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ABSTRACT With the recent advancement and progress in the field of wireless power transfer (WPT),
there is an ever increasing demand for high power transfer efficiency (PTE) of the WPT systems and
improved transfer distance for the end-users. However, some existing WPT systems have limited PTE and
transfer distance as they take the inductive coupling approach, where the PTE dramatically decreases as
the distance between (Tx) and receiver (Rx) coils increases. Alternatively, magnetic resonance coupling
(MRC) is used as a mid-range WPT approach, for which the insertion of metamaterials (MTMs) between
Tx and Rx coils is exploited to improve efficiency. MTMs are artificially engineered materials that show
uncommon electromagnetic properties, such as evanescent wave amplification and negative refractive
characteristics, which could be utilized for the enhancement of PTE. In this article, a comprehensive review
on recent progresses in the MTM-based WPT systems is reported, where previously reported MTM-based
WPT systems are compared in terms of various parameters such as configurations, operating frequencies,
dimensions and PTE. Also, the PTEs of these systems were plotted as a function of the normalized transfer
distance. This review is expected to provide an insight for understanding the trends of the MTM-based WPT
systems and serve as a reference for researchers who work on WPT systems and their applications.

INDEX TERMS Wireless power transfer (WPT), metamaterials (MTMs), power transfer efficiency (PTE),
energy harvesting.

I. INTRODUCTION
Recently, the research and development on wireless power
transfer (WPT) has been actively carried out in various areas.
This energy transmission in a cordless way can change our
traditional usage of the energy in diverse applications, such
as implantable devices, mobile electronics, unmanned aerial
vehicles (UAVs), electric vehicles (EVs), space satellites
and so forth. Thanks to its properties of mobility, flexi-
bility, location independency and ubiquity, the WPT tech-
nology has been an ideal solution for powering electronic
devices.

WPT, which denotes transmitting electromagnetic energy
from a power source to a load without conductor connection,
is not a new concept. In the past decades, several researchers
have observed the transmission of electrical energy without
wires, however the absence of a logical theory attributed
these phenomena ambiguously to electromagnetic induction.

The associate editor coordinating the review of this manuscript and
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The beginning of the concise explanation of WPT dates
back to the 1860s, when James Clerk Maxwell demonstrated
Maxwell’s equations, establishing a theory that combined
electricity and magnetism to electromagnetism, predicting
the existence of electromagnetic waves as the wireless carrier
of electromagnetic energy. In addition, other mathematical
models, and experiments for WPT have been investigated.
In 1891, the first remarkable development in WPT tech-
nology was demonstrated by Tesla [1]. Tesla experimented
with transmitting power by inductive and capacitive coupling
using spark-excited radio frequency (RF) resonant transform-
ers, now called Tesla coils, which generated high alternating
current (AC) voltages. In his wireless light bulb experiments,
he figured out he could increase the distance by using a
receiving LC circuit tuned to resonance with the transmitter’s
LC circuit, using resonant inductive coupling. On the other
hand, Brown [2] first exhibited a microwave power transfer
system realizing long-distance wireless energy transfer at
Raytheon in 1963. In recent years, the non-radiative WPT
systems which are inductive and magnetic resonant coupling
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WPT have become more pervasive in mobile consumer elec-
tronics.

WPT technology can be divided into two categories,
namely, near-field and far-field WPT. Near-field refers to a
WPT system with a transfer distance less than its operating
wavelength. The most widely used technologies correspond-
ing to this classification are inductive coupling based WPT
and magnetic resonant coupling (MRC)-based WPT. How-
ever, even though theMRC-basedWPT can extend the power
transfer to a mid-range distance (cm ∼ m), the increase of
the transfer distance reduces the magnetic coupling between
the transmitter (Tx) and receiver (Rx) coils so that the power
transfer efficiency (PTE) of the system degrades, and the
transfer distance of the MRC-based WPT system is lim-
ited [3]. As for the far-field WPT, microwave energy trans-
fer called radiative WPT belongs to this category. In the
radiative WPT mechanism, radiative power emitted from a
transmitter antenna propagates through the air over a far
distance. This electromagnetic (EM) wave can be captured by
a rectenna (rectifier and antenna) and rectified to DC power.
But, as radio waves propagate into the air in omni-direction,
losses occur during far distance propagation, thereby making
PTE comparable low. Moreover, there are design challenges
for a rectenna, such as difficulty in the feeding network
design to realize effective beamforming for high PTE, mutual
coupling between antenna elements degrading rectenna per-
formance, and high loss of array feeding network, and
so forth.

In recent years, researchers have reported that metama-
terials (MTMs) can be utilized for improving the transfer
efficiency of the near-field WPT system, called MTM-based
WPT system, and taking advantage of adopting the far-
field WPT system design. MTMs are artificially engineered
materials that show uncommon and exotic electromagnetic
properties, such as evanescent wave amplification and neg-
ative refractive characteristics, and so on [4]. These non-
traditional phenomena provide innovative mechanisms for
WPT and RF energy harvesting. More and More studies have
been conducted in order to take advantage of metamaterials
in the field of WPT and RF energy harvesting. However,
it should be noted that still only a few reviews about MTMs
in the WPT field have been reported [5]–[7]. Even though
they summarized the previous works, they did not provide
a comprehensive overview in terms of the performances and
relevant design parameters of theWPT systems which should
be critical for understanding the trends in the WPT technolo-
gies. Therefore, this review paper covers fundamentals of
MTMs, previous advancements in MTMs for near-fieldWPT
systems and their comparison, the perspectives, and future
opportunities of MTM-based WPT systems.

The rest of this article is organized as followings. Section II
introduces fundamentals of MTMs and their classification.
The previously reported studies on MTM-based WPT tech-
nologies in the near-field will be summarized and discussed
in Section III. In Section IV, the perspectives, future oppor-
tunities, and directions of MTMs in the WPT applications

FIGURE 1. The categorization of materials based on permeability (µ) and
permittivity (ε) values.

will be discussed. Lastly, the conclusion will be remarked in
Section V.

II. FUNDAMENTAL OF METAMATERIALS
The prefix ‘‘meta’’ in metamaterials is from the Greek
word µετ (meta), meaning ‘‘beyond’’. Following this origin,
MTMs are defined as artificial engineered materials exhibit-
ing uncommon and exotic properties that cannot be readily
found in naturally occurring materials, thus, going beyond
the limitations encountered when using traditional materials
in the microwave and optical applications [4], [8]. The first
theoretical investigation of MTMs was reported by Veselago
in 1968 who introduced the electrodynamics of substances
with the simultaneously negative values of electric permit-
tivity and magnetic permeability which are the properties of
MTMs [9].

As the permittivity and permeability are two parame-
ters representing the electromagnetic properties of materials,
materials can be categorized by four regions according to the
polarities of permittivity and permeability [10]. As shown
in Fig. 1, when the polarities of permittivity and permeabil-
ity are positive simultaneously, the materials are classified
as double-positive (DPS) materials which are the conven-
tional materials. If the materials have the values of negative
permittivity and positive permeability (ε < 0, µ > 0),
these are categorized as epsilon-negative (ENG) materials.
When the permittivity is positive and permeability is neg-
ative (ε > 0, µ < 0), these materials called mu-negative
(MNG) materials. Especially, when it is configured to have
these two parameters be both negative, these are defined as
double-negative (DNG) materials and in general are known
as MTMs. In addition, ENG and MNG materials also can
be classified as the MTMs when they show such uncommon
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properties at frequencies where conventional materials do not
show.

When the values of both permittivity and permeability are
simultaneously positive or negative, an electromagnetic wave
can pass through the media. In the conventional materials
(DPS) media, the electric, magnetic, and wave vectors follow
the right-handed rule while the Poynting vector is parallel to
the wave vector which means the energy decays along with
propagation. On the other hand, as for the MTMs (DNG)
media, the electric, magnetic, and wave vectors correspond to
the left-handed rule and the Poynting vector has the opposite
direction of wave propagation, hence, the energy flow is
anti-parallel to the phase propagation direction of the source
[11]. For this reason, the MTMs are also called left-handed
materials [12], [13] or backward-wave media [14].

Moreover, the negative permittivity and permeability val-
ues of the DNGmaterials lead to the negative refractive index
of the electromagnetic wave propagating through the media.
The refractive index is an electromagnetic phenomenon that
occurs between two materials. The DPS and DNG materials
follow Snell’s law, which states the relationship between the
incident angle and the resulting refracted angle of EM wave
transmission at the interface of two materials as Eq. (1).

n1sinθ1 = n2sinθ2 (1)

where n1, n2, θ1, and θ2 are the refractive index of material
1 and 2, incident and refractive angles, respectively. From
the materials perspective, the behavior of the refractive index
is described using the permittivity and permeability, n =
±
√
εµ [15]. As for the MTMs, the refractive index can be

described as n = −
√
εµ, because of the DNG property. It

means the incident wave and the refractive wave are on the
same side from the orthogonal line of the interface of the two
media. Fig. 2 graphically shows the aforementioned different
propagation paths with respect to the DPS and DNG media,
respectively.

FIGURE 2. Refraction in the DPS (conventional) media and DNG
(metamaterial) media.

In addition to the negative refraction property, an evanes-
cent wave amplification is one of the important properties
of MTMs. The proof of the evanescent wave amplification
property was reported by Pendry [16] in 2000. By assuming
S-polarized light propagating in vacuum, the electric field is
given by

E0S+ = [0, 1, 0] exp(ikzz+ ikxx − iωt) (2)

where the axis of the lens to be the z-axis and the wave vector,

kz = +i
√
k2x + k2y − ω2c−2, ω2c−2 < k2x + k

2
y (3)

indicates exponential decay. At the interface with the MTM
medium, some of light is reflected,

E0S− = r [0, 1, 0] exp(−ikzz+ ikxx − iωt) (4)

And some of light transmitted into the MTM medium,

E1S+ = m [0, 1, 0] exp(ik ′zz+ ikxx − iωt) (5)

where

k ′z = +i
√
k2x + k2y − εµω2c−2, εµω2c−2 < k2x + k

2
y (6)

Casualty demands that we select this form of the wave in the
MTM medium: it must decay away exponentially from the
interface. By matching wave fields at the interface,

m =
2µkz

µkz + k ′z
, r =

µkz − k ′z
µkz + k ′z

(7)

Contrarily, a wave inside the MTM medium incident on the
interface with vacuum realizes transmission and reflection as
follows:

m′ =
2k ′z

k ′z + µkz
, r ′ =

k ′z − µkz
k ′z + µkz

(8)

Sum ofmultiple scattering events for calculating transmission
through both surfaces of the MTM medium is

TS = mm′exp(ik ′zd)+ mm
′r ′2exp(3ik ′zd)

+mm
′r ′4exp

(
5ik ′zd

)
+ . . . =

mm′exp(ik ′zd)

1− r ′2exp(2ik ′zd)
(9)

where d is the thickness of the MTM medium. By plugging
(8) into (9) and taking limit assuming ε = −1, µ = −1,

lim
ε,µ=−1

TS = lim
ε,µ=−1

mm′exp(ik ′zd)

1− r ′2exp(2ik ′zd)

= lim
ε,µ=−1

2µkz
µkz + k ′z

×
2k ′z

k ′z + µkz

exp(ik ′zd)

1−
(
k ′z−µkz
k ′z+µkz

)2
exp

(
2ik ′zd

)
= exp

(
−ik ′zd

)
= exp (−ikzd) (10)

The reflection coefficient is given by

lim
ε,µ=−1

RS = r +
mm′r ′exp(2ik ′zd)

1− r ′2exp(2ik ′zd)
= 0 (11)
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P-polarized evanescent waves also can be derived as follows:

lim
ε,µ=−1

TP = lim
ε,µ=−1

2εkz
εkz + k ′z

2k ′z
k ′z + εkz

×
exp(ik ′zd)

1−
(
k ′z−εkz
k ′z+εkz

)2
exp

(
2ik ′zd

)
= exp (−ikzd) (12)

Therefore, the MTM medium can amplify evanescent waves
[16]. In addition, MTMs have other unique characteris-
tics, including the inversion of Vavilove-Cerenkov radiation,
Goos-Hanchen shift, and reversed Doppler shift [12], [17].
By the virtue of their exotic properties, MTMs have been
actively researched with great potential in the area of super-
lens, meta-lens antenna, invisible cloak, and so forth [18],
[19].

Recently, researchers have reported that MTMs can be
utilized for improving the transfer efficiency of the near-
field and far-field WPT systems. In the area of near-field
WPT system, when the MTM slab is placed between the Tx
and Rx coils, the magnetic field lines can be focused due
to the negative refraction property of MTM slab [20] and
coupling between Tx and Rx coils can be enhanced due to the
evanescent wave amplification property of MTM slab since
the coupling of the WPT system is essentially coupling of
evanescent waves [21]. Consequently, this behavior leads to
the improvement of the transfer efficiency of the WPT sys-
tem. For the near-field WPT system, the negative refractive
property of MTMs can be realized by the negative relative
permeability of MTMs. In general, the negative refractive
property requires both relative permittivity and permeability
to be negative. But, in the deep subwavelength limit, the
magnetic field and electric field decouple, and only one
parameter is needed to achieve a negative refractive property.
Inmost near-field resonantWPT systems, they fall in the deep
subwavelength limit, since the size of the system is much
smaller than the wavelength of the wave at the frequency of
interest. For this reason, the negative relative permeability of
the MTMs can be directly translated to the negative refractive
index in the near-field WPT system. In general, these nega-
tive permeability MTMs for the near-field WPT systems are
formed using periodic arrays of LC resonators (unit cells).
The MTM unit cells are very close to one another so that a
current circulating one cell produces a significant magnetic
flux through the neighboring cells, thus, they are coupled
through mutual inductance. If a resonant current is induced
in one cell and the mutual inductance causes a current being
inspired in the unit cells neighbors. These in turn inspire their
neighbors resulting in the propagation of magneto-inductive
waves (MIW) [22]. Based on the simplifying assumption that
only the nearest neighbor interaction of the MTM unit cells
is significant to MIW propagation, the dispersion equation of
a 2-D array of MTM resonators is given by [22]

ω0

ω
= (1+ kx cos (γxa)+ ky cos

(
γya

)
)−

1
2 (13)

where a is the periodicity of the array; kx and ky are coupling
coefficients of the MTM unit cells in the horizontal and
vertical direction, respectively; γx and γy are the complex
propagation constants of MIWs. For |γxa| ,

∣∣γya∣∣ � 1, they
describe propagating MIWs. The essential role of the MIWs
inWPT systems is that the incident evanescent waves coming
from the Tx coil strongly couple to the fields generated by
MIW at the MTM interface and take energy from them,
amplifying the evanescent waves [11], thereby enhancing the
PTE of the WPT systems. Meantime, the MTMs also can
be utilized in the far-field WPT system. By utilizing various
structures of the MTMs, the rectenna can achieve the design
flexibility, thereby taking diverse properties (e.g., small elec-
trical size, multi-band, broadband, high gain) according to
applications. In this article, further studies on the previously
reported MTM-based WPT systems in near-fields will be
summarized and discussed.

III. METAMATERIALS FOR THE NEAR-FIELD WPT
SYSTEMS
As aforementioned, the near-field WPT systems have gained
tremendous attention because of their applicability in diverse
fields. However, most of the current WPT systems have
restrictions in power transfer efficiency and distance as they
use the inductive coupling approach. Meantime, the magnetic
resonance coupling (MRC)-based WPT can be an alterna-
tive. The MRC-based WPT system can be realized when
the Tx and Rx coils are designed to resonate at the same
frequency [1]. Earlier, a two coil system has been investigated
[23]. However, the increase of the transfer distance quickly
degrades the transfer efficiency of the two-coil system, also
the transfer efficiency is greatly influenced by load changes,
and the practical transfer distance of the two-coil WPT sys-
tem is limited. To improve the transfer efficiency and dis-
tance, various other approaches have been investigated such
as a three-coil system [24], four-coil system [25], adaptive
technique [26]–[28], frequency adaptive matching technique
[29], coupling optimization approach [30], [28], and multi-
resonator relay approach [31].

Alternatively, the usage of the MTM slab in the MRC-
based WPT system had been investigated by Wang et al.
[32], [33] a few years ago, which effectively improved the
transfer efficiency of the WPT. After that, research on the
MTM slab included MRC-based near-field WPT system has
been actively studied in various ways. The common way to
employ the MTM slab is to introduce one or more slabs
between the Tx and the Rx coils to help focus the magnetic
field toward the receiver coil and thus significantly improve
PTE. In addition to this common architecture, various other
architectures have been reported. As shown in Fig. 3, pre-
viously reported MTM-based near-field WPT architectures
can be classified in terms of the dimension and position
of the MTM slab. As for the dimension of the MTM slab,
previous studies have mainly focused on one-dimensional
(1-D), 2-D, and 3-D slabs which are composed of multiple
MTM unit cells. On the other hand, MTM slabs have been
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FIGURE 3. Classification of the previously reported metamaterial-based WPT.

used in different relative positions against the transmitting
and receiving coils, such as the middle, front, back, and side
of the WPT systems. In this section, more details on MTM-
based WPT systems in near-field range will be discussed.
Especially, some highlights on the previously reported works,
and the performance comparison are provided.

FIGURE 4. Equivalent circuit of two-coil MRC-based WPT system.

A. METAMATERIAL-BASED WPT FOR A HIGH POWER
TRANSFER EFFICIENCY
Transfer efficiency is one of the most important factors in
WPT systems as the PTE of the WPT systems affects the
transfer distance as well as the output power of the systems.
In the MRC-based WPT systems, the PTE can be derived as
follows [68]. In this section the PTE of two-coil WPT system
(Fig. 4) is derived for the simplicity:

η =
PS
PL
=

4 · ω
2
·M2
·Rs·RL

R2s ·R
2
2

(
(
1+ Rs

R1

) (
1+ RL

R2

)
+

ω2·M2

R1·R2
)
2 (14)

where η is the PTE; PS and PL are the source power and load
power, respectively; ω is the operating frequency; M is the
mutual inductance, where M = k

√
L1 · L2; RS ,R1,R2 and

RL are the resistances of the source, resonator 1, 2, and load,
respectively. In Eq. (14), the PTE is maximized when Eq. (15)
is satisfied and the optimized PTE is given by equation (16)
[68].

Rs
R1
=

RL
R2
=

√
1+

ω2 ·M2

R1 · R2
(15)

ηopt =
k2Q1Q2

(1+
√
1+ k2Q1Q2)

2 =
U2

(1+
√
1+ U2)

2 (16)

where k is a coupling coefficient; Q1 and Q2 are the quality
factors of resonator 1 and 2, respectively; U is a figure-of-
merit for a WPT system where U = k

√
Q1 · Q2. The MRC-

based WPT systems where U � 1 are said to be strongly
coupled, and ones where U � 1 are said to be weakly
coupled [68]. It should be noted that the efficientWPT system
can be achieved with high U which requires high k and
high Q′s [68], [69]. Keeping this in mind, the properties
of metamaterials (negative refraction and evanescent wave
amplification) are of interest to MRC-based WPT systems
since the MRC is essentially coupling of evanescent waves
[32], [33]. In the status of resonance, electromagnetic (EM)
fields are mostly focused inside the resonators. Outside the
resonators, EMfields diminish evanescently and do not trans-
fer energy. With the negative refraction index MTM slab,
the amplitude of evanescent waves can be enhanced and the
coupling coefficient of two resonators can be improved [32],
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[33]. Finally, the improved coupling coefficient induces high
U , thereby improving the PTE of the WPT systems by Eq.
(16).

FIGURE 5. Conceptual principle of the metamaterial-based WPT: (a) WPT
system without metamaterial slab, (b) with metamaterial slab (right).

By utilizing the aforementioned principle, MTM slabs are
included to theWPT systems in various ways to get high PTE
as depicted in Fig 3. They have utilized the unique properties
of the MTMs which are negative refraction and evanescent
wave amplification. Fig. 5 shows a conceptual schematic for
the principle of the MTM-based WPT. In a WPT system
(Fig. 5. (a)), the magnetic field generated by a Tx coil shows
its flux lines symmetrically around the coil. If the Rx coil is
located where the flux lines of the Tx coil reach, the cross-
linked magnetic flux within the Rx coil will induce current
flows in the Rx coil by Faraday’s law, transferring power
wirelessly. An issue is that not all the magnetic flux produced
by the Tx coil is captured by the Rx coil, leaking out and
leading to low PTE. Meantime, when a MTM slab is inserted
between Tx and Rx as shown in Fig. 5. (b), the negative
refraction index of the MTM slab will be able to focus
the magnetic field lines effectively toward the Rx, thereby
improving power transfer efficiency. Using this principle of
the MTM-based WPT MTMs, various architectures with the
different dimensions and different locations of MTM slabs
have been studied.

Recently, Cho et al. [56] have reported the hybrid metama-
terial slab (HMS), an attempt to optimize the topology of the
multiple MTM unit cells. The proposed HMS consists of two
different MTM unit cells to reduce the electromagnetic field
(EMF) leakage in the WPT system, ultimately enhancing the
PTE. In Fig. 6. (a), the focused magnetic field distribution
of the WPT system with the HMS is depicted. The outer
part of the HMS changes the diverging magnetic fields to the
converging magnetic field due to the negative permeability of
the type 1 unit cells and the center part of the HMS straightens
the magnetic field due to the zero effective permeability of
the type 2 unit cells. The structure and refraction property of
the unit cells are shown in Fig. 6. (b) [56], where with the
spiral type structure of the MTM unit cells, zero or negative
permeability could be realized. It is shown that the value of
the relative magnetic permeability changes the direction of
the magnetic field to negative or zero by boundary conditions,
for which experimental results have been performed with a

FIGURE 6. (a) Conceptual configuration of the WPT with the HMS. (b)
Structure and refraction property of the two different metamaterial unit
cells [56].

transfer distance between Tx and Rx coils of 15-30 cm and
the location of the employed HMS at 3.5 cm in front of
the Tx coil. As the additional structure positioned between
the Tx and Rx coils is not preferred for the practical WPT
system, the HMS has been positioned nearby the Tx. The PTE
of the HMS incorporated system shows improvements from
35.3 % to 41.7 % at the distance of 10 cm and from 10.7 %
to 18.6 % at the distance of 20 cm. Meanwhile, the PTE
peak is shifted to a higher frequency region due to the mutual
coupling between the MTM and the spirals. Also, Lee et al.
[58] have introduced a two-stacked HMS in their following
work. The two-stacked HMS has been placed in front of the
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Tx with a gap of 1 cm between slabs. When the two-stacked
HMS is employed to the WPT system, the PTE of the system
improves from 23.9 % to 49.3 % at the distance of 15 cm and
from 6.9 % to 29.4 % at the distance of 20 cm. Even though
these studies have shown the advantages of HMS slab, further
studies are needed for the proof of the concept. For example,
if the MTM unit cells with different negative refraction index
are properly positioned in HMS slab, the magnetic fields can
be focused to the desired direction meaning the direction of
the magnetic fields can be changed according to the combina-
tion of different MTM unit cells. These studies can be a new
regime of the MTM-based WPT systems.

B. METAMATERIAL-BASED WPT FOR A MISALIGNMENT
COMPENSATION
In WPT systems, misalignment between Tx and Rx coils is
one of the critical factors that determines the PTE of the
WPT systems. Any misalignment in WPT systems from the
initial optimal location results in significant degradation in
PTE [70]. In order to address this issue, many studies have
been conducted to compensate the misalignment conditions
in the WPT systems.

FIGURE 7. Misaligned conditions in the WPT system with metamaterial
slab: (a) lateral misalignment with DL (b) angular misalignment with θ .

Some researchers have investigated that the MTMs can
mitigate the PTE degradation caused by the misalignment
owing to the MTMs’ evanescent wave amplification prop-
erty [43], [44], [53]. In general, misalignment conditions in
the WPT systems can be divided into two categories which
are lateral misalignment (DL) and angular misalignment (θ),
as shown in Fig. 7. Recently, the impact of the lateral and
angular misalignments on the WPT system and the compen-
sation of the PTE in the misaligned WPT system with the

FIGURE 8. Magnetic field distribution of the WPT system with and
without metamaterial slab (a) under a lateral misalignment (DL) of 30 cm
(b) under an angular misalignment (θ) of 45◦ [43].

MTM slab have been reported in [43]. Fig. 8 shows the mag-
netic field distribution of the WPT system with and without
MTM slab under a lateral misalignment (DL) of 30 cm and
an angular misalignment (θ) of 45◦ with a transfer distance
of d = 100 cm and a resonant frequency of 6.6 MHz. The
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simulation results in Fig. 8 show that the MTM slab amplifies
the evanescent waves leading to an increase in the magnetic
coupling between the Tx and Rx coils for both lateral and
angular misalignment conditions. The experimental results
show that the MTM slab can improve the PTE of the WPT
system and compensate the impacts of the misalignments on
the WPT system. At the transfer distance of d = 100 cm,
the PTE of the WPT system with MTM slabs improves from
25.3 % to 57.9 % in an aligned condition. Under the lateral
misalignment condition, the PTE of the WPT system with
MTM slabs shows an improvement by 33.1 % and 27.3 %
at DL = 10 cm and 40 cm, respectively. As for the angular
misalignment condition, the PTE improves by 32.9 % and
30.9 %, at θ = 15◦ and 45◦, respectively.

FIGURE 9. Experimental setup of the WPT system with metamaterial slab:
(a) lateral misalignment condition (b) angular misalignment condition
[44].

Chen and Tan [44] also have utilized same methodology
with [43] to verify the effectiveness of the MTM slab for
the WPT in the lateral and angular misaligned conditions,
as shown in Fig. 9. The MTM slab which consists of 2 × 2
MTM unit cells has been positioned between Tx coil and Rx
coils to mitigate the misalignment condition. The measure-
ment results show that the PTE of the WPT system with a
MTM slab improves from 7.8 % to 45.8 % at the transfer
distance of d = 30 cm and DL = 6 cm. As for the angular
misalignment condition, the PTE improves by 35.3 % and 31
%, at θ = 30◦ and 45◦, respectively.
The work referenced in this section has proved that the

metamaterial slab effectively compensates the effects of the

misalignments on the WPT system and offers more practical
ways for electronic charging devices with increasedmisalign-
ment torelance.

FIGURE 10. Three-coil WPT system with metamaterial slab for laptop
application [55].

C. METAMATERIAL-BASED WPT FOR CONSUMER
ELECTRONICS
In consumer electronics research, WPT is very important as
it provides portability and convenience to users. Recently,
Nguyen et al. [55] have demonstrated a three-coil WPT
system with the MTM slab in order to improve the trans-
fer efficiency for laptop applications. As shown in Fig. 10,
the proposed three-coil WPT system has a planar load coil so
that it can be applied to planar consumer electronic devices,
such as mobile phones and laptops, etc. ThisWPT system has
been designed to operate at 6.78 MHz, an AirFuel Alliance
Standard frequency. In corresponding experiment results, the
PTE of the WPT system with a MTM slab is improved by 27
% at a distance of 50 cm.

In general, most consumer electronic devices have
one or more ground planes. Taking this situation into account,
the ground plane has been placed behind the load coil with a
gap G, as shown in Fig. 11. (a) and the impact of the ground
plane on the PTE of theWPT system has been investigated for
several cases as follows: 1) With and without the MTM slab,
2) Ground plane with and without slit, 3) The gap G = 0.2
cm and G = 2 cm. As depicted in Fig. 11. (b), when the
G is small and there is no slit on the ground, the PTE of
the WPT shows the lowest value. The reason is that most
of the magnetic fields are reflected due to the ground plane.
On the other hand, improved PTE could be achieved for the
entire distance by increasing the gap to 2 cm or making slits
on the ground plane. The maximal improvement of transfer
efficiency achieved by changing the gap and slit size has been
about 55 % at the transfer distance D = 20 cm. It is possible
to mitigate the ground impact by increasing the gap and/or
making slits on the ground plane.
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FIGURE 11. (a) Schematic of a three-coil WPT system with metamaterial
slab and ground plane (unit: cm) (b) Investigation of the ground impact
on PTE of the WPT with metamaterial slab [55].

Moreover, in order to address the practical WPT system
for laptop applications, a laptop model with a screen and a
keyboard has been implemented and the impacts of the load
coil angle and position have been investigated. The ground
plane is inserted to the screen and keyboard and the angles
of the screen are 45◦, 90◦, and 135◦, relative to the keyboard.
The PTE with the angle of 90◦ has shown the highest PTE
since the magnetic field coupled to the load coil becomes
maximum at this angle. Meanwhile, the PTE with an angle
of 45◦ has shown the lowest. As for the impact of the load
coil position, it has been shown that the highest PTE is 51 %
when the distance from the center of the Tx is 15 cm. This
study has shown the MTM -based WPT system for consumer
electronics and explored various experiments for practical
applications.

D. HIGH DIELECTRIC/PERMITTIVITY
METAMATERIAL-BASED WPT
In the field of theMTM-basedWPT systems, the studies have
been mainly focused on the negative permeability MTM slab
which reflects the negative refraction property. Most of the
negative permeability MTM slabs in the WPT applications
are realized by an array of copper-based MTM unit cells.

Alternatively, a way to achieve a single or double negative
MTMs by using very high dielectric materials has been stud-
ied [71]. In addition, several theoretical analyses have been
reported that the single or double negative MTMs can be
obtained by high dielectric spheres [72], [73] or cylindrical
structures [75] based on the Mie resonance theory which
is the theory of electromagnetic plane wave scattering by a
dielectric sphere [76], [77]. The Mie resonances of dielectric
inclusions provide a different mechanism for the creation of
electric or magnetic resonance and offer more various routes
for the fabrication of MTMs [78].

FIGURE 12. Schematic of the CHDR MTM-based WPT system [64].

Recently, Das et al. [64] have proposed the WPT system
based on a cubic high-dielectric resonator (CHDR) MTM.
As shown in Fig. 12, the WPT system consists of a source
coil, a load coil, and two CHDR MTM resonators. The
CHDR MTM resonators are placed in front of the source
and load coils with a distance of 4 mm. The CHDR MTM-
based WPT system has been simulated and characterized
using High Frequency Structure Simulator (HFSS, Ansys
Inc.). In the simulation, the CHDR MTM is composed of
periodic 2 × 2 arrays of high-dielectric elements (εr =
1000) in a low-dielectric constant Teflon background (εr =
2.1). The simulated resonant frequency is f = 476.8MHz.
In Fig. 13, the refractive index, n, the value of the relative
permittivity, εr , the value of the relative permeability, µr ,
are extracted from the simulation results (S11, S21) by using
the standard retrieval methods [75]–[77]. The region covered
by the blue rectangular box is the negative refractive index
region. In this region, the real values of both εr and µr are
negative. Therefore, the CHDR MTM resonator realizes the
properties of the DNGMTMs in this region. As for the imple-
mentation of the CHDR MTM-based WPT system (Fig. 14),
the CHDR cube has been fabricated using the EXXELIA
TEMEX E5080 ceramic (εr = 78). The entire CHDR MTM
consists of a 3×3 array and is excited by the source and load
coils. The measured resonant frequency of the CHDR based-
WPT system is 1.7 GHz which is higher than the simulated
one because of the differences in the material and size of the
CHDR MTM resonator. The measured PTE of the CHDR
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based-WPT system is 52 % at the transfer distance of 3.6
cm. This study has shown a high permittivity MTM for the
WPT system for the first time and proved its effectiveness.
However, the CHDR MTM structure has had nonplanar and
bulky structures, posing potential limitations in the practical
applicability of its design.

FIGURE 13. Extracted parameters of the CHDR MTM resonator. (a) Real
relative permittivity. (b) Imaginary relative permittivity. (c) Real relative
permeability. (d) Imaginary relative permeability [64].

FIGURE 14. Fabricated CHDR MTM-based WPT system [64].

Subsequently, Shaw and Mitra [53] have proposed a WPT
system based on the high permittivity (HP) MTM instead of
the high dielectric MTM. Due to its planar MTM structures,
the design limitations caused by the nonplanar and bulky
structures can be resolved. In order to realize the high permit-
tivity property of theMTM, a compact low-loss circular spiral
split-ring resonator structure has been utilized. As shown
in Fig. 15, the WPT system consists of a Tx coil, an Rx
coil, and two HP MTM slabs. The 2 × 2 HP MTM slabs are
located in front of the Tx and Rx coils with spacing s. The
high permittivity property of the MTM slabs is simulated and

FIGURE 15. Schematic of the HP MTM-based WPT system [53].

characterized using HFSS. The simulated S11 and S21 of the
HP MTM unit cell are shown in Fig. 16 (a). The Kramers–
Kronig retrieval method [82] is used for extracting the relative
permittivity, which is shown in Fig. 16 (b). The blue region in
the figure shows the operating zone for the PTE improvement
of the WPT system, where the real part of the permittivity is
high while the imaginary part is only about 0.47 reflecting the
low loss of the MTM. For the proof of concept, prototypes
have been fabricated, and measured, as shown in Fig. 17. The
operating frequency of theWPT system is around 472.6MHz.
As the high permittivity property of MTMs has enhanced
the magnetic coupling, the PTE of the WPT system with the
HP MTM slabs has increased compared to the WPT system
without the HP MTM slabs. At a transfer distance of 30 mm,
the improved PTEs achieved from the measurement as well
as from simulation with the insertion of the HP MTM slabs
are 8.6 % and 9.1 %, respectively (Fig. 18).

FIGURE 16. (a) Characteristics of S11 and S21 of the HP MTM unit cell (b)
Extracted real and imaginary values of the relative permittivity [53].

The work referenced in this section has demonstrated that
the high dielectric/permittivity MTM slabs are effective in
improving the PTE of the WPT systems and contribute to
expanding the research area of the MTM-based WPT sys-
tems.

E. COMPARISON OF THE PREVIOUSLY REPORTED
METAMATERIAL-BASED WPT SYSTEMS
In order to have a comprehensive understanding of the
MTM-based WPT systems, the characteristics of previously
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TABLE 1. Comparison of the previously reported metamaterial (MTM) based WPT systems.
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TABLE 1. (Continued.) Comparison of the previously reported metamaterial (MTM) based WPT systems.
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FIGURE 17. Experimental setup for the HP MTM-based WPT system [53].

FIGURE 18. Simulated and measured PTE of the HP MTM-based WPT
system [53].

reported MTM-based WPT systems are summarized and
compared in Table 1. The categorization of the reference
MTM-based WPT systems is based on Fig. 3 in terms of
configuration of the MTM, the location of the slabs, and the
number of the MTM slabs. Comparison parameters include
the operating frequency, Tx / Rx coils diameters, the property
(or type) of the MTM, the transfer distance, and the PTE /
PTE improvement with MTM. As the experiments of each
paper accommodates different coil sizes, which impacts the
PTE as a function of distance, for fair comparison, the transfer
distance between Tx and Rx coils has been normalized to the
geometrical mean of Tx and Rx coil radii as shown in Eq. (17)
[83].

Normalized transfer distance =
Transfer distance
√
rT · rR

(17)

where rT and rR are the Tx radius, and Rx radius, respectively.
Additionally, a figure of merit (FoM) has been introduced
to compare all those WPT systems taking into account the
transfer distance, the coil size, and the PTE. The equation for

the FoM is as follows [84]:

FoM =
Transfer distance
Diameter of coil

× PTE (18)

This table is expected to provide an overview of contempo-
rary techniques used for the MTM-based WPT systems, and
important parameters.

Furthermore, the PTEs of the previously reported MTM-
based WPT systems are plotted as a function of the nor-
malized transfer distance as a white space chart, as shown
in Fig. 19. The reference works cover frequencies from
2.65 MHz up to 2.7 GHz while frequency categorization has
been based on the AirFuel Alliance Standard frequency sys-
tem at 6.78 MHz, on which emphasis is placed in this review.
Even though it is hard to compare these works directly due to
the variety of topologies and types of theMTMs and theWPT
systems, this is expected to provide a quick reference for
engineers and researchers working on the MTM based WPT
systems. In Fig. 19, it is shown that as the normalized transfer
distance increases, the PTE tends to decrease, except for a few
cases. This tendency is related to the decrease of the magnetic
coupling between the Tx coil, Rx coil, and the MTM slab due
to the increase of the normalized transfer distance between
them, which follows the fundamental physics. Meantime,
the comparison table and figure in this section enlist the
concurrent state-of-the-artMTM-basedWPT systems and are
expected to assist the researchers by providing them with
some important parameters of the MTM-based WPT systems
to achieve better PTE.

IV. PERSPECTIVES AND CHALLENGES OF THE
METAMATERIAL-BASED WPT SYSTEMS
It has been shown that the PTE and transfer distance of the
WPT systems can be greatly improved by incorporating the
MTMs in the system, which is attributed to the negative
refraction and evanescent wave amplification properties of
the MTMs. Without any doubt, the development of MTMs
will further boost the progress of the WPT systems. How-
ever, investigations on the applications of the MTMs based
WPT systems are still in an early stage. Thus, here several
perspectives and challenges of the MTM basedWPT systems
for future progress are discussed.

First, as the PTE is one of the most important merit param-
eters of the WPT systems, the insertion loss of the MTM slab
should be minimized. Even though the inserted MTM slab
improves the PTE of the WPT systems, it inevitably expe-
riences insertion losses in practical WPT systems. Chabalko
et al. [59] have investigated the insertion loss of the MTM
slabs and single turn resonator which are inserted between
Tx and Rx coils. They show that the single turn resonator
can significantly increase the PTE of the WPT system in a
certain case even more than MTM slab. The reason for this
phenomenon is that the insertion loss of the MTM slab is
much larger than that of the single turn resonator due to the
complex structure of the MTM slab and the non-optimized
raw material selection for the MTM. Given this, the structure
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FIGURE 19. The PTEs of the previously reported metamaterial-based WPT systems in terms of normalized transfer distance.

of the MTM slab should be carefully designed in order to
minimize the added insertion loss. Moreover, if the insertion
loss owing to the conductor loss or substrate loss of the
MTM slab can be reduced, it will provide great potentials
to improve the PTE of the WPT systems. Wang et al. [37]
have demonstrated the superconductor based MTM slab with
low conductor loss. It is shown that the lower loss proper-
ties of the superconductor incorporated with the properties
of MTMs can improve more the PTE of the WPT systems
effectively. On the other hand, it has been reported that the
negative refraction property could be realized without using
such bulky structures [85]. Since a thick substrate could add
an additional substrate loss, a thinner MTM slab should be
preferably used in order to minimize the insertion loss of the
MTM slab. As the insertion loss of the MTM slab directly
impacts the PTE of the WPT systems, lowering it down must
be of prime design concern, which is expected to provide
great potentials to improve the PTE of the WPT systems
and therefore it should be further investigated. In addition,
there are additional losses which can affect the PTE when it
comes to the final applications. In general, the MRC-based
WPT systems consist of a power supplier, power amplifier,
WPT resonators, rectifier, DC-DC converter, and load, etc.
The losses in each step and unpredictable parameter changes
(load, transfer distance, and orientation etc.) inWPT environ-
ments greatly affect the end to end PTE [86]. Thus, in order to
achieve high efficiency MTM-based WPT systems, the effi-
ciency of each step should be optimized and the entire
WPT system needs to have an adaptability to various WPT
environments.

Although theMTMs can improve the PTE of theWPT sys-
tems due to their unique properties, the studies on the MTM-
based WPT systems for practical applications are still in the
basic research stage yet. As the research and development
activities of the WPT systems are actively executed in the
broad fields and applications such as charging the portable
electronic devices [87], electric vehicles or transportation
equipment [88]–[90], and bio-medical implants [91]–[93],
etc., much efforts should be exerted to develop practical
MTM-based WPT systems. It is worth to notice that most
of the reported MTM slabs have a bulky and thick structure,
placing constraints toward their practical applications. It may
not be practical if the additional bulky MTM slab is placed
in the power transmission path, which would restrict the
usefulness and flexibility of the WPT systems even being
worse than the traditional wire charging systems. The pos-
sible approaches to address these issues are as follows. First,
the MTM slab can be embedded in the WPT systems. For
this approach, the optimization of the embedding position
of the MTM slab should be studied in the future. Second,
it could be embedding the MTM to the intermediate objects
that do not interfere with users. Recently, Zheludev and
Kivshar [94] have demonstrated an MTM-based smart table
for the WPT system. The proposed MTM-embedded table
increases the PTE regardless of the position of Tx and Rx if
they are placed anywhere on the smart MTM table. This work
showed the new possibility of practical MTM-based WPT
systems. Further studies on the MTM-based WPT systems
using embedded schemes should be addressed in the future
for real implementations. Alternatively, it can be considered
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to change the form factor or shape of the MTM slab. If the
flexible or foldable MTM screen is inserted to the middle
of the WPT systems and the screen can be rolled up e.g.
onto the ceiling when not used, it does not require any
designated space for the screen solving the aforementioned
problem. In addition, modern WPT systems need to be com-
pliant with the technology trend of reduced size, weight,
and power (SWaP). Especially for the efficient usage of the
space, the modern electronics transform their form factors
to be deformed, rolled, and folded, e.g. rollable TVs and
foldable phones without compromising the performance of
the electronic systems. If this trend can be addressed in
the MTM-based WPT systems while being compliant with
the commercial WPT standards, it can take one step closer
to the practical applications toward the efficient usage of
the space.

Another thing to be considered is the trend of the MTM
devices. Recently, active MTMs which can tune their proper-
ties in response to an external input have been studied [95]–
[97]. Conventional MTMs, called passive MTMs, have fixed
parameters once being made which limit the applications of
MTM devices. In most of previous studies, the properties of
the MTMs can not be changed once being fabricated as they
adopt the passive MTMs. For the same reason, the operating
frequency of the MTM slab is also fixed. Recently, the active
MTMs have been studied in the field of theMTM-basedWPT
systems [98], [99]. Ranaweera et al. [99] have proposed an
active MTM for dynamically field localizing WPT systems
which can provide controlled and selective power transfer
into the intended zone (hot zone). The hot zone can be
realized using defect cavities created on the MTM unit cells
which have switchable resonant frequencies. By realizing the
enhanced fields on the intended region, both PTE and safety
can be improved. However, the transfer distance has been
limited as they have utilized the non-resonant loops for Tx
and Rx coils. Moreover, no exhaustive investigation on the
transfer distance which is one of the important parameters
of the WPT systems has beenperformed. Even though they
have shown the effectiveness of the active MTM in the field
of WPT systems, further studies are needed for active MTM-
based WPT systems. Especially, the studies on the negative
refraction property of the active MTMs can be one of the
candidates. If the negative refraction property of the MTM
slab can be tuned, the direction of the magnetic fields can be
also changed in response to the environments of the WPT.
For example, when the Rx coil is misaligned to the Tx coil,
the active MTM slab can effectively change the direction of
the magnetic fields to the location of the Rx as the negative
refraction index of MTM slab can be tuned. If the negative
refraction property of the MTM unit cells can be modulated,
an improved flexibility of the MTM-based WPT systems
can be achieved and its applicability will be enlarged. It is
expected that the active MTMs will give new opportunities
for practical MTM-based WPT systems in various situations
such as misaligned conditions or asymmetric WPT environ-
ments.

On the other side, in order to move further into the prac-
tical application of the MTM-based WPT systems, human
safety should be carefully considered. In general, the spe-
cific absorption rate (SAR) value has been utilized to ver-
ify whether the designed devices are appropriate for practi-
cal applications and compliant with the safety limit or not.
According to the IEEE C95.1-1999 standard, the average
SAR over 1g of tissue model in cubic shape should be
≤1.6W/kg for human safety [100]. For this reason, the inves-
tigation of the SAR analysis on the MTM-based WPT sys-
tems should be conducted. Recently, some researchers have
demonstrated the MTM-based WPT systems for biomedical
applications and showed the improved PTE in both the air and
implantable environments of theWPT system using the prop-
erties of MTM [101]–[103]. Among them, Shaw and Mitra
[101] provided the SAR analysis of the implantable WPT
system with and without MTM slab. Even though the SAR
analysis for human safety is a necessary step for the practical
WPT systems, most of the MTM-based WPT systems have
not taken into consideration the human safety issue yet.

V. CONCLUSION
This article has reviewed recent progress on the MTM
and its application to WPT technologies. Brief history and
fundamental of the MTM and WPT systems have been
reviewed. Some of the remarkable and state-of-the-art con-
current works and their features have been highlighted includ-
ing the improvement of the PTE, the compensation of the
misalignment conditions, the application to the consumer
electronics, and the usage of the high dielectric/permittivity
MTMs. In order to provide a comprehensive outlook of the
MTM-based WPT systems, the previously reported MTM-
based WPT systems have been compared in terms of various
parameters such as the MTM configuration, the MTM’s posi-
tion, the operating frequency, theWPT distance, and the PTE.
The PTEs of these systems have been plotted as a function
of the normalized transfer distance. This review is expected
to provide an insight for understanding the trends of the
MTM-based WPT system technologies and serve as a quick
reference in the WPT research field. Also, the prospective
and challenges of the MTM-based WPT systems have been
discussed toward the advancement of the technology itself
and the practical applications.
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