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Abstract—Portability and efficiency are crucial parameters in
wireless power transfer (WPT) systems for extended-distance wire-
less applications. However, these systems often face challenges
of low efficiency and mutual inductance. Generalized solutions
employ ferrite, intermediate coils, metamaterials, or increasing
operating frequency to address these issues. However, those solu-
tions always lead to poor portability with extra weight and volume,
except for increasing the operating frequency. To tackle these chal-
lenges, this article proposes a transmitter-embedded metasurface
(TEMS) for the WPT system. The design aims to increase efficiency
and the coupling coefficient under high operating frequency while
maintaining a lightweight and occupying no extra volume, based on
the negative permeability property. The L/C-based mathematical
model and parametric investigations are conducted to explore
the negative permeability property of TEMS. A prototype of the
TEMS-based WPT system is implemented to validate the effect
of TEMS on efficiency and coupling coefficient enhancement. The
experimental results demonstrate that the proposed design can
increase efficiency by at least 14.5% over transfer distances longer
than 125 mm.

Index Terms—Extended-distance, negative permeability,
transmitter-embedded metasurface (TEMS), wireless power
transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology [1], [2], [3],
[4] is a research focus for a decade for its flexibility,

safety, reliability, and better convenience [5], having broad
prospects in relevant electric applications [6], [7]. For those
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extended transmission distance WPT systems, excepting the
operating frequency improvement, ferrite [8], intermediate coil
[9], and metamaterial/metasurface [10], [11], [12], [13], [14]
are the most well-explored solutions to enhance the efficiency
of the systems. The megahertz (MHz) WPT systems inherent
have the efficiency advantage under extended transfer distance,
for the efficiency is proportional to the mutual inductance be-
tween coils and the operating frequency of the system [15].
Similarly, the loss of the ferrite also boosts with the increase of
the frequency, limiting its application in the MHz WPT system.
The copper-based intermediate coil/resonator and metamaterial/
metasurface can enhance the efficiency under the high-frequency
region, becoming a research hotpot in this decade.

Regarding wireless power transfer systems with intermediate
coils or resonators [16], [17], [18], [19], Liu and Wang [16]
explored the use of double intermediate resonant coils, achieving
an efficiency of 72.4% in a 4.63 MHz WPT system under an
extended transfer distance. Li et al. [17] proposed a 13.56 MHz
WPT system with multiple coupling paths, enhancing efficiency
even over transfer distances greater than the diameter of the coils.
A superconductivity intermediate coil is proposed in Oshimoto
et al. [18], which increases the efficiency from 17.5% to 49.7%.

As for the metamaterial/metasurface, based on the properties
being utilized, the 2-D metasurface and 3-D metamaterial [20]
used in MHz WPT systems can be broadly classified into two
types: transmission-type and reflection-type. The transmission
type employs the transmission property of the metamaterial
with negative or near zero permeability while the reflection type
employs its reflection properties with zero permeability solely.
These properties can be designed by modifying the operating
frequency of the WPT system and/or the resonant frequency
of the metamaterial/metasurface. Regarding the transmission
type [21], [22], [23], [24], the metamaterial slab is typically
placed between the transmitter and receiver coils in a parallel
orientation. Yang et al. [21] and Cho et al. [22] explored the
feasibility of utilizing hybrid metamaterial units with zero or
negative permeability to enhance efficiency, resulting in a further
10.4% improvement compared to solutions that only incorpo-
rate negative permeability. The utilization of dual metamaterial
slabs is discussed in Shaw and Mitra [23], indicating a 16.4%
increase in efficiency. Moreover, Lu et al. [24] proposed a dual-
band double-layer metamaterial with negative and near-zero
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TABLE I
COMPREHENSIVE BETWEEN THE PROPOSED TEMS AND STATE-OF-ART WORKS FOR EXTENDED-DISTANCE WPT SYSTEMS

permeability, showcasing a 10%–15% increase in efficiency at
two distinct operating frequencies, 13.56 MHz and 27.12 MHz.

In the case of WPT systems with reflection-type meta-
material/metasurface [25], [26], the slab can be positioned
either outside or vertically to the transmitter and receiver.
Lu et al. [25] proposed dual side-placed metasurface slabs, to
suppress the electromagnetic fields leakage in the MHz WPT
system and increase the efficiency by 27.2%. The metasur-
face slab in Lu et al. [26] is installed on both outer sides of
the WPT system and achieved a 12.06% efficiency increase.
Compared to the topologies of transmission type, the topolo-
gies in [25] and [26] have better practicability for they do
not occupy the space in the transmission path. While gener-
alized solutions have been effective in promoting efficiency,
their installation always requires space outside the transmitter
and receiver, decreasing the flexibility and portability of WPT
systems.

To address the abovementioned issues, in this article, a
transmitter-embedded metasurface (TEMS) is proposed. To bet-
ter indicate the superiority of the proposed TEMS, a compre-
hensive comparison with state-of-art works is given in Table I.
As indicated in Table I, the proposed TEMS have comprehen-
sive advantages compared to previously proposed solutions,
i.e., the proposed TEMS has the strength in lightweight and
high-frequency applicability compared to ferrite material [8].
In contrast to the metamaterial/metasurface-based [21], [24],
[26], [29] and resonator-based [16], [17] solutions, the pro-
posed TEMS occupies no additional space to install the slabs.
Moreover, the proposed TEMS manufactured by the FR4 slab,
copper wire, and compensation capacitor, which does not rely
on unconventional materials compared to the solution in [18].
Based on the abovementioned issues, the salient merits of the
TEMS are concluded as follows.

1) The portability and flexibility are enhanced compared to
WPT systems with resonators and generalized metamate-
rial /metasurface. The proposed TEMS occupy no addi-
tional space excluding the occupation of the transmitter
coil.

2) The high-efficiency enhancement capability is achieved
with a reduced volume, for all the magnetic fields gener-
ated by the transmitter must cross through the TEMS and
accordingly, are modified.

3) A high level of integration is achieved with the proposed
design. The proposed design encapsulates TEMS together

Fig. 1. Schematic diagram of TEMS based WPT system.

with the transmitter coil, while the generalized metasur-
face and intermedia coil are not. This design avoids the
issue of compensation network selection being affected
by the varying distance between the metasurface and the
transmitter coil.

II. ANALYSIS AND DESIGN OF THE TRANSMITTER-EMBEDDED

METASURFACE

A. Structure Design and Overall Analysis

The schematic diagram and geometric definition of the
TEMS-based WPT system is shown in Fig. 1, which consists of
a receiver, transmitter, and the TEMS slab separated at a transfer
distance d. The installation position of the TEMS ensures that
all the magnetic fields generated by the transmitter will be
modified by the TEMS. The detailed geometric parameters of
the transmitter, receiver, TEMS, and TEMS unit, are given in
Fig. 2 and Table II. The geometric parameters and number of
turns of the receiver are as same as a transmitter.

The material of the transmitter/receiver coil and TEMS unit
is copper while that of the substrate plate is FR4, which has the
same permeability as air. The length l of the substrate plate and
that of the proposed TEMS lm is 150 and 94 mm, respectively.
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Fig. 2. Diagrammatic drawing of the proposed TEMS. (a) Proposed TEMS.
(b) TEMS unit. (c) Equivalent circuit of the TEMS units.

TABLE II
GEOMETRIC PARAMETERS OF TRANSMITTER/RECEIVER AND TEMS

Fig. 3. Diagrammatic drawing of the proposed TEMS.

The designed metasurface slab, unit and its equivalent circuit
are shown in Fig. 2. The equivalent circuit metasurface unit
consists of the resistor, compensation capacitor, inductance, and
the induced voltages generated by the transmitter, receiver, and
another metasurface unit (e1, e2·····en).

The diagrammatic drawing of the TEMS in the WPT system
is indicated in Fig. 3. As shown in Fig. 3, the magnetic field
will be modified by the TEMS and the corresponding leakage
flux will be reduced, for more magnetic field lines go through
the receiver, accordingly, the magnetic induction intensity of the
receiver will be increased.

B. Analysis of Double-Negative Metasurface

The metamaterials/metasurface are divided into four regions
in terms of the polarities of permittivity and permeability [27],

[32], including conventional double-positive material, epsilon-
negative material, mu-negative material, and double-negative
(DNG) material.

All metasurface, including the proposed structure, should
follow the basic rule [21] given as follows:

tanθ1
tanθ2

=
μ1

μ2
(1)

where θ1 and θ2 are the refractive angles at two sides of mate-
rials, while μ1, μ2 are the corresponding permeability of two
materials, which can be found in Fig. 3.

The black dashed lines and the black solid lines in the quadrant
of Fig. 3 represent the magnetic field crossing through the
metasurface with negative permeability and permittivity. It is
used to guide the propagation of waves and fields, as well as
focus the near field, correspondingly improving the magnetic
field strength around the receiver. The overall analysis of the
metasurface considering the magnetic circuit interaction is given
as follows.

As shown in Fig. 2(a), Kirchhoff’s voltage equation of the
metasurface unit is obtained as

I

(
R+

1

jωC
+ jωL

)
= e+

n∑
p = 1

ep (2)

where R, C, and L, are the resistor, compensation capacitor, and
equivalent inductance of the metasurface, respectively. e and∑n

p = 1 ep are the voltages induced by the transmitter, receive
and other metasurface units.

The voltage in (2) is induced by the variation of the flux,
following:

e+

n∑
p=1

epdp= − d

dt

m∑
k=1

∫
s,k

[(
Be,k+

n∑
l=1

Bn,k

)
dsk

]
(3)

where Be,k and Bn,k is the magnetic strength induced by the
kth turns of the transmitter coil and metasurface units. sk is the
area of the metasurface unit. m and n are the numbers of turns
of the transmitter and metasurface units.

The relationship between magnetic strength Be,k, Bn,k and
corresponding magnetic field intensity He,k and He,k is as
follows:

Be,k = u0 ur He,k = μHe,k (4)

Bn,k = u0 ur Hn,k = μHn,k (5)

where u0 and ur are the vacuum and the relevant permeability
of the material.

Tanking (3) into (2), the current flowing through the metasur-
face can be expressed

I =
1

L

ω2

ω2
0 − ω2 + jRω

L

m∑
k = 1

∫
s,k

[(
Be,k +

n∑
l = 1

Bn,k

)
dsk

]

(6)
where ω0 is the resonant frequency of the metasurface unit,
which should satisfy the following equation:

ω0 =
1√
LC

. (7)
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The magnetization intensity M is defined by

M =
I
∑m

k=1 Sk

V
em (8)

where V is the volume of the metasurface unit and Sk is the
area surrounded by each coil turn of the metasurface. em is the
magnetic dipole moment.

Taking (6) into (8), the magnetization intensity M is redefined
as

M=
1

LV

ω2

ω2
0−ω2+jRω

L

m∑
k=1

∫
s,k

[(
Be,k+

n∑
l=1

Bn,k

)
dsk

]
sk.

(9)
The relative permeability of the metasurface can be obtained

via the magnetization intensity, defined as follows:

μr =

(
1 +

M

H

)
= 1 +Xv (10)

where Xv is the volume magnetic susceptibility and μr is the
relative permeability of the metasurface unit.

By taking (9) and (8) with (10), the relative permeability
related to the transmitter coil and other metasurface units is given
as follows:

μre= 1+
μ0

LV

ω2

ω2
0−ω2+jRω

L

m∑
k=1

∫
s,k

[
sk+

n∑
l=1

Hn,k

He,k
sk

]
sk

μrn= 1+
μ0

LV

ω2

ω2
0−ω2+jRω

L

m∑
k=1

∫
s,k

[
He,k

Hn,k
sk+

n∑
l=1

sk

]
sk

(11)

where μre and μrn are the relative permeability of the metasur-
face related to the transmitter coil and other metasurface units.

The magnetic reluctance is calculated via the permeability μ,
defined as

Rm =
l

μ0μrA
(12)

where Rm, l, and A are the magnetic reluctance, length, and
cross area of the magnetic circuit, respectively.

Considering the magnetic circuit of the measured metasur-
face unit and transmitter coil, as well as that with the other
metasurface units, is in parallel. The magnetic reluctance of the
metasurface is redefined as

Rm = Rme// Rmn =
leln

A(lnure + leurn)
(13)

where Rme and Rmn is the magnetic reluctance associated with
the transmitter and other metasurface units.

In previously proposed solutions, the 2-D metasurface can
be divided as planar [21], [22], [24], [26] and stacked structure
[28]. As for the stacked metamaterial/metasurface, the relative
permeability μr is obtained via (11), and (13) considering the
units are tight intercoupling. Conversely, as for the planar meta-
surface, the coupling between units is loose compared to the
stacked topology. Hence, the μrn are always ignored and the

Fig. 4. Relationships between permeability, the proportion between equivalent
inductance and compensation capacitor, as well as frequency.

relative permeability of the metasurface is expressed as follows:

μr= 1 +
μ0

LV

ω2

ω2
0−ω2 + jRω

L

m∑
k=1

∫
s,k

[
sk +

n∑
l=1

Hn,k

He,k
sk

]
sk.

(14)
Based on (14), the impact of the L/C proportion of the meta-

surface on permeability is shown in Fig. 4. Under the resonant
frequency, the real component of permeability is zero and the
imaginary component of permeability reaches its peak value,
respectively. When the operating frequency is higher than the
resonant frequency, the real component of permeability will
decrease sharply and move back to near zero after reaching
the minimum value. The imaginary component of it will also
decrease sharply and go down to zero directly. With the increase
of the proportion of the equivalent inductance and compensation
capacitor, the resonant frequency will increase and the corre-
sponding permeability will also change. Hence, by regulating
the L/C proportion of the metasurface, the desired permeability
can be obtained. The real component corresponds to the property
of the metasurface/metamaterial and the imaginary component
is related to the loss. Under the resonance frequency, the imagi-
nary component reaches its peak and the impedance reaches its
minimum value, accordingly, the current peak at this condition
with the largest loss.

Considering the self-inductance of the metasurface unit, the
compensation capacitor is in the picofarad (pF) range, to ensure
that the resonance frequency is lower than 13.56 MHz. Based
on considerations of capacitor specifications, the compensation
capacitor is selected as 100 pF.

The impact of the coil turns the number of the metasurface
unit with the compensation capacitor of 100 pf on permeability
is shown in Fig. 5(a) and (b).

In this article, the operating frequency is selected as 13.56
MHz, and the calculated results of operating frequency versus
permeability are given in Fig. 6. Under the megahertz situation,
the magnetic field is regarded as a quasi-static field, which
means the electric field and magnetic field can be analyzed
independently [21] and will not interact with each other. Based
on Fig. 6(a) and (b), under the operation range near 13.56
MHz, the permittivity is always lower than zero and the DNG
material (metasurface) is obtained, which can effectively refract
the electromagnetic wave [27].
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Fig. 5. Impact of number of turns of the metasurface on permeability. (a) Real
component. (b) Imaginary component.

Fig. 6. Permeability and permittivity versus operating frequency of the de-
signed metamaterial. (a) Permeability. (b) Permittivity.

Fig. 7. Magnetic vector plot on transmission path of the WPT systems.
(a) Without metamaterial. (b) With the proposed TEMS.

III. SIMULATION ANALYSIS OF THE TEMS

In this part, the simulation analysis is conducted by the
Ansys/HFSS. The simulations are conducted under the constant
power condition and the load of the WPT systems with and
without the proposed TEMS are the same. The magnetic vector
plot with and without the TEMS is shown in Fig. 7(a) and (b).
With the proposed TEMS, the magnetic field along the main
magnetic circuit is enhanced.

The magnetic field strength distribution of the WPT system
with and without the TEMS around the transmitter is given
in Fig. 8(a) and (b). Fig. 8(c) and (d) shows the magnetic

Fig. 8. Magnetic field strength distribution around transmitters and receiver.
(a) Transmitter without TEMS. (b) Transmitter with TEMS. (c) Receiver without
TEMS. (d) Receiver with TEMS.

Fig. 9. Magnetic field strength distribution of the WPT system. (a) System
without TEMS. (b) System with the proposed TEMS.

intensity around receivers of the WPT systems with and without
the TEMS. Compared to the WPT system without TEMS, the
magnetic intensity around the receiver of the TEMS-based WPT
system is effectively improved. Considering the input power and
load is constant, the enhanced magnetic field strength around the
receiver coil corresponds to the increased current, accordingly,
the output power of the load is increased. Besides, to confirm
the effect of the TEMS, the magnetic field strength distribution
in the transmission path of systems is shown in Fig. 9. As shown
in Fig. 9, the magnetic field around the receiver coil will be
increased with the proposed TEMS, and the magnetic field in
around the TEMS is effectively modified.

Considering the simulation is conducted under the constant
input power condition, it is difficult to maintain identical input
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currents for the two aforementioned systems. Hence, the verifi-
cation of leakage flux reduction is given in the following section
with open-circuit experiments.

IV. EXPERIMENTAL VERIFICATION

The prototype of the proposed design is implemented and
three separate experiments are conducted. The first open-circuit
experiment is conducted to verify that the proposed TEMS can
reduce the leakage flux and increase the coupling coefficient
of the WPT system. The second and third experiments are
conducted to verify the enhancement of efficiency caused by
TEMS based on the scattering parameter [24], [25], [26], [27]
and circuit model [30]. To distinguish those two efficiencies,
the efficiency based on the scattering parameter is defined as
transmission gain. The corresponding verification systems for
the three experiments are different. The first system consists
signal generator (TG5011) and oscilloscope and the second
for transmission gain is with the spectrum analyzer and vector
network analyzer (VNA) and SVA-1032X. The third system
for efficiency measurement consisted of the signal generator
(TG5011) and the power amplifier (A075). The cost associated
with TEMS manufacturing includes expenses for copper wire,
compensation capacitors, and 3-D printing FR4 slab. The pro-
posed TEMS increase the cost by 13.5% of the transmitter coil
with FR4 slab.

A. Leakage Flux and Coupling Coefficient Verification

As for a coil, the flux φ in the magnetic circuit is related to
the magnetomotive force F and the magnetic reluctance Rm,
defined as follows:

φ =
F

Rm
=

Ni

Rm
(15)

where N and i is the number of turns of the coil and the current
through the coil.

In the two-coil WPT system, the flux φ consisted of the main
flux φm and the leakage flux φl, given as

φ = φm + φl. (16)

The main flux φm through the receiver coil and generate the
induced voltage Us, which follows:

Us = N
dφm

dt
. (17)

Based on (15), with the same excitation current i, number
of turns of the source coil and transfer distance, the flux φ
for the WPT system with and without the proposed TEMS is
the same. Accordingly, based on (16) and (17), with the same
operating frequency, the induced voltageUs of the receiver coil is
proportional to the main flux φm, correspondingly observing the
leakage flux φl. The induced voltageUs versus primary current i
of the WPT system with and without the proposed TEMS under
different transfer distances is given in Fig. 10.

As indicated in Fig. 10, under transfer distances of 100,
150, and 250 mm, the proposed TEMS can effectively increase
the induced voltage in the receiver coil from 67.18, 25.1, and
8.31 mV to 90.54, 42.43, and 11.14 mV. The increase in induced

Fig. 10. Induced voltage Us versus primary current i of the WPT systems.
(a) Without TEMS under 100 mm. (b) With TEMS under 100 mm. (c) Without
TEMS under 150 mm. (d) With TEMS under 150 mm. (e) With TEMS under
150 mm. (c) Without TEMS under 250 mm. (f) With TEMS under 250 mm.

voltage Us with the same excitation current i corresponding to
the increased main flux φm and reduced leakage flux φl under
a constant flux φ. Hence, the proposed TEMS can effectively
reduce the leakage flux.

Apart from the reduced leakage flux, the proposed TEMS can
also increase the mutual inductance, accordingly, the coupling
coefficient of the WPT system. The verification process is given
as follows.

As for the two-coil WPT system, the induced voltage Us in
the receiver coil is determined by the mutual inductance and
current in the transmitter coil ip, defined as follows:

Us = jωMip (18)

whereω andM are the circular frequency and mutual inductance
of the WPT system, respectively.

Based on (18) and Fig. 10, the mutual inductance and coupling
coefficient can be obtained, which is given in Fig. 11. As given
in Fig. 11, the proposed TEMS can effectively increase the
coupling coefficient of the WPT system. This is the fundamental
issue of efficiency enhancement caused by the proposed TEMS.

B. Transmission Gain Verification

As for all the two-port systems, transmission gain Gt can
be used to evaluate coil-to-coil efficiency based on scattering
parameters. The VNA is an ideal solution to evaluate the Gt

under the fully load-matching condition, which has been widely
used in metasurface-based WPT systems [24], [25], [26]. As
described in the previously proposed solutions, the entire WPT
system with and without the metamaterial can be regarded as
a two-port network consisting of the transmitter and receiver.
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Fig. 11. Coupling coefficient of the WPT system with and without the pro-
posed TEMS.

Fig. 12. Verification system of the WPT system with the TEMS.

By measuring the forward transmission coefficient S21, the
transmission gain/ coil-to-coil efficiency based on the scattering
parameter is obtained.

The verification system of the transmission gain is shown in
Fig. 12. The transmitter and receiver are connected to ports 1
and 2 of the VNA.

The relationship between coefficients, i.e., S11, S21, and trans-
mission gain Gt is reported in [24] and [25], which is given as
follows:

Gt =

(
1− |Γs |2

)(
1− |Γs |2

)
S2
21

|((1− S11Γs) (1− s22ΓL)− S12S21ΓsΓL)| ) (19)

whereΓL andΓS represent the reflection coefficient at the source
(transmitter) and load (receiver), defined as

ΓS =
ZS − Z0

ZS + Z0
(20)

ΓL =
ZL − Z0

ZL + Z0
(21)

where ZS , ZL, and Z0 are the source impedance, load
impedance, and reference impedance, respectively.

Besides, the overall efficiency of the system is defined as

ηsystem = Gt ∗ ηconverter (22)

where Gt and ηconverter is the efficiency determined by the coil
and the applied converter.

In the VNA verification system, The impedances of the source
and the load are matched to the reference impedance 50 Ω,

Fig. 13. Transmission gain versus frequency of the WPT systems with and
without the proposed TEMS under the distance of 200 mm.

Fig. 14. Transmission gain versus transfer distance of the WPT system with
and without the proposed TEMS.

(ZS = Z0). The converter is removed from the verification
system. Hence, the impact of converter and load-matching issues
on efficiency is eliminated, making ΓS and ΓL both zero.

Hence, by substituting (19)–(21) into (22), the efficiency
based on the scattering parameter is expressed as follows:

ηsystem = Gt = S2
21. (23)

Yin et al. [30] proposed another definition of transmission
gain given as (24), which takes the reflection coefficient into
account

Gt =
S2
21

1− S2
11

. (24)

However, based on the results in [31], the Gt calculated
based on (23) is closer to the measured efficiency compared
to that based on (24). Hence, in most of the metasurface-based
WPT systems [24], [25], [26], [27], (23) is used to evaluate the
transmission gain.

The transmission gain S21 of the WPT systems with and
without the proposed TEMS under the rated transfer distance of
200 mm is shown in Fig. 13 while the S21 versus transmission
distance is given in Fig. 14.

As shown in Fig. 13, under the rated transfer distance of
200 mm, the WPT system without TEMS reaches the peak
transmission gain of −10.49 dB while the proposed TEMS
achieves a transmission gain improvement of 30.5%, reaching
−7.29 dB.



CHEN et al.: TRANSMITTER-EMBEDDED METASURFACE-BASED WIRELESS POWER TRANSFER SYSTEM 1769

Fig. 15. Transmission gain versus frequency of the WPT systems with and
without the proposed TEM under angular misalignment θ of 50°.

Fig. 16. Transmission gain versus angular misalignment of the WPT system
with and without the proposed TEMS under the transfer distance of 200 mm.

As shown in Fig. 14, the transmission gain improvement of
the WPT system with TEMS will rise with the increase of the
transfer distance.

In practical applications, the TEMS is installed in the transmit-
ter and placed in the charging platform together with the trans-
mitter under a fixed position. Hence, the angular and parallel
misalignment conditions are inevitable, which are investigated
as follows.

The transmission gain S21 versus frequency of the WPT
systems with angular misalignment of 50° and the distance of
200 mm is given in Fig. 15. The angular misalignment θ variation
versus S21 is indicated in Fig. 16. As shown in Fig. 15, under the
abovementioned condition, the WPT system with TEMS reaches
the peak transmission gain of −11.57 dB while the conventional
WPT system only reaches −15.19 dB.

The transmission gain S21 versus frequency of the WPT
systems with parallel misalignment of 70 mm and the distance
of 200 mm is given in Fig. 17. The parallel misalignment d
variation versus S21 is indicated in Fig. 18.

As shown in Fig. 17, the TEMS can effectively increase
the S21 of the WPT system from −16.65 dB to −13.51 dB.
Besides, the S21 enhancement will increase with the increase
of the misalignment level. Transmission gain versus parallel
misalignment distance under the transfer distance of 200 mm
is given in Fig. 18.

Fig. 17. Transmission gain versus frequency of the WPT systems with and
without the proposed TEMS under parallel misalignmentdof 70 mm and transfer
distance of 200 mm.

Fig. 18. Transmission gain versus parallel misalignment distance of the WPT
systems with and without the TEMS under the distance of 200 mm.

Fig. 19. Efficiency verification system of the TEMS based WPT system.
(a) Verification system. (b) Schematic diagram of the verification system.

C. Power Transfer Efficiency Verification

As for the coil-to-coil efficiency based on the circuit model,
the verification system consisting of the signal generator and
power amplifier and the corresponding circuit diagram, are given
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Fig. 20. Experimental results of the WPT system with/without the proposed
TEMS. (a) WPT system without TEMS with L = 200 mm. (b) WPT system
with TEMS with L = 200 mm. (c) Efficiency versus transfer distance.

in Fig. 19. The load is 40 Ω and the compensation network is
selected as series–series topology.

The coil-to-coil efficiency of the system based on the circuit
model [30] is defined as follows:

ηsystem =
Pout

Pin
=

UinIin cos θin

UoutIout cos θout
(25)

where the Uin, Iin, Uout, Iout, θin, and θout are the input and
output voltage, current, and corresponding angle differences,
respectively. Pout and Pin is the output and input power.

The experimental results of the WPT system with and without
the proposed TMES under transfer distances of 200 mm are
shown in Fig. 20(a) and (b). The WPT system with the proposed
TEMS reaches efficiencies of 37.7% while that without the
TEMS only reaches 26.1%. With the constant input power, the
output power will decrease with the increase of transfer distance.
Correspondingly, the coil-to-coil efficiency indicates the same
trend.

The coil-to-coil efficiency and output power versus transfer
distance L of the WPT system with and without TEMS are
given in Fig. 20(c). As shown in Fig. 20(c), the coil-to-coil
efficiency variation indicates the same trend with transmission
gain given in Fig. 14. Under the transfer distance of 100 mm, the
efficiency between the proposed TEMS-based WPT system and
the conventional solution is minimal, indicating that the effective
operating distance of the TEMS is more than 100 mm.

D. Misalignments Analysis

The receiver is installed in the electromagnetic device, hence,
parallel misalignment and angular misalignment cannot be
avoided. The proposed TEMS eliminates the misalignment issue
with the transmitter coil, indicating a key advantage compared
to the generalized metasurface-based WPT system.

Fig. 21. Experimental results of the WPT system with/without the pro-
posed TEMS with angular misalignment. (a) WPT system without TEMS with
θ = 50°. (b) WPT system with TEMS with t θ = 50°. (c) Efficiency versus
angular misalignment θ variation.

The efficiency of the system with and without TEMS with
receiver angular misalignment of 50° is shown in Fig. 21(a) and
(b). As shown in Fig. 21(a) and (b), the efficiency of the system
with and without the TEMS is 24.3% and 15.6%, respectively.
The performance of the systems with angular misalignment
from 0 to 50° is shown in Fig. 21(c). As shown in Fig. 21(c),
despite the efficiency of the WPT systems with and without
the proposed TEMS will both decrease with the increase of the
angular misalignment degree, the TEMS can always increase
the efficiency of the system.

Fig. 22(a) and (b) indicates the experimental waveforms of the
WPT system with and without the proposed TEMS under par-
allel misalignment of 70 mm. The efficiency of the system with
and without the TEMS under the parallel misalignment of 70 mm
is 19.6% and 13.5%. Fig. 22(c) demonstrates the performance
of the systems under different parallel misalignments d. The
efficiency of the system without and with TEMS will decrease
with the increase of the parallel misalignments d. However,
the proposed TEMS can maintain a stable improvement of the
efficiency under the parallel misalignment within 70 mm, which
is no less than 34.8%.

A comprehensive comparison between the proposed TEMS
and generalized solutions is shown in Table III. Compared to
the solutions given in Table III, the key merits of the pro-
posed TEMS among generalized solutions are the efficiency
improvement per volume and no additional space occupation.
Along with reducing the relative dimensions by 24.2% to
160.5%, the proposed structure still can increase efficiency ef-
fectively compared to the previously proposed solutions given in
Table III.
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TABLE III
COMPREHENSIVE COMPARISON OF THE PREVIOUSLY REPORTED METAMATERIAL-BASED SYSTEMS AND THE PROPOSED TEMS

Fig. 22. Experimental results of the WPT system with/without the pro-
posed TEMS with angular misalignment. (a) WPT system without TEMS with
d = 70 mm. (b) WPT system with TEMS with d = 70 mm. (c) Efficiency versus
parallel misalignment.

V. CONCLUSION

This article proposes and implements a transmitter-embedded
metasurface for the 13.56 MHz wireless power transfer system
with an extended transfer distance. The mathematical model of
the metamaterial and the theoretical feasibility of the overall
system are established. The contributions of this article are
summarized as follows.

1) A highly practical metamaterial-based WPT system is
achieved, with increased efficiency obtained without
occupying additional space excluding the occupation of
the transmitter coil. Incorporated into the designed topol-
ogy, the power transfer efficiency and transmission gain
are enhanced by 14.5% to 62.7% across various transfer
distances.

2) The proposed TEMS is validated under angular and
parallel misalignment conditions. It exhibits efficiency
enhancement under angular misalignment of 50° (no less
than 33.8%) and parallel misalignment of 70 mm (not less
than 34.8%).

3) A higher transfer efficiency promotion with reduced
volume is achieved. Along with reducing the relative

dimensions by 24.2% to 160.5%, the proposed TEMS still
can increase efficiency/transmission gain effectively.

4) The flux is focused on the receiver coil, the leakage flux
is reduced, and the mutual inductance between coils is
increased with the proposed TEMS.

Effective efficiency promotion, no additional space occupa-
tion, and leakage flux reduction are simultaneously presented in
the proposed design, which confirms its superiority in extended-
distance WPT systems.

REFERENCES

[1] P. Zhang et al., “Wireless power transfer-based voltage equalizer for
scalable cell-string charging,” IEEE Trans. Ind. Electron., vol. 71, no. 1,
pp. 493–503, Jan. 2024.

[2] Y. Yang, W. Zhong, S. Kiratipongvoot, S.-C. Tan, and S. Y. R. Hui,
“Dynamic improvement of series–series compensated wireless power
transfer systems using discrete sliding mode control,” IEEE Trans. Power
Electron., vol. 33, no. 7, pp. 6351–6360, Jul. 2018.

[3] P. Zhang, M. Saeedifard, O. C. Onar, Q. Yang, and C. Cai, “A field enhance-
ment integration design featuring misalignment tolerance for wireless EV
charging using LCL topology,” IEEE Trans. Power Electron., vol. 36, no. 4,
pp. 3852–3867, Apr. 2021.

[4] Y. Yang, “Precise modeling of nonlinear rectifier loads in wireless power
transfer systems,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 11,
no. 3, pp. 3574–3585, Jun. 2023.

[5] Y. Zhang, T. Lu, Z. Zhao, F. He, K. Chen, and L. Yuan, “Employing load
coils for multiple loads of resonant wireless power transfer,” IEEE Trans.
Power Electron., vol. 30, no. 11, pp. 6174–6181, Nov. 2015.

[6] H. Lin, S. Niu, Z. Xue, and S. Wang, “A simplified virtual-vector-
based model predictive control technique with a control factor for three-
phase SPMSM drives,” IEEE Trans. Power Electron., vol. 38, no. 6,
pp. 7546–7557, Jun. 2023,.

[7] H. Lin et al., “Three-stage duty cycle-based deadbeat predictive
torque control for three-phase SPMSMs with CMV reduction,” IEEE
Trans. Power Electron., vol. 38, no. 9, pp. 11385–11398, Sep. 2023,
doi: 10.1109/TPEL.2023.3288184.

[8] X. Zhang, S. L. Ho, and W. N. Fu, “A hybrid optimal design strategy of
wireless magnetic-resonant charger for deep brain stimulation devices,”
IEEE Trans. Magn., vol. 49, no. 5, pp. 2145–2148, May 2013.

[9] X. Zhang, X. Zhang, and L. Han, “An energy efficient internet of things
network using restart artificial bee colony and wireless power transfer,”
IEEE Access, vol. 7, pp. 12686–12695, 2019.

[10] C. Cheng, Z. Zhou, W. Li, C. Zhu, Z. Deng, and C. C. Mi, “A multi-
load wireless power transfer system with series-parallel-series compen-
sation,” IEEE Trans. Power Electron., vol. 34, no. 8, pp. 7126–7130,
Aug. 2019.

[11] J. Shin et al., “Design and implementation of shaped magnetic-resonance-
based wireless power transfer system for roadway-powered moving elec-
tric vehicles,” IEEE Trans. Ind. Electron., vol. 61, no. 3, pp. 1179–1192,
Mar. 2014.

[12] C. Cai, J. Wang, F. Zhang, X. Liu, P. Zhang, and Y.-G. Zhou, “A
multichannel wireless UAV charging system with compact receivers for
improving transmission stability and capacity,” IEEE Syst. J., vol. 16, no. 1,
pp. 997–1008, Mar. 2022.

[13] C. Cheng et al., “A multiload inductive power transfer repeater system with
constant load current characteristics,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 8, no. 4, pp. 3533–3541, Dec. 2020.

https://dx.doi.org/10.1109/TPEL.2023.3288184


1772 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

[14] C. Cai, M. Saeedifard, J. Wang, P. Zhang, J. Zhao, and Y. Hong, “A
cost-effective segmented dynamic wireless charging system with stable
efficiency and output power,” IEEE. Trans. Power Electron., vol. 37, no. 7,
pp. 8682–8700, Jul. 2022.

[15] W. Zhang, S. C. Wong, C. K. Tse, and Q. Chen, “Design for efficiency
optimization and voltage controllability of series–Series compensated
inductive power transfer systems,” IEEE Trans. Power Electron., vol. 29,
no. 1, pp. 191–200, Jan. 2014.

[16] X. Liu and G. Wang, “A novel wireless power transfer system with double
intermediate resonant coils,” IEEE Trans. Ind. Electron., vol. 63, no. 4,
pp. 2174–2180, Apr. 2016.

[17] J. Li, J.-K. Lin, X. Song, S. Yan, K.-D. Xu, and X. Y. Zhang, “Efficiency-
enhanced wireless power transfer based on multiple coupling paths,” IEEE
Microw. Wireless Compon. Lett., vol. 32, no. 5, pp. 444–447, May 2022.

[18] N. Oshimoto, K. Sakuma, and N. Sekiya, “Improvement in power transmis-
sion efficiency of wireless power transfer system using superconducting
intermediate coil,” IEEE Trans. Appl. Supercond., vol. 33, no. 5, Aug. 2023,
Art. no. 1501004, doi: 10.1109/TASC.2023.3256342.

[19] J. Besnoff, M. Chabalko, and D. S. Ricketts, “A frequency-selective zero-
permeability metamaterial shield for reduction of near-field electromag-
netic energy,” IEEE Antennas Wireless Propag. Lett., vol. 15, pp. 654–657,
2016.

[20] X. Zhang, S. L. Ho, and W. N. Fu, “Quantitative analysis of a wireless
power transfer cell with planar spiral structures,” IEEE Trans. Magn.,
vol. 47, no. 10, pp. 3200–3203, Oct. 2011.

[21] W. Yang, S.-L. Ho, and W. Fu, “Numerical and experimental study
on design optimization of hybrid metamaterial slab for wireless power
transmission,” IEEE Access, vol. 8, pp. 82700–82708, 2020.

[22] Y. Cho et al., “Thin hybrid metamaterial slab with negative and zero
permeability for high efficiency and low electromagnetic field in wireless
power transfer systems,” IEEE Trans. Electromagn. Compat., vol. 60, no. 4,
pp. 1001–1009, Aug. 2018.

[23] T. Shaw and D. Mitra, “Wireless power transfer system based on magnetic
dipole coupling with high permittivity metamaterials,” IEEE Antennas
Wireless Propag. Lett., vol. 18, no. 9, pp. 1823–1827, Sep. 2019.

[24] C. Lu, X. Huang, C. Rong, X. Tao, Y. Zeng, and M. Liu, “A dual-band
negative permeability and near-zero permeability metamaterials for wire-
less power transfer system,” IEEE Trans. Ind. Electron., vol. 68, no. 8,
pp. 7072–7082, Aug. 2021.

[25] C. Lu, X. Huang, X. Tao, C. Rong, and M. Liu, “Comprehensive analysis
of side-placed metamaterials in wireless power transfer system,” IEEE
Access, vol. 8, pp. 152900–152908, 2020.

[26] C. Lu et al., “Investigation of negative and near-zero permeability metama-
terials for increased efficiency and reduced electromagnetic field leakage
in a wireless power transfer system,” IEEE Trans. Electromagn. Compat.,
vol. 61, no. 5, pp. 1438–1446, Oct. 2019.

[27] J. Zhou, P. Zhang, J. Han, L. Li, and Y. Huang, “Metamaterials and
metasurfaces for wireless power transfer and energy harvesting,” Proc.
IEEE, vol. 110, no. 1, pp. 31–55, Jan. 2022.

[28] Z. Gong and S. Yang, “One-dimensional stacking miniaturized low-
frequency metamaterial bulk for near-field applications,” J. Appl. Phys.,
vol. 127, no. 11, 2020, Art. no. 114901.

[29] R. Das, A. Basir, and H. Yoo, “A metamaterial-coupled wireless power
transfer system based on cubic high-dielectric resonators,” IEEE Trans.
Ind. Electron., vol. 66, no. 9, pp. 7397–7406, Sep. 2019.

[30] Y. Yin, H. Li, and M. Fu, “Inductive coupler analysis based on scattering
parameters with nonstandard terminal impedance,” IEEE J. Emerg. Sel.
Topics Ind. Electron., vol. 3, no. 4, pp. 1168–1176, Oct. 2022.

[31] M. Song, P. Belov, and P. Kapitanova, “Wireless power transfer based on
dielectric resonators with colossal permittivity,” Appl. Phys. Lett., vol. 109,
Dec. 2016, Art. no. 223902.

[32] A. Rajagopalan, A. K. RamRakhyani, D. Schurig, and G. Lazzi, “Im-
proving power transfer efficiency of a short-range telemetry system using
compact metamaterials,” IEEE Trans. Microw. Theory Techn., vol. 62,
no. 4, pp. 947–955, Apr. 2014.

Yuanxi Chen (Student Member, IEEE) received the
B.Eng. degree in electronic science and technology
and M.Eng. degree in electrical engineering from
Huaqiao University, Xiamen, China, in 2015 and
2018, respectively, and the Ph.D. degree in electri-
cal and electronic engineering from The Hong Kong
Polytechnic University, Hong Kong, in 2023.

His research interests include electric machines,
electromagnetic metamaterial, transformer, and wire-
less power transmission.

Xing Zhao (Member, IEEE) received the B.Eng.
degree from Nanjing University of Aeronautics and
Astronautics, Nanjing, China, in 2014, and the Ph.D.
degree from The Hong Kong Polytechnic University,
Hong Kong, in 2020, both in electrical engineering.

From 2019 to 2020, he was a Visiting Research
Scholar with the Center for Advanced Power Sys-
tems, Florida State University, Tallahassee, USA.
Between 2020 and 2021, he was a Research Assistant
Professor with the Department of Electrical Engineer-
ing, The Hong Kong Polytechnic University. Since

2021, he has been a Lecturer with the Department of Electronic Engineering,
University of York, U.K. He has authored or coauthored more than 50 technical
papers in the international journals and conferences and holds six granted
patents. His research interests include advanced electrical machines, motor
drives, and power electronics for electric vehicles and renewable energy systems.

Shuangxia Niu (Senior Member, IEEE) received the
B.Sc. and M.Sc. degrees from Tianjin University,
Tianjin, China, in 2002 and 2005, respectively, and
the Ph.D. degree from the University of Hong Kong,
Hong Kong, in 2009, all in electrical engineering.

Since 2009, she has been with The Hong Kong
Polytechnic University, Hong Kong. She is currently
a Professor with the Department of Electrical and
Electronic Engineering, Hong Kong Polytechnic Uni-
versity, Hong Kong. She has authored more than 100
papers in leading journals. She was an Associate

Editor for the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER

ELECTRONICS. Her research interests include electrical machines and drives for
electric vehicles, renewable energy, and applied electromagnetics.

Weinong Fu received the Ph.D. degree in electrical
engineering from The Hong Kong Polytechnic Uni-
versity (PolyU), Hong Kong, in 1999.

He is a Professor with Shenzhen Institutes of Ad-
vanced Technology, Chinese Academy of Sciences.
He was with PolyU about 13 years as an Associate
Professor and Full Professor. He was one of the key
developers at Ansoft Corporation in Pittsburgh, USA.
He has about seven years of working experience at
Ansoft, focusing on the development of commercial
software Maxwell. He has made many contributions

to the theory and application of electromagnetic field computation and electric
device design, including the publication of more than 250 refereed journal
papers. His research interests include computational electromagnetics, optimal
design of electric devices, applied electromagnetics, and novel electric machines.

Hongjian Lin (Senior Member, IEEE) received the
Ph.D. degree in electrical engineering from South-
west Jiaotong University, Chengdu, China, in 2021.

From 2019 to 2020, he was a Visiting Researcher
with the School of Electrical and Computer Engineer-
ing, Georgia Institute of Technology, Atlanta, GA,
USA. He was a Postdoc Research Associate with The
Hong Kong Polytechnic University, Hong Kong. He is
currently a Postdoc Research Associate with the De-
partment of Electrical Engineering, City University of
Hong Kong. His research interests include predictive

model control of converters in microgrids, electrical machines and drives control,
wireless power transfer control, electric traction supply system, magnetic field
analysis, and modulation and control technologies of multilevel converters in
the solid-state transformer.

https://dx.doi.org/10.1109/TASC.2023.3256342


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


