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ABSTRACT Performance of wireless powered wireless systems is analyzed. The wireless devices in
such systems scavenge energy from sources in downlinks and use the energy to communicate in uplinks.
We introduce two new models for these energy harvesters to consider their nonlinear circuitry and their
functioning over multiple line-of-sight and non-line-of-sight channels. The newly proposed Beaulieu-Xie
fading model is used to characterize this manifold of channels. Performance analyses of average harvested
energy and transmission outage probability show good fit between the proposed models and measured data.

INDEX TERMS Energy harvesting, communication systems, communication networks, radio frequency,
performance analysis, channel modeling.

I. INTRODUCTION

ENERGY harvesting (EH) has received increasing atten-
tion because of the seamless and sustainable power

that it can provide from energy sources like communication
signals, solar and wind power, vibration, etc. The impor-
tance of EH can been seen in a growing number of studies
across the applied sciences and engineering–on topics includ-
ing piezoelectric aeroelastic EH systems [1], vibration EH
systems [2], robotic/autonomous EH systems [3], and others
many other systems.
In wireless communications, EH technology exploits the

power of incident signals to realize wireless powered com-
munication (WPC) [4]. These WPC systems have been
studied in terms of their limited sensitivity and nonlinearity
of far field radio frequency (RF) EH [5] and the detailed
study of energy efficient resource allocation in wireless EH
sensor network [6]. To this end, protocols have been intro-
duced to support EH over a fraction of a timeslot and
information transmission in the remainder of the timeslot [7].
The importance of EH has become critical for emerging
Internet-of-Things (IoT) technology, which demands power

for nodes in bodies, buildings, etc. [8], [9]. Here, EH is an
attractive solution to avoid reliance on batteries.
A key challenge to the implementation of effective EH has

been the characterization of its circuitry. The circuitry is typ-
ically assumed to be linear [7], [8], [9], [10], [11], [12], [13],
but the constituent rectifiers and diodes, and recent exper-
iments [14], [15], suggest that this is a poor assumption.
In fact, significant performance degradation was recorded
for resource allocation schemes based on linear EH models
in comparison to nonlinear EH models [16]. Such deficien-
cies have motivated studies of nonlinear EH models like the
piece-wise linear function [17], polynomial model [18], and
sigmoid function [19], [20].
A second challenge has emerged through the development

of high-efficiency antennas and rectifiers for millimeter-wave
(mmWave) and terahertz (THz) systems [21]. These wireless
communication systems have received great interest because
of their ability to increase capacity beyond those in the
traditional RF spectrum [22]. Such systems use emerging
wireless technologies in the form of massive multiple-input
multiple-output and/or small cell networks, which reduce
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the propagation loss by lessening the communication dis-
tance [23]. However, their high carrier frequencies demand
greater energy usage and a reliance on wireless communi-
cation over multiple line-of-sight (LOS) components plus
non-line-of-sight (NLOS) components, due to their short
ranges. Thus, their communication channels must be char-
acterized by a fading model that can incorporate multiple
LOS/specular and NLOS components.
Several fading models have been proposed to character-

ize LOS and NLOS components in wireless communication
systems. The Nakagami-m fading model was introduced to
characterize the channels in communication hops of EH
systems [17], [24]. However, empirical results showed that
the Nakagami-m fading model cannot adequately describe
an environment with one or more LOS components [25].
The BX fading model overcomes this deficiency because it
is derived from the noncentral chi distribution via normal-
ization like the Nakagami-m fading model. This construction
lets the BX fading model characterize multiple LOS compo-
nents. The BX fading model also offers improved flexibility
through its three fitting parameters. In fact, the BX fading
model can be adapted to manifest as the existing Rayleigh,
Ricean, and Nakagami-m fading models for appropriate
parameter values.
Given the importance of nonlinearity in energy harvesters

as well as the LOS/specular and NLOS components in the
wireless channels, the work put forward here analyzes WPC
systems operating over BX fading channels with nonlinear
energy harvesters. Such work builds upon several foun-
dational studies. These include analyses of throughput for
delay-limited and delay-tolerant transmission [12], average
error rate and outage probability (OP) for WPC systems with
Nakagami-m fading channels [26], energy storage effects on
OP [27], OP and average throughput of information transfer
with Nakagami-m fading channels [28], EH-assisted over-
lay cognitive non-orthogonal multiple access systems with
Nakagami-m fading channels model [29], and OP of RF
EH cooperative communication systems over Nakagami-m
fading channels [30].
In this work, we consider a WPC system where the

energy harvested by the wireless device is used to trans-
mit data to the receiver. We introduce two energy harvesters
with consideration to the nonlinearity exhibited by the
EH circuitry. The main contributions of this work are as
follows:

• Two new nonlinear EH models are introduced and
are shown to give a good fit to the measured data
from [31]. The fitting is done via a best-fit search, with
the goodness-of-fit quantified using root-mean square
error (RMSE).

• The BX fading model is applied to characterize the
fading environment with multiple LOS/specular and
NLOS components. To the authors’ best knowledge,
this work is the first to employ the BX fading model in
performance analyses of WPC networks’ and the model
is found to be very effective.

• Performance analyses are presented for the expectation
of the harvested energy and the transmission OP while
using the two newly proposed nonlinear EH models.

The paper is organized as follows. Section II presents
the system model for this work. Section III shows the
performance analysis of the multi-segment piecewise linear
(MSPwL) EH model. Section IV presents the performance
analysis of the arctangent (ArT) EH model. We present
and discuss the numerical results in Section V and give
concluding remarks in Section VI.

II. SYSTEM MODEL
A. VALIDITY OF THE BX MODEL FOR ENERGY
HARVESTING
We consider a system for which the transfer of power
occurs at a close range due to high propagation loss. These
close-range systems typically function with a multitude of
LOS/specular components, which cannot be effectively char-
acterized by the existing Rayleigh, Ricean, and Nakagami-m
fading models. The Rayleigh and Ricean fading models have
limited flexibility in describing varying levels of fading [32].
The Nakagami-m fading model, on the other hand, can char-
acterize a broad range of fading. However, measurements
show that it can only accurately describe a fading environ-
ment with NLOS components. The BX fading model [25]
was introduced to address the shortcomings of the above
models. The BX fading model does so by enabling charac-
terizations of environments with multitudes of LOS/specular
and NLOS components. Moreover, the BX fading model
is a generalized model that can manifest as the above
Rayleigh, Ricean, and Nakagami-m fading models through
the appropriate parameter selections.
For the BX fading model in this work, scalars and vectors

are shown in lowercase letters, with the vectors in bold. The
operators ‖·‖ and E[·] denote the �2-norm and expectation of
the argument, respectively. The superscript of H on a vector
denotes the conjugate-transpose.

B. SYSTEM MODEL
We consider a point-to-point WPC system where a
single-antenna wireless device (R) scavenges energy from
an NS-antenna energy source (S) and communicates with an
ND-antenna data fusion receiver (D) as shown in Fig. 1.

The distances between the S and R, d1, and between
R and D, d2, are in meters. After obtaining the channel state
information, hSR, between the energy source, S, and the wire-
less device, R, with hSR ∈ C

NS , where C
NS is the set of all

column vectors of size NS with complex value, the energy
source performs maximal-ratio transmission using the beam-
forming vector hSR‖hSR‖ and transmit power pSR. Therefore, the
received signal at the wireless device, R, is

yS = ‖hSR‖2
√
pSRxSR + zS (1)

where xSR is the transmitted signal, and zS is additive white
Gaussian noise (AWGN) with zero mean and a variance
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FIGURE 1. The system model is shown as the physical system, with channel state
information hSR and hRD from the energy source (S) to the wireless device (R) and then
the data fusion receiver (D), the time-switching (TS) protocol, and the
antenna-switching (AS) protocol.

of σ 2
S . The wireless device, R, harvests energy from the

signal giving a usable power of

PRD = �Pφ
EH

(
pSR‖hSR‖2

)
(2)

where Pφ
EH represents the energy harvested, φ represents

the energy harvester model, and � denotes the switching
protocol, such as the time-switching (TS) protocol [17] and
antenna-switching (AS) protocol [17]. After the maximal-
ratio combining via hRD‖hRD‖ , the received signal at the data
fusion receiver, D, is

yD = ‖hRD‖2

√
PRDxRD + hHRD

‖hRD‖ zD (3)

where hRD ∈ C
ND is the complex channel coefficient vector,

and zD ∈ C
ND is AWGN with zero mean and a covari-

ance of σ 2
DIND , where IND is a unity matrix. Therefore,

the received signal-to-noise (SNR) at the data fusion
receiver, D is

γD = PRD‖hRD‖2

σ 2
D

(4)

where σ 2
D is the noise power.

C. NONLINEAR ENERGY HARVESTER MODELS
In this work, we consider two EH models: the multi-
segment piecewise linear (MSPwL) energy harvester and
the arctangent (ArT) energy harvester.

1) MULTI-SEGMENT PIECEWISE LINEAR ENERGY
HARVESTER

The MSPwL energy harvester approximates its input-output
relation with linear segments. We consider an MSPwL

energy harvester with N segments of input-output

PMSPwLEH

(
pSR‖hSR‖2

)
= anpSR‖hSR‖2 + bn,

cn−1 ≤ pSR‖hSR‖2 ≤ cn (5)

where an ≥ 0 and bn are the slope and intercept of the nth
segment, respectively. Here, bn = ∑n−1

k=1(ak − ak+1)ck + b1,
with b1 = 0, n = 2, 3, . . . ,N, and 0 = c0 < c1 < . . . <

cN = ∞.

2) ARCTANGENT ENERGY HARVESTER

The ArT energy harvester approximates its input-output
relation by an arctangent function as

PArTEH

(
pSR‖hSR‖2

)
= a0 tanh

(
b0pSR‖hSR‖2

)
(6)

where a0 ≥ 0 and b0 ≥ 0 are the two key parameters.

D. REVIEW OF THE BX FADING MODEL
We consider a BX random variable (RV), Y , which is derived
from the noncentral chi RV via normalization [22], [25].
The distribution of X = |Y|2 is noncentral chi-squared,
i.e., χ2(2m, 2m

�
λ2), and it has a complementary cumulative

distribution function (CCDF) of

FcX(x) = Qm

(
λ

√
2m

�
,

√
2mx

�

)
(7)

where m is the fading parameter, λ2 is the power of the LOS
component(s), � is the power of the NLOS components,
Iv(·) is the vth-order modified Bessel function of the first
kind, and Qm(·, ·) is the Marcum Q-function [33]. Hence, the
distributions of ‖hSR‖2 and ‖hRD‖2 are χ2(2m1NS,

2m1
�SR

λ2
SR)

and χ2(2m2ND, 2m2
�RD

λ2
RD), respectively, where m1, λ2

SR, and
�SR are the fading severity parameter, power of the LOS
component(s), and power of the NLOS components of the S-
R link, respectively, while m2, λ2

RD, and �RD are the fading
severity parameter, power of the LOS component(s), and
power of the NLOS components of the R-D link, respec-
tively. Note that λ2

SR and λ2
RD can be obtained via the relations

λ2
SR = ∑NS

l=1 λ2
l and λ2

RD = ∑ND
j=1 λ2

j , respectively, where λ2
l

and λ2
j are the powers of the LOS component per branch in

the S-R and R-D links, respectively.

E. PERFORMANCE METRICS
We consider the performance metrics of expected EH rate
(EEHR) and transmission outage probability (TOP). The
EEHR is defined as

PRD = E[PRD]. (8)

Based on (3), the information rate between the wireless
device, R, and the data fusion receiver, D, is denoted by

RD = 
W log

(
1 + γD




)
(9)

where W is the system bandwidth, and 
 is specified by the
switching protocol under study. Ultimately, the parameters
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� and 
 are factors that denote the EH architecture. The
case with � = 1 and 
 = 1 corresponds to the AS protocol,
while the case with � = ρ and 
 = 1 − ρ corresponds
to the TS protocol with ρ ∈ [0, 1]. Thus, the TOP, which
is defined as the probability that the transmission rate falls
below a predefined threshold, can be expressed as

Pout = Pr
{
RD ≤ Rreq

}

= Pr

{
‖hRD‖2 ≤ 
σ 2

D

PRD

[
exp

(
Rreq

W

)
− 1

]}
(10)

where Rreq is a predefined threshold.

III. PERFORMANCE OF WPC WITH THE MULTI-SEGMENT
PIECEWISE LINEAR ENERGY HARVESTER
A. EXPECTED ENERGY HARVESTING RATE
In this section, we analyze the EEHR for the MSPwL energy
harvester. We express the EEHR as

PRD = E[PRD] = Pr{PRD > x} =
∫ ∞

0
FcRD(x)dx (11)

where the CCDF of PRD is derived in Appendix A to
give (26). Inserting (26) into (11) gives the EEHR as

PRD =
∫ �di

�di−1

QNSm1

(
λSR

√
2m1

�SR
,A

)
dx (12)

where A =
√

2m1
aipSR�SR

( x
�

− bi). Applying the series expres-
sion of the Marcum Q-function [33] and an identity of the
modified Bessel function of the first kind [34, p. 919] to (12),
we obtain the EEHR as

PRD = exp

[
− m1

�SR

(
λ2
SR − bi

aipSR

)] ∞∑
q=1−m1NS

×
∞∑
w=0

1

w!�(w+ q+ 1)

(
m1

�SR

)2w+q
λ

2q+2w
SR (ai�pSR)

−w

×
∫ �di

�di−1

(x− �bi)
w exp

(
− m1

�SR

(
x

ai�pSR

))
dx. (13)

B. TRANSMISSION OUTAGE PROBABILITY
Here, we analyze the TOP for the MSPwL energy harvester.
As expressed in (10), the TOP is defined as

Pout = Pr
{
RD ≤ Rreq

} = Pr

{
PRD ≤ ε

‖hRD‖2

}

= 1 −
∫ Pmax

0

1

ε
f 1

‖hRD‖2

( x
ε

)
FcpRD(x)dx (14)

where ε � σ 2
D


[
exp(

Rreq

W ) − 1

]
. The CDF of 1

‖hRD‖2 based
on (7) is

F 1

‖hRD‖2
(p) = Pr

{
1

‖hRD‖2
≤ p

}
= Pr

{
‖hRD‖2 ≥ 1

p

}

= Qm2ND

(
λRD

√
2m2

�RD
,

√
2m2

�RDp

)
. (15)

The PDF of 1
‖hRD‖2 is obtained by taking the first-order

derivative of (15) as [33]

f 1

‖hRD‖2
(p) = m2

�RD
λ

1−NDm2
RD × INDm2−1

(
2m2λRD

�RD
√
p

)

×
(

1

p

)NDm2+3
2

exp

(
− m2

�RD

(
λ2
RD + 1

p

))
.

(16)

Substituting (16) and (26) into (14) then gives the TOP as

Pout = 1 −
N−1∑
i=1

m2

�RD
ε
NDm2+1

2 λ
1−NDm2
RD exp

(
− m2

�RD
λ2
RD

)

×
∫ �di

�di−1

(
1

x

)NDm2+3
2

INDm2−1

(
2m2λRD

√
ε

�RD
√
x

)

× QNSm1

(
λSR

√
2m1

�SR
,A

)
exp

(
− m2ε

�RDx

)
dx. (17)

Applying the series expression of the Marcum Q-
function [33] and an identity of the modified Bessel function
of the first kind [34, p. 919] to (17), we have

Pout = 1 −
N−1∑
i=1

exp

(
− m1

�SR
λ2
SR − m2

�RD
λ2
RD

) ∞∑
q=1−m1NS

×
∞∑
w=0

1

w!�(w+ m2ND)

∞∑
s=0

1

s!�(s+ q+ 1)
εw+NDm2

×
(
m1

�SR

)2s+q(
λ2
SR

)s+q
(aipSR)

−s
(
m2

�RD

)2w+m2ND

×
∫ �di

�di−1

(
1

x

)w+NDm2+1( x

�
− bi

)s
exp

(
− m2ε

�RDx

)

× λ2w
RD exp

(
− m1

ai�SRpSR

( x

�
− bi

))
dx. (18)

These final results for the PRD and Pout both contain one
integral, which can be solved using standard mathematical
software such as MATLAB or Mathematica.

IV. PERFORMANCE OF WPC WITH THE ARCTANGENT
ENERGY HARVESTER
A. EXPECTED ENERGY HARVESTING RATE FOR ART
The EEHR is defined for the ArT energy harvester via (11)
while the CCDF of PRD is derived in Appendix B to
yield (28). Inserting (28) into (11) gives

PRD =
∫ ∞

0
Qm1NS

(
λSR

√
2m1

�SR
,

√
m1B

b0pSR�SR

)
dx (19)

where B = ln(
a0�+x
a0�−x ). Applying the series expression of

the Marcum Q-function [33] and an identity of the modified
Bessel function of the first kind [34, p. 919] to (19), we
obtain the EEHR expression as
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PRD = exp

(
−m1λ

2
SR

�SR

) ∞∑
q=1−m1NS

∞∑
w=0

1

w!�(w+ q+ 1)

×
(

2

b0pSR

)w(
λ2
SR

)w+q( m1

�SR

)2w+q

×
∫ ∞

0
Bw exp

(
− m1B

b0pSR�SR

)
dx. (20)

B. TRANSMISSION OUTAGE PROBABILITY FOR ART
The TOP is defined for the ArT model as

Pout = 1 −
∫ πa0�

0

1

ε
f 1

‖hRD‖2

( x
ε

)
FcpRD(x)dx. (21)

Substituting (16) and (28) into (21) then gives

Pout = 1 − m2

�RD
ε
NDm2+1

2 λ
1−NDm2
RD × exp

(
− m2

�RD
λ2
RD

)

×
∫ πa0�

0

(
1

x

) NDm2+3
2 × INDm2−1

(
2m2λRD

√
ε

�RD
√
x

)

× exp

(
− m2ε

�RDx

)
QNSm1

(
λSR

√
2m1

�SR
,

√
m1B

b0pSR�SR

)
dx.

(22)

Applying the series expression of the Marcum
Q-function [33] and an identity of the modified Bessel
function of the first kind [34, p. 919] to (22) gives

Pout = 1 − exp

(
− m1

�SR
λ2
SR − m2

�RD
λ2
RD

) ∞∑
q=1−m1NS

×
∞∑
w=0

1

w!�(w+ m2ND)

∞∑
s=0

1

s!�(s+ q+ 1)

(
m1

�SR

)2s+q

× λ
(2s+2q)
SR (2b0pSR)

−s
(
m2

�RD

)2w+NDm2

λ2w
RD × εw+NDm2

×
∫ a0�

0

(
1

x

)w+NDm2+1

Bs × exp

(
− m1B

2b0�SRpSR

)

× exp

(
− m2ε

�RDx

)
dx. (23)

The final results for the PRD and Pout both contain one
integral, which can be solved using standard mathematical
software such as MATLAB or Mathematica.

V. NUMERICAL RESULTS
In this section, we fit the MSPwL and ArT energy har-
vesters to measurement data [31]. The measurement data is
obtained from an experiment that measures the performance
of a RF-DC power conversion system having (wireless) elec-
tromagnetic wave radiation as its input. The output of the
signal generator is amplified to generate signals with a power
of 6 W at a frequency range of 902–928 MHz. The signal at
the output of the power amplifier is then fed to an antenna,
which emits an equivalent isotropically radiated power up to
a maximum of 4 W. The measured data shows the output
power as a function of received power for different load
resistances. The results from performance analyses of the

TABLE 1. Fitted parameters to measured data [31, Fig. 17d] for a load resistance of
5.6 M� with MSPwL and ArT energy harvesters.

FIGURE 2. Fits of the harvested power for MSPwL and ArT energy harvesters to
measured data from [31, Fig. 17d] as a function of the transmit power for a 5.6 M� load
resistance. The RMSE values for the 2-, 3-, and 4-segment MSPwL energy harvesters
are 1.21 × 10−6, 9.56 × 10−8, and 5.15 × 10−8, respectively. The RMSE value for the ArT
energy harvester is 7.52 × 10−7.

average harvested energy and TOP are shown in Figs. 2–4
for the energy harvesters introduced in Sections III and IV.
Fig. 2 shows fits of the harvested power for the

MSPwL and ArT energy harvesters to measured data
from [31, Fig. 17d] versus transmit power for a load resis-
tance of 5.6 M�. For the MSPwL energy harvester, we
consider 2, 3, and 4 segments. The parameters were obtained
via a best-fit search to the measured data with the goodness-
of-fit quantified by root mean square error (RMSE). Table 1
shows the parameter values for 2-, 3-, 4-segment MSPwL
and ArT energy harvesters. The deviation of the curves of
the MSPwL and ArT energy harvesters from the measured
data is quantified by the RMSE values shown in Table 1.
We observe that the 4-segment MSPwL energy harvester
provides the best fit. This is expected as we can see from
the input-output relations of the energy harvesters in (5)
and (6) that the curve of the ArT energy harvester is largely
dependent on the arctangent function, which is not true for
MSPwL energy harvester. We also observe that the ArT
energy harvester offers an improved fit over the 2-segment
MSPwL energy harvester, but this changes as the number
of segments in MSPwL increases. More importantly, we see
that both of our energy harvesters give improved fit over
the EH models [24, Fig. 1a] using the same experimental.
In the paragraphs that follow, we apply the values of out
parameters from the fitting in Fig. 2 to simulate the average
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FIGURE 3. Curves for the average harvested power, PRD , versus transmit power,
pSR , for a 3-segment MSPwL energy harvester at a distance of d1 = 10 m with a
pathloss exponent of s1 = 2, unity-gain antennas, a parameter value of � = 0.5, and
different values of m1 and NS . The parameters an and bn have the values
[0.3990 0.0389 5.515 × 10−4] and [0 2.9136 × 10−6 1.0086 × 10−5], respectively.

FIGURE 4. The TOP curves versus transmit power, pSR , for the 3-segment MSPwL
energy harvester for parameters values of m1 = m2 = 2, ND = 2,
an = [0.3990 0.0389 5.515 × 10−4], and bn = [0 2.9136 × 10−6 1.0086 × 10−5].

harvested power and TOP for 3-segment MSPwl and ArT
energy harvesters.
Fig. 3 shows the average harvested power, PRD, for a

3-segment MSPwL energy harvester. The curves display
PRD versus transmit power, pSR, of the energy source, S,
at a distance, d1 = 10 m with a pathloss exponent of
s1 = 2 and unity-gain antennas. The simulation uses param-
eter values of � = 0.5 and different values of m1 and
NS. The energy harvester has the parameters an and bn
take on values of [0.3990 0.0389 5.515 × 10−4] and
[0 2.9136×10−6 1.0086×10−5], respectively. We observe
that all the curves start to roll-off from linear to nonlinear
for higher values of transmit power, pSR. This characteristic
follows that shown by experimental results shown in Fig. 2.
Also, when the fading parameter m1 is increased from 1
to 2, the harvested power increases. However, the increase
in harvested power becomes less significant as it approaches
the saturation level of the EH circuit, even for an increased
value of NS. Overall, we see that less severe fading in the
first hop gives more harvested power. Moreover, increasing

FIGURE 5. The TOP curves for the ArT energy harvester versus distance, d1, for a
transmit power, pSR , of 100 mW and parameters values of m2 = 2, ND = 2, � = � = 0.5,
a0 = 1.079 × 10−5, and b0 = 7.90 × 103.

the number of energy beamforming antennas, NS, does not
increase the harvested power above the saturation level of
the EH circuit.
Fig. 4 shows TOP curves for a 3-segment MSPwL energy

harvester over BX fading channels versus transmit power,
pSR. This simulation is obtained by considering the TS
protocol for different values of ρ and different numbers
of energy beamforming antennas, NS. The number of data
fusion receiver antennas, ND, is 2, and the fading parameters
m1 and m2 both take on values of 2. The parameter an has
values of [0.3990 0.0389 5.515 × 10−4], while the param-
eter bn has values of [0 2.9136 × 10−6 1.0086 × 10−5].
The value of the expression Rreq


W is 0.2, while the distances
d1 and d2 are both 10 m, with a pathloss exponent of 2.
We observe that the Pout curves exhibit an outage floor as
the transmit power, pSR, increases, which is due to the sat-
uration level of the EH circuit. In particular, we observe
that as the number of energy beamforming antennas, NS,
increases, the outage floor is attained at a lower transmit
power, pSR. The effect of increasing the value of ρ from
0.5 to 0.7 is seen to improve the TOP values. However, the
significance of the improvement reduces as NS increases.
Again, this is due to the saturation level of the EH circuit.
Fig. 5 shows TOP curves for the ArT energy harvester

versus the distance, d1, with a pathloss exponent of 2 and
a transmit power, pSR, of 100 mW for differing numbers of
energy beamforming antenna, NS, and differing values of the
fading parameter, m1. The number of data fusion receiver
antennas is ND = 2, the fading parameter is m2 = 2, the
distance is d2 = 8 m, with a pathloss exponent of 2, the TS
protocol parameters are � = 
 = 0.5, and the parameters
a0 and b0 are 1.079×10−5 and 7.90×103, respectively. The
expression Rreq


W takes on a value of 0.1. Note that the distance
between the wireless device, R, and the data fusion receiver,
D, remains unchanged at 8 m. From the curves, we see that
the outage improves when the fading parameter m1, increases
from 1 to 2 (to indicate less severe fading). Also, increasing
the number of diversity branches leads to improved outage
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performance. Ultimately, we see that the WPC system attains
better performance when the wireless device is close to the
energy source, as expected.
Our simulation results present performance analyses of

the WPC system, whose channel is described by the BX
fading models. These results can present new insights into
the wireless communication protocols at the physical, data
link, and network layers, which can ultimately guide the
development of new communication technologies.

VI. CONCLUSION
We analyzed the average harvested energy and TOP of
WPC systems via two newly-proposed nonlinear EH models.
Fading was considered to be BX distributed because of the
(often present) multitude of LOS and NLOS components.
Our results showed that the EH circuitry of both models
exhibits saturation levels as the transmit power increases.
The results also showed the effects of increasing the number
of energy beamforming antennas, fading parameter, dis-
tance, and harvesting time (as seen by the TS protocol
parameters) on the average harvested energy and TOP. We
observed that increasing the number of energy beamform-
ing antenna reduces the transmit power for a set outage
floor. Also, increasing the EH time leads to an improved
outage. However, the improvement becomes less significant
as the number of energy beamforming antennas increases.
Ultimately, the two newly-introduced nonlinear energy har-
vesters showed good fits to measure data in terms of average
harvested energy and TOP. Future works employing the BX
fading model and our EH models can further investigate
the effect of TS and AS protocols on the performance
of WPC systems. In addition, our new EH models can
be studied for secure cooperative communication network,
simultaneous wireless information and power transfer
systems, resource allocation, and full-duplex communication
systems.

APPENDIX A
PROOF OF CCDF FOR MSPWL
The CCDF of the transmission power of sensor, PRD, is

FcPRD(x) = Pr
{
�PMSPwLEH

(
pSR‖hSR‖2 ≥ x

)}
. (24)

First, we define an interval [di−1, di] with d0 = 0, dN =
dN−1, and di = aici + bi, i = 1, . . . ,N − 1. Since PRD is
a RV, the probability of incidence x = �dN−1 is equal to
zero. When the value x satisfies x

�
∈ [di−1, di] with i =

1, 2, . . . ,N − 1, eq. (24) can be simplified, based on (5), to

FcPRD(x) = Pr{PRD ≥ x}
= Pr

{
‖hSR‖2 ≥ 1

aipSR

( x

�
− bi

)}

= Pr

{
1

ai

( x

�

)
≤ pSR

∥∥∥h2
SR

∥∥∥ < ci

}

+
N∑

n=i+1

Pr
{
anpSR

∥∥∥h2
SR

∥∥∥

+ bn ≥ x

�
, cn−1 ≤ pSR

∥∥∥h2
SR ≤ cn

∥∥∥
}

= Pr

{∥∥∥h2
SR

∥∥∥ ≥ 1

aipSR

( x

�
− bi

)}
(25)

Noting that ‖hSR‖2 is noncentral chi-squared distributed, the
CCDF of PRD is

FcPRD(p) = Qm1NS

(
λSR

√
2m1

�SR
,

√
2m1

aipSR�SR

( x

�
− bi

))
,

x ∈ [
�di−1,�di

]
(26)

APPENDIX B
PROOF OF CCDF FOR ART
The CCDF of the transmission power for the sensor, PRD, is

FcPRD(x) = Pr
{
�PArTEH

(
pSR‖hSR‖2

)
≥ x

}

= Pr

{
‖hSR‖2 ≥ 1

b0pSR
tanh−1

(
x

�a0

)}
. (27)

We then express tanh−1(·) in terms of the natural logarithm,
ln(·), while noting that ‖hSR‖2 is noncentral chi-squared
distributed, to give a CCDF of PRD in the form of

FcPRD(x) = Qm1NS

(
λSR

√
2m1

�SR
,

√
m1B

b0�SRpSR

)
. (28)
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