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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
transmitter-embedded metasurface (TEMS),
transfer (WPT).

permeability,
wireless power

I. INTRODUCTION

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

Manuscript received 25 March 2023; revised 23 July 2023 and 30 August
2023; accepted 24 September 2023. Date of publication 29 September 2023;
date of current version 6 December 2023. This work was supported by the
Research Grant Council of the Hong Kong SAR Government under Grant
PolyU152180/19E. Recommended for publication by Associate Editor F. Lu.
(Corresponding author: Shuangxia Niu.)

Yuanxi Chen and Shuangxia Niu are with the Department of Electrical
Engineering, The Hong Kong Polytechnic University, Hong Kong (e-mail:
19109864r @connect.polyu.hk; eesxniu@polyu.edu.hk).

Xing Zhao is with the Department of Electronic Engineering, University of
York, YO10 5DD York, U.K. (e-mail: xing.zhao@york.ac.uk).

Weinong Fu is with the Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences, Shenzhen 518038, China (e-mail: wn.fu@siat.ac.cn).

Hongjian Lin is with the City University of Hong Kong, Hong Kong (e-mail:
hongjian_lin@ieee.org).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3320743.

Digital Object Identifier 10.1109/TPEL.2023.3320743

, Member, IEEE, Shuangxia Niu
, and Hongjian Lin

, Senior Member, IEEE,
, Senior Member, IEEE

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

L No Additional Space Applicable to No unconventional . . . .
Categorization Occupying High-frequency (MHz) material required Lightweight Strong Universality
This paper: TEMS N v J 7 7
[8]: Ferrite (nearly) x ~ x N
[16]: Double intermediate coils x N N x ~
[17]: Single resonator \/(nearly) v N V «
[18]: Superconductivity resonator x \ X N X
[21]: Single MTM in the middle X \" N N %
[24]: Dual-band middle MTM x v N N x
[26]: Dual MTM in back side x N N « N
[29]: Cubic MTM in the middle X N \/ N x

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

Substrate Plate (FR4)

Receiver Coil

Transmitter-embedded
Metasurface

Transmitter Coil

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
areceiver, 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 / of the substrate plate and
that of the proposed TEMS /,,, 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 I
GEOMETRIC PARAMETERS OF TRANSMITTER/RECEIVER AND TEMS

Defination Symbol Transm}tter/ Symbol TEMS
Receiver unit
Inner diameter (mm) I; 94 In 6
External diameter (mm) 1, 124 Lo 15.8
Coil turns width (mm) Cy 1 Comy 0.6
Coil turns gap (mm) Cq L5 Cmg 0.8
Number of turns N 11 N 8
Resistance () R; 1.94 R, 0.33
Self-inductance (uH) L; 21.3 Ly, 1.37
Compensation capacitor (pF) C; 6.5 Cy 125
AAAAAAAAA With TEMS Receiver Air
—  Without TEMS Transmitter with 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 (e, eg--+--ey,).

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],

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

[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:

tan6y _ M (1)

tanfy  po
where 6, and 6 are the refractive angles at two sides of mate-
rials, while p1, po 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

e+ Z ep 2)

p=1

I (R + L + joJL) =
JwC
where R, C, and L, are the resistor, compensation capacitor, and
equivalent inductance of the metasurface, respectively. e and
Zz _ 1 &p 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:
n d m
e+ Z epdp= o Z
p=1 E=175F

where B, ;, and B,, ;; is the magnetic strength induced by the
kth turns of the transmitter coil and metasurface units. s;, 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 B, i, B,, 1, and
corresponding magnetic field intensity H,j and H.j is as
follows:

<Be,k+z Bn,k) dSk] (3)

=1

Be,k = Ug Uy He,k = ﬂHe,k 4)
Bn,k = Up Ur Hn,k = ,U/Hn,k (5)

where ug and u, are the vacuum and the relevant permeability
of the material.
Tanking (3) into (2), the current flowing through the metasur-

face can be expressed
1 n
1 = B B d
Lw? —wQ—i—jRW Z/sk e’k+l§1 k)
(6)

where wy is the resonant frequency of the metasurface unit,
which should satisfy the following equation:

Wo = —— . 7)
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The magnetization intensity M is defined by

M = I3 iy Sk em
V
where V is the volume of the metasurface unit and Sy, is the
area surrounded by each coil turn of the metasurface. e,, is the
magnetic dipole moment.
Taking (6) into (8), the magnetization intensity M is redefined
as

®)

( e k"’z Bn,k) dSl;| Sk-

=1
9
The relative permeability of the metasurface can be obtained
via the magnetization intensity, defined as follows:

M
=142 ) = 1+X,
o ()

where X, is the volume magnetic susceptibility and p, 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:
2 m n
Hy 1
_ E Sk| Sk
0 T k=1 s,k 1 e,k

Sk—l—; Hn
2
WZ/ [ eksﬁzsk]%
=1
an

where (.. and p,., 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 1,
defined as

1

(10)

l
B /’LOMT’A

(12)

where R,,, [, 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

leln
A(Znure + leurn)

Rm = Rme// Rmn = (13)

where R,,. and R,,, 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 p,. 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 p,.,, are always ignored and the
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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:

0

e o ]
(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].

=1+
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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

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024
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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.
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Fig. 9. Magnetic field strength distribution of the WPT system. (a) System
without TEMS. (b) System with the proposed TEMS.
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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 ¢ in the magnetic circuit is related to
the magnetomotive force F' and the magnetic reluctance R,,,
defined as follows:

F N1
? = R

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

In the two-coil WPT system, the flux ¢ consisted of the main
flux ¢,, and the leakage flux ¢;, given as

d) :¢m +¢l-

The main flux ¢,,, through the receiver coil and generate the

induced voltage U, which follows:
dom
Us= N dt -’

Based on (15), with the same excitation current ¢, number
of turns of the source coil and transfer distance, the flux ¢
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 voltage U of the receiver coil is
proportional to the main flux ¢,,, correspondingly observing the
leakage flux ¢;. The induced voltage U, versus primary current ¢
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 t090.54,42.43, and 11.14 mV. The increase in induced

15)

(16)

7)
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U, 100mV/div \f u

1, 10 mA/div 1, 10 mA/div U, 100mV/div
(a) (b)
U, 100mV/div U, 100mV/div
1, 10 mA/div 1, 10 mA/div
(©) (d)
U, 50mV/div U, 50mV/div
1, 10 mA/div 1, 10 mA/div
(e) (®

Fig. 10.  Induced voltage U versus primary current ¢ 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. (¢) Without TEMS under 250 mm. (f) With TEMS under 250 mm.

voltage U, with the same excitation current ¢ corresponding to
the increased main flux ¢,,, and reduced leakage flux ¢; under
a constant flux ¢. 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 U in
the receiver coil is determined by the mutual inductance and
current in the transmitter coil ¢, defined as follows:

Us = jwMiy, (18)

where w and M 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 G; can
be used to evaluate coil-to-coil efficiency based on scattering
parameters. The VNA is an ideal solution to evaluate the G
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. 12.  Verification system of the WPT system with the TEMS.

By measuring the forward transmission coefficient So1, 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, So1, and trans-
mission gain Gy is reported in [24] and [25], which is given as

follows:
(1=1ms) (1= 1r. %) 83, |
[((1 = S11Ts) (1 — s92I'r) — S12521 T

where ', and I g represent the reflection coefficient at the source
(transmitter) and load (receiver), defined as

G =

19)

Zs — Zo

g =25 20 20

ST Zs+ Zo (20)
Zr — Zo

r, = 2L—20 21

L= 70+ 2 @D

where Zg, Zp, and Z; are the source impedance, load
impedance, and reference impedance, respectively.
Besides, the overall efficiency of the system is defined as

(22)

Tlsystem = Gt * Tconverter

where G and 7¢onverter 1S 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 €2,
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Fig. 13. Transmission gain versus frequency of the WPT systems with and
without the proposed TEMS under the distance of 200 mm.
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Fig. 14. Transmission gain versus transfer distance of the WPT system with

and without the proposed TEMS.

(Zs = Zyp). The converter is removed from the verification
system. Hence, the impact of converter and load-matching issues
on efficiency is eliminated, making I'g and I';, both zero.
Hence, by substituting (19)—(21) into (22), the efficiency
based on the scattering parameter is expressed as follows:

Tlsystem = Gt = S%l (23)

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

3

G“:l—sﬂ'

(24)

However, based on the results in [31], the G; 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 Sp; 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 So; 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.
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Fig. 15. Transmission gain versus frequency of the WPT systems with and
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o
2
4

-13 :

—— Generalized WPT
:‘5‘ —C— TEMS-Based WPT
-16 e
5 10 15 20 25 30 35 40 45 50
Angular Misalignment:# (deg)
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 So; versus frequency of the WPT
systems with angular misalignment of 50° and the distance of
200 mm s given in Fig. 15. The angular misalignment 6 variation
versus So; 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 So; 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 So; is indicated in Fig. 18.

As shown in Fig. 17, the TEMS can effectively increase
the So; of the WPT system from —16.65 dB to —13.51 dB.
Besides, the So; 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.
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Fig. 17.  Transmission gain versus frequency of the WPT systems with and
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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 €2 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:

n _ Pou _
system — -
’ B

Uindin cos 0;y

—_— 25
Usutdout €08 Oyt (2)

where the Ui, [in, Uou, Iouts Oin, and 0oy are the input and
output voltage, current, and corresponding angle differences,
respectively. Py, and P, 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.

Efficiency (%)
13
(=}

15+ -O- Efficiency With TEMS
- Efficiency Without TEMS
101 (O Power With TEMS

W7

L=200 mm

(M) 19MOJ PAIISJSURI],

5 + 4} Power Without TEMS r e
O L L L I L 1 L L 1 ()
0 5 10 15 20 25 30 35 40 45 50
Angular Misalignment:# (deg)
(c)
Fig. 21. Experimental results of the WPT system with/without the pro-

posed TEMS with angular misalignment. (a) WPT system without TEMS with
0 = 50°. (b) WPT system with TEMS with t & = 50°. (c) Efficiency versus
angular misalignment € 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 O 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
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Operatin Diameter of Diameter of Property of Diameter Ratio Rated Efficiency/
o P & . MTM/MTS perty of MTM/ MTS Transfer improvement
Categorization Frequency Tx/Rx Coils Slab MTM/ lab and Rx/ . ith
(MHz) (mm) abs MTS Slab and Rx/Tx Distance with MTM
(mm) (%) (mm) (%)
This paper: TEMS 13.56 124 94 Negative 75.8 200 37.7/42.2
[17]: MTM in the middle 58 92 150 Negative 163.1 200 13.5/75.5
[22]: MTM in the middle 6.78 150 260.4 Negative 173.3 200 10.7/73.8
[24]: Dual-band MTM slab 13.56/27.12  165/93 390 0/Negative 236.3 250 26.9/102.6
[29]: Cubic MTM in the middle 560 30 30 0 100 100 10.2/66.6
[26]: Dual MTM in back side 13.56 200 360 0 180 300 36.2/33.7
[32]: Single MTM in the middle 26.65 45/36 69 -1 153.3 79 18.2/37.9
Vi 19V/dil 1,,0.5vdi " 1V/di § 1, 0.8A/d1) dimensions by 24.2% to 160.5%, the proposed TEMS still
A ] ™A AT A i / can increase efficiency/transmission gain effectively.
. : - 4) The flux is focused on the receiver coil, the leakage flux
N D fs v G is reduced, and the mutual inductance between coils is
i J \ W/ ; increased with the proposed TEMS.
.Tim.e(S 115/div) ithout TEMS, ¢=70mm Time (50ns/div) B S, a‘:70:nm . Effective efﬁClenCy promF)tlon, nC.) additional Space OCCup.a-
@) tion, and leakage flux reduction are simultaneously presented in
a . . . Lo
the proposed design, which confirms its superiority in extended-
40 L5 distance WPT systems.
35
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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.
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than 33.8%) and parallel misalignment of 70 mm (not less
than 34.8%).
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