the PUs on 
the condition of not causing the disruptive interference 
to the PUs. Thus, SUs sense licensed bands by 
performing accurate spectrum sensing (SS) to detect the 
presence of the PU and find the idle spectrum spaces. 
The performance of SS schemes is evaluated by two 
probabilities, named probability of detection (Pd) and 
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probability of false alarm (Pf), due to correct and false 
detections of the presence of a PU when the spectrum 
is actually idle, respectively. Hence, exploiting the 
spectrum holes is wasted by the Pf, and the SU can 
access more spectrum opportunities if the Pf is kept 
below a certain threshold. So, maximum throughput can 
be achieved by the network. On the hand, harmful 
interference at the PU can be decreased by higher Pd [1-
4]. 

Various techniques have been proposed in order to 
improve the throughput of the SUs. Furthermore, 
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various parameters such as detection threshold, sensing 
time, number of cooperative users for sensing, 
transmission power, and sensing-throughput tradeoff 
have been investigated [5-7]. 

Recently, NOMA as a promising multiple access 
scheme in wireless networks, especially for 5G 
networks, has gained attention [8-10]. NOMA-based 
CR networks can use the vacant spectrum resources. 
Hence, the spectral efficiency of communication 
system can be improved by exploiting the power 
domain diversity [11-14]. In NOMA scheme, multiple 
users are supported to use the same resources, e.g., 
frequency channel, time, or spreading code. In fact, the 
same radio resources with different power domains are 
simultaneously used by the multiple users, so that less 
transmit power is assigned to the user with better 
channel condition. Also, the receiver employs a 
successive interference cancellation (SIC) method to 
decode the aliasing signal [8]. 

Resource management in NOMA CRNs is a serious 
problem to avoid harmful interference to PUs [11]. In 
[15], a NOMA-based CRN was presented where a two-
tier power assignment method was investigated so that 
the best utilization of the inherited characteristics of its 
power-domain was achieved. In [16], a two-step power 
allocation approach was presented where the number of 
acceptable SUs was maximized and minimum 
throughput of them was gotten while decreasing the 
received interference at PUs. In [17], a power 
assignment problem was investigated. Therefore, the 
number of acceptable SUs was maximized considering 
some constraints, such as maximum transmit power of 
SUs, received interference at PU, and received SINR at 
SUs. Authors in [18] have investigated a two-phase 
power allocation approach to maximize the number of 
admitted SUs and the minimum throughput of admitted 
SUs was achieved meanwhile reducing the harmful 
interference to PUs. In [19], a cooperative NOMA CRN 
with imperfect-CSI was presented and the outage 
probability was studied where the power allocation was 
not considered. In [20], the secure performance of a 
NOMA system was studied.  

On the other hand, D2D communications have been 
presented as an effective technique to alleviate the 
explosive traffic growth in wireless communications 
and increase the spectral efficiency [21]. In D2D 
communications, nearby wireless devices can 
communicate together, directly, bypassing their 
corresponding BS. Most of the work on D2D focus on 
how to employ D2D communication in cellular 
network with limited interference.  By integrating D2D 
with CR, the spectrum efficiency and throughput can 
significantly be enhanced. The authors in [22] present a 
D2D cooperative scheme where a group of idle D2D 
acts as potential relays and cooperates with the PU 
communications to improve the performance. In [23], a 
joint D2D spectrum sharing and mode selection method 
has been studied under a hybrid network model. In [24], 
a two-stage subcarrier allocation approach has been 
illustrated. A power assignment method has also been 
proposed to optimize the transmission rate of the D2D 
users while simultaneously satisfying some constraints. 
In [25], the maximization of the sum rate of D2D pairs 
was provided under the constraints on the minimum 
rate requirements of NOMA-based cellular users and 

SIC decoding by solving a power allocation and 
channel assignment problem considering underlay 
NOMA-based cellular network with D2D pairs. Then, 
the authors proposed a dual-based iterative algorithm in 
order to solve the optimization problem by using the 
auxiliary variables and relaxing the binary constraints. 

To the best knowledge of the authors, none of the 
mentioned related works considers the cooperation 
between D2D communication and NOMA technique in 
CR systems to jointly maximize the spectrum efficiency 
and throughput of secondary network. In this paper, we 
investigate the application of NOMA and D2D in multi-
channel CRN. More specifically, we propose a NOMA-
based CR network with D2D communications between 
SUs in order to maximize the SUs sum rate. Thus, we 
optimize the sub-channel and power allocations. A 
novel solution is used that jointly assigns sub-channels 
to SU users where they can opportunistically access the 
spectrum and allocate the power to SU transmitters and 
PUs, so that the quality of service (QoS) of PUs can also 
be guaranteed. We consider the work done in [25], with 
the difference that the cellular network is replaced by a 
CR network including PUs and SUs. Also, the 
maximum interference constraint caused to PUs must 
be applied to guarantee the PU’s signal. 

The rest of this paper is organized as follows. 
Section 2 describes the system model and formulates 
the problem for the investigated network. The proposed 
resource management scheme is also presented in this 
section. Section 3 presents numerical results. Finally, 
the paper is concluded in section 4. 

II. SYSTEM MODEL 

As shown in Fig. 1, we investigate a downlink 
NOMA-based CRN, where BS serves multiple PUs 
through N SCs and multiple D2D users (SUs). The SU 
transmitters are allowed for opportunistically utilizing 
those unoccupied SCs left by the PUs. 

Let, K={1,…,k}, N={1,…,n}, and M={1,…,m} be 
sets for SU transceivers, sub-channels, and PUs, 
respectively. The channel gain between the kth SU 
transmitter and receiver on the nth SC is expressed by 
𝑔𝑘

𝑛 , and between the receiver of kth SU transceivers 
and BS is 𝑔𝑘𝐵 . On the other hand, the channel gain 
between ith PU and BS on the nth SC is denoted by ℎ𝑖

𝑛 
and between ith PU and transmitter of kth SU 
transceiver on nth SC is considered as ℎ𝑘𝑖

𝑛 . 

 

Figure 1.  Investigated NOMA-based CR network model with 

D2D communication. 

The SU transceivers transmit information via an 
underlay mode. We consider a Rayleigh fading channel 
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with path gain ℎ𝑘.𝑖
𝑛  between the ith PU and kth SU 

transceiver defined as follows [26]. 

,

20
, ,10

k iL

k i k ih g

−

=  (1) 

where 𝑔𝑘.𝑖  is a zero-mean and unit-variance complex 
Gaussian random process. 𝐿𝑘.𝑖  has two components 
described as (2) which the first is the path loss 
according to free-space path loss model and the second 
is a zero-mean real Gaussian random variable with 
standard deviation of 3 based on large scale log-normal 
shadowing [26]. 

,

,

4
20log

k i c

k i j

d f
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c

 
= + 

 
 (2) 

where 𝑑𝑘,𝑖 expresses the distance of ith PU and kth SU 

transceiver, 𝑓𝑐 denotes the carrier frequency, and C is 
the speed of light. The total symbol transmitted by BS 
via nth SC to PUs is 

( )
1

M
n n n

i i

i

S P x t
=

=  (3) 

where 𝑝𝑖
𝑛  and 𝑥𝑖

𝑛(𝑡)  denote the transmit power and 
signal for ith PU on the nth SC, respectively. 

According to NOMA, by performing successive 
interference cancellation (SIC), we assume that the 
channel gains satisfy the following order |ℎ1

𝑛| ≤
|ℎ2

𝑛| ≤ ⋯ ≤ |ℎ𝑀
𝑛 |. Using SIC, the received SINR of the 

ith PU to decode the signal 𝑠𝑗  (𝑗 < 𝑖), over nth SC, is 

defined as 

2

2 2
2

,
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where 𝑝𝑗
𝑛 and 𝑞𝑘

𝑛 represent the transmit power of jth PU 

and kth SU on ith sub-channel, respectively. 𝜇𝑘
𝑛 ∈ {0.1} 

is ‘1’ when nth SC is assigned to kth SU transceiver, 
and is ‘0’ when it is not assigned. 

Based on [25], the SIC is successful if the received 
SINR at the ith PU is no smaller than that of the jth PU, 
which can be expressed as 

2 2
2 2
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where, can be simplified as follows. 
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According to Shannon formula, the maximum 
achievable rate per bandwidth of the ith PU on nth SC 
is 

( )2log 1n n
i i jC  →= +  (7) 

The rate requirements for PUs must satisfy 

th    ,      ,   n n
iC C n N k K     (8) 

where 𝐶𝑡ℎ
𝑛  is the minimum required rate for PUs on nth 

SC.  It is assumed that each SU transceiver can only use 
one SC. Therefore, 
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The received SINR at kth SU transceiver on nth SC 
is expressed as 

2

2
2

,

1

n n
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q g
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=

 =

+
 (10) 

The rate of the kth SU transceiver on nth SC can be 
computed as 

( )2log 1n n
i kR = +  (11) 

Therefore, the achievable average throughput of the 
K SU transceivers on all N SCs is given by 

total

1 1

K N
D n n

k k

k n

R R
= =

=  (12) 

The transmit power constraints for PUs and SU 
transceivers are considered as 

max

1
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n n D
k k

n

q P k K
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1

       ,   
M
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    (14) 

The interference constraint for expressing the 
maximum interference caused by all SU transceivers is 
defined as follows. 

 
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1
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K
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k

q I

n N k K
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 (15) 

We want to maximize the throughput of SU 
transceivers by jointly power control of SU transceivers 
and PUs and optimum assignment of SCs to users under 
constraints of the total transmission power, Interference 
power, and minimum rate requirements of the users. So, 
the optimization problem can be written as follows. 

 
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subject to 
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The optimization problem is non convex with 
respect to 𝑞𝑘

𝑛  due to (16-1). We use the solution 
investigated in [25] in order to maximize the throughput 
of the SU transceivers by optimizing the power 
allocation for PUs and guaranteeing the QoS of the PUs. 
The optimization problem is non convex. After some 
mathematical manipulation and temporarily relaxing 
the integer constraints, it is changed to a convex 
problem. Finally, it is solved using the Lagrangian 
multiplier based the convex method. 

For notation simplicity, the superscript n can be 
omitted. we define 
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Note that the sum rate of D2D pairs can be further 
enhanced by decreasing 𝑝𝑖

 , therefore, the constraint 
(16-3) should be considered as equality to achieve the 
optimal transmit power of the ith PU denoted as 

∀𝑖𝜖ℳ 𝑝𝑖
∗ . We assume 𝑆𝑖 = ∑ 𝑝𝑡

∗𝑀
𝑡=𝑖  and obtain a 

recursive relation of 𝑆𝑖. Then, by using 𝑝𝑖
∗ = 𝑆𝑖 − 𝑆𝑖+1 

and after some manipulations the optimal power of the 
ith PU can be obtained as: 
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Now, we employ an approach in order to control the 
power of D2D pairs and assign the SCs to users. We 
define 

1

2 1

2

j
l j

l

l
j


 +

=

 − 
 

 =


 
(20) 

The constraint (16-5) can be expressed as 
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From (18), the constraint (6) can be rewritten as 
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On the other hand, it should be noted that since 
|ℎ𝑖

𝑛| ≤ |ℎ𝑖
𝑛+1|, therefore, ∆𝑖+1

𝑛 ≤ ∆𝑖
𝑛 . If 𝜉𝑘(𝑖+1)
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𝑛  , 

(22) is feasible for any non-negative 𝑞𝑘
𝑛. In result, 
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Therefore, if 𝜉𝑘(𝑖+1)
𝑛 > 𝜉𝑘𝑖

𝑛 , one additional transmit 

power constraint should be considered on the D2D pair 
to protect the SIC decoding order of the PUs. The rate 
of kth D2D pair on nth SC can be given by: 
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In result, the optimization problem is expressed as 
follows: 
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By defining 𝑧𝑘
𝑛 = 𝜇𝑘

𝑛𝑞𝑘
𝑛 , and temporarily relaxing 

the integer constraints and after some mathematical 
manipulations, the optimization problem can be 
rewritten as 
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According to [25], the problem (28) is convex with 
respect to 𝜇𝑘

𝑛 and 𝑧𝑘
𝑛. Therefore, we can use the convex 

optimization approach to achieve the optimal solution. 
In result, we use Lagrangian multiplier based convex 

method to solve the problem. The Lagrangian function 
is expressed as 

1 1

max

1 1

1 1

max

1 1

   

   1

   

nK N
n n k
k k n

k n k

K N
D n

k k

k n

N K
n

n k

n k

N K
n

n k

n k

z
L R

P z

I z






 



= =

= =

= =

= =

 
=  

 

 
+ − 

 

 
+ − 

 

 
+ − 

 



 

 

 

 (29) 

where 𝛼𝑘, 𝛽𝑛, and 𝜓𝑛 are the Lagrange multipliers. By 
taking the derivative of L with respect to 𝜇𝑘

𝑛 , 𝑧𝑘
𝑛, and 

𝜓𝑛 , we have 

'
n

n k
k k nn n

k k

zL
R

z
 



 
= − − 

  
 (30) 

'
n n n

n nk k k
k k nn n n n

k k k k

z z zL
R R 

   

   
= − −   

    
 (31) 

By considering the KKT condition as (32) and (33), 
we can obtain the optimal 𝑧∗

𝑘
𝑛

 as (34): 

( )

( )

*

*

*

0   ,   if   

0   ,   if   0,

0   ,   if   0,

n
k

n n
k kn

k
n n

k k

z
L

z Q
z

z Q





 

= 
 

 


 (32) 

( )*

*

0   ,   if   0,

0   ,   if   1

n n
k k

n n
k k

QL 

 

=  


  =

 (33) 

( )* *

0

n
k

Q
n n n

k k k kz V  =    (34) 

where 

( )
( )

( )

2

2 1

n n
k kn

k k n
k

d e
V

d


− + + 
=

+
 (35) 

2

2 4

ln 2 ln 2

n n n
n n k k k
k k

k k

d e d
e d

 
 = + +  (36) 

  ( ) min max , ,
a

b
x x b a=  (37) 

Then, we define 

( ) ( )* * ' *n n n n n n
k k k k k kW R F F R F= −  (38) 

If 𝑊𝑘
𝑛  is different for each 𝑘𝜖𝐾 , according to 

constraint (28-2), we have: 

'

* * '1  ,  0    n n
kk

k k = =    (39) 

where 𝑘′ = 𝑎𝑟𝑔 max
𝑘

𝑊𝑘
𝑛 . In other words, the SC is 

assigned to D2D pair with the largest 𝑊𝑘
𝑛. 

The sub-gradient method [27] is used to update the 
optimum Lagrangian multipliers as follows. 
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( ) ( ) ( )
( )1

max

1

N tt tt D n
k k k k

n

P z  

+

+

=

  
= − −  

  
  (40) 

( ) ( ) ( )
( )1

max

1

K tt tt n
n n n k

k

I z  

+

+

=

  
= − −  

  
  (41) 

where 𝜃𝑘
(𝑡)

 and 𝜙𝑛
(𝑡)

 are the positive step size and 

[𝑎]+ = 𝑚𝑎𝑥(0. 𝑎) . The Algorithm 1 represents a 
pseudo code to achieve the optimal power allocation 
and SC assignment to PUs and D2D pairs. 

Algorithm 1. Proposed Iterative algorithm for 

power allocation and SC assignment to PUs and 

D2D pairs. 

Initialize 𝑧𝑘
𝑛(0)

= 0. 𝜇𝑘
𝑛(0)

= 0 . ∀𝑘𝜖𝐾. 𝑛𝜖𝑁 

Initialize 𝜃𝑘
(0)

. 𝛼𝑘
(0)

. 𝜙𝑛
(0)

 ∀𝑘𝜖𝐾  
𝜖  = a  small number 

WHILE (|𝑅𝑡𝑜𝑡𝑎𝑙
𝐷 (𝑡) − 𝑅𝑡𝑜𝑡𝑎𝑙

𝐷 (𝑡 − 1)| > 𝜖 )  do 

FOR 𝑘𝜖𝐾, 𝑛𝜖𝑁 do 

 Compute 𝜇𝑘
𝑛(𝑡)

 and 𝑧𝑘
𝑛(𝑡)

 according to (29) and 

(30) 

END FOR 

UPDATE 𝛼𝑘
(𝑡)

 and 𝜓𝑛
(𝑡)

 according to (31) and (32) 

UPDATE 𝑅𝑡𝑜𝑡𝑎𝑙
𝐷 (𝑡) according to (23) 

END WHILE 

Compute 𝑝𝑘
𝑛 and 𝑞𝑘

𝑛 . ∀𝑘𝜖𝐾. 𝑛𝜖𝑁 

OUTPUT: 𝑝𝑘
𝑛 , 𝑞𝑘

𝑛, 𝜇𝑘
𝑛 and 𝑅𝑡𝑜𝑡𝑎𝑙

𝐷  

III. SIMULATION RESULTS 

The performance of the proposed scheme is 
obtained through averaging over 10000 independent 
random experiments. We assume that the channel 
model from the PUs to the FC as well as every SU 
transceiver to the FC and PUs is as (1). The 2.4 GHz 
IEEE 802.15.4/ZigBee is used as the communication 
technology. The simulation parameters are listed in 
Table I. 

TABLE I.  THE PARAMETERS USED IN SIMULATIONS 

Parameter Value 

length of area  100 m 
The number of SU users (K) 8~14 

The number of PU (M) 2~6 

The number of SC (N) 12~32 

𝒇𝒔  1 MHz   

𝑷(𝑯𝟎) 0.6 

𝑷(𝑯𝟏) 0.4 

𝑻 10 

𝑷𝒎𝒂𝒙
𝑷  10 dBm 

𝑷𝒎𝒂𝒙
𝑫  10 ~30 dBm 

𝑰𝒎𝒂𝒙 10 ~30 dBm 

C 3 ×108 m/s 

𝑪𝒕𝒉 0.1~1  bps/Hz 

 

Fig.2 indicates the influence of the SC on the sum 
rate of the SU transceivers for different number of the 
iteration in the underlay mode. The number of SU 
transceivers is assumed to be 8 and the number of 
multiplexed PU on each SC is 12. We can see that the 
sum rate increases in each iteration and converges to a 
fixed, and also the maximum point achieves at the 9th 
iteration. It is also illustrated that the sum rate increases 
as the number of SC increases, because the more 

opportunities are provided for SU transceivers in order 
to use the idle bands. 

In Fig.3, the sum rate of the D2D pairs is studied by 
varying the number of PUs for different number of the 
iteration in the underlay mode. As shown, the sum rate 
decreases by increasing the number of multiplexed PUs 
on each SC. 

Fig.4 illustrates the influence of the maximum 
allowed interference caused by all SU transceivers at 
the PUs on the sum rate of SU transceivers. It can be 
seen that the sum rate increases with more interference 
constraint of the PUs. This is because the SU users will 
be allowed to send the data with more power because 
PUs will be able to withstand the higher interference 
level. 

Fig.5 indicates the influence of the minimum rate 
requirements of PUs on the sum rate of SU transceivers 
for different number of the iteration in the underlay 
mode when K=12, M=2 and N=32. From this figure, we 
see that the sum rate is reduced by increasing the 
minimum rate requirements of PUs, because higher 
data rate requires the larger PU transmit power. In 
result, the co-channel interference caused to the SU 
transceivers on SC is increased and the sum rate is 
decreased. 

Fig.6 illustrates the joint influence of the minimum 
rate requirements of PUs and different number of the 
multiplexed PUs on the sum rate of SU transceivers. 
From this figure, we see that the sum rate is reduced by 
increasing the minimum rate requirement of PUs. It can 
be seen that increasing the minimum rate requirements 
of PUs and the number of multiplexed PUs on each SC 
leads to decrement in the sum rate. 

In Fig.7, we compare the proposed scheme with two 
other schemes in order to indicate the superiority of the 
proposed approach. In the first scheme, the joint power 
control and channel assignment algorithm presented in 
[28] is considered. In this scheme, the orthogonal 
frequency division multiple access (OFDMA) system 
has been employed and each SC is also shared by M 

PUs, but each PU is only allowed to access 
1

𝑀
  fraction 

of SC bandwidth. Therefore, each D2D pairs is 
interfered by M co-channel PUs. In second scheme, 
none of the power control and channel assignment for 
users are optimized. We can see that the proposed 
scheme achieves the more sum rate in comparison to 
the others. 

 

Figure 2.  The sum rate versus the number of iteration for different 

SCs in the underlay mode. 
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Figure 3.  The sum rate versus the number of iteration for different 

M in the underlay mode. 

 

 

Figure 4.  The sum rate versus the the maximum allowed 

interference for the PUs.  

 

Figure 5.  The sum rate of SU transceivers versus the number of 

iteration for different minimum rate requirements of PUs in the 

underlay mode 

 

Figure 6.  Sum rate of SU transceivers versus minimum rate 

requirements of PUs for different number of the multiplexed PUs. 

 

Figure 7.  The sum rate of D2D pairs versus minimum rate 

requirements of PUs for different schemes when M=4. 

IV. CONCLUSION 

In this paper, we have introduced the SU 
communications into NOMA-based underlay multi-
channel CR networks in order to increase the data rate 
of the cognitive SU users by optimizing SC and power 
allocation subject to the target rate requirements of the 
PU and maximum power constraints, so that the QoS of 
the PUs has been guaranteed. We used a two-stage 
scheme to implement power allocation and assignment 
of SC among SU transceivers and PUs. In addition, the 
optimization problem was solved by a convex-based 
iterative optimization algorithm. Simulation results 
demonstrated that the data rate of the cognitive SU 
users increases considering different PU target rate 
requirements with the investigated strategy. 
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