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Abstract—In this paper, we examine the feasibility of wireless
energy transfer (WET) using arrays with multiple antennas.
Specifically, we compute the probability of outage in energy
transfer over a Rician fading channel when the base station (BS)
with multiple antennas transfers energy to a wireless sensor node
(WSN). Through our analytical and numerical results, we prove
that by deploying more antennas at the BS, the range of WET
can be increased while maintaining a target outage probability.
We observe that the use of massive antenna arrays at the BS
results into huge savings of radiated energy. We show that for
typical energy levels used in WET, the outage performance with
imperfect channel state information (CSI) is essentially the same
as that obtained based on perfect CSI. We also observe that
a strong line-of-sight component between the BS and the WSN
lowers the probability of outage in energy transfer.

Index Terms—Wireless energy transfer, massive MIMO, beam-
forming, outage probability, array gain

I. INTRODUCTION

Wireless energy transfer (WET) is a promising energy
harvesting technology where the destination node harvests
energy from electromagnetic radiations [1], [2]. However,
there are several challenges that must be addressed in order to
implement WET. Firstly, only a small fraction of the energy
radiated by an energy transmitter can be harvested by the
wireless sensor node (WSN) which severely limits the range
of WET [3], [4]. Secondly, the received energy levels that are
suitable for wireless information transfer are often not suitable
for WET, where the absolute received energy is of interest
and not the signal-to-noise ratio. To significantly boost the
performance of WET, large transmitter arrays can be used [1],
[5]. Massive multiple input multiple output (MIMO) systems,
where the base station (BS) employs antenna arrays with a
few hundred antennas, have recently emerged as a leading 5G
wireless communications technology. They provide orders of
magnitude higher data rates and energy efficiency than current
wireless systems [6].

Contributions: We consider a network where a BS
equipped with a massive antenna array communicates with
and beamforms (radio-frequency) RF energy to a WSN. The
motivation behind using an antenna array is that it can make
use of the array gain, resulting from coherent combination
of the signals transmitted from each antenna, provided it
knows its channel to the WSN. This array gain in turn may
lead to an extension of the operating range and/or reduction
in the amount of transmit energy needed to satisfy a given
energy harvesting constraint. The drawback is that the wireless
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Fig. 1. The two phase communication protocol.

channel between the BS and the WSN fluctuates so that the
channel state information (CSI) needs to be acquired on a
regular basis to enable coherent combining.

As shown in Figure 1, the communication between the BS
and the WSN takes place in two phases. In the first phase,
the WSN transmits a known pilot waveform using the energy
stored in a battery or a capacitor. This is measured at each
antenna in the BS array, in order to estimate the CSI from
the sensor. In the second phase, the BS performs transmit
beamforming of energy to the WSN, using the estimated CSI
and exploiting channel reciprocity. The energy harvested by
the WSN is used to recharge its capacitor or battery, and
needed in turn for pilot transmission in phase one of the
next round and also to perform the main tasks of the sensor.
Moreover, both phases may involve transfer of information,
although that is not the focus of this paper.

The main objective of this paper is to estimate the link
budget in order to ascertain the viability of a system that
performs WET using massive antenna arrays. We investigate
the following specific questions: 1) what array gain can the
massive MIMO setup provide in WET, i.e., how does the
required radiated energy scale with the number of antennas in
the array given that the CSI is estimated from pilots? 2) how
does the number of antennas at the BS depend on the path
loss or the distance between the BS and the WSN? 3) how do
the answers to the previous questions depend on propagation
conditions? To this end, we compute new, exact expressions
for the probability of outage in energy transfer, defined here
as the probability that the energy harvested by the WSN is
less than the energy that it spends on uplink pilot signaling,
for both perfect and imperfect CSI and for a general Rician
fading channel model.



Related Work: In order to maximize the net average
harvested energy at the WSN, while [7] derived the optimal
uplink pilot power and the number of antennas at the WSN
that need to be trained, [8] looked at optimizing the time that
must be allocated for pilot signaling and energy transfer. In [9],
a wireless powered communication network with one multi-
antenna BS and a set of single antenna users was considered
for joint downlink energy transfer and uplink information
transmission via space division multiple access. Simultaneous
wireless information and power transfer for a multiuser multi-
ple input single output (MISO) system, where a multi-antenna
BS sends information and energy simultaneously to several
single antenna users which then perform information decoding
or energy harvesting was studied in [1], [5], [10]. However,
none of these papers consider the possibility of an outage in
energy transfer. To address outages in energy transfer, [11]
analyzed the probability of outage in energy transfer for a
MISO system over a Rayleigh fading channel and with CSI
acquired using least squares channel estimation. In this paper,
we extend the analysis of [11] to a more general Rician fading
channel model and with minimum mean square error (MMSE)
channel estimation.

II. SYSTEM MODEL

We consider a frequency-flat, block-fading channel model
in which the channel impulse response from each antenna
at the BS to the WSN remains constant during a coherence
interval of length 7 seconds. The channel realizations are
randomly generated and they are independent across blocks.
We, therefore, need to estimate it after every coherence in-
terval. We assume time-division duplexing (TDD) mode of
communication so that the channel from the BS to the WSN
referred to as the downlink channel is the same as the channel
from the WSN to the BS referred to as the uplink channel.
Therefore, the BS can take advantage of channel reciprocity
and make channel measurements using uplink signals.

We focus on a wireless network where a BS with M
antennas is used to transfer RF energy to a single antenna
WSN that has energy harvesting capabilities. We consider a
scenario where a line-of-sight (LoS) link might be present
between the BS and the WSN and for which the channel h
from the BS to the WSN can be modeled by the Rician fading

model as [12]
+4/ ! h )
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where hy; € CM*! is the deterministic vector containing the
specular components of the channel, K is the Rician factor
defined as the ratio of the deterministic to the scattered power,
and h, € CM*1 denotes the scattered components of the chan-
nel and is a random vector with i.i.d. zero mean unit variance
circular symmetric complex Gaussian entrles Furthermore,
hy = [1 cI01(9) IO — 1)(¢>)} where 6;(¢), i =

., M —1 is the phase shift of the " antenna with respect to
the reference antenna and ¢ is the angle of departure/arrival of

h
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the specular component. Thus, h ~ CN (u, A), where p =
@éh[l 301(6) ewwpquTamiAh: Ly

A. Uplink Pilot Signaling and Channel Estimation

The signal' y(t) that is received at the BS when the WSN
transmits a continuous-time pilot signal v/ F,p(t) of duration
T such that fo Ip(t)|? dt = 1, is given by

= V/BVE.hp(t) +

where (3 denotes the distance-dependent path loss, E,, is the
energy spent on uplink pilot signaling in Joule, h € CM*! is
the channel as defined in (1) and w(¢) is the thermal noise
vector at the BS that is independent of h. The objective of the
uplink pilot signaling is to estimate h given y(t).

Now, a sufﬁ01ent statistic for estimating h at the BS is
y_fo (t)dt = /BVE.h + w, where w € CMx!
is circular symmetrlc complex additive white Gaussian noise
(AWGN). Furthermore, w ~ CA (0, NoI,/), where Ny is the
noise power spectral density in Joule.  Thus, given y, the
MMSE estimate hypysg of h is given by [13]

(y—Eyly]), 3)

where X, is the cross-covariance matrix of h and y and X,
is the covariance matrix of y. It is straightforward to show

L
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w(t), forte[0,T], ()

fALMMSE = Ep [hly] = En [h] + 2hy2;1

that Xp,y = ‘/I_(‘J/rff_“IM and ¥, = %{LH)NOI Using
these, (3) can be simplified to obtain
Pase = h + ’NEMMSE, 4)

where hyvse ~ CN (0, mhﬂ is the estimation

error that is independent of hysg-

B. Transmit Beamforming Based on the MMSE Estimate

Given the MMSE channel estimate iAlMMSE, the BS performs
transmit beamforming of energy, i.e., it aligns the signals
emitted from the different antennas so that they add up
coherently at the WSN in order to maximize the harvested
received energy. Therefore, on the downlink, it transmits

Y
x(t) = VEq HZMMSEHp (t) where E; is the downlink energy

in Joule, ()T is the conjugate transpose, and p’(t) is a unit
energy continuous-time pulse of duration 7.

The WSN receives a continuous-time signal y’(t) on the
downlink and it is given by

\/_ \/_ hMMSE

t)+w'(t), fort €[0,77], (5)
||hMMSE||

where w’(t) is the thermal noise at the WSN. We denote
the energy harvesting efficiency of the WSN by 7. Then, the

IThis is the complex baseband representation of a physical quantity that
is proportional to the voltage measured across the load connected to the BS
antenna. The proportionality constant in turn depends on the load resistor
used.



energy harvested Ej, in Joule based on the MMSE channel

estimate is )
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Note that Ej is a random variable (RV). Moreover, the
contribution from w’(t) to E}, is neglected, since it cannot
be harvested. Let
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We state below the conditional statistics of Uyuse that will
be used in the analysis in Section III-B. N
Lemma /: Given the MMSE channel estimate hywsE,
Wnmse 1s a complex Gaussian RV with conditional mean

E [\IJMMSE|ﬁMMSE} = ||EMMSE||7 (8)

and conditional variance
- BE,+ (K +1)Ny
Proof: This follows from standard results on conditional

Gaussian RVs and we omit the proof due to space constraints.
|
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ITT. PROBABILITY OF OUTAGE IN ENERGY TRANSFER

In this section, we compute the probability of outage in en-
ergy transfer first for the scenario when the BS has perfect CSI
about its link to the WSN and then for imperfect CSI based
on MMSE channel estimation. We define the “probability of
outage in energy transfer” P, as the probability that the energy
harvested F;, by the WSN is less than or equal to the energy
E, that it spends on uplink pilot signaling, i.e.,

P, = Pr(E, < E.). (10)

As a baseline, we also consider the case of perfect CSI, in
which case the BS knows h completely. This reference case
gives us a bound in terms of the best outage performance that
can be achieved and we include it to understand when the
uplink pilots are the limiting factor. In the analysis below, we
assume that E; is fixed and not adapted based on the channel
conditions.

A. Analysis with Perfect CSI

As mentioned before, the channel estimation is considered
error-free if we spend E,, on uplink pilot signaling and there is
no noise in the estimation process. The probability of outage
in energy transfer in such a scenario is as follows:

Theorem /: The probability of outage in energy transfer
with perfect CSI is

P,=1-Qum <\/2KM, M), an
nBEq

where Q(+,) is the M™ order Marcum-Q function [14,
Eqn. (4.59)].

Proof: The proof is given in Appendix A. |
Note that the outage probability for a given M, n, K and
B in (11) does not change as long as the ratio of E, to Fy
remains the same.

B. Analysis with MMSE Channel Estimation

With MMSE channel estimation, the probability of outage
in energy transfer is given by the following result.

Theorem 2: For a Rician fading channel (K # 0), the
probability of outage in energy transfer with MMSE channel
estimation is

M+1

2A(K—|— 1) 2
o =1— M—1
(KM) P

></ ™ exp(—A(K + 1)y*) I (2A K(K+1)My)
0

Ao E,
X Q1 (\/A_oy . )dy. (12)

nBEq
where Inyr_1(-,-) is the (M — 1) order modified Bessel
function of first kind [14, Eqn. (4.36)], Q1 (-, -) is the first order
Marcum-Q function [14, Eqn. (4.33)], A = BEABFYNo opg

BE.
Ao = 2(BEu+(K+1)No)

exp(—AKM)

Proof: Tﬁ(é proof is given in Appendix B. |
Note that (12) is in the form of a single integral in y and
probably cannot be simplified any further as the integrand
involves the product of a modified Bessel function and a
Marcum-Q function. It is, however, easy to evaluate numeri-
cally. The case where K = 0 was considered in [11].
Based on Theorems 1 and 2,

o For a fixed M, K, E,, n, and 3, using (11) for perfect
CSI, or (12) for MMSE estimation, one can compute
the energy Ey with which the downlink energy-bearing
signals must be transmitted, so that a target probability
of outage in energy transfer is satisfied.

e One can conclude how the required value of M scales
with the path loss 3 or with the distance between the BS
and the WSN, for a given P,,.

e One can quantify the loss due to channel estimation
errors.

e One can evaluate the role played by the LoS component,
i.e., the Rician-K factor on the outage probability.

IV. NUMERICAL RESULTS

In this section, we present numerical results to quantify
the potential of using massive antenna arrays for WET using
the two phase communication scheme in Figure 1. Unless
mentioned otherwise, we take E, = 1078 J (100 uW during
100 pus), Eq = 1073 J (1 W during 1 ms), n = 0.5 and
No = kpT10F/19 = 10720 J, where kp = 1.38 x 10723 J/K,
T = 300 K, and the receiver noise figure F' = 7 dB. We vary 3
around a nominal value of —50 dB, which according to exper-
imental results reported in [4] corresponds to a 2.2 meter BS-
WSN separation in an office corridor environment. Also, we
consider a uniform linear array for which 6;(¢) = 27di cos ¢,
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Fig. 2. Impact of 8 and M on P, (E4 = 10737, B, = 1078 J, Nog =
10720 J, K = 2, and = 0.5). The corresponding perfect CSI results are
shown using ‘x’.
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Fig. 3. Impact of E; and M on P, (6= —60 dB, E, = 10=8 J, Ng =
10720 J, K = 2, and ) = 0.5). The corresponding perfect CSI results are
shown using ‘x’.

i=1,...,M —1. We take ¢ = /3 and d = 3 = 0.06 m,
where )\ is the wavelength at a frequency of 2.45 GHz.

We plot the analytical result for the probability of outage in
energy transfer for the MMSE estimator obtained using (12)
and for the perfect CSI obtained using (11) in the figures be-
low. We have cross-checked our analytical expressions against
the corresponding Monte Carlo simulation results and they are
in perfect agreement with each other. We do not show them
here just to avoid clutter.

Figure 2 plots P, as a function of M for different values of
the path loss 3 and for K = 2. We observe that by deploying
more antennas at the BS, a larger path loss (larger distance
between the BS and the WSN) can be tolerated while keeping
the outage probability fixed. For example, by going from about
10 antennas to 40 antennas at the BS, an outage probability of
1075 can be maintained even if the path loss increases from
50 dB to 60 dB. Also, for F, = 1078 Jand E; = 1073 J,
the performance is basically the same as that obtained from
perfect CSL.

Figure 3 plots P, as a function of Ej; for different M and

Probability of outage in energy transfer

Number of antennas at the base station (M)

Fig. 4.  TImpact of K and M on P, (E, = 108 7J, Ey = 1073 7,
B = —60dB, Ny = 10720 J, and n = 0.5). The corresponding perfect CSI
results are shown using “x’.
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Fig. 5. Impact of E, and M on P, keeping gu fixed at 107° (Np =

—20 — _ — — d
10720 J, = —60 dB, K = 2, and 7 = 0.5).

for K = 2. It can be observed that as F,; increases, the
outage probability decreases. Moreover, as more antennas are
deployed at the BS, a lower Ej; is required to keep the outage
probability at the same value. For example, by going from
about 10 to 30 antennas at the BS, F/; can be reduced by 6 dB,
while keeping the outage probability fixed at 10~°. Thus, the
array gain obtained by deploying multiple antennas at the BS
results in huge savings of radiated energy. One can also see
that the outage performance is the same as with perfect CSIL

Figure 4 plots P, as a function of M for two different
values of the Rician-K factor, namely, K = 1 and K = 5
and for both perfect and imperfect CSI obtained again using
MMSE channel estimation. It can be observed that as K
increases, the channel becomes more deterministic and the
outage probability improves with both perfect and imperfect
CSIL. In other words, a strong line-of-sight component in the
channel helps in lowering the outage probability.

Figure 5 plots P, as a function of M for different values of
E,, keeping the ratio of E, to E fixed at 10~°. We keep the
ratio fixed to evaluate the effect of channel estimation errors



on P, (cf. (11)). It can be observed that for £, = 1078 J
(100 W for 100 us), the outage probability is the same as
with perfect CSI, i.e., estimation errors do not degrade the
performance. Also, estimation errors lead to a degradation in
the outage probability only if E,, is 10713 J or lower. However,
such energy levels are very small to enable WET and for the
sensor to be able to harvest any reasonable amount of energy.

V. CONCLUSIONS

We evaluated the viability of using a massive antenna array
for WET using the two phase communication scheme. To
this end, we derived new, exact expressions for the outage
probability when the BS uses an array with multiple antennas
to focus and transfer energy to a WSN. We proved that by
deploying more antennas at the BS, the range for WET can
be increased while satisfying a given target outage probability
constraint. We observed that huge savings of radiated energy
can be obtained by deploying more antennas at the BS. We
further observed that for typical energy levels that are used in
WET, the outage probability with imperfect CSI is the same
as that with perfect CSI. Finally, we saw that a strong LoS
component between the BS and the WSN helps to improve
the outage probability.

APPENDIX
A. Proof of Theorem 1
- With perfect CSI, ¥ = Uppsg = % [|h||, where
hyvisg = h is the MMSE channel estimate. Thus,
P, = Pr(nBE4|V|* < E.), (13)
=Pr <2(K+ D||r|]* < %) .14

Using the fact that 2(K + 1)||h||? is a non-central chi-square
distributed RV with 2M degrees of freedom and non-centrality
parameter 2K M, (11) is obtained from the CDF expression.
B. Proof of Theorem 2

With MMSE channel estimation,

PO = E’AIMMSE |:PI‘ <|\I/MMSE|2

hMMSE>:| - (15)

BE
Let
~ v
YUMMSE = M]l\f]SE ) (16)
0
\ 2(BE.+(K+1)No)
Therefore, (15) reduces to PO
5 2 o 2By (BEy + (K + 1)No) |
=B e [PI" (|‘I’MMSE| VBEaN by Mi}j

Given fALMMSE, Re(\flMMSE) and Im(\TfMMSE) are independent
Gaussian RVs. Using Lemma 1, it can be shown that

E[Re(‘i’MMSE)mMMSE} = \/2 (%IZH)NO)”EMMSEH,

E {Im(\f’MMSE) |EMMSE} = 0

variances are given by var [Re(\flMMSE)UALMMSE} =

and the conditional

var {Im(@MMSE)|EMMSE} = 1. ThllS, given iiMMSE?

|\TJMMSE|2 is a non-central chi-square distributed RV
with 2 degrees of freedom and non-centrality parameter

2 (%IEH)NO) ||iAlMMSE||2. Therefore, (17) reduces to

~ Ao FEy
Py =E; o [1— @1 [ VAollhmwvsell, wiE. | (18)
where Ag = 2 w
To compute (18), we need to find the distribution of
Y = ||hMMSE|| |hMMSE1|2 -+ |hMMSEM| . It can

be shown that 2(K+1) (BB, +(K+1)N°)Y2 is a non-central chi-

square distributed RV w1th ‘oM degrees of freedom and non-

centrality parameter 2K M(B EgEiKH)NO). Also, by transfor-

mation of RVs, Y = ||hyuse|| will have the following PDF

20K +1)%2 " "
fr(y) = K= p(—AKM)y

% exp(—A(K + 1)y?) a1 (2A K(K + 1)My) . (19)

from (19) in (18) ylelds (12).
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