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ABSTRACT The performance of time-reversal (TR) based far-field wireless power transfer (WPT) from an
antenna array in a complex propagation environment is investigated in comparison with conventional array-
based beamforming (BF). A two-step experiment is performed, namely 1) the propagation stage and 2)
rectification stage. In the propagation stage, signal transmission is measured between the transmit array and
receive antenna in an indoor multipath environment, for line-of-sight (LOS) and non-line-of-sight (NLOS)
scenarios. The results demonstrate that TR results in higher peak voltage compared to BF given the same
average transmit power. In addition, while BF loses its ability to selectively send waves at the receiver due to
impairment of the beam from multipath, TR can selectively focus waves at the receiver by inherently taking
advantage of multipath. In the rectification stage, the resulting signals from the propagation stage are fed
into a broadband rectifier for RF-to-DC conversion. It is shown that the signals received using TR lead to
higher rectified DC voltage and rectification efficiency. The overall results suggest that TR can outperform
BF with higher rectification efficiency given the same average transmit power. Through optimization of the
TR pulse interval, array configuration and transmit power, further improvement in the performance of TR
based WPT in a complex propagation environment is possible.

INDEX TERMS Time-reversal, complex propagation environment, wireless power transfer, antenna array,
beamforming, broadband rectifier, rectification efficiency.

I. INTRODUCTION
Far-field (radiative) wireless power transfer (WPT) is an
emerging technology for wirelessly charging small, low
power devices, which can be widely utilized in the fields
of mobile devices, internet of things (IoT), sensors, and
biomedical devices [1]–[7]. Unlike near-field WPT based
on magnetic coupling, far-field WPT is based on send-
ing and receiving radiated electromagnetic waves, which
allows for transmission of power at longer range (i.e. beyond
few meters). For far-field WPT, array-based beamforming
(BF) is commonly used to focus electromagnetic energy at
desired locations [8]–[14]. In [8]–[12], a retrodirective BF
is proposed, a well-known beamforming technique imple-
mented through phase conjugation using a retrodirective
array. In [13], [14], adaptive beamforming with massive
multiple-input multiple-output (mMIMO) using a large-scale
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antenna array is considered based on the theoretical devel-
opment for simultaneous wireless information and power
transfer applications. However, potential disadvantages of BF
arise especially in a complex propagation environment (e.g.
indoor environment where multiple scatterers and reflecting
walls exist), which could impair the beam generated by the
array. In addition, for mMIMO beamforming, the configura-
tion and operation of the system could be quite complicated
due to a large number of antennas used. One way to overcome
such drawbacks of BF would be to employ time-reversal
(TR) based far-field WPT [15]–[20]. TR applied in a com-
plex propagation environment allows for spatial and temporal
wave focusing by taking advantage of multipath, thereby
selectively concentrating electromagnetic power at a desired
location even with a single transmit antenna [20]–[26]. In par-
ticular, previous studies have demonstrated that sending TR
waveforms can deliver higher peak power (compared to send-
ing narrowband signals) at desired locations in a complex
propagation environment [17], [20], [26]. But the antenna
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FIGURE 1. Illustration of array-based far-field wireless power transfer via
beamforming (left) and time-reversal (right) in a complex propagation
environment.

configuration used in these studies was limited to a single
transmit antenna case. Since many recently proposed far-field
WPT systems employ array-based BF, it would be necessary
to analyze the performance of TR based far-field WPT from
an antenna array in comparison to array-based BF.

The purpose of this paper is to investigate TR based WPT
in an indoor environment consisting of an antenna array on
the transmit side, so as to directly compare its performance
with that of BF using the same array. Successful far-field
WPT depends not only on effectively delivering RF power
to a receive antenna, but also on efficient rectification of the
received RF to DC [27]–[30]. Hence, we present our inves-
tigation through a two-step experiment: 1) the wave propa-
gation stage where measurements are performed in an actual
indoor environment between the transmit array and receive
antenna and 2) the rectification stage where the received
signals are fed into a broadband rectifier to measure DC
voltage.

This paper is organized as follows. In Section II, the pro-
cedures for array-based far-field WPT via BF and TR
implemented in our study are described and a theoretical
basis for analyzing the performance of TR vs. BF is pro-
vided. Section III describes the experiment setup, which is
divided into the wave propagation and rectification stages.
In Section IV, the simulated and measured results from the
wave propagation stage are presented. In Section V, the mea-
sured results of the rectification stage are presented. Finally,
Section VI concludes the paper with a quick summary and
implications of the results.

II. ARRAY-BASED BEAMFORMING VERSUS
TIME-REVERSAL
An array-based far-field WPT scenario in a complex, multi-
path environment would consist of a multi-element transmit
antenna array and a receiver (or multiple discrete receivers)
represented with a single receive antenna. Fig. 1 illustrates the
mechanism of BF (left) and TR (right) based wireless power
transmission. In both cases, the purpose is to deliver maxi-
mum electromagnetic energy at a desired receiver. However,
there is a distinct difference in that BF sends electromagnetic
waves by phasing the array elements to form a beam in the
direction of the receiver, while TR sends a tailored waveform
that will allow the transmitted electromagnetic waves to take
advantage of multipath. In a practical scenario, the receiver

FIGURE 2. Relation between the relative position of the receive antenna
to the transmit array and phase at each transmit element.

should include a separate transmitter that broadcasts a beacon
signal. The beacon signal is broadcast only when the receiver
needs wireless power. This beacon signal propagates through
the environment and is received by the transmit antenna array
(which means that the transmit antenna array also requires a
receiver) and processed to generate either the phase necessary
for BF or the time-reversed waveforms for TR. The beacon
signal can be broadcast periodically to update the information
on the propagation environment. The update interval may
need to be adjusted depending on the level of mobility and
fluctuations in the environment. Note that the presence of the
beacon transmitter/receiver in Fig.1 is omitted for simplicity
of illustration. In the following subsections, the mechanisms
of BF and TR are briefly discussed.

A. BEAMFORMING WITH ANTENNA ARRAY
BF is a technique based on an antenna array in which the
phase and amplitude of each array element is adjusted to
generate the main beam in a desired direction. BF in a typ-
ical WPT scenario is carried out in a retrodirective fashion.
That is, a beacon signal sent from a desired receiver is first
collected by the transmit antenna array in the receive mode,
allowing the information about the receiver location to be
extracted in the form of relative phase differences between
the array elements. The transmit signals are then fed with the
conjugated phase to direct the beam at the receiver. Consid-
ering an N -element linear array as used in our experiment,
Fig. 2 illustrates the phase required to direct the beam at the
corresponding receiver. For a receiver located at an angle θ
from the broadside direction of the transmit antenna array,
the relative phasing of each element should correspond to

φn = (n− 1)βd sin θ, n = 1, . . . ,N , (1)

where d is the array element spacing and β is the free space
wave number. Here we use an element spacing of λ

/
2 to

avoid grating lobes and the corresponding phase constant βd
becomes π . By applying the phase in (1) to each element,
it is possible to form a beam in the direction of θ . However,
in a complex propagation environment, the beacon signal
will travel through various paths and distort the wavefront,
causing inaccurate phase information to be extracted. That is,
φn may not accurately represent the values in (1).
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FIGURE 3. A notional transmit system for : (a) BF and (b) TR.

In an effort to draw a comparative description relative to
TR, we describe the process of signal transmission via BF in
terms of the time-domain linear system representation. The
impulse responses between each transmit element and the
receive antenna can be represented as

hn(t) = F−1
{
Sr,n (ω)

}
, (2)

where F−1 {·} denotes the inverse Fourier transform and
Sr,n(ω) represents the transfer function between each transmit
element in the array and the receive antenna. The input signal
fed into each transmit element is assumed to be a continuous-
wave (CW) waveform that is amplified to a desired level and
phase-shifted according to (1), i.e.

xn,BF (t) = A cos (ω0t − φn), (3)

whereω0 = 2π f is the signal frequency and A is a scalar con-
stant representing signal amplification. A notional transmit
system for BF is illustrated in Fig. 3a, where CW generated
from the source (including amplifier) is dividedN -way, phase
shifted, and radiated simultaneously through the array. The
resulting signal at the receive antenna is then expressed as

yn,BF (t) = hn(t) ∗ xn,BF (t), (4)

where ∗ denotes convolution. The sum of each output signal
yn,BF (t) becomes the resulting signal of BF as follows:

yBF (t) =
N∑
n=1

yn,BF (t), (5)

which is then send to the rectifier for conversion to DC power.

B. TIME REVERSAL WITH ANTENNA ARRAY
In a complex propagation environment, scatterers and reflect-
ing walls cause multipath. A short pulse transmitted in this
environment undergoes spreading as it travels through a num-
ber of different trajectories, thereby arriving at the receiver at
different times. The TR technique, when used with a short

FIGURE 4. An example signal at each step of the TR process: (a) a beacon
signal p(t) (a 5 ns Gaussian pulse), (b) the beacon signal received by an
array element bn(t; T) with T= 200ns, (c) the time-reversed signal xn,TR(t)
used for power transmission, and (d) the resulting signal at the receiver
as a result of wave focusing yn,TR

(
t
)
.

pulse, can take advantage of such a multipath environment
to enable selective wave focusing at a desired location. Here
we describe the process of TR utilized with the same N -
element linear array used for BF. The way we apply TR here
is that the array elements are operated in a switching manner,
where only one element transmits at a time unlike BF. It is
possible for all array elements to transmit simultaneously for
TR. However, this would require each array element to have
its own source (arbitrary waveform generator) to generate TR
signals. Transmitting in a switched mode allows only one
source to be used just like BF as shown in Fig. 3.

For TR based WPT, a beacon signal is also sent from a
desired receiver to be collected by the transmit antenna array.
The beacon signal in this case is assumed to be a short pulse
(containing the bandwidth of interest) represented as p(t).
Fig. 4(a) shows an example of p(t), which is used in the
experiment (more detail to be discussed in the proceeding
sections). The signal received by each array element for a
duration of T is expressed as (see Fig. 4(b) for example)

bn(t;T ) = p(t) ∗ hn(t;T ) (6)

where hn(t) is the impulse response between the receiver and
nth array element. Here, bn(t) should approximately represent
hn(t) over the bandwidth of p(t). The signal fed into each
array element for power transmission is a time-reversed ver-
sion of bn(t)(see Fig. 4(c)), i.e.

xn,TR(t) = Bbn(nT − t), (7)

where B represents signal amplification. Note that each
xn,TR(t) is shifted by nT, so as to be transmitted from the
corresponding array element with an interval of T in a suc-
cessive manner via switching, as depicted in Fig. 3(b). Since
xn,TR(t) contains the inverse profile of the multipath time-
delays as a result of time-reversal, the effects of multipath can
be ‘‘undone’’ as the signal propagates back to the receiver,
allowing the waves to coherently arrive at the receiver at a
particular point in time (i.e. t = nT ). This wave focusing
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FIGURE 5. An example of yTR(t) when N = 4 and T = 50 ns.

allows for the approximate reconstruction of the original short
pulse. Accordingly, the resulting signal at the receive antenna
is expressed as (see Fig. 4(d))

yn,TR(t) = xn,TR(t) ∗ hn(t)

= Bp(nT − t) ∗ [hn(nT − t) ∗ hn(t)] , (8)

indicating that yn,TR(t) approximately represents an autocor-
relation of hn(t). The sum of each yn,TR(t) is

yTR(t) =
N∑
n=1

yn,TR(t), (9)

which is a train of N short pulses with an interval of T as
shown in Fig. 5. This pulse train is repeatedly received and
sent to the rectifier for conversion to DC power.

C. PEAK RECEIVED POWER RATIO BETWEEN
BEAMFORMING AND TIME REVERSAL
The power transmission performance between TR vs. BF
can be compared by defining a term referred to as the peak
received power ratio (PRPR), i.e.

PRPR =
max{y2TR(t)}

max{y2BF (t)}
, (10)

which can be obtained directly from measured signals and
used as a performance metric of TR WPT vs. BF WPT.

We can also derive a theoretical expression of PRPR from
the signal equations in the preceding subsections. For sim-
plicity of derivation, the beacon signal in the TR process
p(t) is assumed to be an ideal impulse (i.e. p(t) = δ(t)).
The denominator in (10) represents the signal level from
BF, which is a narrowband signal (CW). Hence, it can be
represented using the frequency domain terms as

max{y2BF (t)} =

∣∣∣∣∣
{

N∑
n=1

Hn(ω0)Ae−jφn
}∣∣∣∣∣

2

= A2
∣∣∣∣∣
{

N∑
n=1

|Hn(ω0)| ej(αn−φn)
}∣∣∣∣∣

2

, (11)

where Ae−jφn and Hn(ω) = |Hn(ω)| ejαn are the Fourier
transform of xn,BF (t) and hn(t), respectively. The numerator

in (10) represents the maximum peak amplitude among N
pulses resulting from TR (Fig. 5), which occurs at t =
nT (where n is associated with the pulse having the high-
est peak). Setting n = 1 to simplify derivation, we can
express max{y2TR(t)} using the frequency domain terms and
the inverse Fourier relation as (subscript n is removed)

max{y2TR(t)} =

 B
2π

∞∫
−∞

H∗(ω)e−jωTH (ω)ejωtdω

2

t=T

=
B2

4π2

 ∞∫
−∞

|H (ω)|2 dω

2

, (12)

where e−jωT is associated with a time shift T in h(T − t).
Here we assume that both TR and BF transmit the same

average power Pin (as illustrated in Fig. 3), which can then
be expressed in terms of the signal amplification factors A
and B for xn,BF (t) and xn,TR(t), respectively, as

Pin =
NA2

2Zin
=

B2

ZinT

∫
T

|h(T − t)|2dt, (13)

where Zin is the input impedance of each array element (real-
valued). Solving for A and B, we get

A =

√
2PinZin
N

(14)

and

B =

√
ZinPinT∫

T |h(T − t)|
2 dt
≈

√
ZinPinT

1
2π

∫
∞

−∞
|H (ω)|2 dω

. (15)

In (15), h(T − t) is a time-reversed version of h(t) for a time
duration of T,which can approximately be expressed with the
frequency domain terms by Parseval’s relation. Substituting
(11) - (15) into (10), PRPR can consequently be represented
as

PRPR =
NT
4π

[
∞∫
−∞

|H (ω)|2 dω

]
∣∣∣∣{ N∑

n=1
|Hn(ω0)| ej(αn−φn)

}∣∣∣∣2
, (16)

which implies that PRPR can simply be obtained using the
transfer function (impulse response) between the transmit
and receive antennas, the time duration T of the impulse
response used for TR, and the number of transmit array
elements. In other words, the level of PRPR should depend
on the propagation environment and the array setup. This
means that in a complex propagation environment, PRPR
should be large (�1) and TR is expected to deliver a peak
power higher than BF. On the contrary, in an environment
where little or no multipath exists, PRPR should be small
(near or <1), indicating little or no advantage of using TR
over BF. A qualitative analysis of PRPR in some example
environments with different multipath conditions is provided
in the Appendix.
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FIGURE 6. An illustrated view of the meeting room used for the
propagation experiment with the measurement setup: (a) Line-of-sight
(LOS) scenario. (b) Non-line-of-sight (NLOS) scenario. (c) Lateral range in
which the receive antenna position is varied during the experiment.

III. EXPERIMENT SETUP
The experiment consists of two stages, namely a) the wave
propagation stage performed in an actual indoor environment
where the signal transmission between the transmit array and
receive antenna are measured, and b) the rectification stage
where the corresponding received signals are fed into a recti-
fier to measure DC voltage and power conversion efficiency.

A. WAVE PROPAGATION STAGE
Thewave propagation stage is carried out in an officemeeting
room (7.35 m ×3.2 m ×2.5 m) furnished with scattering
objects such as desks, columns and white boards as shown in
Fig. 6. One of the four walls in the room is mostly composed
of glass windows. The transmit array of four monoconical

elements and receive antenna (also a monocone) are placed
towards two diagonally opposite corners of the room. Here,
we use a monoconical antenna for its simplicity in design and
fabrication, but a miniaturized antenna (e.g. flat antennas)
should be more suitable in practical scenarios. However,
the choice of antenna design is not a major factor in deter-
mining the performance of BF vs. TR, and our experimental
results should qualitatively apply to any antenna types with-
out loss of generality. Two representative scenarios, i.e. line-
of-sight (LOS) and non-line-of-sight (NLOS), are considered
as shown in Fig. 6(a) and Fig. 6(b) respectively. Between
LOS and NLOS, the respective locations of the transmit array
and receive antenna remains unchanged, while a portable
white board is placed between the antennas to obstruct the
direct path for the NLOS configuration. In each scenario,
the position of the receive antenna is linearly scanned to
observe the spatial variation of received power. Based on the
free space wavelength λ0 of 30 cm at the center frequency f0
of 1 GHz (the center operating frequency in the experiment),
the receive antenna position is varied at an increment of 0.2λ0
(6 cm) from the reference position (0 cm) to ±2λ0(±60 cm)
as shown in Fig. 6(c). The reference position of the receive
antenna is 3.5 m in down range and 1.5 m in cross range from
the center of the transmit array.

Figs. 7(a) and 7(b) respectively show the monoconical
antenna used as the receive antenna and its reflection coef-
ficient, which exhibits good impedance characteristics over
0.5 – 1.5 GHz. The monoconical antenna has an omnidi-
rectional pattern in azimuth and a 3 dB beamwidth of 65o

in elevation. The transmit array is constructed using four of
this monoconical antenna is shown in Fig. 7(c). The array
spacing is λ0/2(15 cm), and a vertical ground plane is added
to minimize backward radiation.

The propagation measurement is carried out one transmit-
receive antenna pair at a time, which are combined through
processing. To ensure the highest quality of the channel
impulse responses for the analysis purpose, the measure-
ment is done in the frequency domain using an Agilent
8720ES vector network analyzer. That is, the transfer func-
tion between each transmit element and receive antenna pair
Sr,n(ω) is measured over a bandwidth of 0.5 – 1.5 GHz, which
is then converted into the time-domain impulse response
hn(t). The received signals for BF and TR, i.e. yBF (t) and
yTR(t) are obtained in the processing using the respective
equations presented in the previous section. Such a pro-
cessing should mimic the case of actual signal transmission
through BF and TR. It is assumed that a narrowband (CW)
signal with f0 is used for BF, and a Gaussian short pulse
with a bandwidth of 500 MHz centered at f0 is used for TR.
In addition, for a reasonable comparison of BF and TR in the
following rectification stage, the source average power at the
transmitter is set to 30 dBm (1 Watt) for both cases.

B. RECTIFICATION STAGE
In the rectification stage, the resulting time-domain signals
yBF (t) and yTR(t) from the propagation stage are used as
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FIGURE 7. (a) Fabricated monoconical antenna used as the receive
antenna, (b) reflection coefficient (

∣∣S11
∣∣) of the monoconical antenna,

and (c) fabricated 4-element array (of the same monoconical elements)
used as the transmit antenna.

input signals to an RF-to-DC rectifier, and the rectification
efficiency between BF and TR is compared. The rectifier
used in this experiment is specifically designed to cover a
broad bandwidth [30], which allows for rectification of both
narrowband signals and wideband pulses from BF and TR,
respectively. The experiment setup consists of an arbitrary
waveform generator (Tektronix AWG7102) as the wave-
form source followed by an amplifier (Mini-Circuits ZX60-
123LN-S+) feeding the wideband rectifier whose output
is connected to a voltmeter (Mastech MS8261) to measure
rectified DC voltage, as shown in Fig. 8(a). The broadband
rectifier is a voltage doubler based circuit with a series induc-
tor connected to each diode to achieve broadband match-
ing. Fig. 8(b) shows |S11| of the rectifier, which exhibits an
impedance bandwidth of 76 % (from 0.61 to 1.36 GHz). The
wide bandwidth of the rectifier allows for rectification of both

FIGURE 8. (a) Rectification measurement setup showing a picture of the
broadband RF-to-DC rectifier used in the measurement, and (b) the
reflection coefficient (

∣∣S11
∣∣) of the rectifier.

narrowband signals from BF and wideband pulses from TR.
More detail on the design of the rectifier can be found in [30].

The signal level from AWG is set to reflect 30 dBm of
average power at the transmitter for both BF and TR. The
average power of the RF input at the rectifier for each case is

Pin,BF =
1
2
(max |yBF (t)|)2

Zin

Pin,TR =
1
T

∫ T

0

y2TR(t)
Zin

dt, (17)

where max |yBF (t)| is the peak voltage amplitude of yBF (t),
T is the TR pulse interval (length of recorded bn(t)) which is
set to 50 ns, and Zin is the input impedance set to 50 �. The
rectification efficiency can then be calculated as

ηBF =
PDC,BF
Pin,BF

=
V 2
DC,BF

RL

1
Pin,BF

ηTR =
PDC,TR
Pin,TR

=
V 2
DC,TR

RL

1
Pin,TR

(18)

where PDC,BF and PDC,TR are the DC power delivered to the
load, VDC,BF and VDC,TR are the DC voltage at the load, and
RL is the load resistance of 1.4 k� (optimal value for this
rectifier [30]).

IV. WAVE PROPAGATION RESULTS
A. NUMERICAL SIMULATION
Prior to the measurement, BF and TR are examined via
numerical simulation in an effort to gain a qualitative insight
into the field behavior in wave propagation. The simulation
is carried out with SEMCAD X [31], a finite difference time
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FIGURE 9. Simulated steady-state electric field intensity from BF for the
receive antenna as shown in the figure: (a) Free space, (b) LOS in the
room and (c) NLOS in the room.

domain full-wave simulation platform. A 3D model of a
roomwith objects andwalls that approximately represents the
actual meeting room used for the measurement is constructed
and simulated. Note that the simulatedmodel does not exactly
correspond to the experimental room down to every detail,
since the purpose here is to provide a qualitative analysis
of wave propagation in a complex environment and there is
no merit in exactly modeling the actual room. For both BF
and TR, the amplitudes of the transmit signals xn,BF (t) and
xn,TR(t) are set to correspond to the average source power
of 30 dBm.

In the case of BF, the values of φn are assumed to cor-
rectly represent (1), neglecting any phase distortion in the
reception of a beacon signal, which allows us to focus on the
wave propagation and beam impairment only during power
transmission. Fig. 9 shows the simulated steady-state electric
field intensity as a result of BF in three different scenarios,
namely a) free space, b) LOS and c) NLOS. Here, the targeted
receive antenna location is at the center position in Fig. 6(c).
The free space scenario (without the room and scattering
objects) provides a reference case in which the intended beam
is generated perfectly towards the direction of the receive
antenna, as shown in Fig. 9(a).

On the other hand, for both the LOS and NLOS scenarios
in the room, the simulated electric field intensity as respec-
tively shown in Figs. 9(b) and 9(c) indicates that the intended
beam is impaired due to multipath, despite the use of φn that
correctly represent the direction of the receive antenna. The
fields are rather distributed over a wider area with a modal
behavior (peaks and nulls). The field distribution in this case
is directly related to the eigenmodes of the room that are
determined by the size and boundary conditions. For LOS,
the fields seem to slightly maintain the shape of a beam, but
they never properly reach the receiver.

Now, the BF simulation is performed as the targeted receive
location is varied linearly in the range of ±2λ (±60 cm) as
in Fig. 6(c). For each targeted receive location, the transmit
array is phasedwith the values ofφn associatedwith the corre-
sponding θ . In Fig. 10, the resulting electric field magnitude
as a function of lateral position is plotted for five different
targeted receive locations for the LOS and NLOS scenarios.

FIGURE 10. Magnitude of the simulated electric fields from BF as a
function of lateral position for five different targeted receive locations:
(a) LOS scenario and (b) NLOS scenario.

FIGURE 11. Simulated electric field intensity from TR for the receive
antenna as shown in the figure at a time instance where wave focusing
takes place: (a) LOS in the room and (b) NLOS in the room.

Despite the use of different values of φn in the transmit array
for all five receive locations, the field distribution remains
nearly identical for both LOS andNLOS. Such a phenomenon
is attributed to the eigenmodes that are determined only by the
geometry and boundary conditions in the room, regardless of
how the fields are injected into the room. This clearly shows
the impact of multipath on beamforming to a point where the
beam is impaired and selective transmission to a particular
location is made difficult.
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FIGURE 12. Magnitude of the simulated electric fields from TR as a
function of lateral position for five different targeted receive locations: (a)
LOS scenario and (b) NLOS scenario.

For TR, the transmit signals as defined in (7) are
used, which are basically the time-reversed impulse
responses between the transmit elements and receive antenna.
Fig. 11 shows the simulated electric field intensity resulting
from TR at a time instance where the waves focus at the
location of the receive antenna for a) LOS and b) NLOS.
Note that this wave focusing is due to the transmission
from a single array element, as TR operates in a switched
mode. The targeted receive antenna position is the same
as that considered in Fig. 9 for BF. There is no point in
considering free space for TR as it is used take advantage
of multipath. Also, note that the field intensity plots are
shown at a time instance instead of the steady state magnitude
since wave focusing occurs in both space and time. In both
scenarios, wave focusing does take place at the location of the
receive antenna. That is, the field intensity is localized at the
receiver while considerably low at other locations, indicating
a successful selective transmission of electromagnetic power
to the receive antenna.

The TR simulation is also performed as the targeted receive
location is varied laterally in the range of ±2λ (±60 cm)
in the same way as in BF. For each targeted receive loca-
tion, the transmit array radiates a different set of xn,TR(t)
associated with the location. In Fig. 12, the resulting electric
field magnitude as a function of lateral position is plot-
ted for five different targeted receive location for LOS and

NLOS. In contrast to BF, a peak consistently appears at the
desired receive location for all five cases, indicating that TR
enables wave focusing regardless of the receive location and
LOS/NLOS conditions in a complex propagation environ-
ment.

B. MEASUREMENT
As mentioned previously, the measurement is carried out in
the frequency domain using a vector network analyzer by
obtaining the transfer function Sr,n(ω), and both BF and TR
are carried out in the processing to ensure the highest quality
of signals for analysis. Accordingly, the phasing of the array
elements for BF and generation of time-reversed signals for
TR are done through signal processing without additional
experimental devices. In an actualWPT scenario, BF requires
a phase shifter for phasing the array elements and TR requires
an arbitrary waveform generator to generate time-reversed
waveforms.

The signal amplitudes of xn,BF (t) and xn,TR(t) are also
set to represent the average source power of 30 dBm. Here,
the targeted receive locations are scanned laterally as shown
in Fig. 6(c) similar to the simulation, but at 11 different
locations over the range of ±λ (±30 cm) at an increment of
0.2λ (6 cm).

In Fig. 13, the peak values of the receive signals yBF (t) and
yTR(t) (for both LOS and NLOS) as a function of lateral posi-
tion are plotted for all 11 cases of targeted receive locations.
Qualitatively, the measured results are in good agreement
with the simulated results showing a similar trend. That is,
the spatial pattern resulting from BF remains almost identical
in all 11 cases for both LOS and NLOS, validating that the
wave behavior in this multipath environment is dominated
by the eigenmodes, thereby impairing the beam. The modal
behavior of the fields is clearly observable with relative peaks
and nulls taking place. For the spatial pattern resulting from
TR, a distinct peak consistently occurs at the desired receive
location for all 11 cases for both LOS and NLOS, validating
the ability of TR for selective focusing of waves at desired
locations. Fig. 14 shows PRPR calculated at each targeted
receive location for both LOS and NLOS using (10). For both
LOS and NLOS, the values of PRPR generally stay signifi-
cantly greater than 1, indicating that TR delivers higher peak
power compared to BF. Also, the PRPR values are higher for
NLOS, due to a larger proportion in the received peak power
between TR and BF. This implies that the advantage of TR
over BF is further enhanced in NLOS conditions.

In terms of the relative peak voltage levels in both scenarios
(LOS and NLOS), TR delivers higher peak voltage at the
desired receive location compared to BF for all 11 cases given
the same average transmit power. Moreover, TR selectively
delivers peak power at the intended receiver location (selec-
tive focusing) regardless of its location, while BF does not
show much of selectivity due to impairment of the beam.
These results demonstrate that TR can not only perform
better in a single transmit antenna case [17], [20], [26], but
can also outperform array-based beamforming in selectively
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FIGURE 13. Measured peak voltage at the receiver as a function of lateral position resulting from BF and TR (for both LOS and NLOS).

FIGURE 14. PRPR obtained from measured peak voltages at each
targeted receive antenna location for both LOS and NLOS.

delivering higher peak power in a complex propagation envi-
ronment.

V. RECTIFICATION RESULTS
Using the experiment setup shown in Fig. 8(a), the received
signals from the propagation stage, i.e. yBF (t) and yTR(t), are

FIGURE 15. Measured DC voltage at each targeted receive antenna
location for BF and TR (for both LOS and NLOS).

taken as the input signals for the rectifier, and the rectified
DC voltage VDC,BF and VDC,TR are measured. The resulting
DC power and rectification efficiency are obtained using
(17)and (18). Fig. 15 shows the DC voltage measured at
the load versus the targeted receive locations for BF and
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FIGURE 16. Measured rectification efficiency at each targeted receive
antenna location for BF and TR (for both LOS and NLOS).

TR. In both the LOS and NLOS scenarios, TR produces
higher rectified DC voltage than BF, that is, yTR(t) contains
higher peak voltage compared to yBF (t) as a result of wave
focusing. Since rectification is based on the voltage across the
diode exceeding the junction potential of the diode, higher
peak voltage leads to more rectification, producing higher
DC voltage at the load. Therefore, it can be concluded that
given the same average transmit power, TR delivers higher
peak voltage as a result of wave focusing that allows for
more effective rectification of RF to DC compared to BF in
a complex propagation environment. The value of VDC,TR
for NLOS increases as the receive position moves to the
right, while other values remain relatively constant as shown
in Fig. 15. This is possibly due to the partial removal of
obstruction (of direct path) as the receive antenna position
shifts towards right, where the direct paths from some of the
transmit elements are restored. This partial LOS condition
results in higher received peak voltage and therefore higher
DC voltage.

The rectification efficiency (i.e. ηBF and ηTR) versus the
receive locations is also plotted for LOS and NLOS as shown
in Fig. 16. For both propagation scenarios, TR generally pro-
vides higher rectification efficiency compared to BF. How-
ever, there is some variation in the values of ηTR depending
on the receive location while ηBF remains relatively constant.
This can be explained by the fact that yTR(t) does vary with
the receive position. It is not only the peak level of the pulses
in yTR(t), but also the ‘time sidelobes’ (low-amplitude noise
outside the reconstructed pulse) as indicated in Fig. 5. Higher
time-sidelobe levels may result in higher Pin,TR, thereby
decreasing the rectification efficiency.

The results from this experiment provides a general insight
into the performance of TR vs. BF in WPT from an antenna
array in a complex propagation environment. That is, TR
allows for selective concentration of peak power at a desired
receive location by taking advantage of multipath, while
BF loses its ability to do so from impaired beams due to
multipath. As a result, TR outperforms BF in delivering
power at the load with higher rectification efficiency. By
optimizing the TR pulse interval T , array configuration, and

FIGURE 17. (a) Normalized impulse responses and (b) normalized
magnitude of the transfer functions for strong, medium and weak
multipath cases.

transmit power, the performance of TR-WPT may further be
enhanced.

VI. CONCLUSION
In this paper, we investigated the performance of time-
reversal (TR) based wireless power transfer (WPT) from an
antenna array in comparison to conventional beamforming
(BF) based WPT in a complex propagation environment.
Through the propagation experiment conducted in an indoor
multipath environment, it was shown that TR allows for
higher peak voltage at the receiver compared to BF given
the same average transmit power. Furthermore, TR is shown
to selectively deliver peak power at the intended receiver
location, while BF does not showmuch of selectivity in power
delivery due to the impaired beam. The results from the recti-
fication stage of the experiment using a broadband rectifier
show that the signals received using TR generally lead to
higher rectified DC voltage and efficiency. The overall results
imply that TR can outperform BF in selectively delivering
power at the load with higher rectification efficiency. Further
optimization of the TR pulse interval, array configuration,
and transmit power may enhance the performance of TR
based WPT in a complex propagation environment.

APPENDIX
In this Appendix, we provide a qualitative analysis on PRPR
to gain an insight into how it can be used as a performance
metric for TR vs. BF. Here, we use one of the measured
transfer functions and vary its signal decay factor to repre-
sent three different degrees of complexity in the propagation
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TABLE 1. PRPR calculated for each multipath case.

environment, i.e. strong, medium and weak multipath. Using
(16), PRPR is calculated for these threes representative cases.
The array element number N is set to 4 as used in the
experiment and T is varied for each case depending on the
decay level.

We use the impulse response h(t) measured at the receive
location of 12 cm (from the reference point) for NLOS.
For the strong multipath case, h(t) as measured is used.
For the medium and weak multipath cases, the signal decay
rate is altered by multiplying an exponential decay function
e−α(t−t0), where different α values are used for the two
respective cases. Here, t0 corresponds to where the peak of
the first received pulse occurs in h(t).

Figs. 17(a) and 17(b) show the normalized impulse
responses and magnitude of the transfer functions, respec-
tively for the three representative cases. In Fig. 17(a), there
is a clear difference in terms of signal length between the
strong, medium and weak multipath cases. The signal slowly
decays due to the reflected waves for strong multipath, while
a set of only a few short pulses is present for weak multipath.
In the transfer function plot in Fig. 17(b), multiple high-
amplitude, closely-spaced modal peaks appear for strong
multipath, while a low-level, relatively flat amplitude is seen
across the bandwidth for weak multipath, as expected.

From these transfer functions, PRPR can be calculated for
each multipath case using (16) and their values are shown
in Table 1. These PRPR results are directly associated with
the signal characteristics in Figs. 17(a) and 17(b). For strong
and medium multipath, higher modal peaks in the transfer
function and longer T produce PRPR significantly greater
than 1. However, for weak multipath, lower transfer function
magnitudes and shorter T due to the rapidly decaying impulse
response result in PRPR less than (or near) 1. These results
qualitatively validate (16) that the level of PRPR primarily
depends on the complexity of the propagation environment.

In this regard, PRPRwould be a great performance predic-
tor for TR vs. BF WPT in a given environment, where one
only needs the transfer function between the transmit array
and receive antenna. The higher the value of PRPR the more
likely it is for TR to outperform BF, and vice versa.
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