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Abstract: In this paper, we consider a novel cooperative underlay cognitive radio network based on
non-orthogonal multiple access (CR-NOMA) with adaptive relay selection and power allocation. In
secondary networks, dedicated relay assistance and user assistance are used to achieve communica-
tion between the base station and the far (and near) user. Here, a two-stage adaptive relay selection
and power allocation strategy is proposed to maximize the achievable data rate of the far user
while ensuring the service quality of near user. Furthermore, the closed-form expressions of outage
probability of two secondary users are derived, respectively, under interference power constraints,
revealing the impact of transmit power, number of relays, interference threshold and target data
rate on system outage probability. Numerical results and simulations validate the advantages of the
established cooperation and show that the proposed adaptive relay selection and power allocation
strategy has better outage performance.

Keywords: cognitive radio networks; non-orthogonal multiple access; underlay spectrum sharing;
relay selection; power allocation

1. Introduction

Industrial Internet is a significant breakthrough to accelerate the commercial deploy-
ment of 5G [1]. However, the unprecedented increase of spectrum occupancy makes the
improvement of spectrum efficiency become a research hotspot in academia and industry.
As one of the key technologies to implement 5G wireless communication, non-orthogonal
multiple access (NOMA) has received much attention due to the characteristics of high
spectrum utilization, low latency, and large-scale connectivity [2—-4]. Cognitive radio net-
works (CRNs) can effectively alleviate the problem of spectrum shortage and spectrum
underutilization by dynamically reusing the frequency assigned to the primary user [5].
Combined with the above advantages, cognitive radio networks based on non-orthogonal
multiple access (CR-NOMA) are expected to further improve spectrum utilization efficiency
and communication reliability.

Power-domain NOMA transmits multiple information streams with different powers
over the overlapping channel in time/frequency/code domain. Classical cooperative
NOMA systems are generally divided into two categories: one uses the dedicated relay
to assist communication between the source and the user, and the other uses the user
as a relay [6]. The cooperative NOMA scheme was proposed in [7] for the first time.
Authors in [8] investigated a downlink cooperative NOMA scenario with two users, in
which the near user acted as a full-duplex (FD) relay for the far user. NOMA systems
with dedicated relay have achieved a large number of research achievements [9-13]. In
multi-relay networks, relay selection is a low-complexity approach that can achieve the
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desired full diversity gain [14,15]. In [9], a two-stage max-min relay selection strategy
based on the cooperative NOMA system was proposed to ensure the quality of service
(QoS) requirements of users. However, the outage performance obtained by using the
fixed power allocation scheme is not optimal. Authors in [10] developed a two-stage relay
selection strategy based on decode-and-forward (DF) and amplify-and-forward (AF) relays
with adaptive power allocation. This scheme not only obtained full diversity gain, but
also reduced the outage probability of the cooperative NOMA system. Two relay selection
strategies named two-stage weighted-max-min (WMM) with fixed power allocation and
max-weighted-harmonic-mean (MWHM) with adaptive power allocation were proposed
in [11], and research results confirmed that the reasonable power allocation coefficient has
an important effect on system performance. To extend the work of [10,11], researchers
in [16] established an optimization model by taking rate fairness and imperfect channel
into consideration.

However, the above cooperative NOMA systems considered user cooperation and
relay cooperation separately. It is obvious that if both user cooperation and dedicated relay
cooperation are adopted, diversity gain and overall system performance will be improved.
Coordinated direct and relay transmission into NOMA systems was introduced by [17],
where the far user obtained the side information from the relay or near user. Compared
with non-coordinated direct and relay transmission, the scheme in [17] achieved greater
capacity gain. An AF relay selection strategy was proposed for a two-user downlink
NOMA system in [18], where the near user was likely to be the optimal relay if it could
decode the superimposed signal successfully; otherwise, an optimal relay was selected to
serve both users. However, power adaptation was not considered in [17,18]. Therefore, the
authors in [6] extended the model of [18] and proposed a two-stage relay selection scheme
with power adaptation to obtain N + 1 full diversity gain for users, where N is the number
of relays.

In addition, dynamic spectrum or bandwidth allocation effectively improves the uti-
lization of network resources by rationalizing their allocation [19]. For example, cognitive
radio is a classical technology to solve the problem of spectrum scarcity. The integration
of CRNs and NOMA could further improve spectrum efficiency, and the core idea of
CR-NOMA is to provide opportunistic services for secondary users while ensuring the
QoS of primary users. Recently, many works have been carried out to evaluate and analyze
the performance of cooperative CR-NOMA networks, in which relay selection and power
allocation are the focus. Overlay CR-NOMA networks with user cooperation were consid-
ered in [20,21]. In [20], the signals of primary users and secondary users were relayed by
secondary transmitters; while in [21], the optimal decoded secondary user was selected to
relay the signals of undecoded users. A different overlay relay cooperation was proposed
in [22] in which a dedicated NOMA-based relay was used to forward assistant signals
to primary users and secondary users. However, the above research do not consider the
cooperative coexistence of user cooperation and dedicated relay cooperation, nor do they
consider the power adaption.

Unlike the overlay mode, the underlay mode of CRNs pays more attention to ensuring
the performance of secondary networks under interference constraints. In an underlay CR-
NOMA system [23], signals of two secondary users were forwarded using the dedicated
NOMA-based relay. In [24], authors investigated the performance of two-hop underlay
CR-NOMA networks under interference constraints, but using a single relay could not
ensure reliable communication at the user side. Thus, extending the model to multi-
relay cooperation is necessary. In [25], authors analyzed the outage performance of CR-
NOMA networks with AF relays by using the partial relay selection method, and results
indicated that the adoption of adaptive power allocation strategy helps to improve system
performance. In [26], authors studied the impact of multiple antennas and cooperative
NOMA users on the performance of CR-NOMA, in which the multi-antenna base station
selected the user with strong channel gain as a relay to help another user with poor channel
gain. Results showed that the cell edge user with poor channel gain can benefit from
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cooperative NOMA and opportunistic relay transmission [26]. Different from the above
research, authors in [27,28] considered the coexistence of direct link and relay-cooperative
links between the far user and base station, in which relays existed to compensate for
the reduction of reliability and coverage of cognitive networks due to power constraints.
However, user cooperation is not considered in [23-25,27,28]. The scenario developed
in [29] considered the link from near user to far user in addition to links from relays to far
user, but the transmit power constraints were not fully taken into account.

However, cooperative CR-NOMA in underlay spectrum sharing mode still has the
following problems: (i) most CR-NOMA systems only consider partial interference links;
(ii) partial relay selection strategy based on the first hop may not result in the optimal
outage performance; (iii) fixed power allocation coefficient cannot guarantee optimal
system performance; (iv) the links between near user and relays, near user and far user
should be considered, as this can effectively improve communication efficiency.

Inspired by [6,28], this paper investigates adaptive relay selection and power allocation
in cooperative underlay CR-NOMA networks by considering mutual interference and
constraints between primary network and secondary network. In order to guarantee the
reliable transmission of the primary network, transmit powers of secondary source and the
selected relay are restricted. The main contributions are summarized as follows:

e A novel cooperation scheme is established for underlay CR-NOMA networks, where
dedicated relay cooperation and user cooperation are used in secondary network to
achieve communication between the base station and the far (and near) user.

e A two-stage adaptive relay selection and power allocation strategy is proposed to
maximize the achievable data rate of the far user and to obtain the optimal power
allocation coefficient on the premise of guaranteeing the QoS of near user. Through the
proposed strategy, the challenging issue of whether only the far user needs assistance
or both the near and the far users need assistance is addressed.

e Anovel decoding order for successive interference cancellation (SIC) is introduced
to the secondary users. Both secondary users can adaptively adjust their decoding
order in the second time slot according to the decoding status of the near user in the
first time slot, which is different from the existing works that mostly depend on the
channel quality.

e  The closed-form expressions of outage probabilities of secondary users are obtained by
deriving the corresponding distribution functions, and the impact of transmit power,
number of relays, interference threshold and target data rate on the system outage
probability is revealed.

e  Numerical results and simulations validate the advantages of the established coopera-
tion, and the proposed adaptive relay selection and power allocation strategy shows
better outage performance compared to the existing schemes.

This paper is organized as follows. In Section 2, we describe the system model and
transmission process. Then, a two-stage adaptive relay selection and power allocation
strategy is introduced in Section 3. Section 4 investigates the outage probabilities of two
secondary users and the numerical results are presented in Section 5. Finally, Section 6
concludes this paper.

2. System Model and Transmission Process

Firstly, we develop a cooperative underlay CR-NOMA network model. Then, by de-
scribing the signal model, we propose the transmission process and analyze the achievable
data rate at the receiver. Four possible decoding results at U; are given, and the transmit
powers of the secondary and the candidate relay sets are expressed, respectively.

2.1. System Model

As shown in Figure 1, we consider a communication scenario working in underlay
mode. The primary network consists of a pair of primary users, the primary transmitter
(PT) and the primary receiver (PR). The secondary network is a downlink NOMA system,
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consisting of a base station (BS), multiple relays (R,, n =1, 2, ..., N), a near user (Uj)
and a far user (U;). While PT sends a message to PR, BS broadcasts a superimposed signal
composed of U; and U, messages. U; can receive the signal via the direct link BS—Uj.
However, due to serious shadow or path loss, U obtains the signal via relay nodes. The
characteristic of the system model is that if U; fails to decode the signal from the direct
link, relays are first sought for help. Otherwise, U; has a chance to become a candidate to
assist Up. The system model is also based on the following assumptions:

e  All communication links and interference links are quasi-static Rayleigh fading chan-
nels, i.e., hxy ~ CN(0, Axy) where XY denotes the link X — Y between the transmit-
ting node X and the receiving node Y;

e  Each channel is affected by additive white Gaussian noise (AWGN) with the mean of
0 and the variance of ¢%;

e Allnodes (including transmitters, receivers and DF-based relays) with single antenna
work in half-duplex (HD) mode and can perfectly receive channel state informa-
tion (CSI);

e  BSuses fixed power allocation while relays can adaptively adjust their power alloca-
tion coefficient;

e  The transmit power of BS, R, and Uj is adaptive constrained in underlay mode.

Pomary Transmitter Primary Receiver
& 8
2
N Ve N
N < ]
\ o :
\\ e & Secondary Userl
/’\ A Uy
N H
-7 N i
s \ L
AN ] !
\;‘ | 6 |
- 8
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Figure 1. System model.

2.2. Transmission Process

In underlay CR-NOMA networks, the primary and secondary networks transmit
messages simultaneously within the same spectrum. In the primary network, PT sends
a signal, xp, to PR with the transmit power, Pr, where E{ |Xp|2}: 1. In the secondary

network, the transmission process consists of direct transmission stage and cooperative
transmission stage, which are completed in two time slots as follows.

2.2.1. Direct Transmission Stage of the First Time Slot

In the first time slot, BS broadcasts the superimposed signals of U; and U via the
superimposed coding (SC). After receiving the signal, decoding result from U; will be sent
to all relays, and the decodable relays will be divided into two candidate sets. The details
are as follows.

BS broadcasts a superimposed signal, xs = /&1x1 + y/&2x2, which can be received by
U; and the potential relays with the transmit power, Ps. Here, x; and x; are the signals

for U; and U, with E{ |21 |2}: E{ \x2|2}: 1, and &7 and a; denote the power allocation

coefficients at BS for messages x1 and xp with a; + ap =1 and ay > a7 > 0, respectively.
Therefore, the received signal at the n-th relay can be expressed as

Ysr, = V/ Prhrr,xp + +/Pshsg,xs + 1R, (1)
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1
Rk, = 5108, (1 +

X2

1
Reyy, = ilog2 (1 +

where 77z is AWGN at the n-th relay R,.

Then, SIC technique is used to try to decode the received superimposed signal. The
signal with high power (or poor channel quality) is first decoded, i.e., at the n-th relay, x; is
first decoded and x is treated as interference, and then x; can be decoded only after x;
successfully decodes and cancels. Therefore, the achievable rates of x; and x; at the relay
R, are given by
w5 s, |
prlhr, [* + a1ps|hsg,|* + 1

2
prlhrr,|” +1
respectively, where pr = Pr/c? and ps = Ps/0? are the transmit signal-to-noise ratio
(SNR). Relays that can successfully decode x; and x; are divided into two candidate sets,
S = {n‘n €N, Rg{n > Rz} and S, = n’n € N'R)S%zn > RZ,R’SC}% > Rl}, respectively,
where R; and R; denote the target data rates of x1 and x; at the receiving nodes, respectively.
The received signal at U; can be expressed as

h 2
) and Rg}zn = %logz <1 + alPS|SR”|> @)

ysu, = v Prhru,xp + v/ Pshsy, xs + 1u, 3)

where 717, is AWGN at Uy. After using SIC, the achievable rates of x; and x; at Uy are
given, respectively, as

205 |hsu |2 1 w105 |hsu |2
5 1 5 and Rglul = ilog2 T4+ ———==—
or|hru, |” + aips|hsy,|” + 1 or|hru,|” +1

Note that the prerequisite for a receiving node to decode x; is that x has been
successfully detected and cancelled, i.e., R)SC}Q” and Rglul are achievable under the conditions

4)

that Rg; > Rp and Rgj; > R, in Equation (2) and Equation (4), respectively.

At the end of the first time slot, the decoding result is sent to relays as a signaling.
There are two possible cases: (1) U; fails to get the desired message in the first time slot.
Then, it will send a signaling to relays and an optimal relay from the candidate set will
be selected to forward the superimposed signal to U; and U, in the next time slot; (2) Uy
successfully decodes the desired message. Then, a signaling will be sent by U; and an
optimal relay from the candidate set or U; will be selected to forward the signal that U,
expects. Note that U sends the signaling to relays instead of BS [30-32].

Then, we can obtain the signaling sent by U; at the end of the first slot. Let ®
(® € {11,10,01,00}) denote the signaling sent by U;. As shown in Table 1, ® = ‘11’
indicates that U; successfully decodes x; and x; and does not need the help of relays;
© = ‘10" means Uj correctly decodes x, but cannot detect x1, so it needs the help of relays;
©® ='01" indicates that U fails to decode x; but successfully detects x1, so if U; can receive
xp in the next time slot, it can successfully extract x; from the superimposed signal obtained
in the first slot; ©® = ‘00" is that U, fails to decode x, and x; even if x, is obtained in the
next slot.

Table 1. The signaling sent by Uj.

The First Time Slot The Second Time Slot

(0]
Descriptions Candidate Relay Sets xgn Decoding Order
11 R;zul > Ry, R;]ul >Ry 51 = {n’n €N, R;ZRn > Rz} and Uy Xy Xy — X1
10 R =RaRY <R S={nneNRE ZRoRG >R} \Bln /B 5
01  RE%, <Ry,RY, >R Sy = {n‘n €N,RZ > Rz} % %3 = 11
00 Ry, <RoyR¥y, <Rt S={nlneNRG >RoR >R} \/B%x +/p%x X1 - 1
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2.2.2. Cooperative Transmission Stage of the Second Time Slot

In the second time slot, the cooperative links are activated. An optimal relay is selected
to forward the signal from BS by using adaptive power allocation coefficients. There are
two possible scenarios:

(1) Relay R; is selected as the optimal relay. R, will re-encode the decoded signal and

generate a new superimposed signal, x% = /B x1 + 1/ B2, according to SC. Here

% and [35)2 denote the power allocation coefficients at the optimal relay for messages
x1 and x, with B, > 0, BS, > 0 and BY, + BY, = 1, respectively. U, is not affected
by PT because it is far from PT. Therefore, the received signal at U, and U; can be
expressed as

YRy = v/ PRAR AR, + 10, @)
and
Yrouy = V/Prhruyxp + /Prhg,u xR, + 1y (6)

respectively, where Py is the transmit power of relays and Uj.
(2) Uy is selected as the optimal relay. Then, U; will forward x; with full power because
it has successfully decoded both x; and x,. The received signal at Uj is

yu,u, = V Prhuu, X2 +1u, ()

and the achievable rate of x; at U, is given by

1 2
Rifu, = 5108 (1 + pr Iy, | ) ®)
where pg = Pr/0? is the transmit SNR for relays and Uj.

2.3. Transmit Power Constraints in Secondary Networks

In underlay mode, primary and secondary users in CRNs can work within the same
spectrum simultaneously. However, if the secondary network has no transmit power
constraint, it will cause serious signal interference to the primary network. Therefore, in
order to ensure the performance of the primary network, in this paper, BS and the selected
relay adaptively adjust their transmit powers.

Next, I, is defined as a threshold and represents the maximum tolerable interference
level of primary network, at which reliable communication can be guaranteed. Assuming
that the maximum permissible transmit powers of BS and relays are P; and P, respectively,
the transmit powers of BS and relays are constrained as [33].

. I , I
Ps = mzn{ Ihstzzfpl} and Pr = mzn{ |hRﬂ;z,P2}. )

Especially, when Uy is used as an optimal relay, iz, r in (9) will be replaced by hy;, r.

3. Two-Stage Adaptive Relay Selection and Power Allocation Strategy

In this section, a two-stage adaptive relay selection and power allocation strategy is
proposed to maximize the achievable data rate of x; at U, while guaranteeing the QoS of
Uj. The selection criteria of the optimal relay change adaptively according to the signal sent
by Uj at the end of the first time slot (i.e., the decoding result of Uy). After all relays receive
the signal, the candidate sets will be determined, and the optimal relay will be selected
from the candidate sets or U to transmit the user’s desired signal. There are two stages:

e In the first stage, the relays are selected from the candidate sets to ensure that the
achievable rate of the transmitted signal is not lower than the target data rate of Uy;

e Inthe second stage, a relay that maximizes the achievable rate of x, at U, is selected
from the relays determined in the first stage.



Appl. Sci. 2021, 11, 10433

7 of 20

Power allocation of the optimal relay is adaptive. That means the power allocation
needs to ensure the QoS of Uj first, then the remaining power is allocated to U,. After
sending the signaling, U; will adjust its decoding order in the second time slot according
to decoding result. In particular, if U; fails to decode its own signal in the first time slot,
it will be considered as a “weak user” in the second time slot. Therefore, according to
the signaling sent by Uy, four relay selection criteria with power allocation are designed
as follows.

Case 1: Uj successfully decodes x; and x; (© = ‘11")

In this case, U; successfully decodes x; and x; in the first time slot and does not
need the assistance from relays in the second time slot. The optimal relay from S; or Uy is
selected to transmit x, to U,.

If Ry, n € Sy is selected, the power allocation coefficient will be set as }112 =1 1It
means that R, will send x}el,, = xp with full power to U,. Based on Equation (5), the
achievable rate of x, at U; is given by

Xz,ll

1
R, = 51085 (1+ or e ) (10)

If all the relays cannot meet the target data rate requirements of Uy, U; is used as the

optimal relay. The criterion for determining the optimal relay R+ is given by
0, mux{RxZ'11 } < Ry,
* nesy Rutly 2 (11)
argmax{ R} }, otherwise.
gnesl { Rnll

where n* = 0 suggests that Uj is selected as the optimal relay. Different from the selection
strategy in [29], relay participation is preferred in this paper.

Case 2: Uj successfully decodes x; but fails to decode x; (© = “10")
In this case, both U; and U, need the assistance from relays in the second time slot.
The optimal relay is selected from S;. Assuming that R;;, n € S, is selected, it will generate

a new superimposed signal x}{i = \/,BT,ﬁxl + 1/BYx, based on SC to serve Uy and Us.
Note that Uj is considered as the weak user in the second slot because it fails to decode
its own signal in the first slot. Based on SIC, x; is decoded first after U, receives the
superimposed signal. Based on Equation (5), the achievable rates of x; and x, at U, can be
expressed as

:Bllfng|hRnU2‘2
390R[tR, |+ 1

1 1 2
R?n’llloz = Elog2 <1 + ) and R?n’boz = Elog2 (1 + Braor| R, | ) (12)
Since U has successfully decoded x; in the first time slot, it can remove x; from the
superimposed signal received in the second time slot. Thus, U; can decode x; without
interference from x,. Therefore, based on Equation (6), the achievable rate of x; at U is
given by
10 2
10 1 PR IR, U
Ri,u, = 5108 <1 + "1|21’> (13)
PT’hTU] ’ +1
The prerequisite for U, to decode x; is that x; is successfully decoded and canceled,
i.e., Up must satisfy the condition of leczl,i?z > Rj. In addition, in order to ensure the QoS of

Uy, the signal x7 at U should satisfy the decoding requirements of R;;ln’i[oz > Rj. Therefore,
in this case, the criterion for determining the optimal relay R, is given by

n* = argm%x{R;?’boz} subject to Rﬁl’bol > Ry and R?’lll(; >Ry (14)
ne o n n n
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From Equations (12)-(14), the optimal power allocation coefficient can be obtained by

[pR|hRﬂU2 |2 - ’h} ' {PRVanu1 |2 -m (PT|hTU1 |2 + 1)} i

or g, P (1 +711) or| R, |

18 = min , (15

where y; = 22R1 — 1,9, =22R2 1, and [x]" = max{0, x}.
Case 3: Uj fails to decode x; but successfully detects x1 (© =‘01")

In this case, Uj fails to decode x; but successfully detects x in the first time slot. Thus,
if Uy obtains x, in the next slot, it can successfully extract x; from the superimposed signal
obtained in the first slot. The optimal relay is selected from S;. Suppose that R,;, n € Sy is
selected, the power allocation coefficient is set as 8% = 1. This means that R, will send
x%ln = xp with full power to serve U; and U,. Based on Equations (5) and (6), the achievable

rate of x; at U and Uj can be given as

2
%01 _ 1 2 %01 _ 1 or IR, |
R, = 51082 (1 prlin,uu[*) and Rz = log, (1 ’ prlhry, |* +1 (10

Then, the criterion for determining the optimal relay R« is given by
* X2,01 . X2,01
n" = arggécgalc{RRnuz} subject to Ry, = Re (17)

Case 4: Uy fails to decode x; and x1 (© = ‘00")

In this case, both U; and U, need the assistance from relays in the second slot. The
optimal relay is selected from Sy. Assuming that R,, n € Sy is selected, it will generate a

new superimposed signal x?& = /BN x1 + 1/BY%x; based on SC to serve Uy and U,. Uy is
also considered as the weak user in this case. Based on SIC, x; is decoded firstly after Uy

and U, receive the superimposed signal. Based on Equation (5), the achievable rates of x;
and x; at U, are given as

00 2

x1,00 _ 1 n]pR’hRan‘ x,00 1 00 2

RRA = 510, <1 o i 1 and RZ(), = Slogy (1+ Ber|hr,uw[*) (18)
n nt2

Unlike case 2, U; does not get any signal in the first time slot. The achievable rate of
x1 at Uy in the second time slot is given by

1 0 o [hg,u, |
R%{?ﬁ = 5log <1 + [znlpR(JO Rl | 5 ) (19)
PT|hTU1’ +ﬁnsz|hRnU1’ +1
Similarly, the criterion for determining the optimal relay R+ is given by
/ ; ,00 ,00
n* = argzneasazc{RE(l)loz} subject to R?nul > Ry and R?nuz > Rj. (20)
Then, the optimal power allocation coefficient can be obtained by
2 + 2 2 +
o orlir,us P =] [orlrr,ul* =71 (orlhru, [ +1)]
B = min (21)

PR‘hRnuz|2(1+71) ’ PR‘hRnU1’2(1+'Yl)

The above four cases correspond to four decoding results of U; at the end of the first
time slot. The adaptability of relay selection is reflected in that each decoding result of
U has its own relay selection criteria. Based on the proposed two-stage adaptive relay
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selection and power allocation strategy, we evaluate the performance of the cooperative
underlay CR-NOMA network.

4. Outage Performance

Outage probability reflects the ability of the user in the system to receive and decode
data correctly. The outage probabilities of U; and U, are obtained based on the cumulative
distribution functions (CDFs) and probability density function (PDF).

A characteristics function is defined, i.e., I (A} = 1 for the event A occurs and I (A} = 0
for otherwise, which will be used in the following. In order to facilitate the derivation of
outage probability expressions, the following propositions are presented.

Proposition 1. Defining a random variable p|h|* where p = P/0?, P = min{lth/|h0|2, PO},
ho ~ CN(0,Ag), h ~ CN(0,A) and 02, Iy, Py are constants, the CDF of p|h|? is given by

o’x Aoo?x Iy,
et = 1=er(3 ) (e (Cam) ) @

Proof. Noting that Fj, 2 (x) = 1 —exp(—x/Ag), since hy ~ CN(0, Ag), the random variable
P = min{lth/ hol?, PO} can be written as

Py, hol? < Iy / Py,
—_ 0 ) | 0|2— th 0 (23)
L/ |hol”,  |ho|” > I/ Po.

Therefore, for a given |lg|?, the CDF of the random variable p|k|* can be given by

Fpp(0) = /0°° Priplh? < xllho* = y} £, 2 () (24)

where Pr{p|h|2 < x|hof* = y}

= Pr{pln* < xlho* = y,y < %}I{Km + Pr{plh® < xllhof* = v,y > %}I{Pltfh}
ox v oxy ) )
_ (1 —exiﬂ(_TU»I{ygﬂ;—g} + (1 —exP(— Ay, ))I{y>%}’
Fiof(0) = 1/ Aoexp(~y/ o) 20

Substituting Equations (25) and (26) into (24), and after some algebraic manipulations,
we can obtain Equation (22), which completes the proof for Proposition 1. [

Proposition 2. Defining a random variable p'|h|* + 1 where o' = P'/0%, h ~ CN(0,A) h ~
CN(0,A) and o2, P' are constants, the CDF and PDF of o |h|* + 1 are given, respectively, as

o?(x —1) o? o?(x —1)
Fopa () = [l_exp <_w>}l{">l} and fopz2 (%) = {AP/”F’ <_/\P/)}I{x>1} @

Proof obviously.

The following two theorems provide the closed-form expressions for the outage
probabilities achieved by the two-stage adaptive relay selection and power allocation of
two users in the proposed cooperative underlay CR-NOMA network.
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Theorem 1. The outage probability for U, in cooperative underlay CR-NOMA networks with the
proposed two-stage adaptive relay selection and power allocation strategy is given by

P = /\TZTPT exp<?lTZjPT> (Q1 = Q2) [1 B exP<_ /\L‘ZZJZZP2> (1=

Ay RO* 72 (
p —
Auyuy In+AugRo* 72

Ly ) ]
AuyrP

N 2 /\ 2
_ _ "7 _ RuRI™Y2 Iy
X 13 [/\TRnPT xp(/\TR PT>(Q5 Qs) (1 exp( /\Rnuzpz) (1 )\Rnuzlth+/\RnR‘72'Yzexp< /\RntRPZ))>:|
1-—

d

/\TujPT xp<)\Tu PT) (Qs— Q4)}

2
_ _ o _ ARyRT“Y0 Iy
! exp( )\RnuzP2> (1 /\Rnuzlth+)\RnR‘72')’Oexp( ARnRP2)>

2 ARyROZ(14+71) I
X TT | xex (_0 (1+71)7z) 1— RyROZ(IEY)YT2 (_ i )
n=1 P ARniy P2 ARyt It HAR, ROF(14+71) 72 P\~ Rkur

(28)

(7'4 (72
X Arr, PrAtu, Pr exp(/\TRnPT + Aryy PT) (Q7 — Q8)(Qo — Qo)

2
o
+ Aruy Pr

exp (e ) +1(Q = Q1) — (Qu— Qa)]

_ it ARGRT* Y2
IN[ 1 exp( /\Rnuzpz) ( )\Rnuzler/\R,,Rth’Yz

(-
/\TRHPT/\TLIlPT (A TR, Pr /\Tu PT)< Q6)(Q11 — Q12)
(-

Ithp ))
R12
s 0‘2<1_%r

I ARyRT>T2
1 —ex ) n fh
N P /\RnUZPZ )\Rnuzft;,+/\RnR0270 ARy RP:
ARyRT*T2 ( I, ) >1-—2,
I1 X ex 1— i exp(— )
n=1 P ( RHUQPZ) ( ARy Lin+HAR, RO? Y2 P\~ Rr.rP o

(7'4 2
| X Xrrp Praro, Pr p(Am rt AT;PT)(Q7 —Qs8)(Qg — Q1o)

where 79 = 11+ 72 + M172, Yo = 72/ (a2 —a172) and Q7 ~ Qi can be found in
Appendix A.

Proof. See Appendix A. [J

Theorem 2. The outage probability for Uy in cooperative underlay CR-NOMA networks with the
proposed two-stage adaptive relay selection and power allocation strategy is given by

P = {1 _ AngpTexp(ATijT) (Q3 — Q4)}

X ;ﬁl [/\ngpTexp<)\TRnP?j\TulpT + X pT) (Q7 — Qs)(Qo — Q10)]

+ATijTexP<ATZ]2pT) [(Q2— Q1) — (Qs — Q3)] (29)
nllijll [1 - )\TRnpgiwlpT@xPOTijT + T pT> (Q5 — Q6)(Qu1 — Q1z)], a <1-731,
nfi 1= it (e + o) (@ — Q)@ — Q)| 2 >1-2.

Proof. See Appendix B. [

5. Numerical Simulations

This section provides computer simulations to evaluate the outage performance for
the proposed cooperative underlay CR-NOMA networks. Monte Carlo simulations over
10° are also provided to validate the correctness of the mathematical derivations. Suppose
that Axy = d;(g, where dxy denotes the distance between the transmitting node X and
the receiving node Y, and  is the path loss exponent. Without loss of generality, we set
dru, = drr, = dsg, = dr,u, = dr,r = duyu, = du,r = d, dsy, = 2d, dsg = 1.5d,
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dr,u, = 0.5d, { = 3, 0> = 1and P, = P, = Py, where it is assumed that d = 10 for
simplicity and all relays have the same average channel gain.

Figure 2 illustrates the outage probability of the secondary users (U; and Uy) versus
the maximum transmit power P) of the secondary for different number of relays. Firstly,
it can be seen that both U; and U, have better outage performance as the increase of Py
in secondary. Secondly, one can see that the proposed two-stage adaptive relay selection
strategy can achieve better outage performance as the number of relays increases, since
the more relays there are, the more decodable relays will be included in the candidate set.
Furthermore, it can be observed that the outage probability of U; is always lower than that
of Uy, mainly because U; has both a direct link from the BS and a cooperative link from the
optimal relay, while U, has only a link from the optimal relay. In addition, we compare the
proposed cooperative scheme with the one without the link U; —Uj,, and the results show
that the former has better outage performance. With the increase of the number of relays,
the gap between the outage probability of U, caused by these two schemes gradually
becomes smaller, because the existence of the link U; —Uj is harmonized by the excessive
number of relays.

10° ]
.- -]
=107 ]
QN ]
_g ]
= D
o D
— 10 E
- E
5} ]
:E 1}
% D
< -3
O% 10 )
° ]
g ]
]
g -8
053 4 U, [proposed scheme]
10 E |— — — U, [proposed scehme]
[ | U, [without U — U] D
O  Simulation 1
10.5 I I I 1 I 1 I

30 35 40 45 50 55 60 65 70
Transmit power Fy(dB)

Figure 2. Outage probability of U; and U, versus Py with different number of relays, where
Py =30dB, Iy, = 25dB, a, = 0.8, R, = 1.2bps/Hz and R; = 1.0 bps/Hz.

Figures 3 and 4 show the impact of the transmit power of the primary and the
interference threshold on the secondary outage performance for the different number of
relays, respectively. Obviously, the impact of the transmit power constraint and interference
constraint imposed by the primary on the secondary cannot be ignored. On the one hand,
too high transmit power of the primary can significantly degrade the signal quality of the
secondary network; on the other hand, a lower interference threshold, while ensuring QoS
in the primary, may cause the secondary to adjust to a suitable (lower) transmit power.
However, if the interference threshold constraint is relaxed, the outage probability of Uy
and U, will stabilize when I;;, > 35 dB. This result shows that the outage performance
improves until a certain lower limit of the outage probability determined by the interference
constraint of the primary network.
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10°

107

Outage Probabilities (P, and P,)
S

U | proposed scheme]

[
— — — U, [proposed scehme]
[

107 2 E
[¢ N=5 e U2 withoutU] %Uz]
O  Simulation
10 ' ' ' '
20 25 30 35 40 45 50

Transmit power at primary P;(dB)

Figure 3. Outage probability of U; and U, versus P; with different number of relays, where
Py =55dB, I, = 25dB, &, = 0.8, R, = 1.2 bps/Hz and Ry = 1.0 bps/Hz.

Outage Probabilities (P, and P»)
= =

U, [proposed scheme]
— — — U, [proposed scechme]
oo Uy [without Uy — U]

O  Simulation

5 10 15 20 25 30 35 40 45
Interference threshold Iy, (dB)

10

Figure 4. Outage probability of U; and U, versus I, with different number of relays, where
Py =60dB, Pt =40dB, a; = 0.8, Ry = 1.2 bps/Hz and R; = 1.0 bps/Hz.

Figure 5 plots the outage probability of U, versus the maximum transmit power Py for
different signaling. At the end of the first slot, U; sends four kinds of signaling to the relays
according to its decoding results. When ® € {11,01}, the optimal relay assists U, with full
power. In particular, when © = ‘11", U; will give aid to U, as much as possible if there is no
relay that satisfies the condition. However, when ® € {10, 00}, the optimal relay allocates
power to U; and U, with adaptive power allocation strategy, and opportunistically serves
U, while satisfying the QoS of U;. Therefore, the outage performance of © € {11,01} is
better than that of © € {10,00}, and U, has the best outage performance when © = ‘11",
As shown in Figure 3, The outage probability is the lowest when © = ‘11", followed by
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® =’01", and similar when © = ‘10" and ® = ‘00’, which just verifies the correctness of the
above analysis.

100 O—B—ix
> IO-I L
E
<
=)
2
=¥
(%]
&n
8
S
102 F
—O—0=11
—8—0=10
—A—0=01
10-3 1 L 1 1 1 1 1

Il
25 30 35 40 45 50 55 60 65 70
Transmit power Fy(dB)

Figure 5. Outage probability of U, versus Py in different cases ®, where P; = 30 dB, I;;, = 25 dB,
xy = 0.8, Ry = 1.2bps/Hz and R; = 1.0 bps/Hz.

In Figure 6, we investigate how the power allocation factor a; at BS affects the outage
probability of the secondary users for different target rates. As ap increases, the outage
probability decreases and then increases for both U; and U,, which implies that an optimal
«y can be found to optimize the outage performance of the secondary. Compared to the
cooperative scheme without the link U; —Uj, the proposed cooperation achieves optimal
outage performance by allocating less power to U, since the presence of the link U;—=U,
improves the diversity gain. It can also be observed that the outage performance is
enhanced significantly with low target rates, indicating that the high target data rate of the
user side will adversely affect the system outage performance. When decreasing the target
rate, the gap between the outage probability of two users gradually decreases, because the
achievable rate at the far user is maximized through adaptive power allocation.

10° . . . i :
\ \ |
. \ 5
\ pZ
\\ \ \| ’//’/'
= \ \ \, ==
R AR \ K / i
< 10 \ \ Vi
k . Vi
g N \ p
— \ \ [N R,;=R,=1.2bps/Hz
& \ NEAS ==
~\ \‘\*—>/_//'
é N N =
Z 107 S r = E
<~ N,
E 7
o \ « R,=R_=0.8bps/Hz 7
o \ 1 2 7
& ~ ~
N N\ Se— =
£ 107t = ]
= ~ — = U, [proposed scheme]
o Y = !
_—— U2 [proposed scehme]
R,=R,=0.5bps/Hz | U, [without U, — U,]
Y  Optimal point
-4 1 1 L 1 1 1 1 1

0 L
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Power allocation factor at BS as

Figure 6. Outage probability of U; and U, versus a; with different target data rates, where Py = 60 dB,
Py =40dB, I;;, = 25bps/Hzand N = 3.
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Figure 7 shows the impact of target rate R, on the secondary outage performance
for different R;. With the increase of Ry, the outage probability of two users first remains
stable and then increases rapidly in the higher R, range. For a given Ry, a higher R leads
to a higher outage probability. This result further confirms that it is not advisable to set too
high a data rate at the user side, especially for the far user. Because the QoS of the near
user is guaranteed first, and then the far user is opportunistically assisted, it is difficult to
achieve a high data rate at the far user.

]()0 T T T T T T T T T
Ul [proposed scheme]
——-U, [proposed scehme]
. /
—~ [l U2 [w1th0utUl %UZ] ////
A vy
- .
= L R1:1.2bps/Hz\ /‘/,///// |
10 ﬁ,_,-/‘ Vs
9:/ F = T — — 1
g .
e 7 y
= Ly ///
Q P
R.=1. /H - /
B . Obps z\ T 7
D% _________gzz:ﬁ:——r——"f’//
2 b 4
g 10 ’ 4
< i /)
5 -
- /,
o s /
R1=0.8bps/Hz . /
- -
U
1 1 1 1

0.1 0.2 0.3 04 05 06 07 08 09
Target reta Ry (bps/Hz)

Figure 7. Outage probability of U; and U, versus R, with different Ry, where Py = 60 dB, P; = 40dB,
Iy, = 25bps/Hz, ay = 0.8 and N = 3.

6. Conclusions

In this paper, we analyzed the outage performance of cooperative underlay CR-NOMA
networks with a novel cooperation involving dedicated relay cooperation and user coopera-
tion. At the end of the first time slot, four possible decoding results were derived at the near
user. Accordingly, a two-stage adaptive relay selection and power allocation strategy in the
secondary time slot was presented. By discussing the decoding results, four relay selection
criteria and the corresponding power allocation coefficients were obtained. Finally, we
derived the closed-form expressions of the outage probability for the two secondary users,
and revealed the impacts of essential parameters on outage performance of the secondary
network, such as transmit power, number of relays, interference threshold, and target data
rate. The Monte Carlo simulations verified the correctness of the theoretical analysis.

Compared to the existing cooperative scheme without the link U; —Uj,, the proposed
cooperation with a two-stage adaptive relay selection and power allocation strategy can
significantly improve the system outage performance when the number of relays is small.
Moreover, the proposed strategy improves the rate fairness of users and achieves the
optimal value of outage performance for all users by allocating less power to the far user.
Furthermore, we also verify that a low target data rate at the receiver side is more conducive
to achieving a lower outage probability, which is consistent with the results for the NOMA
system presented in [34].
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Appendix A

Proof of Theorem 1. The outage probability of cooperative networks with DF relays is
defined as the probability that the achievable data rates of relays or users are less than the
target data rates [10]. This means that the outage event occurs at U, when all relays in the
system do not help U, achieve its target data rate. From the Law of Total Probability, the
outage probability for U, can be written as [6,10]

P, = Y, POPui (Al)
©€{11,10,01,00}
where P® denotes the probability of the event that a signaling sent by U; is ©, and P© t2
represents the outage probability for U, in the case of ©.

Now let us focus on the derivation of P®. Based on Equation (4), the probability of the
event that © = ‘11’ is given by

pll — PY{REZLH > Ry, Rglul > R1}

_ Pr{ rgeliy [ > mpslhs 71}
PT‘hTU1|2+”‘1PS|hSU1|2+1 - ,PT|hTU1|2+1 B

- Pr{ps|hsu1|2 > (PT|hTU1|2 +1) (P1} (A2)

- f0°° 1= Fps|hsul |2((P1y)} 'fpﬂhml\2+1(y)dy
2 2
- ATglPTexP(AT;PT) (Q1— Qo).

where Q1 and Q; are given, respectively, as

Qi = [{" exp(—my)dy = fexp(—ar),
Q= exp(— gt ) S gexp(-aw)dy
t=b;+y 0 _
= exp(—xltr ) 12y, Sexp(—ai(t = br))dy

= exp(*ASI;hpl )exi’(ﬂlbl) Joip exp(—mt)dy — [T, leexP(*ﬂlf)dy}

= exp(—/\;;hpl )exp(albl) %exp(—al —a1by) — b1Eq(ay + mby)

}
q
_ A(pirry Pridsu P) o (Asuyln) _ 7 _ . m
Ian and QZ/ m = (/\SUIPl)\TulpT) /bl - (/\SRUZ(PI)’ ¢1 = max{’)/ou a}/ Yo = W
and q is obtained by exponential integral function Ej(x) = —E;(—x) = [, Texp(—t)dt

and Equation (3.352.2) in [35].
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The probability of the event that ©® = ‘10" is given by
PO = Pr{RE, > Ry, RY, < Rif

az0s |hsu1 |2 X103 |h5U1 |2
= 2 — =72, - <
pr|hru, | +arps|hsuy |41 or|hruy | +1

2 2
- {FPsVlsul & ((pT|hTUl | + 1) 4)1) B FPSVlsu1 & ((PT|hTu1 | + 1) 4)2)} I{%<Z%}
2 2
- AT;PTexp<ATZIPT> Q= Q1) —(Qu- Q3)]I{“2>1*%}'

(A3)

where Q3 = 1/aexp(—a3), Qs = exp(—@;fﬁ)exp(azbz) {%exp(—az —axby) — boEq(ay + uzbz)].

o Uz(sz/\Tul Pr+Asy, py) . (/\su] Iy,)
In Qs and Qu, a2 = (Asu,PrdTu, Pr) 7 by = (Asro?92)
Yo =71+ 72+ 7172

The probability of the event that © = ‘01" is given by

, @2 = min{vyy,v1/a1} and

01 X x
PO = Pr{RE, < Ry, Ryl > Rif

5 2 A4
= ATglpTexPOTleT) [(Q2— Q1) — (Qa— Q3)]I{a2§1,%} (A4)

The probability of the event that ® = ‘00 is given by

0 _ X X B o2 o2
pY — Pr{Rsul <Ry, Ry < Rl} =1 exp (Qi—Q3). (A5)

+
Aru, Pr Aru, Pr
which completes the derivation of PO, Then, let us focus on the derivation of Poc?n,z' which
can be expressed as
Pr{ R R i 1-P9 |, ©@=11
) 1’{ i, < 2}.111{ B ”/2}' -
Pout,Z = N "= (A6)
1 [1-P%), @ € {10,01,00},
n=1 g

where Pr{Rﬁl u, < Rz} is the probability that U; fails to help U, decode x,. Based on
Equation (8), we have

Pr{RGu, < Ref = Pripxlhu|’ <92} =F, 0, 2 (02)

1 enp(— 2z ) (1 (o)) 7
PAT R, Auyuy I +Aug RO*Y2 P\™ %P2 ) )

and Pr(?z in (A6) denotes the probability that the optimal relay successfully assists U; to
decode x; in the case of ©; that is, all relays in the candidate set have ability to make their
achievable data rate reach the target data rate, i.e.,

PY, = (A8)

0
P (g ok, ecmon,
Pr{R%, > R, R¥}, = Ry }Pr{RE5, > Rof, © € {10,00}.

Based on Equation (2), Proposition 1 and Proposition 2, we can get

sk, |’
Pr{ R2, > Rz} = Pr{ taps fse > z}
SRy PT|hTRn |2+D<1PS|hSRn |2""1 ry

= Pr{p5|h5Rn 2> (PT|hTR,, 2+ 1)%} (A9)
=y {1 B Fﬂslhszzn\z(%y)} .fPT|hTRn |2+1(y)dy

2
— % (%
- /\TRnPT exp /\TRnPT : (Q5 - Q6)
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where Qs = 1/azexp(—a3), Q¢ = exp (— (Asl,tghpl) )exp(a3b3) [%exp(—ag, —agbs) — b3Eq (a3 + a3b3)].

_ 0*(7aATR, PrtAsg, Pr) _ (Asrylm) .
In Qs and Qg, a3 = (sry PR, Pr) and b3 = 1) On the other hand, we can obtain
Pr{Rx2 > Ry, RY, > Rl} — Pr{ “22"5|h5’*"|2 — > “1P5|h5R;|2 > yl}
SRn = SRn = or|h1R, | 0105 |hsr, | +1 T pr|hrr, |1 T
2 2
= Pr{Ps|hSRn| > (PTlhTRnl + 1) 1 (A10)

= [1 B FPS|hSRn\2(q)1y)} .fPTlhTRn‘z-‘rl (y)dy

— (72 0'2
B ATRnPTexP /\TRnPT ’ (Q7 - QS)/

where Q7 = 1/a4exp(—ay), Qs = exp (— (Aslgfpl)>exp(a4b4) [;Iexp(—azl — agby) — byEq(ag + a4b4)} .
_ ?(@1A1r, Pr+Asg, Pr) (Asr, In)

In Q7 and QS’ A4 = (/\SRn Pl/\TRn PT) (/\SRUZ(PI) '

Based on the results of R%’gz given in Equations (10), (12), (16) and (18), we can obtain

(@) ®="11"

and by =

Pr{Rﬁﬂz > Rz} = PF{PR|hRnu2}2 > ’Yz} =1- FpR‘hRnuﬂZ(Wz)

All
— exp(— e ) 1_ ARyRT>Y2 exp(— Ly ) ( )
ARty P2 ARt It +AR, RO*Y2 ArRarP2) )

(b) © = 10":

pr{Re, = Re} = Pr{i3- pelhuunl* = 7}

[F’R|hf<y,uZ|2—“Yl]+ [*’R|hR"“l|2_7l (pTlhTu1|2+1)r} =72

=Pr pR|hRnU2‘2 mzn{

7 ’ 2
p1<\"lf<,1u2| (141) p1<\h1<nu1|
i + Al2
[pR‘hRnU2|2 - 71} or |, | [pR‘hR"WF —n (pT|hTu1|2 " 1” "
= 1T > Y2 0 Pr 7] Z 72
m Pr[R L |
I b
where )
hg,, —y 2
L = Pr{”'ﬁf;]'l > 72, PR |hR, | > ’Yl}
2 2
= Prepr|hR,um|" > 70, 0r IR, 1, | > 71} (A13)
2
= Pr{pr|hr,u,| > 70} =1- PpR|hR,,u2\2(7°)
_ __Px __ MRere?M0 (7 L )
N exp( /\RnuZP2> (1 ARty Iin+ARy RT* V0 i AR;RPZ '
s oo ) 2 :
>
I, =Pr { pK|hRnU1|2 = 72’pR|hR"u1‘ -m (pT‘hTU1| t 1)
(A14)

h 2
— PT’{PR‘I”!R”U2’2 > oxlin uﬂi'_f:g;l':iu ‘2+1)/PR‘I1R”LI1’2 > 7 (PT’hTU1|2 +1) }
| 1

2
PR|hRnu1| 72
PR [PRuty |2*"rl (PT|hTLI1 |2+1

When pr — oo, we have ) — 72, and I can be rewritten as

I, =Pr PR‘hRnU2’2 > 72/PR“1R,,U1|2 >m (PT|hTU1’2 +1)}

= Pr{pg |, |* > 72} 'Pr{PR|hRnU1 *>m (PT’hwl [+ 1>} o
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where Pr{p R| R, Uy ’2 > 'yg} can be obtained from (A11), and

PV{PR!hRnul > >m (PT|hTu1 >+ 1)} = [ 1— FpR\hRnul |2(711/)] 'pr|hm1 241 (V)dy

2 2 (A16)
- /\TulpTexp()\TulpT - (Q9 — Q10)

where Qg = %exp(—@), Q= exp(—%)exp(%bg;) [;—Srzxp(—% — asbs) — bsEq (as + a5b5)}.

o2 (mAru, Pr+Ag,u, P2) (ARnty Lin )
In Q¢ and as = 1 = Trremn)
Qo Q10, a5 (/\Rnul PAry, PT) (ARyRO?71)

Substituting (A13) and (A14) into (A12), the approximate expression of Pr{R%’ %102 < Rz}
can be obtained as

0,10 } _ Py . ARyRT*T0 Iy, )
Pr{RRnUZ—RZ =exp ARut, P2 1 /\RnuzlthJF)\RnRUz'YOexP AR, RP2

o*72 ) ARyRT72 ( Ly ) (A17)
XexP( ARy, P2 1 )\Rnuzlth—&-/\RnRazvzexp ARy RP2

X ATulpTexP(/\TulpT) (Qo — Quo)-

and bs =

(c)©="01"
Note that the optimal relay must ensure that U; successfully decodes x;, we have

h |2
P”{Rsz'Oul >R } = Prq pr|bhRr,u < ,7%' Ll >
nU2 2 | n 2| T2 PTlhT 1|2 1 T2

2 2 2
= PV{PR|hRnu2| < ’Yz} : P”{PR’hRnU1| > (PT!hTU1| + 1)72}
— __m _ AR RT>Y2 (_ Ly, )
o exp( /\Rnuzpz) (1 ARyl I tAR ROZT2 exp /\Rntsz

0'2 (72
X ATulPTexp<)\m1PT (Q11 — Q12)-

(A18)

where Qi1 = Lexp(—as), Q12 = exp (—%)exp(%bé) {%exp(—a(, — aghg) — bgEq (ag + a6b6)}.
2

a6
o? (127 1uy Pr+AR,u, P2)
(ARytry Pr+A7U, Pr)

ARy Itn
ARyROZY2

In Q11 and Qqy, ag = and bg =

(d) ®="00"
By using the same derivation method as (b), we can obtain the approximate expression

Xz,OO
of Pr{RRnu2 > Rz} as
20 5 RV = __on __ Arer%0 Iy
Pr{RRnUZ — RZ} - exp( /\RnUZPZ 1 ARnUZIth+/\RnRU2’YO exp /\RnRPZ

a2(1+mn) 1w p( Iy )) (A19)

Xex — —
P( ARyt P2 ARuUy It AR, ROF(1471) 72 ARy RDP2
2 2
Jos o o
X Xru, Pr P\ Xr, Pr ) (Qo — Qo)

Finally, using (A1)-(A19), the outage probability for U, in cooperative CR-NOMA
networks can be obtained as Equation (28), which completes the proof of Theorem 1. [

Appendix B

Proof of Theorem 2. When ® = “11’, the outage cannot happen at Uy since U has success-
fully acquired the desired signal at the end of the first time slot. In addition, the selected
optimal relay must satisfy the QoS of Uy; that is, as long as the optimal relay exists, U; will
not have an outage. Therefore, the outage event occurs at U; only when there is no relay in
the candidate sets that meet the requirements to be the optimal relay. This also means that
when all the power is allocated to the signal to be sent to Uy, the achievable rate still does
not reach the target data rate.
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From the Law of Total Probability and the analyses above, the outage probability Uy
can be written as
= Yy Ppy, (A20)
©€{10,01,00}

where P® denotes the probability for the event that a signaling sent by Uy is @, which is
given by (A3)—(A5), and P9 = I, {1 - PSJ represents the outage probability for Uy
in the case of ®, which can be rewritten as

Pr{RZ, = Ro| S, = 0} Pr{RG > Ry}, @ =01,

prir® > R1BC =0 lpr{R?2 >R, R >R ) 10.00 (A21)
" Br,u 1’15712 F{RgR, = B2, Rgp = K1 ¢y E{ , }

n,1
=

where Pr{R&n > Rz} and Pr{R’SC%n > Ry, R’SC}Q" > Rl} are given by (A9) and (A10), re-
spectively, and P"{REIS] > Rq|BY, = O} can be expressed as (A22)-(A24).

PriR@V > Ro|p0% o o A22
LIS —ol= _
r{ Roty = R2(Pm2 } )‘TlllPTexp()\TulpT)(Qll Q12), (A22)
PrirR%10 > Ry[B1 =0 o’ o A23
4 > p— P— —
r{ RyU; = 1|1Pn2 } )\Tul pT e‘xp <)\TU1 PT) (Q9 Qlo)/ ( )
2 2
11,00 0w _al__© o _
Pr{RE > Ri[pl =0} = e () (@—u). (a2

Finally, using (A21)—(A24), the outage probability for U; in cooperative CR-NOMA
networks can be obtained as Equation (29), which completes the proof of Theorem 2. [
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