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Abstract

This paper outlined a Non-Orthogonal Multiple Access (NOMA) grouping
transmission scheme for cognitive radio networks. To address the problems
of small channel gain difference of the middle part users caused by the tradi-
tional far-near pairing algorithm, and the low transmission rate of the tradi-
tional Orthogonal Multiple Access (OMA) transmission, a joint pairing algo-
rithm was proposed, which provided multiple pairing schemes according to
the actual scene. Firstly, the secondary users were sorted according to their
channel gain, and then different secondary user groups were divided, and the
far-near pairing combined with (Uniform Channel Gain Difference (UCGD)
algorithm was used to group the secondary users. After completing the user
pairing, the power allocation problem was solved. Finally, the simulation data
results showed that the proposed algorithm can effectively improve the sys-
tem transmission rate.

Keywords

Cognitive Radio, Non-Orthogonal Multiple Access, User Grouping, Power
Allocation

1. Introduction

In recent years, due to the rapid growth of future wireless networks and the li-
mited spectrum resources, NOMA technology has the advantages of high spec-
trum utilization and large system capacity. NOMA technology has been widely
studied in academia and industry [1] [2] [3] [4] [5], and there have been nu-
merous researches on NOMA technology and Cognitive Radio (CR) technology.
NOMA technology mainly encodes multiple user signals by linear superposition.
[5] [6] [7] mention that at the receiver side, Successive Interference Cancellation

(SIC) is used to decode and recover the signal in the power domain. However, if
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a large number of users adopt NOMA to send signals, it will increase the decod-
ing complexity at the receiver side. Therefore, it is often necessary to pair two
users. The users who complete the pairing adopt NOMA service. Secondly, in
order to ensure the fairness of NOMA users, more power is usually allocated to
users with poorer signal gain, and less power is allocated to users with better
channel gain. Therefore, it is worth studying how to allocate the power between
users to improve the system transmission rate while ensuring the fairness of
NOMA users.

2017, in [8] Chinnadurai et al sorted the users according to the channel gain,
took the median of the sorting result as the channel gain threshold, divided the
users into strong user group and weak user group, and took one user from each
group to complete the pairing, and the system performance after pairing was
better than that of random pairing. This method can mine the characteristics of
channel gain, but in actual application, how to select the appropriate channel
gain threshold is a more difficult thing. 2018, in [9] Islam studied the effect of
user pairing on the system performance in the fixed power allocation NOMA
system (F-NOMA). It is concluded through theoretical analysis and simulation
that F-NOMA can provide larger sum rate than the traditional orthogonal mul-
tiple access, and the larger the channel gain difference between the paired users,
the more the gain increases, and the less the SIC decoding error affects the sys-
tem performance. 2019, in [10] Zhang Jun proposed an optimal user pairing
scheme for the downlink of NOMA, and proved the optimality of the algorithm
in the scenario of even number of users. The experimental results show that the
system performance obtained by the proposed scheme is better than that of the
OMA scenario. 2017, in [11] Ding and Fan et a/ maximized the system rate by
jointly optimizing user pairing and power control, and proved that the larger the
channel gain difference between the two users sharing the same subcarrier, the
higher the system rate. However, the resource management scheme proposed in
this research work is to maximize the rate of the whole NOMA system by sacri-
ficing the rate of users with poor channel quality. Moreover, with the increase of
the number of system users, two users with similar channel gain will also be
paired under this pairing scheme, which is not conducive to the successful ex-
ecution of SIC at the receiver side.

In summary, we have found that the current research on SU grouping pairing
in CR-NOMA has the following shortcomings: although the greater the differ-
ence in channel gains between two users on the same subcarrier, the higher the
system rate, grouping in this way will cause strong interference to the middle
users, resulting in poor communication quality between them. Secondly, the
Uniform Channel Gain Difference (UCGD) pairing mainly balances the differ-
ence in channel gains between users, which can alleviate the problem of strong
interference from middle users, but UCGD pairing is a static user grouping
strategy that cannot support dynamic user access scenarios very well. The

grouping pairing algorithm proposed in this paper first pairs SUs based on the
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near-far pairing strategy to achieve higher transmission rates. Secondly, the

near-far pairing strategy faces the problem of strong interference in the middle.

Therefore, based on the near-far pairing strategy, this paper combines the UCGD

pairing scheme to solve the problem of strong interference from middle users. The

specific grouping strategy will be explained in detail in the text.

In this study, it is different from previous work or studies. The goal of this re-
search is to maximize the transmission rate of Cognitive Radio-Non-Orthogonal
Multiple Access (CR-NOMA) communication through user pairing and power
allocation. More specifically, the main contributions of this work are summa-
rized as follows:

e First, in the CR-NOMA network, we allow the paired secondary users to
multiplex Primary User (PU) spectrum resources.

e Subsequently, the user pairing problem is described using a matrix model,
and the proposed grouping strategy can adaptively switch to better pairing
schemes for different user quantities. For the non-linear power allocation
problem, convex optimization is used to achieve successful rate allocation
and obtain the optimal solution to improve the overall performance of the
network.

e Finally, we provide numerical results to evaluate the effectiveness of our
proposed algorithm, which can effectively delay the network lifetime and
provide some insights for the CR-NOMA user pairing study.

The remainder of this paper is organized as follows. Section 2 establishes the
system and network model, including the system model and relevant grouping
matrix description. Section 3 analyzes user pairing and system capacity. In sec-
tion 4, the system model is presented, and the proposed problem is addressed.
Section 5 simulates the proposed scheme. Finally, section 6 summarizes this pa-

per and outlines future research directions.

2. System and Network Model
2.1. System Model

The main consideration of this system is to adopt the downlink model of
non-orthogonal multiple access (NOMA) in the CR network. The system adopts
the Underlay spectrum sharing method, that is, the secondary user (SU) can si-
multaneously access spectrum resources within the interference threshold range
of the PU. As shown in Figure 1(a) and Figure 1(b), several primary and sec-
ondary users are randomly generated in the cell, and then A primary users and
Nsecondary users are randomly reserved.

As shown in Figure 2, a system model is established for randomly retained
M Primary Users and N secondary users (SUs). The whole system communi-
cates under W sub-carriers, where (M <W 6N <2M ). In the communication
process, the primary users are given priority in sub-carrier allocation, and each
PU uses different sub-carriers to complete the communication. According to the

underlay spectrum sharing mode rules, SUs can access the spectrum resources
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Figure 1. Randomly Generated Primary and Secondary Users. (a) Randomly generate
several users; (b) Randomly keep a specified number of users.

shared by the PU on the sub-carrier where the PU is located within the inter-
ference threshold of the PU. Assuming that the SU is sorted by channel gain as
h=>hy>2-->2h,. h = ‘h:.r (1+anZ )7 represents the channel gain coefficient be-
tween the secondary user 7 and the Primary base station (PBS), ‘ﬁ,‘ represents
the Rayleigh fading gain, and d, represents the distance between the secondary

user 7/and the PBS.

2.2. Carrier Allocation Model

As mentioned previously, PU prioritizes the subcarriers for allocation. In this
paper, a M xW matrix A:|A(i,j)|,{ie[l,---,M],je[l,---,N]} is used to
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Figure 2. System Model for PU and SU Communication.

represent the subcarrier allocation. Where A(i,j)=1 indicates that PU,
completes the communication on subcarrier /. According to the communication
of each primary user on different subcarriers, the related constraints of matrix 4
can be obtained as follows:

A(i, j)e(0,1),Vie[l,.--,M], je[l,--, W] (1a)

M=

A(i,j)e(0,1),Vie[l,-,M] (1b)

~.
LK

M=

A(i, j)e(0,1),Vj e[l,--, W] (1)

As shown in Equation (1a), the values in matrix A are all either 0 or 1. Ac-
cording to each primary user using different subcarriers for communication,
Equations ((1b), (1¢)) in the equation indicates that there can be at most one 1 in

each row and column of matrix A.

2.3. Grouping Model

Before assigning the subcarriers to the secondary users, this paper groups every
two secondary users into one group for NOMA communication. For the sake of

convenience, we use an N-row K-column matrix
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B:|B(i,j)|,{ie[l,-~~,N],je[1,---,K]} to represent the grouping of the sec-
ondary users. Similarly, when B(i,j)=1, it indicates that the i-th SU is in the
J-th group. The related constraints of matrix Bare as follows:

B(i,j)e(0,1),Vie[l,---,N],je[l,--,K] (2a)
N/2<K <(N+1)/2 (2b)
iB(i,j)sZ,Vje[l,---,K] (20)

M=

B(i,j)=1Vie[l-,N] (2d)

~
n

As shown in Equation (2a), the values in matrix B are all either 0 or 1. In this
paper, two SUs are grouped as one, so when Nis even, K = N/2, and when N
isodd, K = N/2+1. Therefore, as shown in Equation (2b), N/2<K < N/2+1.
Equations (2c¢) and (2d) respectively indicate that each group can have up to two
users and each user can only be in one group.

After the SUs grouping is considered, the next thing to consider is the SUs
carrier selection problem. Similarly, a K-row W-column matrix
C= |C(i,j)|,{i IS [1,---,K],j IS [1,---,W]} is used to represent the SUs group
access problem. When C (i, j) =1, it indicates that the SUs in the ith group
communicates in the jth sub-carrier. Therefore, it is not difficult to obtain the

relevant constraints of matrix Cas follows:

C(i,j)e(0,1),Vie[l,---,K],j e[l,--, W] (3a)
S C(i,7) € (0.1), ) €L 7] (3b)
iC(i,j):l,Vie[l,m,K] (3¢)

~

As shown in Equation (3a), the values in matrix Care all either 0 or 1. As each
SU group uses a different subcarrier to complete the communication process,
each row of matrix C also contains only one 1, as shown in Equation (3c). Since
SU groups may not occupy all subcarriers, each column has at most one 1, as
shown in Equation (3b).

3. System Capacity Analysis and User Pairing
3.1. User Pairing

Users can be divided into strong and weak users according to their channel gain
coefficients. Moreover, if users are interfered by strong users, the problem of
how to reasonably pair strong and weak users needs to be solved. We call the
first /2 users strong users and the last n/2 users weak users.

Far-Near Pairing

As in [12] By maximizing the difference in channel gain between users, pair-
ing is done between the user with the strongest channel gain among the strong

users and the user with the weakest channel gain among the weak users. There-
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fore, strong interference exists for the users in the middle part. The specific allo-
cation scheme is shown in Equation (4).
SU, SU,
su, SU,,
4)
SUn/2 SUn/2+1

UCGD Pairing
Asin [13] UCGD pairing is a method of pairing by balancing the channel gain
difference between users. It first combines strong users and weak users, and then
forms a more balanced pairing scheme. The specific allocation scheme can be
expressed by Equation (5).
sU, S Un/2+1
SU, SUn/2+2 )
su,, SU,

JPS Pairing

In this paper, we propose a Joint Pairing Scheme (JPS) by combining the ex-
isting UCGD and near and far pairing schemes, firstly, we also sort the users ac-
cording to the channel gain coefficients between them, and secondly, we divide
the N SUs (NVis an even number) into an even number block P blocks, where P
is an even number and 2 < P < N/2. Firstly, the user blocks are paired near and
far, and the pairing scheme of the user groups is carried out between the users in
the paired user blocks using the UCGD scheme. The specific pairing scheme can
be specified by an example shown in Figure 3.

In Figure 3, we know that there are currently 20 SUs, of which the even
numbered block P =4, ie, each block contains 5 users. Then block pairing is
performed for P-blocks by way of far and near pairing. Second, after completing
block pairing, the users within the block pairing are paired in user groups by
UCGD, for example, block 1 and block 4 in the figure are paired in block pair-
ing, then for the users within block 1 and block 4 in combination, the user

groups formed by block 1 and block 4 are paired in user pairs, and the users

SU,,8U,,8U,,8U,,8Us, SU,SU,,SU, ,SU,,SU,,, SU,,,SU,,,SU,,,8U,,,8U;, SU,,SU,,,8U,q,SU,,SU,

1 2 3 4

0 |
N o

SU,,SU,,SU,,SU,, SU,,SU,,SU,,SUy ,8U,,SU,y, SU,,,SU,,,8U,3,8U,,,SUys, SU,s,SU,,,SU,q,SU,,,SU,,

Figure 3. JPS pairing example chart.
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within the two blocks are paired in combination in turn, Ze, SU, and SU

are paired. SU, and SU,, are paired. And so on. In this case, the value of P
in our example is 5. Of course, this is only one case, and in the case of N =20,
there are other values of Psuch as P=10 and P=2. You can divide the P

values according to the actual situation.

3.2. System Capacity Analysis

As in [8], at the transmitting end, PBS transmits signals using linear superposition
coding. When SU; and SU, are paired in the sth group, the signal transmitted

by the user can be represented as:

S)_ =

M=

B(i,r)Bxl. =Px;+Ex, (6a)

1

M=

B(i,r)B =P, + P, = Ppy (6b)

In Equations (6a) and (6b), j,ke (1,2,---,N), j<k and Vre {l,m,K} .
P and x, respectively represent the transmission powers of SU, and the
signals sent. P, represents the transmission power of the base station. Since
users are sorted in an ordered sequence based on channel gains, when j<k,
h; 2 b, . According to the NOMA principle, more power should be allocated to
SU, with poorer channel conditions, ie., PJ <F.

As shown in Figure 4, as in [14] according to the SIC principle, at the receiv-

ing end, the signal of the user with higher power, SU,, is detected first. After

¢

o
0

080
030

SUk

Figure 4. SIC detection process.
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detecting the signal of SU,, the signal of SU, is eliminated from the signal
and then the signal of SU,; is detected. For SU,, when the signal of SU, is
detected, the signal of SU, is treated as interference. Similarly, for SU,, after
eliminating the signal of SU,, the signal of SU, is detected, so the signal of
SU, is not treated as interference with the signal of SU.

Let SU; and SU, be the rth group of users, and from the matrix C it can
be determined that the subcarrier @ on which the rth group of users SU,
and SU, arelocated can be expressed by Equation (7):

a):iC(r,i)i 7)

Since matrix Crecords the subcarrier access information for each user, to de-
termine the specific subcarrier on which the current group of users is located, it
is only necessary to calculate the cumulative product of each column in the rth
row. This is because each row has only one element equal to 1 and the rest are 0.
Therefore, the received signal of the rth group of users on subcarrier @ can be
expressed by Equation (8).

yo= > B(i,r)C(r,z)|h,.|2 Ps,+n = |hj.|2 Pj.(”)sj +|hk|2 Pk(w)sk +n (8)

iI<N,z<W

As in Equation (8), 77 represents additive Gaussian white noise with mean 0

and variance o, and P/.("’)

is the power of SU, on the subcarrier @.
According to Shannon's equation, we can know that the system capacity in the

rth group can be expressed by equation (9):

R =3 B(i.r)R,, =R, +R,, =log (1 +SINR"), ) +log (1 + SINR{f;)) (9)

As in Equation (9), R represents the cumulative channel capacity of the rth
group of users, R, , and R, represent the channel capacity of SU, and
SU, in the rth group, respectively. SINR((;?,) represents the signal-to-noise ra-
tio of SU, when transmitting on the subcarrier ®. And it is not difficult to

derive the general Equation (10) of SINR((:‘:,)) :

® 2
SINR") = — Latll] (10)
ZB(m,r)amP(w) |hi|2 +7
m=1

In Equation (10), g, represents the power allocation factor of the SU,.
al.P(w) represents the total transmission power from the base station to the

SU, on subcarrier .
4. Problem Solution Method

4.1. Mathematical Modeling

Given the constraint of interference temperature for the primary user, the objec-
tive of this paper is to maximize the sum of channel capacities of secondary user

groups by jointly considering subcarrier allocation strategies and secondary user
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grouping. Based on Shannon’s formula principle, we can obtain the following

mathematical model:

K
max » R, (11a)

i r=l1
s.t.(1a)-(3¢), (4b) (11b)
ygjf) < SINR((;‘j}) Vr,i, @ (11c)
re <) vrie (11d)

Equation (11a) is the objective function, which is equivalent to Equation (9)
representing the sum of transmission rates of two secondary users within the
same group. Equations (11b)-(11d) represent constraint conditions. Equation
(11b) is one of these constraints. As in Equation (11b) represents the constraint
conditions of the matrix mentioned earlier. As in Equation 11(c) represents the
QoS threshold y that the secondary users in the sth group need to meet on the
subcarrier @ . Equation 11(d) represents that the cumulative interference of the
secondary users on the subcarrier @ cannot exceed the interference tempera-
ture threshold of the primary user.

N
T, = > B(i:r)a, P |h, I (12)

i=1
As in Equation (12) F(S“{,)(r) represents the cumulative interference generated

by the secondary user group r on the subcarrier o .

4.2. Solving Power Problems

Subsequently, by making simple transformations to the constraints and objective

function, we can easily obtain the following equation:

max a.P(“’)|h.|2 (l—a.)P.(”) h.|2
% R=log| 1+ — 2 |+log| 1+ A 5 ! (13a)
n a.P || +n
10 2
P AP j’"' 7, (13b)
P’ |h| Pl v, + PO ||

For the Equations (13a) and (13b) above, it is not difficult to see that this is a
convex optimization problem. Therefore, for convex optimization problems, we
can use the Lagrangian function to solve them. The Lagrangian function con-

structed for the above equations is as follows:

P(u h|2—
P? [n| PO ||, + P i

(14)

As shown in Equation (14), a, represents the power allocation factor of the
SU,. 4, and A, are Lagrange multipliers. Finally, by using the KKT conditions
and taking the partial derivatives of @,, 4,,and A4,, we have the following rela-

tionships:
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oL R
a—ai—a—ai—//l,l-‘rﬂz—o (153)
oL rin
— =T __4=0 (15b)
. Al ¢
oL P |n[ =ny,
—=a,— > | J . = (15C)
o4, P h_,.| ¥, +P°|h|
g <0 (15d)
P”[h|
@ 2
B 1 el /P (15¢)
' P‘"|hj|27j+P”’|h,.|2
A2, 20 (15f)
0<a, <1/2 (15g)

Equations (15a)-(15c) represent the partial derivatives of «,, 4,, and A,, re-
spectively. Equations (15d)-(15e) represent the original constraints, while Equa-
tion (15f) represents the non-negativity of Lagrange multipliers. As SU, represents
a user with higher channel gain, according to the NOMA principle, it is allocated less
power. Therefore, its power allocation factor needs to be less than 1/2, as shown in
Equation (15g).

It can be seen from 27R— A+, =0 that

i

rin
h O, :0) i:l—)
when A4, >0,4, a P’”|h,.|2
PO |n [ =y,
2 2 "
Pw|h.i| 7, + P |k

when 4 =0,4,>0, q, =

5. Simulation Result

In this paper, MATLAB is used to simulate data in the CR-NOMA hybrid net-
work. The noise power spectrum density in the system is n=-174 dbm. The
coverage range of the base station is 1000 meters, the path loss is 4, and the
bandwidth of each user group is 1 Hz. When the number of secondary users is
N =40, the secondary users are paired in pairs, containing 20 groups. Figure 5
compares the total transmission rate of each user group under the condition of
N =40 Dbetween the JPS algorithm proposed in this paper and the UCGD and
Far-Near pairing algorithms. The base station transmission power P = 14 db.
Since all three algorithms are based on the number of 40 secondary users, they
are sorted according to the channel gain and then divided into secondary user
groups. The situation of secondary user 1 in each group is the same, but second-
ary user 2 is different. Therefore, an interlaced fluctuation occurs. As the num-

ber of groups increases, the path loss increases, resulting in a gradual decrease in
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the transmission rate of the overall user group.

In Figure 6, this paper compares the JPS NOMA scheme with the OMA
transmission scheme in terms of transmission power from 10 to 15 dB, SU,
and SU, of the two algorithms, and the total transmission rate. It can be ob-
served that the system throughput of the proposed JPS algorithm is larger than
that of the OMA transmission. Therefore, the proposed algorithm has an advan-
tage over OMA in terms of throughput.

In Figure 7, it can be observed that the JPS and far-near, USGD algorithms
have higher throughput when the transmit SNR is greater than 13 dB in the

ar —¥— Far-Near NOMA
13- @ —— UCGD NOMA
< —6— JPS NOMA

12 -

1 r

Ergodic Sum Capacity [bit/s/Hz]
[(e}

4 1 1 1 I}
0 5 10 15 20

Transmission of User Group

Figure 5. Group-wise user transmission rate comparison.
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Figure 6. Comparison of transmission rate performance of different pairing schemes.
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Figure 7. Comparison of total transmission rate between JPS and OMA.

10 - 15 dB range. Moreover, the JPS algorithm can flexibly adjust the number of

users in each group to form different pairing schemes.

6. Conclusion

This paper proposes an SU-based pairing algorithm by combining CR and
NOMA to improve system throughput while ensuring multiple constraints such
as interference temperature, QoS quality, and power limitations. The proposed
algorithm can generate different pairing schemes in a CR-NOMA multi-user
system and select the best pairing scheme based on the actual scenario. However,
there are still shortcomings in this study. For example, although the grouping
strategy proposed in this paper can adaptively select the best pairing scheme ac-
cording to the number of users, the simulation results did not meet our expected
results. In future work, we will conduct further research in more complex and
comprehensive multi-cell and multi-user network environments and optimize

the proposed scheme, considering more complex scenario.
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