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Abstract: In this paper, the performance of downlink simultaneous wireless information and power transfer (SWIPT) networks
over Nakagami-m fading is analyzed. The SWIPT network is modeled as a two-tier heterogeneous network, where one tier is
the information transmission network and the other is the power transmission network. The seamless integration enables both
data and energy to be transferred from access points (APs) to the users. Using the stochastic geometry theory, the expressions
for outage probability at the information receiver are derived in decoupled and integrated SWIPT networks. Also the average
harvested energy at the power receiver is derived assuming a non-linear energy harvesting model. Simulation results validate the
analytical expressions and the impact of various system parameters on the SWITP performance are investigated.

1 Introduction

1.1 Motivation and related work

Because the radio frequency (RF) can carry both information
and energy, simultaneous wireless information and power transfer
(SWIPT) has emerged as one of the most important technique for the
fifth generation (5G) cellular networks [1]. Compared with conven-
tional power sources, wireless power transfer provides a potentially
controllable and sustainable source for wireless devices [2, 3]. Due
to this, integrating wireless power transfer into conventional cellu-
lar networks has attracted much attention. This integration can be
modeled as a two-tier SWIPT heterogeneous network where one tier
is the information network and the other is the power network, to
enable the wireless devices in the network to decode information as
well as harvest energy from the RF signal. In [4], power beacons
were deployed in the information networks, where the power net-
work and information network used separate spectrum resources. In
[5], an uplink cellular network overlaid with power beacons for pow-
ering mobiles. Integrated and decoupled SWIPT are currently two
main architectures for the downlink SWIPT heterogeneous network,
in which both energy and data are transferred from access points
(APs) to user [6]-[8]. In an integrated SWIPT network, APs simulta-
neously transmit information and power, and receivers use the power
splitter to split part of the received power for decoding and the other
part for harvesting, with no requirements of deploying additional
infrastructure in this scheme. For the decoupled SWIPT, some APs
are assigned for information delivery (named as information access
points, IAPs) and other APs are assigned for power transfer (named
as energy access points, EAPs). These APs have primary differences
in signal, density and transmit power due to different requirements
on information and power transfer.

To further improve the area spectral efficiency, the co-existence of
the information transmission networks and power transmission net-
works requires the sharing of the common spectrum. It is critical
to accurately model and manage intra-tier and inter-tier interfer-
ence received at the terminal within the network. Reference [6]
analyzed the mutual interference in a planar heterogeneous network
where only the strongest interference was considered. Reference [7]
investigated the effect of the co-channel interference generated by
wireless power transfer on the information network, provided that
the number of the IAPs and EAPs were fixed. Considering the spa-
tial distribution randomness of the APs, the coordination between
the information and energy tier was conducted in [8] by using the
stochastic geometry approach. References [9] and [10] investigated

the performance metrics in an ad hoc network where the closed-form
equations were derived for several special cases, e.g. the path loss
exponent of 4 and fixed transmission-receiver separation distance.
Reference [11] formulated a closed-form bound for the coverage
probability in conventional cellular networks.

On the other hand, in the wireless channel, the small-scale multi-
path fading is commonly modeled as Rayleigh, Rician or Nakagami.
A relaying cooperative communication system with SWIPT was
studied in [12] over correlated Rayleigh fading channels. Refer-
ence [13] studied the device-to-device communication networks and
showed that the Nakagami-m fading model provides a good fit for
small scale propagation. References [14] and [15] studied the femto-
cell and radar heterogeneous networks with the Nakagami-m fading
model, respectively. In [16], a closed-form approximation expres-
sion was provided for the coverage probability and average rate over
Nakagami-m fading in multi-tier heterogeneous cellular networks.
Previous works mainly focused on the performances of conven-
tional cellular networks dedicated to information transmission over
the Nakagami-m fading. The performance of the two-tier SWIPT
heterogeneous network over Nakagami-m fading has not yet been
derived in the literature.

These previous works have revealed that co-channel interference
may have a severe adverse effect on information decoding, but it
can be harvested at the device for wireless energy transfer. In [17],
information delivery performance as well as energy harvesting (EH)
performance were investigated using an ideal EH model. In this ideal
model, the energy harvested at the end of EH circuity approximately
increases linearly with the input power to the harvester. Reference
[18] demonstrated that the output power is considered to be a lin-
ear function of the input power, only when the input power is very
low. A more practical non-linear model has been proposed in [19]
and [20] under the perfect channel state information. The non-linear
characteristics reflect the actual EH performance of the SWIPT sys-
tem while the non-linear EH model is more complex than the linear
one. Thus the use of a suitable non-linear EH model is crucial for the
accurate analysis of the SWIPT systems.

Contributions and Organization Based on the above observations,
in this paper, we investigate the performance of a two-tier down-
link SWIPT heterogeneous network considering both integrated and
decoupled SWIPT model using the practical non-linear EH model.
The APs, transmitting either data or both energy, are indepen-
dently distributed following a homogeneous Poisson point process
(PPP) using a common spectrum band. The information user in this
area receives the desired signal from the serving AP while being
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Table 1 List of Notations
Notation Definition

Φ, λ PPP distributed APs with density λ
PI , PE Transmit power of IAP and EAP
g, m, α Channel fading power gain, Nakagami-m fad-

ing parameter and path-loss exponent
M , sk M-ary QAM modulation and k-th QAM sym-

bol
IN Interference received at the typical receiver
SIR Signal-to-interference-ratio

a, b, c, d Parameters of the non-linear energy harvester
circuit

fx(x) Probability density function (PDF) of x
Lx(s) The laplace transform of fx(x) with Lx(s) =

E[e−sx](m
n

)
The binomial coefficient and equals to

m!
n!(m−n)!

P Io , PDo Outage probability of the integrated and
decoupled SWIPT networks

2F1[., .; .; .] Gauss hypergeometric function
γ(·, ·) Lower incomplete gamma function
Γ(·) Gamma function

EI , ED Average harvested energy of the integrated
and decoupled SWIPT networks

interfered by the co-channel APs. The outage probability at the
information receiver and the average harvested energy at the energy
receiver are derived. To the best of our knowledge, the performance
analysis of the two-tier SWIPT network over the Nakagami-m fad-
ing under the non-linear EH model has not been investigated in the
literature. The main contributions of this paper are as follows:

• Performance analysis for integrated and decoupled SWIPT sys-
tems are studied. Outage probability at an arbitrary information
receiving node is derived over a Nakagami-m fading channel.
• An exponential function as an alternative non-linear EH model
is proposed for modeling the power conversion efficiency. Then,
we analytically obtain the average energy harvested at the energy
receiver for both integrated and decoupled SWIPT models.
• Our numerical results compare the performances of the integrated
and decoupled SWIPT models. The approximation of the outage
probability provides a tight bound. For the non-linear EH model,
the proposed exponential model provides a good match for the mea-
surement data. The impacts of key system parameters are observed.
We also unveil that there is a tradeoff between the outage and the
harvested energy. It provides an important and useful insight on
the design of the two-tier SWIPT network by quantifying the effect
of intra and inter tier interference using analytical expressions and
choosing the optimal parameters setting and network architecture.

Some frequently used notations in this paper are summarized
in Table I. The remainder of this work is organized as follows.
In Section II, the two-tier SWIPT heterogeneous system model is
described. In Section III, the outage probability at a typical infor-
mation receiver and average harvested energy at a typical power
receiver are derived, receptively and an upper bound for outage prob-
ability is achieved. In Section IV, simulation results are shown to
verify the analytical results. Finally, Section V concludes this paper.

2 System Model

We consider a two-tier downlink SWIPT heterogeneous network
where the wireless information network coexists with the wireless
power transfer network as depicted in Fig. 1. The receiver decodes
the incoming data and/or harvest RF energy transferred from its serv-
ing AP as well as receives the interference emitted from ambient APs
in this area. The APs are randomly located in the network following
independent homogeneous PPPs with density λ nodes/meter2. For
simplicity, we assume that each AP serves one information/power

Fig. 1: The framework of a two-tier wireless SWIPT heterogeneous
network.

receiver at a time. The desired and interfering channels both experi-
ence Nakagami-m fading. M -ary QAM modulation is considered
at the transmitter. The k-th QAM data symbol is denoted as sk,
k = {1, 2, · · · ,M}, each with an equal probability of pk = 1/M .
According to Slivnyak’s theorem [21], the network performance can
be presented by an arbitrary receiver. Thus we investigate a typical
information receiver located at the origin and the signal received at
the receiver when it is associated with the nearest AP is given as:

yk =

√
PI
rα0
hsk + z0 + n0, k = 1, 2, · · · ,M, (1)

where yk is the corresponding received signal, PI is the transmit
power of the serving IAP, h is the channel gain between the receiver
and the serving AP, which is assumed to be Nakagami-m distribu-
tion. α is the path loss exponent with α > 2, z0 is the interfering RF
signal radiated by other APs and n0 is the additive thermal noise,
respectively, r0 is denoted as the distance between the receiver and
the serving AP. The PDF of the distance from the receiver to the
nearest AP is given as

fr0(r) = 2πλr exp(−πλr2), 0 < r < +∞. (2)

Considering an interference-limited heterogeneous network, the
additive thermal noise could be ignored in the following analysis for
simplicity. The instantaneous received SIR at the typical information
receiver for the k-th sample is then expressed as

SIR(x) =
PIgxkr

−α
0

IN
, k = 1, 2, · · · ,M, (3)

where g = |h|2 is the fading power following a gamma distribution,
IN is the power of the aggregate interference, xk is the symbol
energy for the k-th constellation point and is given as [22]:

xk =
3

2(M − 1)
((2d|k − M + 1

2
|e − 1)2

+ (2d|(k mod
√
M)−

√
M + 1

2
|e − 1)2),

(4)

where d·e is the ceiling function. Amod B is the modular operation
where A mod B equals A, if A is an integer multiple of B, or it equals
to A modulo B, otherwise. The average power of the k constellation
points is normalized as

∑M
k=1 xk/M = 1.

In this two-tier network, the frequency resource is shared between
the information and power transmission network. For the informa-
tion receiver, all the APs act as the interferers except the serving
AP. The interference received at the receiver is composed of the
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intra-tier interference from the information network as well as the
inter-tier interference from the power network. Next, we present
the form of aggregate interference for integrated and decoupled
SWIPT architectures, separately, which will be used in the following
analysis.

Firstly, in an integrated SWIPT architecture, co-located EAPs
and IAPs can transmit information and energy simultaneously. The
receiver separates the received the aggregate signal power into two
parts with a power splitter. For simplicity, we assume PI is the frac-
tion of power separated for information decoding and PE is the other
part separated for EH. All the receiving nodes decode the informa-
tion signal while receiving interference from other APs except the
associated AP. Thus, the aggregate interference power received from
the interferes at the typical information receiver is expressed as

IN =
∑

i∈Φ\{r0}
(PI + PE)gir

−α
i , (5)

where gi is the interfering channel fading power following the
gamma distribution, ri is the distance between the typical informa-
tion receiver and the i-th interfering AP. Note that, in this scheme,
the power splitting factor equals to PI

PI+PE
, where PI + PE is the

total transmit power required at the AP.
Secondly, in a decoupled SWIPT network, IAPs and EAPs are

spatially separated where some of the APs transmit information and
other APs transmit energy. We assume that each AP is individually
selected to operate in information transfer mode or power transfer
mode with the probability ρ at a given moment. The set of APs can
then be divided into two disjoint subsets: the set of IAPs ΦI and the
set of EAPs ΦE , such that Φ = ΦI ∪ ΦE . ΦI and ΦE can be equiv-
alently regarded as an independent PPP where the densities of IAPs
and EAPs are given as λI = ρλ and λE = (1− ρ)λ, respectively,
following the thinning property [23]. Thus, the interference power
received at the information receiver contains two parts and is given
as

IN = INI + INE

=
∑

i∈ΦI\{r0}
PIgir

−α
i +

∑
i∈ΦE

PEgir
−α
i , (6)

where PI and PE denotes the transmit power of IAP and EAP,
respectively. Specially, the first term in (6) represents the intra-tier
interference from the IAPs within ΦI and the second term in (6)
represents the inter-tier interference from the EAPs within ΦE .

3 Performance Evaluation

In this section, we first derive the outage probability at the typical
information receiver and a closed-form bound on the outage prob-
ability by using the Alzer’s inequality. Then we obtain the average
received power at the typical energy receiver under the non-linear
model.

3.1 Outage probability at the typical information receiver

For the information receiver, an outage can occur when the SIR is
below a predefined threshold which is defined as

Po = Pr(SIR(x) < θ)

=
1

M

M∑
k=1

Pr(SIR(x) < θ|x = xk),
(7)

where θ is the information reception threshold. Note that, the outage
probability Po needs to be averaged with respect to the distance,
channel fading and spatial nodes distribution due to the inherent
randomness of the network. Specifically, the conditional outage

probability for xk is expressed as

Pr(SIR(x) < θ|x = xk)

= 1− Pr(
PIgxkr

−α
0

IN
≥ θ)

= 1−
∫+∞

0
Pr(

PIgxkr
−α

θ
≥ IN |r)fr0(r)dr,

(8)

where

Pr(
PIgxkr

−α

θ
≥IN |r) (a)

=∫+∞

−∞
LIN |r0(2πis)

Lg|r0(−2πisζ)− 1

2πis
ds,

(9)
with ζ = Pxk

θrα . In (9), equation (a) is achieved by using Plancheral-
Parseval theorem [24]. Lg|r0(s) is the conditional Laplace trans-
form of the channel fading power g given r0 and given as
Lg|r0(s) = (1 + s)−m for Nakagami-m fading, where m is an
integer. LIN |r0(s) is the conditional Laplace transform of the
aggregate interference IN when r0 is given.

The conditional Laplace function of interference power can be
derived using Moment Generating Function (MGF) over the interfer-
ence, i.e., LIN |r0(s) = EIN |r0 [e−sIN ] for the integrated SWIPT.
For the decoupled SWIPT architecture, the conditional Laplace
function could be written in terms of the Laplace transform of intra-
and inter-tier interference and is given as

LIN |r0(s) = E[exp(−s(INI + INE))]

= E[exp(−sINI)]E[exp(−sINE)]

= LINI |r0(s)LINE |r0(s).

(10)

The conditional Laplace transform LINI |r0 and LINE |r0 follow
an identical distribution. Furthermore, the Laplace function of each
tier LINl|r0 is given by

L INl|r0(s)

= EΦl [exp(−s
∑
i∈Φl

Plgir
−α
i )]

(a)
= Eg[exp(−λl

∫
R2

1− e−sPlgir
−α
dr)]

(b)
= exp(−2πλl

∫+∞

r0

(1− Eg[e−sPlgir
−α

])rdr)

(c)
= exp(−2πλl

∫+∞

r0

(1− 1

(1 + sPlr−α)m
)rdr)

(d)
= exp(−πλlr2

0(2F1[m,− 2

α
;− 2

α
+ 1;−sPl

rα0
]− 1)),

(11)

where l ∈ {I, E} corresponds to the information tier and power tier,
λl is the density of the IAP/EAP. (a) and (b) follow with the Camp-
bell theorem for PPP and the Jensen’s inequality, respectively, (c)
follows the MGF of gamma distribution, and (d) follows [25, eq. (5)].
Substituting (8)-(11) in (7), the outage probability P Io for integrated
SWIPT could be given by (12) as shown at the top of this page,
where G(x) = ((1− ζx)−m − 1)/x. Similarly, the outage proba-
bility PEo for the decoupled SWIPT is expressed as is derived in
(13) as shown at the top of this page.

The exact expressions in (12) and (13) are general enough for
different path loss and fading parameters. However, the results in
two-fold integral forms are not closed-form and cause difficulty in
computation and analysis. On further simplification, a closed-form
approximate expression of the outage probability is derived by using
stochastic geometry approach to solve the resulting integrals. The
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P Io = 1− 1

M

M∑
k=1

∫+∞

−∞

∫+∞

0
2πλr ·G(2πis) · e−πλr

2
02F1[m,− 2

α ;− 2
α+1;− 2πisPI

mrα ]drds. (12)

PDo = 1− 1

M

M∑
k=1

∫+∞

−∞

∫+∞

0
2πλr ·G(2πis) · e−πλρr

2
02F1[m,− 2

α ;− 2
α+1;− 2πisPI

mrα ]−πλr2
0(1−ρ)2F1[m,− 2

α ;− 2
α+1;− 2πisPE

mrα ]drds. (13)

average outage probability of the integrated SWIPT system is given
as

P Io =
1

M

M∑
k=1

Pr(SIR(x) < θ|x = xk)

=
1

M

M∑
k=1

∫+∞

0
Pr(

PIgxkr
−α

IN
< θ|r)fr0(r)dr

=
1

M

M∑
k=1

∫+∞

0
2πλre−πλr

2

EIN [Pr(g <
θIN

PIxkr−α
|r, IN)]dr

=
1

M

M∑
k=1

∫+∞

0
2πλre−πλr

2

EIN [
γ(m, θIN

PIxkr−α
)

Γ(m)
|r]dr.

(14)
According to the Alzer’s inequality [26], an upper bound for

γ(m,x)/Γ(m) is given as

γ(m,x)

Γ(m)
≤ (1− e

− x

(Γ(m+1))1/m )m, x > 0 (15)

where the equality holds when m = 1. Following (15), the condi-
tional outage probability can be expanded as

EIN [
γ(m, θIN

PIxkr−α
)

Γ(m)
|r]

≤
∫+∞

0
(1− e−sηr

α

)mfIN (s)ds

(a)
=

m∑
n=0

(−1)n
(
m

n

) ∫+∞

0
e−snηr

α

fIN (s)ds

(b)
=

m∑
n=0

(−1)n
(
m

n

)
LIN |r0(nηrα)

=

m∑
n=0

(−1)n
(
m

n

)
e−πλr

2(2F1[m,− 2
α ;α−2

α ;−nηPl]−1),

(16)

where η = θ
PIxk(Γ(m+1))1/m , fIN (·) is the PDF of interference,

step (a) follows from the binomial theorem, step (b) follows from
the definition of Laplace transform. By substituting (11) into (16)
and taking the expectation over the transmitter-receiver distance, the
closed-form expression for the outage probability in the integrated
SWIPT architecture is then given as

P Io =
1

M

M∑
k=1

∫+∞

0
2πλre−πλr

2

EIN [
γ(m, θr

αIN
PIxk

)

Γ(m)
|r]dr,

≤ 1

M

M∑
k=1

m∑
n=0

(−1)n
(
m

n

) ∫+∞

0
2πλre−πλr

2β(m,α,PI)dr

=
1

M

M∑
k=1

m∑
n=0

(−1)n
(
m

n

)
1

β(m,α, P )
,

(17)

where β(m,α, P ) = 2F1[m,− 2
α ; α−2

α ;−nηP ] and P = PI +
PE . Similarly, the closed-form bound for the decoupled SWIPT
network is given as

PDo =
1

M

M∑
k=1

Pr(SIR(x) < θ|x = xk)

=
1

M

M∑
k=1

∫+∞

0
Pr(

PIgxkr
−α

INI + INE
< θ|r)fr0(r)dr

=
1

M

M∑
k=1

∫+∞

0
EIN [

γ(m, θr
α

PIxk
(INI + INE))

Γ(m)
|r]fr0(r)dr,

≤ 1

M

M∑
k=1

m∑
n=0

(−1)n
(
m

n

)
Er[LINI |r0(nηrα)LINE |r0(nηrα)]

=
1

M

M∑
k=1

m∑
n=0

(−1)n
(m
n

)
ρβ(m,α, PI) + (1− ρ)β(m,α, PE).

(18)
The closed-form expressions in (17) and (18) provide an upper

bound on the outage probability and reduce the computing complex-
ity by avoiding the integral form. We can also see that the outage
probability does not depend on the AP density. It means deploying
more APs in the network does not affect the outage behavior, because
the increased received power of the desired signal helps counter-
act the increased interference. Next, we present the results for the
average harvester energy at the typical energy receiver.

3.2 Average harvested energy at the typical power receiver

In this paper, we assume a non-linear model for the power conversion
efficiency. The model in [20] does not lead to mathematical tractabil-
ity. Thus, we approximate this model using a sum of two exponential
functions of the input power, as

E = aebPin + cedPin , (19)

where Pin is the input power, a, b, c, d ∈ R are the parameters of the
non-linear model and depended on the actual hardware EH hardware
circuit of the harvester.

For the integrated SWIPT network, the energy receiver equipped
with a power splitter could harvest part of energy from the received
aggregate power. Furthermore, we assume that the thermal noise
could be neglected because it is much smaller than the total inter-
ference power. The power input to the typical receiver is given
as

Pin =
∑
i∈Φ

PEgir
−α
i . (20)

The average harvested energy at the typical receiver can be
derived by using the MGF of Pin from (11), as

EI = E[aebPin + cedPin ]

= aE[ebPin ] + cE[edPin ]

= aEΦ[eb
∑
i∈Φ PEgir

−α
i ] + cEΦ[ed

∑
i∈Φ PEgir

−α
i ]

= ae−πλv
2
0(β0(b,PE)−1) + ce−πλv

2
0(β0(d,PE)−1),

(21)

IET Research Journals, pp. 1–7
4 © The Institution of Engineering and Technology 2015



where β0(b, PE) = 2F1(m,− 2
α ,

α−2
α , bPEvα0

) and v0 ≥ 1 is a small
constant to avoid singularity at zero distance [27].

In the decoupled SWIPT architecture, the interference power
degrades the performance of the information receivers but could be
harvested at the power receive. The received power at a typical power
receiver is expressed as

Pin =
∑
i∈ΦI

PIgir
−α
i +

∑
i∈ΦE

PEgir
−α
i . (22)

Then, the average harvested energy at the receiver can be
expressed as

ED = E[aebPin + cedPin ]

= aE[ebPin ] + cE[edPin ]

= ae−πλv
2
0(β1(b,PI ,PE)−1) + ce−πλv

2
0(β1(d,PI ,PE)−1),

(23)
where β1(b, PI , PE) = ρβ0(b, PE) + (1− ρ)β0(b, PI).

4 Numerical Results and Discussion

In this section, numerical results in terms of the outage probability
and average harvested energy at the receiver are presented for the
integrated SWIPT (I-S) and decoupled SWIPT (D-S) architecture.
The analytical results of the outage probability are obtained from
(17)-(18) with a computational complexity of O(M(m+ 1)). The
larger the fading parameter m is, the higher the computation com-
plexity will be. The simulation results are obtained by the Monte
Carlo simulation (averaged over 104 simulation runs). In the simu-
lation, APs are distributed as independent homogeneous PPP with
density λ. The typical receiver is located at the origin. Both the
desired and interfering channels are experiencing the Nakagami-m
fading with the shape parameter m. 16-QAM modulation is set for
all cases. The parameters a, b, c, d are determined by data fitting
tools using the data from [20] with a = 0.025, b = −0.0016, c =
−0.025 and d = −602.1.

Fig. 2 shows the outage probability at the information receiver
in terms of the SIR threshold for transmitting power PE with I-S
and D-S networks. It can be seen that the results generated using the
obtained closed-form approximate expressions for the outage proba-
bility are very close to the simulation results, which corroborates our
analysis. All the cures have the same trend, as the outage probability
increases with the SIR threshold increases since the received SIR is
less likely to achieve the threshold. As PE increases from 36 dBm
to 40 dBm, the outage probability decreases. The higher value of
PE indicates stronger interference and weaker transmission reliabil-
ity for the information receiver. For the I-S architecture, the power of
PE does not affect the outage probability in the interference-limited
scheme. It also shows that D-S has a lower outage probability than
I-S in all cases because I-S has the largest degradation.

Fig. 3 shows the outage probability at the information receiver
in terms of the information threshold and shape parameter m over
Nakagami-m fading for the I-S and D-S networks. It can be observed
from the plot that the outage probability increases as the value of m
decreases from 4 to 2. This is because the channel experiences more
serious fading for small m. The analytical results are very close to
Monte Carlo results when m = 2. There is only a negligible error
for high SNR threshold and largem. It confirms that the closed-form
expression provides a reliable upper bound to the SWIPT heteroge-
neous network and can be extended to analyze the outage probability
in any generalized fading.

Fig. 4 shows the outage probability at the information receiver
in terms of the SIR threshold for path loss α in I-S and D-S net-
works. As shown, the outage probability decreases with increasing
α in both the I-S and D-S network. It implies that the outage behav-
ior is degraded in an urban environment (path loss exponent of 3.5)
compared with the performance in a rural environment (path loss
exponent of 2.5). This is because the increasing path loss leads to the
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Fig. 2: Outage probability of simulation and the bound for
PE={40dBm, 36dBm} in I-S and D-S architectures.
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Fig. 3: Outage probability of simulation and the bound for m={2,
4} in I-S and D-S architectures.

small desired power and interference power received at the informa-
tion receiver, while the path loss seems to affect more interference
than desired signal. It can be seen that the outage performance
hugely depends on the propagation environment.

Fig. 5 shows the effects of the node density λ and transmit power
on the average harvested energy with the practical non-linear EH
circuits under I-S and D-S architectures. One sees that the analytical
results closely match the non-linear EH model proposed in [20]. The
harvested energy increases with the density of nodes and achieves
the maximum value when the input power is greater than the fixed
value, regardless of receiver structures. It also shows that the average
harvested energy at the typical receiver increases with the increase of
the transmit power in the power transmission tier. D-S performs bet-
ter than I-S at the high transmit power domain. In addition, it shows
that the improvement is considerable in the I-S and minor in the D-
S with respect to the transmit power PE . Increasing transmit power
in the power transfer tier improves the EH performance, in contrast
to the more outage in the information receiver. There is a tradeoff
between the outage probability and average harvested energy.

Fig. 6 shows the effects of the node density λ and channel fading
parameter m on the average received power received at the power
receiver with I-S and D-S architectures. The average received power
is greatly increased when the number of APs increases because more
interference is introduced in the network that can be harvested at the
power receiver. For a given density, the average received power at the
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Fig. 5: Average received power of simulation and the bound for
PE={40dBm, 44dBm} in I-S and D-S architectures.

receiver increases when m increases from 2 to 4 because the lower
m corresponds to severe fading. It indicates that the channel fading
plays a dominant role in the performance of the power transmission
tier. The D-S has a larger average received power than I-S in both
cases because a fraction of received power is utilized for information
decoding in I-S.

5 Conclusion

In this paper, we study the performance of a two-tier wireless
downlink heterogeneous network with the integrated and decoupled
SWIPT architectures. Closed-form approximate expressions for the
outage probability at the information receiver have been derived over
Nakagami-m fading by the stochastic geometry approach. Averaged
harvested energy also has been derived under the proposed non-
linear EH model. The validity has been verified by the numerical
results. The analysis of the outage probability and average harvested
energy provided a useful guideline on the design of the energy effi-
cient SWIPT system by taking into account key system parameters
such as the transmit power of EAP and IAP, density of networks, and
fading scenarios.
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Fig. 6: Average received power of simulation and the bound for
m={2, 4} in I-S and D-S architectures.
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