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ABSTRACT Non-orthogonal multiple access (NOMA) is considered as one of the most promising
technologies to handle the issue of spectrum scarcity in beyond fifth-generation (5G) networks. Integrating
NOMA in cognitive radio (CR) network is expected to usher a new era of reliable, seamless, and massive
connectivity. In this regard, this work explores the relay selection problem in CR networks when oper-
ating in the spectrum sharing model. Specifically, the secondary users (SUs) in the CR-NOMA network
opportunistically access the licensed spectrum resources to boost the number of accessible SUs sharing
the limited and dynamic spectrum resources. Moreover, to improve the performance of far users, partial
relay selection architecture is exploited at full-duplex (FD) and half duplex (HD) relays for both uplink
and downlink communications. For in-depth performance evaluation, we provide closed-form expressions
of the outage probabilities of the users in FD and HD relay-aided CR-NOMA networks. In addition to
this, the analytical expressions of asymptotic outage probabilities and ergodic capacity are also provided
which unveils the critical factors affecting the performance of CR-NOMA networks. To validate the derived
expressions, extensive simulations are performed that demonstrate the accuracy of analytical expressions for
FD and HD relay-aided CR-NOMA networks.

INDEX TERMS Cognitive radio network, full-duplex, relay selection, Non-orthogonal multiple

access (NOMA).

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has attracted
increasing interest to make next-generation wireless commu-
nication systems come true. Two advantages of NOMA are
the massive connectivity and capability of supporting higher
spectral efficiency (SE) [1]. Many directions are introduced
related to NOMA such as it has drawn significant attention
in multiple-antenna systems due to the philosophy of diverse
transceivers [2]—-[4], in relaying networks [5], [6] in device-
to-device (D2D) networks [7], and in downlink and uplink
multi-cell networks as well [8]. In principle, during the same
time and on the same frequency band simultaneous access
is provided to multiple users in NOMA which is differ-
ent from the traditional orthogonal multiple access (OMA).
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For example, by using power-domain multiplexing, NOMA
exhibits an effective mechanism to serve massive connections.
In the context of power-domain NOMA, the superimposed
signal is processed at transmitter while successive interfer-
ence cancellation (SIC) may be employed at the receivers to
eliminate the mutual interference among different users [1].
A higher SE and energy efficiency (EE) are basic advantages
of such a NOMA network and these characterizations are
prominent relative to conventional OMA [8], [9].

A. RELATED WORK

In recent years, a plethora of studies have emerged that show
the importance of employing NOMA in wireless networks.
In this regard, a NOMA network for cooperative commu-
nications is investigated in [10]. In such NOMA networks,
amplify and forward (AF) and decode and forward (DF)
modes are implemented to provide signal processing at
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the relay. This helped in serving the far NOMA users with
poor channel quality. In parallel, cognitive radio (CR) has
emerged as a spectrum sharing architecture that concerns
with enhancing the spectrum utilization by permitting a sec-
ondary user (SU) to occupy idle primary user (PU)’s spectrum
resource. However, the normal communications of the PU
must be guaranteed to isolate disturbance from the SU. The
binary detection problem is employed in a situation that
performs spectrum sensing from the SU who can sense idle
spectrum resources [11], [12]. It is worth noting that the SU
can only access the idle channel in the traditional schemes
when the absence of the PU is awarded and has to deny signal
from the SU if the presence of the PU is confirmed. In many
scenarios of CR networks, not only the SU may access the
spectrum bands of the PU, but also the interference caused by
SUs is tolerable [13]. According to [14], they introduced three
techniques including spectrum sharing, opportunistic spec-
trum access, and sensing-based enhanced spectrum sharing
to employ CR in practice.

The combination of NOMA and CR can help in spectrum
reuse and open new opportunities to cater to the growing
demands of cellular users. The spectrum sharing method
has been widely implemented and such technique bene-
fits from its low implementation complexity. In [15]-[17],
CR-NOMA is well analyzed to highlight system performance
related to spectrum sharing. There is a significant increase in
CR-NOMA being implemented in comparison to CR-OMA.
Furthermore, a massive number of users can be served as
integrating NOMA with CR network will raise its potential
in further improving the spectrum efficiency [15], [18], [19].
The authors in [18] considered the impact of users pairing
in the proposed CR-NOMA. They indicated that a SU is
a user possessing strong channel condition and such SU
squeezed into the spectrum owned by the PU user who met
the situation of poor channel condition [18]. a special case
of the CR system, in this case, is a model of NOMA. The
stochastic geometry model is performed in underlay CR in
which NOMA users are evaluated in terms of the outage prob-
ability as in [15]. The multiple-antenna CR-NOMA network
is further examined together with a joint antenna selection
problem as in [19].

Some relatively recent studies also investigate the inven-
tive mechanism in cooperative NOMA and CR networks
[20], [21]. Others use intermediate relays to improve the
performance, e.g., the authors of [22] studied a full-duplex
cooperative NOMA system. More specifically, they derived
the closed-form expressions for the outage probabilities,
ergodic rates, diversity orders, and system throughput in
two transmission modes including delay-limited and delay-
tolerant transmissions. The authors in [23] first introduced
the advantages and disadvantages of uplink and downlink
NOMA transmissions in a cellular system and they indicated
key distinctions such as detection and decoding processing,
implementation complexity, the intra-cell interference, and
inter-cell interference.
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In another trend of research, multi-relay NOMA networks
have been studied to further improve the performance of
cooperative NOMA networks. Relay selection (RS) is pro-
posed and the full diversity gain for multi-relay networks
remains intact as an effective method to reduce system
complexity [24]. More system models regarding several RS
schemes were considered in [25]-[28]. The two-stage max-
min RS scheme is proposed in [26] and fixed power allocation
(PA) is applied in the proposed relay-aided NOMA network.
In such relay-aided NOMA network, a subset of relays is
selected to satisfy the quality of service (QoS) at the low-rate
user in the first stage, and then in the second stage max-min
scheme is selected with a suitable relay from this subset to
serve user possessing at the high data rate. Different from the
traditional relay-aided OMA scheme, the two-stage max-min
scheme was indicated with improved outage performance.
The adaptive PA at the relays and QoS requirements at the
users are studied in [27] and they showed that the proposed
two-stage DF and AF schemes in such NOMA are better than
that of the relay-aided NOMA scheme in [26]. Particularly,
the price of higher overhead occurs if channel state varies
in case of the PA coefficients known at each receiver. The
optimal outage performance can not be achieved in the relay-
aided NOMA schemes in [26], [27] as the users were sorted
by their QoS requirements, regardless of their channel con-
ditions. The partial RS and joint user and RS schemes are
considered in [28] and [29].

B. MOTIVATION AND CONTRIBUTION

The review of related studies highlights the issue that there
are several benefits of employing CR-NOMA in the next-
generation wireless networks. However, the performance of
such networks is not well-understood, especially from the
point of view of secondary source-destination pairing. To the
best of the authors’ knowledge, the existing literature lacks
a relay aided CR-NOMA paradigm that provides the ben-
efit of both spectrum efficiency and large-scale connectiv-
ity. Since both FD and half-duplex (HD) relays have their
different applications, it is desirable to evaluate the perfor-
mance of FD and HD relay-aided CR-NOMA networks.
To further improve the performance, a partial relay selection
(PRS) technique has been adopted to improve the diver-
sity gains and to reduce the overhead of CR-NOMA net-
works. The major contribution of this work is summarized as
follows:

1) A novel uplink/downlink relay-aided communications
architecture for CR-NOMA is considered. To make the
model more practical, the limiting impact of interfer-
ence from the primary source to the relays is considered
during the relay selection process.

2) The PRS technique is employed to select the relay for
forwarding the message to the destination. The PRS
technique has shown to improve the performance of
distant users. The degraded performance due to self-
interference existing in FD relays as compared to HD
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relays and the performance gains by employing PRS
are also studied in this paper.

3) The closed-form expressions of outage probabilities
for FD and HD relay-aided CR-NOMA networks are
derived. In addition, the analytical expressions for
asymptotic outage probabilities and ergodic capacity
are presented. The derived expressions have been cor-
roborated by performing Monte Carlo simulations.

C. ORGANIZATION

The rest of the paper is organized as follows. In Section II,
we establish a system model and provide relevant details. The
outage behavior of CR-NOMA is discussed in Section III.
Section IV presents outage performance in CR-OMA.
In Sections V and VI, the ergodic capacity analysis for
CR-NOMA and CR-OMA is provided, respectively.
Simulation results in Section VII are provided to assess
the accuracy of derived expressions. Finally, Section VIII
provides the conclusion and future research directions.

—— =

Self-interference

—> Information Transfer —_— ) Interference

FIGURE 1. Combining relay selection and uplink/downlink scheme in the
secondary network of CR-NOMA.

Il. SYSTEM MODEL

Fig. 1 demonstrates a relay-aided CR-NOMA network having
a primary source PS and several intermediate relays {Ry |k =
1,2, ..., K} employing relaying protocols [30], [31], [32],
i.e. DF scheme. There are two source-destination pairs,
G = {S1,D1} and G, = {S2,D;}, operating in the
same frequency band and using NOMA technique. We con-
sider a worst-case communication scenario for the secondary
sources S1 and S». Specifically, we assume there the direct
link between secondary source-destination pairs undergo
deep fading and the communication is only possible via inter-
mediate relays. More specifically, there are two phases for
uplink-downlink CR-NOMA transmission: (i) uplink phase
indicated that S; and S can form a NOMA pair [23] to
transmit simultaneously to Ry, (ii) in downlink phase Ry
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can concurrently transmit a superimposed composite signal,
consisting of the decoded symbols, transmitted by sources
to D1 and D;. In CR-NOMA, limiting interference is in
noticeable terms since the PS make interference to multiple
relays Ry and two destinations. In this case, both uplink and
downlink require SIC performed similarly at both the source-
destination pairs with respect to maximum achievable system
capacity.

Wireless channels in such CR-NOMA are subjected to
Rayleigh flat fading plus additive white Gaussian noise.
The complex channel coefficients for the links S — Ry,
R, — D{,S — Ry, R > D», PS — Rg,PS — D,
PS — D are represented by |g1,uk|2 ~ CN (O, )Ll,uk)»
!hl,dk}z ~ CN (0, A1) }gz,uk\z ~ CN (0, A2,uk),
’hZ,dk}z ~ CN (07 )LZ,dk)a gr,ps|2 ~ CN (O, }Lr,ps)» hl,ps}z ~
CN (0, A1,ps) and ]hz,ps‘z ~ CN (0, A2,ps), respectively.

Following the principle of uplink NOMA, both S; and S
transmit symbols x; and xp simultaneously during the con-
sidered time slots.! In NOMA, portion of allocated powers
are a1 Ps and apPg for two signals x; and x>, respectively.
In this paper, the power allocation coefficients are a; and a;
for the first hop transmission while a3 and a4 for the second
one, and Py is the total transmit power of sources. Concur-
rently, both destinations D and D, are able to receive signal
from relay Ry which transmits the superimposed composite
signal xg = /azPrx1 + ~/asPrxy with a processing delay
t following the principle of downlink NOMA. It is noted
that P is the total transmit power of Ry, and x1, x, are data
symbols decoded at R;.. This constraint must be satisfied, i.e.
ai +a = 1 and azs + a4 = 1 are the total transmission
power requirement constraints that need to be satisfied for
many practical scenarios. To implement advantages of FD
mode, Ry can transmit/receive signals simultaneously from
sources or destinations.

According to uplink NOMA, Ry first decodes x; with
better channel conditions by treating x», having worse chan-
nel conditions, as noise. SIC is then carried out at R; to
obtain symbol x;. Therefore, the signal to interference plus
noise ratio (SINR) received at Ry, associated with x; and x;
under the impact of interference from the PS, are respectively
given by

2
JSIR _ aips|g1.uk| 0
x1 - 2 2 s
az/)S!gz,uk} + /)P|gr,ps} +Ip+1
2
ySl—R _ a2pS|g2,uk| @
x2 - ~ 2 B .
ams’gl,uk} + pP|gr,ps\ +Ig+1
where ps = %, pp = % with Pp is transmit power at

the primary source PS, interference channel related to SIC

IThe system model does not consider any PU as there are already many
studies focusing on the outage performance of PUs. However, the perfor-
mance of relay aided secondary source-destination pairs is not well explored
in the literature. Therefore, this work mainly focuses on the performance
of NOAM-enabled secondary user/destination. The joint performance of
primary and secondary user/destination can be evaluated in future studies.
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imperfection characterized by g; ,x ~ CN (0, 71 A1) and o?
is denoted as noise variance. Here, residual self-interference
is Ig, which can be considered a constant as in [17] for
simplicity of analysis. Moreover, SIC imperfection level at
the relay is related to level of residual interference, and
such term is denoted by 71 (0 < 71 < 1). Two main cases are
71 = 0 and 711 = 1 corresponding to perfect SIC and
imperfect SIC, respectively.

On the contrary, according to the principle of downlink
NOMA, D; decodes x; by treating x» as noise. Therefore,
the SINR received at D under the impact of interference from
the PS is computed by

2

R-DI _ azpr ||
J/xl - 2 2 .
a4/0R|h1,dk| +/0P|h1,ps| +1

3)

Conversely, D; considers its own low powered symbol x
as noise to decode high powered symbol x, and then, SIC is
enabled at D, to achieve x;. Therefore, the SINRs received
at D, associated with x; and x» under interference impact of
the PS, are given by

2
R-D2 _ azpr|ha,ak |
Yelox2 = 2 2 ) “4)
aspr|ho.ac|” + pplhaps|” + 1
2
R-D2 _ as pr|ho. x|
yE - —  ®
azprlho.ak|” + pplhops|” + 1
where pr = %, corresponding interference channel of

imperfect SIC ﬁz,dk ~ CN (0, ©pA2im), and yﬁ:?fz represents
the SINR required at D; to decode symbol x;. The level of
residual interference at D, because of SIC imperfection is
denoted by 72, which indicates similar behavior to 7.

Regarding PRS, the helping relay is able to select based
on only the CSI of the S| — Ry links and So — Ry links.
In particular, the index of the selected relay Ry+ using PRS
scheme are given by

ket = ( ﬁ, 6
1 =ag max |g1,uk| ©)
and

ky* = ( ﬁ. 7
2" =arg max |g2.uk | (7
lll. OUTAGE PROBABILITY ANALYSIS FOR

RELAY-AIDED CR-NOMA

This section provides details of the derivation of outage prob-
ability for both FD and HD relay-aided CR-NOMA.

A. THE FD RELAY-AIDED CR-NOMA

According to the required quality of service, Ry and R, are
assumed to be the predefined target rate thresholds of G
and G», respectively. Then, ytl;;f’ , V;Zg are signal to noise ratio
(SNR) thresholds. The exact outage probability of G| and G,
are computed in the following subsections.
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1) OUTAGE PROBABILITY OF G;
The exact outage probability of G| can be written as

S1—Rk Rkx—D1
OPfD =1-Pr (yxl * z VIZID N J/)cl * z yti?)
1—Pr (nyll—Rk* z VtZID) x Pr (Vﬁk*_m z Vt%)) .

Aq A

®)
Proposition 1: The closed-form expression for the outage
probability of the G is derived as

K K
PP =1-3 3" (f) (f)(—l)fﬂ'—z
i=1 j=1
y JORM uk A1 uk A1, dke
(iodPao.uk + jht,uk) (1P ps + A uk)
(a3 = vjpras)
(VtZ?pP)‘l,ps + (aS - V,Z?M) PRM,dk)

. FD FD
oy Vi
X exp 3 — 7D ,
Luk  (azpr — v aspr) A
9
FD _ ARy _ FD _  _FD FD _
where Yinl _FD2 1, o = vy, Ur+ 1), ay” =
Yih1 a2 , afP — Yih1 PP and ofP = %1
aj 3 a 4 aips

Proof: See Als)pendix A.

2) OUTAGE PROBABILITY OF G,
The exact outage probability of G, with imperfect SIC can be
written as

S1—Rkx* FD Rkx—D2 FD

_ 14 = Y OV, >y,

=1 Pr< szk*—D2 >t};/2FD x2 th2 .
= 7thl

myxl—>)c2

2—isic

(10)

Proposition 2: The closed-form expression for the outage
probability of the G is derived as

K K
SRS ()
o JA2,uk A2, uk
(iBEPt1 Mtim + jA2,uk) (iBYP Ay ps + Ao,k
o A2, dk A2, dk
(M P2 0im + A,ak) (M5PAs ps + A2.a)
(a3pr — v aspr) Ao,ar
vER pphaps + (azpr — VP aspr) Ao,k

2FD FD FD
iy ms Vin1
x exp | — — — o) ,
Mk Aadk (a3pr = Vigr a4PR) M2dk
(1)
FD R FD FD FD
where y;5 = 2% — 1, Bi¥ = y,; Ur+ 1), B3° =
FD FD FD FD
Yz 41 gD — Yag PP gFD _ B FD _ Ywa . FD _
195’3_02/)3’4_112/)5’1_04’2_
Yino PP FD _ Y2
aspR and M3~ = Gk

Proof: See Appendix B.
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Then, by substituting 77 = 70 = 0 in (10) and (11),
the exact outage probability of G, under perfect SIC (psic)
can be obtained as

R ()

JA2,uk A2, uk
(iBEP2 + jhauk) (iBEP Ay ps + Aouk)
y A2, dik A2, dk
Ak (MEP A2 ps + A2,ax)
(azpr — v Paspr) Ao,ak
ViR ppia ps + (azpr — P aspr) Aaak

X

. aFD FD FD
% ex By omym Vihl
p FD :
Muk Ak (a3pr — Vi G4PR) Aa.dk
(12)

B. THE HD RELAY-AIDED CR-NOMA
1) OUTAGE PROBABILITY OF G;

Similar to (8) and (9), and we replace Ig = 0, the outage
probability of G1 in HD-NOMA is given by

K K

OPfP =1-3"%" <K> (?)(—1)”1'—2

; c 1 J
i=1 j=1

JORA uk M uk A, dk
(iagID)Q,uk +j)\1,uk) (iOfgID)‘r,ps + )\l,uk)

) (02— i)
(V4P oAt ps + (a3 — viiPas) prA1ar)

. HD HD
oy Vihl
x exp | —— — D ,
Luk  (azpr — yiPaspr) Aia
(13)
HD HD
HD __ »~2R; _ HD _ Ymi % _HD __ Y PP
where y,;17 = 2 I, a" = s = b
HD
oD — Yl
4 aips”

2) OUTAGE PROBABILITY OF G,
The outage probability of G, in HD-NOMA with isic is
expressed by

19} PHD

2—isic

R (e

« JA2,uk A2, uk

(iBEP 1M im + jA2,u) (IBIP Ay ps + Ao,k
« A2, dk A2, dk

(M2 h2im + Aa.ax) (P A2 ps + Aa,ak)
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(a3 pr — Vi1 a4pR) A2, dk
Vtng PPA2,ps + (a3PR - J/,fl;?f) a4/0R) A2, dk

i,BHD mHD }/HD
4 3 thl
x exp | — — - HD s
Muk  rak (a3pr — yPaspr) Aok
(14)
HD _ »2R) __ HD __ yipai HD __ ywpp pHD __
Where yth2 =2 1’ /32 - ay ’33 — axps ’ ﬂ4 -
HD HD HD HD
Vi HD _ Y293 HD _ Y2 PP HD _ Vi
azps’ "1 ag 72 agpr * "3 aspr’

The exact outage probability of G> under perfect SIC can
be obtained as

opriP

—psic

-2 () ()

« JA2,uk A2, uk
JA2,uk (iBYP hr ps + A2,uk)
A2, dk A2, dk
A.ak (MPha,ps + A2,ak)
(@3pR — Yth1a4PR) A2, dk
VP opra ps + (azpr — v i aspr) Aok

X

X exp _iﬂfD B mfP B Yihl
Muk  rak  (azpr — P aspr) ra.ak
(15)

C. ANALYSIS ON ASYMPTOTIC OUTAGE PROBABILITY
Based on the previous results, an asymptotic analysis for both
D1 and D, will be carried out to evaluate the outage behavior,
ie., OPIIp D and OPIZTD , respectively. Particularly, the following
expressions provide insightful details for the proposed system
in the high SNR regime.

1) ASYMPTOTIC OUTAGE PROBABILITY FD IN THE FD
RELAY-AIDED CR-NOMA
a) Asymptotic Outage Probability FD at G

Based on the above analytical results in (9), by using
exp (—x) = 1 — x the asymptotic outage probability of D
with is given by

K K
oPyPT M =1 -3 % <IK) (f)(—l)"“2
i=1 j=1
9 JORMuk M uk M1, dk
(icPr2uk + jht ) (03P hr ps + A1 uk)
(a3 - VIZID(’M)
(vhP pph1ps + (a3 — viPas) pri1ak)

- FD FD
lory Vi

x | 1— — 7D .
Muk  (a3pr — Vi a4pR) M. dk

(16)
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To look at the lower bound, when ps, pg, pp — 00,
the asymptotic outage probability of G is obtained as

—floor L& K K i+j—
or}? =1_Zz<i )(1 )(_1)+J 2

JAMLuk A uk

FD
(iOlfD)LZ,uk +j)tl,uk) (%)\r,ps + Al,uk)

FD
y (a3 — Vil a4) A, dk
FD FD :
Vinl M.ops + (a3 — Y1 614) Al dk

7)

b) Asymptotic Outage Probability FD at G,
The asymptotic outage probability of G, under imperfect
SIC is given by

FD—asym
0P2—isic

S ()

JA2,ukA2,uk
GBIk im + ) (BEP
% A2,k A2, dk
(meTZ)Qim + )\2,dk) (ng)»z,pg + )~2,dk)
% (a30R = Vi1 a4PR) A2.dk
Viny PPA2,ps + (308 — Vit @4 0R) 2.dk

)\r,ps + )‘2,uk)

A
Muk  Aae (azpr — vEPaspr) b '
, , th1 Y4PR) A2,dk
(18)

Similarly, the asymptotic outage probability of G, under
perfect SIC is computed by

oP,2 "
S () ()
i=1 j=1
% JA2,uk A2, uk
JAo,uke (iBYP A ps + 22,uk)
A2, dk A2, dk

X
M.k (MEPA2 ps + A2,ar)

» (azpr — y,ﬁ?awze) A2, dk
V,'ZlDPP)»z,ps + (03/0R - J/t];lD‘M/OR) A2, dk

mFD
X _ ’3 3 _ ythl
Mk Aok (a3pr — Vi a4 pR) M2.dk
(19)
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When pgs, pr, pp — 00, the asymptotic outage probability
of G, under imperfect SIC with is determined by

K
orier 13 () (v

i=1 j=1

JA2,uk A2 uk

X
. . ivED v s
(iBEPT1 M im + jA2,uk) (W’“Tp + Az,uk)

A2, dk A2, dk

FD
FD Yi2 M2.ps
(P22 2im + A2.ax) (—”‘za4 oy )»2,dk)

X

FD
5 (a3 — v as) h2ax
FD FD ?
Vini 22.ps + (a3 — v as) ha,ax

(20)

and G, under ipsic case is determined by

FD—floor
0P2—istc
K K K
=1 )it 2
22(5) ()
i=1 j=1
T2 uk A2, uk
X

. i} FD}\r "
JA2,uk (W@Tp + )\2,uk>
Mdkh2.ak (a3 =y as) Ao
A2, dk <V”’2 2 400 dk) (V4 Pr2 ps+ (a3 —y 4P as) A2 ar)

ey

X

2) ASYMPTOTIC OUTAGE PROBABILITY HD IN
THE HD RELAY-AIDED CR-NOMA
a) Asymptotic Outage Probability HD at G
Based on the above analytical results in (13), by using
exp (—x) = 1 — x, the asymptotic outage probability of G| is

obtained as
K K
22(5) ()
i=1 j=1

JPRM uk M uk M1, dk
X T HD
(lOl2 Ao uk + JA1, uk) (lOl3 rps T A1 uk)

(a3 - ythl a4)
X THD HD
(Vzhl PPALps + (a3 — Y a4) PRM,dk)

HD HD
< [1- fog ™ Yin
HD :
Muk  (azpr — viPaspr) i

(22)

OPTID—asym —1_

To look the lower bound, when ps, pg, pp — 00,
the asymptotic outage probability of G; @ is
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obtained as

Opllfinﬂour _ iz( ) ( >( 1)l+] 2
i=1 j=1
« JORM uk M1 uk M1, dk
(kP g ke + jhtuk) (1P g + M1k
) (a3 — yitPa) |
(VP ppAt ps + (a3 — viPas) prA1ax)
(23)

b) Asymptotic Outage Probability HD at G,
Similar to FD, the asymptotic outage probability of HD
scenario at G, under isic case is determined by

'D—asym
PH —isic
K
=3y (1) (e
i=1 j=I
« JA2,uk A2, uk
(iﬁg]Dtl)\lim +j)‘2,uk) (iﬂng)‘«r,ps + A‘Z,uk)
A2, dk A2, dk

X
(P oh2im + Aa.ai) (m5P A2 ps + Ao.ar)
(a3 PR — Vi1 a4 PR) A2,dk
V,hl ,Osz ps T (a3/0R J/,hl a4,0R) A2, dk

- HD HD HD
% 1_’:34 _omy Yihi
HD ’
Mk Mk (a3pr — v aipr) A2
(24)

and asymptotic outage probability in HD mode at G, with
psic is obtained as

'D—asym
OPH —psic
Sy (K) (K )
i=1 j=1
JA2,uk A2, uk o A2,k A2, dk
J)»z ak (iBYPhrps+rouk)  Azar (MEPA2 ps + A2,a)

» (a3 pr — Vi1 a4pR) A2, dk
VP ppraps + (azpr — v aspr) 22,a

% f b _ miP _ Yihl .
Aok Mk (a3pr — vjiPaspr) ra.ax
(25)

When pgs, pr, pp — 00, the asymptotic outage probability
of G, under isic is obtained as

OPZ T =1 Z;Z;( )( )( D2
i=1 j=

JA2,uk A2, uk
(1132 T1 A lim +])"2 uk) (1/33

)\r,ps+)¥2,uk)
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% A2, dk A2, dk
(mPrahzim + Aa.ax) (AP A2 ps + Aaak)
« (a3PR — Yih1a4PR) A2,dk
Vi ppr2ps + (a3pr — Vi aspr) ha.a’
(26)

and asymptotic outage probability of G, under psic is
obtained as

HD—floor
0P2—psic
K
Sy () (v
i=1 j=1
JA2,uk M2, uk A2,dk A2, dk

X X
JA2.uk (i,Bng/\r ps A2, uk) A2, dk (ngkz,ps + )~2,dk)
(a3 PR — Vi1 a4 PR) A2,dk
J/,hl L opA2,ps + (a3 pr — vl aapr) ro,ax

27

IV. OUTAGE PROBABILY FOR RELAY-AIDED CR-OMA
This phase resembles uplink CR-OMA, Ry first decodes xi
with better channel conditions by treating xp having worse
channel conditions, as noise. SIC is then carried out at Ry
to obtain symbol x,. Therefore, the SINRs received at Ry,
associated with x; and x, under the impact of interference
from the PS, are respectively given by

2
Ps |81,
= —2sl
pP’gr,px} +Ir+1
2
i . (29)

5 .
PP|gr,ps} +Ig+1
By contrast, according to the principle of downlink OMA,
D decodes x;. Therefore, the received SINR at D is
given by
2
R-D1I ;OR|h1,dk|
Y¥1-OMA = 2 .
:0P|h1,ps| +1

Therefore, the received SINR at D; is given by

(30)

;0R|h2,dk|2
pP|h2,ps|2 +1

R-D2

Yxo—omA = (€29)

A. THE FD RELAY-AIDED CR-OMA

1) OUTAGE PROBABILITY OF G;

The exact outage probability of G| can be written as
S1—Rkx*

FD—0
OP™P  — 1 _pp[ Vx1-oma = Z Yl (32)
1—OMA = Rkx—D1 FD-0

Yei—oma = Yinl

where yFD 0 =22 _ 1,
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Proposition 3: The closed-form expression for the outage
probability of the G is derived as

OP2oua
—1— i (%K)(—l)"—l
i—1 l
y l 08 PRI uk M1, dk
(iyti?iopP)‘r,ps“‘pSkl,uk) (th;leiOPP)hl,ps“l‘PR)\l,dk)

. FD-0 FD-0 FD—0
1
x exp | — ! Yini IR + Yin1 Vi .
A uk Ps Ps PRA1,dk

(33)
Proof: See Appendix C.
2) OUTAGE PROBABILITY OF G,
The exact outage probability of G, can be written as
e (o i ey
NY2—oma = Vin2
= 1-Pr (v z vip™0)
D,
< Pr(y8oi = vip0), G4
D,

where VrizD =0 _ 2Ry _ 1.

Similar the computations of C; and C, from appendix
applicable to D and D;, the closed-form expression for the
outage probability of G» is derived as

or g?OMA

K
_ K i1
=1 ; (i )( 1)

1

o« 08 PRA2, dkc A2, uk
(iV,Zg_OpP)»r,ps-i-ps Kz,uk> (Vtig_opphps-i-mkz,dk)

. FD—0 FD—0 FD—0
i I
X exp (_ <Vzh2 L Vin2 ) _ VYm )

A2, uk 0s 0s PRA2, dk
(35)

B. THE HD RELAY-AIDED CR-OMA
Similar to (32) and (33) and by substituting /g = 0, the outage
probability of G1 in HD-NOMA network is expressed as
HD
OPZoma
K

ey (F)en

i=1
PS PRAM uk M, dk

X
(iV,ZIID_OPP)»r,ps+PS/\1,uk> (V,ZIID_OPPM,ps +,0R)»1,dk>

. HD—0 HD—0
X exp _ Wini _ Y
PSMuk  PRM,dk

(36)

VOLUME 8, 2020

and outage probability of G, in HD-NOMA network is
obtained as

Opg—DOMA
K

—1- Z (f)(—l)f—l
i=1

y 0S PRA2, dk A2, uk
(iV,I;g) _OPP)»r,ps-i-,OS)»z,uk) (V,%) _O,OP)»zps—l-pR?»z,dk)

. HD—0 HD—0
1
x exp [ — Yin2 Y2 , 37)
PSA2.uk  PRA2,dk
where yIZI]D_O =241 _ 1 and ytsz_o =% _q,

C. ANALYSIS ON ASYMPTOTIC OUTAGE PROBABILITY

1) CASE OF FD IN RELAY-AIDED CR-OMA

Based on the above analytical results in (33) and with the help
of exp (—x) = 1 —x, the asymptotic outage probability of G
with is obtained as

FD—asym
OPl —OMA
K

=1- Z (f)(—l)i—l
i=1

« PS PRM uk M, dk
(i)/,i?_opP)»r,ps-i-psM,uk) (V,i]D_OPP)\I,ps‘FPR)\I,dk)

. FD—0 FD-0 FD—0
w [1- Vi IR n Yin1 Y
AL uk oS Ps ORAL,dk

(38)

The lower bound can be determined, when pg, or,
pp — 0o, the asymptotic outage probability of G is
obtained as

K
FD—floor K i—1
OP}_oma :1_Z<i )(—1)1
i=1
» M uk M1, dk
(i)/ti?io)tr,ps'}‘)hl,uk) (Vti?io)tl,ps'i‘}tl,dk)

(39)

Similarly, we have G

‘D—asym
OPI;_ OMA

K
=1- Z <1K)(_1)H
i=1

« 0S PRA2, dk A2, uk
(iyt%) O pphr ps +ps)~2,uk) (V,Zf_OPP?»zps +,0R)»2,dk)

. FD—0 FD—0 FD—0
% <1 ! (Vthz Ir +Vth2 )_ Yin2 )

A2 uk 0s 0s PRA2, dk
(40)
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and
Sk
FD—floor i—1
0Py ohs =1=) (i )(—1)l
i=1
« A2, dk A2,uk
(iy,%) _O)Lr,ps +k2,uk) (V,Zf _0)‘-2ps -H»z,dk)

(41)

2) CASE OF HD IN RELAY-AIDED CR-OMA

Based on the analytical results in (36) and by using
exp (—x) = 1 —x, the asymptotic outage probability of G is
obtained as

'D—asym
OP? —OMA

K

=1- Z (f)(—l)"—l
i=1
OSPRA uk M, dk

X
(iy,I};I]D_OpP)Vr,ps +pS)‘1,uk) (V,I};IlD_OpP)‘l,ps +pR)\l,dk>

. HD—O HD—0
<« [1- Win Vi _ 42)
OSAuk  PRM,dk

With regard to the lower bound, when pg, pg, pp — 0,
the asymptotic outage probability of G| with is obtained as

K

D—floor K i—1
OPIILI—OMA =1- Z <i )(—1)1
i=1
« AL uk M, dk
<iV;I}-,11D_0)"r,ps+)"l,uk> (V,Z]f)_okl,ps +)»1,dk)

(43)
In a similar manner, we can obtain

D—asym
OP;[ —OMA
K

K i
=1 —Z<i >(—1)’ !
i=1
PS PRA2, dk A2, uk

X
(iV,I;,{ZD 70:0P)‘r,ps+p$)¥2,uk) (V,ZIQD 70PP)\2ps+,0R)\2,dk>

. HD—0 HD—0
x 1 — lych _ J/th2 (44)
pshouk PRAM2dk )
and
Xk
D—floor i—1
OPY o =1~ Z <i )(—1)1
i=1
« A2, dkA2,uk
(il/,l;?f _O)Lr,ps+)»2,uk) ()/,72[) _O)L2ps+)\2,dk>

(45)
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V. ERGODIC CAPACITY ANALYSIS FOR

RELAY-AIDED CR-NOMA

A. THE FD RELAY-AIDED CR-NOMA

1) ERGODIC CAPACITY OF S; TO D,

By using (1), (3), and (4), the achievable capacity associated
with symbol x; is given as

Cg? — log, (1 + min <y)25‘11—Rk*’ )ﬁk*—Dl’ V;ﬁﬁ;?)) ’
(46)
CEP = E(log, (1 + Hy))
1 X 1-F
- _/ I=rm @, (47)
In2 Jy I4+x
where H; = min (yxsll_Rk*, )ﬁk*_D I y)ﬁk_’:gz). The CDF

of H| can be written as
Fp, (x) = Pr (min (V);Sll—Rk*’ flk*—Dl’ ﬁki;§)2> - x)
=1- (1 — Fyxsllka* (x)) (1 — Fyf]k*’m (x))
X (1 — F_ Rex—D2 (x)) . (48)

Yxl—x2
Base on (76), FVSI—Rk* (x) can be written as
x1

K K
Fyfll—Rk* x)=1- ZZ (lK> (;{>(_1)i+j2

i=1 j=1

JALuk A1 uk
X . . .
(lSI)LZ,ukx +J)\1,uk) (lgzkr,psx + )\l,uk)
iedPx
x exp | — , (49)
)\l,uk

_ @ _ pp_ FD _ Ig+l
whereal_al,az_ams, 3= gy

Based on (77), FyRk*—Dl (x) can be written as
x1

(a3 pr — a4prX) M, dk
PPA1 psx + (A30R — A4PRX) A1, dk

X exp <— al > . (50)
(a3 pr — asprx) A1, gk

From (82), F_rex—p2 (x) can be written as

Yyl>x2

Fy)f?]k*—Dl x)=1-

(azpr — a4prx) A qk
PPA2 psX + (a3 R — G4PRX) A2 dk

X exp <— al > . (5D
(a3 pr — asprx) Ao, dk

From (49)-(51), Fy, (x) can be written as

K K
Fy ) =1-3 %" (,K) (]I-{>(—1)i+j_zq1qzq3

i=1 j=1

F riw—p2 (x) =1 —

Yxlo>x2

iang X
X exp M uk x(a3pR—a4/JRX)M,dk , (52)
" (a3prR—asPRX) A2, dk

JAuk A1, uk ¢
(iglAZ,ukxﬁLj)hl,uk)(igz)hr,psx+)\l,uk) ’
(a3 PR—a4 PRX) A1, dk _ (a3 pR—a4 PRX) M2, dk
PPA1 psX+(a3 pr—as PRX) A1 dk 93 PPA2 psX+(a3 prR—as PRX) A2, dk

where q; =
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Then, the expression for the ergodic capacity of the G| can
be derived as

ZZ( ) ()i

i=1 j=1

- FD
o 419293 g M x
X exp M uk x(aspk—awRX)M,dk dx.
0

1+x - x
(a3 PR—a4 PRX) A2, dk

(53)

2) ERGODIC CAPACITY OF S, TO D,

By using (2) and (5), the achievable capacity associated with
symbol x; is given as

CEP e = logy (1 -+ min (y 5 R yBoP2)) | (s4)

CG2 —isic — =E (10g2 (1 +H2))
1 [ 1 - Fy, ()

= dx, (55)
m2J,  1+x
where Hy = min ()/S | Rl y)gk*_D 2). The cumulative dis-

tribution function (CDF) of H, can be written as

Fp, (x) = Pr (min (yxszl —Rkx yfzk*_m) < x)
—1- <1—Fyxszl—Rk* (x)) (1—Fy§k*7m (x)). (56)

Based on (79), Fysl—Rk* (x) is obtained as

Fs1Rk*(x)—1—ZZ( )( >( 1yiH-2

i=1 j=1
JA2,uk A2, uk
X . . .
(lél)\limx +])\2,uk) (l‘i:z)\r,psx + )\Z,Mk)
- FD
i£3°x
xexp|— 53 , 57
A2, uk
where §, = %,SZ a/;;s and £5P = %.

Similarly, from result of (80), F' | Rix—D2 (x) can be written as
x2

A2, dk A2, dk
(v A2imx + A2,ak) (VyA2,psx + A2.ak)

X exp —— ). (58)
a4 PRA2, dk

Finally, replacing (57) and (58) into (55), the expression
for the ergodic capacity of the G can be derived as

S5 () ()

i=1 j=I

X 5.8 gDy X
X / 172 exp | — 53 — dx,
o 1+x A2uk  G4PRA2 dk

(59)

Fy;azk*—m x)=1-

JA2,uk A2, uk
(iél )“limx+j)"2,uk ) (isz)\r,pxx‘i‘)"luk) ’

where s, = 8y =
A2.dkh2,dk
(v A2imx 22,0k ) (VoA psx+r2.dk) ©
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Now, by substituting 71 = 1t = 0in (59), the exact ergodic
capacity of G, under psic can be obtained as

1
£ 5 () (e
i=1 j=1

X 5.8 i£FDy X
X f ﬂexp — 5 — dx,
o l+x Ak A4PRA2,dk

(60)

A2.dk

and s, = ———=& .
47 (vyhopsxt+ro.ak)

A2.uk
where 5, = ———*——
3 (lé‘_z)\r,psx‘i‘)hluk)

B. THE HD RELAY-AIDED CR-NOMA
1) ERGODIC CAPACITY OF S; TO D,

Similar to (47) and (53), when we have Iz = 0, the ergodic
capacity of Gy in HD-NOMA is formulated by

r-EE ()

i=1 j=I

HD
& 19293 L e X

X exp AL uk x(“3ﬂR*a4PRX))\l,dk dx,
0

1+x B
+ (a3 pr—as prX) A2 dk
(61)
HD _ 1
where e3'” = T

2) ERGODIC CAPACITY OF S, TO D,
Similar to (55) and (59), by substituting Iz = 0. ergodic
capacity of G, under isic in HD-NOMA is given by

55 () ()

i=1 j=1

X 5. jHDy
X / 172 exp | — 5 — ad dx,
o 14+=x A2uk  QA4PRA2dk

(62)

1
aps”

Now, by substituting 71 = 72 = 01in (62), the exact ergodic
capacity of G, under isic can be obtained as

=33 () (1)

i=1 j=1

X 5.8 jeADy X
X / 374 exp| — 5 — dx.
o 1+x Mk 4PRA2,dk

(63)

where £17P =

VI. ERGODIC CAPACITY ANALYSIS FOR
RELAY-AIDED CR-OMA

A. THE FD RELAY-AIDED CR-OMA

1) ERGODIC CAPACITY OF S; TO D,

The exact ergodic capacity of G can be written as

1 .
Cg?—OMA = 510g2 <1+m1n (szll 511\(42’ Vﬁk*OﬂL’)lfl‘)) &)
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Cg?—OMA = ( log, (1 +H0MA>>
1 oo 1 — Froma (x)
_ / L, (65)
2In2 1+x

where HOM4 = min (yxsll e V)ﬁk*on[/}D The CDF of H;
can be written as

— —Rk% _ Rkx—DI
Fyoma (x) = Pr (mm (yxl oMA> Vx1— OMA) < x)

1-— (l — Fyska* (x)) (1 — F Rkx—D1 (x))

x1—OMA Al OMA
(66)
Based on (85), F_si—res (x) is obtained as
Yx1—omA

F_si—rex (X)
Yx1—0oMA

K (K 4
=1 _Z<i )(—1)!‘
i=1

A ix 1 1
X - PSALuk exp(— (—R+—>>. (67)
IpPAr psX+PSA1 uk Aluk \PS Ps

Based on (86), F_res—p1 (x) is obtained as
Yxi—omA

A
F Rier- D1 x)=1- PR, dk
Yxl-om. PPA1 psX + PRAL,dk

X exp (—L> . (68)
PR, dk
The the ergodic capacity of the G is formulated as

~FD
CG] —OMA

(K 1
=2 et
=\ 2In2

OMA OMA .
1 1
0 1+x 0s  Ps) AMuk  PRM,dk

(69)

PR dk
T pPhypsX+PRM dk

PSM uk OMA __

OMA __
where ¢ = £ s 2nd 43

2) ERGODIC CAPACITY OF S, TO D,

Similarly with computations of Gj, the closed-form
expression for the ergodic capacity of the G can be
derived as

CFD _ o K lifl 1
Gioms = D P )Y T

i=1

OMA  OMA
/ e q3 4y
X —
0

1+x
1 1 ]
X exp (— <—R + —) L L) dx,
0s  PS) AMuk  PRM2,dk
(70)
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FIGURE 2. Comparison study on outage performance of D; and D,
(imperfect SIC and perfect SIC) for varying K, where a; = a5 = 0.6,
Ry = 0.1 (bps/Hz), R, = 2 (bps/Hz). (a) FD relay-aided NOMA (b) HD
relay-aided NOMA and relay-aided OMA, where K = 3.

PS )L2,uk

OMA _
ipPAr psX+pS A2 uk and 94 -

where q30MA =

PRA2,dk
PPA2 psX+PRA2 dk

B. THE HD RELAY-AIDED CR-OMA
Similar to (69) and (70), the condition Iz = O results in
ergodic capacity of G| and G, in HD-OMA respectively as

~HD
CG1 —OMA

K
- ;( 4ln2

/- qOMAqOMA ( ix x )
X exp| — — dx,
0 I+x PSALuk  PRM,dk

(71)
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FIGURE 3. Comparison study on outage performance of D; and D, (imperfect SIC and perfect SIC) for (a) FD relay-aided CR-NOMA for
varying Ry (a; = a3 = 0.6, R, = 2 (bps/Hz), Iz = —20 (dB), K = 3). (b) HD relay-aided CR-NOMA for varying Ry (a; = a; = 0.6,

R, =2 (bps/Hz), I = —20 (dB), K = 3). (c) FD relay-aided CR-NOMA for varying R, (a; = a; = 0.6, R; = 0.1 (bps/Hz), I = —20 (dB),
K = 3). (d) HD relay-aided CR-NOMA for varying R, (a; = a5 = 0.6, R; = 0.1 (bps/Hz), Iz = —20 (dB), K = 3).

and

~HD
CGz —OMA

K
Pt l 41n2

oo ,OMA  OMA .
154 X
0 1+x OsAouk  PRA2,dk

(72)

VIIi. NUMERICAL RESULTS

This section provides numerical results and relevant discus-
sion. Unless stated otherwise, the simulation parameters and
their values are given as follows Ay ;. = d[;’k, M.k = d[;k,
Ak = dixk, Adk = dzfdvk. The path loss exponent is
expressed by v = 4 and dy 4« = 0.25, do,k = 0.5 and
dr gk = 0.25 denote the distance in meters from S to Relay,
Relay to D, S; to Relay and Relay to Dj, respectively.
Arps = A ps = Ao ps = 0.01.
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Fig. 2 demonstrates outage probability as a function of
increasing values of SNR of the system. It can be noticed
that an increase in SNR reduces the probability of occur-
rence of an outage event. It can be observed in Fig. 2 (a)
that the FD relay-aided CR-NOMA outperforms the con-
ventional FD relay-aided CR-OMA. Moreover, as the values
of K increase from 1 to 3, the overall outage probability
drops significantly. Similarly, for HD relay-aided CR-NOMA
in Fig. 2 (b), the outage probability also reduces. However,
the gap between the curves of HD relays is high as compared
to the gap between the curves for FD.

Fig. 3 illustrates the impact of different values of R; and
Rj3 for both FD and HD relay-aided CR-NOMA/ CR-OMA
transmissions. Here, we can note that the simulation curves
closely follow the analytical curves. This validates the accu-
racy of our derived closed-form expressions and asymptotic
analysis. From Figs. 3 (a) & (b), we can observe that an
increase in FD relay-aided NOMA network considerably
outperforms the HD relay-aided CR-NOMA network. This is
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FIGURE 4. Comparison study on outage performance of D, and D,
(imperfect SIC and perfect SIC) for varying 7; = 7,, where (a; = a; = 0.6,
Ry = 0.1 (bps/Hz), Ry = 2 (bps/Hz), I = —20 (dB), K = 3). (a) FD
relay-aided CR-NOMA(b) HD relay-aided CR-NOMA.

especially true for smaller values of SNR, thus, indicating
the utility of FD relay-aided CR-NOMA. Similar trends can
be observed in Figs. 3 (c) & (d) where R; is varied and
R, is kept constant. It can be noted that when R; increases
from 1.5 to 2.5, the overall outage performance increases
significantly for the HD relay-aided CR-NOMA network.
By contrast, the increase for FD relay-aided CR-NOMA is
negligible, especially at higher values of SNR.

Fig. 4 demonstrates the outage probability for varying
values of 71 = 1, to clarify the impact of 7; and 7> on the
outage performance. It can be observed that the FD relay-
aided CR-NOMA network again outperforms the conven-
tional FD relay-aided CR-OMA. However, when comparing
Figs. 4 (a) & (b), it becomes clear that a change in 71 = 7p
has more impact on the HD relay-aided CR-NOMA as com-
pared to FD relay-aided CR-NOMA. Moreover, at higher
values of SNR, the asymptotic results closely follow the
analytical and simulation results that verify their accuracy.
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FIGURE 6. Comparison study on ergodic capacity performance of D; and
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varying a; = az, where K =3, Ip = 20 (dB).

Fig. 5 shows the ergodic capacity against the increasing
values of SNR. It can be noted that an increase in the value
of K generally results in increasing the ergodic capacity of
the system. However, this impact is far more significant
for G, as compared to G1. More specifically, at high SNR,
the distance between the curves of G| becomes negligible for
different values of K. Whereas, for G, the distance between
different curves of K grows indicating the higher impact of
change in K.

To illustrate the effects of a1 and a3 on the ergodic capacity
of FD relay-aided CR-NOMA networks, Fig. 6 shows the
ergodic capacity for different values of a; = a3. It can
be seen that the performance for imperfect SIC scenario is
significantly lower than that for the perfect SIC scenario.
Moreover, an increase in the values of a; and a3 results in
decreasing the performance of the network. The analytical
results closely follow the simulations that validates the ana-
lytical expressions.
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FIGURE 7. Comparison study on ergodic capacity performance of D, and
D, (imperfect SIC and perfect SIC) for HD/FD relay-aided CR-NOMA and
relay-aided CR-OMA, where a; = a5 = 0.9, K = 3, I = 20 (dB).

(a) FD relay-aided NOMA and relay-aided OMA.(b) HD relay-aided NOMA
and relay-aided OMA.

Fig. 7 presents a comparative analysis of FD and
HD relay-aided CR-NOMA network against FD and HD
relay-aided CR-OMA network. It can be noted that the
ergodic capacity of G is better than G at higher values of
SNR. Moreover, it is also worth highlighting that the FD
relay aided the CR-NOMA network outperforms the HD
relay aided CR-OMA network. The difference between FD
and HD increases more at higher values of SNR. The ceiling
is reached at very high SNR values that are because of the
limiting effect of interference.

VIIl. CONCLUSION

Relay-aided CR-NOMA networks are going to play a critical
role in the beyond 5G networks. In this regard, this paper has
provided a performance analysis for FD and HD relay-aided
CR-NOMA networks. Specifically, the closed-form expres-
sions for FD and HD relay-aided CR-NOMA networks have
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been derived by considering the PRS framework. Besides, the
analytical expressions for ergodic capacity and asymptotic
outage probabilities are also derived to provide more insights
on such networks. The results demonstrate that the changes
in the outage probability of the FD relay-aided CR-NOMA
network are negligible, especially at higher values of SNR.
Moreover, the difference between FD and HD ergodic capac-
ity increases more at higher values of SNR and a ceiling is
reached at very high SNR values due to the effect of interfer-
ence. We anticipate that the analytical expressions provided in
this work will be helpful in the practical realization of relay-
aided CR-NOMA networks.

APPENDIX A

PROOF OF THE PROPOSITION 1

By implementing order statistics of separated components,
OP'IV Dm . can be obtained as

S1—Rk FD
OPI mc—l—PI‘( >k>ythl)

Ay

x Pr(y8Pl = ). 73)

As

To compute such outage, A can be first calculated as

2
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By using partial integration and the CDF and probability
density function (PDF), A can be first calculated as
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Besides, A, can be expressed by

2
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It is worth noting that A, satisfies az pg — y;:{) aspr > 0 —
az > y[%) a4, then it can be further computed as
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Finally, replacing (74) and (77) into (73), the outage prob-
ability for D5 in this mode can be computed.
It completes the proof.

APPENDIX B
PROOF OF THE PROPOSITION 2
Similarly, OP5P, . will be processed as
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To compute such outage, B; can be first calculated as
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Similar to A, B can be simplified as
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Then, B, is formulated as
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Finally, replacing (80), (81) and (83) into (78), the outage
probability for D5 in this mode can be computed.
It completes the proof.

APPENDIX C
PROOF OF THE PROPOSITION 3
OPE)OMA is processed as
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To compute such outage probability, C; is calculated as
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FD-0 FD—-0
= /OO exp _ 1 yl‘hl lOPx + y[h]
0 Al dk PR OR
1 X
X exp (— ) dx
)‘l,ps )‘l,ps
FD—0
A
= “Fp=0 PRELdk exp (-2 ). (86)
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Finally, substituting (85) and (86) into (84), the outage
behavior for D, can be computed.
It completes the proof.
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