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Abstract—This paper explores the idea of time-reversal (TR)
technology in wireless power transfer to propose a new wireless
power transfer paradigm termed power waveforming (PW), where
a transmitter engages in delivering wireless power to an intended
receiver by fully utilizing all the available multipaths that serve
as virtual antennas. Two power transfer-oriented waveforms, en-
ergy waveform and single-tone waveform, are proposed for PW
power transfer systems, both of which are no longer TR in essence.
The former is designed to maximize the received power, while the
latter is a low-complexity alternative with small or even no perfor-
mance degradation. We theoretically analyze the power transfer
gain of the proposed power transfer system over the direct trans-
mission scheme, which can achieve about 6 dB gain, under various
channel power delay profiles and show that the PW is an ideal
paradigm for wireless power transfer because of its inherent abil-
ity to recollect all the power that is possible to harvest from the
surrounding environment. In addition, the outage performances in
harvesting power of the PW system and the conventional multiple-
input multiple-output (MIMO) system are derived. It reveals that
the PW system can achieve the same outage performance of the
MIMO system as long as the number of resolvable multipaths is
sufficiently large. Simulation results validate the analytical find-
ings and experimental results demonstrate the effectiveness of the
proposed PW technique.

Index Terms—Wireless power transfer, power waveforming,
ultra-wideband, multipath channels.

I. INTRODUCTION

THE advent of Internet of Things (IoT) era is anticipated
to facilitate ubiquitous wireless connections of many de-

vices, enabling not only data collection from the surrounding
environments but also data exchange and interaction with other
devices. Unlike the traditional wireless communications which
are primarily limited by the availability of spectrum resource,
wireless devices in the future are further subject to an energy-
hungry problem due to the explosive growth of wireless data
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services [1]. In particular, such an embarrassment is unavoid-
able when wireless devices are untethered to a power grid and
can only be supplied by batteries with limited capacity [2]. In
order to prolong the network lifetime, one immediate solution
is to frequently replace batteries before the battery is exhausted,
but unfortunately, this strategy is inconvenient, costly and dan-
gerous for some emerging wireless applications, e.g., sensor
networks in monitoring toxic substance.

Recently, energy harvesting has attracted a lot of attention in
realizing self-sustainable wireless communications with perpet-
ual power supplies [3], [4]. Being equipped with a rechargeable
battery, a wireless device is solely powered by the scavenged en-
ergy from the natural environment such as solar, wind, motion,
vibration and radio waves. While the ambient energy sources are
environmentally friendly, the random, uncontrollable and unpre-
dictable characteristics make it difficult to ensure the quality-
of-service (QoS) in wireless communications. For example, the
intensity of sunlight is affected by the time of the day, the current
weather, the seasonal weather pattern, the surrounding environ-
ment, to name but a few [5].

Alternatively, wireless power transfer using electromagnetic
radiation has been recognized as an effective and viable tech-
nology to provide reliable energy sources for dedicated low-
powered wireless devices, e.g., sensors and radio-frequency
identification (RFID) [6]. A comprehensive survey of wireless
charging technologies, along with the progress in standardiza-
tion and the recent advances in network applications, has been
studied in [7]. The conventional wireless power transfer tech-
nologies include electromagnetic induction coupling, magnetic
resonant coupling, and radio frequency (RF) signals [8]. The
energy transfer efficiency of the first two technologies is higher
than 80%, whereas they are only suitable for short-distance en-
ergy transfer applications within a distance of a wavelength.
On the other hand, electromagnetic radiation which appears in
the form of RF signals can propagate up to tens of meters,
and the power can be extracted at receive antennas through
rectifier circuits; however, the energy transfer efficiency is rel-
atively low due to the severe propagation loss. As compared
with the ambient energy sources, the main advantage of wire-
less power transfer is that a dedicated electromagnetic radiation
source is capable of delivering an on-demand energy supply. In
this paper, we will focus on the investigation of a RF signal-
based power transfer system, since it is expected to play an
important role in unplugged wireless applications in the near
future.

The design of the RF signal-based power transfer systems
faces two essential challenges. First, the required power sensi-
tivity of an energy receiver is much higher than that for an in-
formation receiver, e.g., 50 dBm for information receivers and
−10 dBm for energy receivers [9]. Second, the power density
of wireless signals at receive antennas is degraded by multipath
channels, shadowing effect and large-scale path loss, and only a
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small fraction of energy emitted from the transmitter can be har-
vested at the receiver, resulting in an energy scarcity problem.
By harnessing spatial degree-of-freedom of multiple antennas,
beamforming techniques have been widely applied to combat
the severe signal power loss over distance and to enhance the
energy transfer efficiency. Specifically, in wireless power trans-
fer, multiple transmit antennas facilitate focusing a sharp energy
beam at an intended receiver, while multiple receive antennas
enlarge the effective aperture area.

Various energy beamforming schemes have been studied in
the literature [10]–[16]. In [10], the authors emphasized the per-
formance enhancement by employing multi-antenna techniques,
and a tradeoff between wireless information and power transfer
was investigated under two cases: a limited feedback multi-
antenna technique and a large-scale multiple-input multiple-
output (MIMO) technique. In [11], a new network architecture
was proposed to enable mobile recharging, where a cellular sys-
tem is overlaid with randomly deployed power stations which
could radiate power isotropically or directionally toward mobile
users by beamforming. In [12], the authors considered wireless
powered communications with a multi-antenna access point,
where users’ data transmission in the uplink fully hinges on
the wireless power from the access point in the downlink. The
authors in [13] designed energy beamforming for wirelessly
charging multiple RFID tags, and both channel-training energy
and energy allocation weights were jointly optimized. In [14],
a distributed energy beamforming scheme was developed for
reaching a compromise between simultaneous wireless infor-
mation and power transfer in two-way relay channels, and super-
imposed energy and information-bearing signals were proposed
to enhance the achievable sum rate. An MIMO energy trans-
fer system was considered in [15] in Rician fading channels
with the joint optimization of channel acquisition and transmit
beamforming, while an energy beamforming scheme was in-
vestigated in [16] for a multiuser MIMO energy transfer system
with one-bit channel feedback. Some existing works applied a
massive antenna array for wireless power transfer [17]–[24]. In
[17], an outage probability for which the energy harvested by a
node is less than the energy spent on uplink pilots was analyzed
with a huge number of transmit antennas. The works in [18]
and [24] focused on an MIMO system equipped with a large-
scale antenna array and examined the impact of the number of
antennas on the energy transfer performance.

However, there are two drawbacks when utilizing multiple
antennas for wireless power transfer. First, additional RF chains
increase the implementation cost. Second, for indoor rich scat-
tering environments, which are the most desired application sce-
narios for wireless energy transfer, the beamforming schemes
may not work appropriately because the line-of-sight (LOS)
link may be blocked by impenetrable objects or attenuated by
penetration loss.

Motivated by the above discussions, three fundamental and
interesting questions are raised: (1) Can/how a wireless power
transfer system wirelessly charge a remote device in non-line-
of-sight (NLOS) environments? (2) Can/how wireless power
transfer be enabled by a low-complexity system, e.g., a single
antenna? (3) Can/how the multipath signals, if exists, act as a
useful resource for wireless power transfer? Generally speaking,
the efficiency of wireless power transfer using omni-directional
antennas in the NLOS channels could be very poor because the
scatters in the environments will disperse the radiated power
to multiple replicas of transmitted signals. In this regard, it is

possible to sustain the receiver with a better harvested power
level if the power on each multipath can be constructively recol-
lected. While the wireless power transfer has been extensively
investigated in the recent literature, the aforementioned ques-
tions have not been fully addressed and remain to be answered,
and the use of multipaths brings a new research opportunity in
designing the wireless power transfer technologies.

Thanks to its ability to making full use of multipath prop-
agation, time-reversal (TR) transmission in a rich-scattering
environment has been recognized as an ideal paradigm for low-
complexity single-carrier broadband wireless communications
[20], [21]. The transmission consists of two phases. During the
first phase, a receiver sends an ideal impulse signal to a trans-
mitter for probing the channel impulse response (CIR) of the
link. With channel reciprocity, the transmitter simply sends a
time-reversed conjugate waveform according to the CIR, which
is also called a basic TR waveform, in order to leverage the
multipath channel as a cost-free matched filter and to refocus
the signal power at the receiver. This phenomenon is commonly
referred to as a spatial-temporal focusing effect [22], since it
concentrates the signal power at a particular time instant and an
intended spatial location. In spite of this focusing advantage, the
large delay spread causes severe inter-symbol interference (ISI),
thus waste of energy, especially when the data rate is high. To
compensate for this vulnerability, a new waveform, referred to
as MaxSINR waveform, was designed in [23] to maximize the
signal-to-interference plus noise ratio (SINR) at the receiver.
However, none of these previous works attempts to design a
wireless power transfer system by taking good advantage of
multipath propagation to sustain the received power at an en-
ergy receiver. Also the performance of such a wireless power
transfer system has not been investigated.

In this paper, we propose the new concept of power trans-
fer waveform design generalized from the TR system, called
power waveforming (PW), that utilizes all available multipaths
as virtual antennas to recollect all power that can be possibly
harvested for power transfer, and provide a quantitative perfor-
mance analysis of the PW power transfer system. Specifically,
the novelty and the contributions of this paper are summarized
as follows:

� Most of the existing works studied wireless power transfer
problems in flat fading channels, e.g., massive MIMO sys-
tems in [24], multiple-input single-output (MISO) broad-
casting systems in [25], and joint design of training and
power transfer in [15]. Some recent works, like [26]–
[28], considered orthogonal frequency division multiplex-
ing (OFDM)-based wireless power transfer in frequency
selective fading channels. However, the first two designs
mainly focus on the optimization of power and sub-band al-
location for simultaneous information and wireless power
transfer, and the sub-bands are assumed to be indepen-
dent of each other. The third design also optimizes the net
harvested energy over independent sub-bands for MISO
systems. To the best of our knowledge, this paper is the
first work to comprehensively study the use/impact of mul-
tipaths on the wireless power transfer. An optimal energy
waveform is proposed for the PW power transfer system
to maximize the received power at the receiver side by
constructively recollecting the dispersed signal power in
the multipath channel.

� We also discover a single-tone waveform which only
concentrates its full waveform power on the principle
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frequency component with the largest amplitude. As com-
pared with the energy waveform, the single-tone waveform
has much lower computational complexity in implemen-
tation, whereas it can achieve a comparable (near optimal)
power transfer performance. We show that the single-tone
waveform is exactly the same as the optimal energy wave-
form, if the transmitted signal is J-periodic, where J is
an integer ratio between the number of multipaths and the
backoff factor.

� A rigorous performance analysis for the single-tone wave-
form is conducted and several quantitative findings are
provided. We first define a power transfer gain which is
a ratio between the average power transfer performances
of the single-tone waveform and the direct transmission,
and this gain can serve as a lower bound for the gain of
the optimal energy waveform over the direct transmission.
A finite-integral expression of the power transfer gain is
derived under general power delay profiles. Furthermore,
we obtain a closed-form expression for the power trans-
fer gain in uniform power delay profiles (UPD) as well
as a performance lower bound in triangular power delay
profiles (TPD).

� The outage performances in harvesting power of the pro-
posed PW power transfer system and the conventional
MIMO power transfer system with transmit beamform-
ing are theoretically derived. We propose a new notion
of power transfer outage to measure the performance of
wireless power transfer, which is different from the tradi-
tional definition adopted in information decoding. Specif-
ically, a power transfer system is in outage if the harvested
power is not larger than a preset threshold. Our analysis
shows that the PW system offers great promise in achiev-
ing a comparable performance to the MIMO system if the
number of resolvable multipaths is sufficiently large. The
proposed PW power transfer system, however, only re-
quires a single transmit and receive antenna. For example,
a PW system with 6 paths and 24 paths can achieve the
same outage probability of 0.9 as an MIMO system with
(NT ,NR ) = (2, 1) and (3, 1), respectively, where NT and
NR are the numbers of transmit and receive antennas.

� Extensive computer simulations are performed to validate
the theoretical results in various channel models, includ-
ing ultra-wideband (UWB) channels in LOS and NLOS
office environments, UPD, TPD and exponential decay
power delay (EPD) channel profiles, etc. Several wave-
forms, including direct transmission, energy waveform,
single-tone waveform, basic TR waveform and MaxSINR
waveform, are simulated for performance comparisons. It
is found that the power transfer performance is dependent
on the extent of the multipath effect, and the power transfer
gain provided by the single-tone waveform over the direct
transmission is approximately given by 6 dB under practi-
cal multipath conditions. In addition, real experiments are
conducted to verify the performance of the proposed wave-
forms in LOS and NLOS experimental settings in indoor
environments, and it is shown that the PW technique can
improve the wireless power transfer efficiency by about
400 %∼ 800% (6 dB ∼ 9 dB) with a single antenna only,
as compared with the direct transmission.

The following notations are used throughout this paper. The
uppercase and lowercase boldface letters denote matrices and
vectors, respectively. The notations (·)T , (·)†, (·)∗ and (·)−1

stand for transpose, conjugate transpose, element-wise conju-
gate and inverse operation, respectively. The matrix IN repre-
sents an N × N identity matrix. The notations E[·] and ‖x‖2
take expectation and the Euclidean norm of a vector x. The
operator max(x, y) takes the maximum value between x and y,
while the operator min(x, y) finds the minimum value.

The rest of this paper is organized as follows. In Section II,
we introduce the system model for the PW systems, general-
ized from the TR systems, with multipath channels. Two power
transfer waveforms are presented in Section III. Section IV is
devoted to analyze the power transfer gain under different chan-
nel power delay profiles. The outage performances of the PW
system and the conventional MIMO system are analyzed and
compared in Section V. Simulation and numerical results are
presented in Section VI, and experimental results are given in
Section VII. Finally, conclusions are drawn in Section VII.

II. SYSTEM MODEL

In this paper, we consider an L-tap wireless fading channel,
and the channel is assumed to be quasi-static over the observa-
tion time. The CIR between the transmitter and the receiver can
be modeled as

h[n] =
L−1∑

l=0

hlδ [n − l], n = 0, . . . , L − 1, (1)

where δ[n] is the Kronecker delta function, and hl is the chan-
nel gain of the lth path, which is a circularly symmetric com-
plex Gaussian random variable with zero mean and variance
E[|hl |2 ] = ρl , for l = 0, . . . , L − 1. Without loss of generality,
we assume that the total channel power is one, i.e.,

∑L−1
l=0 ρl = 1.

For simplicity, it is further assumed that the paths of CIR are
uncorrelated with each other, i.e., E[hih

∗
j ] = 0, for i �= j. Be-

sides, the in-phase and quadrature components of each path are
also uncorrelated with each other and contain identical power.
Note that in practice, the number of resolvable paths increases
as the system bandwidth becomes wider, and the number of
resolvable paths will reach a limit when the system bandwidth
is sufficiently large, which is the maximal number of resolvable
paths in the wireless environments.

We first review the signal processing procedures in the TR
systems, where a focusing effect is created at the intended re-
ceiver by exploiting the multipath propagation to recollect all
the possibly available path energy from the wireless environ-
ment [20]. To achieve this, the receiver first sends a pilot signal
with a delta-like auto-correlation function to measure the CIR
at the transmitter side during a channel probing phase. With
the channel reciprocity assumption, the transmitter then forms
a waveform g[n] to send data symbols according to the channel
state information (CSI). Typically, the baud rate is much lower
than the sampling rate. Let {vD [n]}(N −1)D

n=0 be the up-sampling
signal of data symbols {v[n]}N −1

n=0 , where N is the number of
total transmitted data symbols, given by

vD [n] =
{

v[n/D], n mod D = 0;
0, otherwise,

(2)

where D is a rate back-off factor, which is a ratio of the sam-
pling rate and the baud rate, and E[|v[n]|2 ] = P . Hence, the
transmitted signal {s[n]}L−1+(N −1)D

n=0 after waveform mapping
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can be expressed as‖

s[n] = (vD ∗ g) [n]. (3)

Furthermore, the signal received at the receiver,
{yD [n]}2L−2+(N −1)D

n=0 , is given as

yD [n] = (h ∗ s) [n] + z[n] = (f ∗ vD ) [n] + z[n]

=
2L−2∑

l=0

f [l] vD [n − l] + z[n], (4)

where f [n] = (h ∗ g)[n] is defined as an equivalent impulse
response, for n = 0, . . . , 2L − 2, and z[n] is additive complex
white Gaussian noise with zero mean and variance σ2

z . A basic
TR waveform is a time reversed conjugate version of the CIR,
given as [20]

gT R [n] =
h∗ [L − 1 − n]√∑L−1

l=0 |h[n]|2
, n = 0, . . . , L − 1. (5)

From (4), it is found that the wireless channel naturally per-
forms the operation of matched filtering with respect to gT R [n],
and a peak is observed in the received signal yD [n] for data
detection. To further suppress the ISI, a waveform, gSINR [n], is
designed in [23] to maximize the SINR. It is also worth men-
tioning that if there is no particular design for the waveform,
i.e., gDT [n] = δ[n], the considered system model is degener-
ated to the conventional direct transmission scheme. The wave-
forms gT R [n], gSINR [n] and gDT [n], however, are not eligible
for power transfer, since they are mainly designed from the
perspective of information transfer and the ISI due to the mul-
tipath effect is not appropriately utilized as a green source of
energy. The PW power transfer system follows the same signal
processing procedures and models presented in (2)–(4), but new
waveforms are designed for the purpose of wireless power trans-
fer and v[n] is defined as a non-information-bearing sequence.
For simplicity, we assume that this sequence is random in or-
der to evaluate the wireless power transfer performance in an
average sense over distinct random sequences. In the following
section, we aim at finding the power transfer waveforms for the
PW systems.

III. POWER TRANSFER WAVEFORM DESIGNS

A. Optimal Energy Waveform

By substituting (2) into (4) and applying change of variables,
it yields

yD [n] =
�n/D �∑

l=�(n−2L+2)/D 	
f [n − lD] v [l] + z[n]

=
�n/D �∑

l=�(n−2L+2)/D 	

L−1∑

m=0

g [m] h [n − lD − m]v [l] + z[n],

(6)

where �·	 and �·� are the ceiling and floor functions, respec-
tively. Our design goal is to find an optimal energy waveform

‖The PW schemes are implemented digitally. Before it is radiated, the
discrete-time signal is converted into a continuous-time signal with common
signal processing at the transmitter, e.g., pulse-shaping filters, digital-to-analog
converters, up-converters. For simplicity, equivalent baseband representation is
considered here.

to maximize the average power transferred to the receiver side,
given by

gE = arg max
‖g‖2

2 =1

(
lim

N →∞

1
2L − 1 + (N − 1) D

·
2L−2+(N −1)D∑

n=0

E
[
|yD [n]|2

])
, (7)

where g = [g[0], . . . , g[L − 1]]T is the waveform vector. Let
yp = [yD [L − 1 + (p − 1)D + 1], . . . . . , yD [L − 1 + pD]]T

be the pth segment of the received signal yD [n], and H be a
(2L − 1) × L Toeplitz channel matrix with the column vec-
tor [h[0], . . . , h[L − 1], 0, . . . , 0]T as its first column. We can
rewrite (6) in a compact matrix form as follows:

yp =
�p+(L−1)/D �∑

q=�p−1−(L−2)/D 	
H(q−p)g · v [q] + zp , (8)

where zp represents the noise term contained in the pth segment,
and the matrix Hj is defined as

Hj =
[
OT

(al −L+(j+1)D )×L ,BT ,OT
(L−1−jD−au )×L

]T

, (9)

where al = max(0, (L − (j + 1)D)), au = min(2L − 2, (L −
1 − jD)), and B is a submatrix of the Toeplitz channel matrix
H, containing the entries from the ath

l row to the ath
u row of

H. Without loss of generality, we assume that the number of
channel taps is finite, and the time duration of the transmitted
signals is sufficiently larger, i.e., N � L. From (7), as N goes
to infinity, the average power transfer maximization problem is
equivalent to maximizing the sum power of the pth segment:

gE = arg max
‖g‖2

2 =1
E
[
‖yp‖2

2

]
, (10)

where the total power of the designed waveform is subject to
one.

Theorem 1: If the signals v[n] are uncorrelated, i.e., E[v[i]
v∗[j]] = 0, ∀i �= j, the optimal energy waveform is given by

gE = u1 , (11)

where u1 is the principal eigenvector of the matrix∑�(L−1)/D �
q=�−1−(L−2)/D 	 H

†
qHq .

Proof: The proof is provided in Appendix A. �
An example of the optimal energy waveform for UWB chan-

nels is demonstrated in Fig. 1 under NLOS environments [29].
Fig. 1(a) shows the amplitude of the CIR as well as the corre-
sponding channel frequency response (CFR). Fig. 1(b) sketches
the amplitude of the optimal energy waveform and its frequency
response, which is the discrete Fourier transform (DFT) of the
time-domain waveform gE . A closer look at this figure reveals
that the energy waveform tends to concentrate its waveform
power on those frequency components (k = 9, 10, and 11) with
the largest amplitude of the CFR. Interestingly, each tap of
the optimal energy waveform has comparable gain in order to
spread out the energy of the transmitted signals over the entire
time duration, which is different from other waveform designs
as depicted in Fig. 2.
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Fig. 1. An example of the optimal energy waveform for UWB channels in
NLOS office environments. (a) UWB channels. (b) Optimal energy waveform.

B. Single-Tone Waveform

Define F as a DFT matrix, whose (m,n)th entry is given
by 1√

L
e−j2πmn/L , for m,n = 0, . . . , L − 1, and the CFR of the

CIR h = [h[0], . . . , h[L − 1]]T can be calculated as ζ = Fh =
[H[0], . . . ,H[L − 1]]T . Motivated by the observation in Fig. 1, a
single-tone waveform gST = [gST [0], . . . , gST [L − 1]]T is pro-
posed as follows:

gST [n] =
1√
L

e−j 2 π k m a x n
L , n = 0, . . . , L − 1, (12)

where kmax = arg maxk |H[k]|2 denotes the principal fre-
quency component. Remember that the optimal energy wave-
form is designed by maximizing the average received power in
time domain; hence, it is superior to any other waveforms, and
the harvested power with the single-tone waveform can serve as
a performance lower bound for the maximum received power
that can be achieved by the optimal energy waveform. In the
following, we provide a theorem to link the relationship be-
tween the simple single-tone waveform and the optimal energy
waveform.

Theorem 2: Assume L = J · D, where J is a positive integer
number. If the signal v[n] is periodic with the period J , the
single-tone waveform is the optimal energy waveform for (10).

Proof: The proof is provided in Appendix B. �

Fig. 2. An example of different waveform designs, including basic TR wave-
form, MaxSINR waveform, and direct transmission, for UWB channels in NLOS
office environments.

TABLE I
COMPLEXITY RATIO BETWEEN OPTIMAL ENERGY AND SINGLE-TONE

WAVEFORMS (D = 1)

Since the waveform has a finite length, the single-tone wave-
form is not the optimal for achieving the maximum average
received power if the signal v[n] is not periodic. The above
theorem provides a condition for the single-tone waveform to
achieve the maximum power transfer value at the receiver. The
intuition behind this theorem can be explained as follows. When
the transmitted signal is J-periodic, the convolution relation
among the transmitted signal v[n], the wireless channel h[n]
and the waveform g[n] in (6) becomes the circular convolution;
hence, the optimal design of the waveform is to concentrate
the total waveform power on the frequency component with
the largest amplitude gain in the frequency domain. In general
cases, the energy waveform is the optimal design for wireless
power transfer, whereas the simulation results in Section VI will
demonstrate that the single-tone waveform is near optimal with
a minor performance loss. When it comes to the implementa-
tion cost, one can find from (11) and (12) that the single-tone
waveform has an advantage of low computational complexity
over the energy waveform. We evaluate the complexity of the
two waveforms in terms of the required number of complex
multiplications. To be explicit, the calculation of the energy
waveform in (11) involves a sum of matrix-matrix products and
a principal eigenvector of a matrix, leading to a complexity of
L3 + (�L−1

D � − �−1 − L−2
D 	 + 1)DL2 . On the other hand, the

single-tone waveform in (12) requires a DFT and element-wise
products to select the main frequency component of the CFR,
having a complexity of L log2 L + L. Taking D = 1 as an ex-
ample, the complexity ratio between the energy waveform and
the single-tone waveform is approximately given by 3L2

log2 L when
L � 1, and some numerical results for different values of L are
listed in Table I.

IV. PERFORMANCE ANALYSIS

Since the performance analysis of the optimal energy wave-
form is almost intractable, we alternatively analyze the power
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transfer gain of the proposed single-tone scheme in PW systems
as compared with the direct transmission scheme. With loss of
generality, we focus on the scenario when the transmitted sig-
nals is J-periodic because the single-tone waveform in this case
can deliver the maximum received power at the receiver side as
the optimal energy waveform. By doing so, the analysis result
can help us capture the fundamental limit of the power transfer
in multipath environments.

From (B.1)–(B.3), for a given multipath channel, the average
power transfer for the single-tone waveform gST at the receiver
side can be expressed as

PST = E
[
‖yp‖2

2

]
= P · g†

ST C†CgST . (13)

Here we ignore the noise term in performance analysis, since
the noise power is commonly much smaller than the desired
received power¶. By substituting gST = F†ekm a x into PST and
applying the property FCF† =

√
L · Diag(ζ), we get

PST = Pe†km a x
FC†CF†ekm a x = P · L|H [kmax]|2 . (14)

On the other hand, since the direct transmission waveform
is expressed as gDT = e0 , the power transfer performance of
the direct transmission scheme for a given channel, PDT =
P · g†

DT C†CgDT , can be expanded as

PDT = Pe†0F
†FC†CF†Fe0 = P ·

L−1∑

k=0

|H[k]|2 . (15)

Definition 1: The power transfer gain G is a ratio between
the average power transfer of the single-tone waveform and
that of the direct transmission scheme in wireless channels, i.e.,
G = E[PST ]/E[PDT ].

Specifically, from (14) and (15), it leads to

G = L · E
[
|H [kmax]|2

]
, (16)

where E[
∑L−1

k=0 |H[k]|2 ] =
∑L−1

l=0 ρl = 1 according to (1).
Therefore, it is found that the power transfer gain depends
on the frequency selection diversity gain over the correlated
multivariate Rayleigh random variables εk = |H[k]|2 , for k =
0, . . . , L − 1. Intuitively, a larger power transfer gain can be
obtained, if the multipath channel is more frequency selective.

Before we begin the performance analysis of the exact power
transfer gain, the following theorem regarding the characteristic
function of the multivariate random variables εk under a given
channel power delay profile is first provided.

Theorem 3: Let ω = [ω0 , . . . , ωL−1 ]T . For a multipath chan-
nel with the power delay profile ρ = [ρ0 , . . . , ρL−1 ]T in (1), the
characteristic function of ε = [ε0 , . . . , εL−1 ]T is

Ψε (jω) =
1

det (IL − 2j · Diag (ω)Σ)
, (17)

where j =
√
−1, Σ = F−1Diag(λ)F, λ = [λ0 , . . . , λL−1 ]

T ,
λl = 1

4 (ρl + ρ((L−l)%L)), for l = 0, . . . , L − 1, and the nota-
tion (y%L) takes the modulo operation over y with respect to
L.

Proof: The proof is provided in Appendix C. �

¶ In practice, the power sensitivity of an energy harvesting receiver is required
to be larger than −10 dBm for efficient RF-DC conversion [4]. Hence, the
received signal strength for wireless power transfer must be much higher than
the noise power level, e.g., −94 dBm for a bandwidth of 100 MHz.

With Theorem 3, a finite-integral expression for the power
transfer gain is theoretically derived in the following theorem.

Theorem 4: For a multipath channel with the power delay
profile ρ = [ρ0 , . . . , ρL−1 ]T , the power transfer gain G is

G = L

∫ ∞

0

(
1 − 1

(2π)L

∫ ∞

−∞
· · ·

∫ ∞

−∞
Ψε (jω)

×
L−1∏

l=0

(
1 − e−jωl x

jωl

)
dω0 · · · dωL−1

)
dx. (18)

Proof: The proof is provided in Appendix D. �
While the power transfer gain G is analyzed in Theorem 4,

it is difficult to analytically express the power transfer gain in
a closed-form for general power delay profiles as the involved
multiple integrals prohibit further simplification. Instead, to get
more insight into the effect of the parameters in power delay pro-
files, e.g., the number of multipaths, on the power transfer gain
while keeping the analysis analytically tractable, we consider
two power delay profiles: an UPD profile and a TPD profile,
which are defined in the following.

Definition 2: A power delay profile is called UPD with L
channel paths, if ρl = 1

L , for l = 0, . . . , L − 1.
Definition 3: A power delay profile is called TPD with L

channel paths, if ρl = 2(1−Lρ0 )
(L−1)L l + ρ0 , for l = 0, . . . , L − 1,

where 1
L ≤ ρ0 ≤ 2

L .
Notice that in Definition 3, the TPD channel profile is derived

under the assumption that the channel path power is linearly de-
cayed with respect to the path delay. When the path power ρ0
and the number of multipaths L are specified, the TPD profile
can be determined with the unity constraint of the total channel
power, i.e.,

∑L−1
l=0 ρl = 1. Although the EPD profile is a com-

mon channel model in studying the performance, it is worth
mentioning that the TPD profile could be a good approximation
for the EPD profile, especially when the tails of the profile are
insignificant. Hence, the TPD profile could be a good alternative
to the investigation of the inherent power transfer gain in wire-
less channels owing to the difficulty in performance analysis by
exploiting the EPD profile.

Theorem 5: In a wireless channel with the UPD channel pro-
file, the power transfer gain G is

G (L) =
L∑

n=1

1
n

. (19)

Proof: The proof is provided in Appendix E. �
This theorem gives two immediate remarks in the following.
Remark 1: If L = 1, the power transfer gain G(1) = 1.
In other words, both the direct transmission scheme and the

PW system with the single-tone waveform have the same power
transfer performance if there is only one LOS path in the wireless
environments between the transmitter and the receiver.

Remark 2: In the UPD channel profile, the power transfer
gain G(L) is monotonically non-decreasing with the number
of multipaths L. Moreover, when the number of multipaths is
increased from L − 1 to L, the gap of G(L) − G(L − 1) is
given by 1

L .
From this remark, we can make three important observations

for understanding the interaction between the power transfer
gain and the number of multipaths. First, the power transfer
gain is monotonically increasing with the number of multipaths.
From the system point of view, the larger value of L means that
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either the bandwidth is wider or the environment becomes more
scattering. Second, the improvement on the power transfer gain
becomes gradually small as the number of resolvable channel
paths is enlarged. Third, the result is analogous to the signal-
to-noise power ratio (SNR) increase in the selection combining
diversity scheme of a single-input multiple-output (SIMO) sys-
tem when the number of the receive antennas is increased by
one [33]. This is because the single-tone waveform design in
the PW system has a similar mathematical model to an SIMO
system with antenna selection.

Now we turn to the performance analysis of the power transfer
gain in wireless channels with the TPD channel profile. Since it
is very tough to deal with the multiple integrals in this case, a
performance lower bound is offered in the following theorem.

Theorem 6: In a wireless channel with the TPD channel pro-
file, the power transfer gain G for L ≥ 2 is lower bounded by‡

G ≥ Lρ0 − 1
L − 1

+
L (1 − ρ0)

L − 1

L∑

n=1

(
L
n

)
(−1)n+1 1

n
. (20)

Proof: The proof is provided in Appendix F. �
We can further simplify the lower bound formula by substi-

tuting ρ0 = a
L , for 1 ≤ a ≤ 2, into (20), yielding

G (L) ≥ 1 +
L − a

L − 1

L∑

n=2

1
n

. (21)

Remember that the parameter a reflects the decline rate of
the TPD channel profile which becomes flatter as the value of a
is closer to one. Some interesting remarks are then summarized
here. First, for a fixed number of multipaths L, the smaller the
value of a is, the larger the lower bound is obtained. Second, for
a fixed value of a, the lower bound is monotonically increased
with the number of multipaths, since the function L−a

L−1 in (21)
is an increasing function of L, for 1 ≤ a ≤ 2. Third, the lower
bound is tight when a = 1 or L = a = 2 or L→∞. The first case
is because the TPD profile is degenerated to the UPD profile. For
the second case, the TPD profile is degenerated to a single-path
channel according to Definition 3, i.e., ρ0 = 1 and ρ1 = 0, and
thus G(2) = 1. The third case can be verified from the proof in
Appendix F that the variance of h0,2 approaches to zero when
L → ∞.

V. COMPARISONS BETWEEN PW SYSTEMS AND

MIMO SYSTEMS

In this section, we study the outage performances of the power
transfer for the PW systems and the conventional MIMO sys-
tems as well as their performance comparisons. It is addressed
that the definition of the outage probability is different from the
traditional definition used for evaluating the information transfer
performance, e.g., SINR and sum rate. The considered outage
probability is defined in the following.

Definition 4: A power transfer system is said to be in outage
if the harvesting power PEH is smaller than or equal to a preset

‡ For the case of L = 1, the power transfer gain is equal to one.

threshold x, and the outage probability in harvesting power is
given as Pr(PEH ≤ x).

First, an NT × NR MIMO system model is introduced, where
NT and NR are the numbers of transmit and receive antennas,
respectively. We assume that the CSI is perfectly available at
the transmitter side, and a transmit beamforming technique is
applied for wireless power transfer. Hence, the received signal
at the receiver can be expressed as

ỹ = H̃g̃v + z, (22)

where v is the transmitted signal with the power value P , i.e.,
E[|v|2 ] = P , g̃ is the beamforming vector, H̃ is an NR × NT

identically, independently distributed (i.i.d.) MIMO channel
matrix, each entry of which is assumed to be a zero-mean
complex Gaussian random variable with the variance one for
a fair comparison. Besides, the norm of the beamforming vec-
tor is subject to one, i.e., ‖g̃‖2 = 1. By ignoring the noise
term which accounts for an insignificant amount of the en-
tire received signals in reality, the received power is given by
E[ỹ†ỹ] = P · g̃†H̃†H̃g̃. The power transfer can be maximized
by choosing the principal eigenvector of the matrix H̃†H̃, and
the power transfer performance for a given channel is computed
as

PMIMO = P · λmax
(
H†H

)
= P · λmax

(
HH†) , (23)

where λmax(·) represents the maximum eigenvalue. Notice that
the matrix HH† is of the complex Wishart distribution. By di-
rectly applying Corollary 2 in [34], the outage probability of the
MIMO power transfer can be derived as (24) at the bottom of the
page, where Γ(·) is the gamma function, B(x) is a matrix, whose
(i, j)th element is given by γ(max(NT ,NR ) − min(NT ,NR )
+ i + j + 1, x

P ), for i, j = 0, 1, . . . ,min(NT ,NR ) − 1, and
γ(·, ·) is the lower incomplete gamma function as specified in
[35].

From (D.3) and (E.3), it is known that Fεm a x (x) = Pr(|H
[kmax]|2 ≤ x) = (1 − e−Lx)L when the UPD channel profile is
considered. Using (14), we then obtain the outage performance
of the single-tone waveform under the UPD channel profile:

Pr(PST ≤ x) = (1 − e−x/P )L . (25)

It is interesting to compare the outage performances of the
PW system and the conventional MIMO system under the same
transmit power value P , and examine how many multipaths are
necessary for the PW system to achieve a comparable outage
performance as that provided by the MIMO system§. In this
aspect, we give the following definition:

Definition 5: A PW power transfer system with L
 resolv-
able paths is comparable to an NT × NR MIMO power transfer
system at an outage probability Pr(PMIMO ≤ x) = Pout , if L


is the smallest positive integer which satisfies Pr(PST ≤ x) ≤
Pout .

§ The PW and MIMO schemes could be jointly adopted to further boost
the system performance by reaping both beamforming and frequency diversity
gains.

Pr (PMIMO ≤ x) =
det (B(x))

∏min(NT ,NR )
k=1 Γ (max (NT ,NR ) − k + 1) · Γ (min (NT ,NR ) − k + 1)

(24)
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By using the derived outage probabilities in (24) and (25),
it can be shown that the condition Pr(PST ≤ x) ≤ Pr(PMIMO
≤ x) yields

L ≥ 1
log(1 − e−x/P )

(
log det (B(x))

−
min(NT ,NR )∑

k=1

log (Γ (max (NT ,NR ) − k + 1))

−
min(NT ,NR )∑

k=1

log (Γ (min (NT ,NR ) − k + 1))
)
. (26)

For a PW power transfer system to achieve the same outage
probability of an MIMO power transfer system, the required
number of resolvable paths L
 must be equal to the smallest
integer not less than the value on the right-hand side of (26).

VI. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present the performances of the PW wire-
less power transfer with different designed waveforms, includ-
ing the energy, single-tone, direct transmission, basic TR and
MaxSINR waveforms, by computer simulation, and justify the
theoretical findings in Sections IV and V. The system band-
width is set as 125 MHz, i.e., the sampling period TS = 8 ns.
Here, a large bandwidth is required to digitally resolve the nat-
urally existing multipaths for the systems, on which the PW
is designed in the digital domain. In other words, without a
large bandwidth, the equivalent CIR to the system is likely to
be a single tap even though a lot of multipaths exist. However,
our finding shows that the optimal energy or single-tone wave-
forms selectively concentrate the waveform power over a few
couple of frequency components or a single frequency compo-
nent. In practice, the PW system could be possibly operated
on a selective portion of the industrial, scientific and medical
(ISM) bands on which the proposed waveform concentrates
its power, and the remaining bandwidth could be reserved for
conventional wireless information transmission. The rate back-
off factor D is chosen to be one. The transmitted signal v[l]
is assumed to be random and aperiodic and the SNR value is
15 dB, unless otherwise stated. In addition to the UPD and TPD
channel profiles, an EPD channel profile is also included in the
simulation:

ρl = cρ · e−
l T S
σ T , l = 0, . . . , L − 1, (27)

where σT is the delay spread of the channel, and cρ is a con-
stant such that the summation of ρl for all l is equal to one. In
a typical indoor environment, the delay spread is on the order
of hundreds of nanoseconds, and the total number of resolv-
able multipaths is around several dozens with respect to TS = 8
ns. If the sampling rate is increased, we could possibly resolve
more multipaths, but it is eventually limited by naturally existing
multipaths in wireless environments. In the simulation, the av-
erage transmit power and the average channel power of different
profiles are assumed to be one, i.e., P = 1 and

∑L−1
l=0 ρl = 1,

and we normalize the large-scale path loss effect as our focus
is to examine the impact of multipaths on the performance of
different waveforms. Accordingly, the average received signal
power of the direct transmission scheme is a constant value,
given by 0 dB if the noise is excluded, over the number of
multipaths. Besides, we simulate the system performance in a
Saleh-Valenzuela (SV) channel model [29]. This model is pop-

Fig. 3. Power transfer and SINR performances versus number of multipaths
under the EPD channel profiles for different waveforms.

ularly adopted in IEEE 802.15.4a standard and suitable for the
wideband applications with a frequency range from 2 to 6 GHz,
covering indoor residential, office, outdoor, industrial, and open
outdoor environments.

Fig. 3 shows the power transfer performance versus the num-
ber of multipaths for different waveforms under the EPD channel
profiles, along with the corresponding SINR. The delay spread
σT is set to 160 ns. We can observe that the power transfer perfor-
mance is monotonically increasing with the number of resolv-
able paths, except for the direct transmission and the MaxSINR
waveforms. Actually, the power transfer performance of the di-
rect transmission keeps constant, while that of the MaxSINR
waveform is degraded as L increases. For L = 61, the energy
waveform and the basic TR waveform outperform the direct
transmission by about 6 dB and 3 dB, respectively. Moreover,
the energy waveform is superior to the basic TR waveform with
a performance gap of 3 dB at L = 61. As compared with the
energy waveform, the single-tone waveform only incurs a slight
performance degradation of no more than 0.5 dB. No matter
what waveforms are applied, the SINR performance is degraded
as the number of multipaths is increased since the resultant ISI
becomes more severe. The SINR performance, in general, has
an opposite behavior to that found in the power transfer per-
formance, and it is shown that both the energy waveform and
the single-tone waveform exhibit a significantly poorer SINR
performance than the basic TR waveform and the MaxSINR
waveform. Particularly, the performance difference is enlarged
as L increases. This is because the waveforms designed from
the power transfer maximization perspective aim at utilizing the
multipath propagation effect to spread out the energy over the
entire time duration, thereby raising the ISI level.

Fig. 4 shows the histograms of the power transfer perfor-
mance for different waveforms in UWB channels with LOS and
NLOS office environments. It is obvious from Fig. 4(a) that for
the LOS setting, the power transfer performance of the optimal
energy waveform is slightly better than that of the single-tone
waveform in terms of the mean values in histograms. Both wave-
forms have better capability of recollecting the energy of all the
possibly available multipaths at the receiver side than the other
three waveforms. Again, the MaxSINR waveform has the worst
power transfer performance among all the waveforms, since it
is designed to maximize the received SINR from the informa-
tion transmission perspective. A similar performance trend can
be observed in Fig. 4(b) in the NLOS environments. However,
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Fig. 4. Histograms of power transfer for different waveforms in UWB chan-
nels with LOS and NLOS environments. (a) UWB channel: office, LOS.
(b) UWB channel: office, NLOS.

it is found that the harvested energy per sample in the NLOS
environments is larger than that in the LOS environments.

Fig. 5(a) and (b) show the power transfer performance for
different waveforms versus the number of multipaths under the
UPD and TPD channel profiles, respectively. The parameter ρ0
in the TPD channel profile is set as 2

L . In Fig. 5(a), it is found
that all waveforms, except for the MaxSINR waveform, follow
a similar performance trend when SNR is decreased from 15 dB
to 10 dB. This is because the design of the MaxSINR waveform
makes a tradeoff between the ISI and noise effect, while the
design of the other four waveforms is irrelevant to the noise
power. In Fig. 5(b), it reveals that the performance of the two
proposed waveforms with periodic signals is slightly better than
that with aperiodic signals.

In Fig. 6, the power transfer performance of the single-tone
waveform with periodic random transmitted signals is simulated
and compared under the channel profiles, EPD, UPD and TPD.
The parameter σT in the EPD channel profile could be 10 ns, 40
ns, and 80 ns, while the parameter ρ0 in the TPD profile is given
by 2

L . For the EPD channel profile, it exhibits that the power
transfer performance can be potentially improved as the delay
spread σT increases, and the performance gets close to that in
the UPD channel profile as σT is larger than 80 ns. It is possible
to roughly infer the power transfer performance in the EPD
channel profile by using the TPD channel profile and counting

Fig. 5. Power transfer performance versus number of multipaths under UPD
and TPD channel profiles for different waveforms. (a) UPD channel profile.
(b) TPD channel profile with ρ0 = 2

L .

the effective number of multipaths. For example, let L̄ be an
effective number of dominant paths of a channel profile, which
is defined as

∑L̄−1
l=0 ρl/

∑L−1
l=0 ρl ≥ 99%, where L̄ is a minimum

integer satisfying the above inequality. Accordingly, for L =
61, the effect number of paths for the EPD channel profile
with σT = 10 ns can be calculated as L̄ = 6. Interestingly, the
attainable performance in this case is comparable to that in the
TPD channel profile with L = 6.

The validity of the analytic power transfer gain for the single-
tone waveform with periodic random transmitted signals in
Theorem 5 and Theorem 6 is shown in Fig. 7. One can observe
that for the UPD channel profile, the analytic result is exactly
the same as the simulation result. On the other hand, for the
TPD channel profile, the analytic result can serve as a good per-
formance lower bound for the corresponding simulation result,
and the bound becomes tight when the number of multipaths is
sufficiently large. Hence, the provided analytic expressions are
useful to predict the characteristic of the power transfer gains in
multipath environments.

In Fig. 8, the analytical outage performances of the PW
power transfer system and the MIMO power transfer system,
derived in (24) and (25), are validated and compared by com-
puter simulation, where the analytical results are plotted as solid
curves, and the corresponding simulation results are marked by
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Fig. 6. Comparisons of power transfer performance of the single-tone wave-
form with periodic random transmitted signals under different channel profiles.

Fig. 7. Simulation and analytic results for the single-tone waveform with
periodic random transmitted signals in UPD and TPD channel profiles.

different shapes. The subscript m of Pm on the y-axis could be
“ST” or “MIMO.” Without loss of generality, the transmit power
is set as P = 1. One can find that there is a perfect match between
the analytical and the simulation results. For the MIMO power
transfer system, we can make the following observations. On
one hand, the outage probability for NR = 1 can be dramatically
reduced by increasing the number of transmit antennas due to
the transmit beamforming gain. On the other hand, for NT = 1,
the outage performance can be enhanced by an increased num-
ber of receive antennas. Actually, the outage performance of an
MIMO system with (NT ,NR ) = (N1 , N2) is identical to that
of a system with (NT ,NR ) = (N2 , N1), which can also be jus-
tified by using the outage probability formula in (24). For the
PW power transfer system using the single-tone waveform, it is
worth pointing out that the outage performance can be signif-
icantly enhanced when the number of resolvable multipaths is
increased, while the improvement is less pronounced as L goes
beyond 60. Table II summarizes the comparable setting values
between L
 in the PW power transfer system and (NT ,NR )
in the conventional MIMO system for various outage proba-
bilities Pout by using (26). We can find that the proposed PW
power transfer system, which only requires a single antenna in
implementation, can support a comparable performance as that
using multi-antenna techniques. For instance, if the number of

Fig. 8. Comparisons between the theoretical outage performance and simu-
lation results of the MIMO power transfer system and the PW power transfer
system (P = 1).

TABLE II
COMPARABLE SETTING VALUES BETWEEN PW POWER TRANSFER SYSTEMS

AND CONVENTIONAL MIMO POWER TRANSFER SYSTEMS

resolvable multipaths is six, i.e., L
 = 6, a PW power transfer
system can achieve the same outage performance of Pout = 0.9
as 1 × 2 or 2 × 1 MIMO power transfer systems. When L
 is
increased up to 24 or 43, which can be realized by enlarging the
system bandwidth in practice, the proposed PW power transfer
system is comparable to 3 × 1 or 2 × 2 MIMO systems at the
outage probability of Pout = 0.9, respectively. It is worth point-
ing out that the performance of the PW power transfer system
can also be enhanced by incorporating multiple antennas.

VII. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental study for the PW wireless power transfer
systems is conducted to demonstrate the performance of the pro-
posed PW methods and to explore the essential wireless power
transfer characteristics in real wireless scattering environments,
involving both the large-scale and small-scale fading effects.
Our experiment platform is based on the transmitter/receiver
developed by Origin Wireless Inc. The system is operated in the
ISM band with the signal bandwidth 125 MHz, centered at the
carrier frequency 5 GHz. The measurement is performed in the
office environments in Origin Wireless Inc. A transmitter sends
signals to a receiver by utilizing different kinds of waveforms in
LOS and NLOS fashions, and the electromagnetic waves in the
air are reflected by plentiful objectives in the surrounding areas.

The detailed floor plan and the layout of the experiments are
shown in Fig. 9. The total space of the office environment in the
experiment is around 882 m2 . For the layout of the experiment
in the LOS testing environment, the transmitter and the receiver
are randomly deployed in a rectangular shadowed area in an
LOS manner, i.e., there is no blocking between them. The wire-
less power transfer distance is set from 1 meter to 6 meters with
an increment of 1 meter, and the power transfer performance is
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Fig. 9. Floor plan and the layout of the experiments in the LOS and NLOS
testing environments. (Blue circles of Tx and Rx indicating the locations of the
transmitter and the receiver, respectively).

Fig. 10. Wireless power transfer measurement setup. (a) Photograph of the
experiment setup for the transmitter and the receiver on two carts. (b) Detailed
block diagram of the experiment setup.

measured at eight random locations (L1–L8) for each distance
value. For the layout of the experiment in the NLOS testing en-
vironments, five office rooms (R1–R5) are considered, and the
transmitter and the receiver are located outside and inside the
room, respectively, just as an example sketched for the exper-
iment in the room R2. For each room, three random locations
(L1–L3) are adopted for the receiver in the experiments, and the
distance between the transmitter and the receiver is set about
2 to 3 meters.

The photograph of the measurement setup and the detailed
block diagram, including one transmitter, one receiver, one
power splitter, one power meter, one camera and two labtops,
are shown in Fig. 10(a) and (b), respectively. As mentioned
above, the experiment of the PW wireless power transfer sys-
tems is mainly comprised of two phases. During the channel

probing phase, the receiver sends channel probing signals to the
transmitter for the purpose of CIR acquisition [36]. A channel
estimator is applied to the received channel probing signals at
the transmitter side for the estimation of the CIR [37]. During the
power transfer phase, by assuming that the channel is reciprocal,
the labtop connected to the transmitter first computes the digital
waveforms according to the estimated CIR, and the transmitter
then emits the signals shaped by the designed waveforms via an
omni-directional antenna. In addition to the two PW methods,
the other three waveforms developed primarily for information
or focusing perspectives are also carried out in the experiments
for performance comparisons. The maximum transmit power at
the transmitter’s radio frequency-front end is 20 dBm. At the
receiver, a power meter CORNET ED85EXS, which is linked
to the antenna via a power splitter ZX10-2-71+, is used to mea-
sure the received power at the radio frequency-front end, and
a digital camera is set up to record the reported values on the
power meter. The sensitivity range of the power meter is from
−55 dBm up to 0 dBm. Finally, all the WiFi access points in the
offices are turned off during the experiment.

Fig. 11 shows the PW wireless power transfer performance
for different waveforms in the LOS and NLOS testing envi-
ronments. For a fair comparison, the average transmit power
of the different waveforms is normalized in such a way that
the average transmit power is the same as that with the direct
transmission waveform. The power transfer performance for the
eight measured locations in the LOS setting at the distance of
2 meters is shown in Fig. 11(a). Due to the multipath effect,
the power transfer performance, in terms of the observed power
values on the power meter, varies for the different locations,
even though the distance is merely two meters and the setting
is LOS. As compared with the direct transmission waveform,
the performance improvement achieved by the optimal energy
waveform ranges from 4 dB to 8 dB. Taking an example, the
improvement values at the locations L8 and L3 are respectively
given as 4 dB and 8 dB, and one can observe from Fig. 12 that
there are sufficient multipaths available even at such a short
distance. Furthermore, the performances of the optimal energy
and the single-tone waveforms are comparable, and the basic
TR waveform is worse than the optimal energy waveform by
about 2 dB ∼ 4 dB. Again, the power transfer performance of
the MaxSINR waveform is worse in the experiment because it
is designed from the information transfer viewpoint.

Fig. 11(b) demonstrates the average power transfer perfor-
mance versus the distance in the LOS setting, for which the
performance for each distance value is averaged over the eight
random locations. We can find that for most of the cases, the
average measured power value on the power meter is decreased
when the distance becomes large due to the path loss effect. In
addition, the optimal energy waveform is superior to the direct
transmission waveform by about 6 dB in terms of the received
power. Compared with the energy waveform, the single-tone
waveform can achieve a near-optimal performance, but requires
less computational complexity in implementation. It also ex-
hibits that the performance of the TR waveform is about 3 dB
worse than that of the energy waveform. Note that there is a
jump at the distance of 5 m in terms of the performance of the
received power. This is because in our testing environments, the
wireless channels at the distance of 5 meters often appear to be
more dispersed (i.e., more multipaths are collectable), as com-
pared with the wireless channels at the distance of 3 or 4 meters.
In general, the PW scheme can provide a larger performance
gain, if the multipath effect is more severe. Hence, the average
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Fig. 11. PW wireless power transfer performance in LOS and NLOS environ-
ments. (a) Measurement results in the LOS environments for various locations
at a distance of 2 meters. (b) Average measurement results in the LOS environ-
ments as a function of the separation between the transmitter and the receiver.
(c) Measurement results in the NLOS environments for various rooms and
locations.

received power value at the distance of 5 meters is larger than
those measured at the distance of 3 or 4 meters, even though the
radio waves may propagate over a relatively longer distance and
suffer a larger path loss.

Fig. 11(c) shows the power measurement results for various
rooms and locations in the NLOS testing environments. We can
see that the performance gain of the optimal energy waveform

Fig. 12. Channel probing results in the LOS environments (d= 2 meters,
and locations L3 and L8) and the NLOS environments (location R2L3).
(a) The amplitude of CIRs versus time index. (b) The amplitude of CFRs versus
frequency index.

over the direct transmission is larger than 6 dB for most of the
locations, e.g., R2L3 and R3L1. It is worth pointing out that
this performance gain in the NLOS environments is in general
larger than that obtained in the LOS because the NLOS chan-
nel can provide a larger frequency selection diversity gain (see
Fig. 12). Also, as compared with the direct transmission, the
performance gain of using the optimal energy waveform (or the
single-tone waveform) could be significantly different even in
the same room but different locations; for example, the achiev-
able performance gain is 9 dB at the location R4L1, whereas it
is approximately given by 6 dB at the location R4L2. Overall,
the single-tone waveform can still achieve a comparable (near-
optimal) performance to the optimal energy waveform even in
the NLOS environments. Finally, the performance gap between
the energy waveform and the basic TR waveform ranges from
2 dB to 4 dB.

VIII. CONCLUSION

In this paper, a wireless power transfer system incorporat-
ing the PW technology was investigated to gather the multi-
path power by fully utilizing the multipath propagation effect.
Two power transfer-oriented waveforms, energy waveform and
single-tone waveform, were proposed with the goal of maxi-
mizing the average received signal power at the receiver. The



KU et al.: POWER WAVEFORMING: WIRELESS POWER TRANSFER BEYOND TIME REVERSAL 5831

energy waveform is optimal in the sense of maximum power
delivery, while the single-tone waveform is a low-complexity
alternative at the expense of small performance degradation. In
essence, the single-tone waveform could be just as good as the
optimal one if a J-periodic condition for the transmitted signals
is satisfied. The power transfer gain of the single-tone wave-
form over the direct transmission scheme was also theoretically
analyzed under various channel power delay profiles. Besides, a
comparable relationship between the proposed PW power trans-
fer system and the conventional MIMO system is characterized
through an outage performance analysis. It is conceived that
the PW system can achieve a comparable performance to the
MIMO system as long as the number of digitally resolvable mul-
tipaths at the transmitter is sufficiently large. As such, the PW
technology is a practical and flexible solution to power transfer
because the evolution of high-speed analog-to-digital converters
(ADCs) allows the transmitter to digitally resolve as many as
possible multipaths from wireless channels. On the contrary, the
hardware implementation cost of the MIMO solution increases
with the number of antennas, a key factor to the performance
improvement. Extensive computer simulation was conducted to
validate the analysis results, and it was further revealed that the
proposed energy waveform and the single-tone waveform out-
perform other waveforms. Generally, the two proposed wave-
forms can provide a performance gain of about 6 dB over the
direct transmission scheme. Real experiments were also imple-
mented to justify the achievable performance gains. The results
give a quantitative assessment of the impact of the number of
resolvable multipaths on the power transfer performance.

APPENDIX A
PROOF OF THEOREM 1

Without loss of generality, we consider the zeroth segment
of the received signal, i.e., p = 0. By applying (8) into (10)
and using the uncorrelated property of v[n], the power transfer
maximization problem becomes

gE = arg max
‖g‖2

2 =1
g†

⎛

⎝
�(L−1)/D �∑

q=�−1−(L−2)/D 	
H†

qHq

⎞

⎠g. (A.1)

Hence, the optimal energy waveform is given in (11). By
substituting (9) into (A.1), we can also find that the optimal
energy waveforms are the same for different values of D.

APPENDIX B
PROOF OF THEOREM 2

Since L = J · D, we get p − 1 − J + �2/D	 ≤ q ≤ p +
J − 1 in the summation of (8). As the signal is J-periodic,
i.e., v[n] = v[n + J ], for any n, the received signal in (8) can
be simplified as

yp =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

H0g · v [p] +
J−1∑
q=1

(
Hq + H(q−J )

)
g · v [p + q]

+ zp , D = 1;
J−1∑
q=0

(
Hq + H(q−J )

)
g · v [p + q] + zp , D ≥ 2.

(B.1)

Let C be a circulant matrix of size L × L, specified by the
column vector of the CIR h, and it is straightforward to verify

from (9) that the matrix C andHj has the following relationship:

C =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

[
HT

(J−1) ,H
T
(J−2) , . . . ,H

T
1 ,HT

0

]T

+
[
HT

−1 ,H
T
−2 , . . . ,H

T
(1−J ) ,O

T
1×L

]T

, D = 1;
[
HT

(J−1) ,H
T
(J−2) , . . . ,H

T
0

]T

+
[
HT

−1 ,H
T
−2 , . . . ,H

T
−J

]T
, D ≥ 2.

(B.2)

By applying (B.1) and the uncorrelated property of v[p + q],
for q = 0, . . . , J − 1, the power transfer maximization problem
in (10) becomes

gE = arg max
‖g‖2

2 =1
g†C†Cg. (B.3)

The circulant matrix C can be diagonalized as FCF† =√
L · Diag(Fh) =

√
L · Diag(ζ). As a result, the optimal en-

ergy waveform must satisfy FgE = ekm a x , where ei is the ith

column of the identity matrix IL , for i = 0, . . . , L − 1. Hence,
gE = F†ekm a x is exactly the same as the single-tone waveform
gST given in (12).

APPENDIX C
PROOF OF THEOREM 3

Let hI and hQ be the real and imaginary parts of the CIR h. In
addition, we define FI and FQ as the real and imaginary parts of
the DFT matrix F. Since ζ = Fh, its real and imaginary parts
can be expanded as ζI = FIhI − FQhQ and ζQ = FIhQ +
FQhI , respectively. Therefore, it can be derived that

E
[
ζI ζ

T
I

]
= E

[
ζQζT

Q

]
� Σ

=
1
2
(
FI Diag (ρ)FT

I + FQ Diag (ρ)FT
Q

)
; (C.1)

E
[
ζI ζ

T
Q

]
= E

[
ζQζT

I

]
= O, (C.2)

where the assumption of E[hIhT
I ] = E[hQhT

Q ] = 1
2 Diag(ρ)

and E[hIhT
Q ] = E[hQhT

I ] = O in (1) is applied. Due to (C.1)
and (C.2), the characteristic function of ε has a form as shown
in (17) [30], and the matrix Σ can be explicitly calculated in the
following.

First, it is shown from (C.1) that the matrix Σ is circulant
because the (k,m)th entry of Σ is given by

Σ [k,m] =
1

2L

L−1∑

l=0

ρl cos
(
−2π (k − m) l

L

)
,

k,m = 0, . . . , L − 1. (C.3)

Hence, by using F, we can diagonalize the matrix into
Σ = F−1Diag(λ)F, where the vector λ =

√
LFq, and q =

1
2L

∑L−1
l=0 [ρl , ρl cos( 2π1l

L ), . . . , ρl cos( 2π (L−1)l
L )]T is the first

column of the matrix Σ, i.e., setting m = 0 in (C.3) [31]. We
then rewrite q into a compact matrix form:

q = Mρ, (C.4)

where the matrix M is defined in (C.5) at the bottom of the next
page. By applying (C.4) and (C.5), the (k,m)th entry of the
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matrix M̃ =
√

LFM can be computed as

M̃ [k,m] =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2
, m = 0; k = 0;

1
4
, m �= 0; k = L − m �= m;

1
2
, m �= 0; k = m =

L

2
;

0, otherwise,

(C.6)

if L is even, and

M̃ [k,m] =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1
2
, m = 0; k = 0;

1
4
, m �= 0; k = L − m �= m;

0, otherwise,

(C.7)

if L is odd. Since λ =
√

LFq = M̃ρ, we finally get λl =
1
4 (ρl + ρ((L−l)%L)).

APPENDIX D
PROOF OF THEOREM 4

The cumulative distribution function (CDF) of ε can be ex-
pressed in terms of Ψε(jω) as follows [32]:

Fε (x) =
1

(2π)L

∫ ∞

−∞
· · ·

∫ ∞

−∞
Ψε (jω)

×
L−1∏

l=0

(
1 − e−jωl xl

jωl

)
dω0 · · · dωL−1 , (D.1)

where x = [x0 , . . . , xL−1 ]T . Let εmax = maxk εk . The CDF of
εmax is then obtained by letting x0 = · · · = xL−1 = x in (D.1),
and we have

Fεm a x (x) =
1

(2π)L

∫ ∞

−∞
· · ·

∫ ∞

−∞
Ψε (jω)

×
L−1∏

l=0

(
1 − e−jωl x

jωl

)
dω0 · · · dωL−1 . (D.2)

Since εmax is a non-negative random variable, the mean of
εmax can be directly computed through its CDF, which follows
essentially from integration by parts:

E [εmax] =
∫ ∞

0
(1 − Fεm a x (x)) dx. (D.3)

From (16), (D.2) and (D.3), the power transfer gain is finally
derived in (18).

APPENDIX E
PROOF OF THEOREM 5

For the UPD channel profile, we have ρl = 1
L , for l =

0, . . . , L − 1. From (17) in Theorem 3, it is then shown that
λl = 1

2L and the characteristic function is reduced to

Ψε (jω) =
(

det
(
IL − j

1
L

· Diag (ω)F−1F
))−1

=
L−1∏

l=0

L

L − jωl
, (E.1)

where F−1F = IL is applied in the second equality. More-
over, considering an exponential random variable x with the
probability density function μe−μx , for μ > 0, its character-
istic function ΨX (jω) = μ

μ−jω and the corresponding CDF
FX (x) = 1 − e−μx have the following relationship:

FX (x) =
1
2π

∫ ∞

−∞
ΨX (jω)

1 − e−jωx

jω
dω (E.2)

=
1
2π

∫ ∞

−∞

μ

μ − jω
× 1 − e−jωx

jω
dω = 1 − e−μx.

By applying (E.2) into (18), the power transfer gain can be
derived as

G = L

∫ ∞

0

(
1 − 1

(2π)L

∫ ∞

−∞
· · ·

∫ ∞

−∞

L−1∏

l=0

(
L

L − jωl

· 1 − e−jωl x

jωl

)
dω0 · · · dωL−1

)
dx

= L

∫ ∞

0

(
1 − 1

(2π)L−1

∫ ∞

−∞
· · ·

∫ ∞

−∞

L−1∏

l=1

(
L

L − jωl

· 1 − e−jωl x

jωl

)
·
(

1
2π

∫ ∞

−∞

L

L − jω0
· 1 − e−jω0 x

jω0
dω0

)

× dω1 · · · dωL−1

)
dx

= L

∫ ∞

0

(
1 −

(
1 − e−Lx

)L
)

dx. (E.3)

Using the binomial expansion, we can get

(
1 − e−Lx

)L
=

L∑

n=0

(
L
n

)
(−1)ne−nLx. (E.4)

M =
1

4L

⎡

⎢⎢⎢⎣

2 2 · · · 2
2 ej2π1·1/L + ej2π1·(L−1)/L · · · ej2π1·(L−1)/L + ej2π1·1/L

...
...

. . .
...

2 ej2π (L−1)·1/L + ej2π (L−1)·(L−1)/L . . . ej2π (L−1)·(L−1)/L + ej2π (L−1)·1/L

⎤

⎥⎥⎥⎦ . (C.5)
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From (E.3) and (E.4), it therefore implies that

G = L
L∑

n=1

(
L
n

)
(−1)n+1

∫ ∞

0
e−nLxdx

=
L∑

n=1

(
L
n

)
(−1)n+1 1

n
, (E.5)

where (
L
n

) = L !
n !(L−n)! is a binomial coefficient, and (·)! is a

factorial function. To further inspect the impact of the number
of multipaths on the performance, we denote the power transfer
gain as a function of L, given by G(L). From (E.5), it can be
verified that

G (L) − G (L − 1) = − 1
L

(
L∑

n=0

L!
n! (L − n)!

(−1)n − 1

)
.

(E.6)

From the binomial expansion, it yields
∑L

n=0
L !

n !(L−n)! (−1)n

= (1 + (−1))L = 0. Thus, it can be shown that G(L) −
G(L − 1) = 1

L ≥ 0. Finally, since G(1) = 1 according to (E.5),
it is straightforward to get (19).

APPENDIX F
PROOF OF THEOREM 6

The main idea of the proof is to decompose the zeroth channel
path of (1), h0 , into two independent random variables:

h0 = h0,1 + h0,2 , (F.1)

where h0,1 and h0,2 are zero-mean complex Gaussian random
variables with variance 1−ρ0

L−1 and Lρ0 −1
L−1 , respectively. By utiliz-

ing (16), the power transfer gain is given as

G = L · E
[
max

k

∣∣∣∣
1√
L

h0,2 + H̃[k]
∣∣∣∣
2
]

, (F.2)

where H̃[k] = 1√
L

(h0,1 +
∑L−1

l=1 hle
−j2πkl/L ). Let k̃max =

arg maxk |H̃[k]|2 . Then, a lower bound can be derived as

G ≥ L · E
[∣∣∣∣

1√
L

h0,2 + H̃
[
k̃max

]∣∣∣∣
2
]

. (F.3)

Since h0,2 is independent of H̃[k], we have

G ≥ E
[
|h0,2 |2

]
+ L · E

[∣∣∣H̃
[
k̃max

]∣∣∣
2
]

=
Lρ0 − 1
L − 1

+ L · E
[∣∣∣H̃

[
k̃max

]∣∣∣
2
]

. (F.4)

The remaining problem is to compute the expectation

value of |H̃[k̃max]|
2
. Let us define ε̃ = [ε̃0 , . . . , ε̃L−1 ]T , where

ε̃k = |H̃[k]|2 . Similar to the derivation in (E.1)–(E.5), the

characteristic function for ε̃ can be expressed as

Ψε̃ (jω) =
(

det
(
IL − j

1 − ρ0

L − 1
· Diag (ω)

))−1

=
L−1∏

l=0

L − 1
L − 1 − j (1 − ρ0) ωl

. (F.5)

Furthermore, we get

E

[∣∣∣H̃
[
k̃max

]∣∣∣
2
]

=
∫ ∞

0

(
1 −

(
1 − e−

L −1
1−ρ 0

x
)L
)

dx

=
1 − ρ0

L − 1

L∑

n=1

(
L
n

)
(−1)n+1 1

n
. (F.6)

By combining (F.4) with (F.6), the result is finally proved.
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