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Considering the problem of limited spectrum and relay resources, we proposed a scheme using incremental relay protocol to
improve the secondary network outage performance. Firstly, a CR-NOMA network system model combined with incremental
relay protocol is constructed. The primary network and the secondary network share the same relay for communication. When
the user of the secondary network fails to receive information, the node closest to the shared relay is selected as an incremental
relay to assist transmission. Secondly, the exact expressions of outage probability and throughput are derived, and the Monte
Carlo method is used to verify the results. Based on the outage probability and throughput of the secondary network, the
transmission power ratio between primary and secondary networks and the power distribution of shared relay are optimized.
Compared with the average power allocation schema, it is proved that the optimized schema has advantages in improving the
outage performance and throughput. Through simulation and analysis of outage performance with or without using
incremental relay protocol, it is concluded that adding an incremental relay in the shared relay network can reduce the
probability of system outage and improve network reliability.

1. Introduction

With the increase of wireless multimedia applications and
the widely popularized of intelligent terminals, wireless com-
munications are developing rapidly. In the meanwhile, the
number of users and instrumentation accessing to the com-
munication network surges constantly in order that the
spectrum resources become increasingly nervous. Thus,
faced with the increasing shortage of spectrum resources
and the large-scale connection of intelligent terminals, a
way to meet users’ requirements of exploitation spectrum
resources has become an important topic in communication
analysis [1-3]. Nonorthogonal multiple access (NOMA) has
been considered an efficient resolution to the shortage of
spectrum resources. To eliminate the generated cochannel
interference, the successive interference cancellation (SIC)
is used on the receiver end to achieve correct demodulation

[4, 5]. Previous studies have proved that NOMA can support
more users to access the same spectrum of resources. Its
upstream and downstream links can obtain 20% and 30%
system capacity gain, respectively [6]. In [7], the impact of
residual transceiver hardware impairments on cooperative
NOMA networks was investigated, where generic a-y fading
channel is considered. In addition, in [8], the authors stud-
ied the effective capacity of the simultaneously transmitting
and reflecting reconfigurable intelligent surface aided
NOMA networks, illustrating the clear advantages of using
NOMA over orthogonal multiple access (OMA) for the
overall system. The power allocation problem of NOMA
has been widely concerned. In [9], a user grouping and
power allocation algorithm based on the NOMA system is
proposed to ensure the stability of SIC, and it also avoids
serious performance degradation caused by error propaga-
tion. In [10], the authors studied the optimal power
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allocation among users which guarantees quality of service
for weighted sum-rate maximization in downlink NOMA
networks.

Another technology that can solve the shortage of spec-
trum resources and improve the utilization of spectrum is
cognitive radio (CR). On the premise that the communica-
tion between authorized users is not affected, that is, the pri-
mary network communicates normally; unlicensed or
secondary users are permitted to use bands allocated to the
licensed or primary users [11, 12]. The combination of
NOMA and CR, also known as CR-NOMA, which is condu-
cive to spectrum reuse, can meet the increasing require-
ments of users and provide services for a large number of
consumers [13]. The introduction of CR-NOMA provides
more advantages for wireless communication. In [14], the
authors investigated the deployment of an unmanned aerial
vehicle as a relay in CR-NOMA network. In [15], the
authors have proved that the cooperation between V2X
(vehicle-to-everything) and CR-NOMA is beneficial to serve
group vehicles. Considering the loss in the communication
process, the performance of CR-NOMA in Rayleigh fading
channel under residual interference considering incomplete
channel state information and continuous interference can-
cellation is studied in [16]. Due to the difference between
Rayleigh channel and reality, the authors in [17] studied
the performance of CR-NOMA under incomplete channel
state information in Nakagami fading channels. In addition,
the authors in [18] proposed a low-complexity PSO algo-
rithm to improve the security energy efficiency of the down-
link underlying CR-NOMA system. In [19], the authors
integrated CR, NOMA, and multiple-input multiple-output
(MIMO) and proposed a MIMO-based CR-NOMA commu-
nication system, which is proved superior to the existing
MIMO-NOMA and CR-NOMA systems in improving spec-
tral efficiency. Moreover, in [20], a multihop cooperative
transmission protocol was proposed. When the destination
cannot decode the source message accurately, the most
recent successful relay is selected for retransmission.

To further improve the capacity gain of the system and
provide connections for more users, the authors researchers
in [21, 22] investigated a dual-hop cooperative relaying
scheme based on NOMA, in which two sources communi-
cate with their corresponding receiver ends in the same fre-
quency band via a common relay, respectively. Using the
shared relay can provide more communication opportuni-
ties for secondary network users. Providing large-scale con-
nectivity to dense users is one of the main goals of future
radio access [5]. In the CR-NOMA relay sharing network,
it is worthy of further study on how to meet the interference
power constraint of the primary user and improve the trans-
mission performance of the secondary network without
increasing the transmission power [23].

In recent years, the incremental relay (IR) protocol has
been widely used to improve the spectral efficiency of coop-
erative wireless networks. When the cooperating receiver
end can successfully decode the message, IR does not have
to retransmit the message. The work in [24, 25] applied IR
to the NOMA network and evaluated the user communica-
tion performance under incomplete SIC, which showed a
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significant improvement in performance compared to the
scheme without increment relay. However, these systems
do not involve CR technology, which can improve spectrum
efficiency and save spectrum resources. The authors in [26]
analyzed a CR-NOMA system based on the overlay mode
of energy collection and proposed two cooperative spectrum
sharing schemes based on the IR protocol using the amplify-
and-forward (AF) and decode-and-forward (DF) relaying
strategies. Compared with direct transmission and orthogo-
nal multiple access schemes, higher throughput and energy
efficiency can be achieved. Considering that both the pri-
mary network and the secondary network initiate informa-
tion transmission simultaneously, the underlay mode
should be adopted. The authors in [27] studied the perfor-
mance of the primary network and the secondary network
in the underlay mode with the help of assistance of incre-
mental amplify-and-forward relay and proposed a power
control coefficient to balance the performance of the two
networks. However, when the secondary network sends
information, it is easy to cause interference to the primary
network in underlay mode. Therefore, it is necessary to con-
sider the interference temperature limit of the primary users
and limit the transmitting power of the secondary network.
In this paper, we investigate the effect of IR protocol on
the performance of CR-NOMA in cooperative relay sharing.
IR is used to assist the communication of secondary net-
works. Our main contributions are summarized below:

(1) We introduce the concept of relay sharing to CR-
NOMA networks. The primary network allows the
secondary network to use its licensed spectrum,
and in exchange the secondary network needs to
provide relays to assist the primary network in com-
municating. IR protocol is introduced in the net-
work, and the node closest to the shared relay
serves as the incremental relay

(2) The exact expressions of outage probability and
throughput are derived analytically, and the correct-
ness of the expressions is verified by simulation
results. To improve the outage probability and
throughput compromise performance of the second-
ary network under the condition of ensuring the
normal communication of the primary network,
the power distribution parameters are optimized

(3) For a fair comparison with the schema without IR,
we devise a cooperative network that does not use
an IR employing CR-NOMA. It is shown that the
proposed scheme can effectively improve the outage
performance and throughput of the secondary net-
work, especially when the signal-to-noise ratio
(SNR) is low

2. System Model

We consider an underlay CR-NOMA network as shown in
Figure 1, which consists of a primary network (PN) and a
secondary network (SN). PN includes a primary transmitter
(PT) and a primary user (PU). Likewise, SN consists of a
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F1GURE 1: CR-NOMA shared relay network based on IR.

secondary transmitter (ST) and a secondary user (SU). PN
allows SN to use its own spectrum resources, and in return
PN borrows the SN’s relays to communicate. We assume that
the direct link from ST to SU does not exist due to physical
obstacles or poor channel conditions. To improve the perfor-
mance of the SN, the node closest to R, (i.e.,R,) is selected
as the IR. After SU decodes the message from R;, it returns a
message (NACK or ACK), indicating whether the message
from R, to SU is successfully decoded. Then, the system
dynamically adjusts the transmission mode based on the feed-
back result. When the ACK signal is fed back, R, no longer
participates in the communication. Instead, when the NACK
signal comes back, R, recodes x, and sends it to SU.

In this paper, we assume that each of the above terminals
cannot simultaneously send and receive signals (i.e., half-
duplex transmission). DF strategy and SIC technology are
used in the network to receive users’ messages and decode
them. In addition, all channels suffer quasistatic Rayleigh
fading. The channel coeflicient between each node is repre-
sented by h;;, which satisfies the complex Gaussian distribu-
tion with parameters of Aij = d,-j’m. According to [25], dij is
defined as the ratio between the actual distance and the stan-
dard distance between the sender and the receiver, which is
called the normalized distance. The link distance d;; € {
dpr,> dsg,> Ag p> dr s> g g, dr,s} denotes the distance
between links PT-R,,ST-R,,R;-PU,R,;-SU, R,-R,,andR,-
SU, respectively. The parameter m is the path loss variable,
which is a function of carrier frequency, environment, obsta-
cle, etc., usually ranging from 3 to 5. Furthermore, the noise
is additive white Gaussian noise (AWGN). We further
assume that all receivers can perfectly access the local CSI,
ie, R;, PU, and SU have instantaneous CSI of the links
PT-R, and ST-R;, link R;-PU, and links R;-ST and R,-ST,
respectively [28].

The first phase corresponds to the NOMA uplink,
with PT and ST sending x;andx, to R;, respectively.
The mathematical expectation of the sent message is
E[|x,|*] = E[|x,|*] = 1. The transmitting power of the primary
transmitter is represented as P, and that of the second trans-
mitter as kP It is expected that k < 1 because PN contributes
spectrum in communication, and the PU has higher QoS to
ensure reliable information transmission of the PU. According
to the NOMA uplink [20], R, decodes x; with good channel
status information first using SIC technology. Therefore, the
received signal-to-interference-plus-noise ratio (SINR) for
symbol x, is written as
PT|hPRl |2
Kkpr|hsg, |2 +1

(1)

R, _
)/Xl -

where p,. = Py/o2. Then, R, performs SIC to obtain the sym-
bol x,; the SINR can be written as

Yﬁ; = KPT|hSRl ’2’ (2)

where hp, and hg denote the channel coefficients of chan-
nels PT-R; and ST-R,, respectively.

In the second phase, R, broadcasts the reencoded infor-
mation to PU, SU, and R,, which is a downlink NOMA sys-
tem. According to the principle of downlink NOMA, the

information sent by R, after reencoding is written as Z =

VP X +
tion factor of signals of PU and SU on relay R;. Since PU
is a high-priority NOMA receiver end, a higher power value
is assigned to the PU to ensure normal communication with
PN. Py denotes the transmission power at R,. Let pp =

\/ (1 =y)Pyg x,, where y is the power distribu-

Pp, /6%, and R, transmits a superimposed composite signal

)’jzhij(\/‘//TRlxl*'\/(l‘V/)PRlxz) + . (3)

Let h; € {hg p, hg s, hp p } indicate the channel coeffi-
cients of links R,-PU, R,-SU, and R,-R,. The parameter n,
€ {n,, ny, ny} indicates the AWGN of the PU, SU, and R,,
respectively.

According to NOMA protocol, the PU decodes the sig-
nal x, using SIC technology. Therefore, the SINR received
at PU associated with x, is obtained as

PU _ VPr, ’thP{z

Xy * (4)
(L=v)pg, ’hR1P|2 +1

The SU first decodes x; withx, as interference, whose
SINR is obtained as

SU _ VPr, ’hRIS|2

Yy, : (5)
(1=w)pg, ’hRIS|2 +1
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FiGURE 2: Timeslot allocation.

Then, SU decodes its signal x,, whose SINR can be given as
(6)

If the SINR of R,-SU exceeds a certain threshold, SU can
decode x, successfully. In this case, the SU sends an ACK signal
to R,. Furthermore, R, does not participate in the subsequent
communications. Conversely, if the decoding fails, the IR assists
the SN to transmit information, and SU sends a NACK signal to
R,. Both ACK and NACK signals are fixed information set
manually. Assuming that the time occupied by each feedback
is 8T (the feedback time is very short and the delay can be
ignored), the timeslot allocation is shown in Figure 2.

The SINR of x, decoded at R, is written as

(1 _‘/’)PR1 |ths’2~

SU
Vi,

(1- ll’)PR1 ‘thRz ‘2

vir = (1= v)pg has| = F
YPr, }hR1R2| +1

Then, R, reencodes the information x, of the SN and
sends it to SU. At the same time, the transmitters of both
the PN and SN start to send the information of the next time
slot to R,. This is to ensure T/2 time per phase of PN regard-
less of whether the IR is involved in the transmission, while
ignoring the feedback time. The signal SU received is written
as y =+/P,,x,h; + n, where P,, represents the transmitting
power at R,. To ensure normal communication on the PN,
the interference to the active network must not exceed the
threshold Q. In this case, P,, is defined as

:

where hgp is the coefficient of the interference channel from
PN at R, and its parameter Ay, satisfies the complex Gauss-
ian distribution. P stands for maximum transmitting

(®)

. Q
P,=min{——,P
” {|hsp|2 ¢

Ao (i vyt Y orhow, )= (Vi ikpr s, ) = (Vi ! (A p¥ (1430 ) P, Vi Py M) ))
_ 1

power of the relay R,. Therefore, the SINR of SU concerning

X, is defined as
. Q
=min { 3 PRZ}‘ths

[
where the power parameter satisfies Q,, = Q/c” and Pr, =
Py lo*.
2

R,—SU _ P"Z ‘thS|2

th
Y. -2

L)

20

3. Performance Analysis

In this section, the outage probability and throughput are
characterized for the proposed system under Rayleigh
fading.

3.1. Outage Probability. To improve the reliability of infor-
mation transmission on the SN, R, is selected as the IR to
assist transmission as it is closest to the shared relay R,.
Since the SINR threshold is a fixed function of channel
capacity, y;, represents the SINR threshold of the PU and
y;; denotes the SINR threshold of the SU. The probability
of outage at R, at the first phase can be obtained as

(10)

R x;, R X
Poutl=1- Pr{yxll 2V Vs, 2 yt,j}.
The second phase involves the process of R, broadcast-
ing information to the user and the process of R, auxiliary
transmission. Therefore, the outage probability of PN in
the second phase is given as

Theorem 1. The expression of the outage probability of the
PN can be written as

Pout2 PU=1- Pr{yiU >y (11)

1

Pout, PU =

1, otherwise.

X
Apg, + KASRI Yin
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Proof. See Appendix A. O

Similarly, the outage probability of the SN in the second
phase can be given as

Pout2.SU =1~ Pr{yV >y}, vV > }; |
(=P iz })  (3)
<Pr{yl 2y vV 2y }).

Theorem 2 provides the outage probability of SU when
both phases are considered.

Theorem 2. The expression of outage probability of when v
< (1/(1+y;})) can be written as (14). Otherwise, the outage
probability is equal to 1.

Ao o (vt )prder, )= (Vi IprAse, )
Pout,SU =1- !

X1
Apg, + KAsr Vi

x (1 - (1 - e*"’PRzARzS)

% (1 _ o (Upr,Aays) (Vi ((1=9)pw, =V ¥, ) )= (Vi Arsp, )

A yxz *2 *2
x| 1-— __ 7SPFth e_thyth Msp¥i Pry
X5 >
AspYiin + QunAr,s

(14)
where = max (y3y/(y ~ vy (1~)), v/ (1~ ).
Proof. See Appendix B. O

Because of the approximation of ¢* and 1 + x, the asymp-
totic expression of (14) can be expressed as

" A
Pout?ﬁpm =1-4, (1 - —2)

0 A A
x[1- x[1-4,+ 22
pRl)‘RIS /\RlRZPRl

Ay = (pr,QunAr,s + ch)’ff,)/(PRz (Asp¥ip + Quilg,s))>
A=y (L=v) =¥gw), Ay = (v + vivi xAse, + Vi
Apr, )Apg KAsp s and Ay = Apg /(App, + KAgg Vig)-

According to (12) and (14), when x — 0, ¢ — 1, we

can obtain the approximate expression of the outage proba-
bility of PU and SU by Corollary 3.

VfﬁAz;
+ ),
/\RZSPRZ)>
(15)

where

Corollary 3. The bounds of outage probability of PU and SU
at a high SNR (p — 00) can be calculated as

A

Apg, + KAgg Vi

To make a fair comparison with the networks that do
not use IR protocol, we build a cooperative network employ-
ing CR-NOMA without IR. Similarly, the PN and SN use the
same relay to communicate. When the SINR of SU decoding
is less than the threshold, the system interrupts.

Theorem 4. The outage probability of the SN without IR can
be expressed as

Ar, o (i vi Yprhon, ) =(Vii frprhse, ) =(0pr, Anys)

Pout=1- ——t——
Apr, + KAsg Vi

(17)
Proof. See Appendix C. O

3.2. Throughput. According to the time slot allocation in
Figure 2, each transmission time of PN is T, while the trans-
mission time of the SN in the first transmission cycle can be
computed as

SU X2
T’ sz 2 yth’

T-0T . 3T-8T o _ (18)
2 - 2 4 sz th*

T =

Let H1 = Pr{yi? >y, ¥3Y > 972 }; then, Theorem 5 pro-

X2

vides the throughput of SU according to [29].
Theorem 5. The throughput of the SN can be expressed as

TRy x (1~ Pout_SU)
HIxT+(1-HI)x((3T -6T)/2) (19)
_ 2Rgx (1-Pout_SU)

¢ 0lPr s (6-1)+(3 —8),

Thr;,-SU =

where HI represents H1 = Pr{ySIU >y, )/,Sg >y,7}, and 0 =

max (yy/(y = vy, (1= ¥)), v/ (1 =) In addition, R
denotes the transmission rate of users in the SN.

Similarly, the asymptotic expression of throughput in
(19) can be expressed as

2R¢ x (1~ Pout_SU)
(1 - (9/pR1ARIS>) x(8-1)+(3-8)

Approx
Thrg?™ = (20)

4. Optimization of Power Distribution Factor

In this section, the compromise performance between the
outage probability and throughput of the SN is considered,
and then the optimal power allocation scheme is obtained
by ensuring the successful transmission of PN.

According to the accurate outage probability expressions
of the PN and the SN in (12) and (14), it can be concluded
that the transmitter power of the SN and the power distribu-
tion factor of the common relay R, affect the outage perfor-
mance of the SN. Meanwhile, the throughput of the SU in
(19) is taken into consideration. The outage probability



and throughput tradeoff performance of the SN can be
improved on the premise of ensuring the success of PN
transmission by a reasonable allocation of parameters.
The problem above is formulated as (21), where Thr,/
Pout represents the outage probability and throughput tra-
deoff performance of the SN. Constraints C1 and C2 are
used to ensure the correct execution of SIC and that the
PN’s information can be successfully decoded by both R,
and the PU. C1 implies that R, can decode user signals
successfully.

{ThrID} 2Rg % (1 —Pout_SU)
max = max
oy Pout oy (e_e/p‘ﬂ Mys (6-1)+3- 8) Pout_SU

.. R X R X
SLCL: Y 2V V! 2V,

CZ:yflUny;l
C3:y(l+y,) -y 20,1 -y (1+y;) =0
C4:0<k<1.

(21)

Likewise, C2 means that the information transmission
of the PU must meet its QoS requirements; that is, SINR
cannot be lower than the threshold. Further, C3 is the
necessary condition for the formulation of (12) and (14).
C4 ensures that the PN can have higher transmission
power. Due to the independence of channels, the optimi-
zation problem can be divided into two subproblems
according to the two phases of communication.

4.1. The Optimization Problem of the First Phase. The opti-
mization objective of the first phase is to find the right power
ratio x between the SN and the PN so that R, can success-
fully decode signals from both transmitters. According to
(10) and (19), the objective function of the first phase can
be formulated as mKin{Poutl}. After reduction, the problem

in the first phase is formulated as

min _ 1 = e_Yf;/KpTASR]
1
* APRl + KASRI Yin
2
pr|her
s.t. Cl: T| 1{

(_PrleR ] o (22)
2 th
Kpr|hpp | +1

2
C2: kpr|hsg | 2 Vi
C3:x<1.

where A =yi2/prAse, B=Ag Vihr A=1/(AB)” +4ABAyg
Kmin = V;Cﬁ/PT”’SRI ‘2’ andiy,,, = (PT|hPRl |2 - Yfilz)/y)tcilzPTMSRl |2

Wireless Communications and Mobile Computing

Theorem 6. The optimal solution to the first phase can be
expressed as

AB+ A
Kmin> T < Kmin>
. AB+ A
K" =4 Koo —B > Ko (23)
AB+ A
4 K€ [Kmin’ Kmax >
2B
Proof. See Appendix D. O

4.2. The Optimization Problem of the Second Phase. After
determining the value of , the outage probability in the first

phase can be regarded as a fixed value. Therefore, (Apy /
(App + KAgg yf;,))e_((m s Y erAer )=V kprAse) i 2 con-
1 1

stant. Then, the second problem is analyzed to find the
most appropriate value of v, so as to achieve the optimal
compromise performance between the interruption and
throughput of the SU based on successful transmission
on the PN. The problem of the second phase can be for-
mulated as (24).

{ ThrID} 3Rg x (1 —Pout_SU)
max —— = max
v Pout v (eie/”‘“/\"l“‘ X(6-1)+3~ 6) Pout_SU

s.t.Cl: yf;U

X1
Z Yin

X1
ca: i _ <y o

Ltyg  l+yy

(24)

Theorem 7. Thr;, and 1/Pout increase or decrease equally
as y changes. They are both increasing in case y < ((y;,
+ Yy (Vi + Vivii + vi)) and decreasing in case y >

X2

(Vi * YV Ve + YerVeh * Vin)-
Proof. See Appendix E. O

It is known from Theorem 7 that the objective function
Thr;p/Pout in the second phase increases in case y < ((yf,;
+ Yy ) (Y + vy + v, ) and decreases in case y > ((

X1 X1,,%2 X2 X1,,%2 X1
Yon + Y Ve ! Vi + Y Vein + Van))-

Theorem 8. Considering C1 and C2 in (22), the value range
of the power distribution factor y can be determined. The
optimized power distribution factor can be expressed as

X X X X
Yer + Yin Ve XVii < Yx;i 1
X X X X; 2 X th X, 2
Yin ¥ YouYen + Ven (I-%) (1 + Vtﬁ) 1+ vy,
Y= 1 X, 1
> Y > >
L+yy L+yy

X> otherwise,
(25)
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TaBLE 1: Network model parameters.

Parameter

Value

Noise variance

Distance factor

Power distribution factor
User SINR threshold

Path loss exponent

=1
d;,=05,d, =0.5,d, =1,d,,=25d,=1,dy=1
K<Ly /l+y) <y <1ll+yg
v =01,y =03
3

10° g
107 4
E
oy
107 4
1072
SNR/dB
—— AR,PU -—-— Bound
—— AR,SUIR A Sim,PU
--- AR,SU % Sim.,SU,IR
<<<<<< Approx O Sim.,SU

FIGURE 3: Theory and simulation value of outage probability in
network system.

where y depicts the value of (v;;/(pg, [hr,pl” + Vi pr, e, pl))
+ (V! (1 + 7).

Proof. See Appendix F. O

5. Results and Discussion

In this paper, the IR is used to assist the information trans-
mission of the SN in the scenario where the PN and SN
share the common relay. The outage probability and
throughput of the IR transmission strategy are deduced
and analyzed. Furthermore, the network is simulated and
verified in Rayleigh fading channel. Network model param-
eters are shown in Table 1 referring to the parameter settings
in [25].

In the following, we denote the “Analytical Result” by
“AR” and the Monte Carlo simulation results by “Sim.”

5.1. Outage Probability. In Figure 3, we present the change of
system outage probability with SNR of CR-NOMA network
based on IR protocol and compare the outage probability
with that of the network system without an IR. Monte Carlo
simulation curves coincide with the theoretical results,

10° %
BAAANANA ADANAAANNAAADLAAANL AANLAALNN

WYeYealegeicy 90—0—6990—969-{}6@90—0@@9@0@90—0—@

107" 5

out

102

1073 T T T T

K

— ARSSUIR
--- ARSSU

o Sim.,,SNR =20dB
% Sim.,SNR =30 dB
A Sim.,SNR =10 dB

FIGURE 4: Variation of outage probability of SN affected by «.

which proves the correctness of the theoretical results. As
shown in Figure 3, the outage probability decreases with
the increase of SNR, while the slope of the curve decreases,
indicating that the change degree of the system outage prob-
ability gradually decreases. Finally, when the SNR is large
enough, the probability of network outage tends to a certain
value regardless whether there is an IR or not. The reason is
that the IR does not affect the process of information trans-
mission at R;. When the SNR value is less than 10dB, the
outage probability of the SN system without increment relay
is very high, which is close to 1, while the proposed scheme
can obtain better outage performance. At low SNR, the out-
age probability of the system assisted by the IR is always
lower than that of the system without IR. When the SNR is
greater than 40dB, the system outage probability with or
without IR assistance tends to be consistent. For the PN,
the outage probability is always no higher than that of the
cognitive network, indicating that adding an IR can improve
the outage performance of the SN without affecting the per-
formance of the PN.

Figure 4 shows the variation of system outage probability
with x, where « represents the ratio of transmission power of
the SN to that of the PN. The outage probability of the SN
decreases rapidly at first, and then increases gradually with
the increase of x. The reason for that change is that when
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the value of « is extremely low, the transmission power of
the SN is too small to decode the SN information and the
communication will be interrupted. With the increase of «,
the PN information is interfered by SN information. When
the power and interference are low, the probability of system
outage is low, while when the transmission power is high,
the influence of interference is relatively obvious.

So the probability of system outage increases. With dif-
ferent SNR, the « value corresponding to the minimum out-
age probability is different; however, it is specifically
adequate to AB+ A/2B. In addition, the larger the SNR is,
the smaller the x value for optimal outage performance of
the system is. Compared with the network without IR, the
proposed scheme can obtain better outage performance even
at lower transmitting power of the SN transmitter.

Figure 5 shows the change of outage probability with
power distribution factor y of the SN. Together with the
same SNR, with the increase of v, the system outage proba-
bility of the SN decreases first and then increases. The v
values are equal when the outage probability is minimized
under different SNR (the simulation results show that ¢ =
0.3023, which minimizes the outage probability). This is
exactly equal to (v +i5)/(vii + Yy +753) obtained
in (23), which proves the correctness of the proposed power
distribution scheme.

When ¥ <0.3023, the system outage probability
decreases gradually since the increased power is used to
transmit SN’s information. While when y > 0.3023, the out-
age probability increases since SU needs to decode the pri-
mary information first. This requires sufficient power to
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allocate to primary information. Furthermore, with the
increase of the outage probability, the slope of the curve
becomes smaller and the variation trend tends to be stable,
indicating that with the increase of SNR, the influence of y
gradually decreases.

To compare and analyze the performance of cooperative
communication schemes with and without IR protocol,
Figure 6 simulates the outage probability of transmission
schemes with or without IR when SNR =20 dB. The results
show that whether there is IR or not, the increase of ¢ makes

the outage probability decrease first and then increase. In
contrast to the scheme without IR, outage probability pre-
sents fewer variations with IR assistance. In the proposed
scheme, the system outage probability is always lower than
that in the scenario without R,. When y = 0.3023, the outage
probability of the scheme with or without IR is the mini-
mum. In this case, the outage probability of the system
assisted by the IR is 2.25% lower than that without the IR.
Simultaneously, we simulate the change of PN outage
probability with y. The outage probability of the PN
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decreases with the increase of . There is no significant dif-
ference between the outage probability of the PN and that of
the improved SN. Therefore, it is shown that the proposed
scheme can improve the outage performance of the SN while
ensuring the outage performance of the PN.

5.2. Throughput. Throughput indicates the number of mes-
sages successfully transmitted per unit of time. In Figure 7,
the throughput variation with SNR of CR-NOMA network
system based on IR protocol was showed. Furthermore, it
is compared with the network system without IR. The
Monte Carlo simulation curve is consistent with the theoret-
ical results, which proves the correctness of the theoretical

results. When the SNR is low, the throughput of the PN is
lower than that of the SN. The throughput of the PN
increases faster and gradually exceeds that of the SN.

As shown in Figure 7, the throughput increases with the
increase of SNR. Finally, when the SNR is large enough, the
throughput of the network tends to be stable. Under the
same SNR, the throughput of the proposed scheme is always
much higher than that of the system without IR, which
proves the superiority of the proposed scheme.

The change of system throughput with x is shown in
Figure 8. With the increase of «, the throughput of the SN
increases first and then decreases, but the overall change is
limited. Under different SNR, the x value corresponding to
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the optimal throughput is different, but exactly equal to
the result of (23). In addition, the larger the SNR, the
larger the x value corresponding to the maximum sys-
tem throughput. Compared with the network without
IR, this scheme can obtain better interrupt performance.
Feedback time § also affects the throughput of the sys-
tem. As the feedback time becomes longer, the through-
put decreases.

Figure 9 shows the variation of the throughput of the SN
with power distribution coeflicient w. In a word, with the
increase of ¥ and with the same SNR, the throughput of
the SN increases first and then decreases. However, the pro-
posed scheme with IR has little change in throughput. The v
values corresponding to the minimum power outage proba-
bility are equal under different SNR (simulation results show
that the minimum power outage probability y value is
0.3023). This result is consistent with (23). With different
SNR, the change of § has little influence on throughput,
indicating that the SNR is the main factor affecting the sys-
tem throughput compared with 6.

5.3. Optimum Power Allocation. In Figure 10, the Monte
Carlo method is used to simulate the optimized power distri-
bution schema and average power distribution schema in
this paper. The tradeoff performance of outage probability
and throughput of SN is compared. As can be seen from
the change in Figure 10, under the same power distribution
schema, the tradeoff performance between the outage prob-
ability and throughput of the proposed scheme is always bet-
ter than that of the scheme without IR. In addition, under
the same SNR, the outage probability and throughput per-
formance of the optimized scheme are better than that of
the average power allocation scheme. When the SNR is
greater than 30dB, the Thryy/Pout value of the average
power distribution scheme tends to be stable, while that of
the optimized scheme can always increase with the increase
of the SNR.

6. Conclusion

In this article, we propose a CR-NOMA network model
based on IR. The expression of outage probability and
throughput of the SN is derived. The variation of SNR,
power distribution factor x, and y all affect the performance
of the SN. To improve the tradeoff performance between the
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outage probability and throughput of the SN, the values of «
and vy are optimized. And the simulation results show that
the outage performance of the system is indeed improved
compared with the average power distribution schema. Fur-
thermore, compared with the network without IR, it is
shown that the proposed scheme using IR protocol can
improve the reliability of the network. The results of this
study indicate that the proposed scheme is a promising
approach to improve the performance of SN without affect-
ing the performance of PN.

Appendix
A. Proof of Theorem 1

The expression (10) can be rewritten as (A.1). And then the
expression (11) can be rewritten as

Poutl =1 - Pr{yf]1 =y yﬁz‘ > yfﬁ}

hpr |° . .
=1- Pr{% > Yy, kpr s, !2 ZYtli}
KpT|hSRl| +1

0 X1, X1 1
=1- J <e’(XKPTV:h ¥ )IPrden, ) XAy
Vit lepr Ase,

cdx=1- Aer, (G e, ) A, ).

X1
/\PRl + KASRI Yin

(A1)

Pout2 PU =1~ Pr{ylV >y} }

2
:l—Pr{ WR“hR‘P}Z ZYfA}
(I_W)PR,}hR1P| +1

=1-Pr{ |hpp|* > Vi
{' o A, p¥ (14 733) P, —YfAPRlARlp}

=1 — e Vi rgp¥ 14V ) P, Vi Py Aryp)

(A2)

Note that (A.2) is derived on the condition of y > (y}}/
(1+7y}})) as the outage probability ranges from 0 to 1. Oth-
erwise, the outage probability is equal to 1. Combining (A.1)
and (A.2), the outage probability of the PN can be rewritten
as

Pout, PU = Poutl + (1 - Poutl) x Pout2_PU
Apg & (O vVorhan, )= (i o, )= (Vi (oo (1493 ) o ) ) v
_ 2R, s>
= Apg, + KAsy, Vi L4y,

1, otherwise.

(A3)

The proof is completed.
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B. Proof of Theorem 2

According to the calculation result of (A.1), the outage prob-
ability of R1 can be expressed as

A
PR, & Vin tVin Vir 1P Apm, Vi leprdsg,

Poutl=1—- ——— 41—
APRI + K/\SRIYzh

(A.4)

The expression (13) can be rewritten as

Pout2. SU=1 - Pr{ny > yth sz > yth}
((1 - Pr{ys" >y Ve 2 Vi }) (A.5)
xPrl{yl =y vV 2y},
We define Pr{yﬁlU > yth,ny >y,;} as H1 and Pr{yR2 >

yfﬁ,yﬁj_’su >y;;} as H2. Then, the following results can
be obtained

Hl= Pr{
(1

=Pr |h 22 Vin R
{’R‘S| Ypr, — V(1= ¥)px

1

YPr, ’ths|2
~ )Py |rs|” +1

X, 2 X,
2 Y (1 - W)pR1 |ths{ 2 yth}

2, Vi
(L=y)pg,

:e—elpklkkls,ezmax( 2’?}; i Vi )’
v-yu(1-y) (1-y)

(A.6)

- har, |
H2 = pr{(u/)PRl|2RlR2| > Y32, min ( Q'hz,pRz> }ths|2 > Y?ﬁ}
‘VPR,{hR Rz} +1 se]

o (W, ) (Vi (=), ~vis vew, ) )

00 1 Quxlyy; 1
X J — s J ¢ s dydx
Vit lpg, "R,S 0 Sp

= e_(l/)“?ﬂz ) (ytxl%/((l“")/’nl ‘ij YPr, ))‘(V}tf IArysPr, )
Xy P
1= /\SPYth e*Qth’,f /ASP}’,; Pr2
—_— .
AspYiin + Qunr,s

Note that (A.7) is derived on the condition of y < (1/(1
+7,7)) as the outage probability ranges from 0 to 1. Other-
wise, the outage probability is equal to 1. Substitute (A.6)
and (A.7) into (A.5), the outage probability of the second
phase of the SN is given as

(A7)

Pout2 SU=1-H1-(1-HI)xH2
=(1-HI1)(1-H2)= (1 - e-"’wms)
X (1 _ e*(l//\klxz)(Yff/(I*W)PRI*YTfV’PRl)*(YTﬁ/)‘RZSPRZ) (Ag)

X2 P X
Lo [ AV aurinaiie,
X T 1 ’
spVin + QunAr,s
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Combining (A.4) and (A.8), the system outage probabil-
ity of the SN using an IR to assist transmission on the con-
dition of y < (1/(1 +y}?)) can be given as

Pout_SU = Pout1 + (1 — Poutl) x Pout2_SU

- L 2 oo, )~V oA,
Apr, + KAk Vip

Apg, & (Vv Vi ) IprAem, )= (Vi IkprAse, )
X1
Apg, + KAgr Vi

X (1 — e’e/PRI)LRls)

% (1 _ e‘(l/ARlnz ) (V;f/((l“l’ﬂ’kl ‘V),C;fV/PRI ))_(fo //\RZSPRZ )

X x x
Lo (s pauzneries,
X FOE 1 :
se¥in + QinAr,s

(A.9)

After simplification, the outage probability of the SN
using an IR is shown as (14).
The proof is completed.

C. Proof of Theorem 4

In the schema without IR, PT and ST send a message to R1,
respectively. Then, R1 relays the decoded and reencoded
information to PU and SU. For comparison purposes, let
NIR represent the scheme without IR. Assume that this
scheme has the same channel representation as the scheme
mentioned in this article. Based on SIC technique, the SINR
of NIR are listed in Table 2.

Similarly, according to the calculation result of (A.1), the
outage probability of R1 in the schema without IR is

APRI

3 . X 67((()’:‘} ﬂﬁ Y:‘% )/PT/\PM ))7(}’3“‘/’7’\3& ) .
Apg, + KAgg, Ve

Poutl=1-
(A.IO)

Since the presence or absence of an IR does not affect the
outage probability of the PN, the outage probability of the
second phase of the SN is discussed. Refer to the expressions
for yff and yiﬁj; the closed-form expression of the SN can be

expressed as

Pout2_ NIR_l—Pr{yxl 2y m}
vp
{ RI} R5| >y’t‘;‘l,(l—w)pRl|ths|22yfﬁ}
PR||hR s{
Xy
=1-Pr{ |y o|* 2 # Yo
{' R Ve, V(1= V)py, sl = U“”)PR}
=1-¢Pntus,

(A.11)

where 6= max (y;/(y — v (1 =), v/ (1 - ).
Combining (A.10) and (A.11), the outage probability of
the network without IR can be expressed as (20).
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The proof is completed.

D. Proof of Theorem 6

Taking the partial derivative of the objective function in (23)
on x, we have

d (_(1/ (APRI + K/\SRIY;CZ))e_V‘X‘f Iepr sy )
9(x) = o

X1
ASRl Yin

(APRI + K/\SRl Yfﬁ)z

1

e Vi lkprAsy _ S
1
Apr, + KAgp Vi

1

X1
/\PRl + ’C)‘SR1 Yin

x, x
y /\SRlyth B Vi
X1 2 :
App, + KA Vi K2PrAs,

Xy P
Vi e‘V,;f leprAse, —

5 e—Yfﬁ /KPT/\Skl
K2 prAse,

(A.12)
Let g(x) =0, we can get
Vi o Vi (A.13)
xsz/lSRl APRI + K/\SRIVZ;

Let A= yf,j/pTASRl, B=Ag, Vi, (A.13) can be written as

A__ B (A.14)
2 _)LPR1+KB' '

According to the properties of the equation, (A.14) can
also be expressed as Bx* — AxB — AApg, =0. Since k>0 and

A=,/(AB)* + 4ABApp >0 are always correct, the objective
function gets the minimum value when «* =AB+ A/2B
without considering the condition constraint. Constrained
by Cl and C2, we obtain that the range of « is (y};/(py
2 2 X X 2
lhsg,17)) < < ((prlhpr, [” = i)/ (Vipprlhse, 7)) Therefore,
the range of x can be expressed as k € [Kyi» Kmax]- When
K* € [Kpmin> Kmax)» the solution of the first-phase optimiza-
tion problem is x=x*. If k is less than x,;,, within the
value range of «x, the objective function decreases as x
increases. In this case, « = k,,;,. Otherwise, x = «,,,.
The proof is completed.

E. Proof of Theorem 7

According to (18), the monotonicity of the SN throughput

depends on two parts, Pout_SU and 1/ %Pr s, Throughput
is negatively correlated with the value of Pout_SU and posi-

tively correlated with the value of 1/ %Pr s,
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For 1/¢ ¥Pri*®is | ag mentioned in (A.11), 0 = max (yf,;/

(v =y (1=v)),y;;/(1—y)); thus, 6 can be expressed as

Vi < Yot VuYi
V(] = ’ X2 4 )M x2+x1’
o)V V(1 =) Vi T VihVih + Vi (A15)
Xy X1 X1,,%2
Yi > _ Vih T Y Vei
1— » Y2 X, X, X, X,
(1-v) Yin Y YV + Ven

When > (v, + Vi Vi) (Vi + ViV + Vi) O
decreases monotonically while when v <y}, + Y, yi /vy +
Yiiyi: + Vi, it is increasing. And so is 1/ e VPr s,

Set K1=1-((Aspyip/(AspVis + chAst))e_Q’hy”‘z PsrViiPra).
For Pout_SU, after removing the effect of constant terms, the
increase or decrease in Pout_SU can be expressed as the increase
or decrease in f, where f stands for (1 — e ¥Pnus) x (1 - K1
x ¢ (W )0 ((1=¥)pw, =V ¥P,))) 'When the power distribu-
tion factor satisfies v > ((y;, + Vi vit)/(Vii + Vir¥Vir + Vih))»
f is the product of two increasing functions, (df/0y) > 0.
Therefore, f increases monotonically in the domain. Simi-
larly, when y < ((yj, + iy )/(vis + ViV +¥i))» it can
be proved numerically (df/0y) < 0. Therefore, f decreases
monotonically. As a consequence, the minimum value is
obtained when = (¥, + Vi Vi) (Vi + Vi Vi + Vin)-

Therefore, the throughput of the SN increases when
v < (i + v /(0 + ViV +¥ip))> while it decreases
when > ((yy, + Vi Vir)/ (Vi + Vi Ve, +Vip)). Similarly,
Pout_SU and 1/Pout_SU are negatively correlated. In other
words, Thry, and 1/Pout are equally distributed.

The proof is completed.

F. Proof of Theorem 8

According to C1 in (24), the feasible range of y is derived by

V> R y’*hx S+ y”’xl > Vtth. (A.16)
PR, |g,p|” + YinPr, \hep|” 1HYa 1+ Vi
X

Taking C2 in (24) into consideration, it should be noted
that the solution y € [y , v, . ]=[x,1/(1+7y;;)] is feasible
if and only if y < (1/(1+y}?)). Otherwise, y =@. In this
case, the value of the power distribution factor v is y to
ensure the normal communication of the PN.

When x < (1/(1+7;})), to determine whether (y;} +y}}
Vi)l (Vi +yisyii + i) is in the range of y, we do the fol-
lowing subtraction:

X X P X
Yen ¥ Ve Ve _ Y
X2 X1,4,%2 X1 1 X1
Yo T YV + Vi TV
X X X X X X X X X
_ (ytill + th/t}zl) (1 + ytli) B yt}lz (Vt}lz + Vﬂzl + Vt}llyttzl) >0
- X X X X, 1 X 4
(Vi + Ve + Viuvis) (1 + Vi)

(A.17)
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Xy ¥, 0 1
Yo v ViV
X2 X1,,%2 X1 1+ X2
Yo T YV T Vin Yin
X X X X X X X X
(Ven + vi¥a) (L ¥in) = (Vi + Vi * YY)
X1 X2 X1,,%2 1 X2 :
(Yth TV T Vthyth) ( * Vth)

(A.18)

It can be obtained from (A.17) that ((y; + vy yii)/ (Vi

X)X, X X X i X
+yaYi +vi)) > (v /(1 +v,,)). In addition, when y,} < (1
/(1+y}})), (A.18) is negative. In this case, if y;} < (xy;2/((1
=XV (W + Virvi) Vi + YV * Vi) € Wi
V.- Therefore, if and only if y < (1/(1 +yfﬁ)), the opti-
mized power distribution factor can be expressed as

x, XYth
X VY £
‘ (1 X) (1 + Vth)
et s s
Yin T Y Ve T Vin (I_X)(1+Yth> 1+yth
1 x 1
PR y h X
L+yy, ‘ L+yy,
(A.19)
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