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Abstract—It is promising to pursue an integrated low-profile
receiver (RX) for inductive power transfer applications. However,
the existing integration solutions suffer from the complicated struc-
ture and the insertion of dielectric material. This article proposes
a novel excitation approach for the classical three-layer RX, and
the structure inductance and capacitance are utilized for self-
resonance. Without using additional dielectric material, proper
magnetic material is evaluated and selected toward enhancing
the structure capacitance and reducing the dielectric losses. The
circuit model, radiation performance, and structure optimization
are discussed in the simulation and experiment. A 750-kHz 100-W
system is demonstrated to have a 92.4% coupler efficiency and
87.5% system efficiency. Compared to a classical RX, the proposed
RX would slightly improve the shielding effect for the magnetic field
and dramatically reduce the electric-field radiation by 15 dBm.

Index Terms—Inductive power transfer (IPT), integrated
receiver (RX), low electric-field radiation, self-resonance.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has shown its great capa-
bility in meeting various power demands without physical

connections. The achieved spacial freedom and isolated design
enable the device charging in a safe and convenient manner [1],
[2]. These attractive features truly benefit lot of charging sce-
narios, including medical implants, wearables devices, moving
robots, and electric vehicles [3], [4], [5]. A typical IPT sys-
tem usually includes a transmitter (TX) and a receiver (RX)
for electromagnetic coupling. When a wire-charged device is

Manuscript received 28 December 2022; revised 26 February 2023 and 29
April 2023; accepted 19 May 2023. Date of publication 26 May 2023; date of
current version 1 September 2023. This work was supported in part by the
National Natural Science Foundation of China under Grants 51977147 and
52007120 and in part by the National Science Fund for Excellent Young Scholars
under Grant 52122701. Recommended for publication by Associate Editor
F. Lu. (Corresponding author: Minfan Fu.)

Yiming Yin, Heyuan Li, and Shiqi Gao are with the School of Information
Science and Technology, ShanghaiTech University, Shanghai 201210, China
(e-mail: yinym@shanghaitech.edu.cn; lihy4@shanghaitech.edu.cn; gaoshq@
shanghaitech.edu.cn).

Yong Li is with the School of Electrical Engineering, Southwest Jiaotong
University, Chengdu 611756, China (e-mail: yong_li@swjtu.edu.cn).

Xian Zhang is with the School of Electrical Engineering, Hebei University
of Technology, Tianjin 300130, China (e-mail: zhangxian@hebut.edu.cn).

Minfan Fu is with the School of Information Science and Technology,
ShanghaiTech University, Shanghai 201210, China, and also with the Shanghai
Engineering Research Center of Energy Efficient and Custom AI IC, Shanghai
201210, China (e-mail: fumf@shanghaitech.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3280194.

Digital Object Identifier 10.1109/TPEL.2023.3280194

modified to enable wireless charging, the RX-side circuits (at
least including the coil, RX compensation, and rectifier) need to
be fully embedded. Compared to the TX, the RX has to consider
more about its size constrain, which is particularly important for
low- or medium-power devices. Therefore, it is meaningful to
explore a low-profile integrated RX [6], [7].

It is well known that the size of power electronic converters
is mainly affected by the switching frequency. In the past few
years, the significant improvement of wide bandgap semicon-
ductors and soft-switching techniques has successfully pushed
the switching frequency to several hundreds of kHz and even
several MHz. Such kind of improvement directly helps reduce
the volume of passive components, such as capacitor, inductor,
transformer, and coupler. All these achievements contribute to
the next-generation power supplies for various classical power
conversion areas [8], [9], [10]. An IPT system is also an iso-
lated and varied-coupling resonant dc–dc converter. Besides the
coupler, large amount of additional passive components need to
be used for the compensation purposes. When high-frequency
operation is employed, the PCB coil or copper-foil coil is able
to be used with less turn numbers, and it would benefit the
low-profile RX design [11].

In a typical IPT system, the most volume-sensitive component
is the inductive coupler [12]. It is attractive to develop an integra-
tion solution for the coupler and compensation [13], [14], [15],
[16]. A common solution is to utilize and enhance the mutual ca-
pacitance between different coil turns for self-resonance. When
applying this concept in a single-layer coil, the gap of same-layer
adjacent coil is used to build the required capacitance [17]. In
order to reduce the self-resonant frequency, multilayer PCB coils
are customized by inserting dielectric material to increase the
structure capacitance [18], [19]. Due to the structure complexity,
several structures require complicated distributed circuit models
to explain the resonances [20], [21], [22]. Different to the mod-
ification of classical coil, another effective integration solution
is to customize the bifilar coil [23], [24], which offers more
options for the connection between coil and external circuits.
In [25], planar open-ended bifilar coils are used to form series
resonance. Besides, double-layer short-ended bifilar coils serve
to create parallel resonance [26]. The self-resonant coil would
also consider the shielding layer design for lower radiation [27].
All the abovementioned approaches (i.e., using either classical
coils or bifilar coils) need to modify the existing coil structure,
and dielectric material is usually needed to enhance the capac-
itance for lowering the self-resonance frequency. Considering
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Fig. 1. Classical RX. (a) Physical structure. (b) Field distribution.

the fabrication challenges, the structure complexity makes it
difficult for the moving from a laboratory system to a practical
application.

This article proposes a novel integration concept by changing
the excitation method instead of modifying the classical struc-
ture. A classical RX usually includes a coil layer, a magnetic
layer, and a shielding layer. The proposed RX would use both the
coil layer and the shielding layer as the excitation terminals. Such
a circuit would be equivalently studied as a series resonant tank.
Without using dielectric material, the middle magnetic material
needs to deal with both magnetic and electric field. This article
would evaluate the dielectric parameters for the existing mag-
netic material, and a circuit-model-based parameter extraction
is used to select promising material. The radiation performance
of the new RX is compared with the classical one. The RX
structure optimization is briefly discussed in the experiment.
When powered by a traditional TX, the new-RX-based system
is able to achieve high-efficiency performance for high-voltage
low-current application with dramatic reduction in electric-field
radiation. This simple integration approach would truly benefit
the fabrication and mass production.

II. INTEGRATED RX USING SHIELDING LAYERS

A. RX Structure

An RX is responsible for utilizing the magnetic flux from the
TX. At high frequency, the PCB winding or copper foil would
benefit a low-profile design. A classical RX is shown in Fig. 1(a),
which is a typical three-layer structure. At the top layer, the
planar coil would receive the magnetic flux from the TX side; the
middle layer is a magnetic plate to guide the magnetic flux and
enhance the coupling; a conductive metal plate would be added
to the bottom to reduce the radiation. In order to fully utilize
the induced voltage at the RX coil, additional compensations
(such as the series capacitor) are needed to reduce the circulating

Fig. 2. New RX. (a) Physical structure. (b) Field distribution.

energy, and help the load get sufficient power. For the example
series compensation, the resonance of RX means the energy
exchange between the coil inductor (i.e., the energy of magnetic
field) and the compensation capacitor (i.e., the energy of electric
field). Fig. 1(b) gives the field distribution of the classical RX.
It is clear that the electric field is strongly confined within the
external capacitor, and that the magnetic field is mainly around
the coil. There is no space overlapping between two types of
field.

This article is trying the explore a novel integration concept
by confining both types of field in the same space. As shown
of Fig. 2(a), the proposed RX structure is almost the same as
the original one of Fig. 1(a). In the original structure, the two
terminals of the coil are connected to the load-side circuits. The
new RX only has one coil terminal connected and the other
floated. Instead, the metal layer is used as the current returning
loop. It means the original structure is excited by a different
manner. Through this modification, the external series capacitor
is no longer needed due to the structure capacitance between the
coil layer and shielding layer. The field distribution is shown in
Fig. 2(b). Both types of field are confined around the RX.

B. Circuit Model of Integrated RX

The equivalent circuit model is needed to study the resonance
behavior and guide the structure optimization. Using the new
excitation approach, the RX structure model is simplified as
shown in Fig. 3(a). It is clear that the distributed model is
needed if the wide-frequency characteristics are evaluated. A
more accurate circuit model may use the transmission line theory
to explore the influence of the size parameters on a wider
frequency range. However, the complicated internal coupling
and fringing effect could accurately calculate but complicate the
model [28]. Fortunately, the RX response at the self-resonance
frequency frx (i.e., the operation frequency) is sufficient to
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Fig. 3. Circuit model of proposed integrated RX. (a) Distributed circuit model.
(b) Lumped circuit model.

Fig. 4. Input impedance of a sample RX. (a) Real part: Rrx. (b) Imaginary
part: Xrx.

evaluate the power and efficiency characteristics. Therefore, a
series resonant tank using lumped components is used to model
the new RX. In Fig. 3(b), Lrx, Crx, and rrx are the equivalent
series inductance (ESL), equivalent series capacitance (ESC),
and equivalent series resistance (ESR) at frx. The self-resonance
between the ESL and ESC is set as the excitation frequency or
the switching frequency fs. The quality factor of the whole RX
is defined as Qrx = 2πfrxLrx

rrx
.

In order to extract the model parameters, a real RX sample is
fabricated and its wide-frequency input impedance (Zrx(f) =
Rrx(f) + jXrx(f)) is measured in Fig. 4. Its real part Rrx

at frx, i.e., Rrx(frx), equals to the RX ESR (i.e., rrx) [re-
fer to Fig. 4(a)]. In Fig. 4(b), the first cross-zero point (i.e.,
zero reactance, Xrx(frx)) = 0) indicates the self-resonance fre-
quency frx, and the curve slope of Xrx around frx are deter-
mined by the resonant components (Lrx and Crx). Therefore,
it has

⎧⎪⎨
⎪⎩

Rrx(frx) = rrx

Xrx(frx) = 2πfrxLrx − 1/(2πfrxCrx) = 0

2πLrx + 1/(2πf2Crx) = ΔXrx(f)/(Δf).

(1)

In Fig. 4, it is clear that the RLC model is not able to describe the
all the frequency characteristics. At higher frequency, another
parallel resonance frequency also exists. The using of RLC
model actually means a tradeoff between the model simplicity
and accuracy. Based on this model, the impedance (measured
by impedance analyzer) is sufficient to extract the RX circuit
parameters for the new RX.

Fig. 5. Physical structure for material parameter extraction.

III. PARAMETER EXTRACTION AND SELECTION OF

ELECTROMAGNETIC MATERIAL

A. Review of Electromagnetic Material

In the proposed structure, the middle layer (i.e., the magnetic
layer) needs to deal with both types of field. This general
electromagnetic material has to consider the following five pa-
rameters: conductivity (σ), complex permittivity (ε = ε′ + jε′′),
and complex permeability (μ = μ′ + jμ′′). Here, σ, ε′′, and μ′′

are related to the conduction loss PC , E-field-related loss PE ,
and H-field-related loss PH , respectively. The electromagnetic
parameters should benefit the energy exchange between the
magnetic field and electric field. Instead of randomly searching
for a describable material, this article tries to evaluate the existing
magnetic material with good dielectric parameters ε, i.e., high
ε′ and low ε′′.

In the classical RX structure, the magnetic layer is used to en-
hance the coupling and guide the magnetic flux at the resonance
frequency fs. Since both μ′ and μ′′ are frequency dependent, the
magnetic material should have sufficient μ′ to enhance the field
and ignorable μ′′ to avoid high PH at fs. Meanwhile, in order to
minimize the high-frequency (>> fs) magnetic-field radiation,
a large μ′′ is preferred. The proposed RX should still follow this
rule to select the material candidate around fs (about several
MHz), which indicates that μ′′(fs) ≈ 0. Usually the material
manufacturer is able to provide μ for magnetic material, but ε
is unknown. Therefore, this article has to evaluate and measure
ε for the various candidates.

B. Circuit-Model-Based ε Extraction

The basic idea for extracting ε is to use a well-known structure
with clear circuit model. By measuring circuit parameters, the
material parameters are calculated. As shown in Fig. 5, a three-
layer structure is built with the candidate material inserting as
the middle layer. Both the top and bottom layer are copper plates.
All the three layers have the same width and length, i.e., l. The
thickness of the middle layer is d. In order to minimize the
fringing effect, it needs l >> d, which dramatically simplifies
the circuit model. It is more convenient to extract the material
parameter. When an ideal dielectric material is used, i.e., only
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Fig. 6. Circuit parameters extraction. (a) Resistance. (b) Reactance.

considering the effect of ε′, this structure would build a classical
capacitor with capacitance equals to C = ε′l2

d .
In this article, when the candidate magnetic material is in-

serted as the middle layer, ε′ and ε′′ are unknown. Note that σ
and μ′ are provided by the manufacturer and μ′′ ≈ 0. The task
is to extract two independent parameters. When the structure
of Fig. 5 needs to consider the effect of σ, μ′, ε′, and ε′′, the
single-capacitor model is no longer valid. According to [29], the
equivalent circuit model of this structure could be represented
as a parallel RLC branch in Fig. 5. The circuit parameters could
be derived based on the material parameter as follows:

⎧⎨
⎩
Leq = μ′d/3
Ceq = ε′l2/d
Req = d/[(σ + 2πfsε

′′)l2].
(2)

Therefore, measuring the abovementioned three circuit param-
eters would help obtain the target material parameters, i.e., ε′,
and ε′′.

Such kind of parameter extraction needs to measure a real
structure. For example, when a material candidate is used, the
input impedance Zin (= Rin + jXin) could be measured by the
impedance analyzer around fs. Based on the RLC model of
Fig. 5, it has

⎧⎨
⎩
Rin =

Req

(1−4π2f2
sLeqCeq)2−4π2f2

sR
2
eqC

2
eq

Xin =
2πfs(Leq−R2

eqCeq−4π2f2
sL

2
eqCeq)

(1−4π2f2
sLeqCeq)2−4π2f2

sR
2
eqC

2
eq
.

(3)

Combining (3) and (2), the measured Rin and Xin are sufficient
to calculate the unknown ε′, and ε′′. Please note that the lumped
RLC model is not able to describe the wide-frequency character-
istics. All the material parameters are in-theory frequency depen-
dent. In this article, it is sufficient to use the material parameters
around fs to study the efficiency and power characteristics of
RX.

C. Case Study and Material Selection

TDK IBF15 is used as a study case for material parameter
extraction. A real structure of Fig. 5 is fabricated with the
material sample. A impedance analyzer is used to measure the
input impedance, i.e., a one-port network when the conductive
plates serve as terminals. Both the measured resistance and
reactance are shown in Fig. 6. A RLC model (i.e., the red dot
line) is able to fit the measured curve for a short frequency range
(around the target fs). Based on the impedance information, the

TABLE I
PARAMETERS OF TDK IBF15

TABLE II
PARAMETERS COMPARISON OF CANDIDATE MATERIALS

Fig. 7. RX layout in HFSS.

circuit parameters and material parameters are given in Table I
with the help of (2) and (3), where ε0 and μ0 represent the
vacuum permittivity and vacuum permeability.

When the different material is used in Fig. 5, the proposed pa-
rameter extraction approach is applied, and five types of material
are evaluated and compared in Table II. In the integrated RX, the
capacitance is mainly contributed by ε′ when the size is fixed.
Therefore, a high ε′ is preferred to build a large capacitance,
which helps lower the self-resonance frequency. From the loss
point of view, low ε′′ is preferred to reduceE-field-related losses.
Considering these demands for ε′ and ε′′, WSDS P15 is finally
selected. When this material is inserted in Fig. 2, a typical three
layer structure is formed. The material conductivity means a high
resistivity (about 109), and no more insulation layer is needed
inside the RX.

IV. RADIATION PERFORMANCE

A. Simulation Setup

In the classical RX of Fig. 1, the function of each layer is
clear: the coil layer captures the flux; the magnetic layer guides
the flux; and the copper layer shields the leakage flux. In the new
RX of Fig. 2, although the basic structure does not change, the
excitation terminal change will affect the shielding effects. In
order to evaluate the radiation effect, an RX is built, as shown in
Fig. 7. This RX would be excited with both the classical and the
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Fig. 8. Current excitation setup and planes for field evaluation.

Fig. 9. Magnetic-field and current distribution. (a)H field of the classical RX.
(b) H field of the proposed RX. (c) Current density of the classical RX.
(d) Current density of the proposed RX.

proposed approaches. The finite element analysis (FEA) simula-
tion (i.e., HFSS in this article) is used for radiation comparison.

As shown in Fig. 7, the length of the square RX is l (=10 cm).
In order to have a small RX, i.e., using less turns of coils, a larger
structural capacitance is preferred, which is determined by the
thickness of the middle layer. In this article, a 1.5-mm material
layer is used, which is thinnest sample from the manufactures.
In the coil layer, it is a PCB coil with 16 turns, 0.6-mm turn
gap, and 1.0-mm line width. These PCB parameters could be
optimized toward benefiting the efficiency from the circuit point
of view. Here, the setup is just used to compare two RXs with
different excitation terminals. For both types of RX, a 1-A
excitation current is used in the simulation. As shown in Fig. 8,
the cross-section plane of Plane S would serve to observe the
field distribution.

B. Magnetic-Field Distribution

Fig. 9 compares the magnetic-field distribution. The coil layer
is placed on the top and the bottom layer is used for shielding.
Therefore, the field of bottom area (within the white dot block)
represents the magnetic-field radiation. Both the classical RX
and the proposed one show to have effective shielding effect.

Fig. 10. Electric-field and -voltage distribution. (a)E field of the classical RX.
(b) E field of the proposed RX. (c) Voltage of the metal plate in the classical
RX. (d) Voltage of the metal plate in the proposed RX.

In Fig. 9(a), it is straightforward to explain low magnetic-field
radiation of the classical RX. Magnetic material would guide
the center flux to the edge and then back to the upper area.
The rest leakage flux will be eliminated by the bottom metal
layer. Fig. 9(b) shows the proposed RX would slightly lower the
radiation when the RXs have the same current. In order to explain
this effect, it is necessary to understand the current distribution
of the coil. As shown in Fig. 1(a), when the input current is
fixed, each turns of the coil would have the same current. For
the proposed RX, the distributed current would flow through the
structure capacitance to the bottom layer. As a result, the current
of the inner turn is smaller than that of the outer turn. When the
loop current of each turn contributes to the final magnetic field,
the proposed RX would naturally has smaller radiation. Another
factor affecting the leakage H field is the current density of the
bottom metal plate, which is compared in Fig. 9(c) and (d). For
both RXs, the center has a lower current while the edge has a
higher current. It is clear that the proposed RX has a smaller
current density, which is consistent with the field distribution of
Fig. 9(a) and (b).

C. Electric-Field Distribution

In the far-field area, the correlation between the H field and
E field is clear and the wave impedance is constant (377 Ω)
in free space. There is no need to study them in a separated
manner. However, the near-field coupler would have quite dif-
ferent conclusions. The proposed excitation would lead a quite
different electric-field distribution. The electric-field shielding
effect cannot be simply indicated by the abovementioned dis-
cussion for magnetic field. Based on the FEA simulation in
HFSS, the electric-field distribution are recorded and compared
in Fig. 10(a) and (b). The field distribution of different RXs are
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Fig. 11. Structure terminal voltage for different RXs.

almost the same in the upper area due to the power transfer.
However, in the bottom area, electric-field radiation of the pro-
posed RX is much lower than that of classical one. According
to the standard of GB 8702-2014, the maximum electric field
for a living body should be smaller than 40 V/m. Therefore,
a pink dot line is used in Fig. 10(a) and (b) to enclose the
high-radiation region, which is helpful to quantitatively justify
the E-field leakage reduction.The following part would use the
structure and excitation to explain this observation.

It is known the electrical field radiation of an object is caused
by its voltage, referring to the Earth ground. When the bottom
area of Fig. 10(a) shows higher radiation, it means a higher float-
ing voltage exists for the classical RX. As shown in Fig. 10(c)
and (d), the voltage magnitude of the metal plate is compared for
both RXs. It is clearly that the metal layer of the classical RX
would be induced with a much higher floating voltage. When
the metal plate of the proposed RX is used as the returning
loop, the floating voltage would be dramatically reduced. The
E-field reduction could also be explained from the terminal
excitation. As shown in In Fig. 11, the load voltage magnitude is
VR for both RXs. Under resonance, the resonant voltage of the
external capacitor is QrxVR. In the classical RX of Fig. 11, the
terminal voltage is (Qrx + 1)VR, and Qrx >> 1. In the new RX
of Fig. 11, the electrical field for resonance is also confined with
the structure, and the excitation thermal voltage is VR. Due to
the dramatic reduction in the termination voltage, the proposed
RX would significantly reduce the electric-field radiation. In
the prior papers, most of the radiation study only consider the
magnetic field, and it is due to the target application has high
current and low voltage. Since the proposed RX is able to dra-
matically reduce the E-field radiation, the proposed RX would
have clear benefits for high-voltage low-current application.
Note that a high voltage naturally lead to higher radiation in a
classical RX.

V. EXPERIMENTAL VERIFICATION

A. RX Fabrication

In this article, the RX is optimized toward to have a high-
quality factor at the target frequency (about 1 MHz). An

Fig. 12. Real RX structure. (a) Proposed RX. (b) Classical RX.

Fig. 13. Design flow chart.

example square RX is used to evaluate the influence of the design
variables. As shown in Fig. 12(a), the length of the square RX is
20-cm length. Each sample RX is fabricated by tightly attaching
three layers, i.e., the copper layer, the material layer, and the
PCB layer. Note that the PCB coil is made by rude copper and
its copper surface is directly facing the magnetic layer. The base
material of the PCB (i.e., FR4 layer) will not affect the circuit
parameters and radiation performance of RX. The classical RX
in Fig. 12(b) only changes the excitation approach and requires
additional compensation. In practice, both RXs of Fig. 12 still
need additional insulation to ensure human-touch safety for the
regulation [30]. It would also avoid the conductive interference
for the data communication.

Given a structure of Fig. 7 and the material parameters for
the middle layer, the FEA-based analysis is able to simulate the
RX and helps derive the RX circuit parameters. The simulation-
based design flow chart is shown in Fig. 13. The key point
is to choose the design variables without causing fabrication
troubles. It is known that the capacitance is mainly contributed
by the overlapping of two conductive layers. Since the middle
magnetic layer is not able to offer larger ε′ as the common
dielectric material, the thickness of the middle layer should
be small enough to ensure large structure capacitance, which
may help have a lower self-resonance frequency. According to
the fabrication limitation of the material manufactures, thinnest
material thickness d is 1.5 mm. In such a three-layer structure,
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Fig. 14. Influence of RX size parameters. (a) Inductance:Lrx. (b) Capacitance:
Crx. (c) Self-resonance frequency: frx. (d) Quality factor: Qrx.

the major design variables are provided by the PCB coil, such
as the line width w, gap g, and turns number N (refer to Fig. 7).
For convenience, w is fixed at 1.0 mm, and the influence of g
and N are evaluated.

B. RX Parameter Measurement and Optimization

The influences of RX size parameters (g and N ) are evaluated
with the help of different RX samples. The impedance analyzer
is used to measure the impedance of each sample, and the circuit
parameters are extracted according to (1). The RX parameters
are compared in Fig. 14. Three typical gaps (g = 0.5 mm, 1 mm,
and 2 mm) are evaluated. Since the coil width is fixed, when
different g is used, the maximum turn number is different, which
means the coil fully covers the PCB surface. Fig. 14(a) shows
the RX inductance would increase with N . This trend is similar
to that of a classical RX. In Fig. 14(b), the RX capacitance
also increases with N . As a result, the self-resonance frequency
would decrease with N in Fig. 14(c). Based on the first three
sub-figures, it is clear an RX with more turns and less gap is
helpful to reduce the self-resonance frequency, which would
benefit the active inverter and rectifier. The RX quality factorQrx

is calculated based on the measured Lrx and rrx and is shown in
Fig. 14(d).Qrx is mainly affected by g and shown to be relatively
stable for different N . The RX is also conveniently designed
with the help of FEA-based simulation. The simulation result
for 1-mm gap is given in Fig. 14, i.e., the green line, which is
consistent with the red curve. The final design point (i.e., ∇ in
Fig. 14) actually make a tradeoff between Qrx and frx, whose
layout parameters are given in Table III.

C. Peak Efficiency

A new-RX-based IPT system is built to evaluate the overall
dc–dc performance. The TX follows a classical design, which
uses litz-wire to implement a circular coil (20-cm diameter)

TABLE III
PARAMETERS OF THE SELECTED COIL LAYER

Fig. 15. Experiment setup for efficiency and radiation.

TABLE IV
CIRCUIT PARAMETERS OF EXPERIMENT SETUP

and series compensation is applied. A test platform is built in
Fig. 15, and all the system parameters given in Table IV. The
measurement of the coupling coefficientk is similar to a classical
system. When both sides work under resonant state, a current
is injected to the TX coil, and the RX needs to measure the
open circuit voltage. Under resonance, this voltage represents
the induced voltage source of the coil and would help calculate
the mutual inductance. Meanwhile, a classical RX (a PCB coil
having same inductance) with external capacitors is added as
a benchmark and the corresponding circuit parameters are also
given in Table IV.

The circuit model of the demonstrated system is identical to
a typical S-S IPT system. Therefore, several typical features are
used to evaluate the power transfer characteristics. For example,
once the coupler parameters are measured, the optimal load
exists to optimize the coupler efficiency based on the following
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Fig. 16. IPT system efficiency and output current for different power level.

well-known equations:
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

η= 4π2f2
sM

2

rtxRL+
rrx(rtxrrx+4π2f2

sM2)

RL
+4π2f2

sM
2+2rtxrrx

ηopt =
4π2f2

sM
2

(
√

4π2f2
sM

2+rtxrrx+
√
rtxrrx)2

RL,opt =
√

rrx(4π2f2
sM

2+rtxrrx)
rtx

.

(4)

Based on abovementioned equations and Table IV, the optimal
ac resistor is calculated as 382 Ω, which in-theory leads to a
94.1% peak coupler efficiency. In order to measure the real
coupler efficiency, the two-port scattering parameters are mea-
sured by the vector network analyzer. According to [31], these
parameters would be used to calculate the coupler efficiency
at small-signal level. The measured peak efficiency is 92.4%,
which is close to the circuit-model-based estimation. Since the
optimal load is at about several hundreds of Ω, the proposed RX
is attractive for the application with high output voltage and low
current.

A system-level evaluation is further carried out to test the
dc to dc performance. A high-frequency half-bridge inverter
(using GaN HEMT GS66508B) and a full-bridge rectifier (using
Schottky diodes ASD465 A) are built to complete the IPT
system. The overall dc–dc efficiency is measured through power
analyzer (Yokogawa WT1802E). When the inverter is used, the
TX input impedance should be tuned to slightly inductive to
ensure zero-voltage switching (ZVS). When the input voltage
is fixed, the whole system work exactly as an S-S IPT system
and load-independent output current is achieved in Fig. 16.
The peak efficiency is about 87.5%. The location of the peak
efficiency point is consistent with the derived optimal load
resistance. Compared to the benchmark system using a classical
RX, the overall system efficiency using integrated RX would
be lower due to decreased quality factor. Note that the ESR of
the proposed RX would increase when the magnetic material is
used as the dielectric one. At different power, the waveforms of
inverter output are shown in the Fig. 17. The ZVS operation is
ensured like a classical system.

D. Radiation Measurement

A space-electromagnetic-field visualization system (EPS-
02Ev3, NoiseKen Inc.) is used to measure the field distribution

Fig. 17. Inverter output waveform at different power with 100%, 75%, 50%,
and 25% load.

Fig. 18. Magnetic-field distribution. (a) Classical RX. (b) Proposed RX.

as shown in Fig. 15. Using a spectrum analyzer (FSV7, Ro-
hde&Schwarz Inc.), the magnetic and electric-field probes are
able to measure the field magnitude at any position above the RX
metal layer. At the same time, the top camera is able to detect the
position of the colored probe. The PC would combine the field
and position information to generate a field-distribution map.

In Fig. 8, the cross-section Plane S serves the best observation
plane for field evaluation. It is easy to define the plane and obtain
the field in simulation. However, the real system is not allowed
us to carry out the same test by inserting the probes without
affecting the system operation. Therefore, another horizontal
Plane E in Fig. 8 is selected for field measurement, which is
right above the metal layer of the RX. A classical RX serves
as the benchmark for field comparison [refer to Fig. 12(b)].
Both systems would employ the same inverter, rectifier, working
frequency, TX-side coil, and TX-side compensation. Since the
current of the RX is the source of radiation, the primary excita-
tion is tuned to ensure the same output current (using 200 mA)
at the same load resistance.

The measured magnetic field is compared in Fig. 18. The
color bar is used to mark the field intensity. In this test, the
magnitude of magnetic field is about−45 dBm for both systems.
The H-field radiation of proposed RX is slightly better, which
is in consistent with the simulation results.

In order to justify the low-E radiation and its mechanism,
Fig. 19(a) and (b) show the simulated voltage of the metal plate
for the different RXs. In the simulation, a large boundary box
is used to enclose the RX and treated as the Earth ground,
and the real current is injected into the RX terminals. The
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Fig. 19. Electric-field-related performance comparison. (a) Floating voltage
of the classical RX in simulation. (b) Floating voltage of the proposed RX in
simulation. (c) Measured voltage of the classical RX. (d) Measured voltage of
the proposed RX. (e) Measured electric-field distribution of the classical RX.
(f) Measured electric-field distribution of the proposed RX.

simulation results show the floating voltage reduction for the
new RX. Then, the floating voltage is measured by a voltage
probe and shown in Fig. 19(c) and (d). This voltage has the
same frequency as the current and its magnitude is consistent
with the simulated result. Finally, Fig. 19(e) and (f) compare
the measured electric-field distribution. In terms of the intensity
of electric field, the proposed RX shows 15 dBm lower than
the classical one. Since the E-field radiation is closed related
to the terminal voltage, when the proposed RX is used for
high-voltage low-current application, its benefit would become
more attractive.

The low-E radiation and the large optimal load resistance
mean the proposed RX is attractive for high-voltage low-current
application. When the proposed RX is introduced for high power
application, it needs to consider the current and voltage rating.
For example, the PCB coil needs to carry higher current, and the
middle material needs to ensure insulation under high terminal
voltage. Generally, a high-frequency self-resonance coil is not
suitable for high power. One appealing application for the pro-
posed RX is the medical implant charging. This application has
low-power demand, large load resistance, strict size constrains,
and low-radiation requirement.

VI. CONCLUSION

This article explores the potential of confining the magnetic
field and electric field within a classical RX structure without
inserting dielectric material. A simple integration approach is

proposed by directly changing the excitation of the classical
RX. Its internal field distribution and equivalent circuit model
are discussed. When dealing with both types of field, the ex-
isting high-frequency magnetic material is evaluated in terms
of its parameter for electric field. The RX shielding effects are
evaluated with the help of simulation. A square RX sample is
briefly evaluated and optimized in the experiment. Using the
proposed RX, the peak coupler efficiency is 92.1% and the
system efficiency is 87.5%. Compared to a classical RX, the
proposed RX is able to slightly improve the shielding effect
for the magnetic field and dramatically reduce the electric-field
radiation (15 dBm lower).
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