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ABSTRACT Wireless power transfer is a breakthrough technology which can be used in all aspects of
humans daily life. Here, a bi-layer metasurface as a transmitter for near-field wireless power transfer is
proposed and studied. The novelty and advantage of the proposed metasurface is the spatial separation of
the electric and magnetic near fields. Magnetic fields responsible for power transfer are sufficiently high
on top of the metasurface whereas the electric fields are almost completely confined between two layers of
the metasurface. These unique properties have been obtained due to the special metasurface design based
on two orthogonal layers of resonant wires immersed in high-permittivity background. The theoretical and
experimental study reveal the quasi-uniform magnetic field distribution over the metasurface dimensions of
40 x40 cm? that makes it suitable for wireless power transfer via resonant magnetic coupling to one or several
receivers placed above it. Compared with a conventional planar spiral coil solution, the specific absorption
rate of the proposed metasurface is reduced by 47 times, which enables to greatly increase the allowable

transferred power without violating the safety regulation and reducing the efficiency.

INDEX TERMS Metasurface, electromagnetic safety, wireless power transfer.

I. INTRODUCTION

Crrently, a great variety of portable electronic devices are
of daily use. Wireless power transfer (WPT) technology
could be the solution for remote charging several devices
at once [1]-[4]. WPT charging pads available in stock nor-
mally charge one device over the distance within a few
millimetres by means of inductive coupling between trans-
mitting and receiving coils. To increase the charging dis-
tance up to several centimetres, various approaches based
on different physics have been proposed, e.g. magnetic res-
onant coupling mechanism [5], [6], metamaterials applied
as a field enhancer [7]-[10], and the use of nonlinear parity-
time-symmetric circuits [11], [12]. If multiple devices need
to be charged simultaneously on the same pad, the trans-
mitting (Tx) coil must be large enough to accommodate
them. This poses a challenge as to uniform power delivery
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to devices regardless of their positions. The electromagnetic
field distribution in the plane parallel to the pad must be
as uniform as possible. This idea has been implemented by
large spiral multi-turn coils of different geometries [13]-[19].
However, the resonant magnetic field provided by large coils
is spatially accompanied by a resonant electric field in the
same area, which leads to an increased field-induced heat
in adjacent human tissues [20]. Another important issue is
maximal allowable transferred power under safety regulation.
It has been demonstrated that safety concern is one of the
major factors that limits the input power [20]-[25]. Thus,
minimizing the electromagnetic exposure of human tissues is
of great importance for increasing the allowable transferred
power of on-desk charging systems.

In this paper, a metasurface is designed as a transmit-
ter or a charging station which allows a much higher input
power under the same safety regulation. To support charg-
ing multiple receivers, a quasi-uniform magnetic field can
be generated and distributed on the surface (see Fig. 1),
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FIGURE 1. Conceptual photograph of a metasurface smart table
simultaneously powering multiple free-positioned devices.

FIGURE 2. Design of the metasurface.

which allows a steady WPT efficiency from transmitter to the
receiver regardless of their positions in the plane parallel to
the metasurface. The novelty of the proposed metasurface is
a strong separation of the electric and magnetic near fields:
the former can be mostly confined within the metasurface.
It helps to dramatically improve safety issues. The numerical
and experimental studies of the metasurface modes, elec-
tromagnetic field distributions, as well as WPT efficiency
from metasurface to a receiver are performed. The safety
level of the proposed structure is also evaluated in terms of
specific absorption rate (SAR) and electric field distributions
compared with a conventional spiral transmitting coil.

Il. DESIGN AND ANALYSIS OF METASURFACE

Recently, bulky wire media have been intensively studied
for different purposes, from sub-wavelength imaging [26]
to enhanced Purcell effect [27]. We propose a metasurface
based on bi-layer resonant wire arrays. For a single layer
of wires, due to the placement of identical wires on a scale
much smaller than the wavelength, a giant coupling between
each resonant wires occurs. Therefore, the original resonant
frequency of a single wire splits into different bands which
corresponds to different eigenmodes. For all these modes,
the magnetic fields are always concentrated in the cen-
ter, whereas the electric field is located at the end of the
wires [28]. To further shield the electric field and change the
mode profile, we propose to use bi-layer structure of wire
arrays, so that the electric field can be confined not only at
edges of the wires, but also constrained between two layers.
As shown in Fig. 2, the top layer is orthogonally placed
on and electrically couples to the bottom one. The electric
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FIGURE 3. Simulated z-component of magnetic field for the first six
modes of the metasurface. The plotted distributions are in the middle
plane between the wire arrays.

current of the eigenmode of each layer provides an equivalent
inductance, and the coupling between two layers provides an
equivalent capacitance. Therefore, the overall resonant fre-
quency of the structure can be defined by choosing the mode
and their coupling distance. Both layers are immersed in the
host medium with permittivity of & for a broader resonant
frequency range control. Each layer consists of 10 equally
distributed copper wires with a radius of r = 1 mm, a length
of / = 50 cm and period a = 5.56 cm. The spacing between
two layers in the direction normal to the their planes is b =
8 mm. The overall area of the metasurface is 50 x 50 cm?,
which is sufficient for transferring power to several receivers
of the size of smartphones. In a conventional spiral coil,
the electric and magnetic fields are both enhanced at the
resonance frequency in the same spatial area. In the proposed
metasurface, besides a quasi-uniform (where the field inten-
sity drops to half of its maximal value) magnetic field in a
large area, the sandwiched structure of the metasurface grants
an effective capacitance in all overlapping parts between the
top and bottom layers, in which the electric field is confined.
By properly choosing the resonant modes, a quasi-uniform
magnetic field distribution can be obtained.

We first numerically studied the normal modes of the
metasurface with air as a host medium for the wires using
Eigenmode Solver in CST Microwave Studio 2017. Since
these parallel wires are closely placed on a scale much smaller
than the wavelength, a giant coupling between all the wires
occurs. Therefore, the original resonance frequency splits into
several bands, which corresponds to the different eigenmodes
as shown in Fig. 3. The fundamental mode of the metasurface
was found resonating at 157 MHz. At this frequency the cur-
rents were excited in both arrays of wires simultaneously. Due
to the strong coupling between the wire arrays, the currents
flowing on the top layer together with that on the bottom layer
formed five equivalent in-phase current frames, as shown
in Fig.4(a). The co-directional current flowing around the
frames created mainly a vertical magnetic field, which is
quasi-uniform in the plane above the metasurface.
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FIGURE 4. (a) Surface current distribution on the fundamental mode at
155 MHz. (b) Simulated input admittance of the metasurface excited by a
lateral current wire. The insets show the current distributions at series
and parallel resonances corresponding to 154 MHz and 162 MHz,
respectively.

To excite this mode, a 50 Ohm port was inserted in the
middle point of a lateral wire which drives an alternating cur-
rent on this wire. The characteristics of the metasurface, such
as the resonant frequency, electric and magnetic field distri-
butions were numerically calculated in Frequency Domain
Solver of CST Microwave Studio.

From the calculated input admittance as shown in Fig. 4(b),
two peaks can be found around the frequency of 155 MHz,
which results from the hybridization between the mode of
the other 19 wires and the feeding wire of the same layer
with the port. Maximum and minimum in the input admit-
tance spectrum correspond to series and parallel resonances,
respectively. In Fig. 4(b), the insets show the wire current
distributions at two resonances. It can be seen that at the
series resonance, the current of the feeding wires and of the
other wires are in phase that contributes a higher and more
homogeneous magnetic field than the parallel resonance.
Thus, the series resonance is chosen for further investigation.

Next, we proceed to investigate the influence of the per-
mittivity of the host medium. When the host medium is air,
the wire length is comparable to half-wavelength in free
space resulting in a high radiation loss even in the presence
of a matched inductively-coupled receiving loop over the
metasurface.
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FIGURE 5. Simulated dependence of host permittivity ¢, Q-factor and
radiation loss at the resonant frequency.

Moreover, the resonant frequency of 155 MHz is far away
from the existing standards or regulations (205 kHz for Qi
standard, 6.78 MHz for A4WP standard, 19 MHz for Russian)
and has to be shifted down.

To minimize the radiation loss and decrease resonant fre-
quency, the electric size of the metasurface should be reduced.
For this purpose, the wire arrays were immersed into a dielec-
tric host with high permittivity. The corresponding resonant
frequency, Q-factor and radiation efficiency as functions of
the host permittivity were numerically investigated and are
shown in Fig.5. The lossless dielectric host medium was
considered and its permittivity ranged from 1 to 450. The
resonant frequency of the metasurface was determined at the
maximum of the input admittance spectrum. The Q-factor
was extracted from the input admittance [29]. The radiation
loss was calculated directly in CST Microwave Studio.

At resonant frequency, Q-factor can be represented by:

w(e)L

Ry(¢) + R,
where R, denotes ohmic loss and R, radiation loss. If the
equivalent inductance L, ohmic loss, and radiation loss
remain unchanged, the Q-factor is linearly proportional to
the resonant frequency w. Thus, as the permittivity decreases,
the resonant frequency increases correspondingly, which
explains the increasing tendency in the beginning stage of
the blue curve in Fig. 5. However, the decreasing tendency
results from two factors. First, the electrical size of the wires
increases as the permittivity decreases leading to a significant
radiation loss, as shown in the green curve in Fig. 5. Second,
as the resonant frequency increases, the skin depth effect
increases correspondingly leading to an increased equivalent
resistance. Therefore, there exists a maximal Q-factor corre-
sponding to an optimal permittivity. For the given dimensions
of the metasurface, the maximal Q-factor is achieved at the
frequency of 20 MHz for the permittivity & = 80 with no loss.

In this study we consider water as a host material. It is
known that at megahertz frequencies it is characterised by
relatively high permittivity and low loss. However, exact
water properties depend on many factors: temperature, purity,
air pressure, and operational frequency [30]. For example,

Q ey
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FIGURE 6. (a) Simulated and measured input admittance of the metasurface. Simulated (b) and measured (c) distributions of the

z-component of normalized magnetic fields.

at room temperature, de-ionized water has relative dielectric
constant ¢ = 80.1 4+ j0.03 at 27MHz. Fresh tap water under
the same conditions is characterised by relative dielectric
constant ¢ = 79.6 4+ j18.9 [31]. Apparently, the loss factor of
water will influence the Q-factor. The water permittivity mea-
surement was conducted with SPEAG Dielectric Assessment
Kit connected to Agilent E8362C Vector Network Analyser
(VNA). The de-ionized water sample was measured in the
frequency range 10-200 MHz under the room temperature.
At the frequency 20 MHz the measured water permittivity
was ¢ = 79.6 4 j0.22. We used this value for the numerical
study of the metasurface performance based on the wire
arrays immersed in the center of the water layer with the
dimensions of 60 cm x 60 cm x 2.4 cm. Fig. 6 (a) shows
the simulated input admittance of the metasurface fed by a
lumped port in a lateral wire gap. The first peak frequency
of 19.2 MHz is specified as the WPT operational frequency.
The calculated Q-factor taking into account the water losses
is 282. The discrepancy to the influence of the host losses, itis
still high enough and stays at the level of Tx coil implemen-
tations such as spiral coils [32], [33]. The simulated magnetic
field distribution at the resonant frequency normalized to its
maximum at the center is presented in Fig. 6 (b). In the central
working area on the metasurface, the magnetic field has
quasi-uniform distribution. At the scale of whole metasurface
dimensions, the field distribution is close to sinusoidal in both
x and y directions.

The metasurface has been fabricated whose geometry is in
accordance with the simulation. The proof-of-concept exper-
iments have been performed. The schematic of the exper-
imental setup and photo of the metasurface are presented
in Fig 7 (a) and (b), respectively.

The experimental setup is depicted in Fig.7 (a). The first
port of VNA was used to excite the metasurface via an
SMA connector mounted in the gap of the lateral wire. The
receiving port of VNA was connected to a receiving (Rx) loop
whose position was controlled by the 3D scanner. To measure
the efficiency over the metasurface, the scanning plane was
z = 15 mm above the top wire layer of the metasurface,
assuming that the top wire layer is in the plane z = 0 mm.
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At each Rx position the complex value of the transmission
coefficient was recorded and used in post-processing to cal-
culate the magnetic field distribution and WPT efficiency.

IIl. MAGNETIC FIELD DISTRIBUTION

The measured input admittance is compared to the simulated
one in Fig. 6 (a). The resonant frequency determined at the
maxima is 19.6 MHz. A slight deviation of the measured
resonant frequency with respect to the simulated one can be
explained by the fabrication tolerances and water permittivity
deviation. The Q-factor extracted from the measured data
is 270. Compared to the simulated Q-factor, its degradation
was due to the higher dielectric losses of the real water host
than one considered in the simulation. A quasi-uniform field
distribution in the central area can be seen in Fig. 6 (c), which
corresponds to the numerically simulated one in Fig. 6 (b).

IV. WPT EFFICIENCY

WPT efficiency has been numerically and experimentally
studied. A rectangular loop with the size of 9 cm x 6 cm was
used as a receiver. It was made of a copper wire with the radius
of 1 mm. The WPT efficiency was determined through the
S-parameters as 1 = |S>;|, when the reflection coefficients
at both the Rx and Tx ports of the system are equal to zero
(S11 = 0, S22 = 0), which corresponds to the maximum
achievable power transfer of a two—port network [34], [35].
Thus, additional conjugate matching networks were used to
satisfy this condition.

The numerical simulations of the WPT efficiency of the
system were performed in CST Microwave Studio. The Rx
loop was placed in the plane z = 15 mm above the meta-
surface and was moved with a step of 10 mm over the entire
metasurface area to estimate the uniformity of the transmitted
power. In Fig. 7 (c¢), the WPT efficiency of more than 80%
was obtained over the central area of the metasurface. The
WPT efficiency extracted from the measured data is shown
in Fig. 7 (d). WPT efficiency higher than 70% was obtained.
Compared to the simulated WPT efficiency, the measured one
was less due to the dissipation losses in the water. Neverthe-
less, it was both numerically and experimentally proved that
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FIGURE 7. (a) Experimental setup and (b) photograph of the metasurface prototype. (c) Simulated and (d) measured WPT efficiency.

the proposed metasurface provides efficient (at least 70%)
free-positioning power transmission over 40 x 40 cm? area
which is comparable to an office desktop area.

V. ELECTRIC FIELD AND SAR ASSESSMENT

Despite the fact that the magnetic field is needed for the power
transfer, the electric field is undesired above the plane of
the transmitter due to safety reasons [20], [21]. Thus, it is
highly important to confine it as much as possible in the
interior of the Tx resonator. To demonstrate that the proposed
metasurface resonator has a peculiar property to separate
electric and magnetic near-field, we compared metasurface
resonator with a conventional planar coil resonator. The com-
parison was based on the following two assumptions. First,
we assume that both systems have the same WPT perfor-
mance, or, in other words, when the Rx is placed at the same
position with respect to the Tx, the WPT efficiency is the
same. Second, we consider both transmitters have the same
charging area, i.e. the magnetic fields have similar intensity
and distribution. Therefore, the planar coil resonator was
designed under this criterion. It was made from a five-turn

40228

spiral with wire radius of 1 mm and wire spacing 5.56 cm.
To tune the resonant frequency of the spiral coil to 19.2 MHz,
a 2.6 pF capacitor was connected in series to the port. The
simulated magnetic field was distributed quasi-uniformly in
the central area of coil, which is similar to that of the metasur-
face, thereby resulting in a same WPT efficiency of 92.4 %.

The magnetic field distribution of the metasurface remains
similar to that of spiral coil. Fig. 8(g) shows the z-component
of the magnetic field on the diagonal cross section and
Fig. 8(h) shows magnetic field decays along the white dashed
line in Fig. 8(g). However, a considerable difference was
found in the electric field distributions created by the two
structures, see Fig. 8 (c) and (d). Compared to the planar
resonator, the electric field above the metasurface is greatly
reduced. The electric field reduction originates from the
redistributed electric and magnetic fields provided by the
unique metasurface structure. Here, the structure provided
distributed capacitance which existed in the corner areas
of the metasurface between two layers of wires, as shown
in Fig. 8 (c). Fig. 8 (e) and (f) further show the electric
field distributions of both metasurface and the spiral coil

VOLUME 8, 2020
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TABLE 1. Comparison of WPT efficiency and SAR under 1 W input power.

Tx type human-free | forearm | stand | head
WPT efficiency, % | Metasurface 92.4 92.1 92.1 91.7
Spiral coil 92.4 86.1 91.0 84.4
SAR, mW/kg Metasurface - 4.6 0.01 1.6
Spiral coil - 219 5.1 53

on the diagonal cross section. Compared to the planar res-
onator, the electric field in the metasurface is mostly confined
between two wire layers and it barely leaks to the upper space.

The SAR analysis was numerically performed in CST
Microwave Studio. A computer-aided design (CAD) model
of a human forearm and full body (Female VHP CAD model)
were used to demonstrate three different scenarios: human
forearm put on the top of the transmitter at z = 15 mm, see
Fig. 9 (a,b); human head facing down to the transmitter at
z = 20 mm, see Fig. 9 (c,d); and human standing 25 mm
away from the transmitter, see Fig. 9 (e,f). The human body
model contained the detailed biological tissues (skin, fat,
muscle, bone, blood, etc) that were characterized by their
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corresponding electromagnetic properties.The simulations
have been done for 1 W of input power for both systems.
The WPT efficiencies and peak average SARjo, are sum-
marized in Table 1. In the absence of human model, the max-
imal WPT efficiencies for both metasurface and spiral coil
systems were 92.4 %. However, the human body interacts
with spiral coil system much more significantly than with
metasurface. It’s worth noting that the presence of the human
head deteriorated the WPT efficiency as much as by 8 % for
the spiral coil system, whereas the efficiency dropped only
0.7 % for the metasurface based system. A greater portion
of electric energy is dissipated inside the human body due
to the stronger interaction between human tissue and WPT
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system. On the contrary, the human body barely interacts with
the metasurface and thereby it does not influence the input
impedance of metasurface transmitter, as shown by the blue
solid line in Fig. 6(a). The power dissipation in the human
body results in heat generation which can be evaluated by
SAR. For the human forearm case, the peak SARog of the
metasurface based system is 4.6 mW/kg which is 47 times
lower than the planar resonator based system. Therefore,
under the IEEE safety regulation [36], which is 4W/kg for
the limbs and 2W/kg for head and trunk, the maximum power
of 869 W for the metasurface is allowed, whereas only 18 W
is permitted for the spiral coil system.

VI. CONCLUSION

To sum up, we have proposed the metasurface transmit-
ter, numerically and experimentally studied the metasurface.
The quasi-uniform magnetic field distribution over the area
of 40 x 40 cm? is demonstrated numerically and experimen-
tally verified by near-field measurements, which has potential
practical values for charging multiple receivers. The essential
advantage of the proposed metasurface is that electric and
magnetic near fields are well separated at the operational
frequency, where the former is confined inside the structure.
Here, it has been numerically and experimentally proved that
the proposed metasurface provides efficient (at least 70 %)
free-positioning power transmission over 40 x 40 cm?” area
which is comparable to an office desktop size. Compared to
the planar spiral-coil based system, a 47 times reduction of
peak SAR value in the metasurface-based system has been
achieved. The proposed design paves a way to a new genera-
tion of WPT transmitters for high-power charging scenarios
with much reduced electric field leakage.
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