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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 one multiple-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
on WPC 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.' 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

n 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.
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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.

1. NOTATION AND DEFINITION

Throughout the paper, matrices and vectors are denoted
by uppercase and lowercase boldface letters, respectively.
E[-] denotes statistical expectation, and M, (s) = E[e™*]
indicates the MGF of variable x. I'(-) indicates the standard
gamma function, and I'(:, -) represents the upper incomplete
Gamma function. The Gaussian hypergeometric function is
defined as 2 F1(ay, az; by; x), and can be expanded as

o]

2Fiar, azibiix) =

k=0

(apk(a2)k X_k
b k!

where (a)y = ['(a + k)/T'(a) denotes the Pochhammer
symbol.

Ill. 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. Ny, Ny, N, and N; 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 ry. PBs are located
according to PPP W with density p in such plane, and the
Euclidean distance between the i-th PB and S is denoted by
ri,i € W. Similarly, we assume the randomly distributed
interferers are located according to another independent PPP
® with density p’, and the Euclidean distance between the
J-th T and D is denoted by rj,j € ®. By Slivnyak’s theorem
and due to the stationary of W, 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 7' symbols, during the first phase
of the duration T 7, where 0 < 7 < 1, S harvests energy from
multiple PBs. The wireless power transfer between PBs and
S can be characterized as

s =Y Gisi+ny (1)

eV
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where s; represents the energy signal vector at the i-th PB,
ng is the AWGN noise, and G; denotes a Ny x N, true

a

channel matrix, whose (m, n)-th element g,,, = hmnri—7 is
the channel coefficient incorporating the small scale Rayleigh
fading h,,, and the path-loss effect with r; standing for the
distance and « 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 ;T and the time left for the energy transfer is (t — 7,)7T.
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=Gi+E=r TH+r 'K @)
where f}i denotes the MMSE estimate of the channel known
at PB and E; represents the estimation error matrix. Accord-
ing to the orthogonal property of the MMSE estimation
for Gaussian random variables, H; and E; are independent
and they have independent and identically distributed (i.i.d.)

zero-mean circularly symmetric complex Gaussian (CSCG)

2 1

. . . _ 2 _
entries with variances aH = Go? and o = respec

e _
1+02°
tively. cr
the effects of the estlmatlon error as in [18], where ou stands
for the prediction error due to time variability of the chan-
nel, anz is the measurement discrepancy caused by AWGN
noise, and P; 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

= Z,u(t — )T tr(G}LG;S,») - PiuT 3)
iev

=07+ % % s used in this model to characterize

where 0 < pu < 1 is the energy conversion efficiency,
S, = sis:.r stands for the transmit covariance matrix condi-
tioned on the imperfect CSI on the i-th PB. By using the above
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energy beamforming tecnique, S; is designed to be
Si = PeV,'V:-r (4)

where P, is the transmit power of the energy signal, and
vV, = VmaX(G Gl) denotes the eigenvector corresponding to

the dominant eigenvalue of G:.fG,.

In the information transmission phase, the harvested
energy is utilized by S to transmit information to D during
the time (I — v — 7;)T, where the remaining time 7,7 is
used for the channel estimation of the S-D link. Hence the
transmission power at S is expressed as Py = Ep/((1 — 7 —
7;)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

N\Q

Go=Go+Eg=r, *Hy+r, *Eg (5)
where G denotes a N; x Ny true channel ~matlrix, Go is the
MMSE estimate of the S-D channel and Eq represents the
estimation error matrix. Hy and Eq are independent and they

have i.i.d. zero-mean CSCG entries with variances O’le =

rl&z’ 1 + Ti57- For the simplification of the expres-
sion, we assume 02 = a and O'HO = 013, 1%0 = O'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 Go, say Vo,
and D will project the signal along the left eigenvector .

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 X;
of the j-th interferer are zero mean and unit variance,
the received signal at D can be written as

ﬁ(]; (/FS(GO + Eo)f’ox + Z \/iTjGjijCj) +np

2 _
and Of, =

YD =
jed
= , /Ps}’o—aﬁgﬁo{’ox + Z ,/i’jrj_aﬁ;gﬁjvjfcj

jed

++/ P‘Yro_“ﬁ(];Eo@ox + np
= /Pyrg®hox + Z Vi i + ne (6)

jed
where i’j represents the transmit power of the j-th I,
H; represents the MIMO channel of the j-th CCI link.

R L1 .
We express ﬁ:r)Hoffo = A, where 1o follows the law of

the dominant eigenvalue of the Gramian matrix I:IOI:IT The
square root of the channel gain of the j-th CCI link is denoted
as hj = uLOH,VH It is pointed out that h 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 r. in cell
association scheme. For the sake of simplicity, in the follow-
ing, we assume the transmit power of I is identical (i.e. f’j =
P, j € @®). Furthermore, n, represents the effective noise
component with mean zero and variance o> = P, T +012).

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

Pshory®
= — 7
YD = e (N
where I = Zje(l) P|h |2 ~% denotes the contribution of I
atD.

IV. PERFORMANCE ANALYSIS

We evaluate the performance of WPC MIMO 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[In(1 4+ yp)], and the outage probability
is defined as the probability that SIR at D is lower than a
threshold, written as P = P(yp < yu).

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
the MGFs of the nominator and denominator of SINR. For the
sake of brevity, we first define p and g as p = min(Ns, Nyg)
and ¢ = max(Ny, Ng). Similarly, v and ¢ are defined as v =
min(N,, Ny) and t = max(N,, N;), respectively.

Proposition 1: The ergodic achievable rate of WPC
MIMO system can be characterized as

R= / §<I_Ms<s»M,-<s>Mn<s>ds ®
0

where M(s) denotes the MGF of PS)A»O oy % as follows

p (g+p)b'—2b"

b/c/+]d L
AECED DU I
=1 ('=q—p )
Uz I T
. /Oo )LgleZHp(Cb’c_Lz/z) %:lib/ko d)\-()’
0
)
C i(tJrV)iZbZ/ db,ce_"MWP“Nf"FZI"gfa’O_ardr
be = 1
‘ L o GsproofgPe/(rergb) + et
(10)
the MGF of [ is written by
2mp'sPyFy(1,1 — 2,2 — 2; — ))
Mi(s) = exp(—
l W—Dm
(1)
and M,,(s) = exp(—s(Pyry o 2+ 0})) is evaluated as
o2r P,r[
Mn(s) = eZJTpCb( JT'OLZ —s(h OT o 0[2)), (12)
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v (t+v)b—2b%

617,6 = Z

b=1 c=t—v

L db e »W¢"0 Per’O‘quérdr
/ (spofoZPe/(rireb) + DT
(13)

¢ is defined as ¢ = (v — 1;)/(1 — 7 — 7). 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 Ag 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 M,(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 = / é(l — M(s)Mi(s)ds (14)
0

where M(s) is given in (9). As such, Cp, . is simplified as

v (t+v)b—2b%

Cre=2 2

dp,c(spuroopy@ry “Pe/b) ¢!

arll L—(aa’)aa/
L%brf
aFic+ Lasad +1;————2—) (15)
SUAO L QP

where &’ = ¢ + 1 + 2/a. M;(s) is provided in (11)
Proof: When UEI = 1 and o'é = 0, Cp, 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 / can be approximated by
a Gamma distributed variable I with distribution ]P’(I <z)=
1 —T(k,z/0)/T'(k), where k and 6 are

k = 2mp' rX(a — 1)/(a — 2)° (16)
0 = Pir=%a —2)/(a—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] = 27p'Pr2=/(a — 2)
Var[I] = 27p'P*r> =2 J(a — 1)

Through second-moment matching, the parameters of
Gamma distribution, k and 6 can be obtained by using the
relations E[i] = k6 and Var[i] = k62, [ |

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

E[exp(—Is)]
—k

Mi(s) =

= (1+6s) (18)

In order to validate the approximation of CCI in the consider-
ing network model, the results of M;(s) will be compare with
that of M;(s) in next section.

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

Wﬂwﬁ K

fiw) = Z ﬂr(ﬂH)(a)ﬁ“ (19)

where Ag = e’(K’l)(K —DB/BL Q = kO, and K = k +
k(k — 1). Then, based on the SINR expression given in (7),
the outage probability equals to

A

. i
P =PI > Py (=2 — o) — o,%)
Vih

E[ i Aﬂr(ﬂ +1, (Ps O'E) - GD))]
p ]
- Koy *(22 ~o2)-0})

@ Ap -
- E[ﬂ; rE+n°

X / U+ —(P (— — o) — op)P du]
0

oo B Prr ( —a?)
Aﬂ 0 vy TE
= E[ZZ c!
B
s FB+1)
KP;s o K ,
(5 ;(y oP)'T(B—n+1, —QaD)] (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 Ag
and Ej,. We have

Psr0 (yhfaE)( P,r

Y
E — = 1
[e (J/th 2 ]
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) 2 ,
— i (11+p% ’ i b/c'Hdb/yc/ cv (—Ub%)n_w(w + )
= /1 n 2yyw
= a1+ 02)
2
Tk KPs , KPyo}

.E Qg (S yn
Ps[e (Qrg) (Q)/zhrg

+ b/)*(w+c’+l)] (1)

By apzplymg the identity for the negative power of

(K% p, 1 ) [23, eq. (3.381.4)], we have:

KPSUI% _

KP; Kr

E rO HP b/ (w+c'+1)
p,[e (Qa) (—Q% +0)” ]
00 /= (w+c’ +1)ZW+L e ?

/

Tw+c +1)

L KPs o
/ (=— TR Wy T
Qro

)
fPs(Ps) dPdz

/oo b (w+c'+1)zw+c’efz ane(S)]

= dz
=1

O Twtc 4 Do - iy T

(22)

P (S 2051 a}%). Then, the outage probability can

where € = szr“ o

be computed.
Proposition 3: The outage probability of WPC MIMO
system can be characterized as

p (q+p)b'—2b"
535 35 DD DI pie e e
B=0n=0b'=1 c'=g—p w=0 &
00 Zw+£ 7Zdb/ /CW d"M (S)
f 2 2 | - ]s:l dz  (23)
o (02— b,w)”( o L ds"
where M (s) is written as
KP;T[(W_H _ )
- @ \Byy ~ °E
Mg(s) — eZnﬂ(Cb,c—Lz/Z) . eXp(s rO Vih )’ (24)
1—7— Tt
v (t+v)b—2b?
Cb~c=Z )
c=t—v
PNy
L dp,cexp(— s’“’i#"”gfi';jh 2)
/ dr
0

mpa P. g 202 .
(s brg’jae oy, — oF) + et

(25)
Note that the high-order derivatives in (23) can be evalu-
ated using Faa di Bruno’s formula, written as

B+1 B+1

d .
— i @6 = Y ()
i=1

ﬂ+27i(s))

apt!

de —pr M) =
‘Bgi1.0(8'(5). 8°(5). ... 8

where f(g(s)) = exp(g(s)) and g(s) is the term inside
the exponential function of (24). f'(-) and g'(-) denote
the i-th order derivatives of the corresponding function.
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B(a,by(x1, ..., Xq—p4+1) denotes the incomplete Bell polyno-
mials. In addition, we have to clarify that although the upper-
bound of the sum over 8 in (23) is infinity, the analytical
result, whose accuracy reaches approximately 1 x 1070, can
be obtained by updating the upperbound of g 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  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,
ie., o*f, = 1 and aé = 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 (gtp)b'—

2% A CUB — )y o
B n b ¢
P = ZZZ ) :

-P

1] \W
S e e T D)

. > ntc ,—zi__ % \-n d" Me(s)
/0 e %( b’m) [ el Ji_ dz (26)

where M (s) is written as
Kry “zP;7;

M.(s) = TP Coe=L?/2) o ’
@ =e P S ym(l — 7 — 1)

v (t4v)b—2b>

d zxo/
Cp.e = Z Z g 9K ;Kz

ce=t—v (§5&— T Pt lao!
LYbQb
DFic+ Lo a4+ 15 ———1 ) o7
ST YoKzP,

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 1. 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 © = 60%. The distance
between S and D is known as rp = 20m and the maximum
distance between PB ans S is set as L = 200m. We also
assume the exclusion distance as r. = 200m, and the path-
loss exponents of links as ¢ = 3.5, except otherwise stated.
During one block time, T = 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 7; = 0.01% and the
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power for pilot sigals is set as P; = 0.01W. The density of
the interferers is set as p’ = 2 x 107> m~2 and the transmit
power of 1 is set as P = 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 I,
by setting the the exclusion distance 7. as 800m and 1200m,
and o 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 o = 0.001. The simulation is carried out by setting
dlfferent values of the transmit power on PB, as P, = 1W
and 5W. By setting different values of N; and N;, the ana-
lytical results obtained from (8) match the simulation results
accurately over a wide range of the PB density p. 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 Ny and N;. 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
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FIGURE 5. Achievable data rate versus density of PB with different
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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
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probability, respectively, when P, = SW and Ny = N; = 2.
The analytical results for 03 = 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 yp. First of all, the MGF of the signal
term PX)A\O ry % can be evaluated as

)A»o ro_a
T
()t — )T WG|GSy — P T))]
iew

= E[exp (— spho 1y “¢ Z tr(((A}:.r(A}l
ey

Mi(s) = E[exp ( -

ry Y Pt
+aNﬁmﬁ»amilJi

)]

= E[exp (— suhorg®¢ Y Per; *(i + Nyo})

l—7—1

ie¥
Aory @PiT
) exp(s%)]
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= Bl exp (— suhorg“® Y Per“ (i + Neop))]
ey
horg P
-E[ exp(s ———)] (28)
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By applying the pdf of X; and stochastic geometry tools,
M(s) can be developed as

E[exp (— sprory “ Z Per; “ (i + Nyop))]
iev
@ o 3 Pe Noo2
= xp,io[l_[ exp(—suhory ¢ — (0j;8 + Nyo))
iew 70 ’i
v u+»m—2b2bc+1 he .
D) g en(-bg)dg]
b=1 '

c=t—v
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:Eio[exp(—b[,o/o (1—
v (t+v)b—2b%

2 2
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dp.c exp(—suior(;ad)Per_“NSUb%) ) )]
_ rdr
b=~ (suhorg *@Per 9o +b)t!

=B, [exp (= 270022 - b)) (29)
where

Cb,c
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/‘L dp.¢ exp(—suioro_“quer_“Nsoé) dr
0

rory * o
b=1 c=t—v (S%Per_“—l—l)ﬁ‘l

(30)

In (29), (a) is obtained by incorporating the pdf of A;,
(b) follows from the probability generating function (PGFL)
for PPP, and Cj . is used to denote the summation in (c¢) for
the sake of brevity. Then, the MGF of M(s) can be expressed
by incorporating the pdf of A0, written as

M (s)
2
P (q+p)b/72b b/C/Jr]db/ o 00 /
=2 2 ) %
V=1 =q—p ¢ 0

L? Ahory @ Pity
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where )10 in (30) is replaced by 0121)»0-
Similarly, the MGF of the interference term of yp is given
by

Mi(s)
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jE®
@ D.—ay—1
= Bol] (1 +sPr;)™"]
je®
, [ sPror
= exp(—ZJT,o —~dr>
re 14+ sPr=¢

) 27p'sP 2 2 sP
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(32)

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