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Tunable Metamaterial Slab for Efficiency
Improvement in Misaligned Wireless

Power Transfer
Woosol Lee , Graduate Student Member, IEEE, and Yong-Kyu Yoon , Member, IEEE

Abstract— This letter presents a tunable metamaterial (MTM)
slab for high-efficiency wireless power transfer (WPT) in mis-
aligned conditions, which operates at 6.78 MHz, an AirFuel
Alliance Standard frequency. The tunable MTM slab is located
between transmitter (Tx) and receiver (Rx) coils serving as a
tunable lens to help focus the magnetic field toward the place
where the Rx coil is located. This tunable slab consists of two
types of unit cells which can be independently tuned to have
proper negative refractive indices. The experimental results show
that the tunable MTM slab effectively focuses magnetic fields,
thereby improving the power transfer efficiency (PTE) of WPT
even in a misaligned condition.

Index Terms— Metamaterial (MTM), power transfer efficiency
(PTE), tunable slab, wireless power transfer (WPT).

I. INTRODUCTION

RECENTLY, the high demand for wireless power charging
in the modern electronics has accelerated active research

and development of wireless power transfer (WPT) tech-
nologies. Some existing WPT systems have limited transfer
distance as they take the inductive coupling approach, where
the power transfer efficiency (PTE) rapidly decreases as the
distance between transmitter (Tx) and receiver (Rx) coils
increases.

An alternative is to utilize a magnetic resonance cou-
pling approach, for which insertion of metamaterials (MTMs)
between the Tx and Rx coils is used to improve the effi-
ciency [1]. MTMs are artificially engineered structures that
have uncommon electromagnetic properties, such as evanes-
cent wave amplification and negative refraction [2]. In recent
years, some researchers have demonstrated various MTMs
in order to improve the PTE and transfer distance of WPT
systems [3]–[5]. Some WPT systems including the MTM
slabs have been too bulky to be applied to practical appli-
cations [3], [4] especially for the Rx parts which require a
small form factor in many modern portable electronics such
as smart phone, tablets, and laptops. Moreover, they have left
open the misalignment issues in the WPT system, which are
very common in practical WPT environments. In [5], a hybrid
MTM slab has been reported, where two different types of
MTM unit cells with negative and zero refraction index have
been used. By locating zero permeability unit cells in the
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Fig. 1. Conceptual configuration of the tunable MTM slab.

center of the slab and negative permeability unit cells in the
edge of the slab, the slab effectively focuses the magnetic
field so that the improved PTE could be achieved. However,
only the symmetric WPT has been discussed while misaligned
conditions have not been studied.

In this work, we first report a tunable MTM slab for
efficiency improvement in misaligned WPT. As shown in
Fig. 1, the proposed tunable MTM slab can effectively change
the direction of the magnetic fields depending on the location
of the receiver part as the negative refraction index of each
unit cell can be tuned. The slab contains two types of unit
cells which can be tunable according to the location of the
Rx coil so that it compensates the low PTE associated with
the misalignments. Therefore, this beam-focusing tunable slab
enables the WPT system to achieve a maximized PTE even in
the misaligned conditions.

For a practical application, an asymmetric four-coil WPT
system is utilized to verify the feasibility of the tunable MTM
slab. The WPT system consists of a source coil, a Tx coil,
a Rx coil, and a load coil. It has a comparably small Rx part
which reflects modern compact mobile electronics. Using an
asymmetric WPT system, the effectiveness of the tunable slab
in a misaligned WPT system is studied.

II. DESIGN AND ANALYSIS OF THE TUNABLE MTM SLAB

The tunable MTM slab is composed of 5 × 5 MTM
unit cells with a total dimension of 750 mm × 750 mm,
as shown in Fig. 2. The MTM slab has two types of unit
cells in order to focus the magnetic field to the misaligned
receiver. By connecting the variable capacitors to the unit cells,
tunability with two different negative refraction indices can be
realized, which are approximately −1 and −3. Therefore, the
type of unit cells can be reconfigured according to the location
of Rx. The nine unit cells which are located relatively closer
to the Rx coil become type 1 unit cells which have a negative
refraction index of −1. The rest of 16 unit cells are tuned to
type 2 unit cells which have a negative refraction index of −3.

In this work, a square spiral-shaped resonator is used
for an MTM unit cell in order to realize a negative
refraction property. The spiral resonator-shaped unit cell has
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Fig. 2. Schematic configuration of a single MTM unit cell (left) and a tunable
MTM slab consisting of 5 × 5 MTM units in the array (right).

Fig. 3. Simulation results of the relative permeability for the MTM unit cell
with a negative refraction index of (a) −1.11 (type 1) and (b) −3.07 (type 2).

been reported to show a higher Q-factor than a split ring
resonator one [6]. As shown in Fig. 2, the MTM unit cell
is fabricated on a flexible polyethylene substrate (εr = 2.25)
with a thickness of 0.0762 mm. The metal (copper) thickness
is 0.0799 mm which is thicker than two skin depths of copper
(0.05 mm at 6.78 MHz). In order to have tunability at the
operating frequency of the WPT system, a variable capacitor
is connected to each unit cell. The negative refraction index of
the MTM unit cell can be easily tuned by changing the value
of the variable capacitor.

High-frequency structure simulator (HFSS, Ansys) has been
utilized to simulate the full 3-D structure of the tunable MTM
unit cell. The refractive index and the relative permeability
can be calculated from the simulation results by utilizing the
following standard retrieval methods [7]–[9]:
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where S11 and S21 are the reflection and transmission coeffi-
cients; (·)� and (·)�� denote the real part and imaginary part of
the complex numbers, respectively; n is the refractive index;
k0 is the wavenumber; d is the maximum thickness of the slab;
z is the impedance; m is the integer related to the branch index
of n�; and μr is the relative permeability.

In the simulation result (see Fig. 3), the real part of the
permeability represents the refraction index which indicates
the direction of magnetic field by the boundary conditions,
and the imaginary part reflects the magnetic loss. Henceforth,
those two parts should be carefully designed in order to
achieve improved transfer efficiency. In this work, the resonant
frequency of the WPT system is designed to be 6.78 MHz,
an AirFuel Alliance Standard frequency. The type 1 unit cells
have a capacitance of 430 pF and a resonance frequency of
5.98 MHz. Its negative refraction index is −1.11, and the
imaginary part is 0.05 at 6.78 MHz. The type 2 unit cells
have a capacitance of 390 pF and a resonance frequency of
6.28 MHz. This resonant frequency of type 2 is increased

Fig. 4. Magnetic field distribution of the WPT without the tunable MTM
slab (left) and with the tunable MTM slab (right).

compared with that of type 1 unit cell owing to the decrease
in capacitance value of the variable capacitor. At 6.78 MHz,
the negative refraction index of type 2 is −3.07, and the
imaginary part is 0.08. Therefore, the designed MTM slab
has a tunable characteristic in terms of the negative refraction
index. Moreover, to verify the field-focusing property of the
tunable MTM slab, the magnetic field distributions of the
WPT with the tunable slab are simulated, as shown in Fig. 4.
It shows that the magnetic fields between Tx and Rx are
enhanced when the tunable MTM slab is inserted and the
permeability of −3 has better field focusing at the boundary
of the slab than that of −1.

III. FABRICATION AND MEASUREMENT RESULTS

As shown in Fig. 5, the tunable MTM slab is fabricated on
a polyethylene substrate. In order to have tunability, a variable
capacitor (JZ 500, Knowles Voltronics) is connected to each
unit cell in parallel. When the type of the MTM unit cell
needs to be tuned, it can be easily changed by adjusting
the variable capacitor mechanically. By using this mecha-
nism, the tunable MTM slab can change the direction of
the magnetic fields depending on the location of the receiver
part as the negative refraction index of each unit cell can be
tuned.

In addition, the four-coil WPT system is implemented to
demonstrate the effectiveness of the tunable MTM slab. The
WPT system consists of a source coil, a Tx coil, a Rx coil, and
a load coil. The source coil has a single turn with a diameter
of 400 mm. The Tx coil has 6 turns, a turn-to-turn pitch of
10 mm, and an outer diameter of 600 mm. As for an Rx part,
the load coil has a single turn with a diameter of 150 mm and
the Rx coil has 6 turns, a pitch of 10 mm, and an outer diame-
ter of 150 mm. Also, an additional Rx coil which has the same
dimension with the Tx coil is fabricated to compare with the
performance of previously reported MTM-based WPT. All the
coils are fabricated using a 2.588-mm-diameter copper wire.

As shown in Fig. 5, the PTE of the WPT system with the
tunable MTM slab is measured in an anechoic chamber. For
the measurement, a vector network analyzer (HP E8361A,
Agilent, Inc.) is utilized. The PTE can be calculated using
the following equation [10]:

PTE(η) = |S21|2 × 100%. (4)

We measure the PTE of the WPT system with and without
the tunable slab for four different cases in terms of alignment
conditions and coil sizes. As for cases 1 and 2, the Rx
coils (a diameter of 600 mm for case 1 and 150 mm for
case 2) are located in the center of the slab which is in an
aligned condition. The unit cells in the center are tuned to type
1 (μr = −1.11) and the unit cells in the outer part are tuned
to type 2 (μr = −3.07). In cases 3 and 4, the locations of the
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TABLE I

COMPARISON OF THIS WORK WITH OTHER MTM-BASED WPT SYSTEMS

Fig. 5. Measurement setup for the proposed WPT system with the tunable
MTM slab in an anechoic chamber.

Rx coil are in the upper side and upper right side, respectively,
which are in misaligned conditions. For these cases, the nine
unit cells near the Rx coil become type 1 and the rest of 16 unit
cells become type 2.

As shown in Fig. 6, the WPT systems with the tunable
MTM slab show improved PTE for all distances except for
case 1. Without the MTM slab, the increase in the transfer
distance results in significant decrease in the PTE. However,
the decreasing slope of the PTE becomes approximately linear
when the MTM slab is inserted which means the MTM
slab helps effectively focus the magnetic field lines, thereby
increasing the PTE and transfer distance. For the verification
of the use of two unit cells, we measure the PTE of the WPT
system with MTM slabs composed of type 1 (μ = −1) unit
cells only and the type 2 (μ = −3) unit cells only. The PTE of
the WPT system with the tunable slab shows the highest PTE
followed by the PTE of the WPT system with slab (μ = −1)
and that with slab (μ = −3) for all cases, which proves the
concept of the tunable slab. The slab with μ = −3 shows the
worst PTE since the slab with μ = −3 has a higher magnetic
loss than the slab with μ = −1.

In addition, the PTE of the WPT system with the tunable
slab at a distance of 70 cm is increased from 5.29% to 36.2%
(a factor of 6.84) for case 2, from 4% to 31.36% (a factor of
7.84) for case 3, and from 2.46% to 26.7% (a factor of 10.85)
for case 4. The results show that as the degree of misalignment
gets more significant, the PTE of the WPT system more
severely decreases in both cases with and without the slab.
However, the contrast of the PTE between with and without the
slab is getting bigger. It means that the reduced PTE associated
with the misalignments on the WPT system is effectively
compensated or sustained by placing the tunable slab.

The demonstrated WPT system with the tunable MTM slab
is compared with other reported MTM-based WPT systems,
as shown in Table I. For performance comparison, the transfer
distance between the Tx and Rx coils and the working
distance between the MTM slab and Rx are normalized to
the geometrical mean of Tx and Rx radii as shown in (2) [13]

Dnorm = D√
rT · rR

(5)

Fig. 6. Measured PTE of the WPT system without and with the MTM
slab for: (a) aligned (case 1/Rx diameter: 600 mm). (b) Aligned (case 2/Rx
diameter: 150 mm). (c) Misaligned with the Rx coil located in the upper side
from the center (case 3/Rx diameter 150 mm). (d) Misaligned with the Rx coil
located in the upper right side from the center (case 4/Rx diameter 150 mm).

where D, Dnorm, rT , and rR are the distance,
normalized distance, Tx radius, and Rx radius,
respectively.

The WPT systems with the tunable slab have shown overall
improved PTE compared to other work in an aligned condition
while this is the only work addressing tunable MTM-based
PTE improvement for misaligned conditions among the
selected work. The high PTE can be achieved by tuning the
MTM slab according to the location of the Rx, changing
outward magnetic field direction toward the Rx. In addition,
the tunable MTM slab reported here has a significantly smaller
thickness of 0.16 mm compared with others, realizing system
compactness, weight reduction, and increased portability. The
reduced thickness is realized by using a thinner dielectric
layer, and this very thin thickness and comparably low loss
tangent (δ ∼= 0.0003 at 1 MHz) of the polyethylene substrate
contribute to reducing the dielectric loss and improving the
overall PTE. In addition, the use of a spiral shape unit cell
structure has advantages in terms of Q-factor [6], resulting in
high PTE.

IV. CONCLUSION

This work demonstrates a tunable MTM slab for effi-
ciency improvement in misaligned WPT. The experimen-
tal results show that the tunable MTM slab is capable of
improving the PTE even in misaligned conditions between
the Tx and Rx coils. It is highly expected that the intro-
duced tunable MTM slab opens new possibilities for prac-
tical WPT systems with increased efficiency in various
situations.
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