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Compact Hybrid Metasurface-Inspired Resonator
with Uniform Magnetic Field Distribution for
Wireless Power Transfer

Pavel Smirnov, Polina Kapitanova, Elizaveta Nenasheva, and Mingzhao Song

Abstract—Compact and safe charging platforms have been
one of the main goals in wireless power transfer (WPT) re-
search and development. Here we propose a compact hybrid
metasurface-inspired resonator with a uniform magnetic field
distribution for WPT. It consists of two orthogonally oriented
layers of parallel printed wires with high-permittivity dielectric
pads between them. This design allows to spatially separate
electric and magnetic fields, which provide high WPT efficiency
and electromagnetic safety simultaneously. The prototype with
28 cm X 28 cm working area with uniform magnetic field was
fabricated and experimentally studied. The measured coefficient
of variation of the magnetic field in the working area of the
resonator is 6.8%. The maximum achievable WPT efficiency
reaches 70% over the working area. The numerically assessed
specific absorption rate in human tissues placed on the proposed
structure is 11 mW/kg, which is 30 times lower than on a
conventional planar spiral coil. OQur results pave the way to
compact and safe WPT platforms for one-to-many charging.

Index Terms—Wireless power transfer, metasurface, near mag-
netic field, resonator.

I. INTRODUCTION

ITH the advent of the 5G era and the rapid rise of
Wapplications such as the Internet of Things, a large
number of electronic devices have different requirements for
electric energy in various scenarios, which has given birth to
a convenient power supply fashion. Wireless power transfer
(WPT) has become a key technology that needs to be devel-
oped urgently today [1], [2]. Among various WPT technolo-
gies, magnetic resonant power transfer (MRPT) [3], [4], which
aims to enlarge transfer distance and increase power transfer
efficiency, is considered to be one of the most promising
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WPT technology in the future. MRPT systems usually use two
resonant coils to transmit and receive the energy. To obtain
high WPT efficiency, they should have the same size and
be located coaxially at a certain distance for operation in a
critical coupling regime. However, any deviation from these
conditions leads to a crucial drop in WPT efficiency.

Nowadays, an increased number of personal electronic
devices require regular and frequent charging, which has led
to the emergence of a new direction of WPT, i.e. one-to-many
WPT [5]-[8]. In this concept, the transmitting resonator should
be large enough to accommodate several small receivers (Rx),
and the WPT efficiency is desired to be stable wherever the
Rx is placed on the transmitter (Tx). It was shown that MRPT
systems have the potential to implement this concept [9],
but the conventional coil resonators need to be modified to
meet the following two requirements. First, the magnetic fields
should be uniformly distributed on the Tx in order to solve the
problem of Rx misalignment. Second, the electric field leakage
must be well confined to guarantee human safety around a
large working area over the Tx.

The uniform magnetic field distribution can be obtained in
multiple ways. In [10]-[15] different Txs were proposed to
generate uniform magnetic fields. However, these structures
have a number of disadvantages, such as complex coil or
complicated power scheme designs [10], [11], discrepancy of
the magnetic field [12], small working area compared to the
coil size [13], etc. Also, all of the structures are based on
planar spiral coil (PSC) designs which do not confine the
electric field which limits its maximal allowable operation
power. Therefore these designs are hard to be applied in
consumer mobile-oriented WPT scenarios.

Recently, metasurface-inspired resonators have been pro-
posed for WPT [12], [16], [17]. Some of them can be classified
as hybrid structures consisting of resonant metallic units and
high permittivity material decorations for the manipulation
of magnetic and electric fields, respectively. For instance,
hybrid resonators with a large area and uniform magnetic
field distribution can be made from a wire-array structure [16],
[18]. High permittivity microwave materials such as distilled
water can be used as a surrounding background to confine
the electric field [17]. However, WPT Tx with compactness,
uniform fields and low specific absorption rate (SAR) being
achieved simultaneously have not been reported so far.

In this letter, we propose a hybrid metasurface-inspired
transmitting resonator for WPT systems. We numerically study
the eigenmodes of the structure and parametric dependencies
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Fig. 1. Configuration of the hybrid metasurface-inspired resonator: (a) top
view, and (b) side view with a close-up edge shown in the inset.

of their frequencies, optimize the geometry to obtain high
uniformity of the magnetic field in a large area and also
demonstrate the reduced SAR in comparison to conventional
(PSC) and other Tx designs. We fabricate and experimentally
study the prototype of the hybrid metasurface-inspired res-
onator to support numerical results.

II. RESONATOR DESIGN AND ANALYSIS
A. Configuration and Operation Principle

Crossing-wire resonator was reported in [17], which shows
good electric field shielding, but has a cumbersome pro-
file and non-uniform magnetic field distribution. To improve
manufacturability and WPT performance we propose a new
compact hybrid metasurface-inspired resonator configuration,
shown in Fig. 1. It consists of two orthogonally oriented layers
of parallel printed metallic wires of length L and width w.
Wires are distributed with a subwavelength spacing s;. In the
corners of the structure, square dielectric pads with width
d, thickness h and permittivity & are inserted. The rest part
between the layers is filled with low-index (& < &) material
for mechanical supporting.

The hybrid metasurface resonator based on wire-array sup-
ports a series of eigenmodes of the structure [19], [20],
which is due to a strong coupling between two units with
subwavelength spacing. When the second wire layer is added,
capacitive coupling occurs between layers, which can be
further enhanced by high permittivity dielectric insertions in
the corners. Excitation of the structure induces a current in
wires which form a set of nested current loops and creates
a vertically oriented magnetic field [17]. The presence of the
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Fig. 2. The fundamental mode frequency dependence as a function of (a)
permittivity of dielectric pads, (b) size of dielectric pads, (c) number of wires
in each layer.

second layer allows to spatially separate magnetic and electric
fields in the near-field region [17]. The high permittivity
dielectric insertions also increase the capacitive load of wires
and decrease the eigenmode frequencies, which can be used
for operation frequency tuning. In this way, the electric field
is confined between two layers, whereas the magnetic field
is distributed around the whole structure and the resonant
frequency is decreased.

B. Eigenmode Analysis

Initially, the wire structure with equidistant wire distribu-
tion was considered and mode analysis was performed in
CST Microwave Studio 2020 to define the mode with the
uniform magnetic field distribution. For a fixed resonator size
(L =38 cm, w =2 mm, & =2 mm) the influence of the follow-
ing parameters on the eigenmode frequency was investigated:
the size of dielectric pads, the dielectric permittivity, and the
number of wires. It was observed that a uniform magnetic
field over the resonator was created on the fundamental mode,
while the higher-order modes have magnetic field hot-spots
distributed to the edges. Here, we consider the fundamental
mode as the operational one, because it can potentially provide
a high WPT efficiency regardless of the Rx position. The
resulting parametric dependencies for the fundamental mode
are presented in Fig. 2. It can be seen that the achievable
working frequency of the hybrid resonator can be adjusted in
a wide range (5-100 MHz) for a fixed length of wires, and
the biggest impact on flexibility results from the permittivity
of dielectric pads. Almost the whole permittivity range from
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Fig. 3. Z-component of the magnetic field at a plane 30 mm above the
hybrid resonator with (a) equidistant wire distribution, and (b) optimizes wire
distribution. Here the fields are normalized to the maximal field intensity of
9 A/m for the equidistant case and 7.8 A/m for the optimized one.

Fig. 2(a) can be covered by composite ceramic materials which
also have a low loss at high frequencies [21]-[23].

C. Magnetic Field Optimisation

Further simulations were performed by the frequency do-
main solver of CST Microwave Studio 2020. The resonator
is excited with a port inserted in the slit in the center of the
lateral wire as shown in Fig. 1(a) with the red star. Based on
parametric analysis in the previous section, the operational fre-
quency of 27 MHz was tuned using the following parameters:
L=38cm w=2mm, h =2 mm, d =80 mm, N = 30,
€ = 55. The normalized magnetic field distribution at the
working frequency at the 30 mm plane above the resonator is
shown in Fig. 3(a). A reduction of magnetic field strength in
the center can be observed, which is due to wire arrangement
of the resonator. To quantify this non-uniformity of the field
we introduced the coefficient of variation (COV) defined as
the ratio of the standard deviation of the magnetic field to
its mean value [15]. For the structure with equidistant wire
distribution, the calculated COV is 15.2% in the working area
28 cm x 28 cm which is shown in Fig. 3(a) by a dashed line.

To increase the uniformity of the field in the working area
the number of wires of the resonator and spacing between
them was optimized. Part of the wires in the center Ny = 10
was distributed according to the law from [15] with spacing s;
determined as: s; = L(f; — fi+1), where f; is a ratio between the
i-th wire counting from the edge of the structure to the length
of the wire, which is defined as f; = (1 — (N —i+ 1)/N),
where N is the total number of wires, i is the order number
of wire, counting from the edge, k = 0.28 is the optimized
coefficient of non-uniformity. The peripheral wires N, = 24
were kept equidistantly distributed with spacing s = 7.5 mm.
The fundamental mode frequency was tuned to 27 MHz by
the size and permittivity of the dielectric inserts (d = 54 mm,
€ = 45). The optimized magnetic field distribution is shown
in Fig. 3(b). One can see that the magnetic field became more
uniform in the working area. The calculated COV is 6.6%,
which is 2.3 times lower than the non-optimised case.

D. SAR Assessment

SAR is commonly used for a quantitative assessment of the
human exposure to the electromagnetic field, which is defined
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Fig. 4. The SAR of different transmitters of WPT systems: (a) hybrid
resonator, (b) PSC with 38 cm x 38 cm size, (c) crossing-wire resonator
[17], (d) capacitor-loaded wires resonator [16]. For all structures the following
simulation condition were used: matched Rx was placed in the center and the
human forearm model was located above the region of highest electric field
(worst case) at the height z = 15 mm above Tx.

as: SAR=0C|E \2 /2p, where o is conductivity of the tissue,
E is the electric field strength and p is the density of the
tissue [24]. To assess the SAR of the hybrid resonator we
considered a typical application scenario of WPT systems:
energy is transferred to a matched Rx, and a human hand is
located near the Tx. The result of SAR calculation for human
forearm model [25] for 1 W input power is shown in Fig. 4(a).
The peak SAR value is 11 mW/kg, and the peak electric field
near the forearm is 260 V/m. International standards limit
the maximum value of SAR to 4 W/kg in the limbs [26],
[27]. Accordingly, up to 350 W of power could be transmitted
without significant harm to a human.

We also performed a comparison of the proposed structure
with conventional PSC and metasurface-based resonators [16],
[17], shown in Fig. 4(b-d). As can be seen from Fig. 4(b), the
SAR of a PSC is an order of magnitude higher than the SAR
of a hybrid resonator which is 330 mW/kg. Therefore, its use
for high-power applications might pose a serious danger to
people and other biological objects that are nearby the WPT
system. The SAR of the crossing-wire resonator [17] is twice
lower than the SAR of the proposed hybrid resonator, as shown
in Fig. 4(c). This follows from the fact that a crossing-wire
resonator is immersed in a high permittivity host medium,
which makes it possible to concentrate electric field inside and
reduce the SAR. In comparison, a relatively low SAR can be
still obtained in a compact profile of the proposed resonator.

ITI. EXPERIMENTAL INVESTIGATION AND COMPARISON

A prototype of the optimized hybrid resonator was fabri-
cated and measured. Its photograph is shown in Fig. 5(a).
The wires were made by means of PCB technology on a
1 mm thick FR-4 substrate (€ = 4.3, tand = 0.025). Dielectric
pads were manufactured from CaTiO3-based ceramic (€ = 45,
tand = 0.0005) [21]. To excite the structure, SMA connector
was mounted in a 5 mm slit of the lateral wire. To ensure the
mechanical strength of the structure, fix the pads and ensure
a constant height between the layers over the entire area of
the resonator, the holder was made using additive printing
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TABLE I
COMPARISON OF VARIOUS WPT TRANSMITTERS
Ref Frequency =~ Working area  COV  Efficiency SAR
et (MHz) (cm X cm) (%) (%) (mW/kg)
[11] 13.56 20 x 20 12 - -
[12] 13.56 22 x 22 - 60 -
[16] 17 21 x 31 23 80 12
[17] 36 35 x 35 37 70 4.6
PSC 27 28 x 28 25 77 330
This 27 28 x 28 6.8 70 11
work
Computer |— Near-field
scanner
i z
N~ 2] x Ly
VNA 1]
; >
B
@ (b)
Fig. 5. (a) Photograph and (b) the experimental setup of the hybrid

metasurface-inspired resonator prototype.

technology from ABS plastic (¢ = 2.8, tand = 0.03) [28].
All parts were fixed together with polyamide fasteners.

The measurement setup is shown in Fig. 5(b). To measure
the near magnetic field distribution the resonator was con-
nected to the first port of a vector network analyzer (VNA)
Rohde & Schwarz ZVB 20. The Langer EMV-Technic XF-R
100 magnetic field probe was connected to the second port of
VNA and placed in parallel plane to the resonator at z = 30 mm
to measure the normal component of the magnetic field. It was
moved along the plane using a high-precision 3D positioner
(near-field scanner) [29] with 0.5 cm step and complex value
of the transmission coefficient was measured at each point.
From this data the distribution of magnetic field was extracted
and is shown in Fig. 6(a). The measured field distribution is in
a good agreement with the simulated one from 3(b). We also
show the normalized amplitudes of the magnetic field along
the dashed diagonal line both for equidistant and optimized
wire distribution in Fig. 6(b). The simulated and measured
field profiles coincide well and have higher field strength in
the center in comparison to the equidistant wire distribution
case. The measured value of COV in the working area is 6.8%.

To measure the efficiency a simple WPT system was
realized. The hybrid resonator acted as a Tx and a single-
loop coil sized 9 cm X 6 cm acted as an Rx. Both of them
were connected to the VNA to measure the S-parameters of
the system herewith the separation between Tx and Rx was
15 mm, and the scanning of the working area was done with
a 1 cm step. The maximum available WPT efficiency (i.e. the
ratio of the power in the load to the power available from the
source when the Tx is matched with the source and the load
is optimized to maximize the efficiency) was extracted using
measured S-parameters [30], [31]. The result is presented in
Fig. 7(a). The efficiency reaches 70% and is almost constant
in the working area regardless of Rx position. The dependence
of the COV and efficiency to the Rx located at the center of
the resonator from the height above it was also studied and the
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Fig. 6. (a) Measured normalized z-component magnetic field distribution at a
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Fig. 7. (a) Measured maximum available efficiency to a single-loop receiver,
(b) dependence of efficiency and COV from the height above Tx.

result is shown in Fig. 7(b). The efficiency slightly decreases
as the height increases, while the COV has a minimum near
the desired working plane.

In the Table I we compare the performance of the proposed
hybrid resonator with a classical PSC and previously reported
WPT Txs with uniform magnetic field. For [16], [17] and PSC
the working area was defined as half of the whole area of the
Tx. The main advantage of the hybrid metasurface-inspired
resonator is the lowest COV in the working area. Also, it has
30 times lower SAR in comparison with a PSC of the same
size. However, hybrid resonator does not show the best WPT
efficiency performance. One may conclude that the proposed
hybrid resonator is a compromise between large working area
with low COV, efficiency and SAR, which pave the way to its
application in safe and efficient one-to-many WPT systems.

IV. CONCLUSION

The hybrid metasurface-inspired resonator has been pro-
posed and studied both numerically and experimentally. The
eigenmode parametric analysis shows that the fundamental
mode has a uniform magnetic field profile and its resonant
frequency can be adjusted in the 5-100 MHz range for the
fixed resonator size (38 cm x 38 cm). By optimizing the
wire distribution, a highly uniform magnetic field has been
obtained with the measured COV of 6.8% in the working area.
The measured WPT efficiency also reaches 70% in a large
area regardless of the Rx position. It was also shown that the
proposed structure has a peak SAR value 11 mW/kg which is
30 times lower than a PSC with the same size, and thereby it
can increase the exposure safety of WPT systems.
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