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Abstract: This work aims to investigate an asymmetrical NOMA transmission network based on
cognitive radio, where both the source and relay nodes of the secondary user are energy limited,
and the energy could be harvested from the transmission signal of the power beacon. Considering
some particular hardware impairments and asymmetry in the NOMA transmission, the closed-form
expressions of outage probability for relay and destination nodes were derived using incremental relay
methods. Furthermore, built on the expressions of the outage probability, the throughput performance
was analyzed. Finally, the correctness of our theoretical analysis was verified using simulations.

Keywords: energy harvesting; hardware impairments; NOMA; performance analysis

1. Introduction

Recently, with the increasing number of mobile services and the rapid growth of
mobile data traffic [1-3], the already low utilization of spectrum resources has become
even more scarce, and cognitive radio (CR) has been recognized as a promising technique
for alleviating spectrum resource shortages. The significance of CR for future networks
was described in [4]. Non-orthogonal multiple access (NOMA) has been considered as a
promising technique for the next generation of wireless networks. A new opportunistic
adaptive NOMA transmission strategy was designed in [5]. The base station (BS) oppor-
tunistically used the NOMA to serve a pair consisting of a near user and a far user among
multiple near users and far users. Two transmission modes were proposed for the system:
a direct transmission mode and a cooperative mode. Meanwhile, in order to increase the
transmission reliability and fairness, a scheduling candidate acquisition method and a
user scheduling scheme were proposed. In [6], the application of cooperative NOMA in
two-layer wireless cache networks was studied, and a popular cooperative NOMA strategy
for content pushing was proposed. Meanwhile, in order to analyze the performance of the
proposed strategy, a new analysis framework was proposed. In [7], cooperative computing
in a mobile edge computing network based on NOMA was investigated and a cooperative
computing strategy including two modes was designed.

Simultaneous wireless information and power transfer (SWIPT) has been recognized
as a key technology for the next generation of wireless communication. It can extend the
operating time of energy-limited equipment and improve energy efficiency. In [8], a new
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cognitive communication network was investigated, and the optimal information and
power transmission design problem was planned as a constrained Markov decision process
to maximize the total throughput. In [9], the simultaneous transmission of information
and energy in the cellular Internet of Things (IoT) was considered. In [10], a cooperative
communication network based on SWIPT was considered, aimed at maximizing the cooper-
ative throughput. In [11], a NOMA-assisted cooperative SWIPT CR network was proposed,
under the condition of considering a full duplex (FD), the closed-form expressions of the
outage probability for the network were derived. In [12], the secrecy outage performance
of an SWIPT NOMA network was studied, and considering the max-min user selection
(MMUS) strategy, the secrecy outage probability was studied. In [13], a combination net-
work of SWIPT and NOMA was studied under the condition of considering imperfect CSI.
A Poisson point process (PPP) model was used to achieve the distribution of macro-base
stations (MBSs) and femto-base stations (FBSs). The outage probability and throughput
were derived. In [14], an FD NOMA network with nonlinear energy harvesting was inves-
tigated; a more practical nonlinear EH model was used in the network and the closed-form
expressions of the outage probability were derived.

Relays can expand signal coverage, and in many existing relay transmission methods,
relays assist in transmission regardless of whether the signal-to-noise (SNR) ratio between
the source and destination nodes meets the requirements. Furthermore, incremental relays
only assist in transmission when the SNR ratio between the source and destination nodes
does not meet the requirements. Compared with traditional relays, incremental relays can
save resources on the basis of meeting requirements. A cooperative SWIPT based on the
NOMA network was studied in [15], in which the user closest to the source node acted
as a relay to aid distant nodes in transmission. The near user used a power splitting (PS)
protocol to harvest energy and decode its own and the far user’s node. To ensure fairness,
a joint design scheme of power allocation and PS parameters was proposed. The theo-
retical expressions of outage probability and diversity gain were derived. The network
studied in [15] was further investigated in [16] considering non-linear energy harvesting.
An incremental cooperative NOMA protocol was proposed, which includes three modes:
direct NOMA transmission, traditional point-to-point communication, and traditional
cooperative NOMA. The probability and throughput of the network were derived. A UAV-
based NOMA network was studied in [17], considering selective incremental relays and an
incomplete CSI. A new selective incremental relay based on NOMA was proposed, which
allowed the relay to judge whether to forward information according to the SNR of signals
received by UAVs and ground nodes. The outage probability of UAVs and ground nodes
were derived. However, the aforementioned works did not consider hardware impairments
(HIs). Due to noise distortion, IQ imbalance, and other reasons, hardware impairments may
sometimes exist, and will have a certain impact on system performance [18-23]. In [20],
an FD DF two-way relay network was considered; the outage probability of the network
was derived under the dual effects of hardware impairments and residual interference.
In [21], a SWIPT two-way relay network was considered and the closed-form expressions of
the outage probability were derived. Furthermore, the influence of two ceiling effects (relay
cooperation ceiling (RCC) and overall system ceiling (OSC)) on the network was studied
through the outage probability. In [22], the influence of HI and two other parameters
(intelligent reflecting surface (IRS) channel correlation and phase errors) on an IRS-enabled
MISO network was investigated. In [23], a reconfigurable intelligent surface (RIS) two-way
network was studied and the effect of HIs and imperfect interference cancellation on the
network was investigated.

In this paper, we consider a CR-NOMA transmission network based on SWIPT in the
presence of HIs. The main contributions are summarized as follows:

e Taking into account the influence of HIs, the outage probabilities for the relay and
destination node of the CR-NOMA network are derived based on the incremental
relay algorithm.
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¢ The expressions of the throughput for the relay and destination node are obtained on
the basis of the expressions of the outage probability.

*  The simulation results validate the correctness of the theoretical expressions and
demonstrate the impact of three parameters (the transmission power for the power
beacon, the interference power limit that the primary user can tolerate, and the HI) on
outage probability and throughput.

2. System Model

The network consists of a primary network and a secondary one, in which the primary
network includes a primary receiver node R and the secondary network includes a source
node S, a relay node U, a destination node D, and a power beacon T. Suppose that all
network nodes operate in half-duplex mode and are equipped with a single antenna. hy,, de-
notes the channel coefficient between v and v, where v; € {T,S,U} and v, € {S,U, R, D}.
Each channel follows a flat Rayleigh fading and is independent and identically distributed
(i.i.d.). Meanwhile, |/, |? is subject to exponential distributions with the parameter ﬁ
All the network channels have an additive white Gaussian noise (AWGN), whose mean is
zero and variance is Nj.

The whole time block for energy harvesting and information transmission is Ty. In Ty,
the channel remains constant and the variation from one block to another is independent
and identical. The transmission process includes two time slots. During the first time
slot, i.e., a Ty, the power beacon T transmits signals to S and U. The remaining time slot
(1 — )Ty is used for information transmission.

During the duration of Ty, as shown in Figure 1, the signals are transmitted from T
to S and U, and the corresponding signals received at S and U can be given by:

yrs = hrs\/prxr + ns 1)
and
yru = hru/prxr +nu )

where x7 is the transmission signal of T and pr is the transmission power of T. hrg is the
channel coefficient between T and S. hyy; is the channel coefficient between T and U. ng
and nyy are the AWGN at S and U. The energy received at S is

EHs = BaTopr|hrs|? 3)

where B is the energy conversion efficiency. Correspondingly, the power generated by (3)
for Sis )
2Bapr|hrs
ps = 2upriis| @
Then, the energy received at U is
EHy = BaTopr|hrul? ®)

Correspondingly, the power generated by (5) for U is

Zﬁ“PT‘hTUF (6)

a
Pu = 1—«a
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Figure 1. System transmission model for the first time slot.

During the first duration of 1%“ Tp, S transmits signals to U and D, as shown in Figure 2.
The signal received at U is:

ysu = hsu(\/a1psxp + /azpsxu + 1s¢) + ur + nu )

where xp and x; are the intended signals for D and U. ps is the transmitting power. 4; and
ay are the power allocation factors for D and U, which satisfy a1 > ap and a1 +ap = 1. hgyy is
the channel coefficient between S and U. 175 ~ CN(0, psk3,) and 17y ~ CN(0, k3, ps|hsu|?)
are the distortion noise from transceiver Hls. n; is the AWGN at U. First, U decodes xp,
and the SNR is

D a1ps|hsul®
U ps(ar + K2, +K3,) [hsu? + No
The probability of 'ySDu being greater than vy, is
Pr(Y§y > 1m)
ﬂ1P5|hsu|2

=DPr >

(P5A1|hsu|2 + No i)
= Pr(ayps|hsul® > vin(psAilhsul* + No))
= Pr(a1ps|hsul® > vmpsAilhsul® + vuNo) )
= Pr((a1ps — ympsAi) [hsul® > vinNo)

N

— Pr(‘hSU|2 > YiniNo

mps — Ympshi
_ 7 No
— ¢ Asubsler—rpAr)

where

—» Information = ---eeeee- » Interference

Figure 2. System transmission model for the first duration of information transmission time slot.
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Then, x; is decoded by U and the SNR is

u azps|hsul®
Tsu = (10)
S ps (k3 + K3, ) hsul? + No
The probability of 7Y, being greater than 7y, is
_ 7 No
Pr('ygu > 'Yth) —=¢ ’\SUF’S(TZ*WthAZ) (11)
where
Az = k%t + klzlr
The signal received at D is:
Ysp = hsp(\/a1psxp + v/a2psxu + 1st) + 1pr + 1p (12)

where hgp is the channel coefficient between S and D. 15 ~ CN(0,pgsk,)
and 77p, ~ CN(0,k%, ps|hsp|?) are the distortion noise from transceiver Hls. np is the
AWGN at D. D decodes xp, and the SNR is

- aips|hspl® (13)
5D PS(“2+k§t+k2Dr)|hSD|2+NO

The probability of v5, being greater than vy, is

D oMo 1
Pr(ygp > ym) =e 7spPsl-mmAs) (14)

where
Ay = ay + k3, + K2y,

In the first 1%"‘7"0 period, to guarantee the QoS of R, the interference originating from
S to R should be below a threshold. From this, we obtain that the transmit power of S is:

I
y  Ip
Ps = |hsr|?

(15)

where Ip is the maximum interference that the primary user can tolerate. By combining
Equation (4), the transmit power of S is

ps = min(p%, p%)

Next, we investigate the transmission in the second duration of the second time slot.
According to the transmission scheme in [17], in the time slot, if 'YED is higher than -y, then
the next round of transmission is started. If ’y?D is lower than -, and 7&1 is higher than
Y, U forwards xp to D. If both 'ySDD and 'Ygu are lower than <y, S retransmits xp to D.

First, if ’yED is higher than <y, the probability is as shown in Equation (14).

Second, as shown in Figure 3, if 'ySDD is lower than 1y, and 'Vls)u is higher than vy, U
transmits xp to D, and the signal received at D is

yup = hup(/puxp + ut) + 1pr +1p (16)

where py; is the transmitting power, hyp is the channel coefficient between U and D,
nut ~ CN(0, puk?;,) and 17p, ~ CN(0, pyk?,, |hup|?) are the distortion noise, and np is the
AWGN at D. The SNR is

2 pulhup|?
Yup = (17)
U oy (K, + k3, | hup 2 + No
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The probability of 77, being higher than 7y, is

2 __ vmNo 8
Pr(yip > vi) = e “uprull=1mAs) (18)

where

© 0

©

—» Information =~ - » Interference

Figure 3. System transmission model for the second duration of information transmission time slot

(’ylsDD is lower than 7, and 75Du is higher than 7y,).
Third, both '75DD and 'YsDu are lower than vy, and S retransmits xp to D.

yép = hsp(\/Psxp +1st) + oy + 1p (19)

The SNR is )
pslhspl
ps(k%, + k3,)|hsp|? + No

Vip = (20)

The probability of 72, being higher than 7, is

0y _ 7 No 21
Pr(')’SD > ) =e Aspps(1=14,45) (21)

where

The derivation processes of Equations (11), (14), (18), and (21) are similar to that of
Equation (9).

In the second 1_T"‘TO period, to guarantee the QoS of R, the interference originating
from U to R should be below a threshold. Considering this constraint, the transmit power

of U is: ;
b _ P
PU Thyr]?

(22)
By combining this with Equation (6), the transmit power of S can be expressed as

pu = min(p{;, ply)
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3. Outage Probability
The probability of decoding xy; is [17]

OPy, =1 —=Pr(Y§p > Yun, YSu > Vew Yoy > 1)
A

—Pr(§p < v, Yp > Y YSu > Ti)
2

—Pr(vSp < Yo Yp < Yen ’Ygu > Yin)
J3

(23)

where
Ji=Ju+ 2

2 A(l—a)Ars 10 A(l—a)
2 (2N T RIATSN 2 (o | NS T )
2appr )R 2aBprATs

2 All-a) 1 Ip(1-w)
Ars ™ 2aBpr  Asg 2aBpr

XKl(z\/A(la)+1Ip(1ac))

)Ars]/? (24)

2uBpr  Asr 2aBpr

Jio=+—
Asr ZATS“;BPT(% + ﬁ)

><1<1<2WP(1_"‘) CANRE

2 Ip(1 —«) )1/2

(25)

2ArsaBpr Ip | Ask
and
Jo=Jn+ ]2 (26)

where

w1 1—a 7(

1
— wr 5 — W
Jor = (e "su2ebrriirs? _ 2+ x5 )

1 1-a
Asu 2epprlhrg|? )
1 Ip(l-a)
% (1 — ¢ 7SR 2appylhrgl? )
,;"21 1-a —(
= ¢ su2apprihyg? _ o

1 1 1—a
W+ W)
Tsu V2 T5p “2) a2

(27)

— o W25 — W26

e
|hrs|? |hrs|?

1=

=) i
i—1

where
wy 1—a i[p(l—tx)

:EZaﬁpT Asr 2aBpT

e (Lot Ly 1, 1 D(1—0)
7 sy 2 Asp P 2aBpr T Asg 2aBpr

was5

+oo 11 - L
Jo11 :/ ey ¢ Ars™ dx
0 Ats

_ 2 1/2 wa3
=73 (wasArs) " “Ki(24/ Ars )
2

TS

w
Jo12 = T(w24)\TS)l/2K1(2 TM) (29)
TS TS

(28)
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77/(} [
Asp 2) 2afpr

2 w 1
Jo = T(%)l/zKl(z w9 (w7 + +—))
SR W7y —+ E A SR
2 w 1
— (2 V2K (24 [wae (w0 + )
/\SR wos + 7o )\SR

1 1
1 g5 — Tog W21 + 3, W22
=2t -

Asulp Ip

o — —L Ip(1—w)
2 )\TS ZDC‘BPT

where

and
J3=7J31+ ]

where

j
N]H
(95}

2
Ja1 = pe —— (wasAts) /2Ky (24 [was—)

2 1/2 1
— —— (w3 Ki(24|w
/\Ts( 36ATS) 1( 36/\Ts)

2
~ s (wazA1s) 2Ky (24 [way—)

2
1 (wagAts)/?Kq (2 w387
TS

/\2 ((wss + w3g) Ars) /2Ky (2 (24/(wss +w39
+5 = /\ (w3 + w39)Ars) 2Ky ( 24/( w36+w39
+ /\2 ((ws7 + w39)As) /2Ky (2 (24/( w37+w39

/\2 ((wag + w39)As)'/ 2Ky (2 (24/ (w3 + w39

1 Y No Wy — 1 N

Asu (a1 — ymAr)’ Asu (a2 — v Az)

1 N 1 N
Wy = —— YthiNo 4+ YthiNo

Asp (a3 —vmA3)  Asu (a1 — v Ar)

TS

where

w31 =

(30)

(31)

(32)

(33)

(34)
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Wy — 1 yuNo 1T yuNo
Asp (a3 —ymAz)  Asu (a2 — Y A2)
1 p(1-w)
o = Asr 20Bpr
1 Ip(l - 06)
Wip = — ———~
0= Ts 2aBrr
2 w310 \1/2 w31 1
Jip = — o (= BI0 172 (2 gy (BR2L 4 =

2 w310 \1/2 w3 1

— (1) K124 w30 (5= + +—))
32 1

Ars T2y L Ip ' Asr

2 w310 \1/2 w33 1
Ats ( P+ ) ( ( Ip  Asr )

2 w310 \1/2 W34 1

— (1) K124 w30 (5= + +—))
Ats P+ g Ip Asr

The specific derivation process can be seen in Appendix A.

The probability of decoding xp is [17]
OPy, =1~ Pr(v§p > i)
—_———
Ja
D D
= Pr(vsp < Y vYup > Y, YMRC > Vin)
J5
—Pr(Y§p < T Yip < YVenr YOMa > Vih)
Jo

where
2 1/2 1
Ja= T (waArs) " “Kq(2 e )
TS TS

2 1
— —((wap + wg3) A1)/ 2K (24 [ (wap + Wa3) ~—)
A A

TS TS

2 Wy \1/2 W1 1
(o) K1 (24 | waa(— + )
Asr i+ Tox Ip Asgr

and
Js = Pr(vSp < Yens YSu > Yew Yap > Vi)
YnNo
(a3 — v As)ps’
YnNo hupl? > Y No
(@ —ymAnps’ P (1= ymAs)pu

Tt No 1 _ruNo 1 711 No

= Pr(|hsp|* <

hsul* >

=(1—- e Aspps(i3=71443) Ye Asu @A Ps e ‘upru-74Ag)

(35)

(36)

(37)

(38)
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J5 can be reexpressed as

— Mo — 1 N 1 71N
Js = (1 —e *sp¥sammds))e Asu =T PG o Auppl (-7 As)

_ 7tnNo _ 1 _yuNo 1 7 No
+ (1 —e /\SDp[S’(a3—'yrhA3) )e Asu a1 =M pg e /\UDp‘&(l—ythz‘M)

39
_ 714 No 1 vNo 1 ;YthNO (39)
+ (1 — ¢ *sprs(a3=ryA3) )6 Asu m=rmA1 PG o Aupp (-7 As)

Y11 No 11N 1 71 No

- —7, A
+ (1 —e /\Sng(a3—'yt},A3) )e Su M1~ pg e AUDP%[(1’7thA4)

2 1
J51 = (T(WSZ)\TS)l/zKl(Z wSZT)
TS \ TS

2 1
— = ((ws1 + ws2)A1s) 2Ky (24 [ (ws1 + wsp) ~——)
ATs ATs

where

2 1
— " ((wsp + wsa)A1s) 2Ky (24 | (w5 + w54)TTS)

A
TS (40)

2 1
+ ——((ws1 + wsp + wsa) Ars) /2K (24 [ (ws1 + wsp + wsg) ——))
Ats Ats

2 1
x (= (wssA1s) /2Ky (24| ws3——)
Ats Ats
1

2
— = ((ws3 + wss)A1s)/2Kq (24 [ (ws3 + wss) ~—))
Ars Ats

2 Wsg 1/2
= —(— K1 (2+/wsg(w A
J52 )\SR(w57+)\SR) 1(24/wss(ws7 + Asr))

2 Wsg 1/2
- — K+(2 A
AsR w56+w57+/\5R) 1( \/w58(w56‘|‘w57+ SR))

2 1/2 1 (41)
x ( (wsoAtu) ™" “Kq (24 | wse )
/\TU )\TU

2 1
— ——((wso + ws10) A1)/ 2Ky (24 | (w9 + ws10) ~——))
Atu Aty

2 1
J53 = (A(w512/\T5)1/2K1(2\/E)
TS TS

2 1
— = ((ws11 + ws12)A1s) 2Ky (24 [ (w11 + ws12) ~——)
Ats Ats

2 1/2 1
Are ((ws11 + ws13)ATs) Kl(z\/(WSH + ws13) /\TS) )

2
9 ((ws11 + ws12 + ws13)A1s) 12
TS

1
x Ky (2\/(10511 + ws1p + w513)TTs))

2 Ws15 1/2
oo\ K{(2 A
) Asr w514+/\u12) 1 \/w515(w514+ ur))
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2 Ws18 1/2
= (S (— 8 12K (2 A
J54 (ASR(W517+/\UR) 1( \/w518(w517+ UR))
2 Ws18 1/2

ASR  Ws16 + Ws17 + Aur

x Ky (2\/w518 (ws16 + ws17 + Aur)))

2 w520 1/2
K1(24/wspo(ws19 + Aur
AUR Ws19 +/\UR) ( \/ ( )

J6 can be expressed as

Jo = Pr(vEs < v 750 < v ip > i)

= Pr(fispl < B sl <
N
ool > =0t A
=P < o < G e
|hSU|2 < (‘11 —’Y’?ti\jlgl)i?s
1 vNo _ 1 vuNo

= (ei/\SD (-v1pAslps — ¢ AsD (“3*7,‘;,1“*3)175)

_ 1 7inNo
X (1 — e sp (“1*7,]4A1)Ps)

where

j
G =
9

2
Jo1 = TTS(wéz;/\Ts)l/zKl(Z Wes~—)

2
T s (wesAts)/?Kq (24 [wes ——)

2
" A (wesA1s) /2Ky (24 [ wes~——)

2
Ry (werA1s) /2Ky (2 We7 T
TS

/\2 ((wea + wes)As) /2Ky (2 (24 (wes + w68
+ /\2 ((wes + wes ) Ars) /2Ky (24| (wes + Wes) y—
+ /\2 ((wes + wes) Ars) /%K1 (2 (24/ w66+w68

/\ ((we7 + wes)Ars) 2Ky ( 24/( w67+w68

—_ ~ | = ~ —_
2] ¥

(43)

(44)

(45)
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and

Joo = (

2

Asr

2

(

We4

Wes + Aur

We4

AsR  Wes + AUR

)12k (2 wes (wes + Aur))
)12 (2 wea (wes + Aur))

2 We4 (46)

2T 2k (24 Jwea (w + A
(/\SR(w67+/\UR) 1(24/ wes(we7 + Aur))
2 Wes  \1/2
+(—(——— Kqi(24/weq(weg + A
(/\SR(W68+/\UR> 1(24/ we4(wes + Aur))

The derivation process of the outage probability of xp is similar to that of xy;.

4. Throughput
The throughput can be given as:

1—«a

T = R(l - Pout) 5

(47)
where R is the transmission rate.

5. Simulation Results

In this section, simulations are conducted to validate the theoretical results. The pa-
rameters used for theoretical analysis and simulations are 4, = 3 bps/Hz, R = 2 bps/Hz,
and Ny = 1. Ip represents the maximum interference value that the primary user can
withstand. The value of Ip is shown in the figure. k represents the degree of hardware
impairments. The SNR is I%

Figure 4 presents the outage probability versus the SNR with different Ip values. It
can be seen in the figure that the outage probability decreases as the SNR increases. Further,
with the increase in Ip, the outage probability will reduce. In addition, the simulation
results are in good agreement with the analytical results in the high SNR regime.

0y

10

IP=10 dB, OP & O
— — —IP=10dB, OP
—A—IP=15 dB, OP,

u
10t o
u

— A —IP=15dB, OP ©
u
D

Outage Probability (dB)

—p——IP=20dB, OP
— p —IP=20dB, OP
O Simulation b\

n .

0 5 10 15 20 25 30
SNR (dB)

Figure 4. Outage probability versus SNR with different Ip.

Figure 5 shows the outage probability versus the SNR with different k. We can find
that the outage probability decreases as the SNR increases. Further, with the increase in
k, the outage probability will increase. In addition, the simulation results are in good
agreement with the analytical results in the high SNR regime.
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Figure 5. Outage probability versus SNR with different k.
Figure 6 presents the throughput versus the SNR with different Ip. It can be seen

that the throughput increases as the SNR increases. Moreover, with the increase in Ip,
the throughput will increase.

100 T T T T T T T T T

IP=10 dB, Throughput,,
— — —IP=10dB, Throughput,,
—A—IP=15dB, Throughputu 1
— A —IP=15dB, ThroughputD
—p—IP=20dB, Throughpulu
— p —1P=20dB, ThroughputD
O Simulation
n

Throughput

10 12 14 16 18 20 22 24 26 28
SNR (dB)

Figure 6. Throughput versus SNR with different Ip.

Figure 7 shows the throughput versus the SNR with different k. It can be found that the
throughput increases as the SNR increases. Moreover, with the increase in k, the throughput
will decrease. The throughput corresponding to k = 0 is the largest. Finally, the simulation
results are in good agreement with the analytical results in the high SNR regime. In this
regard, Figures 4-6 are the same as Figure 7.
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Figure 7. Throughput versus the SNR with different k.
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6. Conclusions

Considering the influence of HIs, the closed-form expressions of the outage probability
for relay and destination node in a CR-NOMA network were derived based on the incre-
mental relay algorithm. Then, the expressions of the throughput of relay and destination
node were derived based on the expressions of the outage probability. Finally, the cor-
rectness of the theoretical expressions was verified by the simulation results, followed by
revealing the influence of some parameters on the outage probability and throughput in
the simulation results.
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Appendix A
The probability of decoding x;; is [17]

OPx, =1—Pr(v5y > v Y8y > Yew Yoy > 7in)
N1

- Pr(’Y?D < Yth 751) > %;w%lu > Yin)
]2

—Pr(v§p < Yo YD < Yenr Ysu > Yen)
J5

(A1)

where |; represents the first situation and the SNR from S to D, i.e., 'ySDD, is higher than y,.

Ji= Pr(’y?D > ’Yth,’Ygu > ’Yth,’Ygu > Vi)
Y No 2 YnNo
=Pr h5D2> —— |yl > ——m————,
(Ihspl (a1 — YmA3z)ps hsul (a1 — ymA1)ps
YnNo
(a2 — v A2)ps
N,
— Pr(lh 2 > YniNo ,
(Ihsol (a1 — ymAs3)ps
Yn No Yt No
(a1 — ymA1)ps” (a2 — ymA2)ps

lhsul? >
(A2)

|]’lsu|2 > max(
1
= eiAE

where

YnNo 1 Y No Y No
A= + —— max , .
Asp(ar —ymA3)  Asu <ﬂl —YmA1 ay — v Az
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J11 can be calculated as

1

Jn=¢ s
_ E—AW Pr(ZaﬁpT|hT5|2 _ Ip
1-a |hsr|?
A l-a _1 _Ip(-a)
—¢ 2appr|hrs|? (1 —e ASR 20ppr|hyg|? ) (A3)
oo T
- i/+ e_Az"‘lﬁ”ATxeiﬁxdx
/\TS 0
1 T _(Agl L e
— 7/ e appr AR 20BPT ‘o ATS (.
Ats Jo

According to (3.471.9) in [24], we can obtain
2 A(l—a)Ars 10 A(l—a)

= —(————2)"""K(2y| m————~

I /\Ts( 2aBpr ) 2aBprATs
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)LTS ZDCIBpT /\SR Zl’éﬁpT
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)Ars]/? (Ad)

and J1, can be calculated as

_alsr? o hrs|? I
_ AR p2eBprlhrs|”  Ip
]l2 e 1'( 1—a |hSR‘2
hopl? 1 Ip(1—a)
= e_A‘ 5115‘ eimzﬂﬁlrjfﬂhSRP (A5)
oo . x _ 1 Ip(i-w)
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0 Asr
By using (3.471.9) in [24], J12 can
2 Ip(1—a) 1/2
Jiz=+— )
Asr 2ArsaBpr (£ + 1)
(A6)

Ipl—a) A 1
< (2\/2AT50€[‘5PT<IP - Asr )

Thus, we can obtain J; as
Ji=Tn+ 2

J» represents the second situation, ’y?D is lower than 1, and the SNR of U decodes
Xp, i.e., 'ygu, is higher than 7.
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where
YnNo Y No ),y = YnNo

Wy = max , , .
2 e YA ay — ymAz — YA

J» can be recalculated as
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J22 can be expressed as
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According to (3.471.9) in [24], it can be obtained that
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where ) )
wyy = P2 e = g W21 1 Xgp W22
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g = 21 =%
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Further, [3 represents the third situation; both 'y?D and 'VEU are lower than v,. The pro-
cess of deriving J3 is similar to that of deriving J; and J».
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where

i
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Thus, we can obtain

J3 = Js1+ J32- (A19)
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