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ABSTRACT This paper analytically investigates the performance of a wireless powered communication
system, where a source powered by multiple dedicated power beacons communicates with a destination.
Specifically, we consider a harvest-then-transmit multiple-input multiple-output communication system,
where the source uses all harvested energy for information transmission in each time block. The random
placement of terminals is characterized by stochastic geometry tools. Taking into account the effects of
imperfect channel state information in wireless energy transfer and wireless information transmission,
the ergodic achievable rate of information transmission is derived analytically by considering co-channel
interference (CCI) and the noise. In addition, assuming the CCI can be accurately approximated by a Gamma
distributed variable, the outage probability of information transmission is investigated. Numerical results
validate the analytical results and show the impacts of the antenna number, distribution density, estimation
error, and the transmit power of terminals on the system performance.

INDEX TERMS Wireless powered communications, Poisson point process, imperfect channel estimation,
ergodic achievable rate, outage probability.

I. INTRODUCTION
In order to reap the benefits of energy harvesting in long-
distance transmission, a practical transmission architecture is
proposed by deploying the dedicated power beacons (PBs)
in the network [1], [2]. It is also verified experimentally that
the harvested energy from multiple PBs can be additive [3].
Hence multiple PBs can be located relatively closed to the
energy harvester and the wireless devices are able to use the
harvested energy to transmit information. Such scheme is also
known as the wireless powered communications (WPC).

In the harvest-then-transmit WPC model, each time
block is partitioned into two phases for energy harvest-
ing and information transmission. Depending on whether
the wireless node deploys a rechargeable battery or super-
capacitor, and whether there exists a transmit power
constraint, several transmission policies for utilizing the har-
vested energy exist in literatures: 1) battery-equipped wire-
less node [2], [4], 2) supercapacitor-equipped with power
constraint [5], [6], and 3) supercapacitor-equipped without
power constraint [7], [8]. A sensor with supercapacitor is
widely applied in wireless networks where the wireless

device is able to quickly store and release energy from
ambient sources. Without considering the power constraint,
the power of the received information signal can be charac-
terized by exploiting the product distribution of channel gains
belonging to energy harvesting and information transmission
channels, if the geometric location of all nodes are fixed
and known. Within this derived closed-form distributions,
the network performance is analyzed in terms of the ergodic
capacity and the outage probability [7], [9].

Considering multiple PBs are randomly distributed in
a large-scale communication scenario, stochastic geometry
tools can be applied to characterize the location of the
randomly distributed wireless nodes. Among multiple mod-
els, Poisson Point Process (PPP) is considered as the most
tractable and appropriate model that can be applied to analyt-
ically investigate the performance of cellular networks [2],
relay networks [10], and cognitive networks [11]. Since
numerous PBs are deployed randomly in the wireless pow-
ered communication networks, the locations of PBs can be
modeled as a homogeneous PPP. Several research in wire-
less powered communication networks have already applied
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PPP to characterize the randomly distributed wireless nodes.
Lu et al. [12] study a cognitive D2D communication under-
lying a cellular network where the D2D transmitters first
harvest energy from the ambient energy sources and then use
the energy for further transmission, and the locations of wire-
less terminals are modeled by PPP. Flint et al. [8] consider a
point-to-point network, where a wireless sensor harvests the
energy from the randomly distributed PBs modeled by PPP,
then transmits information to a data sink using the harvested
energy.

Meanwhile, the utilization of multiple-antenna can sub-
stantially improve the achievable transmission rate and the
reliability in WPC network. Zhong et al. [7] discuss the aver-
age throughput of a wireless powered network considering
only onemultiple-antenna equipped PB in the network. In [9],
it is assumed that a multiple-antenna access point first sends
the energy to a single-antenna user with energy beamform-
ing and the user then use the harvested energy for further
transmission. In our previous work [13], the expected energy
harvesting rate and a tight bound of the information transmis-
sion rate are analytically investigated in a WPC model. How-
ever, most of the literatures that focus on the performance
analysis assume that perfect channel state information (CSI)
of multiple-input multiple-output (MIMO) channels can be
obtained, which is obviously infeasible in practice, due to
the inevitable feedback delays and unknown channel noise
component. Although the effects of imperfect CSI on wire-
less energy transfer have been investigated [14], [15], to the
best of our knowledge, when the energy-constrained terminal
is supercapacitor-equipped, the combined effect of the ran-
domly distributed PBs, imperfect CSI and the MIMO setting
onWPC performance has yet to be analytically explored, due
to the prohibited analysis complexity.

In order to address the above issue, we consider a
WPC MIMO communication system where a supercapacitor
equipped sensor communicates with a data sink.1 The sensor
entirely relies on the energy harvested from the surround-
ing dedicated PBs. The location of PBs and interferers are
modeled by stochastic geometry tools. First, a WPC MIMO
communication model is constructed by incorporating the
effects of imperfect CSI in MIMO transmission. Based
on this model, the performance of information transmis-
sion is evaluated analytically. By using moment generating
function (MGF) approach, we provide a semi-analytical
expression of the ergodic achievable rate of information trans-
mission. In addition, we investigate the approximation of
co-channel interference (CCI) in such network model. Within
the verified approximation result, the outage probability
of information transmission is derived. Both expressions
of network performance are simplified in the special case
where the channel training is perfect and the communication
is interference limited. The derived semi-analytical results

1In practical multi-sensor systems, multiple sensors need to be simultane-
ously served by PBs and several network architectures are proposed in [16].
In this work we only focus on the scenario where a cluster of PBs serve only
one sensor in each block time.

can be computed efficiently through numerical integration.
Furthermore, by numerical simulations, we investigate the
network performance as the PB density, the PB transmit
power, the number of sensor antennas and the channel esti-
mation error vary.

II. NOTATION AND DEFINITION
Throughout the paper, matrices and vectors are denoted
by uppercase and lowercase boldface letters, respectively.
E[·] denotes statistical expectation, and Mx(s) = E[e−sx]
indicates the MGF of variable x. 0(·) indicates the standard
gamma function, and 0(·, ·) represents the upper incomplete
Gamma function. The Gaussian hypergeometric function is
defined as 2F1(a1, a2; b1; x), and can be expanded as

2F1(a1, a2; b1; x) =
∞∑
k=0

(a1)k (a2)k
(b1)k

xk

k!

where (a)k = 0(a + k)/0(a) denotes the Pochhammer
symbol.

III. SYSTEM MODEL
We consider a WPC MIMO network as depicted in Fig. 1,
where a RF-powered sensor (S) delivers information signal
to the data sink (D), and the information transmission is
impaired by the co-channel interferers (I). All wireless termi-
nals, including S, D, PB and I in the network are considered
to be equipped with multiple antennas. Ns, Nd , Np and Ni are
used to denote the number of antennas on S, D, PB and I,
respectively. The location of D is fixed and its Euclidean
distance to S is known and denoted by r0. PBs are located
according to PPP 9 with density ρ in such plane, and the
Euclidean distance between the i-th PB and S is denoted by
ri, i ∈ 9. Similarly, we assume the randomly distributed
interferers are located according to another independent PPP
8 with density ρ′, and the Euclidean distance between the
j-th I and D is denoted by rj, j ∈ 8. By Slivnyak’s theorem
and due to the stationary of9, we focus on the scenario where
S is located at the origin of the Euclidean plane.

FIGURE 1. A network model of WPC MIMO communications.

Assuming a block time of T symbols, during the first phase
of the duration τT , where 0 < τ < 1, S harvests energy from
multiple PBs. The wireless power transfer between PBs and
S can be characterized as

ys =
∑
i∈9

Gisi + ns (1)
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where si represents the energy signal vector at the i-th PB,
ns is the AWGN noise, and Gi denotes a Ns × Np true

channel matrix, whose (m, n)-th element gmn = hmnr
−
α
2

i is
the channel coefficient incorporating the small scale Rayleigh
fading hmn and the path-loss effect with ri standing for the
distance andα is the path-loss exponent of the channel. Due to
the existance of the operational sensitivity level of the energy
harvester, it is only feasible for the PBs to tranfer energy
signal to S within a maximum distance [1]. In this work we
assume the maximum distance between PB and S is L.

It is known that the maximization of the power transfer
efficiency can be achieved by beamforming the signal along
the strongest eigenmode of the corresponding MIMO chan-
nel [16]. Different to the MIMO transmission of information
signals, the energy beamforming transmission only depends
on the acquisition of the CSI of PB-S link at PBs. The
channel training approach adopted in this work is reverse-
link training by exploiting the channel reciprocity, which is
accomplished by first sending pilot signals from S to PBs.
We here consider the time allocated for channel training
is τtT and the time left for the energy transfer is (τ − τt )T .
We neglect the noise effect during energy beamforming since
the power of noise introduced by the receiver antenna is much
smaller than that of the received energy signal in practice [17].
In order to analytically explore the effects of imperfect CSI
on the network performance, we use channel estimation error
model in [18] and [19] rather than the actual MIMO channel
estimation model [15]. Within the above channel training
scheme, the actual channel matrix between the i-th PB and
S is decomposed as:

Gi = Ĝi + Ẽi = r
−
α
2

i Ĥi + r
−
α
2

i Ei (2)

where Ĝi denotes the MMSE estimate of the channel known
at PB and Ẽi represents the estimation error matrix. Accord-
ing to the orthogonal property of the MMSE estimation
for Gaussian random variables, Ĥi and Ei are independent
and they have independent and identically distributed (i.i.d.)
zero-mean circularly symmetric complex Gaussian (CSCG)
entries with variances σ 2

H =
1

1+σ 2ε
and σ 2

E =
σ 2ε

1+σ 2ε
, respec-

tively. σ 2
ε = σ 2

u +
σ 2n
Pt

is used in this model to characterize
the effects of the estimation error as in [18], where σ 2

u stands
for the prediction error due to time variability of the chan-
nel, σ 2

n is the measurement discrepancy caused by AWGN
noise, and Pt represents the transmit power used for channel
training.

Based on the imperfect CSI, the amount of the energy, (also
known as energy harvesting rate) collected at S in one block
time can be expressed as

Eh =
∑
i∈9

µ(τ − τt )T tr
(
G†
iGiSi

)
− PtτtT (3)

where 0 < µ < 1 is the energy conversion efficiency,
Si = sis

†
i stands for the transmit covariance matrix condi-

tioned on the imperfect CSI on the i-th PB. By using the above

energy beamforming tecnique, Si is designed to be

Si = Peviv
†
i (4)

where Pe is the transmit power of the energy signal, and
vi = vmax(Ĝ

†
i Ĝi) denotes the eigenvector corresponding to

the dominant eigenvalue of Ĝ†
i Ĝi.

In the information transmission phase, the harvested
energy is utilized by S to transmit information to D during
the time (1 − τ − τt )T , where the remaining time τtT is
used for the channel estimation of the S-D link. Hence the
transmission power at S is expressed as Ps = Eh/((1 − τ −
τt )T ). We target to design a scheme that is robust against
severe effects of fading in order to acheive the maximum
diversity gain in the MIMO model rather than multiplexing
gain. Hence we consider the single-datastream beamforming
transmission scheme is implemented between S and D. In this
time division duplex (TDD) transmission scheme, by exploit-
ing the channel reciprocity, we also assume imperfect CSI of
the S-D channel is known to S and D, written as

G0 = Ĝ0 + Ẽ0 = r
−
α
2

0 Ĥ0 + r
−
α
2

0 E0 (5)

where G0 denotes a Nd × Ns true channel matrix, Ĝ0 is the
MMSE estimate of the S-D channel and Ẽ0 represents the
estimation error matrix. Ĥ0 and E0 are independent and they
have i.i.d. zero-mean CSCG entries with variances σ 2

H0
=

1
1+σ̃ 2ε

, and σ 2
E0
=

σ̃ 2ε
1+σ̃ 2ε

. For the simplification of the expres-

sion, we assume σ 2
ε = σ

2
ε and σ 2

H0
= σ 2

H , σ
2
E0
= σ 2

E . Then,
S is able to precode the information signal by beamforming
the signal along the the right eigenvector corresponding to the
dominant singular value of the MIMO channel Ĝ0, say v̂0,
and D will project the signal along the left eigenvector û0.
We consider the received information signal at D is

impaired by CCI and AWGN noise. Assuming both the
desired information signal x and the interferering signal x̃j
of the j-th interferer are zero mean and unit variance,
the received signal at D can be written as

yD = û†0
(√

Ps(Ĝ0 + Ẽ0)v̂0x +
∑
j∈8

√
P̃jG̃jvjx̃j

)
+ nD

=

√
Psr
−α
0 û†0Ĥ0v̂0x +

∑
j∈8

√
P̃jr
−α
j û†0H̃jvjx̃j

+

√
Psr
−α
0 û†0E0v̂0x + nD

=

√
Psr
−α
0 λ̂0x +

∑
j∈8

√
P̃jr
−α
j h̃jx̃j + ne (6)

where P̃j represents the transmit power of the j-th I,
H̃j represents the MIMO channel of the j-th CCI link.

We express û†0Ĥ0v̂0 = λ̂
1
2
0 where λ̂0 follows the law of

the dominant eigenvalue of the Gramian matrix Ĥ0Ĥ
†
0. The

square root of the channel gain of the j-th CCI link is denoted
as h̃j = u†H0

H̃jvH̃j . It is pointed out that h̃j is a zero-mean
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complex Gaussian variable [20]. CCI interferers locate out-
side an exclusion area centered at D with radius rc in cell
association scheme. For the sake of simplicity, in the follow-
ing, we assume the transmit power of I is identical (i.e. P̃j =
P̃, j ∈ 8). Furthermore, ne represents the effective noise
component withmean zero and variance σ 2

e = Psr
−α
0 σ 2

E+σ
2
D.

As such, the resulting instantaneous SINR at D can be
expressed as

γD =
Psλ̂0r

−α
0

I + σ 2
e

(7)

where I =
∑

j∈8 P̃|h̃j|
2 r−αj denotes the contribution of I

at D.

IV. PERFORMANCE ANALYSIS
We evaluate the performance ofWPCMIMO system in terms
of the ergodic achievable rate and the outage probability.
The ergodic achievable rate can be mathematically defined as
the expected value of the instantaneous mutual information,
which is R = E[ln(1 + γD)], and the outage probability
is defined as the probability that SIR at D is lower than a
threshold, written as P = P(γD < γth).

A. ERGODIC ACHIEVABLE RATE
By using MGF-based approach, the ergodic achievable rate
can be expressed by the proposed lemma in [21] in terms of
theMGFs of the nominator and denominator of SINR. For the
sake of brevity, we first define p and q as p = min(Ns,Nd )
and q = max(Ns,Nd ). Similarly, v and t are defined as v =
min(Np,Ns) and t = max(Np,Ns), respectively.
Proposition 1: The ergodic achievable rate of WPC

MIMO system can be characterized as

R =
∫
∞

0

1
s
(1−Ms(s))Mi(s)Mn(s) ds (8)

whereMs(s) denotes the MGF of Psλ̂0 r
−α
0 as follows

Ms(s) =
p∑

b′=1

(q+p)b′−2b′2∑
c′=q−p

b′c
′
+1db′,c′

c′!

·

∫
∞

0
λc
′

0 e
2πρ(Cb,c−L2/2) · es

σ2H λ0r
−α
0 Pt τt

1−τ−τt
−b′λ0 dλ0,

(9)

Cb,c =
v∑

b=1

(t+v)b−2b2∑
c=t−v

∫ L

0

db,ce−sµλ0φPeNsσ
2
Hσ

2
E r
−αr−α0 r dr

(sµλ0σ 4
HφPe/(r

αrα0 b)+ 1)c+1
,

(10)

the MGF of I is written by

Mi(s) = exp(−
2πρ′sP̃2F1(1, 1− 2

α
; 2− 2

α
;−

sP̃
rαc
))

(α − 2)rα−2c
,

(11)

and Mn(s) = exp(−s(Psr
−α
0 σ 2

E + σ
2
D)) is evaluated as

Mn(s) = e2πρC̃b,c−πρL
2
e−s(

σ2E r
−α
0 Pt τt

1−τ−τt
−σ 2D), (12)

C̃b,c =
v∑

b=1

(t+v)b−2b2∑
c=t−v

∫ L

0

db,ce−sµφr
−α
0 Per−αNsσ 4E r dr

(sµφσ 2
Hσ

2
EPe/(r

α
0 r

αb)+ 1)c+1
.

(13)

φ is defined as φ = (τ − τt )/(1 − τ − τt ). The coefficients
d(a, b) in (9) and (10) depend on a and b, their sum equals
to 1, and they can be computed by using the efficient algo-
rithm proposed in [22].

Proof: The proof is given in Appendix.
It is worth to point out that the integrals with respect to s

and λ0 in (8) and (9) can be efficiently computed by Gauss-
Laguerre quadrature, and the integral with respect to r in (11)
and (12) can be computed by Gauss-Legendre quadrature.
Nevertheless, the derived ergodic achievable rate in (8) is not
in a simple form since it requires a multi-fold integration.
As such we consider a special case where both expressions
of Ms(s) can be simplified, leading to a more compact form
in the following corollary,
Corollary 1: When the acquired CSI at PB and S are

perfect, considering the interference limited case, the ergodic
achievable rate of WPC MIMO system can be characterized
as

R =
∫
∞

0

1
s
(1−Ms(s))Mi(s) ds (14)

whereMs(s) is given in (9). As such, Cb,c is simplified as

Cb,c =
v∑

b=1

(t+v)b−2b2∑
c=t−v

db,c(sµλ0σ 4
Hφr

−α
0 Pe/b)−c−1

L−(αα′)αα′

· 2F1(c+ 1, α′;α′ + 1;−
Lαbrα0

sµλ0σ 4
HφPe

) (15)

where α′ = c+ 1+ 2/α. Mi(s) is provided in (11)
Proof: When σ 2

H = 1 and σ 2
E = 0, Cb,c can be sim-

plified into a closed-form following from [23, eq. (3.194.2)].

B. OUTAGE PROBABILITY
The distribution of SINR can be used to characterize the
outage probability of information transmission in WPC sys-
tem. However, the closed-form expressions of P in MIMO
WPC systems are still open problems, since the contributions
of PBs and CCI are both modeled by PPPs. In this work,
we circumvent this difficulty by approximating the I in (7)
using Gamma distribution.

It has been declared that the Gamma distribution can
provide a satisfactory tight fit to the statistics of Poisson
interference [24] considering an exclusion area. The CCI in
the considering WPC networks can be characterized in the
following proposition.
Proposition 2: The interference I can be approximated by

a Gamma distributed variable Ĩ with distribution P(Ĩ < z) =
1− 0(k, z/θ )/0(k), where k and θ are

k = 2πρ′r2c (α − 1)/(α − 2)2 (16)

θ = P̃jr−αc (α − 2)/(α − 1) (17)
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Proof: The mean value and the variance of the interfer-
ence are computed by exploiting the exponential distributed
channel gain and Campbell’s theorem [25],

E[I ] = 2πρ′P̃r2−αc /(α − 2)

Var[I ] = 2πρ′P̃2r2−2αc /(α − 1)

Through second-moment matching, the parameters of
Gamma distribution, k and θ can be obtained by using the
relations E[Ĩ ] = kθ and Var[Ĩ ] = kθ2.

After replacing I with Ĩ , the MGF of the interference can
be computed by leveraging the interference approximation
result.

M̃i(s) = E[exp(−Ĩ s)]
=
(
1+ θs

)−k (18)

In order to validate the approximation of CCI in the consider-
ing network model, the results of M̃i(s) will be compare with
that ofMi(s) in next section.
Since Ĩ is Gamma distributed and the shape parameter k

given in (16) is usually not an integer, for k > 1, the pdf of Ĩ
can be expressed as a weighted sum of Erlang PDF (as the
shape parameter is an integer),

fĨ (w) =
∞∑
β=0

Aβ
e−w

K
�wβ

0(β + 1)
(
K
�
)β+1 (19)

where Aβ = e−(K−1)(K − 1)β/β!, � = kθ , and K = k +
√
k(k − 1). Then, based on the SINR expression given in (7),

the outage probability equals to

P = P
(
Ĩ > Psr

−α
0 (

λ̂0

γth
− σ 2

E )− σ
2
D
)

= E
[ ∞∑
β=0

Aβ0(β + 1, K
�
(Psr

−α
0 ( λ̂0

γth
− σ 2

E )− σ
2
D))

0(β + 1)

]
(a)
= E

[ ∞∑
β=0

Aβ
0(β + 1)

e−
K
�
(Psr

−α
0 ( λ̂0

γth
−σ 2E )−σ

2
D)

×

∫
∞

0
e−u(u+

K
�
(Psr

−α
0 (

λ̂0

γth
− σ 2

E )− σ
2
D))

β du
]

= E
[ ∞∑
β=0

β∑
η=0

Aβe
−
K
�
Psr
−α
0 ( λ̂0

γth
−σ 2E )

0(β + 1)
Cηβ

× (
KPs
�rα0

(
λ̂0

γth
− σ 2

E ))
η0(β − η + 1,−

K
�
σ 2
D)
]

(20)

where (a) is obtained by employing Kummer’s identity on
incomplete Gamma function. Next, the evaluation has to
be performed by taking the expectation with respect to λ0
and Eh. We have

E
[
e−

K
�
Psr
−α
0 ( λ̂0

γth
−σ 2E )(

K
�
Psr
−α
0 (

λ̂0

γth
− σ 2

E ))
η
]

=

p∑
b′=1

(q+p)b′−2b′2∑
c′=q−p

η∑
w=0

b′c
′
+1db′,c′

c′!
Cw
η

(−σ 2
E )
η−w(w+ c′)!

(γth(1+ σ 2
ε ))w

·EPs
[
e
KPsσ2E
�rα0 (

KPs
�rα0

)η(
KPsσ 2

H

�γthrα0
+ b′)−(w+c

′
+1)] (21)

By applying the identity for the negative power of

(
Kr−α0 σ 2H
�γth

Ps + b′) [23, eq. (3.381.4)], we have:

EPs
[
e
KPsσ2E
�rα0 (

KPs
�rα0

)η(
Kr−α0 σ 2

H

�γth
Ps + b′)−(w+c

′
+1)]

=

∫
∞

0

b′−(w+c
′
+1)zw+c

′

e−z

0(w+ c′ + 1)

·

∫
∞

0
(
KPs
�rα0

)ηe
−z KPs

�rα0
(
σ2H
b′γth
−σ 2E )fPs (Ps) dPs dz

=

∫
∞

0

b′−(w+c
′
+1)zw+c

′

e−z

0(w+ c′ + 1)(σ 2
E −

zσ 2H
b′γth

)η

[ dηMε(s)
dsη

]
s=1 dz

(22)

where ε = KPs
�rα0

( zσ
2
H

b′γth
− σ 2

E ). Then, the outage probability can
be computed.
Proposition 3: The outage probability of WPC MIMO

system can be characterized as

P =
∞∑
β=0

β∑
η=0

p∑
b′=1

(q+p)b′−2b′2∑
c′=q−p

η∑
w=0

AβC
η
β0(β − η + 1,−K

�
σ 2
D)

0(β + 1)c′!(γthb′)w

·

∫
∞

0

zw+c
′

e−zdb′,c′Cw
η

(σ 2
ε −

z
b′γth

)η(−σ 2
ε )η−w

[ dηMε(s)
dsη

]
s=1 dz (23)

whereMε(s) is written as

Mε(s) = e2πρ(C̄b,c−L
2/2)
· exp(s

KPtτt
�rα0

( zσ
2
H

b′γth
− σ 2

E )

1− τ − τt
), (24)

C̄b,c =
v∑

b=1

(t+v)b−2b2∑
c=t−v

·

∫ L

0

db,c exp(−s
µφPeNsσ 2E

rα0 r
α

K
�
( zσ

2
H

b′γth
− σ 2

E ))

(sµφσ
2
HPe

brα0 r
α

K
�
( zσ

2
H

b′γth
− σ 2

E )+ 1)c+1
r dr

(25)
Note that the high-order derivatives in (23) can be evalu-

ated using Faà di Bruno’s formula, written as

dβ+1

dεβ+1
Mε(s) =

dβ+1

dεβ+1
f (g(s)) =

β+1∑
i=1

f i(g(s))

·B(β+1,i)(g1(s), g2(s), . . . , gβ+2−i(s))

where f (g(s)) = exp(g(s)) and g(s) is the term inside
the exponential function of (24). f i(·) and gi(·) denote
the i-th order derivatives of the corresponding function.
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B(a,b)(x1, . . . , xa−b+1) denotes the incomplete Bell polyno-
mials. In addition, we have to clarify that although the upper-
bound of the sum over β in (23) is infinity, the analytical
result, whose accuracy reaches approximately 1×10−10, can
be obtained by updating the upperbound of β to 30 in the
network models specified in next section. We also point out
that the integrals with respect to z in (23) can be efficiently
computed by Gauss-Laguerre quadrature, and the integral
with respect to r in (25) can be computed by Gauss-Legendre
quadrature.

Similar to the investigation of the ergodic achievable rate,
if perfect CSI of channels can be obtained at PBs and S,
i.e., σ 2

H = 1 and σ 2
E = 0, the outage probability of infor-

mation transmission can be simplified.
Corollary 2: When the acquired CSI at PB and S are

perfect, considering the interference limited case, the outage
probability of WPC MIMO system can be expressed as

P =
∞∑
β=0

β∑
η=0

p∑
b′=1

(q+p)b′−2b′2∑
c′=q−p

AβC
η
β (β − η)!)db′,c′

0(β + 1)c′!(γthb′)w

·

∫
∞

0
zη+c

′

e−z(−
z

b′γth
)−η

[ dηMε(s)
dsη

]
s=1 dz (26)

whereMε(s) is written as

Mε(s) = e2πρ(C̄b,c−L
2/2)
· exp(s

Kr−α0 zPtτt
�b′γth(1− τ − τt )

),

C̄b,c =
v∑

b=1

(t+v)b−2b2∑
c=t−v

db,cLαα
′

(s
µr−α0 φKz
b�b′γth

Pe)c+1αα′

· 2F1(c+ 1, α′;α′ + 1;−
Lαb�b′γth
sµr−α0 φKzPe

) (27)

V. NUMERICAL RESULTS
In this section, the performance of Gamma approximation
of CCI is first presented, through the comparison between
the MGF of I and Ĩ . Then, in order to compare the network
performance results with Monte-Carlo simulations, the
numerical examples for the ergodic achievable rate and out-
age probability expressions are presented. We further aim
to quantify the effects of the transmit power, deployment
density of PBs, and the channel estimation error on the system
performances which could shed some light on the system
design.

Throughout this section, the number of antennas on PBs
and D is equal to 2, while the number of antennas on S and
interferers could be set as 2 or 4. The RF-to-DC power con-
version efficiency is considered as µ = 60%. The distance
between S and D is known as r0 = 20m and the maximum
distance between PB ans S is set as L = 200m. We also
assume the exclusion distance as rc = 200m, and the path-
loss exponents of links as α = 3.5, except otherwise stated.
During one block time, τ = 30% time slots are allocated
for the energy harvesting, while the rest of the time slots are
reserved for the information transmission. The time left for
channel training in both phases is set as τt = 0.01% and the

FIGURE 2. Comparison of MGF of CCI I and the Gamma approximation Ĩ .

FIGURE 3. Achievable data rate versus density of PB with
different Ns and Pe.

power for pilot sigals is set as Pt = 0.01W. The density of
the interferers is set as ρ′ = 2 × 10−5m−2 and the transmit
power of I is set as P̃ = 1W. In the following figures, we use
lines to represent the analytical results and points to denote
the corresponding Monte-Carlo simulation results.

Fig. 2 exhibits the comparison between MGF of I and Ĩ ,
by setting the the exclusion distance rc as 800m and 1200m,
and α as 3.5 and 4. We observe that the Gamma approxi-
amtion can provides an acceptable fit to the true MGF of CCI
for a wide range of variable values.

Fig. 3 shows the ergodic achievable rate of the information
transmission versus PB density when the channel estimation
error σ 2

ε = 0.001. The simulation is carried out by setting
different values of the transmit power on PB, as Pe = 1W
and 5W. By setting different values of Ns and Ni, the ana-
lytical results obtained from (8) match the simulation results
accurately over a wide range of the PB density ρ. It could be
readily observed that the ergodic achievable rate can be sub-
stantially improved by implementing more PBs or increasing
the transmit power of PB.

Similarly, Fig. 4 presents the outage probability of the
information transmission versus PB density with different
value of Ns and Ni. Acceptable match is shown between the
analytical results based on (23) and the simulation results,
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FIGURE 4. Outage probability versus density of PB with different
Ns and Pe.

FIGURE 5. Achievable data rate versus density of PB with different
channel estimation errors.

FIGURE 6. Outage probability versus density of PB with different channel
estimation errors.

especially for the cases where the value of PB density is
low or moderate. Since the CCI is approximated by a Gamma
distributed variable, the analytical results of the outage proba-
bility deviate from the simulation results when the PB density
is large.

Fig. 5 and Fig. 6 presents the influence of the channel
estimation error on the ergodic achievable rate and the outage

probability, respectively, when Pe = 5W and Ns = Ni = 2.
The analytical results for σ 2

ε = 0 is obtained through (14)
and (26). The performance degradation of the information
transmission are presented with the increase of the channel
estimation error in both figures.

VI. CONCLUSION
We have analytically investigated the network performance
of WPC MIMO system. To this end, the ergodic achievable
rate and the outage probability for information transmission
were derived. The performance impact of the PB distribu-
tion density, PB transmit power, channel estimation errors
and number of antennas was characterized by the obtained
analytical results. Specifically, a semi-analytical expression
for the ergodic achievable rate was derived by using MGF
approaches. By approxiamting the interference by a Gamma
distributed variable, the expression of outage probability for
information transmission was obtained. The expression of
performance can be further simplified in a special scenario.
All analytical results were presented in compact semi-
analytical forms and can be computed efficiently. Our anal-
ysis was validated by showing the excellent match between
the results obtained through our exact expressions and those
obtained via Monte Carlo simulations. The derived results
could provide valuable insights for designing the practice
WPC systems.

APPENDIX
PROOF OF PROPOSITION 1
Based on the useful lemma to computing the capacity of
fading interference channel in [21], the ergodic achievable
rate can be expressed by deriving both MGFs of signal term
and interference term of γD. First of all, theMGF of the signal
term Psλ̂0 r

−α
0 can be evaluated as

Ms(s) = E
[
exp

(
− s

λ̂0 r
−α
0

(1− τ − τt )T

· (
∑
i∈9

µ(τ − τt )T tr(G†
iGiSi)− PtτtT )

)]
= E

[
exp

(
− sµλ̂0 r

−α
0 φ

∑
i∈9

tr((Ĝ†
i Ĝi

+ r−αi Nsσ 2
EINp )Si)

)
· exp(s

λ̂0r
−α
0 Ptτt

1− τ − τt
)
]

= E
[
exp

(
− sµλ̂0r

−α
0 φ

∑
i∈9

Per
−α
i (λ̂i + Nsσ 2

E )
)

· exp(s
λ̂0r
−α
0 Ptτt

1− τ − τt
)
]

= E
[
exp

(
− sµλ̂0r

−α
0 φ

∑
i∈9

Per
−α
i (λ̂i + Nsσ 2

E )
)]

·E
[
exp(s

λ̂0r
−α
0 Ptτt

1− τ − τt
)
]

(28)
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By applying the pdf of λi and stochastic geometry tools,
Ms(s) can be developed as

E
[
exp

(
− sµλ̂0r

−α
0 φ

∑
i∈9

Per
−α
i (λ̂i + Nsσ 2

E )
)]

(a)
= E

9,λ̂0

[∏
i∈9

∫
∞

0
exp(−sµλ̂0r

−α
0 φ

Pe
rαi

(σ 2
Hg+ Nsσ

2
E ))

·

v∑
b=1

(t+v)b−2b2∑
c=t−v

bc+1db,c
c!

gc exp(−bg) dg
]

(b)
= E

λ̂0

[
exp

(
− 2πρ

∫ L

0

(
1−

v∑
b=1

(t+v)b−2b2∑
c=t−v

db,c exp(−sµλ̂0r
−α
0 φPer−αNsσ 2

E )

b−c−1(sµλ̂0r
−α
0 φPer−ασ 2

H+b)
c+1

)
r dr

)]
= E

λ̂0

[
exp

(
− 2πρ

(
L2/2− Cb,c

))]
(29)

where

Cb,c

=

v∑
b=1

(t+v)b−2b2∑
c=t−v

∫ L

0

db,c exp(−sµλ̂0r
−α
0 φPer−αNsσ 2

E )

(s
µλ̂0r

−α
0 φσ 2H
b Per−α + 1)c+1

r dr

(30)

In (29), (a) is obtained by incorporating the pdf of λi,
(b) follows from the probability generating function (PGFL)
for PPP, and Cb,c is used to denote the summation in (c) for
the sake of brevity. Then, theMGF ofMs(s) can be expressed
by incorporating the pdf of λ̂0, written as

Ms(s)

=

p∑
b′=1

(q+p)b′−2b′2∑
c′=q−p

b′c
′
+1db′,c′

c′!

∫
∞

0
λc
′

0

· exp
(
2πρ

(
Cb,c−

L2

2

)
−b′λ0

)
·exp(s

σ 2
Hλ0r

−α
0 Ptτt

1−τ−τt
) dλ0

(31)

where λ̂0 in (30) is replaced by σ 2
Hλ0.

Similarly, the MGF of the interference term of γD is given
by

Mi(s)

= E[exp(−s
∑
j∈2

P̃j|h̃j|2r
−α
j )]

(a)
= E2[

∏
j∈2

(1+ sP̃r−αj )−1]

= exp
(
− 2πρ′

∫
∞

rc

sP̃r−αr

1+ sP̃r−α
dr
)

(b)
= exp

(
−

2πρ′sP̃

(α − 2)rα−2c
2F1(1, 1−

2
α
; 2−

2
α
;−

sP̃
rαc

)
)
(32)

where (a) is obtained by incorporating the exponential distri-
bution of |h̃j|2, and (b) follows from [23, eq. (3.194.1)].

REFERENCES
[1] K. Huang and X. Zhou, ‘‘Cutting the last wires for mobile communications

by microwave power transfer,’’ IEEE Commun. Mag., vol. 53, no. 6,
pp. 86–93, Jun. 2015.

[2] K. Huang and V. K. N. Lau, ‘‘Enabling wireless power transfer in cellular
networks: Architecture, modeling and deployment,’’ IEEE Trans. Wireless
Commun., vol. 13, no. 2, pp. 902–912, Feb. 2014.

[3] S. He, J. Chen, F. Jiang, D. K. Y. Yau, G. Xing, and Y. Sun, ‘‘Energy pro-
visioning in wireless rechargeable sensor networks,’’ IEEE Trans. Mobile
Comput., vol. 12, no. 10, pp. 1931–1942, Oct. 2013.

[4] Y. Zhu, L. Wang, K.-K. Wong, S. Jin, and Z. Zheng, ‘‘Wireless power
transfer in massive MIMO aided HetNets with user association,’’ IEEE
Trans. Commun., vol. 64, no. 10, pp. 4181–4195, Oct. 2016.

[5] Y. L. Che, L. Duan, and R. Zhang, ‘‘Spatial Throughput maximization of
wireless powered communication networks,’’ IEEE J. Sel. Areas Commun.,
vol. 33, no. 8, pp. 1534–1548, Aug. 2015.

[6] A. H. Sakr and E. Hossain, ‘‘Analysis of K-tier uplink cellular networks
with ambient RF energy harvesting,’’ IEEE J. Sel. Areas Commun., vol. 33,
no. 10, pp. 2226–2238, Oct. 2015.

[7] C. Zhong, X. Chen, Z. Zhang, and G. K. Karagiannidis, ‘‘Wireless-
powered communications: Performance analysis and optimization,’’ IEEE
Trans. Commun., vol. 63, no. 12, pp. 5178–5190, Dec. 2015.

[8] I. Flint, X. Lu, N. Privault, D. Niyato, and P. Wang, ‘‘Performance analysis
of ambient RF energy harvesting: A stochastic geometry approach,’’ in
Proc. IEEE Global Commun. Conf. (GLOBECOM), Austin, TX, USA,
Dec. 2014, pp. 1448–1453.

[9] W. Huang, H. Chen, Y. Li, and B. Vucetic, ‘‘On the performance of multi-
antenna wireless-powered communications with energy beamforming,’’
IEEE Trans. Veh. Technol., vol. 65, no. 3, pp. 1801–1808, Mar. 2015.

[10] I. Krikidis, ‘‘Simultaneous information and energy transfer in large-scale
networks with/without relaying,’’ IEEE Trans. Commun., vol. 62, no. 3,
pp. 900–912, Mar. 2014.

[11] S. Lee, R. Zhang, and K. Huang, ‘‘Opportunistic wireless energy harvest-
ing in cognitive radio networks,’’ IEEE Trans. Wireless Commun., vol. 12,
no. 9, pp. 4788–4799, Sep. 2013.

[12] X. Lu, P.Wang, D. Niyato, D. I. Kim, and Z. Han, ‘‘Wireless networks with
RF energy harvesting: A contemporary survey,’’ IEEE Commun. Surveys
Tuts., vol. 17, no. 2, pp. 757–789, 2nd Quart., 2013.

[13] S. Zhou and C. Li, ‘‘Performance analysis of wireless powered
MIMO communications using stochastic geometry,’’ in Proc. IEEE
Int. Conf. Internet Things (iThings), Chengdu, China, Dec. 2016,
pp. 74–79.

[14] X. Chen, C. Yuen, and Z. Zhang, ‘‘Wireless energy and information
transfer tradeoff for limited-feedback multiantenna systems with energy
beamforming,’’ IEEE Trans. Veh. Technol., vol. 63, no. 1, pp. 407–412,
Jan. 2014.

[15] Y. Zeng and R. Zhang, ‘‘Optimized training design for wireless energy
transfer,’’ IEEE Trans. Commun., vol. 63, no. 2, pp. 536–550, Feb. 2015.

[16] Y. Zeng, B. Clerckx, and R. Zhang, ‘‘Communications and signals design
for wireless power transmission,’’ IEEE Trans. Commun., vol. 65, no. 5,
pp. 2264–2290, May 2017.

[17] L. Liu, R. Zhang, and K.-C. Chua, ‘‘Wireless information and power
transfer: A dynamic power splitting approach,’’ IEEE Trans. Commun.,
vol. 61, no. 9, pp. 3990–4001, Sep. 2013.

[18] A. Tukmanov, S. Boussakta, Z. Ding, and A. Jamalipour, ‘‘Outage per-
formance analysis of imperfect-CSI-based selection cooperation in ran-
dom networks,’’ IEEE Trans. Commun., vol. 62, no. 8, pp. 2747–2757,
Aug. 2014.

[19] G. Amarasuriya, C. Tellambura, and M. Ardakani, ‘‘Performance anal-
ysis of hop-by-hop beamforming for dual-hop MIMO AF relay net-
works,’’ IEEE Trans. Commun., vol. 60, no. 7, pp. 1823–1837,
Jul. 2012.

[20] A. Bletsas, H. Shin, and M. Z. Win, ‘‘Cooperative communications with
outage-optimal opportunistic relaying,’’ IEEE Trans. Wireless Commun.,
vol. 6, no. 9, pp. 3450–3460, Sep. 2007.

[21] K. A. Hamdi, ‘‘A useful lemma for capacity analysis of fading interference
channels,’’ IEEE Trans. Commun., vol. 58, no. 2, pp. 411–416, Feb. 2010.

[22] A. Maaref and S. Aissa, ‘‘Closed-form expressions for the outage and
ergodic Shannon capacity of MIMO MRC systems,’’ IEEE Trans. Com-
mun., vol. 53, no. 7, pp. 1092–1095, Jul. 2005.

[23] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and Products.
New York, NY, USA: Academic, 1980.

15548 VOLUME 6, 2018



S. Zhou et al.: Performance Analysis of WPCs With Multiple Antennas

[24] R. W. Heath, Jr., M. Kountouris, and T. Bai, ‘‘Modeling heterogeneous
network interference using poisson point processes,’’ IEEE Trans. Signal
Process., vol. 61, no. 16, pp. 4114–4126, Aug. 2013.

[25] O. Kallenberg, Random Measures, 4th ed. Berlin, Germany:
Akademie-Verlag, 1986.

SIYUAN ZHOU received the B.S. degree in elec-
tronic engineering from the Nanjing University of
Posts and Telecommunications, Nanjing, China,
in 2008, the M.S. degree in communication and
information systems from Southeast University,
Nanjing, in 2011, and the Ph.D. degree in elec-
tronics and telecommunications engineering from
the Politecnico di Torino, Torino, Italy, in 2015.
He is currently an Assistant Professor with the
College of Computer and Information, Hohai Uni-

versity. His current research interests include wireless communication theory
and cooperative communications.

XIANJUE WANG received the B.S. degree in elec-
tronic and information engineering from Hohai
University, Nanjing, China, in 2003, and the M.S.
degree in communication and information sys-
tems from Southeast University, Nanjing, in 2006.
She is currently an Assistant Professor with the
College of Computer and Information, Hohai
University. Her current research interests include
resource allocation and channel estimation inwire-
less communications.

NING CAO received the B.S. and M.S. degrees in
electrical engineering from Southeast University,
Nanjing, China, in 1984 and 1990, respectively.
From 1991 to 2002, he was an Assistant Professor
with the College of Computer and Information,
Hohai University, Changzhou, China. Since 2002,
he has been with the School of Computer and
Information, Hohai University, Nanjing, where he
is currently a Professor. His current research inter-
ests include statistical signal processing, sensor
array processing, and wireless communications.

XUJIE LI received the Ph.D. degree in commu-
nication engineering from the National Mobile
Communications Research Laboratory, Southeast
University, in 2012. He is currently an Associate
Professor with the College of Computer and Infor-
mation, Hohai University. His current research
interests include resource allocation, D2D com-
munication, and system performance analysis.

VOLUME 6, 2018 15549


	INTRODUCTION
	NOTATION AND DEFINITION
	SYSTEM MODEL
	PERFORMANCE ANALYSIS
	ERGODIC ACHIEVABLE RATE
	OUTAGE PROBABILITY

	NUMERICAL RESULTS
	CONCLUSION
	REFERENCES
	Biographies
	SIYUAN ZHOU
	XIANJUE WANG
	NING CAO
	XUJIE LI


