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ABSTRACT This paper presents a high-efficiency wireless power transfer (WPT) system that can charge
multiple receivers (Rx’s) of various types. For system analysis, the transmitted power and received power
levels are derived using the parameters of the resonators based on electro-magnetic (EM) resonance. Using
the analysis results, the power customized resonator (PCR) not only for deriving sufficient output power from
the transmitter (Tx) but also for appropriately distributing the received power to the various andmultiple Rx’s
is proposed. In addition to the PCR, the Tx unit is designed to work as a load-dependent voltage source using
a differential Class-E power amplifier (PA) through a wide range of load impedances. Therefore, the Tx
can naturally adapt to the required Tx power levels with a high efficiency corresponding to various Rx
configurations without additional tunable circuits or adaptive control schemes. The WPT system, including
the load-dependent voltage source for the Tx, full-bridge rectifiers for the Rx’s, and the proposed PCR, was
designed for the 6.78 MHz frequency band. The proposed system is validated for use with multiple mobile
devices by conducting experiments with nine charging cases using three types of Rx’s. For all cases, high
system efficiencies of 70.7-85.5% were maintained over received power levels of 8.6-45.7 W at a charging
distance of 30 mm, and each of the three types of Rx’s were experimentally verified to receive sufficient
power.

INDEX TERMS Wireless power transfer, multiple-receiver charging, electromagnetic resonance, power
customized resonator, Class-E power amplifier.

I. INTRODUCTION
Recently wireless power transfer (WPT) has emerged as a
great alternative to charge mobile or wearable devices. User
convenience increases when power cables are removed from
devices to wirelessly transfer power, but a challenging issue is
to charge multiple devices simultaneously using one Tx. The
ability to simultaneously charge multiple Rx’s using one Tx
will result in a wireless charging system that is more effective
and convenient. In particular, charging methods for multiple
Rx’s can be suitable for use in a variety of public spaces, such
as airports, cafeterias, libraries, and offices, as well as for the
home.

The associate editor coordinating the review of this manuscript and

approving it for publication was Tae Wook Kim .

In addition to industrial developments, many academic
studies have been conducted on Tx, Rx, and coupled res-
onators for advanced WPT technologies [1]–[32]. A coupled
resonator, a core block of WPT systems, uses EM resonance
to transfer power from the Tx to the Rx without a physical
connection between them. In [1]–[7], the materials and struc-
ture of the coupled resonator were discussed to have a low
loss. In [4]–[6], the power distribution for multiple Rx coils
that are coupled with one Tx coil was derived from an equiv-
alent circuit of the resonator. In [4], an impedance matching
network was proposed to convert the load impedance at the
Rx to control the power division ratio for multiple Rx coils.
Using the impedance inverter, the power division ratio was
generalized for an arbitrary number of Rx’s. The measured
S-parameters for the resonators with one Tx coil and two Rx
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FIGURE 1. WPT system for multiple charging using three different types
of Rx’s.

coils were presented at a frequency of 13.56 MHz. In [5],
the optimum Rx load impedance was derived for maximum
efficiency using an equivalent circuit model of the resonator
including multiple Rx coils. Using three different Rx coils,
efficiency of the resonator of above 80% was presented
under the optimal load condition. Reference [6] analyzed the
input impedance and power division ratio of the resonator,
including a cross-coupling effect between the Rx coils. The
compensation using an optimum load reactance was shown
to recover the degradation in efficiency and shift in resonant
frequency due to cross-coupling. However, since these previ-
ous studies have focused only on a resonator, the system-level
operation cannot be optimized including the PA at Tx and the
rectifier at Rx. The resonator for multiple Rx coils must be
co-analyzed and co-designed with the Tx and Rx circuits.

Several WPT systems including the Tx, Rx, and coupled
resonator were presented in [8]–[31]. Especially in [19]–[21],
WPT systems to charge multiple Rx’s were designed and
verified at the 6.78 MHz frequency band. Reference [19]
used the adaptive closed-loop duty cycle control of the buck
converter to report an average system efficiency of 71.7%
maintained for the three Rx’s. In [20], a class-E PA was
designed to provide a robust operation for varying load con-
ditions according to the random battery voltage distribution,
and it exhibited a system efficiency of 71.0% for six Rx’s.
However, a fixed number of homogeneous multiple Rx’s was
dealt with in [19], [20]. In [21], the charging cases were
extended, but the received power of each Rx was reduced,
and the system efficiency became relatively low for cases
with multiple charging. In addition, a control circuit using
switches and a controller in the Tx can significantly increase
the complexity of the system.

Fig. 1 shows a conceptual diagram of the proposed WPT
system for various types of multiple Rx’s. The proposedWPT
system can charge various types of mobile devices, such as a
laptop, tablet, cell phone, and wearable device, at the same
time. Multiple Rx’s are configured with different physical

sizes and power demand. To charge a single Rx, the Tx
should generate the appropriate power with a high efficiency
for the power demand, which varies according to the type
of Rx. To charge multiple Rx’s in either homogeneous or
heterogeneous configurations, the Tx should generate the
appropriate power with a high efficiency, which is the sum of
the power demand from multiple Rx’s. In addition, the power
generated from the Tx should be accurately distributed to
each Rx according to the power demand of each Rx.

In this paper, a high-efficiency WPT system having capa-
bility of charging various types of multiple Rx’s is presented.
Through the analysis using an equivalent circuit of the res-
onator including the Tx coil and multiple Rx coils, the trans-
mitted and received power was derived using parameters of
the resonator. The input impedance of the PCR is designed to
be proportional to the required transmitted power for any of
the Rx configurations. Based on the analysis results, we pro-
posed the PCR not only to derive a sufficient power from the
Tx but also to appropriately distribute the transmitted power
to each of the multiple Rx’s according to the power demand.
Compared to the resonators in [1]–[7], the proposed PCR has
a unique feature for the WPT systems to fulfill the power
demands of the various multiple Rx’s that are matched to the
same reference impedance.

For the Tx, a load-dependent voltage source to generate
the power required for the PCR was designed based on a
differential Class-E PA with a simple L-C impedance trans-
formation network (ITN). Over a wide impedance range,
the proposed load-dependent voltage source as the Tx can
generate an output power proportional to the load impedance
(i.e. input impedance of the PCR) with a high efficiency. The
PCR should be designed to have the input impedance that
is proportional to the required transmitted power. Therefore,
the proposed Tx based on a load-dependent voltage source
can supply the appropriate amount of power to multiple Rx’s
in various configurations through the PCR without any tun-
able or adaptive circuit.

The Tx based on the load-dependent voltage source, var-
ious types of multiple Rx’s, and the proposed PCR were
co-designed and implemented to achieve the optimum oper-
ation of the WPT system to charge multiple devices. Nine
charging cases using three different Rx’s were selected to
experimentally verify the proposed PCR and load-dependent
voltage source. For all selected cases, the overall system effi-
ciency and the received power are presented and compared to
those from previously published works.

II. ANALYSIS OF THE WPT SYSTEM FOR CHARGING
VARIOUS TYPES OF THE MULTIPLE RX’s
A. LOAD-DEPENDENT VOLTAGE SOURCE USING A
CLASS-E PA
Class-E PA having theoretical efficiency of 100% converts
the input dc power to the power of the radio-frequency (RF)
signal. Class-E PAs can be designed using a switch and
lumped components with a high quality-factor to achieve a
high efficiency. For classical approaches, accurate operation
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FIGURE 2. Diagram of the WPT system to charge various types of multiple
Rx’s.

has been achieved by adding an inductive element at a
fixed resistive load [32]–[33]. To achieve a higher output
power, an impedance matching network based on an L-C or
C-L-C network can be used to provide the optimum load
impedance to the switch. However, for general WPT sys-
tems, the load impedance of the Tx (or input impedance
of the resonator) varies widely according to the number of
Rx’s, the overall power demand from the Rx’s, and the cou-
pling coefficient between the Tx and Rx coils of the res-
onator, which should be carefully considered when designing
the PA.

For analysis, a simplified equivalent network of the WPT
system for charging various types of multiple Rx’s, as shown
in Fig. 2. It will be assumed that the Class-E PA is ideal
and the coils in the resonator are lossless in the analysis.
Class-E PA consists of a switch and a load network including
a conventional shunt capacitor, a series L-C resonant network
and an additional matching network for impedance transfor-
mation. Lchk is an ideal RF chock, and VDC is the supply
voltage of the Class-E PA. N is the number of Rx’s, and Mi
is the mutual inductance between the Tx and i-th Rx coils in
the resonator. Ltx and Lrx,i are the self-inductance of the Tx
and i-th Rx coils, respectively. Ctx and Crx,i have resonance
with Ltx and Lrx,i, respectively, as follows.

jω0Ltx +
1

jω0Ctx
= 0, (1)

jω0Lrx,i +
1

jω0Crx,i
= 0, (2)

where �0 is the operation frequency of the system. Ztx , Zrx ,
and Zsw are the load impedances of the Tx, Rx, and switch,
respectively. PDC , Ptx , and Prx,i are the input DC power of the
PA, the output RF power of the Tx, and the received power of
the i-th Rx. Prx is a sum of the received power from N Rx’s,
which is expressed as follows.

Prx =
N∑
i=1

Prx,i. (3)

Since an ideal Class-E PA and a lossless resonator were
assumed,

PDC = Prx = Ptx . (4)

FIGURE 3. Schematic diagram of the WPT Tx using equivalent
impedances for multiple Rx’s.

Using the equivalent circuit model for the resonator,
the impedances looking toward the resonator from the Tx
output were derived in previous works [4], [5]. Fig. 3 shows
a schematic diagram of the WPT system using equivalent
impedances for multiple Rx’s. IDC is the dc supply current
of the PA. Vsw and Vtx are the fundamental voltages of the
switch and of the Tx load, respectively. Isw and Itx are the
fundamental currents from the switch and from the Tx out-
put, respectively. The equivalent impedance of i-th Rx, Zeq,i,
becomes as follows.

Zeq,i =
ω2
0M

2
i

Zrx
. (5)

Then, the load impedance of the Tx (Ztx) becomes a sum
of N equivalent Rx impedances, which can be represented as
follows.

Ztx =
ω2
0

Zrx

N∑
i=1

M2
i . (6)

From (6), Ztx becomes a pure real value (i.e. resistance)
if Zrx is a pure real value. This also indicates that the load
impedance of the Tx (Ztx) increases as the number of Rx’s
(N ) increases. Accordingly, the output power of the Tx
should be increased to satisfy the increased power demand
of the increased number of Rx’s which is proportional
to Ztx .

The Tx can be regarded as a power source that gen-
erates the RF power and supplies the generated power to
the resonator. The power amplifier in the output power
saturation condition behaves as a current source at the
internal plane of the transistor since the intrinsic transis-
tor can be modeled as a voltage-controlled current source.
The RF current of this current source is determined by the
load resistance while the RF voltage is constant. Therefore,
the power amplifier for this case can be simply modeled
as a load-dependent current source. Since the RF voltage
is constant and the current increases as the load resistance
decreases, this load-dependent current source works opposite
to the Tx suited for the load impedance (Ztx) expressed in
(6). A load-dependent voltage source, which has an exact
duality with the load-dependent current source, can be intro-
duced for the Tx of the WPT systems having multiple Rx’s.
It should have a constant RF current and RF voltage, which
is determined by the Ztx . As a result, the Tx can generate the
appropriate power according to the variable power demand
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FIGURE 4. Simplified schematic diagram of the WPT Tx using the
load-dependent voltage source.

FIGURE 5. Relationship of voltages, currents, and impedances for the
WPT Tx: (a) load impedances at the switch and Tx output, (b) voltage and
current at the Tx output, and (c) voltage and current at the switch.

of the multiple Rx’s without changing the supply voltage or
without controlling any circuit component.

Fig. 4 shows a simplified schematic diagram of the WPT
Tx using a load-dependent voltage source. If the current
of the load-dependent voltage source is constant, the volt-
age Vtx should be proportional to Ztx with a proportional-
ity constant of α. Then, Vtx and Ptx can be expressed as
follows.

Vtx = αZtx , (7)

Ptx = α2Ztx , (8)

where α is independent to Ztx . Ztx is a pure real value.
Since PDC is proportional to V 2

DC for Class-E PA, (4) can be
rewritten as follows.

Ptx = PDC = βV 2
DCZtx , (9)

where

α2 = βV 2
DC . (10)

β is a constant and is independent to Ztx .
Therefore, from (9), IDC , Itx , and Vtx can be represented

using VDC and Ztx as:

IDC = βVDCZtx , (11)

Itx =
√
βVDC , (12)

Vtx =
√
βVDCZtx . (13)

Fig. 5 shows a relationship of voltages, currents, and
impedances for the WPT Tx. If the PA operates as a
load-dependent voltage source for Ztx , Ptx can increase as
Ztx increases according to the increase in power demand of
the Rx’s (Fig. 5(a)). In this case, Vtx proportionally increases
according to the increasing Ztx while Itx remains constant

FIGURE 6. Schematic diagram of the proposed WPT system to charge
various types of multiple Rx’s.

(Fig. 5(b)). However, the switch of the PA basically becomes
a load-dependent current source for the fundamental signal.
Accordingly, Psw is inversely proportional to Zsw which is
the load impedance at the switch plane. Therefore, as the
power demand of the Rx increases, Zsw should decrease,
which leads to an increase in Psw (Fig. 5(a)). For this case, Isw
increases as Zsw decreases whileVsw is maintained (Fig. 5(c)).
An appropriate load network is required to transform the
load-dependent current source for Zsw to the load-dependent
voltage source for Ztx . The load network and its design
method for the load-dependent voltage source will be pre-
sented in section III-A.

B. PCR FOR CHARGING VARIOUS TYPES OF MULTIPLE
RX’s
Fig. 6 shows a schematic diagram of the proposed WPT
system to charge various types of multiple Rx’s. The pro-
posed WPT system consists of one Tx and N Rx’s. The
input impedances of the rectifiers for N Rx’s are matched
to the same reference impedance of Zrx . To charge a single
Rx, the Tx should generate the appropriate power for the
Rx which could have different power demands. To charge
multiple Rx’s, including both homogeneous and heteroge-
neous configurations of the Rx’s, the Tx should gener-
ate sufficient power to satisfy the total sum of the power
demand from multiple Rx’s. The power generated from the
Tx should be distributed to the Rx’s according to the power
demand.

The mutual inductance of Mi between the Tx and i-th Rx
coils can be expressed as follows.

Mi = ki
√
LtxLrx,i, (14)

where ki is a coupling coefficient between the Tx and i-th Rx
coils. Ltx and Lrx,i are self-inductances of the Tx and the i-th
Rx coils, respectively. Using (6) and (14), Ztx can be derived
using the parameters of the resonator as:

Ztx =
ω2
0Ltx
Zrx

N∑
i=1

k2i Lrx,i. (15)
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FIGURE 7. Schematic diagram of the load-dependent voltage source
using a differential Class-E PA.

Using (12) and (15), Ptx can be derived as follows.

Ptx =
βV 2

DCω
2
0Ltx

Zrx

N∑
i=1

k2i Lrx,i. (16)

Then, Prx,i, the received power of the i-th Rx, can be
derived as follows.

Prx,i = I2txZeq,i =
ω2
0

Zrx
Ltxk2i Lrx,iI

2
tx . (17)

Using (12), (17) can be rewritten as:

Prx,i =
βV 2

DCω
2
0

Zrx
Ltxk2i Lrx,i. (18)

As shown in (16) and (18), the output power of the Tx
(Ptx) and the received power of the i-th Rx (Prx,i) are derived
as functions of the design parameters of the resonator, such
as Ltx , Lrx,i, and ki. Therefore, the design parameters of the
proposed PCR can be easily determined using numerical
adaptation based on the output power of the Tx, the power
demand of each Rx, and various total power demands of
various configurations of multiple Rx’s. Additionally, prac-
tical conditions, such as a physical size of the device and the
distance between the Tx and Rx coils, should be carefully
considered. The design method of the proposed PCR based
on the analysis above will be presented in Section III-C.

III. DESIGN OF THE WPT SYSTEM
The WPT system, including the load-dependent voltage
source as a Tx, multiple Rx’s, and the proposed PCR,
was co-designed based on the results of the analysis in
Section II.

A. LOAD-DEPENDENT VOLTAGE SOURCE
Fig. 7 shows a schematic diagram of the load-dependent
voltage source using a differential Class-E PA. The differ-
ential PA has advantages in twice the output power and
better even harmonic rejection characteristics compared to
a single-ended PA with the same supply voltage. The load
network of the Class-E PA consists of a shunt capacitor
of Csh, the series resonance networks using Cres and Lres,
and the ITN. Ztx and Z ′tx are the load impedances of the
Class-E PA with and without ITN, respectively. Z ′′tx is the
load impedance of Class-E PA looking at Ct of the ITN.

FIGURE 8. Transformation of the output power and efficiency contours:
(a) from Z ′

tx to Z ′′
tx , (b) from Z ′′

tx to Ztx .

FIGURE 9. Simulated Itx and Vtx according to Ztx for the designed
load-dependent voltage source.

The SPICE model of Fairchild’s power MOSFET,
FDMC86248, was used to design the load-dependent voltage
source. The supply voltage of VDC is 18 V. Fig. 8 shows
the transformation of the power and efficiency contours for
the impedances on the Smith chart using a load-pull sim-
ulation with steps of 3 dB and 1.5% for the power and
efficiency, respectively. For Z ′tx , the high-efficiency area is
located in the region that has a positive reactance, as shown
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TABLE 1. Design parameters of the Rx’s for three different mobile
devices.

in Fig. 8(a). However, if Ctx is in perfect resonance with
the self-inductance of the Tx coil, the load impedance of the
Tx, Ztx , should have no reactance. Therefore, two conditions
for the power and efficiency contours should be satisfied to
realize a highly-efficient load-dependent voltage source using
Class-E PA. First, the high-efficiency area in the contours
should be located on the real axis of the Smith chart. Second,
as the load impedance increases, the output power should
increase with the same increasing rate.

The ITN should be designed to shift the power and effi-
ciency contours to satisfy the two conditions above. Using the
series inductor of Lt , the contours shift from the impedance
plane of Z ′tx to that of the Z ′′tx plane along with a constant
resistance circle (Fig. 8(a)). This process can be formulated
as follows.

Z ′′tx = Z ′tx−jωLt . (19)

Using the shunt capacitor of Ct , the contours shift from the
impedance plane of Z ′′tx to that of Ztx along with a constant
conductance circle (Fig. 8(b)). It can be written as:

1
Ztx
=

1
Z ′′tx
−jωCt . (20)

As shown in Fig. 8(b), the efficiency contours at the Ztx
plane are located well on the real axis using appropriate
values of Lt and Ct . The highest efficiency area above 97% is
located at around 30�. In addition, as Ztx increases on the real
axis, the output power increases with a similar rate. Output
power levels of 40.7, 43.7, and 46.7 dBm were obtained
for Ztx’s of 12.5, 25, and 50 �, respectively. Fig.9 shows
the simulated Itx and Vtx according to Ztx for the designed
load-dependent voltage source. According to the Ztx from 5 to
100 �, Itx remains almost constant at 0.96 A. Vtx increases
with a constant slope of about 0.94, which is almost 1 and
will be used to obtain α for the PCR design.

B. RX DESIGN USING A FULL-BRIDGE RECTIFIER
Three mobile devices, such as a laptop, tablet, and cell
phone, are selected to design the three types of Rx’s
(type-A, -B, and -C). The load resistances for three dif-
ferent applications are estimated considering the power
demand for each device and are presented in TABLE 1.
For constant-current or constant-voltage charging, additional
circuits, such as a dc-dc converter, are required after the Rx’s.

FIGURE 10. Design for three types of Rx’s: (a) schematic diagram,
(b) impedance matching trajectory.

The full-bridge rectifier was designed using four Schottky
diodes, Diodes’ DFLS240L. Fig. 10(a) shows a schematic
diagram of the i-th Rx which could be one of three types.
Fig. 10(b) is trajectory for the impedance matching on the
Smith chart. RL,i is the load resistance of the rectifier in the
i-th Rx, and CL is a large shunt capacitor for the DC output
voltage. Zrect,i is the input impedance of the rectifier in the i-
th Rx. Cr,i and Lr,i are used to match the rectifier to have the
given input impedance, Zrect,i, of 50 W. For the Rx type-A,
-B, and -C, the simulated Zrect,i’s are 10.3-j3.9, 7.7-j2.8, and
9.8-j3.8, respectively.

C. POWER CUSTOMIZED RESONATOR DESIGN
The resonator for multiple Rx’s should make the Tx suffi-
ciently generate the output power and should distribute the
power appropriately to multiple Rx’s according to the power
demand of each Rx. Using (16) and (18) in Section II, Ptx
and Prx,i were derived using the parameters of the resonator.
If the given or obtained values of the parameters, such as �0
of 2π ·6.78·106 rad/s, α of 0.94, VDC of 18 V, and Zrx of 50�,
are applied to (16) and (18), Ptx and Prx,i can be rewritten
as:

Ptx = (3.41× 1013) · Ltx
N∑
i=1

k2i Lrx,i, (21)

Prx,i = (3.41× 1013) · Ltxk2i Lrx,i. (22)

Since Ltx is common for all Rx’s, Prx,i should be propor-
tional to k2i Lrx,i. The following relationship can be derived
using (22), and the parameters of three Rx’s are shown in
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FIGURE 11. EM simulation setup for the PCR with one type-B Rx coil and
two type-C Rx coils on top of the Tx coil: (a) 3-D view, (b) layer
information.

TABLE 1.

k21Lrx,1 : k
2
2Lrx,2 : k

2
3Lrx,3 = Prx,1 : Prx,2 : Prx,3=4 : 2 : 1.

(23)

Considering the physically allowable dimensions of the
three types of Rx’s, the PCR, including the Tx coil and
three types of Rx coils, and distance between the Tx and Rx
coils, should be designed using an EM simulation. The circuit
parameters are extracted from the EM simulation results to
check if they satisfy the relationship shown in (23). A few
iterations may be required to accurately design the PCR
that can exactly distribute the received power to multiple
Rx’s.

The dimensions of the Rx coils were determined to fit in the
general sizes of the actual devices. The sizes of the Rx coils
for types A, B, and C are set as 26 × 12, 11 × 12, and 6 ×
12 cm2, respectively. The size of the Tx coil was determined
to be 26 × 12 cm2 to be able to maximally charge one type-
A, two type-B, or four type-C Rx’s. The distance between
the Tx and Rx coils is set to 30 mm to comply with the
Alliance for Wireless Power (A4WP) standard. The coupling
coefficient, ki, is the ratio of the flux linked to the i-th Rx
coil to the magnetic flux formed by the Tx coil. Therefore,
ki is mainly dependent on the dimension of the coil and the
distance between the Tx and Rx coils. In addition, ki does not
significantly change, even if the number of turns of the coil
has changed. In contrast, the number of turns can critically
change the self-inductance, Lrx,i, of the coil.
The EM field simulation for the PCR was conducted

using theMomentum in Keysight’s Advanced Design System
(ADS). Fig. 11 shows an example of the EM simulation
setup using one Rx type-B and two Rx type-C coils on
top of the Tx coil: (a) 3-D view and (b) layer information.
Roger’s RO4350B with a relative permittivity of 3.5 and a
loss tangent of 0.0031 was used to implement the Tx and

FIGURE 12. Dimensions of the designed coils for the Tx, Rx type-A, -B,
and -C.

FIGURE 13. Simulated Ztx with contours for the output power and
efficiency of the PCR for various charging cases.

FIGURE 14. Block diagram of the anti-phase pulse generator as the PA
driver.

Rx coils. If ki for the i-th Rx coil is estimated using the EM
simulation, the values of Ltx and Lrx,i can be determined to
satisfy the conditions in (21) and (22). Among the value sets
of Ltx and Lrx,i, the most appropriate set should be selected
while considering the size of the resonator. The values of the
circuit parameters for three Rx types, such as ki, Ltx , Lrx,i,
rtx , and rrx,i, are summarized in TABLE 2. rtx and rrx,i are
the equivalent series resistances of the Tx and i-th Rx coils,
respectively.

Fig. 12 shows the dimensions of the coils for the Tx and
type-A, type-B, and type-C Rx’s that are designed to have the
optimized circuit parameters for power distribution to multi-
ple Rx’s. The pattern width and spacing of the Tx and type-A
and type-B Rx coils are 0.3 cm, while those of the type-C
Rx coil is 0.25 and 0.1 cm, respectively. In order to realize
Ltx and Lrx,i into the dimensions of the coils, the number
of turns of the Tx and type-A, type-B, and type-C Rx’s are
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FIGURE 15. Schematic diagram of the proposed WPT system to charge various types of the multiple Rx’s.

TABLE 2. Circuit parameters of the PCR extracted from the EM simulation
Results.

optimized to be 4, 2, 4, and 8, respectively. The experiments
were carried out for the nine charging cases selected that
include homogeneous and heterogeneous configurations of
the multiple Rx’s, as shown in TABLE 3.

Fig. 13 shows the simulated Ztx’s with the contours of
output power and efficiency for the selected charging cases.
For cases 1 to 4, the total power demand for the Rx is about
40 W. For these cases, Ztx’s are formed near 50 � where
the output power of the load-dependent voltage source is
46.7 dBm (46.8W). For cases 5 and 6, the total power demand
of the Rx is about 30 W. For these cases, Ztx’s are formed at
around 37.5� where the output power of the Tx is 45.5 dBm
(35.1 W). For cases 7 and 8, the total power demand of Rx
is about 20 W. The Ztx’s are formed at near 25 � where the
output power is 43.7 dBm (23.4 W). For case 9, the power
demand from Rx is about 10 W. Ztx becomes near 12.5 �,
where the output power of the Tx is 40.7 dBm (11.7 W).
Considering the loss of the PCR and the full-bridge rectifier,
the parameters of the PCR were determined to have slightly
larger output levels from the Tx than the power demand from
the Rx’s for the charging cases.

The cross coupling between two adjacent Rx coils may
cause an error in the Ztx’s. Due to the mutual inductance
between two adjacent Rx coils, though, it should be relatively
small compare to that with the Tx coil, and the simulated
Ztx’s, especially for cases 2 to 4, have small imaginary

TABLE 3. Configurations of the PCR for various charging cases.

parts. However, as shown in Fig. 12, these imaginary parts
are not so significant to have noticeable effect on the out-
put power and efficiency. The effect of the cross coupling
between the two Rx coils was comprehensively analyzed
in [6]. Misalignment of the resonant coils can change the
mutual inductance between the Tx and Rx coils, which results
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FIGURE 16. Photographs of the implemented WPT system: (a) Tx including
the load-dependent voltage source and the PA driver, (b) Rx type-A.

in the load impedance variation for the Tx [7], [9]. However,
in this work, it was assumed that the multiple Rx’s were
well-aligned.

D. ANTI-PHASE PULSE GENERATOR FOR THE PA DRIVER
A simple anti-phase pulse generator was designed to drive
the differential Class-E PA. Two pulse output signals of the
generator have a phase difference of 180◦. Fig. 14 shows
the block diagram of the anti-phase pulse generator for
the PA driver. A crystal oscillator generates the pulse
with an oscillation frequency of �0. The NAND gate
inverts the signal of the oscillator. After that, the cur-
rent buffer provides a sufficient current to the gates of
the PA.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS
Fig. 15 shows a schematic diagram of the proposed WPT
system to charge multiple Rx’s of various types. Two series
inductors of Lres and Lt are merged into an inductor of
L ′t . The load-dependent voltage source was designed using
a differential Class-E PA with a simple L-C ITN for the
Tx. An anti-phase pulse generator was used to drive the
load-dependent voltage source. Three types of Rx type-A,
−B, and −C, with different power demands for their respec-
tive applications were designed and used for the experiment
with the proposed PCR and Tx based on the load-dependent
voltage source. A full-bridge structure is adopted for the recti-
fier, and the input impedance is transformed into the reference
impedance using the Rx ITN. The PCR was designed for
the Tx to generate the required power and to appropriately
distribute the transmitted power to each Rx according to its
power demand.

TABLE 4. Component values and part numbers for the designed WPT
system.

FIGURE 17. Photograph of the measurement setup for the proposed WPT
system.

Fig. 16 shows photographs of the circuit blocks imple-
mented for the proposed WPT system consisting of (a) Tx
including the load-dependent voltage source and the PA
driver, (b) type-ARx. The sizes of the Tx and type-ARxwith-
out the PCR are 9.4×6.9 cm2 and 3.5×3.3 cm2, respectively.
A substrate based on FR4 with a thickness of 40 mil was used
to implement both the Tx and Rx circuits. The values or part
numbers of the components for the designedWPT system are
listed in TABLE 4.

Fig. 17 shows a photograph of the measurement setup for
the proposed WPT. DC voltages of 18 V and 5 V are applied
to the Class-E PA and the input gate driver, respectively.
Electric loads (Keithley’s 2380 and Maynuo’s M9712) are
used to provide different load resistances to multiple Rx’s
and to measure the received DC power. The waveforms were
probed using an oscilloscope (Keysight’s DSOX1120G), and
the series resonance frequency is measured using a vector
network analyzer (Keysight’s E5071B).
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TABLE 5. Performance comparison with previous works of mid-range wireless power transfer system.

FIGURE 18. Measured system efficiency and total received DC power for
cases 1 to 9.

Fig. 18 shows the measured system efficiency and the total
DC power received for cases 1 to 9. The system efficiencywas
calculated by the ratio of the sum of the measured DC power
at the Rx’s and the measured DC power consumption of the
all Tx circuits including the load-dependent voltage source
and the PA driver. The system efficiency remained above
70.7% and the highest efficiency of 85.5% was obtained for
the charging case 1. The total received power levels mea-
sured for all the charging cases are slightly higher than the

FIGURE 19. Measured received DC power of each Rx for charging
cases 1 to 9.

power demand for each case, as shown in Fig. 18. Therefore,
the proposed PCR was proven to be able to provide the load
impedance for the Tx to generate sufficient power.

Fig. 19 shows the measured received DC power of each Rx
for the charging cases of from 1 to 9. As shown, the measured
received DC power is very close to the power demand of
each Rx. The power demands of the type-A, -B, and -C Rx’s
are 40, 20, and 10 W, respectively. Therefore, the proposed
PCR was also proven to distribute the total received power
to each Rx according to its power demand for any different
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configurations of multiple Rx’s. Due to the cross-coupling
effect between the two adjacent Rx’s, the received power
levels for two type-C Rx’s in charging cases 3 and 4 are just a
little lower with 8.7 and 8.6 W, respectively, than their power
demands. Measured performances were compared to those of
the previous works in TABLE 5.

V. CONCLUSION
This paper presented a high-efficiencyWPT system to charge
multiple Rx’s of various types based on a combination of
the proposed PCR and load-dependent voltage source. The
equivalent circuit parameters of the resonator for the multiple
Rx’s were analyzed and represented using the transmitted
power and received power of each Rx. Based on the analysis,
the PCR that allows the Tx to generate sufficient output power
and distributes the received power to each Rx according to its
power demand was proposed. Using the proposed PCR, each
Rxmatched by the reference impedance of any configurations
using the multiple Rx’s can receive sufficient power for the
power demand.

In combination with the PCR, a load-dependent voltage
source was proposed to generate various levels of required
power with a high-efficiency. Over a wide impedance range,
the load-dependent voltage source using a differential class-E
PA was successfully designed with a simple ITN and without
complex reconfigurable circuits.

The WPT system, including the Tx based on the
load-dependent voltage source, the PCR, and three types
of Rx’s, was designed and implemented. The implemented
system was verified for nine selected charging cases through
experiments. A very high system efficiency from 70.7 to
85.5% were experimentally achieved with a received power
for each Rx ranging from 8.6 to 45.7 W. In addition, it was
experimentally verified that each Rx can receive sufficient
power according to its power demand from any of themultiple
Rx configurations using the proposed PCR.
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