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SR using the decode-and-forward (DF) protocol. SR can harvest energy from both SS
and AP in both time and power domains using time-splitting and power-splitting tech-
niques. The interference from primary data transmissions can help boost the amount
of harvested energy at SR. The transmit power of SS is regulated by the interference
threshold at PU and the allowable peak power. Despite the above two constraints,
the transmit power of SR is further constrained by the amount of harvested energy.
Once SR successfully decodes the data from SS, it will forward the data to SD using a
constrained power. We analyze the approximate outage probabilities for both primary
and secondary systems. Simulation results are provided to verify the effectiveness of
our theoretical analysis and reveal the impacts of various parameters to the outage
performance.

Keywords: Cognitive relaying, Spectrum sharing, Decode-and-forward, Outage
probability, Energy harvesting, Wireless power transfer

1 Introduction

Spectrum sharing between primary users (PUs) and secondary users (SUs) can promis-
ingly alleviate the spectrum scarcity problem [1]. SUs may share the spectrum with PUs
in separate time [2], disjoint bandwidth [3], and space domain [4], etc. In underlay sce-
nario, SUs can simultaneously access the licensed spectrum with PUs, provided that SUs
do not violate the interference constraint at the PU receiver [5]. Cooperative relaying can
improve the communication robustness by achieving the space diversity, but it degrades
the spectrum efficiency due to the half-duplex operation of relays, which can be tackled
by using the non-orthogonal multiple access (NOMA) and network coding techniques
[6]. Cooperative relaying in cognitive radio networks can not only improve coverage for
SUs’ transmissions, but also offer better reliability compared with the point-to-point link
[7-9]. The achievable capacity and the outage probability of a secondary link assisted
by a decode-and-forward (DF) relay were studied in [10]. Duong et al. studied the DF
cognitive relaying (CR) with multiple primary transceivers, where the transmit powers
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of secondary source and relay should be properly set under the interference constraints
of all the primary transceivers [11]. The effect of interference constraint on the diver-
sity gain in DF relaying networks with the the best-relay selection was studied in [12].
Xia et al. analyzed the outage probability of amplify-and-forward (AF) CR under aver-
age interference constraints [13]. Zhai et al. enabled either PU or SU receivers to per-
form the successive interference cancelation (SIC) to improve the throughput for the
DE-CR [14]. The optimal power allocation in an AF-CR network with either single-relay
or multi-relay was studied in [15] to maximize the secondary signal-to-noise ratio (SNR)
while keeping the interference to PU below a threshold. Majhi et al. studied the AF-CR
with the best relay selection, and analyzed the secondary outage probability by consider-
ing both direct and cooperative links [16].

Wireless energy harvesting (EH) has been intensively studied nowadays, as the radio
frequency (RF) signal can carry not only information but also energy [17] and the RF-EH
is more controllable to satisfy the communication requirements [18]. Wireless power
transfer (WPT) can help charge the energy-limited nodes using the RF signal. Since
the energy harvester and the information decoder usually work with separate circuits,
time-switching (TS) and power-splitting (PS) techniques were designed to realize EH
and information decoding (ID) in time and power domains, respectively [19]. Both the
TS-based relaying (TSR) and the PS-based relaying (PSR) were proposed in [20], where
a fraction of time or power is allocated for the EH at a relay, and it is shown that the
PSR results in higher throughput at high SNR regime. Nasir et al. also proposed a TS-
based wireless EH protocol and properly modeled the status of energy accumulation at
the relay with continuous and discrete time EH [21]. Modem et al. compared the perfor-
mance of TSR and PSR in two-hop networks with a battery-assisted EH-AF relay, where
the EH relay augments the harvested energy with energy drawn from a battery [22]. A
hybrid EH protocol was proposed in [23] by combining both TS and PS methods. Two
relays were adopted to alternately harvest energy and forward data from source to desti-
nation in [24]. Similarly, two ground nodes can harvest energy from two unmanned aer-
ial vehicles (UAV) and alternately send their data to the corresponding UAV [25]. When
both source and relay work with EH, a power beacon can be exploited to wireless charge
the two nodes for the cooperative relaying [26].

The EH capability has been integrated into cognitive radio networks [27]. For the case
that SUs harvest energy from PUs, the throughput was optimized under outage and
interference constraints of PUs [28]. Furthermore, a SU can cooperatively forward the
primary data and transmit its own data simultaneously over orthogonal subcarriers by
using the harvested energy [29]. When a secondary relay (SR) can harvest energy from
secondary source (SS) and forward data to secondary destination (SD) under the inter-
ference constraint of PU, the outage performance was studied in [30]. The authors of [31]
studied the energy efficiency and rate-energy tradeoff by jointly optimizing PS factors
and power allocation at relay. Energy-limited SUs can harvest energy from not only the
received information signal but also the co-channel interference [32]. If there are multi-
ple primary transceivers, both SS and SR can harvest energy from multiple PUs’ trans-
mission, while the transmit power of SR should be strictly controlled under the peak
interference constraint of each PU receiver [33]. SR can harvest energy from the second-
ary signals as well as the primary interference by using the TS policy [34, 35]. The energy
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harvesting and accumulation is properly modeled in [36] for the CR. Furthermore, the
underlay framework can be extended to a large-scale Internet of things (I0T) network in
[37]. As studied in [38, 39], SUs can wireless power energy-limited PUs to exchange for
more opportunities of spectrum sharing.

For the typical wireless powered communication networks, such as passive radio fre-
quency identification (RFID) or sensor networks, wireless devices are powered only by
WPT and transmit their data using the harvested energy [40]. The harvested energy is
often transiently kept by a supercapacitor which has the characteristics of small form
factor and fast charge—discharge [41]. Due to the leakage of supercapacitor and the
absence of energy storage or management, the possible remaining energy or the har-
vested energy after transmission cannot be used in the next communication cycle. We
consider this energy consumption model in the EH based CR process. In the traditional
EH based CR schemes, SR often sets its transmit power by considering two constraints
among the PU interference threshold, the available energy, and the allowable peak
power. When the power of SS is dynamically adjusted, the analysis becomes more diffi-
cult, as the available energy of SR depends directly on the transmit power of SS. In order
to make the protocol more meaningful and reveal the complex relationship between
users, we consider all the three constraints for the continuous power setting at SR.

In this work, we consider a wireless powered CR system, wherein SS transmits the sec-
ondary data to SD with assistance from an EH-based SR operating in the DF fashion.
In the primary system, an access point (AP) continuously transmits the primary data
to a PU. In the EH phase, SR can harvest energy from both SS and AP in both time
and power domains by jointly using TS and PS techniques. The interference from AP
can help boost the amount of harvested energy at SR. In the data transmission phase,
the transmit power of SS is constrained by the PU interference threshold and the allow-
able peak power, while the transmit power of SR is constrained by the PU interference
threshold, the available energy, and the allowable peak power. By considering various
powers of SS and SR, as well as the mutual interference between different users, we
derive the approximate outage probabilities for both primary and secondary systems.
Through extensive simulations, we study the impacts of various parameters on the out-
age performance, such as TS and PS factors, transmission rate, distance between the two
systems, and distance between SUs, etc.

The rest of this paper is organized as follows: Sect. 2 illustrates the methods. Section 3
analyzes the success probability of SR decoding. Sections 4 and 5 analyze the outage
probabilities of primary and secondary systems, respectively. Results and discussion are
presented in Sect. 6. Section 7 concludes this work.

2 Methods

2.1 Cognitive radio network

We consider a cognitive radio network as shown in Fig. 1, where AP continuously trans-
mits the primary data to PU, and SR cooperatively forwards the secondary data from SS
to SD. In the underlay paradigm, along with the AP transmission, SS or SR can concur-
rently transmit data under the constraint that the interference caused to PU should not
exceed an interference threshold /. By overhearing pilot or control signals broadcast by
PU, both SS and SR can estimate the channel fading between themselves and PU for the
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(a) Transmission process for the TS-PS-EH-based cognitive relaying
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(b) Diagram for the TS-PS-EH and data transmission in one time block
Fig. 1 Cognitive DF relaying with TS-PS-EH at SR

interference control. Each node is assumed to work in the half-duplex mode by using
one omnidirectional antenna. Throughout this paper, we use the subscripts a, p, s, r, and
d to denote AP, PU, SS, SR, and SD, respectively. We use /,, to denote the small-scale
channel fading from x to y with x, y € {p, a, s, , d}. Each channel is assumed to undergo
independent Rayleigh block fading, which changes independently across different links
and time blocks. The small-scale power gain Gyy = |hxy|2 is exponentially distributed
with unit mean. Apart from the small-scale channel fading, the signal also suffers from
the large-scale path-loss modeled as é)l(/ 2 _ x_ya/ 2 where « is the path-loss exponent and
d,, is the distance between x and y.

We assume that AP, PU, SS, and SD have stable power supplies, while SR has no con-
tinuous power supplies. SR can harvest energy from the RF signals broadcast by AP
and SS by jointly using TS and PS techniques. SR may represent a wireless sensor node,
which is deployed in the extreme areas and the battery recharge or replacement is dif-
ficult. In practice, the super-capacitor is a suitable energy device for EH sensor nodes,
as it can withstand rapid charging and discharging cycles [42]. The interference from AP
becomes a useful energy source that can help boost the amount of harvested energy at
SR. The transmit power of SR may be high or low due to the random variation of channel
fading, so it is necessary to consider the interference constraint at PU.

In the observed transmission period, the whole time is divided into equal-length blocks
with each block normalized as one second. In each block, AP keeps on transmitting the pri-
mary data to PU without interruption, while SS and SR concurrently perform the EH-based
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cognitive DF relaying. As shown in Fig. 1, each time block consists of three phases, wherein
Phase I occupies 7 fraction of time for the EH, and each of the remaining two phases lasts
for I_TT fraction of time for the CR. SR harvests RF energy in both time and power domains
using jointly TS and PS techniques, and forwards data in the cognitive DF relaying manner.
Since the transmit powers of SS and SR are strictly constrained and the channel may suffer
from deep fading or blockage, we assume there is no direct link between SS and SD, so the
data can reach SD only with the assistance of SR.

2.2 Energy harvesting of SR

In Phase I, along with AP transmitting the primary data to PU, SS transmits the predefined
energy signal to SR by using the maximal power. SR can harvest energy not only from the
energy signal sent by SS, but also from the data signal sent by AP. The interference from
AP is utilized as an energy source for SR to boost its EH amount. SR saves all the harvested
energy into its battery. Due to the independence between the energy signal from SS and the
data signal from AP, the amount of energy harvested by SR in Phase I is denoted as Eéh and
given by

EL, = (PaGarEar + iJSGsrzsr), O

where 77 denotes the energy conversion efficiency, P, and P represent the transmit power
of AP and the peak power of SS, respectively.

In Phase II, along with AP transmitting the primary data to PU, SS transmits the second-
ary data to SR. The transmit power of SS is denoted as P, and given by

Py = min < fo ,f’s>, (2)
Gsplsp

where the first term represents that the interference caused to PU by the SS transmission

should not exceed an interference threshold .

After receiving the composite signals In Phase II, SR splits p fraction for the EH and
(1 — p) fraction for the data decoding. We assume that the secondary data transmitted by
SS and the primary data transmitted by AP are independent. Then, the amount of energy
harvested by SR in Phase II is denoted as EL} and given by

1-7
El, = = p1(PaGartar + PyGicber). ®)

The total amount of energy harvested by SR in both Phases I and II is denoted as E,;, and
given by

Een = EY +EX. (4)

With the block fading assumption, the channel fading coefficient keeps invariant in each
whole time block, so EH and CR are mutually dependent.
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2.3 Data transmissions

2.3.1 Transmissions in Phase |

We assume that the energy signal is a priori-known by PU and the channel state informa-
tion of the link SS — PU is available. In Phase I, after receiving the composite signals, PU
could cancel the energy signal of SS and then decode the data of AP. The achievable rate of
the link AP — PU is denoted as C;p and given by

C;p =T lng (1 + yalp)’ (5)

Pa Q] Q] . pe . . .
where yalp = % At each receiver, the total power of additive white Gaussian noise
(AWGN) is denoted as Ny = 02, + 02, where 02, represents the power of AWGN at the
receiving antenna and o2, represents the power of AWGN due to the conversion from

RF signal to baseband signal [19].

2.3.2 Transmissions in Phase Il

In Phase II, SS transmits the secondary data to SR, and AP continues to transmit the pri-
mary data to PU. By treating the received secondary data as interference, the achievable rate
of primary data at PU is denoted as C;{) and given by

1—1
2

I _ _PaGaplap
where yap T PsGeplspt+No”

In Phase II, SR splits p fraction of the received composite signals for the EH, and decodes

Clt = =" log, (1+va), (6)

data based on the remaining (1 — p) fraction. By treating the primary data as interference,
the achievable rate of the secondary data at SR can be denoted as C! and given by

1—

T
Ch=——log, (1+4), 7)

(A—p)PsGorlsr — PGy lsr
(1_P)PaGarear"F(l_p)U,%a'f‘Ur%C PaGar[ar+Ur%a+%

where yll =

2.3.3 Transmissions in Phase Il
If SR correctly decodes the secondary data in Phase II, it will forward the secondary data to
SD in Phase III. The transmit power of SR is denoted as P, and given by

P . ( Io a Een )
. = min , Py, ) (8)
Grpzrp (1 - T)/Z

where the first term is obtained under the interference constraint at PU, 13,r represents
the peak power of SR, and the last term represents the available power of SR by deplet-
ing its battery.

By treating the received secondary data as interference, the achievable rate of primary
data at PU is denoted as Cég and given by

1-1
Cip = —5—logy (147, )

I _ _PaGaplap
where yap T PrGrplip+No”
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If SR does not forward data to SD in Phase III, no interference is caused to PU. In this
sense, the achievable rate of primary data at PU is denoted as 6;;1 and given by

~ 1—-1 N
el = = log, (1 + yalg), (10)

. PaGap!
where y;g ="

When SR forwards the secondary data to SD in Phase III, the achievable rate at SD is
denoted as C!' and given by

1-7
III III
Clif =~ logy (14+ %), ()
I _ _ PGty
where 14’ = 56,60 1Ny

3 Success probability of SR decoding

We assume that the secondary data is transmitted with fixed rate v,. The secondary data
transmission is assumed to be successful when the channel achievable rate is greater
than v, otherwise, the transmission fails. Let D denote the event that SR correctly
decodes the secondary data in Phase II. The success probability of SR decoding can be

expressed as Pr {D} = Pr {Cg > v } Since the transmit power of SS is either & or P

according to (2), we can have

I I
Pr{D} = Pr{cg > vg, Ggp > A"}err{cg > Vg, Ggp < } 12

PSZSP Psesp

Pr{D,)} Pr{Dy}

The event D, represents the successful decoding at SR when the transmit power of SS is

P, = I—O, which means Gy, > Lo The event Dy, represents the successful decoding at
Gspesp 3 P,

stsp

SR when the transmit power of SS is Py = f’s, which means Ggp < 1312 .
stsp

The first probability of (12) can be derived as

o IOZsr
D)= [,
ﬁ Tols + gspazaresstp
2 13
(02 + 55 ) b (13
X exp § — 1+ Gsp dGsp¢
IOEsr
2vg
where & = 277 — 1.
The second probability of (12) can be derived as
. 2, O
Pyl és (o“a + ﬂ)
PriDy}= ———exp | ——— %~
PS'KSl' + gspaear PSESI'
(14)

Iy
X [1—exp|—= .
[ ( PSeSP)]
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4 Outage probability of the primary system

We assume that the primary data is transmitted with fixed rate v,. The primary data
transmission is assumed to be successful when the channel achievable rate is greater
than v,. Otherwise, the transmission fails. Since AP continuously transmits the primary

data to PU in all the three phases, denoted as P_,,, the average outage probability can be

outp’
defined as
1-1 1-7
I 11 111
Poutp = 7"Poutp + 9 Poutp 9 Poutp’ (15)
where P(Imtp, P(I)Iutp, and P(I)Il}tp represent the outage probabilities of primary data transmis-

sions in Phases I, II, and III, respectively.
The outage probability of the primary data transmission in Phase I can be expressed as

P(I)utp =Pr {Cip < 1vp r and derived as
I £pNo

where &, = 2" — 1.
The outage probability of the primary data transmission in Phase II can be expressed

n_ m_ 1-t .
as Py, = Pr {Cap < TVP} and derived as

1 N,
P‘I)Iut]p =1———5—exp <—$p 0>
Paeap + gppszsp Pagap

(17)
- Iy §plo
X EPPSESP exXp | — = - +Paeap ’
szsp PaZaP
where we consider that the transmit power of SS is either Gsﬁoﬁsp or Py as per (2).

Considering SR forwards the secondary data or not, the outage probability of the pri-
mary data transmission in Phase III can be expressed as

— _ . 1—
l’vp} +Pr {D,C;g < 5 TVP}, (]_8)

111
Poutp

=Pr {D, Cyp < !
where D is the complement event of D. Due to the independence between D and the
interference-free primary transmission, the second probability of (18) equals
Pr {15} Pr {C’ig < 1_T’Vp }, where Pr {15} = 1 — Pr {D} with Pr {D} analyzed in (12) and
Pr {ng < I_TTVP} has the same result as (16).

Since the event D consists of two uncorrelated events D, and Dy, the first probability
of (18) can be analyzed as follows:
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-7
2

1- 1
Pr{D, cl < rvp} ~ Pr {D,} Pr {c;g <

sp*s }
P PS 3 Z
p*sp

all al2 a2 a3
Poutp+Poutp +Poutp +Poutp

PS:f)S}.

b11 b12 b2 b3
Poutp+Poutp +P0utp +P0utp

(19)

1—1

+ Pr{Dy} Pr {C;g < Vp

Due to the channel block fading, the three-phase transmissions are intertwined through
EH and mutual interference, which makes the analysis much involved. We strip the
events D, and Dy, out from the joint probability, and their probabilities have been derived
in (13) and (14), respectively. The accuracy of this approximation will be verified through
simulations. Since SS may transmit with different powers in Phase II as shown in (2), we
have two general cases, i.e., Case A and Case B. For each general case, considering differ-
ent powers of SR given by (8), we have four subcases, so there are totally eight subcases
as mentioned above, i.e., Case A.1.1, Case A.1.2, Case A.2, Case A.3, Case B.1.1, Case
B.1.2, Case B.2, and Case B.3.

4.1 Outage probabilities in Case A

In Case A, the transmit power of SS in Phase I is Ps = ﬁ, we have

. Iy - 2t 2T ply
P; = min , Pr, < + p) NPy Garlar + ( Py + NGl
rplrp 1—1 1—1 Gsplsp

Y (Gar,Gip:Gisr)
(20)

The  cumulative  distribution  function  (CDF) of  Y(Gar, Gep, Gor)  is
Pr {Y (Gar, Gsp, Gsr) < ¥}, derived as

for=1- [ 06
0 (%f)s + Gilgsp)ngsr - (IZTTI + :0) NP Lo
2t ol ) y
X ( P + nlsrexp | —
1-— Ggpl 21 7 )/ (21)
t Spsp (ﬁps + Gfpgsp ) T’Zsr

2t
— <1 + ,0) NPylarexp | — 2 Y dGSP‘
-t (ﬁ +:0)77Pa£ar

The probability density function (PDF) of Y (Gar, Gsp, Gsr) is ng(y)’ derived as

ly
fo)= [ R )
o (Zby P Ynte — (2 + p)nPat
85 T Gyts N€sr 1—¢ T P )Natar
X <exp |— o4 —exp [— dGgp.

5 I
(%Ps + %)n&r
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4.1.1 CaseA.1
If e IOZ < f’r and ﬁ < Y(Gar, Gsp, Gsr), we have P, = ﬁ. We have two conditions to
ptrp rptrp rp*rp

represent the occurrence of this case:

Iy Iy
Case A.1.1: Ps = , P = )
splsp Grplip
Io R (23)
Grp > =, Y(Gar, Gsp, Gsr) > Py,
rzrp
Io I
Case A.1.2: Ps = , Py = )
Gsplsp Grplrp
I . (24)
G , Y (Gar, Gsp, G P,.
7 Y (G G Gl 0 G G =< 1
Based on Case A.1.1, the probability Pgllép in (19) can be derived as
s Io &p(lo + No)
Paty = [1= Fr(®o] exp | — {l—ex [—p , 25
outp ' P Pilyp P Palap @5)
where Fy (P;) can be calculated according to (21) by replacing y with P..
Based on Case A.1.2, the probability Pglll%p in (19) can be derived as
&p (Lo + No) b )
pa2 {1 —ex [—P / exp | — v (y) dy, (26)
outp p Pagap 0 p ygrp f (y) Y
where fy (y)is given in (22).
4.1.2 CaseA.2
If 13r < Grff)/frp and IA’r < Y(Gar, Gsp, Gsr), we have P = I3r. We have one condition to repre-
sent the occurrence of this case:
Io R
Case A.2: Ps = , P =P,
Geplsp
o A (27)
Grp < —, Y (Gy, Gsp: Gsr) > Pr.
rzrp
Based on Case A.2, the probability Pgﬁtp in (19) can be derived as
I Pyt N,
= 1) B (L520)
Prer Pazap + Epprﬁrp Paeﬁp (28)

I 1 A
x [1—exp | -2 — el {1_FY(P1‘)},
Pilyyp Palyp

where Fy (f’r) can be calculated according to (21) by replacing y with p,.

Page 10 of 22
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4.1.3 CaseA.3
If Y(Gar; Gspt GSI‘) <

22— and Y (Gar, Gsp, Gsr) < Py, we have Py = Y (Gar, Gsp, Ger). We
rptrp

have one condition to represent the occurrence of this case:

1
Case A3Ps = 70, Pr = Y(Gar; Gsp: Gsr):
sptsp
Iy

G <
P Y(Gar’ Gsp; Gsr)erp

, Y (Gar, Gsp¢ Gsr) < j)r-

Based on Case A.3, the probability P33

outp

D
r I Pyl N,
ng’ltp=/ {1—exp<— O)—aape)q)(—ép 0)
0 )’grp Pagap + gpzrpy Pazap

&pNo Io
1- - - — f
) { P ( Pylyp J’erp)} } Y(y) b

where fy (y) is given in (22).

in (19) can be derived as

(30)

4.2 Outage probabilities in Case B

When Ggp < plg , the transmit power of SS in Phase Il is Ps = 135, we have
stsp

. I() ~ 2t ~
Pr = min 7,Pr, — +pn (PaGarEar + PsGersr) . (31)
rplrp 1—1

Z(Garszr)

The CDF and PDF of the random variable Z(Gj,;, Gs;) can be calculated as follows:
o If ZA)SESI # Pylyy, the CDF Fz(z) = Pr{Z(Gar, Gsr) < z} can be derived as

Issﬁsr z

Fz0)=1—- —————exp |~
Psly — Palyr (IZTT, + p) NPslg,
(32)
I\ S z
Psly — Palyr (12%1 + ,0) NPyl oy

The PDF fz(z) = % can be derived as

v4

1
77(12,7tr + p) (i)szsr - Pagar)

fz(z) =

(33)
z z

Bl Bale b
(ﬁ + ,0) nPslsy (ﬁ + ,0) nPalar

X < exp

o If Py = Pylay, the CDF Fz(2) = Pr{Z(Gar, Gsr) < z} can be derived as

Page 11 of 22
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z

Fz(z) =1—exp TN
(ﬁ +p)77PsKsr

(34)
z z
-7 — exp 5
(i + ,0) NPslsy (i + ,0) nPalar
dFZ(Z)
The PDF fz(z) = can be derived as
1 z
fr@ = exp [~
(ﬁ + ,0) NPsls (ﬁ + P) nPslsy
(35)
z z
+ —1|exp |—
(12% +P)77Pa£ar (12% + )npazar

4.2.1 CaseB.1

e I"l < Z(Gar, Ggr), we have P = Temym e . We have two conditions to rep-
P

resent the occurrence of this case:

A I
Case B.L.L: Py = Dy, Py = ———,
Grplrp
RN (36)
Grp 1 Z(Gar, Ggr) > Pr:
Pelp
. Io
Case B.1.2: Py = P, P, = ,
Grplrp
A ) (37)
Grp > ——————Z(Gar, Gor) < Pr.
P 7 ZGar a0 T = I
Based on Case B.1.1, the probability Pgllltlp in (19) can be derived as
5 Io &pUo + No)
pbLL — [I—FZ(P )} exp | == {l—ex [—P , 38
outp — r p Przrp p Pagap ( )

where Fz(f’r) can be obtained according to (32) and (34) with fJSZsr # P,y or
ISSZsr = P,l,y, respectively.

Based on Case B.1.2, the probability P'gﬁfp in (19) can be derived as

Io + N, 2 I
o[ Lo (s

Page 12 of 22



Zheng and Zhai J Wireless Com Network ~ (2021) 2021:182

where the integral can be numerically calculated with fz(z) given in (33) and (35) with
f)sksr # P,€, and I:"Sﬂsr = P,lay, respectively.

4.2.2 CaseB.2
IfP, < ﬁ and P, < Z (Gar, Gs), we have P, = P,. We have one condition to represent

the occurrence of this case:

Case B.2: Py = Iss,Pr = IA’r,

Io 5 40
Grp < —,Z(Gar, Gsr) > Pr. (40)
rtrp
Based on Case B.2, the probability Pgﬁtp in (19) can be derived as
A I Pyt
Py =[1—FEzBo|{1—exp [ - | - ——2
Prerp Pazap + gpprerp
(41)

< EpNo) Iy &plo
xexp | — l—exp| —= - )

Paeap Prerp Paeap
where Fz(f’r) can be obtained in (32) and (34) with ﬁsﬂsr # P,0, and f’sﬂsr = Pylar,
respectively.

4.2.3 CaseB.3
If Z(Gar, Gsr) < Grﬁ)@rp and Z(Gyy, Ggr) < P,, we have P, = Z(Gar, Ggr). We have one con-

dition to represent the occurrence of this case:

Case B.B:Ps = 135; Pr = Z(Gar; Gsr),

Io A (42)
G = Z(Gar, G Py.
S Z(Gar Gl ) <
Based on Case B.3, the probability P'gﬁtp in (19) can be derived as
D
r I Pyt N
P(t))l?;tp =/ {l—exp (— 0 ) —— 2 _exp <—$p O)
0 zLrp Palap + Eplipz Pylyp (43)

1 1
S

where the integral can be numerically calculated with fz(z) given in (33) and (35) with
f)sesr # P,ly and f’sﬁsr = Pylar, respectively.

Finally, we can numerically calculate the probability given in (19) by substituting the
probabilities of (25), (26), (28), (30), (38), (39), (41), and (43), respectively.
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5 Outage probability of the secondary system
The average outage probability can be approximated as

ES fs }
s —
p*sp

Pg%l%s +P?)|¥S+Pgats +P3?1ts (44)

Pszf)s}.

Pouts = (1 — Pr{D}) + Pr{D,} Pr {cgg < v

r

+ Pr{Dy} Pr {CléI < Vg

pb1l +Pb12 +Pb2 +Pb3

outs outs outs outs

The first term represents the probability of SR erroneously decoding data from SS in
Phase II. The second and third terms represent the probabilities of SD erroneously

decoding data from SR in Phase III, when the transmit power of SS in Phase II is Gsfxogs

P, respectively. The probabilities of events D, and D}, are given in (13) and (14), respec-

or
P

tively. In order to simplify the analysis, we analyze the occurrence probabilities of events
D, and Dy, separately and omit their dependence with the CR, of which the accuracy will
be verified through simulations. The eight probabilities correspond to the aforemen-
tioned eight cases, ie., Case A.1.1, Case A.1.2, Case A.2, Case A.3, Case B.1.1, Case
B.1.2, Case B.2, and Case B.3.

5.1 Outage probabilities in Case A

Based on Case A.1.1 with conditions (23), we can derive P3LL in (44) as

A 1 N
i bl o)
r+~rp r¥rd

0 IOErd
y / (45)
0 loleq + & WNo + PaGaglad)lrp

sPal
X exp {— <1 + sA ad) Gad] dGad},

rerd

where Fy (f’r) can be calculated according to (21) by replacing y with P,
Based on Case A.1.2 with conditions (24), we can derive P212 in (44) as

outs
P,
r I N,
p = [T (< ) 1o ew (<22
0 Yeip ylrd

° Iot
< / 0trd (46)
o lolrq +&WNo + PaGadZad)er

Pyl
X exp |:_ <1 + Syﬁ dad> Gad:| dGad}fY (J’) dy:

where fy (y)is given in (22).

Based on Case A.2 with conditions (27), we can derive P22, in (44) as



Zheng and Zhai J Wireless Com Network ~ (2021) 2021:182

. I
P2 = [1 _ Fy(Pr)} 1—exp | — =2
Pty

A (47)
Prlyg ( &sNo )
X |1l—x—————exp|—x )
Prliq + EPalag Pl
where Fy (P;) can be calculated according to (21) by replacing y with P,
Based on Case A.3 with conditions (29), we can derive P23 in (44) as
Db
r 14 N
Pg?lts _ / [1 _ JYerd exp (_é}'s 0)}
0 Yd + EsPalad Yerd (48)

Jen( o

where fy (y) is given in (22).

5.2 Outage probabilities in Case B

Based on Case B.1.1 with conditions (36), we can derive PPLL in (44) as

PP Jep (- o ) /oo Iolra
outs Prﬂrp f’:T?q) Iolq + fspazadGrpErp (49)

X exp {— (1 + éslj(:[é)irp) Grp] dGrp} {1 —Fz (i’r)},
r

where Fz(i’r) can be obtained according to (32) or (34) with f)sksr # Py, or
f)sﬁsr = P,lay, respectively.

Based on Case B.1.2 with conditions (37), we can derive PP12 in (44) as

pbi2 :/Pr exp <_ Iy )_/O" Inlrq
o 2l J o Tolrg + EsPaladGrplrp

Nyl
X exp [— <1 + ESIOE dp>Grp} dGyp }fz(z) dz,

where f7(z)is given in (33) and (35) with f)sﬂsr # Paly and ﬁsﬂsr = Pylar, respectively.
Based on Case B.2 with conditions (40), we can derive PP2_in (44) as

. I
P2 = [1 e (Pr)} 1—exp | -2
Prﬂrp

i)rerd ( SSNO )
X |l— ————F——exp|—= ,
Przrd + 'i:spagad Prgrd
where F; (13r) is given in (32) and (34) with Pty # P,l, and ﬁsésr = P,{y, respectively.

Based on Case B.3 with conditions (42), we can derive P23 in (44) as

Page 15 of 22



Zheng and Zhai J Wireless Com Network

(2021) 2021:182

P,
r 10
pb3 =/ [l—ex (— >]
outs o p Zﬁrp
£ N,
X [1 o Fd exp (— s O)}fz(z) dz,
Zgrd + SSPaZad Zgrd

where f7(z) is given in (33) and (35) with Issﬁsr # Paly and DPylyy = Pallar, respectively.
Finally, we can calculate the outage probability (44) by substituting the probabili-
ties of (45), (46), (47), (48), (49), (50), (51), and (52), respectively.

(52)

6 Results and discussion

In the simulations, as shown in Fig. 2, AP and PU are located at the points of (0, 0) and
(dap, 0), respectively. The two lines SS—SR—SD and AP—PU are assumed to be parallel
with a vertical distance dj. SS, SR, and SD are located at the positions of (X5, —dp),
(Xs + ¢dsq, —do), and (X + dsq, —dp), respectively, where ¢ € (0, 1) represents the rela-
tive location of SR on the line between SS and SD, i.e., ds; = {dyq and d;q = (1 — {)d.
The X coordinate of SS that is X5 may be a positive or negative value. Therefore, the dis-
tances between different nodes can be calculated as dy = \/ Xs+¢ af’sd)2 +d?,

dad =\ (Xs + dsd)z + dzr dSP = \/(XS - daP>2 + dz’ and

dip = \/ (Xs + Cdyq — dap)z + d%. Similarly as [20, 21], unless specified otherwise, the
parameters are set asn = 0.8, « = 3, P, = 30 dBm, IA’S = 30 dBm, f’r =20dBm, I =0
dBm, dyp = 4m,dgg =4m,{ =0.5,dy = 8m, X; =0, No = 0.001 W, 0.2, = 02 = Np/2,
v, = 0.5 bits/s/Hz, and v, = 0.1 bits/s/Hz.

We present two benchmark schemes for the comparison, which are TS-EH and
PS-EH based CR. For the TS-EH based CR, each time block is divided into three phases,
wherein the WPT is performed in the first phase with duration 7, and the CR is per-

formed in the following two phases with each phase lasting for I*TT time. For the PS-EH
based CR, each time block is divided into two equal-length phases. In the first phase,
SS transmits the secondary data and AP transmits the primary data simultaneously. SR
splits p fraction of the received composite signal for the EH, and the remaining part is
used for the data decoding. When SR correctly decodes the secondary data, it will for-
ward the data to SD in the second phase. For the TS-EH and PS-EH based schemes, the

Y
(0,0) uy (. 0)
S~ o X
AP N \\\\\\dq(l ds/p - /// PU
d“\\\ \\\\/>i// dl[)/
< P
- / = SD
o e =G e = (L= Odi 2
(XS7 _d()) (Xs + Cdsda _d()) (Xs + dsda _d())
Fig. 2 Relative locations between primary and secondary users
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Fig. 3 Outage probability versus time-switching factor t with power-splitting factor p = 0.5
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Fig. 4 Outage probability versus power-switching factor p with time-switching factorr = 0.5

outage probabilities of primary and secondary systems can be calculated as P, (15)

outp

and P, (44) by letting p = 0 and v = 0, respectively.

6.1 Impacts of TS factor and PS factor
Figure 3 shows the outage performance versus the TS factor. On one hand, with the

increase of T, more energy can be harvested by SR, so SR could forward the secondary
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data with higher power, which is helpful to decrease the outage probability. But, on the
other hand, with the increase of 7, less time is remained for the CR, which means the
channel achievable rate gets smaller, causing higher outage probability. As a tradeoff
of these two facts, the outage probability of the secondary system decreases first and
then turns larger. Since PU can cancel the energy signal for the data decoding, with the
increase of 7, the duration of interference-free transmission gets longer, so the outage
probability of the primary system gets smaller. Theoretical results and simulation results
match well for the primary system, but not very well for the secondary system.

Figure 4 shows the outage performance versus the PS factor. On one hand, with the
increase of p, more energy can be harvested by SR, so SR could forward the secondary
data with higher power, which is beneficial to the outage performance. But, on the other
hand, with the increase of p, less signal power is remained for the dada decoding at SR
in Phase II, which degrades the CR performance. As a tradeoff of these two facts, the
outage probability of the secondary system decreases firsts and then increases. With the
increase of p, the outage performance of the primary system is almost invariant. Theo-
retical results and simulation results match well for the primary system, but not good
for the secondary system. because the approximate outage probability is derived in (44)
by omitting the dependence of Phase-II-SR-decoding with the Phase-I-SR-EH and the
Phase-1II-SR-relaying.

As shown in Figs. 3 and 4, there exist optimal 7 and p that can minimize the outage
probability of the secondary system. In the following simulations, we will jointly deter-
mine the optimal 7 and p by using the numerical search method.

— A~ Secondary system I0=—10 dBm

— 53— Secondary system | 0=0 dBm
—+ Secondary system TS-EH I0=0 dBm
—<&—— Secondary system PS-EH I0=0 dBm

-
oI

——&—— Primary system I0=—10 dBm

Outage probability

— 4« Primary system I0=O dBm
— % Primary system TS-EH I0=O dBm
—s7— Primary system PS-EH |o=0 dBm

ol
] -
ES
>

D —

0.1 0.2 0.3 0.4 0.5 0.6

Transmission rate of secondary data v (bits/s/Hz)

Fig.5 Outage probability versus the secondary data rate v,
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6.2 Outage probability with other parameters

Figure 5 shows the outage performance versus the transmission rate of secondary data.
Given an interference threshold, with the increase of v, it becomes more difficult for SR
to decode the secondary data. However, if SR succeeds in decoding the secondary data
in Phase II and forwards it to SD in Phase III, the higher rate makes the decoding at SD
more difficult. As a result, the outage probability of secondary system gets larger. For the
primary system, given an interference threshold, with the increase of v, the outage prob-
ability changes slightly. When the interference threshold gets larger from — 10 to 0 dBm,
the secondary outage probability gets smaller, as higher power can be allowed for the
CR, while the primary outage probability gets larger, as more interference can be caused
by the CR. For the secondary system, our proposed TS-PS-EH based CR performs better
than the TS-EH and the PS-EH based schemes.

Figure 6 shows the outage performance versus the vertical distance between the two
systems. With the increase of d,, the outage probabilities of both systems decrease
monotonically. This is because, the farther away the two systems departed, the weaker
the mutual interference, which is helpful for the data decoding. For the secondary sys-
tem, our proposed CR scheme achieves smaller outage probability than the TS-EH and
the PS-EH based schemes, as the optimal 7 and p are jointly determined. For the primary
system, the outage probability of our proposed scheme lies in-between the two bench-
mark schemes.

Figure 7 shows the outage performance versus the relative distance between SS, SR,
and SD. With the increase of ¢, SR departs farther away from SS, but closer to SD. On
one hand, the longer distance from SS to SR harms the amount of harvested energy at
SR, which lowers the possible transmit power of SR in Phase III. But, on the other hand,
the weaker primary interference is caused to SR, which is helpful for the data decoding
at SR in Phase II, and further the shorter distance from SR to SD can help improve the

T T T
— A~ Secondary system 1,=0 dBm
—— Secondary system TS-EH ;=0 dBm
—<— Secondary system PS-EH | =0 dBm
——©— Primary system IO=O dBm

— % Primary system TS-EH 1,=0 dBm
—x7— Primary system PS-EH 1,=0 dBm

Outage probability

Zavg=}

Vertical distance between primary and secondary links d0 (m)

Fig. 6 Outage probability versus the vertical distance between primary and secondary links d,
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T T T T T
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—<— Secondary system PS-EH
—&— Primary system

—*— Primary system TS-EH
—v— Primary system PS-EH

Outage probability

i i i i i

0.3 0.4 0.5 0.6 0.7

Relative distance between SS, SR, and SD {
Fig. 7 Outage probability versus the relative distance between SS, SR, and SD ¢

data decoding performance at SD. As a compromise, for our parameter settings, the out-
age probability of secondary system decreases in the given range of ¢. The outage proba-
bility of primary system decreases slightly, as the interference-free primary transmission
is more likely in Phase III due to the more possible failure of SR decoding. Compared
with the benchmark schemes, our proposed scheme achieves smaller outage probability
for the secondary system, while lies in the middle area for the primary system.

7 Conclusion

We have proposed a DF based CR scheme for the underlay spectrum sharing sce-
nario. Through jointly using TS and PS techniques, SR can harvest wireless energy
from both SS and AP in both time and power domains. The transmit power SS is
constrained by the interference threshold at PU and its allowable peak power. Apart
from the above two constraints, the transmit power of SR is further constrained by
the available energy. By considering all the possible transmit powers of SS and SR, we
analyze the approximate outage probabilities for both primary and secondary systems
by omitting the dependence between some variables. Numerical results verify the
effectiveness of our analysis and show that our proposed scheme can achieve much
better outage performance for the secondary system compared with the benchmark
schemes.

If there are multiple PUs, the transmit powers of SS and SR should satisfy the inter-
ference constraints of all the PUs. If there are multiple SRs, the one that can correctly
decode the secondary data from SS and achieves the best communication quality
towards SD can be selected for the data relaying. A coordination protocol is required to
select the best SR based on the amount of harvested energy, the data decoding status,
and the channel state, etc.
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