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ABSTRACT

In this thesis, we study the cognitive cooperative non-orthogonal multiple access network with interference power
constraint in underlay mode, where a primary receiver is situated at the communication range of the secondary network.
In the cognitive secondary network, the secondary originating node transmits information with the cognitive close user
directly and with the cognitive remote user by the aid of multiple relays under cognitive radio constraint. Secondary
originating node sends the mixed message to the cognitive close user and to multiple relays via NOMA principle. Through
the signal to interference plus noise ratio between secondary originating node and multiple relays, the best relay is opted
to forward the decode signal to the cognitive remote user. In order to gauge the performance of the system accurately, the
exact closed form formulas for the outage probabilities of the cognitive close user and the cognitive remote user are
deduced respectively over Rayleigh fading channels. Experiment results indicate that power allocation has a great influence
on the performance of system for NOMA network and it is an effective way for improving the performance of cognitive
cooperative NOMA network that increasing the quantity of relays.
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1. INTRODUCTION

Due to the exponential growth of wireless transmission demands and large scale connection with the wide application of
the fifth generation communication technology (5G), cognitive radio is proposed as the novel technology with high
spectrum utilization to tackle the unprecedented challenges raised by the growth of the network size'=. In the cognitive
radio (CR) environment, the cognitive secondary network accesses the authorized spectrum of the primary user (PU)
through the interweave protocol, the overlay protocol, or the underlay protocol to maximize the use of limited spectrum
resource.*®. In interweave mode, when perceiving spectrum hole of PU, secondary user (SU) is allowed to access the
spectral of PU*. Different from interweave mode, overlay mode allows SU receives PU message and assists transmission
of primary network to realize spectrum sharing®. If the interference generated by the SU does not affect the transmission
of the PU, the SU sends signals in the same frequency band as the PU°®.

Non-orthogonal multiple access (NOMA) has been envisioned as a revolutionary technology on improving the spectrum
efficiency in future wireless communication network, and is focused generally by field of modern communication 7.
Cooperative relay transmission is considered as a breakthrough technology in wireless network due to its high reliability
and large scale connection®. Therefore, combining cooperative relay and NOMA is an effective to enhance communication
coverage and spectrum utilization” '°. In’, the paper proposes a cooperative network based on NOMA, in which the
performance of NOMA-based cooperative system with decode-and-forward (DF) schema and amplify-and-forward (AF)
schema applied to selected relays is analyzed by deducing the capacity and outage probability (OP). In'’, the authors prove
that NOMA -assistant massive multiple-input-multiple-output system are superior to the conventional cellular system and
proposed the adaptive protocol which could choose schemes of cooperative NOMA, NOMA without cooperative and
traditional orthogonal multiple access (OMA) according to the situation.

NOMA has advantages in terms of improving the spectrum efficiency, thus, combining NOMA and cooperative cognitive
network is worthy to be envisioned!!"*. In!!, an underlay cooperative cognitive network using DF protocol is analyzed,
and the closed-form formulas of OP of PU and SU networks are calculated. In'2, a signal relaying node cooperative CR
network is proposed, in which the cognitive secondary originating node communicates with the close and remote users
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through a DF relay by using the NOMA principle. In the study of'?, the authors proposed the protocol of selecting the
optimal relay by signal-to-interference-plus-noise ratio (SINR) in the multi-relay cooperative CR network in AF mode.

2. SYSTEM AND CHANNEL MODEL

We research an underlay cognitive cooperative NOMA transmission network. In this model, a secondary originating node
node (denoted by S), a cognitive close user (denoted by U/, ), a cognitive remote user (denoted by U, ),k secondary relays

(denoted by R(1<i<K) ) and a primary receiver (denoted by /') form the proposed network. The secondary originating
node S transmits date to the close user U, directly and communicate with the remote user {/ B with the aid of the secondary
relay R. The secondary originating node S sends the superposed signal of the cognitive close user U, and the cognitive
remote user U, to U, and the secondary relay g with transmission power P, under the power limit imposed by the PU

receiver. the secondary relayp decodes and forwards the signals of remote user 7, with transmission power p, . We use

h, and g, to define the Rayleigh fading coefficient of the channel and the instantaneous channel gain between [ and j,

2 e .
g = ’hy_’ - g, follows exponential distributions with mean Q,-

To avoid interfering with the primary network in cognitive radio environment environments, pcan p, (1<i<K) be

expressed, respectively

p=—1 (1)
&sy
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where [ is the predetermined interference constraints at the primary receiver/ .

In phase-1, the secondary originating node S transmits the composite data Xg = \/;1 Xy T4/, X, on the same
spectrum resource with the PU via NOMA scheme, in which x, denotes the messages from the secondary originating
node S to the cognitive close user U,,and x, denotes the messages which is intended to send to the cognitive remote
user U, . Particularly, the distances between the secondary originating node S’ and the cognitive close user is deemed to
be closer than the cognitive remote user U, . Hence, we distribute more power to the cognitive remote user U, , such that
a, < a, - When the secondary originating node S fails to sends signals to the cognitive remote user directly, only the
cognitive close user U, and the relay R(1<i<K) can receive the composite messages transmitted. As such, the

received SINR and SNR at the cognitive close user U, for decoding signals x, and x,, are the following

X a, B8y
Voo = ———=N— (3)
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The received SINR at the relay R, for decoding signals x,. is indicated as

a,bg SR,

}/XF —
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The relays with j/;g > ¥, form the decoding set D, and the best relay R, With the highest }/;ZF (K € D), is selected
to forward signals of the cognitive remote user.

In phase-2, the selected best relaying node R, forwards the messages of the cognitive remote user x, when it succeed to
decode the message of cognitive remote user x, . Under the circumstances, the received instantaneous SNR at the
cognitive remote user U, for decoding signals x,. can be shown as

o _ Tk 8rr
v (©)

0

3. 0P
3.1 OP of the cognitive close user U

For Uy, , in order to ensure that outage is not occur, it is necessary that {7, successfully decodes both the message of the
cognitive remote user x,. and the message of the cognitive close user x, . Hence, the exact formula of the OP of the

close user U, is shown as
P =1=Pr(y5 > 70738 > 7) %)

2R
where Vp = 277 —lis the predetermined decoding threshold for the cognitive remote user UF and RF representing the

transmission rate of the cognitive remote user UF. It is the event that the cognitive close user can achieve the reliable
communicate when the cognitive close user / , can successfully decode both the signals x . and Xy -

Xy

By using Equations (1), (3), (4), Pr( Vow > Vi Vsn > ]/N) can be calculated as

Pr(75 > 7es7t > 7y )
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where Al = max[y—F, y—Nj .
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Substituting Equation (8) into Equation (7), the OP for the cognitive close user U, is achieved.
3.2 OP of the cognitive close user U -

For U, , in order to ensure that outage is not occur, it is necessary that both the bast relay R, and U, successfully decodes

the message of the cognitive remote user x .. - Hence, the exact formula of the OP of the close user [/ - is shown as

K

Pt =Pr(D=@)+ > > Pr(|D|=k)Pr(yi, <7, ) ©)
k=1 D
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where |D| means the quantity of relays in set [, and the corresponding probability Pr (|D| =k ) can be indicated as

Pr(|D| = k)

(> a, (I/x)gSR, o a, (I/x)gsg, ‘
_J.O ll—Pr(m>7F ’x]jl [Pr(m>ﬂ% ’X]] fgw (x)dx

where
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In Equation (9), PI‘(D = @) can be calculated as
Pr(D=0)
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In Equation (9), Pr (y;:F <Vp ) can be calculated as

Pr(7;,,FF <7F)

= Pr(rggg(yi})< n)
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Finally, by the previous calculation, the OP for the cognitive remote user UF is achieved.

4. SIMULATION RESULTS

1
The systems parameters are set as following: QSN =Q SR — Q RE — 10dB = 5dB N, 0= .
4

(10)

(11)

(12)

(13)

Figure 1 describes the relationship between the OP of cognitive close user against SNR for QSN:{ldB,SdB,IOdB} .

Obviously, the OP of the cognitive close user augments with the increase of (3, gaining. The reason is that there is the
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better channel conditions between secondary originating node and the cognitive close user when S N is higher. Therefore,
it is clearly from figure that cognitive close users have advantage of outage performance when O, =10dB -

In Figure 2, we illustrate the exact OP of cognitive remote user versus SNR for power distribution coefficient of cognitive
close user ¢, and the different number of relays K. Obviously, the OP of cognitive remote user decreases as gaining of

the quantity of relays K, since secondary network achieves cooperative diversity with the increase of the quantity of relays.
Meanwhile, as the reduction of the power distribution to the remote user while the augment of the power distribution to
the cognitive close user in the NOMA cases, the increase of power distribution coefficient of cognitive close user ¢,

results in increasing of OP of cognitive remote user.
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Figure 1. OP of cognitive close user against y.
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Figure 2. OP of cognitive remote user against y.

The impact of OP of cognitive remote user due to the quantity of relays K is investigated in figure 3. According to the
graphics , we can see that the quantity of relays K =2 results in 6.627x1072, the quantity of relays K =4 results in
7.945x10 > and the quantity of relays K =6 resultsin 2.313x10™" until the system SNR j = 64B . The simulation

results prove that the OP of cognitive remote user is decreased with the increase of the quantity of relays K , since this
network implements the collaborative diversity.
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Figure 3. OP of cognitive remote user against y.

5. CONCLUSION

In this thesis, we propose an underlay cooperative CR-NOMA network with primary interference power constraints. The
secondary originating node sends the superposed signal to the cognitive close user and multiple relays. According to the
SINR between the secondary originating node and the different relays, the best relay is chosen to forward the signal of the
cognitive remote user. Further, we numerically evaluate the exact formulas of the OP of the cognitive close user and the
cognitive remote user respectively. Finally, we conclude that it is logical and viable for improving the performance of
system that power is properly distributed.

ACKNOWLEDGEMENT

The paper was funded by the National Natural Science Foundation of China under Grant (61901201, 62001359); the Youth
Science and Technology Foundation Plan of Gansu Province (20JRSRA387); Tianyou Youth Talent Lift Program of
Lanzhou Jiaotong University; the Science and Technology Foundation Plan of Gansu Province (20JRSRA397,
20JR10RA273); Innovation Fund for Project of Gansu Provincial Higher Education (2021B-107).

REFERENCES

[1] Chen X, Chen H, and Meng W, “Cooperative Communications for Cognitive Radio Networks from Theory to Applications”
IEEE Communications Surveys Tutorials 16 (3) 1180-1192 (2014).

[2] Mitola J, Maguire G, “Cognitive Radio: Making Software Radios More Personal” IEEE Personal Communications 6 (4) pp
13-18 (1999).

[3] Kakalou I, Psannis K. E, Krawiec P, Badea R, “Cognitive Radio Network and Network Service Chaining toward 5G:
Challenges and Requirements” IEEE Communications Magazine 55 (11) pp 145-151 (2017).

[4] Patel A, Khan M. Z. A, Merchant S. N, Desai U. B, Hanzo L, “The Achievable Rate of Interweave Cognitive Radio in the
Face of Sensing Errors” IEEE Access 5 pp 8579-8605 (2017).

[5] Gurjar D. S, Nguyen H. H, Tuan H. D, “Wireless Information and Power Transfer for [oT Applications in Overlay Cognitive
Radio Networks” IEEE Internet of Things Journal 6 (2) pp 3257-3270 (2019).

[6] Bao V, Duong T, Tellambura C, “On the Performance of Cognitive Underlay Multihop Networks with Imperfect Channel
State” Information IEEE Transactions on Communications 61 (12) pp 4864-4873 (2013).

[7] W. Saad W, M. Bennis M, M. Chen M, “A Vision of 6G Wireless Systems: Applications, Trends, Technologies, and Open
Research Problems” IEEE Network 34 (3) pp 134-142 (2020).

[8] JuJ, Duan W, Sun Q, Gao S, Zhang G, “Performance Analysis for Cooperative NOMA With Opportunistic Relay Selection”
IEEE Access 7 pp 131488-131500 (2019).

[91 Huang R, Wan D, Ji F, Qing H, Yu H, Chen F, “Performance analysis of NOMA-based cooperative networks with relay
selection” China Communications 17(11)

Proc. of SPIE Vol. 12506 1250611-6



[10] Sayyari R, Pourrostam J and Niya M, “Cell-Free Massive MIMO System with an Adaptive Switching Algorithm Between
Cooperative NOMA, Non-Cooperative NOMA, and OMA Modes” IEEE Access 9 pp149227-149239 (2021).

[11] Li C, Guo D, Guo K, Qin Y, Xu R, “Outage Performance of Partial Relay Selection in Underlay CR-NOMA Networks” 2019
28" Wireless and Optical Communications Conference (WOCC) pp 1-5 (2019)

[12] Arzykulov S, Tsiftsis T, Nauryzbayev T, Abdallah M, “Outage Performance of Cooperative Underlay CR-NOMA With
Imperfect CSI” IEEE Communications Letters 23 (1) pp 176-179 (2019).

[13] Zhao L, Liang T, Cheng L, Lin Z, An K, Wang J, “Multi-relay Selection of Hybrid Satellite-terrestrial Cooperative Network
Based on CR-NOMA in AF Mode” 2020 International Conference on Information Science and Education (ICISE-IE) pp 430-
434 (2020).

Proc. of SPIE Vol. 12506 1250611-7



