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ABSTRACT In this paper, we study a waveform design based on time-reversal (TR) for multi-user wireless
power transfer (WPT) systems in multipath channels. The existing waveforms for WPT using the non-linear
energy harvesting (EH)model have been designed in the frequency domain, whereas we design thewaveform
directly in the time domain by modifying TR to be suitable for WPT. In the non-linear EH model, the peak
signal with the largest magnitude among the received signals is responsible for most of the harvested energy
at the energy receiver (ER). Since the peak signal of TR for multi-user consists of the sum of the inter-user
interference (IUI) signal and the desired signal, the phase difference between these signals can reduce the
magnitude of the peak signal. Thus, we propose a novel waveform based on TR, called a phase aligned
TR (PATR). The objective of the proposed PATR is to increase the harvested energy by aligning the phase
between the desired signal and IUI signal as in-phase. We derive the optimal phase set to be pre-rotated
for maximizing the peak signal, and design the PATR waveform by combining the modified TR and the
derived optimal phase set.We prove the superior performance of the proposed PATR compared to the existing
schemes in the multi-user WPT systems with the non-linear EH model by simulation. Moreover, we show
that the gain for the harvested energy of the proposed PATR increases as the number of transmit antennas
and the number of ERs increase.

INDEX TERMS Wireless power transfer, energy harvesting, time-reversal, non-linear energy harvesting
circuit, interference alignment.

I. INTRODUCTION
Recently, wireless power transfer (WPT) has attracted a lot
of attention as an efficient way to supply power to low power
wireless devices such as sensors, or internet of things (IoT)
devices. In particular, the radio frequency (RF)-based WPT
can simultaneously transmit the energy to multiple energy
receivers (ERs) located more than several meters away from
the energy transmitter (ET). These are distinct benefits over
the near-field WPT schemes such as the magnetic induc-
tion or the magnetic resonance [1]–[6]. However, RF signal
suffers from exponential power attenuation according to its
propagation distance, which leads to a reduction in power
transfer efficiency. Thus, transmission schemes based on
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channel state information (CSI) should be used to improve
the power transfer efficiency of WPT.

In the early phases of research in WPT, most works have
been assumed that each ER is equipped with the linear energy
harvesting (EH) model [7]–[13]. For the linear EH model,
the harvested energy at each ER increases linearly with a
constant RF-to-direct current (DC) conversion efficiency as
the received signal power increases. The authors in [7], [8]
have studied the optimal waveform for WPT and wireless
information transfer (WIT), and proposed the single-tone
(ST) waveform as the optimal transmission scheme for WPT.
In [9], the efficient channel acquisition method for a point-
to-point multiple-input multiple-output (MIMO) WPT sys-
tem has been designed by exploiting the channel reciprocity.
Moreover, the study in [10] has calculated the outage prob-
ability for WPT coverage to analyze the obtainable gain by
using multiple transmit antennas in WPT, and showed that
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the range of WPT can be increased using multiple transmit
antennas. Unlike previous works which have dealt with the
lower frequency network, the authors in [11] have intro-
duced wireless energy and information transfer in a large-
scale millimeter wave cellular network. In [12] and [13],
the beamforming schemes for multi-user WPT systems have
been designed based on the linear EH model.

However, a practical rectenna circuit, which is combined
by a antenna and a non-linear rectifier, has a non-linear
operating characteristics. This property is not reflected by
the linear EH model. Thus, the transmission schemes based
on the non-linear EH model have been studied in [14]–[19].
In [14], the resource allocation scheme for simultaneous
wireless information and power transfer (SWIPT) has been
investigated based on the non-linear EH model. This non-
linear EH model is designed by fitting the RF-to-DC con-
version efficiency of the practical EH circuit, and captures
the saturation characteristics of practical circuit. The rate-
energy region for SWIPT has been expanded to MIMO sys-
tems in [15] based on a model identical to that used in [14].
On the other hand, in [16], the analytical non-linear EHmodel
has been derived using the ideal current-voltage curve of
the rectifier and the Taylor expansion, and the multi-tone
waveform has been designed for WPT. Moreover, the multi-
tone waveform designed in [16] has been generalized and
simplified to the suboptimal multi-tone waveform with the
low complexity in [17], [18], which is denoted as a scaled
matched filter (SMF). The authors of [19] have introduced
a nonlinear EH model based on circuit analysis and cap-
tured the nonlinearity without a truncated approximation by
Taylor expansion. In addition, the frequency-maximal ratio
transmission (MRT) has been proposed as the near-optimal
waveform with the introduced non-linear EH model in a
single-input single-output (SISO) system.

The time-reversal (TR) waveform has been adopted to
ultra-wideband (UWB) communication systems to combat
interference caused by multipath channels [20]–[23]. The
TR is designed with a reversed and conjugated channel
impulse response (CIR) at the transmitter, and can be simply
expanded to multi-user systems by designing transmit filters
based on CIRs of all users [24]. Since the TR waveform
spatially and temporally focuses received signals by matched
filtering with multipath channels, the received signal power
can be increased without increasing the transmit power.
These superior features of TR have been also utilized in the
WPT and SWIPT literature [25], [26]. However, both works
in [25], [26] have generated the transmit signals by convolu-
tion of the transmit filter and the information symbols, which
reduces the received signal power due to the randomness
of the information symbol. Moreover, the linear EH model
has been considered in a single user system rather than a
multi-user system. In spite of the TR-based waveform design,
the power waveform of [25] has been still designed in the
frequency domain like the conventional waveforms design
for WPT.

Most of the previous works have designed the waveforms
for WPT in the frequency domain, which should perform the
discrete Fourier transform (DFT) to obtain channel frequency
response (CFR) and the inverse discrete Fourier transform
(IDFT) to transmit the designed waveform in the frequency
domain. Moreover, in the case of multiple ERs, the transmit
signals based on MRT such as SMF and frequency-MRT
may induce the inter-user interference (IUI) at each receiver,
thereby reducing the harvested energy. Thus, the IUI compo-
nent should be considered for improving the performance of
the waveform for multi-user WPT systems.

Motivated by these observations, we study the waveform
design based on TR for multi-user MIMOWPT systems with
the non-linear EH model provided by [19]. Our objective is
to maximize the sum of the harvested energy for all ERs,
which is a non-convex problem. Thus, we re-formulate the
original problem as a tractable and solvable form, and design
the waveform to achieve the objective. The contributions of
this paper are summarized as follows
• We modify the conventional TR waveform designed for
WIT to be suitable for WPT, and show that the modified
TR is the identical form as the time domain design of
frequency-MRT. Moreover, we generalize the modified
TR for the multi-user MIMO WPT system, and analyze
the received signal of the modified TR consisting of the
desired signal and IUI in time domain.

• We propose a novel power waveformwith the non-linear
EH model, which is denoted as a phase aligned TR
(PATR) and adaptively designed according to CIRs. The
proposed PATR pre-rotates the phase of the transmitted
signal to increase the output DC voltage by aligning the
phase of the desired signal and IUI as almost in-phase.
To solve the problem of obtaining the optimal phases,
we transform the discrete received signal representation
into a matrix form and derive a closed-form solution.

• From the simulation results, the proposed PATR outper-
forms the conventional schemes in the multi-user WPT
system. We show that the obtainable energy gain of
the proposed PATR increases as the number of transmit
antennas and the number of ERs.

The rest of this paper is organized as follows. In Section II,
the system model is described and the problem is formu-
lated. In Section III, we propose the phase alignment scheme
based on TR to solve the problems formulated in Section II.
The simulation results and discussions on the proposed
schemes are presented in Section IV, followed by conclusions
in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION
As shown in Fig. 1, we consider a multi-user WPT system
over the L taps multipath fading channel, which is com-
posed of an ET with M transmit antennas and U ERs with
a rectenna. A rectenna consisting of a receive antenna and
a rectifier circuit is a special type of receiving antenna that
is used for converting received RF signal into DC energy.
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FIGURE 1. Multi-user WPT system in multipath channels.

That is, each ER is equipped with a single antenna and a rec-
tifier. The channel impulse response (CIR) of the multipath
channel between the mth transmit antenna and the uth ER is
generated by

hu,m[n] =
√
γ

L−1∑
l=0

hu,m,lδ[n− l], n = 1, . . . ,L − 1, (1)

where γ denotes the propagation loss. The channel gain at
the lth tap, hu,m,l , is identically and independently distributed
(i.i.d.) complex Gaussian random variable with zero mean
and variance ρu,m,l which is followed by the exponentially
decaying power delay profile. Moreover, the total channel
power of each link is normalized to one, i.e.,

∑L−1
l=0 ρu,m,l = 1

for all u = 1, . . . ,U and m = 1, . . . ,M . In this
work, we assume that all CIRs are perfectly known to the
transmitter.

The ET repeatedly transmits an L-periodic energy signal
during a given transmission time interval RL, where R is a
sufficiently large positive number, and indicates the number
of repetitions. As described in [16], [19] we consider the
multi-sine signal consisting of multiple frequency tones with
equal spacing for power waveform construction. The multi-
sine signal with a period of L on the mth antenna in the time
domain is presented as follows

xm[n] = xm[n+ rL] =
1
L

L−1∑
k=0

|Xm[k]| exp
(
jψm,k,n

)
, (2)

where n = 0, . . . ,L − 1, r = 1, . . . ,R, ψm,k,n = θm[k] +
2π
L kn, and |Xm[k]| and θm[k] denote the magnitude and phase
corresponding to the kth tone, respectively.
Since the transmitted signal is the repetition of L-periodic

signal, the received signal experiencing the L taps multipath
channel also consists of the repetition of the signal with a
period of L. Hence, the received signals are obtained by
the circular convolution of the transmitted signals and the
corresponding CIR, which is given as follows

yu[n] =
M∑
m=1

l−1∑
l=0

hu,m[l]xm[n− l − 1]+ z[n], (3)

where n = 1, . . . ,RL + L − 1, and z[n] is additive white
Gaussian noise, which is ignored in this work due to its too
small power compared to the received signals.

Each ER converts the received RF signal represented by
the equivalent baseband signal as in (3) into DC signal
through the rectifying circuit with the non-linear characteris-
tics. In this work, we adopt the tractable non-linear EHmodel
derived in [19]. As mentioned above, since the received sig-
nals are also the repetition of the L-periodic signals, we can
focus on analyzing the signals of one segment corresponding
to n = qL + 1, . . . , (q + 1)L among all received signals
y[n], where q is any positive integer less than R. Let xm =[
xL(1)m ; x

L(2)
m ; · · · ; x

L(R)
m

]
denote the total transmitted signal

vector at themth antenna for allm = 1, . . . ,M , where xL(r)m =

[xm[rL], . . . , x[(r + 1)L − 1]]T means the r th repetitive
transmitted signal vector with a length of L corresponding
to one period. Then, maximizing the output DC voltage of
the rectifier circuit, Vout is achieved by maximizing the 9
function of the received signal, which is defined by

Vout ∝ 9
({

xL(r)m

})
=

1
L

(q+1)L∑
n=qL+1

exp
(√

Rs |yu[n]|
ηV0

)
dt. (4)

In (4), Rs is an input resistance, η is the ideality factor
of the diode, and V0 denotes the thermal voltage, which are
all constants determined by the circuit characteristics. Thus,
the function of9 is maximized by the received signal, which
can be optimized by designing the transmitted signal xL(r)m
based on the channel state information. Since the harvested
DC power delivered to the battery of each ER is calculated
by pout = V 2

out/RL with the load resistance RL , maximizing
Vout can be interpreted the same as maximizing the harvested
energy.

In [19], the frequency-MRT has been proposed as the near-
optimal waveform for maximizing the harvested energy with
the non-linear EH model in a single user WPT system. The
transmitted signals are designed in the frequency domain,
and the transmitted signal of the kth tone at the mth antenna,
Xm[k], is given as follows

Xm[k] =
√
pk

H∗m[k]√
M∑
m=1
|Hm[k]|2

, ∀m, (5)

where Hm[k] is the CFR between the mth transmit antenna
and the ER at the kth subcarrier. The allocated transmit power
to the kth subcarrier pk is defined by pk =

∑M
m=1 |Xm[k]|

2,
and should meet

∑N
k=1 pk ≤ P. The designed signal Xm[k]

is transformed into the time domain signals xm[n] to perform
WPT to the ER.

In this work, we modify the conventional TR adopted for
WIT in multipath channels into a form suitable for WPT
in order to directly design the power waveform in the time
domain. In the conventional TR for WIT, the transmit signals
are generated by the convolution of the information symbols
and the transmit filter g[n], n = 0, . . . ,L − 1 [24]–[26].

109978 VOLUME 9, 2021



H. An et al.: PATR for Multi-User WPT Systems With Non-Linear EH

However, the transmit signal for WPT, which is not required
to convey any information symbols, can be obtained by only
the transmit filter g. The transmit filter of the TR is composed
of the normalized complex conjugate of time reversed CIR.
Thus, for the multi-user WPT system, the transmit signal
of the mth antenna at time index n consists of the sum of
the transmit filters,

∑U
u=1 gu,m[n], considering CIRs for all

ERs. Then, the transmit signal of the modified TR can be
given as follows

xTRm [n] = xTRm [n+ rL] =
U∑
u=1

gu,m[n]

=

√
P

1m
·

U∑
u=1

h∗u,m[L − 1− n], (6)

where 1m =

√
M ·

∑U
u=1

∑L−1
l=0

∣∣hu,m[l]∣∣2 is the transmit
power normalization term. Note that in the case of a single
user, i.e.,U = 1, the transmitted signal of the frequency-MRT
in (5) can be obtained by DFT of the transmitted signal for the
modified TR in (6). The received signal of the modified TR
is obtained by substituting xm[n] in (3) with xTRm [n]. Thus,
the received signal at the uth ER can be expressed as

yTRu [n] =

√
P

1m

M∑
m=1

L−1∑
l=0

hu,m[l]
U∑
v=1

h∗v,m[L − nL − 1+ l],

(7)

where nL = ((n− 1) mod L), and the additive noise term
is omitted. Table 1 summarizes the symbols and descriptions
used in this paper.

TABLE 1. List of symbols.

Our objective is to maximize the sum of the harvested
energy for all ERs based on the modified TR. Using
(4) and (7), the problem for maximizing the sum of the
harvested energy for all ERs is formulated as follows

(P1) : max{
xL(r)m

} 1
L

U∑
u=1

qL∑
n=(q−1)L+1

exp

(√
Rs
∣∣yTRu [n]

∣∣
ηV0

)

s.t.
1
L

M∑
m=1

∣∣∣xL(r)m

∣∣∣2 ≤ P. (8)

In problem (P1), the objective function is the sum of the
convex function, and the power constraint is also a convex
function. Since maximizing the convex function with a con-
vex set constraint is generally non-convex, it is difficult to
obtain a global optimal solution of (P1). Therefore, we inves-
tigate a suboptimal power waveform based on the modified
TR forWPT,which is directly designed in time domain unlike
the existing power waveforms configured in the frequency
domain.

III. PHASE ALIGNMENT SCHEME BASED ON THE
TIME-REVERSAL FOR WPT
In this section, we describe the proposed PATR waveform
for maximizing the harvested energy of multiple ERs. As a
special case for the conceptual description, we first consider
that the energy transmitter with a single transmit antenna
performs WPT for two ERs with a single antenna. Then,
the proposed scheme is generalized to the multi-user MIMO
WPT system.

A. PHASE ALIGNMENT SCHEME FOR TWO
ENERGY RECEIVERS
First, we provide the conceptual explanation of the proposed
PATR scheme by considering a single antenna ET and two
ERs with a single antenna. For brevity, the antenna index m
is omitted in this subsection. Due to the non-linear charac-
teristics of the EH circuit, the output DC voltage at each ER
exponentially increases as the input voltage, i.e., the received
signal, increases. Therefore, the waveform with high peak-
to-average power ratio (PAPR) has an advantage of obtaining
the high output DC voltage in WPT systems with the non-
linear EH circuit model, which has been proved in [27]–[30].
The power waveforms designed in the non-linear EH model,
such as SMF, frequency-MRT, and modified TR, commonly
have high peak signal powers at the receiver side. Note that
it is different from the case of the linear EH model, where
the ST waveform with high average power but low PAPR is a
optimal scheme. As a result, we have the following remark.
Remark 1: In the non-linear EH model, when the average

received signal power is equal, the received signal with the
high peak power obtains larger harvested energy than ST
waveform with a PAPR of approximately one. �
By leveraging Remark 1 and the characteristics of the near-

optimal power waveforms, we can conclude that most of the
harvested energy by the received signal with high PAPR in the
non-linear EH model is obtained by the received peak signal.
The received peak signal means the signal with the largest
magnitude among all received signals. Thus, the objective
function of (P1) can be transformed into the approximate
equivalent expression as follows

L∑
n=1

exp
(√

Rs |y[n]|
ηV0

)
≈ exp

(√
Rs
∣∣yp∣∣

ηV0

)
, (9)

where yp denotes the peak signal of the received signal
during the signal period L. Therefore, problem (P1) can be
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re-written as

(P2) : max
x

U∑
u=1

∣∣∣yp,u∣∣∣
s.t.

1
L

L−1∑
n=0

|x[n]|2 ≤ P. (10)

The optimal solution to problem (P2) is approximately
equal to the optimal solution of problem (P1).

From (7), it can be understood that the received signals
of the modified TR are matched with the multipath channel
every qL, thus the received peak signal is generated once
per one period. The received peak signal can be obtained by
substituting n = qL in (7), which is given as follows

yTR1 [qL] =

√
P
1
·

(L−1∑
l=0

h1[l]h
∗

1[l]+
L−1∑
l=0

h1[l]h
∗

2[l]
)
, (11a)

yTR2 [qL] =

√
P
1
·

(L−1∑
l=0

h2[l]h
∗

2[l]︸ ︷︷ ︸
Coherent term

+

L−1∑
l=0

h2[l]h
∗

1[l]︸ ︷︷ ︸
Non-coherent term

)
, (11b)

where 1 =

√∑L−1
l=0

(∣∣h1[l]∣∣2 + ∣∣h2[l]∣∣2) is the transmit

power normalization term for a single transmit antenna and
two ERs. Each peak signal described in (11) is composed
of the sum of the coherent term and the non-coherent term.
For the given multipath channel hu between the ET and the
uth ER, the coherent term is generated by the matched filter
effect between the transmitted signal for the desired ER u
and the given channel hu, and the non-coherent term, which
indicates IUI, is caused by the transmitted signal designed for
the other ER.

It can be known from (11) that there is a phase difference
between the coherent and non-coherent components, denoted
by θdiff ,u, at the received peak signal of each ER u, which
leads to a decrease in the magnitude of the received peak
signal. From this observation, we have the following remark.
Remark 2: Themagnitude of the peak signal is maximized

by aligning the phases of the coherent term and the non-
coherent term to be in-phase. �

Motivated by Remark 1 and 2, we propose PATRwaveform
to increase the magnitude of the received peak signal by
combining the desired signal and the IUI as the in-phase.
This allows the proposed PATR to obtain the larger harvested
energy in the multi-user WPT systems than the modified TR
which is the near-optimal scheme for a point-to-point WPT
system.

Since it is assumed that CIRs are known to the ET,
the phase difference between two components at the ER 1,
θdiff ,1, can be estimated based on CIRs. Moreover, because
the phase of the coherent term is zero, the phase difference
is calculated by only the non-coherent term, and is given

as follows

θdiff ,1 = arctan


I
{
L−1∑
l=0

h1[l]h
∗

2[l]

}

R
{
L−1∑
l=0

h1[l]h
∗

2[l]

}
 , (12)

where R{X} and I{X} denote the real and imaginary value
of X , respectively.

Generally, if we try to rotate the phase by θdiff ,1 for the
ER 1, the phase difference at the ER 1 becomes zero, but the
phase difference of the ER 2 is not equal to zero. However,
fortunately, it can be known from (11) that the phase differ-
ences θdiff ,1 and θdiff ,2 for two users are symmetrical each
other, i.e., θdiff ,2 = −θdiff ,1. Therefore, we can perfectly
align both received peak signals at each ER by maintaining
the transmit signal for a specific ER and rotating the phase
of the transmit signal for the other ER. Let θu be the phase
to be pre-rotated in the transmit signal of the uth ER. Then,
by setting θ1 = θdiff ,1 and θ2 = 0, or θ1 = 0 and θ2 = θdiff ,2,
the phase difference at both users is completely aligned. Thus,
in the case of two users, the transmit signal of PATR can be
designed by

xPATR[n]=

√
P
1
·

(
h∗1[L − 1− n]ejθ1 + h∗2[L − 1− n]ejθ2

)
.

(13)

With (3), (11), and (13), the peak signal of the received
signal for PATR is derived as follows

yPATR1 [qL] =

√
P
1
·

(
ejθ1

L−1∑
l=0

∣∣h1[l]∣∣2 + L−1∑
l=0

h1[l]h
∗

2[l]

)
,

(14a)

yPATR2 [qL] =

√
P
1
·

(
L−1∑
l=0

∣∣h2[l]∣∣2 + ejθ1 L−1∑
l=0

h2[l]h
∗

1[l]

)
.

(14b)

The non-coherent terms z1 =
∑L−1

l=0 h1[l]h
∗

2[l] and z2 =∑L−1
l=0 h

∗

1[l]h2[l] in (14a) and (14b) are complex conjugates
of each other. Let r = |z1| = |z2| be the magnitude of
the non-coherent term at ER 1 and ER 2, respectively. Then,
each non-coherent term can be denoted by z1 = rejθ1 and
z2 = rejθ2 = re−jθ1 . In addition, the peak signals in (14) are
rewritten as

yPATR1 [qL] =

√
P
1
·

(
ejθ1

(
L−1∑
l=0

∣∣h1[l]∣∣2 + r
))
, (15a)

yPATR2 [qL] =

√
P
1
·

(
L−1∑
l=0

∣∣h2[l]∣∣2 + r
)
. (15b)

It should be noted that the phase rotation of the in-phase
signal does not reduce the magnitude of the peak signal.

Fig. 2 shows the effect of the proposed PATR on the
received signal when the phase of the transmitted signal for
user 1 is rotated. The received peak signal consists of the sum
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FIGURE 2. Comparison of the received peak signal components between
the modified TR and the proposed PATR. (a) modified TR. (b) PATR.

of the coherent component and the non-coherent component
for both the modified TR and the proposed PATR. As shown
in Fig. 2(a), in the case of the modified TR, the magnitude of
the received peak signal is reduced due to the phase difference
between the coherent term and non-coherent term. However,
since the phase of two components in the received peak signal
of PATR is perfectly aligned, the magnitude of the received
peak signal increases, which is shown in Fig. 2(b).

B. PHASE ALIGNMENT SCHEME FOR MULTIPLE
ENERGY RECEIVERS
Next, we generalize the proposed PATR scheme explained
for two ERs in Subsection III-A to the multi-user WPT
system. As mentioned above, the proposed PATR waveform
is designed by pre-rotating the phase of the transmitted sig-
nal for each user to align the coherent and non-coherent
components in the received peak signal of all users as the
in-phase. By generalizing the transmitted signal for two
users defined in (13), the transmitted signal of the proposed
PATR for multi-user at the mth transmit antenna is given as
follows

xm[n] = xm[n+ L] =

√
P

1m
·

(
U∑
u=1

h∗u,m[L − 1− n]ejθu
)
,

∀m. (16)

Then, the received signal at the uth ER is obtained by the
circular convolution of the L-tap multipath channel and the
transmitted signal of PATR in (16) as presented in (3).
The received peak signal of PATR for multi-user also con-
sists of the coherent term and non-coherent term, which is

defined by

yu[qL] =

√
P

1m

 M∑
m=1

L−1∑
l=0

∣∣hu,m[l]∣∣2ejθu

+

M∑
m=1

L−1∑
l=0

(
hu,m[l]

U∑
v=1
v6=u

h∗v,m[l]e
jθv

) , ∀u. (17)

From (17), we have the following remark.
Remark 3: For each user, the magnitude of the desired

signal increases as the number of transmit antennas increases,
but also the IUI of the received peak signal, i.e., the non-
coherent component, increases as the number of transmit
antennas and the number of ERs increase. �

In the modified TR for WPT, the non-coherent term in (17)
is generated as the sum of the combinatorial product of the
channel gain and the transmitted signals without the phase
shift term ejθv from each antenna to other users v for the all
paths of the channel. As mentioned above, the magnitude
of the received peak signal, consisting of the sum of the
non-coherent and coherent terms, can be reduced due to the
randomness of the uniformly distributed phases of the non-
coherent term. Moreover, the reduction in the magnitude of
the received peak signal grows as the number of transmit
antennas and the number of ERs increase. However, for the
proposed PATR, the received peak signal can continuously
increase by aligning phases between the non-coherent term
and the coherent term, which is effective in the multi-user
MIMO WPT systems.

Unlike the case of two users described in subsection III-A,
where the non-coherent terms are generated symmetrically
with only one phase difference so that the perfectly aligned
peak signals at each user are simply constructed by PATR,
in the case of multiple ERs, several phase difference compo-
nents should be considered in order to design PAPR. If we
perform the phase rotation only for a specific user, the peak
signal of other usersmay be severelymisaligned. In summary,
since the problem of phase pre-rotation of the transmitted sig-
nal is complicatedly connected among all users, it is difficult
to obtain the optimal phases as the case of two users and to
completely align the peak signal of all users.

For PATR, in order to design the transmitted signals of
maximizing the magnitude of the received peak signal for all
users, we should obtain the optimal phases that allow the non-
coherent term of the received signal to be aligned in-phase as
much as possible. To do this, we first transform the sum of
the received peak signal in (17) into a matrix form. Let heffu,v =∑M

m=1
∑L−1

l=0 hu,m[l]h
∗
v,m[l] denote the sum of the product of

the channels between all transmit antennas and user u, and
the transmitted signal of the conventional TR for the user v
on the every qL-tap. Then, we define the matrix related to the
components of the peak signals, which is referred to as the
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effective channel matrix, as follows

Heff =

 heff1,1 · · · heff1,U
...

. . .
...

heffU ,1 · · · heffU ,U

 ∈ CU×U . (18)

In addition, if we denote the phases to be rotated for
all users in the transmitted signals of PATR as 2 =[
ejθ1 , . . . , ejθU

]T, the received peak signals of PATR can be
defined by

yp =

√
P

1m
Heff2, (19)

where yp ∈ CU×1 is the vector form of the received peak
signals for all users. From the objective function in (10), our
objective is to maximize the magnitude of the received peak
signal. It is worth noting that maximizing the magnitude of
the received signal is equivalent to maximizing the power of
the received signal. Hence, with (19), we first present the sum
power of the received peak signal as

U∑
u=1

∣∣yu[L]∣∣2 = yHp yp =
P
12
m

2HHH
effHeff2. (20)

Subsequently, using (20), we re-formulate problem (P2) as
follows

(P3) : max
2

2HHH
effHeff2

s.t. DH
θ Dθ = IU , (21)

where Dθ = diag(ejθ1 , . . . , ejθU ) is a diagonal matrix whose
diagonal elements are 2, and the constraint is to prevent an
increase in the total transmit power due to the phase rotation
of the transmitted signal.

Since HH
effHeff in the objective function of problem (P3) is

an U ×U Hermitian matrix, we apply the Rayleigh quotient
to obtain the optimal solution to (21) for the given Heff [31].
Prior to applying the Rayleigh quotient, by performing the
eigen-decomposition, the matrixHH

effHeff can be presented by

HH
effHeff = QH3Q, (22)

where Q is an U × U square matrix whose ith column is
the eigenvector vi of HH

effHeff, and 3 is a diagonal matrix
whose diagonal elements are the corresponding eigenvalues,
3ii = λi. According to the Rayleigh quotient, with (22),
we have the following inequality

2H (HH
effHeff

)
2

2H2
≤ λmax, (23a)

vHmax
(
HH

effHeff

)
vmax

vHmaxvmax
= λmax, (23b)

where λmax is the maximum eigenvalue of the matrix
HH

effHeff, and vmax is the principal eigenvector corresponding
to the maximum eigenvalue λmax. The principal eigenvector
vmax may not be normalized, and the non-normalized vector
cannot meet the constraint in problem (P3). Thus, we take

only the phase term of the principal eigenvector vmax, and
denote it as 6 vmax. Then, the optimal solution to problem
(P3) is defined by 2∗ = [ej 6 vmax,1 , · · · , ej 6 vmax,U ]. Conse-
quently, the transmit signals for proposed PATR are obtained
by substituting ejθu for all u in (16) for 2∗, which are
re-expressed by

xm[n] =

√
P
λm
·

(
U∑
u=1

h∗u,m[L − 1− n]ej
6 vmax,u

)
, ∀m.

(24)

The transmit signal of the proposed PATR described in (24)
is composed of a combination of the modified TR and the
phase components of the principal eigenvector, 2∗. Using
the transmit signal of the proposed PATR, the sum of the har-
vested energy formulti-userWPT systems can bemaximized.

IV. SIMULATION RESULTS AND DISCUSSIONS
In this section, we provide the simulation results to verify the
improved performance of the proposed scheme compared to
the existingWPTwaveforms in terms of the harvested energy.
We consider a multi-user WPT system, where the energy
transmitter with multiple antennas transmits energy signals
with a bandwidth of 10MHz centered at fc = 915MHz.
Each ER is equipped with a non-linear rectenna circuit with
resistance Rs = 50�, I0 = 5µA,V0 = 25.86mV, η = 1.05,
and RL = 1.6k�, which are same as in [16], [19]. The
multipath channel model defined in (1) is considered and the
number of multipath is assumed to be L = 16. In addition
the path loss is set to γ = −51.67dB, which is calculated by
the free-space path loss model assuming a distance of 10m
between the transmitter and the receiver.

FIGURE 3. The effect of the received signal of ST and PATR on the output
DC voltage of a nonlinear EH circuit model.

First, we evaluate the effect of the designed waveform for
the linear EH model and the non-linear EH model on the
output DC voltage. Fig. 3 shows that the received signal of
ST, which has investigated as the optimal waveform in the
linear EH model [25], and PATR proposed in the non-linear
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EHmodel along with output DC voltage, vout , the curve of the
non-linear EH model. Although the average received signal
power, i.e. the input signal of the rectifier circuit, of ST is
higher than that of the proposed PATR, the non-linearity of
the EH circuit causes the proposed PATR to generate much
higher output DC voltage than ST. This is due to the high
magnitude of the received peak signal in PATR waveform,
and the result proves Remark 1 and (9) in Section III.

FIGURE 4. Comparison of the sum of the harvested power among the
proposed PATR and existing schemes for the multi-user SIMO WPT
system. (a) Region of operating with low received power. (b) Region of
operating with high received power.

Fig. 4 provides the sum of the harvested energy according
to the transmit power increases in the multi-user SIMOWPT
system, and the performance of the proposed PATR is com-
pared to TR, i.e., frequency-MRT proposed in [19], and ST.
Fig. 4(a) shows the performances of the waveforms for WPT
when the energy transmitter transmits energy signals with a
low transmit power a ranging from 0.1 to 0.7W. Due to the
low transmit power, each ER operates on the linear region
of the EH circuit. Therefore, the ST waveform outperforms

other schemes for the harvested energy. In the case of 4 users,
the operating range of the rectifier circuit enters the non-
linear region from about 0.5W for PATR and about 0.63W for
TR. Thus, the output DC voltages of them abruptly increase
to achieve the higher output power than that of ST. On the
other hand, as the transmit power increases, the rectifier
circuit mounted on the ER continuously operates across both
linear and nonlinear regions. Thus, as shown in Fig. 4(b),
the TR and proposed PATR waveform obtain up to about
17.5 and 25µW higher harvesting energy than ST, respec-
tively, when the operating range of the EH circuit includes
the non-linear region. Moreover, since the magnitude of the
received peak signal of PATR is always higher than that of
TR, PATR maintains the improved performance over TR on
the harvested energy for all regions, which is specifically
up to about 1.28 times in the low transmit power region of
Fig. 4(a), and up to about 1.38 times in the high transmit
power region of Fig. 4(b). As the number of users increases,
the IUI component in TR is also increased to reduce the
received peak signal, but PATR aligns IUI as in-phase to
achieve the high magnitude of the peak signal. Thus, the gap
in the harvested energy performance of PATR and TR widens
more and more as the number of users increases.

FIGURE 5. The sum of the harvested power for multi-user MIMO WPT
system with respect to the number of transmit antennas.

We extend our simulation environment to the multiple
transmit antennas WPT system to evaluate and compare the
effect of the number of transmit antennas on the performance
of PATR and existing schemes. In Fig. 5, we illustrate the
performance of the harvested energy for ST, modified TR,
and PATR, where the transmit power is set to P = 10W ,
and the number of ERs is U = 4. As the number of transmit
antennas increases, the sum of the harvested energy for both
the modified TR and the proposed PATR increases. However,
the performance of the proposed PATR is always maintained
at a level of about 1.33 times larger than that of the modified
TR. This is because the coherent component and the non-
coherent component are combined as the in-phase in the
received peak signal of the proposed PATR. It can be known
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that as only the number of antennas increases for a fixed
number of ERs, the magnitude of the coherent component
is linearly increased but the effect of the non-coherent com-
ponent does not increase. Thus, the proposed PATR obtains
the gain for the sum of the harvested energy as much as the
magnitude of the non-coherent component compared to the
modified TR.

FIGURE 6. The sum of the harvested power for multi-user MIMO WPT
system with respect to the number of ERs.

Fig. 6 provides the sum of the harvested energy as the
number of ERs increases, where the number of transmit
antennas is fixed as M = 4. As mentioned in Remark 3,
since the non-coherent term increases as the number of users
increases, the magnitude of the received peak signal for the
modified TR reduces. However, the proposed PATR utilizes
both the desired signal term and the IUI term to increase
the magnitude of the received peak signal by constructively
aligning the phases of two components. In addition, the IUI
term increases as the number of users increases. As a result,
it can be seen via the simulation results that the proposed
PATR yields up to about 2.43 times more sum of harvested
energy compared to the case of the modified TR.

V. CONCLUSION
In this paper, we propose a PATR waveform in multi-user
WPT systems with the non-linear EH model. We first modify
the conventional TR for WIT into the waveform suitable
for WPT, which is directly designed in the time domain.
However, the modified TR suffers the performance degrada-
tion on the harvested energy in the multi-user WPT system
due to the non-coherent components, i.e., IUI, in the received
peak signal. The proposed PATR pre-rotates the phases of
the transmitted signals to increase the amount of the har-
vested energy in multi-user WPT systems by aligning phases
difference of the coherent component and the non-coherent
component as the in-phase. We obtain the optimal phases to
be pre-rotated at the ET as a closed-form by transforming the
peak signal into a matrix representation. Simulation results
show that the performance of the proposed PATR waveform

achieves up to about 1.63 times higher harvested energy com-
pared to the conventional TR, i.e., frequency-MRT. In partic-
ular, it is shown that the gain for the sum of the harvested
energy of the proposed PATR increases with increasing the
number of ERs as well as the number of transmit antennas.
The results of the proposed PATR waveform provide an
approach to how to efficiently obtain multi-antenna gain and
multi-user gain for the harvested energy with limited total
transmit power.
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