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ABSTRACT In this article, we investigate the performance of a piece-wise linear model of energy
harvesting-based multiuser overlay spectrum sharing system. Herein, an energy-constrained secondary
node acts as a cooperative relay to assist the information transmission between a primary transmitter and
multiple primary receivers. In return for the cooperation, the secondary node enjoys access to the primary
user’s spectrum for its own information transfer. Specifically, by employing a time-switching based receiver,
the secondary node harvests energy from the received radio-frequency signal of primary transmitter during
a dedicated energy harvesting phase. In the subsequent information transfer phase, the secondary node
splits the harvested power to forward the primary data as well as its own information intended for another
secondary user. We analyze the impact of decoding primary’s information at the secondary receiver on
the performance of secondary network. Importantly, we propose an improved energy harvesting-based
relaying scheme which makes an efficient use of available degrees of freedom and thereby enhances
the performance of both primary and secondary networks significantly. For this analytical framework, we
derive the expressions of outage probability for primary and secondary networks. Numerical and simulation
results are obtained to extract various useful insights and to validate our theoretical developments.

INDEX TERMS Cooperative relaying, non-linear energy harvesting, outage probability, performance
analysis, spectrum sharing, simultaneous wireless information and power transfer (SWIPT).

I. INTRODUCTION

ENERGY efficiency and spectrum efficiency are
two important design objectives for future wireless

networks, i.e., fifth-generation (5G) and beyond [2]. In this

regard, energy harvesting (EH) has emerged as a promis-
ing technology for the design of energy-efficient systems.
The key idea is to efficiently power the network nodes
without having to replace the batteries periodically. This
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will significantly bring down the operational cost for future
ultra-dense networks and Internet-of-Things (IoT). As such,
energy can be harvested from the surrounding environ-
ment using the various traditional sources viz., wind, solar,
thermal, etc. However, EH from these traditional sources
primarily depends on environment and weather conditions
and, therefore, harvesting from them is not suitable for the
continuous energy supply. To this end, the simultaneous
wireless information and power transfer (SWIPT) scheme
has been regarded as an effective approach to scavenge the
energy from the ambient radio-frequency (RF) signals [3].
The SWIPT scheme is based on the fact that energy and
information can be simultaneously carried through RF sig-
nals. In this, the EH node gathers the transmitted energy
(RF radiation) and stores it in a battery by converting it into
the direct current (DC) using appropriate circuitry. However,
it is difficult for a receiver to concurrently process the
information and harvest the energy. For this, two practical
receiver architectures viz., time-switching (TS) and power-
splitting (PS), have been introduced in [4] and [5]. In the
TS-based receiver architecture, time is switched between
information processing (IP) and EH. Whereas, in the PS-
based architecture, a part of the received power is used
for the EH and the remaining one for the IP. Note that,
amongst TS and PS protocols, there is no explicit answer
about which protocol is better. For instance, TS protocol
performs better than the PS protocol in low signal-to-noise-
ratio (SNR) regime while PS protocol outperforms its TS
counterpart in high-SNR region [6]. An antenna switch-
ing based scheme has also been proposed in [7] for the
multiple-antenna systems.
On another front, to accommodate the larger number of

users in the ultra-dense networks and to interconnect various
IoT devices, the efficient use of available scarce spectrum is
crucial. In this context, cognitive radio technology has been
envisioned as a potential candidate to dramatically improve
the spectrum efficiency. This dynamic spectrum access tech-
nique allows the secondary users (SUs) to share the spectrum
with the primary users (PUs). Mainly, three paradigms have
been proposed to facilitate the spectrum sharing amongst
PUs and SUs viz., overlay, underlay, and interweave [8].
More recently, RF-EH and cognitive radio technolo-

gies have been integrated with each other for an energy-
and spectrum-efficient system design. Various research
works have incorporated the EH concept in cognitive radio
networks to cater for the demands of future wireless
networks [9]. For instance, researches in [10]–[18] have
focused on the use of EH techniques in underlay spec-
trum sharing networks. Note that, in underlay cognitive radio
networks, SUs have to limit their transmit power in antic-
ipation for the interference temperature limit stipulated by
the PUs. Consequently, the performance of the secondary
system is significantly affected. On the contrary, in the over-
lay cognitive radio, spectrum sharing can be facilitated by
incentivizing PUs through the cooperation of SUs [19]. In
fact, the authors in [20] have compared the sum throughput

of both overlay and underlay models in RF-EH networks.
In such a study, they have shown that the overlay approach
outperforms the underlay approach. This was primarily due
to the imposition of stringent restrictions over the maxi-
mum transmit powers of the SUs in the underlay model.
Owing to the potential benefits of the overlay model, some
researches [21]–[28] have focused on this paradigm of spec-
trum sharing. For instance, the authors in [21] investigated
the cooperation between primary and secondary networks.
Here, the secondary transmitter was assumed to be an energy-
constrained source that harvests energy from the primary
transmission. In [22], Yin et al. studied the optimized coop-
eration strategy of the SUs to assist the PUs and to decide
the EH time. The authors in [23] considered the selection of
the best secondary transmitter to relay the PU’s data. In [24],
a PU was assumed to be an energy-constrained node which
harvests energy from a SU as well as from an access point
and then transfers the data using the cooperation from a
SU. In a similar way, the authors in [25] considered the EH
scheme at a cooperative SU node using a PU’s signal and
a dedicated hybrid access point. In [26], the authors studied
the joint power allocation and route selection to minimize the
outage probability of the EH-based multihop cognitive radio
networks. The authors in [27] investigated the security and
efficiency of data transmission for overlay cognitive radio
networks. In [28], the authors provided a comprehensive
performance analysis of SWIPT for cooperative spectrum
sharing networks with different relaying schemes.
Common to all the aforementioned works is that they have

considered a linear EH model, i.e., the harvested energy at
the node linearly varies with the received power. However,
since the EH circuit consists of various non-linear elements
viz., capacitors, inductors, and diodes, the conventional linear
model of EH is not practical. In fact, an experimental study
in [29] established the non-linear behavior of the energy har-
vesting circuit which has been also verified in [30]. And it
is popularly known that the non-linear characteristics can be
well approximated using the piece-wise linear model [31].
Further, most of these works considered the conventional
fixed relaying scheme which requires the relay to transmit
all the time and thus it is deemed inefficient from a system
performance perspective. On the contrary, in cooperative
hybrid automatic-repeat-request (ARQ)-based incremental
relaying [32], the relay operation is invoked only when the
direct transmission is declared unsuccessful using a limited
feedback mechanism. Motivated by the preceding discussion,
in this article, we examine the outage performance of a piece-
wise linear EH-based multiuser overlay spectrum sharing
(EHMOSS) system. Relying upon the principle of incre-
mental relaying, we propose an improved relaying scheme
which efficiently exploits the available degrees of freedom
to enhance the performance. Herein, a battery-enabled sec-
ondary node harvests energy from an RF signal of the PU
and then utilizes this energy to relay the PU’s data along
with its own information. The main contributions of this
article can be summarized as follows.
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• We comprehensively investigate the performance of
piece-wise linear EHMOSS system over Rayleigh
fading channels. In the considered analytical frame-
work, we attempt to harness the combined advantages of
multiuser diversity and cooperative diversity to improve
the performance of primary network.

• An improved EH-based relaying scheme is proposed,
based on which expressions for the outage probability
of both primary and secondary networks are derived.
It is observed that the proposed scheme substantially
enhances the overall performance of the considered
EHMOSS system.

• We highlight the importance of cooperative transmission
over direct transmission and subsequently obtain the
spectrum sharing condition. Such condition enables the
seamless co-existence between primary and secondary
networks without compromising the performance of the
primary network.

• The significance of direct link for the performance of
primary network in the EHMOSS system is highlighted.
In addition to the inherent benefit of cooperative diver-
sity, we identify that when the cooperation from the
secondary node ceases to exist beyond a certain rate,
the primary network can rely on the potential direct
links for its information transmission.

• To simplify the obtained analytical results and to verify
their accuracy, the asymptotic analysis for the outage
probability of both primary and secondary networks is
also performed.

The remainder of this article is structured as follows. In
Section II, detailed descriptions of the considered EHMOSS
system are presented along with discussions of the adopted
EH and IP strategies. In Section III, the performance of
EHMOSS system is investigated by deriving the outage
probability for the primary network while, in Section IV,
the outage probability of secondary network is examined.
Section V proposes an improved EH-based relaying scheme
and then analyze its outage performance for both primary and
secondary networks. In Section VI, spectrum sharing con-
dition to enable the cooperative transmission is discussed.
Numerical and simulation results are provided in Section VII
and, finally, conclusions are presented in Section VIII.
Notations: Throughout the article, we use E{·} to denote

expectation and CN (0, σ 2) to denote complex normal distri-
bution with mean zero and variance σ 2. Wu,v(·) represents
the Whittaker function [33, eq. (9.222)] and Ei(·) represents
the exponential integral function [33, eq. (8.211.1)]. fX(·) and
FX(·) denote the probability density function (PDF) and the
cumulative distribution function (CDF) of a random variable
X, respectively, and Pr[ · ] represents probability.

II. SYSTEM MODEL
A. SYSTEM DESCRIPTION
As shown in Fig. 1, we consider an EHMOSS system con-
sisting of primary and secondary networks. The primary
network includes a transmitter Tc and the corresponding

FIGURE 1. System model for EHMOSS.

multiple receivers {Tpn}Nn=1. On the other hand, the secondary
network comprises an energy-constrained transmitter S and
a receiver D. Hereby, the primary transmitter Tc intends to
establish a communication with one out of Tpn receivers.
Though the direct links are assumed to exist between Tc
and Tpn , the primary transmitter may still seek cooperation
from the nearby secondary transmitter S to harness the ben-
efits of diversity. As a reward for the benign cooperation
towards the primary network, the secondary network gets
access to primary’s licensed spectrum. However, being an
energy-constrained node, the secondary transmitter S first
harvests energy from the received RF signal of Tc and
then splits the harvested power to relay the primary data
and to transmit its own data intended for its corresponding
secondary receiver D. Hereby, we employ an amplify-and-
forward1 (AF) based processing at S to relay the primary’s
signal. Further, to harvest energy at the node S, we adopt a
TS-based receiver architecture. In contrast to PS, the receiver
architecture of TS protocol is less complex which motivates
us to adopt this protocol of EH. In our considered TS-based
EH approach, a transmission block duration is split into
two time phases. The first phase is an EH phase wherein
S harvests energy using the received signal from Tc and
then utilizes this energy for broadcasting the combined sig-
nal (primary and secondary data) in the second phase. The
second phase is further subdivided into two IP phases to
realize the overall communication between Tc & Tpn and
S & D. The EH and IP will be discussed in detail in the
next subsections. In the considered analytical framework, we
assume that all the network nodes are half-duplex and single-
antenna devices. We also assume that all the channels follow
the block fading so that they remain constant for a block
duration (EH and IP phases) but changes independently in
the next block transmission. Thermal noise at each receiver
is modeled as additive white Gaussian noise (AWGN) vari-
able with CN (0, σ 2). We denote the channel coefficients for

1. The reason for adopting AF relaying is its simplicity and low-
complexity over its decode-and-forward (DF) counterpart. Note that, in
AF relaying, baseband processing including front end processing, demod-
ulation, and decoding are not required after the analog-to-digital converter,
which makes it less complex than DF relaying [34].
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FIGURE 2. An illustration for TS-based EH.

the links Tc−Tpn , Tc−S, S−Tpn , and S−D as hcpn , hcs, hspn ,
and hsd, respectively. Further, we assume that all the chan-
nels experience Rayleigh flat fading such that the channel
gains |hıj |2 follow exponential distribution, where ı ∈ {c, s},
j ∈ {s, pn, d}, and ı �= j . We also assume that multiple
links over the same hop are independent but not necessarily
identically distributed by considering a cluster-based place-
ment of multiple nodes. The channels hcpn , hcs, hspn , and
hsd have average powers �cpn , �cs, �sp, and �sd, respec-
tively. In general, the CDF and the PDF for an exponentially
distributed random variable W with mean �ıj are given
by FW(w) = 1 − exp(− w

�ıj
) and fW(w) = 1

�ıj
exp(− w

�ıj
),

respectively, where w ≥ 0 [35].

B. EH ARCHITECTURE
In the secondary network, the source S is an energy-
constrained node and is equipped with a rechargeable battery.
As shown in Fig. 2, the node S employs a harvest-then-
transmit strategy. More specifically, we adopt a TS approach
for the EH procedure [5] wherein a transmission block of
duration T is split into two time phases, i.e., αT and (1−α)T .
Here, α represents the fraction of time for which the node
S harvests the energy, with 0 < α < 1. In the first phase,
S harvests energy2 from the RF signal transmitted by Tc
for a duration of αT . In the second phase, the remaining
(1 − α)T is utilized for the IP and signaling which is fur-
ther subdivided into two equal phases. To harvest energy,
two EH models have been studied in the literature, i.e., lin-
ear [5] and non-linear [30], [36]–[37]. As the EH circuit, in
general, comprises various non-linear electronic devices, the
traditional linear model may not comprehend the actual har-
vested energy and, therefore, the non-linear model of EH is
deemed more practical. In fact, as we shall observe later in
Section VII, the linear model may provide very misleading
results for the design of future networks. However, dealing
with the accurate non-linear model is rather complex for ana-
lytical purposes. Consequently, we hereby adopt a simplified
piece-wise linear model [38]–[41] which closely follows the
true behavior of the practical EH circuits. Following this,

2. Hereby, cooperative spectrum sharing starts once the secondary trans-
mitter has harvested its energy (during EH phase) to assist the primary
transmission (in IP phase). Meanwhile, primary transmitter can transmit its
signal continuously and non-cooperatively till the time spectrum sharing
begins.

the transmit power at node S can be expressed as

PH,s =
{

2ηαPE,R
1−α , if Pc|hcs|2 ≤ ζth,

2ηαζth
1−α , if Pc|hcs|2 > ζth,

(1)

where PE,R = Pc|hcs|2, 0 < η ≤ 1 is the energy conversion
efficiency, Pc is the transmit power at the node Tc, and ζth is
the saturation threshold. In (1), the linear term (PH,s ∝ PE,R)
stands for the linear-regime operation of the RF-DC (direct
current) conversion curves of the EH circuit, whereas, the
constant term corresponds to the saturation-regime operation.

C. INFORMATION PROCESSING
After the EH phase, the overall communication in the con-
sidered EHMOSS system takes place in two IP phases. In
the first IP phase, the primary transmitter Tc transmits its
unit energy symbol xc, such that E{|xc|2} = 1, to Tpn and to
the cooperative secondary node S. Consequently, the signals
received at Tpn and S can be expressed, respectively, as

ypn,1 = √
Pchcpnxc + npn,1 (2)

and

ys,1 = √
Pchcsxc + ns,1, (3)

where npn,1 and ns,1 denote AWGN terms at Tpn and S,
respectively. As such, the resulting SNR at Tpn via direct
link in the first phase can be written, using (2), as

�pn,1 = Pc|hcpn |2
σ 2

. (4)

In the second IP phase, the node S superimposes the received
primary signal along with its own information symbol xs to
obtain a combined signal as xc,s = Gys,1 +√(1 − ξ)PH,sxs,

where G =
√

ξPH,s
Pc|hcs|2+σ 2 ≈

√
ξPH,s
Pc|hcs|2 [42], with G be the

amplification gain. This approximation is found to yield
tight results over the entire SNR regime. Note that the sec-
ondary cooperative node S utilizes a fraction of the harvested
power, denoted by ξPH,s, to transmit the primary’s data and
the remaining (1 − ξ)PH,s for its own transmission, where
ξ ∈ [0, 1] is referred to as a spectrum sharing factor since
it facilitates the spectrum sharing between PUs and SUs.
Consequently, after the second IP phase, the received signals
at nodes Tpn and D can be expressed, respectively, as

ypn,2 = hspn
(Gys,1 +√

(1 − ξ)PH,sxs
)+ npn,2 (5)

and

yd,2 = hsd
(
Gys,1 +√

(1 − ξ)PH,sxs
)

+ nd,2, (6)

where npn,2 and nd,2 denote AWGN terms at Tpn and D,
respectively, in the second IP phase. By substituting G along
with ys,1 from (3) in (5), the resulting signal-to-interference-
noise ratio (SINR) at node Tpn , after the second phase, can
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be written as

�pn,2

= ξPH,sPc|hcs|2
∣∣hspn ∣∣2

ξPH,s
∣∣hspn ∣∣2σ 2 + (1 − ξ)PH,sPc|hcs|2

∣∣hspn ∣∣2 + Pc|hcs|2σ 2
.

(7)

Similarly, the SINR at D, after the second phase, can be
expressed as

�d,2 = (1 − ξ)PH,sPc|hcs|2|hsd|2
ξPH,sPc|hcs|2|hsd|2 + ξPH,s|hsd|2σ 2 + Pc|hcs|2σ 2

.

(8)

D. BEST USER SELECTION POLICY
As discussed, the primary transmitter Tc intends to establish
a communication link with one out of Tpn receivers. As
such, the best user amongst multiple N receivers can be
opportunistically selected as

n∗ = arg max
n=1,...,N

(
�pn,1

)
. (9)

Herein, we assume that the user selection process is exe-
cuted using a distributed timer technique [43] based on the
channel state information of the direct links. The applica-
tion for such a multiuser scenario includes heterogeneous
networks to offload the traffic of the macro base station to a
selected small base station. Another application can be found
in the context of multi-hop transmissions, such as coordi-
nated multipoint, wherein the best available base station can
be selected based on the multiuser scheduling to transfer the
data forward in subsequent hops.
In the subsequent sections, we present the performance

analysis for the primary and secondary networks.

III. PERFORMANCE ANALYSIS OF PRIMARY NETWORK
A. OUTAGE PROBABILITY
The primary system is said to be in outage if the instanta-
neous SINR at Tpn falls below a fixed SNR threshold γth. As
such, the outage probability, with the application of selection
combining3 (SC), can be formulated as

PPri
out(γth) = Pr

[
max

(
max
n

(
�pn,1

)
,�pn∗ ,2

)
< γth

]
, (10)

where γth = 2
2rth
1−α − 1 and rth is a target rate. Since the

direct links and relaying links are independent, the outage
expression in (10) can be reformulated as

PPri
out(γth) = Pr

[
max
n

(
�pn,1

)
< γth

]
︸ ︷︷ ︸

P1

Pr
[
�pn∗ ,2 < γth

]
︸ ︷︷ ︸

P2

, (11)

3. Although the maximum ratio combining (MRC) scheme achieves better
performance, SC has been popularly used due to its simplicity and lower
implementation cost. In addition, it is worth remarking that SC offers the
same diversity gain as MRC.

where the probability term P1 can be obtained as

P1 =
N∏
n=1

Pr
[
�pn,1 < γth

]

=
N∏
n=1

(
1 − exp

(
− γth

��cpn

))
, (12)

with � = Pc
σ 2 . By utilizing the concepts of total probability

theorem [44], the other probability term P2 in (11) can be
obtained, using (7), as

P2 = Pr
[
�pn∗ ,2 < γth

] =
N∑
n=1

Pr
[
n∗ = n

]

× Pr

[
ξPH,s�|hcs|2

∣∣hspn ∣∣2
ξPH,s

∣∣hspn ∣∣2+(1−ξ)PH,s�|hcs|2
∣∣hspn ∣∣2+Pc|hcs|2 < γth

]
.

(13)

By substituting PH,s from (1) into (13), we can express P2 as
given in (14), shown at the bottom of the next page. Hereby,
firstly, P21 in (14) is derived in the following lemma.
Lemma 1: The probability P21 in (14) can be expressed as

P21 =

⎧⎪⎪⎨
⎪⎪⎩

1 − exp
( −ζth
Pc�cs

)
, for γth ≥ ξ

1−ξ ,

1 − exp
( −ζth
Pc�cs

)
, for γth <

ξ
1−ξ & ζth

Pc
≤ ξγth

B ,

�(γth), for γth <
ξ

1−ξ & ζth
Pc
>

ξγth
B ,

(15)

where �(γth) is given by

�(γth) =
1∑
=0

(−1) exp

(−ξγth
B�cs

)
+ exp

(−γthξ
B�cs

)

− exp

( −ζth
Pc�cs

)
−

∞∑
k=0

(−1)k

k!

× exp

(−ψ
2

)( A
B�cs�sp

)k+1

× exp

(−γthξ
B�cs

)
ψ− k+2

2 W− k+2
2 ,− k+1

2
(ψ), (16)

with A = γth(1−α)
2ηα , B = (ξ − γth(1 − ξ))�, and ψ =

A/�sp(
Bζth
Pc

− γthξ).
Proof: See Appendix A.
Following the same lines of derivation used for obtaining

P21, we can derive P22 in (14) as

P22 =

⎧⎪⎪⎨
⎪⎪⎩

exp
( −ζth
Pc�cs

)
, for γth ≥ ξ

1−ξ ,
I1 +�(γth), for γth <

ξ
1−ξ & ζth

Pc
<

ξγth
B ,

�(γth), for γth <
ξ

1−ξ & ζth
Pc

≥ ξγth
B ,

(17)

where I1 = exp( −ζth
Pc�cs

)− exp(−ξγth
B�cs ) and �(γth) is given by

�(γth) = exp

(−1

�cs
max

(
ξγth

B ,
ζth

Pc

))
−

∞∑
m=0

(−1)m

m!

(
1

B�cs

)m
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× exp

( −APc
Bζth�sp

− γthξ

B�cs

)(
γthξAPc
B�spζth

)m(
φ

B�cs

)−m
2

× exp

( −φ
2B�cs

)
W−m

2 ,
1−m

2

(
φ

B�cs

)
, (18)

with φ = B max( ξγthB ,
ζth
Pc
). Next, the probability Pr[n∗ = n]

in (14) can be obtained as

Pr
[
n∗ = n

] = Pr

⎡
⎢⎢⎣

N⋂
m=1
m �=n

(
�pn,1 > �pm,1

)
⎤
⎥⎥⎦

=
∫ ∞

0

N∏
m=1
m �=n

Pr
[
�pm,1 < y

]
f�pn,1

(y)dy

a= 1 +
N−1∑
k=1

∑
Ak⊆{1,2,...,m−1,m+1,...,N}

|Ak |=k

(−1)k

×
1

�cpn

1
�cpn

+∑
j∈Ak

1
�cpj

, (19)

where equality a is obtained using the multinomial expan-
sion [17]. For the independent and identically distributed
links, the expression in (19) can be simplified as Pr[n∗ =
n] = 1/N. By substituting (19) in (14) and the resultant
expression along with (12) in (11), we can obtain the outage
probability of primary network as

PPri
out(γth) =

N∏
n=1

(
1 − exp

(
− γth

��cpn

))

×
N∑
n=1

Pr[n∗ = n](P21 + P22), (20)

where P21 and P22 are given in (15) and (17), respectively.
Remark 1: From (15) and (17), it can be observed that,

for the condition γth ≥ ξ
1−ξ , the cooperative transmission via

secondary node ceases to exist, since P21 + P22 becomes
unity. Nevertheless, the primary network still has the avail-
ability of potential direct links to carry out the information
transmission. From this observation, it is worth remarking
that the value of spectrum sharing factor ξ is crucial and

should be appropriately chosen for harnessing the benefits
of cooperative diversity.

B. ASYMPTOTIC ANALYSIS
In this subsection, we present the simplified expression for
the outage probability of primary network at the high SNR,
i.e., � → ∞. For this, we make use of the approximation
exp(−x) �

x→0
1 − x. Based on this approximation, we first

simplify P1 in (12) at asymptotic limit as

Pasy
1 �

�→∞

N∏
n=1

(
γth

��cpn

)
. (21)

Next, P2 can be represented at high SNR, using (14), as

Pasy
2 �

�→∞

N∑
n=1

Pr
[
n∗ = n

](Pasy
21 + Pasy

22

)
, (22)

where the probability Pr[n∗ = n] is same as given in (19).
In (22), Pasy

21 can be given, after using some approximations
in (15), by

Pasy
21 �

�→∞

⎧⎪⎨
⎪⎩

ζth
�σ 2�cs

, for γth ≥ ξ
1−ξ ,

ζth
�σ 2�cs

, for γth <
ξ

1−ξ & ζth
Pc

≤ ξγth
B ,

�asy(γth), for γth <
ξ

1−ξ & ζth
Pc
>

ξγth
B ,

(23)

where �asy(γth) is derived as follows. Hereby, we first
simplify (65) at high SNR to obtain �asy(γth) as

�asy(γth) = ζth

Pc�cs
− 1

B�cs

∫ Bζth
Pc

−γthξ

t=0
exp

(
− A
�spt

)
dt,

(24)

after some manipulations and then by evaluating the resultant
integral using [33, eq. (3.351.4)] in (24), we obtain

�asy(γth) � ζth

�σ 2�cs

− 1

B�cs

⎛
⎝ A
�sp

Ei

(−AU
�sp

)
+

exp
(−AU
�sp

)
U

⎞
⎠,
(25)

P2 =
N∑
n=1

Pr[n∗ = n]

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
Pr

⎡
⎣ ξ�|hcs|2

∣∣hspn ∣∣2
ξ
∣∣hspn ∣∣2 + (1 − ξ)�|hcs|2

∣∣hspn ∣∣2 + 1−α
2ηα

< γth, Pc|hcs|2 ≤ ζth

⎤
⎦

︸ ︷︷ ︸
P21

+ Pr

⎡
⎣ ξ�|hcs|2

∣∣hspn ∣∣2
ξ
∣∣hspn ∣∣2 + (1 − ξ)�|hcs|2

∣∣hspn ∣∣2 + 1−α
2ηαζth

Pc|hcs|2
< γth, Pc|hcs|2 > ζth

⎤
⎦

︸ ︷︷ ︸
P22

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(14)
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where U = 1
ζth
σ2 U−γthξ

and U = ξ − γth(1 − ξ). In a similar

way, Pasy
22 in (22) can be expressed, using (17), as

Pasy
22 �

�→∞

⎧⎪⎨
⎪⎩

1, for γth ≥ ξ
1−ξ ,

Iasy
1 +�asy(γth), for γth <

ξ
1−ξ & ζth

Pc
<

ξγth
B ,

�asy(γth), for γth <
ξ

1−ξ & ζth
Pc

≥ ξγth
B ,

(26)

where Iasy
1 � ξγth

B�cs − ζth
�σ 2�cs

and �asy(γth) is given by

�asy(γth) �
(

1 − exp

( −Aσ 2

�spζthU
))
. (27)

Finally, substituting (23) and (26) in (22), and the resulting
expression along with (21) in to (11), one can obtain the
asymptotic expression of the outage probability for the pri-
mary network. Note that the obtained asymptotic results are
useful for verifying the analytical expressions in the high
SNR regime in addition to the simulation results. Moreover,
the diversity order can also be observed from the numerical
plots by analyzing the slope of the curves at high SNR.

IV. PERFORMANCE ANALYSIS OF SECONDARY
NETWORK
In this section, we assess the performance of the secondary
network in the considered EHMOSS system. In the consid-
ered protocol, when the primary transmitter Tc broadcasts
the information in the first IP phase, it can be overheard
by the secondary receiver D. Using this prior observation
of primary signal, the secondary receiver can cancel out the
interference from Tc to retrieve its own information in the
second IP phase. Hereby, we consider two different cases,
i.e., when the SU node D is either able or unable to suc-
cessfully decode the PU’s signal received in the first IP
phase.

A. WHEN SU IS UNABLE TO DECODE THE PU’S SIGNAL
Firstly, we consider the case when the secondary node D is
unable to decode the PU’s signal in the first IP phase.

1) OUTAGE PROBABILITY

The outage probability of secondary network is obtained in
the following lemma.
Lemma 2: When SU is unable to decode the PU’s signal,

the outage probability can be given by

PSec
out (γth) = S1 + S2, (28)

where S1 is given by

S1 =

⎧⎪⎪⎨
⎪⎪⎩

1 − exp
( −ζth
Pc�cs

)
, for γth ≥ ξ

1−ξ ,

1 − exp
( −ζth
Pc�cs

)
, for γth <

ξ
1−ξ & ζth

Pc
≤ ξγth

C ,

�(γth), for γth <
ξ

1−ξ & ζth
Pc
>

ξγth
C ,

(29)

where �(γth) can be obtained as

�(γth) =
1∑

p=0

(−1)p exp

(−pξγth
C�cs

)
+ exp

(−γthξ
C�cs

)

− exp

( −ζth
Pc�cs

)
−

∞∑
q=0

(−1)q

q!

( A
C�cs�sd

)q+1

× exp

(−γthξ
C�cs

)

× ϕ− q+2
2 exp

(−ϕ
2

)
W− q+2

2 ,− q+1
2
(ϕ), (30)

with ϕ = A/�sd(
Cζth
Pc

− γthξ). Further, S2 can be expressed
as

S2 =

⎧⎪⎪⎨
⎪⎪⎩

exp
( −ζth
Pc�cs

)
, for γth ≥ ξ

1−ξ ,
I2 +�(γth), for γth <

ξ
1−ξ & ζth

Pc
<

ξγth
C ,

�(γth), for γth <
ξ

1−ξ & ζth
Pc

≥ ξγth
C ,

(31)

where I2 = exp( −ζth
Pc�cs

)− exp(−ξγth
C�cs ) and �(γth) is given by

�(γth) = exp

( −χ
C�cs

)
−

∞∑
r=0

(−1)r

r!

(
1

C�cs

)r(
χ

C�cs

)− r
2

× exp

( −APc
Cζth�sd

− γthξ

C�cs

)(
γthξAPc
C�sdζth

)r

× exp

( −χ
2C�cs

)
W− r

2 ,
1−r

2

(
χ

C�cs

)
, (32)

with χ = C max( ξγthC ,
ζth
Pc
).

Proof: See Appendix B.
By carefully observing S1 and S2 from (29) and (31),

respectively, in Lemma 2, one can note that PSec
out (γth)

becomes unity for γth ≥ ξ
1−ξ . This condition resonates with

the one obtained in Section III-A for the primary network
since secondary link cooperates with the transmission of PU.
Thus, the values of spectrum sharing factor ξ should be judi-
ciously chosen to avoid the outage of secondary network and
thereby to facilitate the cooperative transmission.

2) ASYMPTOTIC ANALYSIS

At high SNR, we can express the outage probability of
secondary network, from (68) as

PSec,asy
out (γth) �

�→∞ Sasy
1 + Sasy

2 , (33)

where Sasy
1 can be expressed, using some approximations

in (29), as

Sasy
1 �

�→∞

⎧⎪⎨
⎪⎩

ζth
�σ 2�cs

, for γth ≥ ξ
1−ξ ,

ζth
�σ 2�cs

, for γth <
ξ

1−ξ & ζth
Pc

≤ ξγth
C ,

�asy(γth), for γth <
ξ

1−ξ & ζth
Pc
>

ξγth
C ,

(34)
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where �asy(γth) can be evaluated as

�asy(γth) � ζth

Pc�cs

− 1

C�cs

⎛
⎝ A
�sd

Ei

(−AV
�sd

)
+

exp
(−AV
�sd

)
V

⎞
⎠,
(35)

where V = 1
ζth
σ2 V−γthξ

and V = (1−ξ)−γthξ . Similarly, Sasy
2

in (33) can be given by

Sasy
2 �

�→∞

⎧⎪⎨
⎪⎩

1, for γth ≥ ξ
1−ξ ,

Iasy
2 +�asy(γth), for γth <

ξ
1−ξ & ζth

Pc
<

ξγth
C ,

�asy(γth), for γth <
ξ

1−ξ & ζth
Pc

≥ ξγth
C ,

(36)

where Iasy
2 � ξγth

C�cs − ζth
�σ 2�cs

and �asy(γth) is given by

�asy(γth) �
(

1 − exp

( −Aσ 2

�sdζthV
))
. (37)

Finally, substituting (34) and (36) in (33), one can obtain
the asymptotic expression of the outage probability for the
secondary network.

B. WHEN SU IS ABLE TO DECODE THE PU’S SIGNAL
Next, we consider the case when the SU node D can success-
fully decode the PU’s signal in the first phase. Consequently,
D can eliminate the interference from primary signal in the
second IP phase. With this, the resultant SNR at D, in the
second IP phase, can be expressed as

�d
d,2 = (1 − ξ)PH,s�|hcs|2|hsd|2

ξPH,s|hsd|2 + Pc|hcs|2
. (38)

1) OUTAGE PROBABILITY

The outage probability is obtained in the following lemma.
Lemma 3: When SU is able to decode the PU’s signal,

the outage probability of SU can be given by

PSec
out,d(γth) = D1 + D2. (39)

Hereby, D1 can be obtained as

D1 =
{

1 − exp
( −ζth
Pc�cs

)
, for ζth

Pc
≤ ξγth

(1−ξ)� ,
ϒ(γth), for ζth

Pc
>

ξγth
(1−ξ)� ,

(40)

where ϒ(γth) is given by

ϒ(γth) =
1∑
t=0

(−1)t exp

(−tζth
Pc�cs

)
−

∞∑
u=0

(−1)u

u!

( A
Q�sd

)− u+2
2

×
( A
(1 − ξ)��cs�sd

)u+1

exp

( −γthξ
(1 − ξ)��cs

)

× exp

( −A
2Q�sd

)
W− u+2

2 ,− u+1
2

( A
Q�sd

)
, (41)

with Q = (1−ξ)�ζth
Pc

− γthξ . Similarly, D2 in (39) can be
obtained as

D2 =
{
I3 + Z(γth), for ζth

Pc
<

ξγth
(1−ξ)� ,

Z(γth), for ζth
Pc

≥ ξγth
(1−ξ)� ,

(42)

where I3 = exp( −ζth
Pc�cs

)−exp( −ξγth
(1−ξ)��cs ) and Z(γth) is given

by

Z(γth) = exp

(−�

�cs

)
−

∞∑
v=0

1

v!

( −1

(1 − ξ)��cs

)v(
�

�cs

)− v
2

× exp

( −APc
(1 − ξ)�ζth�sd

− γthξ

(1 − ξ)��cs
− �

2�cs

)

×
(

γthξAPc
(1 − ξ)��sdζth

)v
W− v

2 ,
1−v

2

(
�

�cs

)
, (43)

with � = max( ξγth
(1−ξ)� ,

ζth
Pc
).

Proof: See Appendix C.
Using (40) and (42), it is worth remarking that, unlike

the previous case, the constraint on the spectrum sharing
factor ξ is relaxed when the SU node is able to decode
the PU’s signal. Thus, it can be inferred that when the SU
node has the ability to successfully decode the PU’s signal,
the performance of secondary system can be significantly
improved as we shall observe later in Section VII through
the numerical results.

2) ASYMPTOTIC ANALYSIS

At high SNR, we can express the outage probability,
from (72), as

PSec,asy
out,d (γth) �

�→∞ Dasy
1 + Dasy

2 , (44)

where Dasy
1 can be expressed, using (40), as

Dasy
1 �

�→∞

{
ζth

�σ 2�cs
, for ζth

Pc
≤ ξγth

(1−ξ)� ,
ϒasy(γth), for ζth

Pc
>

ξγth
(1−ξ)� ,

(45)

where ϒasy(γth) can be evaluated as

ϒasy(γth) � ζth

�σ 2�cs

− 1

E�cs

⎛
⎝ A
�sd

Ei

(−AV
�sd

)
+

exp
(−AV
�sd

)
V

⎞
⎠,
(46)

with E = (1 − ξ)�. Similarly, Dasy
2 in (44) can be given,

using (42), by

Dasy
2 �

�→∞

{
Iasy

3 + Zasy(γth), for ζth
Pc
<

ξγth
(1−ξ)� ,

Zasy(γth), for ζth
Pc

≥ ξγth
(1−ξ)� ,

(47)

where Iasy
3 � ξγth

(1−ξ)��cs − ζth
�σ 2�cs

and Zasy(γth) is given by

Zasy(γth) �
�→∞

(
1 − exp

( −Aσ 2

�sdζthV
))
. (48)

On substituting (45) and (47) in (44), we can obtain the
asymptotic outage probability expression.
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FIGURE 3. Time frame for successful primary’s direct transmission.

V. AN IMPROVED ENERGY HARVESTING-BASED
RELAYING SCHEME
In this section, we propose another relaying scheme for
overlay spectrum sharing systems which improves the
performance of both primary and secondary networks com-
pared with the conventional fixed relaying scheme. In this
scheme, the primary network invokes the relaying coopera-
tion only when its direct transmission fails. Specifically, the
first phase is dedicated to EH at the cooperative SU and to
the information transfer of the PU. Only after this phase,
when S has harvested a sufficient amount of energy, it starts
the information processing in the next time slot. In partic-
ular, S harvests energy from the RF signal transmitted by
Tc for a duration of αT and simultaneously Tc also trans-
mits its information to its intended receiver Tpn . Depending
on the success/failure of the direct primary’s transmission
(Tc → Tpn ), the relaying transmission is invoked. Thus, the
mutual information of the direct primary transmission can
be given as

Icpn = α log2
(
1 +�pn,1

)
. (49)

If Tpn is able to successfully decode the information sig-
nal from Tc, i.e., if Icpn > rth, it sends an error-free one-bit
feedback4 to the cooperative node S indicating that the relay-
ing cooperation is not needed. For this case, the remaining
(1 − α)T period is utilized for the information transmission
of S → D, as shown in Fig. 3. As such, the received signal
at Tpn , after the IP phase I, is as given in (2). On the other
hand, the signal received at D, after the IP phase II, can be
written as

yIRd,2 = hsd
√
PIRH,sxs + nd,2, (50)

where PIRH,s is the harvested power at the node S. Based
on (50), the corresponding SNR at D is given by

�IR
d,2 = PIRH,s|hsd|2

σ 2
. (51)

It is important to note here that node S can utilize all the
harvested power for its information transfer which is in con-
trast to the fixed relaying protocol wherein S has to split
the total harvested power for the transmission of primary’s

4. Hereby, it is assumed that the feedback/acknowledge time is negligible
compared to the information processing time [46].

FIGURE 4. Time frame for unsuccessful primary’s direct transmission.

information as well. Hereby, the transmitted power PIRH,s at
S can be expressed as

PIRH,s =
{
ηαPc|hcs|2

1−α , if Pc|hcs|2 ≤ ζth,
ηαζth
1−α , if Pc|hcs|2 > ζth.

(52)

On the other hand, if Tpn is unable to decode the sig-
nal from Tc in the first phase, i.e., if Icpn < rth, it sends
a negative feedback to Tc and S. Consequently, the relay-
ing cooperation is invoked and further information exchange
operation will remain the same as of fixed relaying. For this
case, the remaining (1 − α)T period is subdivided into two
equal IP phases of duration (1−α)T

2 each, as shown in Fig. 4.
In the following sections, we assess the performance of

primary and secondary networks for the proposed improved
relaying protocol.

A. OUTAGE PROBABILITY OF PRIMARY NETWORK
The outage probability of the primary network for the
proposed relaying scheme, with the application of selection
cooperation, can be formulated as

PPri,IR
out (γth)

= Pr
[
max

(
max
n

(
�pn,1

)
,�pn∗ ,2

)
< γth,max

n

(
�pn,1

)
< γ IR

th

]
,

(53)

where the first term in the joint probability corresponds to the
selection combining between the direct path (Tc → Tpn∗ ) and
relayed path (Tc → S → Tpn∗ ) while the other term accounts
for the failure of the direct transmission. As such, (53) can
be further simplified to express

PPri,IR
out (γth)

= Pr
[
max
n

(
�pn,1

)
<γth,�pn∗ ,2<γth,max

n

(
�pn,1

)
<γ IR

th

]
= Pr

[
max
n

(
�pn,1

)
<min

(
γth, γ

IR
th

)
,�pn∗ ,2<γth

]
, (54)

with γ IR
th = 2

rth
α − 1. Owing to the independence between

the two events in (54), we can write

PPri,IR
out (γth) = Pr

[
max
n

(
�pn,1

)
< min

(
γth, γ

IR
th

)]
︸ ︷︷ ︸

P IR
1

× Pr
[
�pn∗ ,2 < γth

]
︸ ︷︷ ︸

P2

, (55)
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where P IR
1 can be readily obtained by replacing γth with

min(γth, γ IR
th ) in (12) and P2 is the same as obtained in (13).

Asymptotic Analysis: Hereby, asymptotic approximation
for the outage probability can be obtained by reducing the
expression in (55) at high SNR. For this, P IR

1 at high SNR,
i.e., P IR,asy

1 , can be readily obtained by replacing γth with
min(γth, γ IR

th ) in (21). Whereas, high SNR approximation
of P2, i.e., Pasy

2 , is same as given in (22). Finally, on
substituting P IR,asy

1 and Pasy
2 in to (55), the asymptotic out-

age probability of the primary network for the improved
EH-based relaying scheme can be derived.

B. OUTAGE PROBABILITY OF SECONDARY NETWORK
The outage probability of secondary network for the
proposed improved relaying scheme in the considered
EHMOSS system can be formulated as

PSec,IR
out (γth) = Pr

[
�d
d,2 < γth,max

n

(
�pn,1

)
< γ IR

th

]
︸ ︷︷ ︸

L1

+ Pr
[
�IR
d,2 < γ̂th,max

n

(
�pn,1

) ≥ γ IR
th

]
︸ ︷︷ ︸

L2

, (56)

where γ̂th = 2
rth

1−α − 1. In (56), the term L1 accounts for the
case when the direct primary transmission is not successful
while the other term L2 captures the event when direct pri-
mary transmission is successful. At first, we re-express L1
to obtain

L1 = Pr
[
�d
d,2 < γth

]
︸ ︷︷ ︸

L11

Pr
[
max
n

(
�pn,1

)
< γ IR

th

]
︸ ︷︷ ︸

L12

. (57)

It is worth noting that L11 is given by (71) while L12 can be
readily obtained by replacing γth with γ IR

th in (12). Next, L2
in (56) can be expressed, due to underlying independence, as

L2 = Pr
[
�IR
d,2 < γ̂th

]
︸ ︷︷ ︸

L21

Pr
[
max
n

(
�pn,1

) ≥ γ IR
th

]
︸ ︷︷ ︸

L22

, (58)

where L21 can be written, using (51), as

L21 = Pr

[
PIRH,s|hsd|2

σ 2
< γ̂th

]
. (59)

On substituting PIRH,s from (52) in (59) and after performing
various manipulations, we obtain L21 as

L21 =
1∑

w=0

(−1)w exp

(−2wγ̂thAσ 2

γth�sdζth
− wζth
Pc�cs

)
−

∞∑
ν=0

(−1)ν

ν!

×
(

2γ̂thAσ 2

γth�sdζth

)− ν+2
2
(

2γ̂thA
γth��cs�sd

)ν+1

× exp

(−γ̂thAσ 2

γthζth�sd

)
× W− u+2

2 ,− u+1
2

(
2γ̂thAσ 2

γthζth�sd

)
.

(60)

The other probability term L22 in (58) can be obtained as

L22 = ∏N
n=1 exp(

−γ IRth
��cpn

). Finally, substituting (57) and (58)
in (56), we can obtain the outage probability for the
secondary network.
Remark 2: The proposed improved relaying scheme has

two main advantages: 1) This scheme makes an efficient
use of available degrees of freedom5 and thereby improves
the performance of primary network significantly. 2) When
primary network does not invoke relaying cooperation,
the secondary node can exploit all the harvested power
for its own information transmission and eventually the
performance of secondary improves substantially.
Asymptotic Analysis: To obtain the asymptotic expression

of outage probability in (56), we need to obtain the high
SNR approximation of L1 and L2. Firstly, L1 at high SNR
can be expressed, using (57), as Lasy

1 �
�→∞ Lasy

11 Lasy
12 . Here,

Lasy
11 is same as given by (44), whereas, Lasy

12 can be obtained
by replacing γth with γ IR

th in (21). Next, we can write L2 at
high SNR, using (58), as Lasy

2 �
�→∞ Lasy

21 Lasy
22 . Hereby, Lasy

21

can be expressed as Lasy
21 �

�→∞ 1 − exp( 2γ̂thAσ 2

γthζth�sd
). On the

other hand, Lasy
22 �

�→∞ 1. Finally, substituting Lasy
1 and Lasy

2

in (56), we can obtain the asymptotic outage probability of
the secondary network for the improved EH-based relaying
scheme.
Remark 3: It is worth noting that, in contrast with fixed

relaying, improved relaying is a more sophisticated scheme
which may exhibit little more complexity due to involve-
ment of the limited feedback mechanism. However, the
performance improvement offered by this scheme overshad-
ows its limitation and, therefore, it may be useful primarily
for the applications where performance of the system is more
important than the cost constraints. Whereas, fixed relaying
is a simpler scheme and may be preferred where cost of the
system is of paramount importance. Therefore, based on the
cost and performance, any one of the relaying strategies can
be employed in accordance to the preference.

VI. CONDITION FOR SPECTRUM SHARING
In this section, we obtain condition on the spectrum sharing
factor ξ which can ensure that the performance of the direct
transmission is worse off than the relaying transmissions with
spectrum sharing. For this, the outage probability of primary
network without spectrum sharing, i.e., direct transmission
over the entire time period T , can be given by

PPri,DL
out

(
γDL
th

) = Pr
[
max
n

(
�pn,1

)
< γDL

th

]

=
N∏
n=1

(
1 − exp

(
− γDL

th

��cpn

))
, (61)

5. Degrees of freedom implies the number of available channels/paths for
the primary user’s information transmission. For instance, for transmission
from Tc to Tpn , there are two different spatial channels, i.e., direct path
and relayed path via secondary node S.
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where γDL
th = 2rth −1. Based on this, the condition on ξ can

be obtained by solving the respective constraints for fixed
and improved relaying as follows

PPri,DL
out

(
γDL
th

) ≥ PPri
out(γth)

and PPri,DL
out

(
γDL
th

) ≥ PPri,IR
out (γth), (62)

where PPri,DL
out (γDL

th ) is given by (61) while PPri
out(γth) and

PPri,IR
out (γth) are obtained using (20) and (55), respectively,

in the manuscript. As such, an analytical solution of (62)
is rather difficult to obtain. However, it can be obtained
numerically using MATLAB or Mathematica. Alternatively,
this condition can also be estimated using crossover points
as shown in Fig. 6.
As such, we would like to emphasize here that, compared

with the direct link transmission, the relaying strategies pro-
vide additional transmission opportunity to the secondary
network and hence facilitate the efficient usage of the spec-
trum. Moreover, such spectrum sharing obligation may also
be imposed by the spectrum regulatory bodies to accom-
modate new users owing to the growing spectrum scarcity.
Further, in conventional spectrum sharing systems, the pri-
mary and secondary networks are referred to as licensed
and unlicensed users, respectively. However, they can be
the users belonging to the same network wherein one has
high priority over the others and hence they transmit over
the same spectrum to improve the efficiency of spectrum
utilization.

VII. NUMERICAL AND SIMULATION RESULTS
In this section, representative numerical results for the
performance of considered EHMOSS system are presented.
Monte Carlo simulations are performed to corroborate the
derived expressions. All the analytical curves are drawn after
truncating the infinite series up to the initial seven terms to
achieve a sufficient level of accuracy. Herein, we set several
system parameters, unless otherwise specified, as �ıj = 1,
T = 1 sec, ζth = 0 dB, rth = 0.01, and σ 2 = 1.

In Fig. 5, we have shown the curves when comparing
the performance of considered relaying schemes with the
direct link. It can be observed that, for ξ = 0.2, the outage
probability of the direct link is better than the fixed relaying.
At this value of the spectrum sharing factor, the direct link
also performs better than the improved relaying but only in
low SNR regime (0 to 5 dB). At SNR values greater than
5 dB, improved relaying clearly outperforms the direct link
transmission. On the other hand, by increasing the value of
the spectrum sharing factor to ξ = 0.5, the performance
of fixed relaying approaches the direct link performance.
Further, when ξ increases to ξ = 0.8, fixed relaying performs
better than the direct link in the high SNR regime. Therefore,
it can be noted that, by appropriately choosing the spectrum
sharing factor, fixed relaying can perform better than direct
link. Whereas, improved relaying significantly outperforms
the direct transmission.

FIGURE 5. Outage probability comparison of primary network with direct link.

FIGURE 6. Outage probability of primary network against the spectrum sharing
factor.

As shown in Fig. 6, we illustrate the impact of ξ on
the performance of different transmission schemes at fix
α = 0.6, η = 0.1, and � = 20 dB. It can be observed
that the direct link performs better than fixed and improved
relaying at lower values of ξ , i.e., ξ <≈ 0.6 and ξ <≈ 0.2,
respectively. Nevertheless, as ξ increases the performance of
the relaying strategies get better than direct link (see curves
corresponding to N = 1). However, as N increases to 2,
direct link always performs better than the fixed relaying. In
contrast, improved relaying performs better than the direct
link after a certain value of ξ . From the crossover points
in the curves, we can obtain the condition on ξ which can
ensure better relaying performance than the direct link. In
particular, for N = 1, we can deduce that when ξ >≈ 0.55
and ξ >≈ 0.16, the performance of direct link is worse off
than the fixed and improved relaying, respectively.
In Fig. 7, we plot the outage probability curves of primary

network against � for varying number of PUs N. For this, we
set α = 0.6, η = 0.1, and ξ = 0.2. Herein, the performance
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FIGURE 7. Outage probability of primary network for various N .

FIGURE 8. Outage probability of primary network for various ξ .

improvement with N can be attributed to the exploitation
of multiuser diversity gain. Further, we have shown that the
proposed improved relaying scheme delivers significantly
better performance as compared with the conventional fixed
relaying scheme as it makes the efficient use of available
degrees of freedom for the information transmission.
In Fig. 8, we analyze the impact of spectrum sharing factor

ξ on the performance of primary network by plotting the
outage probability curves against �. Hereby, we set α = 0.6
and η = 0.2. From the plots, it can be observed that as ξ
increases the performance of primary network improves (see
the curves corresponding to N = 1 for improved relaying and
N = 2 for fixed relaying). This is due to the fact that higher
values of ξ allocate more power for the primary transmission
and hence results in better performance.
In Fig. 9, we plot the outage probability curves of the

secondary network against � and assuming α = 0.5 and
η = 0.8. Herein, we compare the performance of three

FIGURE 9. Outage probability of secondary network for various ξ .

FIGURE 10. Outage probability of secondary network for various η.

different scenarios viz., when SU is unsuccessful in decoding
the PU’s signal, when SU is successful in decoding the PU’s
signal, and for the proposed improved relaying. As shown
in the curves, when SU is able to decode the PU’s signal,
the performance of secondary network gets better since the
SU can remove the interference of primary’s signal. It can
be seen from the various curves that the outage performance
degrades with the increase in ξ , which is in contrast to the
performance of primary network. As such, this is due to
low power allocation towards the secondary transmission at
high ξ . Note that the increase in ξ has nominal effect on
the performance of the improved relaying scheme.
In Fig. 10, we plot the outage probability curves of sec-

ondary network against � for different values of energy
conversion efficiency η and by setting α = 0.5 and ξ = 0.7.
Apparently, the performance of secondary network improves
with an increase in η which is associated with the fact that
higher η implies more harvested power at the cooperative
secondary node and thus better performance.
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FIGURE 11. Performance comparison between linear and piece-wise linear EH
models for primary network.

FIGURE 12. Performance comparison between linear and piece-wise linear EH
models for secondary network.

In Fig. 11 and Fig. 12, we demonstrate a compari-
son between the conventional linear model and considered
piece-wise linear model of EH for primary and secondary
networks, respectively. Here, we obtain the numerical results
for the linear EH model using the simulations. It can be
observed from the curves that the performance gap between
the two models becomes wider with an increase in the �,
showing that the linear model is accurate only in the low
power regions. In addition, it can also be witnessed that as
the saturation threshold ζth increases, the performance of
piece-wise linear model converges towards the performance
of linear model. For instance, see the curves corresponding
to ζth = −5 dB and ζth = 5 dB. Though impractical, the
conventional model of EH gives a better performance. From
this observation, it can be concluded that the conventional
linear model of EH can provide very misleading results for
the deployment of future networks.
In Fig. 13 and Fig. 14, we illustrate the impact of

time-splitting factor α on the performance of primary and

FIGURE 13. Outage probability of primary network against α.

FIGURE 14. Outage probability of secondary network against α.

secondary networks, respectively. It is evident from the
corresponding curves that, when α increases, the outage
performance improves up to a certain point and thereafter
starts to deteriorate. For the primary network, the optimal
α for the improved relaying is higher than the fixed relay-
ing. For the secondary network, the optimal value of α is
relatively higher which is owing to the fact that secondary
transmission starts only after harvesting the energy from the
primary transmitter, with the harvested energy being directly
related with α.

Finally, from Figs. 5-14, note that all the analytical curves
are in perfect agreement with the simulation results. In addi-
tion, the asymptotic curves also follow the analytical curves
at high �. These observations validate the accuracy of all
the derived expressions.

VIII. CONCLUSION
In this article, we have examined the outage performance of
a piece-wise linear EHMOSS system over Rayleigh fading

1832 VOLUME 1, 2020



channels. Specifically, an energy-constrained SU node has
been assumed to cooperate with the PU’s transmission while
simultaneously transmitting its own information. We have
considered a piece-wise linear EH model which relies on
the TS-based receiver architecture. We have shown that the
spectrum sharing factor should be judiciously chosen to
avoid the outage of secondary network. In addition, it has
also been reported that the direct link can be quite use-
ful for significantly enhancing the performance of primary
network. Furthermore, we have proposed an improved relay-
ing scheme which has been shown to substantially enhance
the performance of both primary and secondary networks
as compared to conventional fixed relaying. In particular,
the proposed scheme has made the efficient use of available
degrees of freedom to ameliorate the performance of primary
network. On the other hand, when primary network did not
invoke the cooperation, the secondary node got to utilize all
the harvested power for its own information transmission
which eventually enhanced the performance of secondary
network considerably. We have also concluded that the con-
ventional linear model of EH can provide very misleading
results for the deployment of future networks.

APPENDIX A
PROOF OF LEMMA 1
Using (14), we can write P21 as

P21 = Pr

[
ξ�XY

ξY + (1 − ξ)�XY + 1−α
2ηα

< γth, PcX ≤ ζth

]

= Pr

[
Y <

A
BX − ξγth

, X ≤ ζth

Pc

]
, (63)

where X = |hcs|2,Y = |hspn |2 for notational simplicity.
Further, based on the values of ξ , we can express (63) as

P21 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∫ ζth
Pc
x=0 fX(x)dx, for γth ≥ ξ

1−ξ ,∫ ζth
Pc
x=0 fX(x)dx, for γth <

ξ
1−ξ & ζth

Pc
≤ ξγth

B ,

�(γth), for γth <
ξ

1−ξ & ζth
Pc
>

ξγth
B ,

(64)

where �(γth) can be derived as

�(γth) =
∫ ξγth

B

x=0
fX(x)dx︸ ︷︷ ︸
J1

+
∫ ζth

Pc

x= ξγth
B
FY

( A
Bx− γthξ

)
fX(x)dx︸ ︷︷ ︸

J2

. (65)

Now J1 can be evaluated as J1 = 1−exp(− ξγth
B�cs ). To eval-

uate J2, we perform the appropriate substitutions followed
by some manipulations to obtain

J2 = FX

(
ζth

Pc

)
− FX

(
ξγth

B
)

− 1

B�cs
exp

(
− ξγth

B�cs

)

×
∫ Bζth

Pc
−γthξ

t=0
exp

(
− A
�spt

− t

B�cs

)
dt. (66)

To the best of the authors’ knowledge, the integral form
in (66) is intractable. Therefore, relying on the Maclaurin
series expansion [47] of the term exp(− t

B�cs ) and then solv-
ing the resultant integral with the aid of [33, eq. (3.381.6)],
we can derive the analytical expression of �(γth), after
performing various algebric manipulations, as given in (30).

APPENDIX B
PROOF OF LEMMA 2
The outage probability of secondary network can be formu-
lated, using (8), as

PSec
out (γth) = Pr

[
�d,2 < γth

]
= Pr

[
(1−ξ)�PH,s|hcs|2|hsd|2

ξ�PH,s|hcs|2|hsd|2+ξPH,s|hsd|2+Pc|hcs|2
<γth

]
.

(67)

By invoking PH,s from (1) in (67), we obtain

PSec
out (γth) = Pr

[
(1 − ξ)�XZ

ξZ + ξ�XZ + 1−α
2ηα

< γth, X ≤ ζth

Pc

]
︸ ︷︷ ︸

S1

+ Pr

[
(1 − ξ)�XZ

ξZ + ξ�XZ + 1−α
2ηαζth

PcX
< γth, X >

ζth

Pc

]
︸ ︷︷ ︸

S2

,

(68)

where X = |hcs|2,Z = |hsd|2 for notational simplicity.
Hereby, S1 can be re-expressed as

S1 = Pr

[
Z <

A
CX − ξγth

, X ≤ ζth

Pc

]
, (69)

with C = ((1 − ξ)− γthξ)�. Further, based on the limits of
γth, (69) is obtained as given by (29) where �(γth) can be
evaluated as

�(γth) =
∫ ξγth

C

x=0
fX(x)dx+

∫ ζth
Pc

x= ξγth
C
FZ

( A
Cx− γthξ

)
fX(x)dx.

(70)

After computing the involved integration in (70), one can
obtain �(γth) as given in (30). In a similar way, S2 can also
be derived.

APPENDIX C
PROOF OF LEMMA 3
Using (38), the outage probability can be formulated as

PSec
out,d(γth) = Pr

[
�d
d,2 < γth

]
= Pr

[
(1 − ξ)�PH,s|hcs|2|hsd|2
ξPH,s|hsd|2 + Pc|hcs|2 < γth

]
. (71)

By substituting PH,s from (1) in (71), we obtain

PSec
out,d(γth) = Pr

[
(1 − ξ)�XZ

ξZ + 1−α
2ηα

< γth, X ≤ ζth

Pc

]
︸ ︷︷ ︸

D1
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+ Pr

[
(1 − ξ)�XZ

ξZ + 1−α
2ηαζth

PcX
< γth, X >

ζth

Pc

]
︸ ︷︷ ︸

D2

.

(72)

Following the same lines of derivation as in Appendix B,
one can arrive at D1 and D2 as given in (40) and (42),
respectively.

ACKNOWLEDGMENT
H. Ding is with the Youth Innovation Team of Shaanxi
Universities.

REFERENCES
[1] S. Solanki, P. K. Upadhyay, D. B. da Costa, H. Ding, and

J. M. Moualeu, “ Non-linear energy harvesting based cooperative
spectrum sharing networks,” in Proc. Int. Symp. Wireless Commun.
Syst. (ISWCS), Oulu, Finland, Aug. 2019, pp. 566–570.

[2] Y. Liu, Y. Zhang, R. Yu, and S. Xie, “Integrated energy and spectrum
harvesting for 5G wireless communications,” IEEE Netw., vol. 29,
no. 3, pp. 75–81, May/Jun. 2015.

[3] L. R. Varshney, “Transporting information and energy simultaneously,”
in Proc. IEEE ISIT, Toronto, ON, Canada, Jul. 2008, pp. 1612–1616.

[4] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer: Architecture design and rate-energy tradeoff,” IEEE Trans.
Commun., vol. 61, no. 11, pp. 4754–4767, Nov. 2013.

[5] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Wireless-
powered relays in cooperative communications: Time-switching relay-
ing protocols and throughput analysis,” IEEE Trans. Commun.,
vol. 63, no. 5, pp. 1607–1622, May 2015.

[6] Y. Gu and S. Aïssa, “RF-based energy harvesting in decode-and-
forward relaying systems: Ergodic and outage capacities,” IEEE Trans.
Wireless Commun., vol. 14, no. 11, pp. 6425–6434, Nov. 2015.

[7] F. Benkhelifa, K. Tourki, and M.-S. Alouini, “Proactive spectrum
sharing for SWIPT in MIMO cognitive radio systems using antenna
switching technique,” IEEE Trans. Green Commun. Netw., vol. 1,
no. 2, pp. 204–222, Jun. 2017.

[8] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking
spectrum gridlock with cognitive radios: An information theoretic
perspective,” Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009.

[9] S. Leng and A. Yener, “Age of information minimization for an energy
harvesting cognitive radio,” IEEE Trans. Cogn. Commun. Netw., vol. 5,
no. 2, pp. 427–439, Jun. 2019.

[10] S. A. Mousavifar, Y. Liu, C. Leung, M. Elkashlan, and T. Q. Duong, “
Wireless energy harvesting and spectrum sharing in cognitive radio,”
in Proc. IEEE Veh. Technol. Conf. (VTC), Vancouver, BC, Canada,
Sep. 2014, pp. 1–5.

[11] L. Sibomana, H.-J. Zepernick, and H. Tran, “Wireless information and
power transfer in an underlay cognitive radio network,” in Proc. Int.
Conf. Signal Process. Commun. Syst. (ICSPCS), Gold Coast, QLD,
Australia, Dec. 2014, pp. 1–7.

[12] Y. Liu, S. A. Mousavifar, Y. Deng, C. Leung, and M. Elkashlan,
“Wireless energy harvesting in a cognitive relay network,” IEEE Trans.
Wireless Commun., vol. 15, no. 4, pp. 2498–2508, Apr. 2016.

[13] S. S. Kalamkar and A. Banerjee, “Interference-aided energy harvest-
ing: Cognitive relaying with multiple primary transceivers,” IEEE
Trans. Cogn. Commun. Netw., vol. 3, no. 3, pp. 313–327, Sep. 2017.

[14] K. Janghel and S. Prakriya, “Throughput of underlay cognitive energy
harvesting relay networks with an improved time-switching proto-
col,” IEEE Trans. Cogn. Commun. Netw., vol. 4, no. 1, pp. 66–81,
Mar. 2018.

[15] Z. Yan, S. Chen, X. Zhang, and H.-L. Liu, “Outage performance
analysis of wireless energy harvesting relay-assisted random under-
lay cognitive networks,” IEEE Internet Things J., vol. 5, no. 4,
pp. 2691–2699, Aug. 2018.

[16] Z. Ali, G. A. S. Sidhu, M. Waqas, L. Xing, and F. Gao, “A
joint optimization framework for energy harvesting based coopera-
tive CR networks,” IEEE Trans. Cogn. Commun. Netw., vol. 5, no. 2,
pp. 452–462, Jun. 2019.

[17] X. Ding, Y. Zou, G. Zhang, X. Chen, X. Wang, and L. Hanzo, “The
security-reliability tradeoff of multiuser scheduling aided energy har-
vesting cognitive radio networks,” IEEE Trans. Commun., vol. 67,
no. 6, pp. 3890–3904, Jun. 2019.

[18] J. Ye, Z. Liu, H. Zhao, G. Pan, Q. Ni, and M.-S. Alouini, “Relay
selections for cooperative underlay CR systems with energy harvest-
ing,” IEEE Trans. Cogn. Commun. Netw., vol. 5, no. 2, pp. 358–369,
Jun. 2019.

[19] Y. Han, A. Pandharipande, and S. H. Ting, “Cooperative decode-
and-forward relaying for secondary spectrum access,” IEEE Trans.
Wireless Commun., vol. 8, no. 10, pp. 4945–4950, Oct. 2009.

[20] S. Lee and R. Zhang, “Cognitive wireless powered network: Spectrum
sharing models and throughput maximization,” IEEE Trans. Cogn.
Commun. Netw., vol. 1, no. 3, pp. 335–346, Sep. 2015.

[21] G. Zheng, Z. Ho, E. A. Jorswieck, and B. Ottersten, “Information and
energy cooperation in cognitive radio networks,” IEEE Trans. Signal
Process., vol. 62, no. 9, pp. 2290–2303, May 2014.

[22] S. Yin, E. Zhang, Z. Qu, L. Yin, and S. Li, “Optimal cooperation
strategy in cognitive radio systems with energy harvesting,” IEEE
Trans. Wireless Commun., vol. 13, no. 9, pp. 4693–4707, Sep. 2014.

[23] P. M. Quang, T. T. Duy, and V. N. Q. Bao, “Energy harvesting-based
spectrum access model in overlay cognitive radio,” in Proc. Int. Conf.
Adv. Technol. Commun., Ho Chi Minh City, Vietnam, Oct. 2015, pp.
231–236.

[24] C. Zhai, J. Liu, and L. Zheng, “Cooperative spectrum sharing with
wireless energy harvesting in cognitive radio networks,” IEEE Trans.
Veh. Technol., vol. 65, no. 7, pp. 5303–5316, Jul. 2016.

[25] S. Kalamkar, J. P. Jeyaraj, A. Banerjee, and K. Rajawat, “Resource
allocation and fairness in wireless powered cooperative cognitive radio
networks,” IEEE Trans. Commun., vol. 64, no. 8, pp. 3246–3261,
Aug. 2016.

[26] A. Banerjee, A. Paul, and S. P. Maity, “Joint power allocation and
route selection for outage minimization in multihop cognitive radio
networks with energy harvesting,” IEEE Trans. Cogn. Commun. Netw.,
vol. 4, no. 1, pp. 82–92, Mar. 2018.

[27] M. Li, H. Yin, Y. Huang, Y. Wang, and R. Yu, “Physical layer security
in overlay cognitive radio networks with energy harvesting,” IEEE
Trans. Veh. Technol., vol. 67, no. 11, pp. 11274–11279, Nov. 2018.

[28] J. Zhang, Y. Lu, and Y. Huang, “Simultaneous wireless information
and power transfer for dynamic cooperative spectrum sharing
networks,” IEEE Access, vol. 7, pp. 823–834, Jan. 2019.

[29] T. Le, K. Mayaram, and T. Fiez, “Efficient far-field radio frequency
energy harvesting for passively powered sensor networks,” IEEE J.
Solid-State Circuits, vol. 43, no. 5, pp. 1287–1302, May 2008.

[30] E. Boshkovska, D. W. K. Ng, N. Zlatanov, and R. Schober, “Practical
non-linear energy harvesting model and resource allocation for SWIPT
systems,” IEEE Commun. Lett., vol. 19, no. 12, pp. 2082–2085,
Dec. 2015.

[31] W. P. M. H. Heemels, M. K. Camlibel, and J. M. Schumacher, “On the
dynamic analysis of piecewise-linear networks,” IEEE Trans. Circuits
Syst. I, Fundam. Theory Appl., vol. 49, no. 3, pp. 315–327, Mar. 2002.

[32] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diver-
sity in wireless networks: Efficient protocols and outage behavior,”
IEEE Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.

[33] I. S. Gradshteyn and I. M. Ryzhik, Tables of Integrals, Series and
Products, 7th ed., New York, NY, USA: Academic, 2007.

[34] C. S. Patel and G. L. Stüber, “Channel estimation for amplify and for-
ward relay based cooperation diversity systems,” IEEE Trans. Wireless
Commun., vol. 6, no. 6, pp. 2348–2356, Jun. 2007.

[35] S. Solanki, P. K. Upadhyay, D. B. da Costa, P. S. Bithas, A. G. Kanatas,
and U. S. Dias, “Joint impact of RF hardware impairments and channel
estimation errors in spectrum sharing multiple-relay networks,” IEEE
Trans. Commun., vol. 66, no. 9, pp. 3809–3824, Sep. 2018.

[36] B. Clerckx, E. Bayguzina, D. Yates, and P. D. Mitcheson, “Waveform
optimization for wireless power transfer with nonlinear energy har-
vester modeling,” in Proc. Int. Symp. Wireless Commun. Syst. (ISWCS),
Brussels, Belgium, Aug. 2015, pp. 276–280.

[37] L. Shi, L. Zhao, and K. Liang, “Power allocation for wireless powered
MIMO transmissions with non-linear RF energy conversion models,”
China Commun., vol. 14, no. 2, pp. 57–64, Feb. 2017.

[38] Y. Dong, M. J. Hossain, and J. Cheng, “Performance of wireless pow-
ered amplify and forward relaying over Nakagami-m fading channels
with nonlinear energy harvester,” IEEE Commun. Lett., vol. 20, no. 4,
pp. 672–675, Apr. 2016.

[39] J. Zhang and G. Pan, “Outage analysis of wireless-powered relaying
MIMO systems with non-linear energy harvesters and imperfect CSI,”
IEEE Access, vol. 4, pp. 7046–7053, Oct. 2016.

[40] Y. Huang, T. Q. Duong, J. Wang, and P. Zhang, “Performance
of multi-antenna wireless-powered communications with nonlinear
energy harvester,” in Proc. IEEE Veh. Technol. Conf. (VTC), Toronto,
ON, Canada, Sep. 2017, pp. 1–6.

1834 VOLUME 1, 2020



[41] S. Pejoski, Z. H.-Velkov, and R. Schober, “Optimal power and time
allocation for WPCNs with piece-wise linear EH model,” IEEE
Wireless Commun. Lett., vol. 7, no. 3, pp. 364–367, Jun. 2018.

[42] X. Lei, L. Fan, D. S. Michalopoulos, P. Fan, and R. Q. Hu, “Outage
probability of TDBC protocol in multiuser two-way relay systems
with Nakagami- m fading,” IEEE Commun. Lett., vol. 17, no. 3,
pp. 487–490, Mar. 2013.

[43] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple coop-
erative diversity method based on network path selection,” IEEE J.
Sel. Areas Commun., vol. 24, no. 3, pp. 659–672, Mar. 2006.

[44] A. Papoulis and S. U. Pillai, Probability, Random Variables, and
Stochastic Processes, Boston, MA, USA: Tata McGraw-Hill Educ.,
2002.

[45] H. Ding, J. Ge, D. B. da Costa, and Z. Jiang, “A new efficient low-
complexity scheme for multi-source multi-relay cooperative networks,”
IEEE Trans. Veh. Technol., vol. 60, no. 2, pp. 716–722, Feb. 2011.

[46] S. Solanki, P. K. Sharma, and P. K. Upadhyay, “Adaptive link uti-
lization in two-way spectrum sharing relay systems under average
interference-constraints,” IEEE Syst. J., vol. 12, no. 4, pp. 3461–3472,
Dec. 2018.

[47] N. T. Do, D. B. da Costa, T. Q. Duong, V. N. Q. Bao, and B. An,
“Exploiting direct links in multiuser multirelay SWIPT coopera-
tive networks with opportunistic scheduling,” IEEE Trans. Wireless
Commun., vol. 16, no. 8, pp. 5410–5427, Aug. 2017.

SOURABH SOLANKI (Member, IEEE) received
the M.Tech. degree in communication and signal
processing and the Ph.D. degree in electrical engi-
neering from the Indian Institute of Technology
Indore, India, in 2015 and 2019, respectively. He
is currently working as a Research Professor with
Korea University, Seoul, South Korea. He received
the Brain Korea 21 Postdoctoral Fellowship by the
National Research Foundation, Govt. of Korea. His
main research interests are in cognitive radio, tera-
hertz communications, mmWave networks, energy

harvesting, and satellite communications. He was a co-recipient of the Best
Paper Award at the International Conference on ICT Convergence, Jeju
Island, South Korea, in October 2020. He has been serving as a techni-
cal program committee member of various conferences and has also been
involved in peer review process of major IEEE journals and conferences.
He is a member of IEEE Communication Society.

PRABHAT K. UPADHYAY (Senior Member, IEEE)
received the Ph.D. degree in electrical engineer-
ing from the Indian Institute of Technology (IIT)
Delhi, New Delhi, India, in 2011. He was a
Lecturer with the Department of Electronics and
Communication Engineering, Birla Institute of
Technology Mesra, Ranchi. He joined IIT Indore
as an Assistant Professor in electrical engineer-
ing, in 2012, where he has been an Associate
Professor, since 2017. He has also led various
research projects in the Wireless Communications

Research Group, IIT Indore. He has numerous publications in peer-reviewed
journals and conferences and has authored a book and three book chapters.
His main research interests include wireless relaying techniques, cooper-
ative communications, MIMO signal processing, hybrid satellite-terrestrial
systems, cognitive radio, and molecular communications. He has been
awarded the Sir Visvesvaraya Young Faculty Research Fellowship under the
Ministry of Electronics and Information Technology, Government of India,
and the IETE-Prof SVC Aiya Memorial Award 2018. He was a co-recipient
of the Best Paper Award at the International Conference on Advanced
Communication Technologies and Networking, Marrakech, Morocco, in
2018. He has served as a Guest Editor of the Special Issue on Energy-
Harvesting Cognitive Radio Networks in the IEEE TRANSACTIONS ON

COGNITIVE COMMUNICATIONS AND NETWORKING and currently serving
as an Editor of the IEEE COMMUNICATIONS LETTERS and IEEE ACCESS.
He has been involved in technical program committee of several premier
conferences. He is a member of the IEEE Communications Society and the
IEEE Vehicular Technology Society, and a Life Member of the Institution
of Electronics and Telecommunication Engineers.

DANIEL BENEVIDES DA COSTA (Senior Member,
IEEE) was born in Fortaleza, Ceará, Brazil,
in 1981. He received the B.Sc. degree in
Telecommunications from the Military Institute
of Engineering (IME), Rio de Janeiro, Brazil, in
2003, and the M.Sc. and Ph.D. degrees in electri-
cal engineering, Area: Telecommunications, from
the University of Campinas, Campinas, Brazil, in
2006 and 2008, respectively. His Ph.D. thesis was
awarded the Best Ph.D. thesis in electrical engi-
neering by the Brazilian Ministry of Education

(CAPES) at the 2009 CAPES Thesis Contest. From 2008 to 2009, he was
a Postdoctoral Research Fellow with INRS-EMT, University of Quebec,
Montreal, QC, Canada. In 2019, he was awarded with the prestigious grant
of Nokia Visiting Professor. Since 2010, he has been with the Federal
University of Ceará, where he is currently an Associate Professor.

He is currently Executive Editor of the IEEE COMMUNICATIONS

LETTERS, Area Editor of IEEE OPEN JOURNAL OF THE COMMUNICATION

SOCIETY–Area: Green, Cognitive, and Intelligent Communications and
Networks, and Specialty Chief Editor of the Frontiers in Communications
and Networks–Wireless Communications Section. He is also Editor of the
IEEE TRANSACTIONS ON COMMUNICATIONS, IEEE TRANSACTIONS ON

VEHICULAR TECHNOLOGY, and IEEE TRANSACTIONS ON COGNITIVE

COMMUNICATIONS AND NETWORKING. From January 2012 to May 2020,
he served as Associate Technical Editor of the IEEE Communications
Magazine. From 2012 to 2017 and from March 2019 to August 2019, he was
an Editor and a Senior Editor, respectively, of the IEEE COMMUNICATIONS

LETTERS. In the past, he also served in the editorial board of IEEE
COMMUNICATIONS SURVEYS AND TUTORIALS and IEEE ACCESS. He has
served as Lead Guest Editor and Guest Editor of several Journal Special
Issues. He has been involved on the Organizing Committee of several con-
ferences. He is currently the Latin American Chapters Coordinator of the
IEEE Vehicular Technology Society. Also, he acts as a Scientific Consultant
of the National Council of Scientific and Technological Development
(CNPq), Brazil, and he is a Productivity Research Fellow of CNPq. From
2012 to 2017, he was Member of the Advisory Board of the Ceará
Council of Scientific and Technological Development (FUNCAP), Area:
Telecommunications. Currently, he is Vice-Chair of Americas of the IEEE
Technical Committee of Cognitive Networks (TCCN), Director of the
TCCN Newsletter, and the Chair of the Special Interest Group (SIG) on
“Energy-Harvesting Cognitive Radio Networks” in IEEE TRANSACTIONS

ON COGNITIVE COMMUNICATIONS AND NETWORKING. He is also Vice-
Chair of the SIG on “REconFigurabLE Intelligent Surfaces for Signal
Processing and CommunicatIONS” (REFLECTIONS) in Signal Processing
and Computing for Communications Technical Committee (SPCC).

Prof. da Costa is the recipient of four conference paper awards. He
received the Exemplary Reviewer Certificate of the IEEE WIRELESS

COMMUNICATIONS LETTERS in 2013 and 2019, the Exemplary Reviewer
Certificate of the IEEE COMMUNICATIONS LETTERS in 2016, 2017,
and 2019, the Certificate of Appreciation of Top Associate Editor
for outstanding contributions to IEEE TRANSACTIONS ON VEHICULAR

TECHNOLOGY in 2013, 2015 and 2016, the Exemplary Editor Award of
IEEE COMMUNICATIONS LETTERS in 2016, and the Outstanding Editor
Award of IEEE ACCESS in 2017, and the Certificate of Appreciation for
notable services and contributions to IEEE ACCESS in 2018 and 2019. He
is a Distinguished Lecturer of the IEEE Vehicular Technology Society. He
is a Member of IEEE Communications Society, IEEE Vehicular Technology
Society, and Brazilian Telecommunications Society.

VOLUME 1, 2020 1835



SOLANKI et al.: PERFORMANCE ANALYSIS OF PIECE-WISE LINEAR MODEL

HAIYANG DING (Member, IEEE) received the
B.Sc. degree in communications engineering from
Xi’an Communications Institute, Xi’an, China,
in 2003, the M.Sc. degree (Hons.) in electri-
cal engineering from the Beijing University of
Technology, Beijing, China, in 2006, and the
Ph.D. degree (Hons.) in telecommunications engi-
neering from Xidian University, Xi’an, in 2013.
From 2016 to 2017, he was a Visiting Scholar
with the Department of Electronics and Electrical
Engineering, Columbia University, New York.

Since August 2017, he has been with the School of Information and
Communications, National University of Defense Technology, where he
is currently an Associate Professor. His research interests include energy
harvesting, cooperative communications, and cognitive radio systems. He
was a recipient of the Research in Motion Wireless Research Scholarship
from Xidian University in 2012, the IEEE Communications Letters
Exemplary Reviewer Certificate in 2013, the IEEE TRANSACTIONS ON

COMMUNICATIONS Exemplary Reviewer Certificate in 2014, and the
Excellent Ph.D. Dissertation Certificate of Shaanxi Province in 2015.
He currently serves as an Editor for the IEEE OPEN JOURNAL OF THE

COMMUNICATIONS SOCIETY.

JULES M. MOUALEU (Senior Member, IEEE)
received the M.Sc.Eng. and Ph.D. degrees in
electronic engineering from the University of
KwaZulu-Natal, Durban, South Africa, in 2008
and 2013, respectively. He was a Visiting Scholar
with Concordia University, Montreal, Canada,
under the Canadian Commonwealth Scholarship
Program offered by the Foreign Affairs and
International Trade Canada. In 2015, he joined
the Department of Electrical and Information
Engineering, University of the Witwatersrand at

Johannesburg, South Africa, and is also an Affiliate Assistant Professor
with Concordia University. He is currently an NRF Y-Rated Researcher.
His current research interests include cooperative and relay commu-
nications, cognitive radio networks, energy harvesting, multiple-input
multiple-output systems, nonorthogonal multiple access schemes, and
physical-layer security. He received the Exemplary Reviewer Certificate of
IEEE COMMUNICATIONS LETTERS in 2018 and 2019. He currently serves
as an Associate Editor for IEEE ACCESS and Frontiers in Communications
and Networks.

1836 VOLUME 1, 2020



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


