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Abstract. Recently, wireless power transfer (WPT) has been a topic of interest due to its
attractive applications in modern life. Starting from Tesla’s idea about a century ago, WPT has
developed tremendously and appeared in many of the most modern electronic devices. However,
some WPT systems still have limitations such as short transmission distance, low transfer
efficiency, and electromagnetic leakage. Magnetic metamaterial (MM) is a potential candidate
that can overcome the above disadvantages of WPT. This paper is intended to present an
overview of recent advances and research progress on WPT systems. Three classes of WPT
consisting of short-range, mid-range, and long-range, will be analyzed in detail both in terms of
fundamentals and applications. Especially, MM configurations can be used to enhance the near-
field WPT efficiency and reduce the leakage of electromagnetic field will also be evaluated. This
article is expected to provide a comprehensive review of the mechanism and applications as well
as the future development of metamaterial-based WPT systems.
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1. INTRODUCTION

Nowadays, mobile devices and especially wearable devices are an indispensable part of
modern life. The market for such devices is therefore also growing rapidly with more and more
intelligent, compact, and convenient products. Integrated circuit technology has evolved
continuously over the years. Since then, new features are constantly being added to these devices
along with faster processors. More tasks need to be processed, which in turn requires more
power. Many energy storage solutions to supply mobile devices have been deployed, such as
supercapacitors, lithium-ion batteries, solar cells, etc. However, storage technology on mobile
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devices has not made significant improvements over the years. Therefore, powering or charging
these devices is a matter of concern [1 - 3]. Wireless power transfer (WPT) was introduced more
than a century ago by genius scientist Nikola Tesla with his invention for both types of WPT
using radiated field (far-field) and induced field (near-field) [4]. WPT has been used to power
implantable devices since the 1970s. Studies on the use of microwave energy to power aircraft
have also been conducted since the 1960s [5 - 6]. However, this technology only really exploded
in the era of mobile devices. The most popular wireless charging standard today is Qi, which has
appeared in many of the most modern smartphones and smartwatches [7 - 11].

WPT technology can be implemented in three main directions: WPT is based on magnetic
induction at close distance (mm-cm) [12 - 14], WPT is based on magnetic resonance at medium
distance (cm-m) [15], and WPT is based on the radiated field at long distance (m-km) [16, 17].
Depending on the transmission distance and power required, a WPT type will be selected. In
daily life applications, such as charging for smartphones, electric vehicles, and appliances WPT
based on near-field is more commonly used [18 - 20]. WPT has also found many applications in
biomedical implant devices [21 - 23].

Researchers have recently focused on magnetic resonance WPT because of the advantage
of transfer distance and high efficiency [24, 25]. The magnetic resonance WPT can be explained
using coupled-mode theory [26-28]. When the transfer distance increases, the coupling between
resonators is reduced, which results in an efficiency drop [29]. Many studies reported that
metamaterials with the ability to amplify evanescent waves could be utilized to improve the
WPT system’s performance [30-34].

This paper aims to conduct a comprehensive investigation of modern trends in WPT and
the advantage of metamaterials in near-field WPT. The rest of this paper is organized as follows.
Section 2 introduces the fundamentals of WPT for both far-field and near-field. The principle of
metamaterials for the WPT system is presented in Section 3. Three main types of metamaterial-
based WPT for efficiency improvement, misalignment compensation, and leakage field
reduction are investigated in Section 4. Section 5 discusses the perspective and challenges of
metamaterial-based WPT systems. Finally, the conclusion will be remarked in Section 6.

2. FUNDAMENTAL OF WPT: FROM FAR-FIELD TO NEAR-FIELD

EM waves Mechanical wave, etc

Far-field Near-field

Resonance

Microwave Inductive

Figure 1. WPT technology classification.
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In general, the category of the WPT technology under study is illustrated in Fig. 1 [35].
WPT means using waves rather than wires to transmit energy. Several kinds of waves can be
utilized, but the most common is electromagnetic (EM) waves. Far-field WPT is for long-
distance, while near-field WPT is widely used in daily applications [36 - 37].

2.1. Far-field WPT system

Over a long-distance, energy is transferred from a transmitting antenna to a receiving
antenna through electromagnetic waves. Such WPT system has advanced in long-distance
transmission, suitable for information transfer. However, it can affect the human body due to
electromagnetic radiation. Thus, WPT systems must be carefully designed [38 - 39]. In 1963, W.
C. Brown first demonstrated the far-field WPT in the microwave range at 2.45 GHz [17].
Radiative energy can be departed from an antenna and travels through the air over a long
distance in the form of electromagnetic waves. However, the power transfer efficiency was low
due to high power loss [3].
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Figure 2. Antenna array for the far-field charging unit in wireless power transfer [40].
2.2. Near-field WPT system

Far-field WPT is applicable for various applications where efficiency is not a concern, and
the entire system could be illuminated with microwave radiation without exceeding safety
standards [41]. However, for high efficiency and daily life, near-field WPT is more suitable [42].
It is possible to use both electric and magnetic fields for near-field power transmission [43]. The
near-field magnetic solution will allow transmission through various obstacles and people since
the magnetic field will not interact with them while the electric field causes polarization.
Therefore, most of WPT’s commercial products are based on magnetic near-field WPT [44 -
46].
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2.2.1. Short-range near-field WPT system (Inductive coupling WPT)

Txcpil
@) Y Vi (®) k ‘ Rx coil
L Z===S C Source 7\ :-:

Vo= Vucosmgt 0= oLy/R, 0,= wLy/R,

Figure 3. Inductive coupling WPT. (a) 2-coil system [12], (b) schematic, (c) circuit model [47],
(d) applications [48].

The magnetic inductive coupling WPT mechanism is indicated in Fig. 3(a). The system
consists of two coils (transmitter and receiver coils) placed close together. An alternating current
at a high frequency is excited to the transmitter coil, generating an oscillating magnetic field by
Ampere’s law. The magnetic field passes through the receiving coil and induces an alternating
current in the receiver coil. That is how energy transfers from transmitter to receiver. The
schematic of the 2-coil WPT system is shown in Fig. 3(b). To make the energy transfer process
more efficient, two matching networks are embedded between source-transmitter coils and load-
receiver coils. Figure 3(c) shows the equivalent circuit model of a 2-coil WPT system with
voltage applied Vs, source, and load impedance Rs and R,. The self-inductance and self-
capacitance of the coils are depicted by L+, Lg, Cr, and Cg, respectively. Because the 2-coil WPT
system operates in the low MHz frequency range, the radiation loss of the coil can be ignored.
Therefore, the intrinsic loss of the coils is mainly caused by Ohmic loss, denoted by Rt and Rg.
As we know, there is a current I; flowing in the coils due to inductive coupling between the two
coils. Two coils are coupled to each other through the mutual inductance M, given by

M =Kk./L; L , where k is the coupling coefficient. Nowadays, 2-coil WPT systems are very

popular in modern electronic devices, such as wireless chargers for smartphones, power drills,
and self-propelled equipment, as shown in Fig. 3(d).

To quantify the energy transfer efficiency, we analyze the equivalent circuit model of the
WPT system. First, we consider the behavior of an isolated resonator. It can be described by two

essential parameters: self-resonant frequencya)ozl/\/LC and intrinsic loss factor I. The

relationship between these two parameters defines the quality factor (Q-factor) of the resonator
coil, which can be expressed as follows:
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= (1)

The expression for Q-factor in Eq. (1) shows that reducing the loss in the circuit (R) leads
to an increase in the Q-factor. Q-factor is a parameter to measure how well the resonator stores
energy, and the WPT system needs a high Q-factor for more efficient energy transfer.

Analyzing the circuit in Fig. 3(c), we obtain the ratio of power delivered to the load resistor
and supply power available from the source at the resonant frequency.
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From Eg. (2), we can get the best system performance if we have:
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R_j:%: 1+k QTQR (3)

R

Then the optimum efficiency of the WPT system can be given by:
k*Qr Qx

(1+ J+KQ.Q, )2 “)

In a symmetric system, the transmitter and receiver coils are identical, so Q = Qt = Qs.
Therefore, Eq. (4) can be simplified as follows:

k2Q2
2 5
(1+ J1+ szz) ®)
As can be inferred from Eg. (5), the kQ product is an essential coefficient of the inductive
coupling WPT system. While Q is dependent on the shape and material of the coil, k is presented

for the distance between transmitter and receiver of the WPT system or the so-called efficiency
transfer distance.

opt —

nopt =

2.2.2. Mid-range near-field WPT system (Magnetic resonant coupling WPT)

The inductive coupling WPT offers a variety of solutions for contactless charging systems.
However, the short transfer distance has limited the range of its applications. Therefore, many
researchers have worked to extend the transfer distance of near-field WPT systems [51-56]. Kurs
et al. [26] at Massachusetts Institute of Technology (MIT) proposed an approach with four coils,
utilizing two resonator structures at the same resonant frequency to enhance the efficiency of
WPT system. This is called magnetic resonant WPT (MR-WPT) system or 4-coil WPT system.
Figure 4(a) shows the experiment setup of Zhang et al. for transferring energy through the air
with a distance of 2.5 m to light two 60 W bulbs. Figure 4(b) illustrates a schematic of a MR-
WPT system using two coupled resonators, which consists of 4 coils: source coil, transmitter
resonator (Tx), receiver resonator (Rx), and load coil. The distances between source coil — Tx
and load coil — Rx are small so that they can interact with each other via inductive coupling. The
gap between Tx and Rx defines the efficiency transfer distance of the MR-WPT system. Tx and
Rx have the structure with multi-turn of cooper. Therefore, they have a high Q-factor (400 in [57
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- 58]) to transfer energy efficiently. As discussed in the previous section, the transfer efficiency
of a WPT system strongly depends on kQ product. In the MR-WPT system, the Q-factor is very
high, even if the coupling is very small, the transfer efficiency can still be achieved at a good
value, which means the transfer distance can be extended. The MR-WPT system can be
represented by an equivalent circuit, as shown in Fig. 4(c). In the transmitter part, the source
loop is excited by a voltage Vs with the output impedance Rs. The source loop can be modeled as
an inductor (L,), capacitor (C,), and resistor (R;). The Tx consists of a multi-turn air-core spiral
inductor (L,), capacitor (C,), and resistor (R,). Two inductors L; and L, are connected with
coupling coefficient ki,. The receiver part is defined similarly and linked with the transmitter
part by coupling coefficient ky;. In a typical implementation of the MR-WPT system, the
distance between the source loop and Tx would be fixed so that ki, is constant.

Load
Rx
Critj
,/rQVercg% tog” SOpreg
© Sy
(d) 2 Ynde,.
= Coupy,
Zn G Cy o I
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Figure 4. Magnetic resonant WPT. (a) WPT via 2.5 m distance [49], (b) schematic of 4-coil system [2].
Copyright 2017 AIP Publishing LLC. (c) Circuit model [50], (d) Efficiency of MR-WPT system [15].

Similarly, ks; would also be fixed. Therefore, the distance between transmitter and receiver
results in k3 which is the remaining uncontrolled value.

To analyze the circuit in Fig. 4(c), we apply Kirchhoff’s voltage law (KVL) to determine
the current in each resonant circuit:

. 1 .
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where: |; (i = 1-4) is the current in coils, M; =k; L L, denotes mutual coupling between coils,
w is the angular operating frequency of the WPT system.

When the MR-WPT is symmetric, the source/load coils are identical, and so are the Tx/Rx
coils. We obtain Q; = Q4; Q> = Qs va ki, = ks4. The voltage ratio between the load and the source
which is an essential quantity for the performance of the WPT system can be calculated by the
following formula:

Vil (LR kek$QQS R -
AR (1+k2QQ,)" +k2Q2 VRs
The transfer efficiency 7 is defined as:
P VZ/R
_Tour _ L/ L =|521|2 8)

I:)IN V82/4RS

where Poyr and P,y are output and input power, S,; is the transmission coefficient of the MR-
WPT system.

An MR-WPT system operates in two modes, over-coupling and under-coupling, as shown
in Fig. 4(d). When the coupling between Tx and Rx exceeds a critical value, the MR-WPT
system operates at over-coupling regime; otherwise, it works at under-coupling regime. At over-
coupling regime, frequency splitting is clearly visible at a distance shorter than the critical point.
As the distance between Tx and Rx increases, the frequency separation decreases until the two
modes converge at the critical point.

3. MAGNETIC METAMATERIAL APPLY IN WPT

Artificially engineered composites, the so-called metamaterials, have exotic
electromagnetic characteristics that conventional materials do not show. Victor Veselago first
proposed the concept of metamaterials in 1968 by a theoretical analysis of substances with
negative permittivity (&) and permeability (1) simultaneously [59]. After 30 years of waiting, the
first practical realization of metamaterial was made possible by two papers that presented
negative epsilon using wire structure and negative permeability using split ring medium of John
Pendry in 1996 and 1999, respectively [60 - 61]. Metamaterials present many novel phenomena
which are not observed in natural materials, such as evanescent wave amplification [62],
backward wave propagation, inverse Doppler effect, negative Goos-Hanchen shift, and
backward Cerenkov radiation [63 - 66]. From their various unique properties, metamaterials can
find many applications in the fields of energy harvesting [67], perfect absorber [68 - 72],
enhancing antenna efficiency [73], and biosensors [74].

Depending on the signs of ¢ and p values, the materials are classified into four groups:
double-positive, epsilon-negative, double-negative, and mu-negative materials. In mu-negative
material, only magnetic component is considered; therefore, it is also known as magnetic
metamaterial (MM). Almost metamaterial structures operate at GHz and THz frequency range
with both electric and magnetic responses [75, 76]. However, MM usually operates at low
megahertz frequency and works mainly with magnetic field [77]. Thanks to negative
permeability properties, MM can enhance the evanescent wave in the near-field region.
Therefore, they can improve the WPT efficiency [78].
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Figure 5. The categorization of materials based on permittivity (&) and permeability (u) [35].
3.1. Effective medium theory

Electromagnetic parameters representing the characteristics of metamaterials, such as
permittivity (&) and permeability () can be achieved from the effective medium theory. When
the unit cell of the material structure is much smaller than the operating wavelength of the
electromagnetic wave, the material can be considered similar to a homogeneous medium.
Therefore, the electromagnetic parameters of the material can be calculated using the effective
medium theory. Ordinarily, the size of the metamaterial unit cell is less than A/50, where 1 is the
operation wavelength. The effective permittivity and permeability of the metamaterial structure
can be achieved by the S-parameter retrieval method, which was proposed in [79, 80]. From
1970, the Nicolson-Ross-Weir method [81] was usually used to calculate material parameters via
transmission and reflection coefficients. On that basis, in 2004, X. D. Chen’s research group [82]
proposed a more accurate method to calculate the effective parameters of metamaterials.

The relationship of S-parameters and refractive index (n) and impedance (z) can be
expressed as:

~ R01 (1_ eianod )
11— 1_ R021ei2nk0d
3 (1_ Rozl)einkod

1— Rgleianod

(9)
S (10)

where Ry, = (z-1)/(z+1), and X =1/2S,,(1-S% +52), we have €™ = X +iy1-X?

The refractive index n and wave impedance z can be expressed as:

n= koid{[[ln(e‘“kod)]" +2mz | —i[ln(e‘“kod)]} (11)
—— /(1+Sn—)2—5221 (12)
(1_ S11)2 - S221
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The effective permittivity and permeability can be calculated from the refractive index and
wave impedance by:

E = n .
f 7 (13)
lueff =nz

Generally, the above approach is useful for calculating the effective permittivity and
permeability of metamaterial structure. However, this approach is not convenient for obtaining
effective permeability for the magnetic metamaterial working mainly in the near-field region.

According to the Lorentzian-type resonance, the effective permeability can be achieved by
the following equation [61, 79]:

Mo = [wf ~® — Jag)o}; (14)
A
F =
VL (16)

where F is the fill factor and Q is the quality factor of the unit cell, respectively. @ and w, are
angular frequency and angular resonance frequency of the unit cell, respectively. po is the
permeability of the vacuum. A represents the area of the pattern of unit cell. V stands for the
occupied volume unit cell. L, is the average inductance.

(a) (b)
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Figure 7. (a) Magnetic metamaterial unit cell, (b) schematic of unit cell, (c) reflection and transmission
response, (d) permeability [83].
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Figure 7(a) illustrates a diagram of MM unit cell consisting of a multi-turn spiral resonator
loaded with a lumped capacitor. The equivalent circuit model of MM unit cell is shown in Fig.
7(b) with self-inductance L = 0.95 uH, self-capacitance C, = 5.05 pF, the external capacitor has
the value of C. = 15 pF, R represents the ohmic losses in the spiral.

The resonant frequency of the MM unit cell can be calculated by:
1

f=
27JL(C,+Cy) 1

The reflection and transmission response of MM unit cell are shown in Fig. 7(c). A dip in
the magnitude of S;; appears at 13.56 MHz, which is the resonant frequency of MM unit cell.
The real and imaginary parts of permeability can be achieved from S-parameter by the standard
retrieval method [84] and which is shown in Fig. 7(d). The real part of permeability has a narrow
negative band around 13.56 MHz and the most significant negative permeability value of -9.5 at
13.68 MHz.

3.2. Evanescent wave amplification

| The negative permeability metamaterial prohibits propagating waves, but they can amplify
evanescent waves in the subwavelength regime [85, 86]. A WPT system uses magneto-
guasistatic waves whose wavelength is much larger than the total size of the system. Therefore,
the evanescent wave amplification property of magnetic metamaterials can be applied to
enhance the efficiency of the WPT system.

B (2) Ex(2)

Y

—2Z0 0 Z0 d 2d — zg

/

( P (

Figure 7. The evanescent wave is amplified through the negative permeability metamaterial [85].
Copyright 2017 AIP Publishing LLC.

Figure 7 describes the evanescent wave amplification in the negative permeability
metamaterial. The negative permeability falls from 0 to d on the z-axis. The transmission and
reflection coefficients at the matching boundary conditions of z = 0 and z = d can be calculated
by [85]:

(1_ rz)e—zj'k'zd
T2V /" . (18)
1— rZe—ZJkZd
r= i_i; (19)
_|_
K
Py zkzl_/l; (20)
M
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‘PTE =_Z , (21)

wherek, =@’ ue —k? , k, represents x-component of incident wavenumber in free space, 4
is the permeability of metamaterial medium. When s = —1we obtain T =g/,

Normally, in the free space, the amplitude of the evanescent wave decreases as the transfer
distance increases. Nevertheless, the evanescent wave is amplified when the incident wave
meets the negative permeability metamaterial medium.

Metamaterial ™
slab

Figure 8. Improving the WPT efficiency by metamaterial slab: (a) WPT system in the free space, (b) WPT
system with a metamaterial slab [87]. Copyright 2020 Cambridge University Press.

Figure 8 shows a schematic explanation for the principle of improving WPT efficiency
using magnetic metamaterial. Figure 8(a) illustrates a basic WPT system with Tx and Rx coils.
The magnetic field is generated by Tx coil shows its flux lines symmetrically around the center-
center coils line. One problem is that Rx cannot capture all the magnetic flux produced by Tx.
Therefore, the performance of this WPT system decreases dramatically when Rx moves far
away from Tx. In Fig. 8(b), a negative permeability metamaterial slab can effectively focus the
magnetic flux lines towards Rx, thereby improving the efficiency of WPT system. Based on this
principle, many studies have been conducted to use magnetic metamaterials for WPT with
various architectures and dimensions.

3.3. Magnetoinductive wave (MIW) in metamaterial array

Magnetic metamaterials can support a slow wave known as magneto-inductive waves
(MIWs) [88 - 90], which are generated as a result of inter-element coupling between periodically
arranged unit cells [91 - 94]. Various physical phenomena associated with MIWSs, such as
negative refraction, and backward propagation, were investigated by Solymar and Shamonina
[95]. The simplest embodiment of the magnetic metamaterial waveguides is the design of a finite
array of loops loaded with capacitors, as shown in Fig. 9.

597



VVu Dinh Lam, et al.

Figure 9. Schematic and photographs of the resonator-coupled array [96]. Copyright 2019 Elsevier.

We can apply Kirchhoff’s law for the voltage induced in the loops while only considering
the nearest neighbor’s coupling. We can derive the dispersion relationship for the array [97]:

1—w—§+ xcos(Ba)cosh(aa)=0
(0]
(22)
%— xsin(pa)sinh(aa)=0

where £ is the propagation constant of the wave traveling in the array and « is the attenuation
coefficient per length. x = 2M/L is the coupling coefficient between two neighbor elements and
Q is the quality factor of the element defined as wL/R.

Due to the low losses in MM unit cell, the element achieves a very high Q-factor then cosh
(aa) = 1, sinh (aa) = aa. The expression of the propagation constant and attenuation can be
given by:

ﬁ = 1 arccos (M] (23)
a K
~ xQsin(pa)

The attenuation per length of the array shows the minimum value at the resonant frequency
o and increases when frequency approaches the edge of the band where fa =0 or .

(24)

4. METAMATERIAL-BASED WIRELESS POWER TRANSFER SYSTEM
4.1. Improving transfer efficiency

Transfer efficiency is one of the essential factors of a WPT system. Many researches have
been conducted on using metamaterials to increase the WPT efficiency [98 - 100]. Wang et al.
conducted the first experiment using a metamaterial in WPT with a metamaterial slab having 9 x
9 unit cells in the plane and a total size of 58.5 x 58.5 cm [101]. Figure 10(a) shows the original
WPT system at a distance of 50 cm. The maximum efficiency for this configuration is about
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17 %, as seen in Fig. 10(d). Figures 10(b) and 10(c) illustrate the 3-D metamaterial structure and
anisotropic metamaterial slab being inserted in the middle of the transmitter and receiver of
WPT system, respectively. In these configurations, the WPT system’s peak efficiencies reach 35
% for the 3-D metamaterial structure and 47 % for the anisotropic metamaterial slab. In this
design, the improvement in transfer efficiency can be explained by the amplification of the
evanescent wave achieved by the metamaterial structure in the middle of the transmitter and
receiver. The magnetic field generated from the transmitter coil is mainly in the direction along
the axis of the coil. Therefore, it is more efficient to use an anisotropic metamaterial slab with
negative permeability in this direction than a 3-D metamaterial structure.

Efficiency (%)

26
Frequency (MHz)

Figure 10. Experiment of WPT with a 40 W light bulb. (a) Original system, (b) with 3-D metamaterial, (c)
with anisotropic metamaterial, and (d) the comparison of transfer efficiency for three configurations [101].
Copyright 2016 Mitsubishi Electric Research Laboratories, Inc.

The MM structure can be applied to the WPT system in many other configurations. In [84],
the position of the MM slab for achieving maximum transfer efficiency was investigated. MM
unit cells were considered as ultra-subwavelength meta-atoms in [102]. The compact
metamaterial working at low-frequency (3 MHz) was designed in [103]. A metamaterial-based
WPT system that achieved a high transfer efficiency of 85.2 % at the critical coupling point was
proposed by Chen et al. [104]. An asymmetric mid-range WPT system with metamaterials that
had different transmitter and receiver coils was developed by Zeng et al. [105]. Various other
approaches to using the MM structure have been realized to extend the applicability of the WPT
system [106 - 108].
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Figure 11. (a) Asymmetric WPT system, (b) 5 x 5 unit cells metamaterial slab, (c) Measured efficiency of
asymmetric WPT system in different configurations, (d) Measured WPT efficiency with various distances
from metamaterial slab to receiver resonator [109]. Copyright 2020 Springer Nature.

The asymmetric WPT system with a non-uniform metamaterial slab has been designed by
Pham et al. [109]. Figures 11(a,b) show the asymmetric WPT system and metamaterial slab
constructed by 5 x 5 unit cells. The total size of the metamaterial slab is 25 x 25 c¢cm, and the
distance between the transmitter and the receiver is 20 cm. The measured efficiencies of WPT in
three different configurations (without metamaterial slab, with uniform metamaterial slab, and
with non-uniform metamaterial slab) are shown in Fig. 11(c). The peak efficiencies of the three
configurations are 9.8 %, 29.9 %, and 60.2 %, respectively. The results demonstrate that the
non-uniform metamaterial slab has the ability to enhance the efficiency of the asymmetric WPT
system by two times compared to the uniform metamaterial slab. The dependence of WPT
performance on the position of the metamaterial slab is investigated and illustrated in Fig. 11(d).
There is a position of 4 cm from the receiver to obtain maximum efficiency for both uniform and
non-uniform metamaterial slabs. The coupling will be reduced when the distance between the
receiver and metamaterial is greater than 4 cm and become over-coupling at shorter distances.

4.2. Misalignment compensation
Misalignment between Tx and Rx coils is an important factor that determines the
performance of a WPT system. Lateral or angular misalignments result in a significant reduction

in WPT efficiency [110]. Metamaterials are a potential candidate to compensate for the
degradation caused by misalignment in the WPT system [105]. Figure 12 shows the H-field

600



A critical review on wireless power transfer systems using metamaterials

distribution at 6.6 MHz operation frequency of the WPT system with and without the MM slab
under a lateral misalignment of 30 cm and an angular misalignment of 45° with a transfer
distance of d = 100 cm. The results indicate that the MM slab allows the coupling of the
evanescent waves, leading to an increase in the magnetic coupling between Tx and Rx of the
WPT system. The simulations and experiments in [111] show that the MM slab can compensate
for the effect of misalignment on transfer efficiency. For the lateral misalignment of 30 cm, the
transfer efficiencies with and without the metamaterial slab are 19 % to 50 %, respectively,
corresponding to 31 % of increment. For the angular misalignment of 45°, the transfer efficiency
increased by 30.9 % when the MM slab appeared.
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Figure 12. H-field distribution in the WPT system when the Tx and Rx coils are misaligned: (a) original
WPT system under lateral misalignment, (b) WPT system with metamaterial slab under lateral
misalignment, (c) original WPT system under angular misalignment, (d) WPT system with metamaterial
slab under angular misalignment [111]. Copyright 2015 I0OP Publishing.

Wang et al. also investigated the improvement of the stability of the misalignment WPT
system by negative permeability MM slabs [112]. The efficiency of the WPT system could be
maintained above 45 % when misalignment occurred. Meanwhile, under the same conditions,
the transfer efficiency of the WPT system was as low as 30 % at lateral misalignment and less
than 25 % at an angle change. The tunable MM slab for enhancing the transfer efficiency of
misaligned WPT has been proposed in [113]. These works have proved that the MM slab can be
applied to compensate for the impact of the misalignment on the WPT system, thereby,
increasing its application range.

4.3. Leakage magnetic field reduction
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The transfer efficiency of the WPT system depends on the magnetic field strength. The
large electromagnetic field generated by the wireless charging system can affect electronic
components and cause harms to people. Therefore, electromagnetic field pollution needs to be
considered in WPT. An effective method is to use shielding materials, such as metallic plates
[114]. However, the shielding with the bulky structure is heavy and not aesthetic. To overcome
the disadvantages of bulky materials, metamaterial structures were applied to WPT systems for
reducing the leakage field in various configurations [115-121]. Lipworth et al. designed a
shielding plate for the WPT system using a mu-near-zero (MNZ) metamaterial at 13.56 MHz
[115]. Lu et al. also used the MNZ metamaterial to shield the magnetic field at a specific
frequency range of 13.56 MHz [116]. The metasurface has been used to reduce the electric field
leakage for near-field WPT [117].

Figure 13. H-field distribution in the WPT system (a) with homogeneous MM slab resonating at wq = 6.5
MHz, (b) with non-homogeneous MM slab resonating at 1.1wq except for a center cell, (c) with non-
homogeneous MM slab resonating at 0.9« except for a center cell, (d) through free space [122].
Copyright 2015 10P Publishing.

The homogeneous magnetic MM slab with cavities can localize the magnetic field into a
small area and suppress the field in the rest of the slab, thus improving the WPT efficiency and
reducing the leakage field [122]. Figure 13 compares the H-field distribution at 6.5 MHz in a
WPT system with four configurations: Fig. 13(a) with homogeneous MM slab resonating at wq =
6.5 MHz, Fig. 12(b) with non-homogeneous MM slab resonating at 1.1w, except for a center
cell, Fig. 13(c) with non-homogeneous MM slab resonating at 0.9w, except for a center cell, Fig.
13(d) for original WPT system via free space. When a homogeneous MM slab is inserted,
surface waves appear on the MM slab due to MIW propagation, indicating that the MM slab
increases the H-field intensity around the receiver. When a non-homogeneous MM slab is added,
a cavity is formed, therefore, the H-field is suppressed or enhanced at the original resonant
frequency depending on the resonant frequency of MM unit cell in the slab, except for the center
cell, which always resonates at 6.5 MHz. In the case of constructive cavity, we observe a very
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strong H-field intensity at the cavity location. The H-field is confined to a small area around the
cavity region, leading to significantly improved wireless power transmission.
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Figure 14. (a) A schematic and photo of the active metasurface with the active unit cell, (b) transmission
in two cases: uniform and non-uniform metasurfaces, (d) two receiver LED lamps on metasurface, (d)
single selected receiver [123].

An active metasurface constructed from unit cells that can tune the resonant frequency has
been designed by Ranaweera et al. [123], as shown in Fig. 14. This active metasurface can be
applied for WPT to control the magnetic field localizing in selective areas and suppress in the
rest of the metasurface. The metasurface consists of 9 x 9 arrays of unit cells that are
individually controlled by a tuning circuit embedded in the backside, as shown in Fig. 14(a). The
transmission of uniform and non-uniform metasurfaces is illustrated in Fig. 14(b), which
explains the cavity operation mechanism. The cavity is a unit cell whose resonant frequency lies
in the hybridization bandgap of the metasurface. Figures 14(c,d) show the experimental results
with the use of an active metasurface and two LED lamps. Using the tunning circuit, the cavity
location can be selected to control the wireless power link.

5. PERSPECTIVES AND CHALLENGES
It has been shown that metamaterials can improve the WPT efficiency and transfer
distance. The development of metamaterials will have a positive impact on WPT systems. |
However, the investigation for applying metamaterials to WPT systems is still very primitive.
There are numerous directions for further development of metamaterial-based WPT systems.

5.1. Reducing the size and weight of metamaterial-based WPT systems
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The total size of resonator coils and metamaterial slab are still considerably large [84]. In
some cases, it is not practical for many applications. Large size also wastes material and
increases production costs. Therefore, miniaturization and lightweight are needed to increase the
application range of metamaterial-based WPT systems. Optimal design of structural
configurations, new material for fabrication and other effective methods can be used for this
purpose.

5.2. Multi-band frequency

The ISM (Industrial, Scientific and Medical) frequency band for industrial, scientific and
medical use is defined by the ITU (International Telecommunication Union)
Radiocommunication Sector. Meanwhile, the industry of Alliance for Wireless Power (A4WP),
Wireless Power Consortium (WPC), and Power Metters Alliance (PMA) propose the operation
frequency range of WPT systems [30]. The incompatibility of these standards poses challenges
to the development of WPT. Multi-band frequency band WPT is a solution to this problem.
Furthermore, many previous works have extensively studied multi-band metamaterials at
microwave frequencies. The results obtained can be partially applied to the MHz frequency
band. However, studies of multi-band metamaterials at MHz frequency need to be carried out.

5.3. Low-frequency metamaterials and increased transfer power

The properties of metamaterials operating at MHz frequency have been discussed in many
works. However, high frequencies pose significant challenges to efficient switching converters.
Therefore, it is suitable for low transfer power. Reducing the operating frequency of
metamaterials and applying to kHz range WPT is one direction for high transfer power systems.

5.4. Active metamaterial devices for WPT

Recently, active metamaterial slabs which can tune their properties by external capacitors
have been proposed [121]. A transmission link can be created in the metamaterial slab by
modifying the resonant frequency of metamaterial unit cells. Using the tranmission link, both
power transfer efficiency and safety can be improved. These metamaterial devices have great
potential for smart table applications, where all electronic devices can be charged at any position
on the table. However, the transmission link only exists in the 2-D plane, which is a limit of this
configuration. Therefore, the research to create a 3-D transmission link for improving the
application range of metamaterial devices is a promising direction.

5.5. Human safety
Electromagnetic exposure is a critical problem that needs to be considered for electric
systems. Electromagnetic metamaterials can also be used to reduce or block all electromagnetic

leakage. Therefore, studies on using metamaterials for focusing or shielding electromagnetic
waves are also an inevitable tendency.

6. CONCLUSIONS

This paper has reviewed the current status of WPT systems and the advantages of using
metamaterials to improve these systems’ performance. Brief history and fundamentals of WPT
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systems and metamaterials have been introduced. The advantages and disadvantages of three
types of WPT have been reviewed in Section 2. The near-field WPT provides most of the
applications in human life, therefore, Section 3 and Section 4 focus on using metamaterials to
improve the limit of near-field WPT systems. The perspective and challenges of metamaterial-
based WPT have been discussed in Section 5. Metamaterials with the evanescent wave
amplification characteristic could be used for enhancing the transfer efficiency, compensating
for the impact of misalignment between transmitter and receiver, and localizing the magnetic
field into a small region to select the wireless power transmission locations. Electromagnetic
exposure is a concern when applying WPT systems in real life. Several metamaterial structures
can be used as shielding plates or creating cavities to reduce the leakage of the magnetic field.
This review is expected to offer insight into understanding the trends of using metamaterials to
improve WPT performance. The negative permeability metamaterial structures have huge
potential for the future development of WPT applications.
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