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Abstract: Wireless power transfer (WPT) is a technology that enables energy transmission without
physical contact, utilizing magnetic and electric fields as soft media. While WPT has numerous
applications, the increasing power transfer distance often results in a decrease in transmission
efficiency, as well as the urgent need for addressing safety concerns. Metamaterials offer a promising
way for improving efficiency and reducing the flux density in WPT systems. This paper provides an
overview of the current status and technical challenges of metamaterial-based WPT systems. The
basic principles of magnetic coupling resonant wireless power transfer (MCR-WPT) are presented,
followed by a detailed description of the metamaterial design theory and its application in WPT.
The paper then reviews the metamaterial-based wireless energy transmission system from three
perspectives: transmission efficiency, misalignment tolerance, and electromagnetic shielding. Finally,
the paper summarizes the development trends and technical challenges of metamaterial-based
WPT systems.

Keywords: wireless power transfer; metamaterials; power transfer efficiency; misalignment tolerance;
electromagnetic shielding

1. Introduction

With the continuous development of science and technology, the traditional charging
mode relying on the physical contact between conductors has gradually exposed many
problems, especially in the fields of biomedicine, underwater power supply, transportation,
and other fields. The traditional charging mode has disadvantages such as low safety,
high maintenance cost, the easy aging of batteries, and so on. Wireless power transfer
(WPT) technology is a kind of electric energy transmission technology that realizes no
physical contact with soft media such as electric fields, magnetic fields, and electromagnetic
waves. It has been rated as one of the top ten emerging technologies for two consecutive
times. In 1891, Tesla first proposed the concept of WPT [1]. In the early 1960s, W. C.
Brown made a lot of research on radio energy transmission and first demonstrated the
microwave power transfer (MPT) system with electromagnetic radiation, which made this
concept become a reality [2]. In 2007, Professor Marin Soljacic’s research group from the
Massachusetts Institute of Technology proposed a magnetic coupling resonant wireless
power transfer (MCR-WPT), which realized the wireless transmission of electric energy via
a strong coupled magnetic resonance between two metal coils, becoming another milestone
in the history of radio energy transmission [3]. Since then, more and more scholars have
devoted themselves to the research of WPT technology. With the continuous development
of science and technology and the needs of daily life, WPT technology has been widely
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used in various fields, such as electric vehicles [4–8], drones [9,10], portable electronic
equipment [11,12], implant medicine [13–16], etc.

WPT technology can be divided into two types based on the distance from the electro-
magnetic field source: near-field coupling and far-field radiation [17]. As shown in Figure 1,
near-field coupling includes magnetic induction coupling (MIC) WPT, magnetic coupling
resonance (MCR) WPT, and electric coupling (EC) WPT. Far-field radiation includes mi-
crowave WPT, laser WPT, and ultrasonic WPT. MCR-WPT has advantages such as high
transmission efficiency, long transmission distance, and high transmission power, making
it the most practical and promising WPT technology compared to other near-field wireless
power transfer technologies [18–20]. However, as the transmission distance increases, the
coupling between coils decreases sharply, leading to a decrease in the system’s transmission
efficiency. In recent years, many scholars have conducted research to address the limitations
of the transmission distance and the transmission efficiency of wireless power transfer
systems. Due to the loose coupling structure between the transmitting and receiving coils,
there is an increase in reactive power in the system due to a significant leakage inductance,
leading to a decreased transmission efficiency. Refs. [21–24] reduces the reactive power in
the system by designing a compensation network to improve the transmission efficiency.
Refs. [25–29] improves the coupling performance of the system by designing the magnetic
coupling mechanism, increasing the magnetic field utilization, and hence, improving the
transmission efficiency and offset tolerance. Additionally, the transmission distance and
the efficiency of the system can be increased by using methods such as relay coils [30,31]
and domino resonators. Each of the above methods has its advantages in improving the
transmission efficiency, distance, and offset tolerance of the system, but there are also
drawbacks such as the complex structure design and low practicality.
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The loose coupling between WPT systems not only reduces the transmission effi-
ciency of the system, but also leads to increased magnetic leakage around the system,
and the surrounding electromagnetic radiation poses a serious threat to personal safety.
For the electromagnetic compatibility of WPT systems, the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) has developed electromagnetic safety stan-
dards [32]. In recent years, electromagnetic compatibility has been a hot issue for WPT. The
conventional way of electromagnetic shielding is to shield the system by adding a ferro-
magnetic core such as ferrite, but the ferrite is large and limits the design of the coupling
mechanism [33,34]. There is also the electromagnetic shielding of the system by adding
non-ferromagnetic metals, but the eddy current losses in non-ferromagnetic materials are
high and the heating of the metal can lead to reduced system safety when the transmission
power is high [35]. In summary, the conventional method of electromagnetic shielding
using ferrite and nonferromagnetic metals, which can effectively reduce the leakage of
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the system, but there are problems such as the difficulty in taking into account both the
shielding performance and transmission efficiency and low safety.

Metamaterials are artificially engineered composite materials with extraordinary phys-
ical properties that have been extensively studied and developed in various fields, such as
electromagnetics, acoustics, and structural mechanics. These materials exhibit subwave-
length structures, where the unit size is much smaller than the operating wavelength. Under
the subwavelength structures, metamaterials can be considered homogeneous materials.
The effective dielectric constant and effective magnetic permeability of metamaterials can
be obtained using the effective medium theory. Metamaterials composed of subwavelength
structural units possess extraordinary physical properties such as the negative refractive
index [36], the inverse Doppler effect [37], and a perfect lens [38]. In 1967, Soviet physicist
Veselago, based on Maxwell’s equations, discovered the propagation characteristics of
electromagnetic waves in metamaterials and first proposed the concept of left-handed mate-
rials [39]. It was not until the 1990s that Pendry et al. designed the split ring resonator (SRR)
to prove the feasibility of realizing negative permittivity and negative permeability [40–42].
In 2001, Smith achieved the left-handed material in the microwave band based on the SRR
structure and observed the phenomenon of the negative refractive index [43]. With the
continuous deepening of research on metamaterials, it has been found that by adjusting the
structural parameters of the metamaterial unit, the magnetic permeability and dielectric
constant can be arbitrarily controlled, thus producing various strange physical phenomena.

Transmission efficiency and electromagnetic shielding have always been hot issues
that need to be addressed in WPT technology. In recent years, researchers have found
that the extraordinary physical properties of metamaterials can improve the coupling
between resonant coils and enhance the performance of WPT systems. B. Wang et al. first
introduced negative magnetic metamaterials into WPT systems, successfully improving
the transmission efficiency of the WPT system [44,45]. Due to the excellent electromagnetic
modulation properties of metamaterials, more and more studies have been conducted to
intervene metamaterials into WPT systems to improve the transmission efficiency as well as
the misalignment stability of the system [46–50]. In addition, metamaterials with near-zero
magnetic permeability have been designed in [51,52], which can effectively shield the
magnetic leakage around the WPT system. Metamaterials have shown good performance
in improving the transmission efficiency of WPT and reducing the electromagnetic leakage
in the surrounding environment. However, the practical application of metamaterials in
WPT systems is affected by the structure size, placement position, resonance frequency,
and other factors of the metamaterials.

This article presents an overview of the research status and benefits of WPT technology
based on metamaterials, along with its limitations and prospects. The subsequent sections
of the article are organized as follows:

• Section 2 briefly introduces the basic principles of WPT technology.
• Section 3 describes the application principles of metamaterials in WPT from two

perspectives, namely, electromagnetic modulation and the circuit theory.
• Section 4 introduces the current unit structures and design methods of metamaterials.
• Section 5 provides a comprehensive review of WPT technology based on metamaterials

from three aspects: transmission efficiency, misalignment tolerance, and electromag-
netic shielding.

• Section 6 discusses the limitations and prospects of metamaterials applied in WPT
systems.

• Section 7 summarizes the entire article.

2. Analysis of MCR-WPT

The MCR-WPT technology is based on the magnetic resonance principle, which uses
the magnetic field as a medium to achieve a wireless power transfer between the transmit-
ting and receiving coils operating at the same resonant frequency [53]. Table 1 compares
the performance of different WPT technologies, and the MCR-WPT technology has the
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following advantages compared to other WPT technologies: MCR-WPT improves the
transfer distance to the mid-range (cm~m), which overcomes the short distance limitations
of EC-WPT and MIC-WPT; it has a higher transmission efficiency and power than EC-WPT;
compared to far-field radiation technology, MCR-WPT technology has a wider application
range, lower implementation difficulty, and lower equipment costs; and it is not affected by
non-ferromagnetic non-metallic obstacles. Therefore, MCR-WPT technology is the most
practical and promising WPT technology.

Table 1. Comparisons of different WPT technologies.

WPT Technologies Power Range Frequency Transmission
Distance

Transmission
Efficiency

Near Field
MCR 100 W~1 MW 10 kHz~100 MHz 1 cm~1 m 70~95% [15,18]
MIC Tens of kW Tens of kHz 1 mm~10 cm 80~95% [54]
EC 1 W~3 kW 10 kHz~150 kHz 1 mm~10 cm 70~85% [55]

Far Field
Microwave 1 mW~3 MW 10 MHz~100 GHz 1 m~10 km <40% [56]

Laser 1 W~1 MW >1 THz 1 m~10 km <45% [57]
Ultrasonic 0.1 mW~10 W 10 kHz~1 GHz 1 mm~5 m <20% [58]

Figure 2 presents the transmission framework of the MCR-WPT system, which com-
prises a magnetic coupler, compensation networks at the transmitting and receiving ends,
a high-frequency inverter circuit at the transmitting end, a rectifying and filtering circuit at
the receiving end, and a load [59]. At the transmitting end, the public frequency current is
converted into a high-frequency current via the inverter. The compensation network then
drives the transmitting coil to generate a high-frequency magnetic field. At the receiving
end, the receiving coil operates at the same frequency as the transmitting coil and provides
power to the load via the compensation network, rectifier, and regulator modules. The
coupling between the receiving coil and the transmitting coil by the magnetic coupler is
loosely coupled, which leads to an increase in stray magnetic fields in the space, causing
a decrease in the system’s transmission efficiency and electromagnetic safety issues [60].
The high-frequency electromagnetic field around the entire coupling mechanism affects
the surrounding equipment and biological entities. Therefore, transmission efficiency and
electromagnetic safety are the two major issues that need to be addressed in WPT systems.
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Figure 2. Composition of the MCR-WPT system.

In the following, we will analyze a simple two-coil MCR-WPT system using the
equivalent circuit theory. The equivalent circuit theory [61] is based on the theory of
mutual inductance and Kirchhoff’s laws, which constructs a circuit model between the
transmitting and receiving coils to seek equivalent relationships and solve the system.
The equivalent circuit diagram of the simple two-coil WPT system is shown in Figure 3.
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Based on Kirchhoff’s laws, we can obtain the system’s voltage and the current equations,
as shown below: [

Vs
0

]
=

[
R1 + RS + jX1 jωM12

jωM21 R2 + RL + jX2

][
I1
I2

]
(1)

where I1, I2 denote the loop currents in the transmitting and receiving coils, respectively.
M12, M21 denote the mutual inductance between the transmitting and receiving coils,
respectively, and M12 = M21 = M. X1 = ωL1 − 1/ωC1, X2 = ωL2 − 1/ωC2.
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By calculating the loop currents on each resonant coil, we can obtain the load power
and the active power of the transmitting coil as follows:

PL = (ωM)2V2
s RL

[(R1+Rs)(R2+RL)−X1X2+ω2 M2]
2
+[(R1+Rs)X2+(R2+RL)X1]

2

PS =
{(R1+R2)[(R2+RL)

2+X2
2 ]+ω2 M2(R2+RL)}V2

s

[(R1+Rs)(R2+RL)−X1X2+ω2 M2]
2
+[(R1+Rs)X2+(R2+RL)X1]

2

(2)

Then, the power transmission efficiency (PTE) of the system can be expressed as:

PTE =
PL
PS

=
ω2M2RL

(R1 + Rs)
[
(R2 + RL)

2 + X2
2

]
+ ω2M2(R2 + RL)

(3)

From Equation (3), we can see that the transmission efficiency of the system can be
optimized by controlling the load impedance and mutual inductance M. Once the system
parameters are determined, we can obtain the mutual inductance value at resonance, as
shown below:

M =
πµ0
√

N1N2(r1r2)
2

2d3 (4)

where r1 and r2 are the radii of the transmitting and receiving coils, respectively; N1 and
N2 are the number of turns of the transmitting and receiving coils, respectively; d is the
transmission distance of the system.

From Equation (4), since the mutual inductance between the coils is approximately
proportional to 1/d3, as the transmission distance increases, the mutual inductance between
the coils rapidly decreases, and the PTE of the WPT system sharply decreases accordingly.
The mutual inductance M between the resonant coils also affects the system’s frequency.
When the distance between the resonant coils decreases, the mutual inductance increases,
and the system enters an over-coupled state. The equivalent impedance of the receiv-
ing coil to the transmitting coil increases, and the impedance shows non-pure resistive
characteristics, leading to frequency-splitting phenomena in the system [62].

Moreover, Ref. [63] analyzed the transmission efficiency of a four-coil MCR-WPT
system using the circuit theory and the coupling mode theory. Ref. [64] presents a method
for impedance matching in a four-coil WPT system. Although the two-coil system has a
simpler structure, the four-coil system allows for impedance matching by adjusting the
distance between the coils without changing the system’s structural parameters.

For low-frequency WPT systems, Equation (3) is often used to calculate PTE. How-
ever, for high-frequency magnetic resonance wireless power transfer systems, scattering
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parameters can be used to accurately characterize the transmission efficiency of the system.
Scattering parameters simplify the design of the peripheral circuit of the system and the
calculation of the load characteristics, reducing the experimental difficulty. Scattering
parameters can be directly measured using a network analyzer, and the PTE of the system
can be calculated using a two-port network model [65], as shown below:

PTE =
Pout

Pin
=

|S21|2
(

1− |ΓL|2
)

(
1− |Γin|2

)
|1− S22ΓL|2

(5)

where ΓL is the reflection coefficient of the load port, ΓL = (ZL − Z0)/(ZL + Z0), Γin is
reflection coefficient of the input port, and Γin = S11 + (S11S21ΓL)/(1− S22ΓL).

If the system impedance matches, then the PTE of the system can be expressed as:

PTE =
|S21|2

1− |S11|2
= |S21|2 (6)

3. Fundamental of Metamaterials

As an artificial composite material, metamaterials possess unique electromagnetic
properties compared to conventional materials. The permittivity ε and permeability µ
are two parameters that describe the electromagnetic properties of the materials, which
can indicate the material’s response to electric and magnetic fields. As shown in Figure 4,
metamaterials can be classified into four categories based on the polarity of permeability
and permittivity [66]: double positive (µ > 0, ε > 0), double negative (µ < 0, ε < 0), mu-
negative (µ < 0, ε > 0), and epsilon-negative (µ > 0, ε < 0). The vast majority of the
natural materials are in the first quadrant, where the wave vector of electromagnetic waves
propagating in these materials is a real number and the waves can propagate within the
medium. The second and third quadrants represent the magnetic-negative and electric-
negative materials, respectively, where the electromagnetic waves cannot propagate but
exist in the form of evanescent waves. The fourth quadrant represents the double-negative
materials, where the electromagnetic waves can propagate. By combining the constitutive
equation of the medium with the MAXWELL equation group, the wave vector k, electric
field vector E, and magnetic field vector H of electromagnetic waves in the material can be
obtained as shown below: 

k× E = ωµH
k×H = −ωεE
k·E = 0
k·H = 0

(7)

It can be seen from Equation (6) that the Maxwell equation still holds, but k, E, and H of the
electromagnetic wave in the double negative material (ε < 0, µ < 0) satisfy the left-handed
spiral relationship, hence the double negative material is also called a left-handed material.
Left-handed materials exhibit a negative refractive index and a swift wave amplification. It
is found that the negative refraction and swift wave amplification of metamaterials can be
applied to WPT systems, and the transmission efficiency can be effectively enhanced by
using negative magnetic metamaterials, where the coupling efficiency of WPT systems was
firstly improved by using negative magnetic metamaterials in [44]. In recent years, more
and more researchers have applied metamaterials to WPT systems, which has become an
important research direction for WPT. In the following, we will illustrate the principles of
metamaterials applied to WPT systems from two aspects: electromagnetic regulation and
the circuit theory.
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Figure 4. Classification of materials based on permeability and permittivity.

3.1. Negative Refractive Index

When electromagnetic waves propagate from one medium to another, refraction and
reflection occwjur. This process satisfies the continuous boundary conditions of the electric
and magnetic fields of electromagnetic waves. According to Snell’s law, we can obtain the
relationship between the angle of incidence and the refractive index, as shown below:

n1 sin θ1 = n2 sin θ2 (8)

where n1 and n2 are the refractive indices of two different media and n = ±√εµ, while
µ and ε are the effective magnetic permeability and effective dielectric constant of the
material, respectively. θ1 and θ2 are the angles of incidence and refraction, respectively.

At deep subwavelengths, i.e., when the spatial dimensions of the electromagnetic
system are much smaller than the wavelength corresponding to its operating frequency,
the electric and magnetic fields are decoupled, and only one of the magnetic permeability
or dielectric constants needs to be negative to achieve the negative refractive property at
this time. According to the boundary conditions, Equation (8) can be transformed into:

tan θ1

tan θ2
=

µ1

µ2
(9)

The familiar phenomena of reflection and refraction occur when an electromagnetic
wave passes from air into a conventional material, as illustrated in the Figure 5. In this case,
the incident and refracted waves are located on opposite sides of the interface. However,
when an electromagnetic wave passes from a normal material to a mu-negative metama-
terial (MNG), the direction of k and the Poynting vector S = E × H are opposite, and the
phase compensation causes the incident and refracted waves to appear on the same side,
exhibiting a negative refraction of the electromagnetic wave.
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3.2. Evanescent Wave Amplification and Magnetic Shielding

Research has demonstrated that the incorporation of MNG metamaterials in WPT
systems can improve the transmission efficiency by amplifying the evanescent waves.
Additionally, near-zero permeability metamaterials (MNZ) can shield the magnetic field
in WPT systems effectively. By analyzing the electromagnetic field, the amplification and
shielding mechanisms of metamaterials on evanescent waves can be better understood [67].
As illustrated in Figure 6, the metamaterial plate is unbounded along the y and z directions,
and the incident electromagnetic wave is a TE-mode polarized wave (S-polarized wave).
The metamaterial plate interacts strongly with the polarized wave, resulting in three non-
zero components: Hx, Hz, and Ey. When the TE wave is incident on the metamaterial plate,
the tangential electric field and magnetic field in the different regions can be expressed as
follows based on Faraday’s electromagnetic induction law:

Ey = E0eikzz


eikx x + Re−ikx x x < 0
Aeiκx x + Be−iκx x 0 ≤ x ≤ L
Teikx(x−L) x > L

(10)

Hz =
E0eikzz

ωµ0


kx

(
eikx x − Re−ikx x

)
x ≤ 0

κx
(

Aeiκx x − Be−iκx x) 0 ≤ x ≤ L
kxTeikx(x−L) x ≥ L

(11)

Hx = −E0eikzz

ωµ0


kz

(
eikx x − Re−ikx x

)
x ≤ 0√

k2
0(µm/µ0)− k2

x
(

Aeiκx x − Be−iκx x) 0 ≤ x ≤ L

kzTeikx(x−L) x ≥ L

(12)

where L represents the thickness of the metamaterial plate, and R and T represent the
reflection and transmission coefficients of the electromagnetic wave at the interface between
the air and the medium, respectively. A and B denote the amplitudes of the forward and
reverse waves of the thermal wave that is incident on the metamaterial, respectively.
Additionally, kz and kx represent the components of the wave number of the incident
electromagnetic wave in free space in the z-direction and x-direction, respectively, and

are satisfied k2
x + k2

z = k2
0. Additionally, κx =

√
k2

0(µm/µ0)− k2
z represents the x-direction

components of the wave number inside the metamaterial, and these components of the
wave number satisfy the following relationship. E0, k0 represent the complex amplitude
and wave number of the incident electromagnetic wave, respectively.
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Figure 6. TE mode polarization wave incident on a metamaterial.

The transmission and reflection coefficients are derived from the boundary conditions
x = 0 and x = L as follows:

T(κ) = 1

cos(κx L)−i
[k2

0µm(µ0+µm)−k2
z(µ2

0−µ2
m)]

2µ0µmkxκx
sin(κx L)

R(κ) =
i

2µ0µmkxκx [k
2
0µm(µ0−µm)+k2

z(µ2
m−µ2

0)] sin(κx L)

cos(ktm L)−i
[k2

0µm(µ0+µm)−k2
z(µ2

0−µ2
m)]

2µ0µmkxκx
sin(κx L)

(13)

When the permeability of the metamaterial tends to −1:
lim

µm→−1
T(κ) = 1

lim
µm→−1

R(κ) = 0
(14)

When the permeability of the metamaterial tends to 0:

lim
µm→0

T(κ) =


1

1−i k0 L
2

, kz = 0

0 , kz 6= 0

lim
µm→0

R(κ) =

{
− k0L

2i+k0L , kz = 0

−1, kz 6= 0

(15)

From Equations (14) and (15), it can be observed that when the equivalent permeability
of the metamaterial approaches −1, the evanescent wave is amplified, resulting in the
maximum transmission of the magnetic field. Conversely, when the equivalent permeability
of the metamaterial tends towards 0, most of the magnetic field is reflected. Figure 7a
shows that placing MNG on the transmission channel of the wireless energy transmission
system can focus the magnetic field and enhance the coupling between resonators, thereby
improving the system’s transmission efficiency. Meanwhile, Figure 7b shows that placing
the MNZ on the periphery of the wireless energy transmission system can improve the
electromagnetic environment around the WPT system and alleviate the electromagnetic
leakage issues.
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From Equations (14) and (15), it can be observed that when the equivalent permea-
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meability of the metamaterial tends towards 0, most of the magnetic field is reflected. 
Figure 7a shows that placing MNG on the transmission channel of the wireless energy 
transmission system can focus the magnetic field and enhance the coupling between 
resonators, thereby improving the system’s transmission efficiency. Meanwhile, Figure 
7b shows that placing the MNZ on the periphery of the wireless energy transmission 
system can improve the electromagnetic environment around the WPT system and alle-
viate the electromagnetic leakage issues. 
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3.3. Magnetic Dipole Coupling Theory

When the operating wavelength of a magnetically coupled resonant wireless energy
transmission system is significantly larger than its transmission distance, the system is
considered to be in a quasi-static state. In such cases, the resonant coil of the system can be
approximated via a magnetic dipole model [68]. Figure 8 shows a model of an inductively
coupled circuit between two coils and a metamaterial plate. The medium between the two
magnetic dipoles affects both the mutual inductance between the magnetic dipoles and
the self-inductance of the magnetic dipoles themselves. If the medium is composed of
metamaterials, then the special electromagnetic intrinsic parameters of the metamaterials
can be utilized to bring the two magnetic dipoles into complete coupling. In [69], the mutual
inductance between the magnetic dipoles with and without loading the metamaterial was
deduced as shown in the following equation:

Mvac
21 = −µ0 A1 A2

4π

1

(2D)3 φL

(
0, 3,

d
2D

)
= −µ0 A1 A2

4πd3 (16)

M21 = −µvµ0 A1 A2

4π

h

a(2αD)3 φL

(
− b

a
, 3, u

)
(17)

where A1, A2 is the area of the magnetic dipole and the relative magnetic permeability
of the metamaterial, respectively; d = d1 + d2 + D is the distance between the magnetic
dipoles; and u = (αD + d1 + d2). α is the ratio of each anisotropy of the electromagnetic
intrinsic parameters of the metamaterial, where α, a, b, h can be expressed as:

α =
√

µx/µz

a = ((α/µx) + (1/µv))
2

b = ((α/µx)− (1/µv))
2

h =
(
4α/µxµy

) (18)

Function ΦL can be expressed as:

ΦL(z, s, α) = ∑
zn

(n + α)s (19)

The strength of the enhanced coupling between the two magnetic dipoles after loading
the metamaterial plate can be obtained by calculating the ratio of Mvac

21 and M21. Ref. [70]
employs the theory of magnetic dipole coupling to compute the field surrounding the
coil of the WPT system. The impact of the addition of the super-surface on the system’s
efficiency is analyzed subsequently. The theoretical analysis highlights the enhancement
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in the mutual inductive coupling of the WPT system due to the super surface. However,
this theory is only applicable to planar metamaterials, and the operating wavelength of the
system should be much larger than the transmission distance of the apparatus.
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3.4. Magnetic Inductive Wave Theory

Magnetically induced waves (MIW) propagate only in certain magnetic metamate-
rials formed by inductively coupled resonant circuits [71]. Metamaterials exhibit wave
propagation properties in addition to the ability to amplify evanescent. In the case of deep
subwavelengths, metamaterial cells can be equated to simple RLC resonant circuits. When
a cell induces a current, it excites the surrounding metamaterial cells to produce induced
currents, and the mutual coupling between the cells carries out the energy transfer. Mag-
netic induction wave devices are widely used in WPT systems as they can provide energy
to multiple receivers with only one transmitter, increasing the spatial freedom [72–75].

The dispersion equation of the metamaterial array was derived through analyzing
the MIW in systems of different dimensions [76,77]. A one-dimensional metamaterial
array was taken as an example (Figure 9), where each metamaterial unit was treated as
an RLC resonant circuit. To simplify the analysis, only the interaction between adjacent
metamaterial units was considered. When the transmitter excites the first metamaterial
unit, the current flowing through the nth unit of the metamaterial can be expressed as:

In = I0e−j(β−jα)na (20)

where I0 is a constant, α is the attenuation factor, and β is the phase factor. By using
the dispersion relationship between the metamaterial units, α and β can be derived as
shown below:

α =
1

kmQ sin(βa)
(21)

β =
1
a

arccos

(
ω2

0w2 − 1
k

)
(22)
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The aforementioned equation demonstrates that as Q and km increase, the attenuation
factor decreases. This model is better suited for explaining the formation of the stopband,
which reduces the efficiency of the system.

3.5. Equivalent Circuit Theory

The analysis and design of metamaterials are generally based on the effective medium
theory, which does not account for the non-uniform behavior of the electromagnetic re-
sponse of the unit cell in the near-field and replaces the metamaterial, made up of peri-
odically arranged units, with a homogeneous continuous medium described via effective
parameters such as effective magnetic permeability. The effective medium theory uses
periodicity to extract the electromagnetic properties of the metamaterial and to design and
analyze it. However, in practical applications, the metamaterial plate is affected by the
truncation effects. Moreover, when the metamaterial is incorporated into the WPT system,
the interaction between the transmitting and receiving coils will affect the electromagnetic
response of the metamaterial. Therefore, to analyze the electromagnetic response of the
entire system, the metamaterial is equivalent to a simple RLC resonant circuit using an
equivalent circuit model, which simplifies the theoretical analysis of WPT systems based
on the metamaterials.

Figure 10 depicts the structural diagram of a two-coil WPT system with metamaterials.
By introducing the metamaterial between the two coils, Kirchhoff’s voltage law (KVL)
equation for the WPT system incorporating the metamaterial plate can be derived using
the circuit theory, as shown below:

(
Rs + jωLt + Rt +

1
jωCt

)
I1 + jωMti Ii + jωMtr I2 = VS

jωMti I1 +
(

Ri + jωLi +
1

jωCi

)
Ii + jωMij Ij + jωMri I2 = 0(

Rr + jωLr + ZL +
1

iωCr

)
I2 + jωMri Ii − jωMtr I1 = 0

(23)

Materials 2023, 16, 6008 13 of 28 
 

 

1 2

1 2

2 1

1

1 0

1 0

s t t ti i tr S
t

ti i i i ij j ri
i

r r L ri i tr
r

R j L R I j M I j M I V
j C

j M I R j L I j M I j M I
j C

R j L Z I j M I j M I
i C

ω ω ω
ω

ω ω ω ω
ω

ω ω ω
ω

 
+ + + + + = 

 
   + + + + + = 

 
  + + + + − = 
 

 (23)

 
Figure 10. Equivalent circuit of a two-coil WPT system using metamaterials. 

4. Structure and Design of Metamaterials 
In recent years, the utilization of metamaterials in WPT systems has gained signifi-

cant attention. The metamaterial structure’s design is essential in determining the mate-
rial’s electromagnetic properties and resonant frequency. In this section, we present a 
comprehensive overview of the commonly used metamaterial structures in WPT systems 
and introduce the prevalent design approaches for metamaterial units. To provide a 
better understanding, we discuss the advantages and disadvantages of each structure 
and analyze their performance in WPT systems. 

4.1. Structure of the Metamaterial 
The classification of metamaterial structures into 1D, 2D, and 3D based on their di-

mensions is illustrated in Figure 11, which have been extensively used in WPT systems. 
MNG metamaterials were first employed by Wang et al. to enhance the coupling coeffi-
cient between the resonant coils, and they designed 3D metamaterials that increased the 
WPT system efficiency by 30% via experiments [45]. Subsequent research has investi-
gated the use of 3D metamaterials in WPT systems [78–81]. The effectiveness of 2D 
metamaterials with a magnetic resonant field enhancement (MR-FE) on the transmission 
efficiency of WPT systems were compared in [82]. The results show that 
one-dimensional planar compact metamaterials are more widely used in WPT systems 
and that 2D metamaterials may not be suitable for practical WPT applications due to the 
associated losses and complexity. Experimental verification of the effect of 1D, two-layer 
1D, 2D, and 3D metamaterial plates on the efficiency of WPT systems was conducted in 
[83], with the efficiency improvement ranking of the four structures on the WPT system 
being 3D > two-layer 1D > 1D > 2D > original system. However, it should be noted that 
the excessive volume of metamaterial may not be practical for WPT applications due to 
the associated losses. Hence, one-dimensional planar compact metamaterials have 
gained wider acceptance in WPT systems. 

Ct

Rs

Rt

Cij

Lij

Rij

Vs

C11

L11

R11 C12

L12

R12

C21

L21

R21

C1j

L1j

R1j

Ci1

Li1

Ri1 Ci2

Li2

Ri2

C2j

L2j

R2j
C22

L22

R22Lt

Cr

Rr

Lr

ZL

Mti Mri

Mtr

Mij

Metamaterial slab

Transmitter coil Receiver coil

Figure 10. Equivalent circuit of a two-coil WPT system using metamaterials.

4. Structure and Design of Metamaterials

In recent years, the utilization of metamaterials in WPT systems has gained significant
attention. The metamaterial structure’s design is essential in determining the material’s
electromagnetic properties and resonant frequency. In this section, we present a compre-
hensive overview of the commonly used metamaterial structures in WPT systems and
introduce the prevalent design approaches for metamaterial units. To provide a better
understanding, we discuss the advantages and disadvantages of each structure and analyze
their performance in WPT systems.
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4.1. Structure of the Metamaterial

The classification of metamaterial structures into 1D, 2D, and 3D based on their di-
mensions is illustrated in Figure 11, which have been extensively used in WPT systems.
MNG metamaterials were first employed by Wang et al. to enhance the coupling coef-
ficient between the resonant coils, and they designed 3D metamaterials that increased
the WPT system efficiency by 30% via experiments [45]. Subsequent research has in-
vestigated the use of 3D metamaterials in WPT systems [78–81]. The effectiveness of
2D metamaterials with a magnetic resonant field enhancement (MR-FE) on the trans-
mission efficiency of WPT systems were compared in [82]. The results show that one-
dimensional planar compact metamaterials are more widely used in WPT systems and
that 2D metamaterials may not be suitable for practical WPT applications due to the as-
sociated losses and complexity. Experimental verification of the effect of 1D, two-layer
1D, 2D, and 3D metamaterial plates on the efficiency of WPT systems was conducted
in [83], with the efficiency improvement ranking of the four structures on the WPT system
being 3D > two-layer 1D > 1D > 2D > original system. However, it should be noted that
the excessive volume of metamaterial may not be practical for WPT applications due to
the associated losses. Hence, one-dimensional planar compact metamaterials have gained
wider acceptance in WPT systems.
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The use of metamaterials in WPT systems must consider their volume, frequency, and
loss. The most commonly used metamaterial structure is the metallic graphic structure
based on Pendry’s proposed LC resonant cell array, with split ring resonators (SRRs) and
spiral resonators (SRs) as the most typical artificial structural units. In 2001, Smith et al.
presented the first microwave metamaterial, using a proposed circular open resonant ring
that resonated at the GHz level [43]. However, WPT systems generally operate in the
frequency range of 10 kHz to nearly 200 MHz [84], which the simple SRR structure cannot
satisfy the low-frequency requirements of metamaterials. Furthermore, the development of
metamaterials for WPT systems focuses on miniaturization, low loss, lightweight, and low-
frequency characteristics. To achieve this, researchers have improved the metamaterial unit
structures based on the in-depth studies of SRRs. The parts of unit cells of metamaterials
for WPT are concluded in Figure 12.

In [70], the capacitively loaded split ring resonators (CLSRRs) was proposed based
on the original SRRs and achieved a frequency reduction by using a large capacitor load.
Refs. [85,86] employed square spiral resonators (SSRs) as the unit cell structure for their
metamaterial. Compared to the SRRs, the SRs have a larger inductance and offer greater
capacitance between the adjacent spirals, enabling a lower-resonant frequency. Addition-
ally, the SRs result in reduced radiation losses due to its higher Q-factor. Based on the
SR structure, a metamaterial unit with a size of only 1/158 of the working wavelength
was obtained by adding a lumped capacitor [87]. Although the resonant frequency of
the metamaterial can be adjusted by adding a lumped capacitor, further miniaturization
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of the metamaterial unit is necessary for application in WPT systems. Refs. [45,88,89]
employed double-sided spiral structures to achieve more compact and miniaturized unit
cells for the metamaterial. Refs. [90,91] improved the metamaterial unit cell’s equivalent
capacitance and inductance by connecting the upper and lower metal spirals through
vias on a double-sided spiral structure. Double-sided spiral structures are commonly
used for miniaturization in metamaterial design, but the frequency reduction effect and
losses gradually decrease with an increasing number of spiral turns. Fractal structures are
another option with advantages such as structural compactness and self-similarity [92].
Ref. [93] analyzed the mechanisms by which the Koch and Hilbert fractal structures affect
the frequency and permeability properties, further optimizing the SRs in WPT systems, but
the design is complex. The aforementioned designs of the metamaterial unit cells mainly
focus on the MHz frequency range, and there are significant challenges in applying the
existing high-frequency metamaterial design theories to the kHz-frequency metamaterials.
Currently, most kHz-frequency metamaterial structures use a double-sided spiral struc-
ture with vias and added capacitors [94,95]. Further improvement of the structure and
optimization design methods are necessary for a low-frequency metamaterial design.

To meet the demands of the different frequencies for WPT systems, multi-frequency
metamaterials have been studied [96]. A dual-layer metamaterial unit with distinct spiral
structures on its upper and lower layers was used in [50]. This allowed the unit to operate
at 13.56 MHz and 27.12 MHz frequencies. A dual-frequency metamaterial unit could also
be obtained by using a dual-ring nested structure [97]. Additionally, Ref. [98] developed a
low-loss circular spiral split ring resonator (CSSRR) by increasing the length of the spiral
and miniaturizing the structure. This metamaterial can achieve a negative permeability at
multiple microwave frequency bands.

Additionally, a Cubic High-Dielectric Resonator was proposed in [99], but it is a three-
dimensional structure with large geometric dimensions and limited practicality. Ref. [100]
used the planar structure of CSSRR to obtain a high dielectric constant, eliminating the
limitations brought by the three-dimensional structure in the WPT system. Ref. [101]
designed a metamaterial unit with a ferrite helical structure, which improves the efficiency
of the low-frequency WPT systems while maintaining a compact and low-loss structure,
with a structure size only 1/10,000 of the operating wavelength. Ref. [102] proposed
compact metamaterial units based on ferrite cores, which enable the WPT systems to
achieve a higher mutual inductance and received power.

Metamaterials derive their properties not from the properties of base materials, but
from their specially designed structures. Their precise shape, geometry, size, orienta-
tion, and arrangement can affect light or sound or electromagnetic waves in an unusual
manner, creating effects that are unachievable with conventional materials. The material
composition of the metamaterials above is summarized in Table 2.

4.2. Design of the Metamaterial

Metamaterial design is primarily based on the effective medium theory, where the
electromagnetic parameters and resonant frequency are the key considerations. These
parameters can be manipulated by adjusting the structural parameters of the metama-
terial unit cell. The S-parameter inversion method is commonly used in metamaterial
design, where the desired electromagnetic properties can be obtained by adjusting the
structural parameters. Additionally, some researchers have analyzed the equivalent circuit
of metamaterials to obtain the parameters for simple and regular resonant units.
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Table 2. Composition of metamaterial and their properties.

Metamaterial Base Materials Properties Reference

Split-Ring Resonators
(SRRs)

spiral resonators
(SRs)

Metal (usually
copper), substrate

(often FR4)

Negative
permeability behavior
is attributed to the LC

resonance. The
preparation method

based on PCB process
has high precision,

easy processing, good
repeatability, and low

cost.

[85,86]
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Table 2. Cont.

Metamaterial Base Materials Properties Reference

Dielectric
metamaterials

Ceramic samples,
Teflon matrix

Negative
permeability behavior

is attributed to the
Mie resonance. BST

has high permittivity
and low dielectric

loss.

[99]

Ferrite based
metamaterial

Ferrite, metal, or
Teflon

Negative
permeability behavior

is attributed to
ferromagnetic

resonance of ferrite.
Ferrite exhibits high
quality factor, high

inductance, and
minimal losses.

[101,102]

4.2.1. S-parameter Inversion Method

In 2005, Smith et al. introduced the S-parameter inversion method as a means of
calculating the intrinsic electromagnetic parameters of metamaterials based on the trans-
mission coefficient S21 and the reflection coefficient S11 when plane waves are incident on
the surface of the metamaterial [103]. This method is founded on the theory of equivalent
medium, wherein the inhomogeneity of the electromagnetic response of the primitive in
the space adjacent to the primitive can be disregarded when the size of the metamaterial
primitive is considerably smaller than the electromagnetic wave wavelength. Consequently,
the metamaterial comprised of periodically arranged cells can be substituted via a uni-
form continuous medium described using the equivalent magnetic permeability and other
intrinsic parameters.

The S-parameter inversion process involves solving for the electromagnetic parame-
ters of the metamaterial by constructing the transport matrix and scattering parameters
using the equivalent model of the metamaterial. By inverting the scattering parame-
ters of the primitive, the impedance and refractive index can be obtained, as shown in
Equations (23) and (24) [104]:

n =
1
kd

cos−1
[

1
2S21

(1− S2
11 + S2

21)
2
+ 2πm

]
(24)

z = ±

√√√√ (1 + S11)
2 − S2

21

(1− S11)
2 − S2

21

(25)

The scattering parameters of metamaterials can be obtained via electromagnetic soft-
ware simulations based on two main types of cell simulations that utilize the electro-
magnetic wave theory. The first method involves adding a wave excitation between the
simulated metamaterial cells, where Perfect Magnetic Conductors (PMC) are used on the
upper and lower boundary surfaces and Perfect Electric Conductors (PEC) are used on the
left and right boundary surfaces, as shown in Figure 13a. This method corresponds to a
fixed incidence angle of electromagnetic waves and is suitable when the metamaterial has
only finite period cells in the electromagnetic wave transmission direction. The second
method involves applying Floquet ports to the upper and lower boundaries of the metama-
terial and setting the master/slave boundary conditions on the front and rear boundary
surfaces and the left and right boundary surfaces, respectively, as shown in Figure 13b.
This method simulates a two-dimensional infinitely extended periodic arrangement struc-
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ture and can adjust the direction of the electromagnetic wave incidence. Through these
simulation methods, the scattering parameters of metamaterials can be obtained and used
in the S-parameter inversion method to calculate the intrinsic electromagnetic parameters
of the metamaterial.
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The refractive index determination involves a complex logarithmic operation that
may impact the real part of the refractive index results. To overcome this limitation, an
enhanced algorithm based on the Kramers–Kronig (K–K) relation was proposed in [105].
This algorithm operates on a similar principle to the S-parameter inversion method and
utilizes the intrinsic relationship between the imaginary and real parts of the analytic
function to resolve the issue of branch selection and ensure the uniqueness of the sought
value. This approach also improves the continuity of the refractive index across frequencies.
However, it should be noted that the improved algorithm based on the K–K relation is only
suitable for weakly coupled scenarios.

4.2.2. Equivalent Model Method

The equivalent medium approach is a commonly used method for analyzing and
designing metamaterials, but it has limitations when applied to systems operating in the
near-field. Additionally, for low-frequency metamaterials, the constituent response is weak
in the electromagnetic field simulations, which makes the parameter inversion methods
unsuitable. In addition to analyzing and designing metamaterials from an electromagnetic
field perspective, an equivalent model can be used to analyze and design metamaterials
based on their resonance characteristics. The subwavelength structures can be equivalent
to the simple resonant circuits, and the equivalent circuit can serve as a calculation model
for the resonance characteristics of metamaterials in the optimization design. By utiliz-
ing this approach, we can achieve the optimization design of the metamaterial structure
geometry parameters.

Ref. [106] introduces the concept of surface capacitance and equivalently models the
circular metallic resonant ring as a resonant circuit composed of equivalent total capacitance
and equivalent total inductance to obtain the resonant frequency. Ref. [107] focused on a
novel strategy incorporating the dielectric effects into the thin-wire integro-differential for-
mulation, enhancing the analysis of metamaterials. By considering the typically neglected
substrate via a homogeneous equivalent medium approximation, it provides increased
accuracy. Ref. [108] used accurate numerical simulations of the effect of resistive losses
on the metasurfaces applied in the WPT system and analyzed the performance deviations
brought about by the incorporation of the hypersurfaces in the system, providing ideas for
the design of the metasurfaces. Ref. [59] analyzed the equivalent model of the metamaterial
unit cells composed of square and circular spiral structures, which can better analyze the
resonance characteristics such as the quality factor and the resonant frequency of meta-
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materials. Ref. [95] designs a metamaterial for the kHz band of the WPT system. The
coupling between the systems was analyzed by equating the metamaterial cells to a simple
resonant circuit. The metamaterial structure parameters were optimized via computational
algorithms. The real part of the equivalent permeability curves at 85 kHz and 255 kHz is
close to zero. Thus, the metamaterial cells can effectively reduce the leakage magnetic field
at 85 kHz and 255 kHz.

5. WPT System Using Metamaterials

As previously mentioned, WPT technology has been widely applied in various fields
but is limited by the transmission distance, efficiency, and electromagnetic leakage. Wang
et al. approached this problem from a different angle and were the first to utilize the
unique the physical properties of metamaterials to manipulate the magnetic field in WPT
systems [44]. As discussed in the previous section, metamaterials can effectively control the
magnetic fields, making them well-suited for WPT systems. Previous research has shown
that metamaterials have three primary functions in WPT systems: improving efficiency,
increasing fault tolerance, and shielding magnetic fields. In this section, we will provide a
detailed introduction for the development of WPT systems based on metamaterials, with a
focus on these three functions.

5.1. Efficiency and Distance Improvement

The efficiency of WPT systems is affected by the quality factor Q of the resonant
coils and the coupling coefficient k between the coils, which determine the output power
and transmission distance. Metamaterials, due to their unique electromagnetic proper-
ties, have the potential to improve the magnetic field distribution around the receiver,
enhance the coupling between coils, and increase the transmission efficiency of the WPT
system. To achieve an optimal performance, it is crucial to consider the structure, electro-
magnetic parameters, and placement position of the metamaterials used in WPT systems.
These factors all play important roles in improving the efficiency of WPT systems based
on metamaterials.

A metamaterial with near-zero permeability was designed in [15] to address the
problem of performance degradation during the charging of wireless charging systems
applied to biomedical implants. The metamaterial has minimal effect on the resonant
frequency of the WPT system, and the efficiency of the system with the addition of the
metamaterial is improved by more than 200% relative to that without the metamaterial
when the transmission distance is 10 mm. Ref. [109] proposed a metamaterial-based WPT
system for smart home applications. When the transmission distance is 50 cm, the PTE of
the system with the addition of metamaterials is increased by 44.7%, and the operating
frequency is 6.78 MHz. When the transmission distance is 140 cm, the PTE of the system
with the addition of metamaterials is nearly 4.07 times higher than that of the original
system, and the operating frequency is 433 MHz. The system is able to effectively increase
the PTE of the system in both the near-field and the far-field. Ref. [90] designed a double-
layer, thin PCB metamaterial with a single cell size of only 3.72 cm × 3.72 cm. The article
also analyzed and optimized various parameters, including the number of turns of the
metamaterial cell, the dielectric constant of the substrate, the thickness of the PCB board,
and the unit cell battery substrate. Finally, a compact 5 × 5 array of metamaterial slabs was
created based on the resonant coil’s size, successfully improving the WPT system efficiency
from 17% to 47%.

In [110], a hybrid metamaterial slab (HMS) combining negative-magnetic metamateri-
als and zero-magnetic metamaterials was first proposed. The MNZ metamaterial units are
used in the central unit of the metamaterial, while the MNG metamaterial units are used in
the surrounding area. The MNZ metamaterial ensures that the magnetic field inside the
WPT system propagates through the central line, and the MNG metamaterial concentrates
the magnetic field passing through the edge of the HMS into the receiving coil. Additionally,
a cubic structure with PEC and PMC boundaries was proposed in the paper to measure the
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real and imaginary parts of the magnetic permeability. The PTE increased from 34.5% to
41.7% when the transmitting and receiving coils were 15 cm apart. The leakage magnetic
field decreased from −19.21 dBm to −26.03 dBm when the coils were 10 cm apart. In [111],
the transmission efficiency of the WPT system was compared under different conditions,
including no metamaterial slab, a slab of HMS, two slabs of HMS, and two slabs of MMs.
The results showed that the efficiency of the system was significantly improved when two
layers of HMS were added. Furthermore, for the design of the HMS slab, a trial-and-error
method is commonly used to determine the physical and circuit parameters of the HMS
slab. To overcome the limitations of this method, Ref. [112] proposed an experimental
design-assisted sequential optimization method to change the structural parameters of the
hybrid metamaterial slab to maximize its electromagnetic performance, thereby achieving
a higher transmission efficiency of the WPT system. In [50], the WPT system integrating
with the DB-MNG and DB-MNZ was proposed as shown in Figure 14. The implementation
of DB-MNG in the system considerably enhanced the magnetic field around the receiver
coil at 13.56 MHz and 27.12 MHz, respectively. As a result of the experiments, the effi-
ciency of the system was increased by 15.44% and 7.69% at frequencies of 13.56 MHz and
27.12 MHz, respectively. Furthermore, the magnetic field density behind DB-MNZ was
notably reduced.
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charging of smart devices.

Most of the research on WPT systems has concentrated on the placement of metamate-
rial plates in the middle of the resonant coil to enhance PTE. Although this approach can
be effective, it reduces the flexibility and practicality of WPT systems. In [113], a compact
double-layer metamaterial unit was designed to generate a smaller electric field than the
traditional WPT systems, thereby enhancing the safety of the WPT system. Moreover, by
placing the metamaterial plate close to the emitting coil, at a distance of 1 mm, the system’s
efficiency was improved from 7% to 12% over a transmission distance of 25 mm. Placing
the metamaterial slab in front of the resonant coil can integrate the resonant coils and the
metamaterial slabs, but the strong coupling between them can lead to frequency shifts, split-
ting, and other phenomena which do not significantly enhance the transmission efficiency.
In [114], two 4 × 4 metamaterial plates were placed on both sides of the resonant coil, and
the simulation and experimental results demonstrated that the side-placed metamaterial
plates significantly improved the transmission performance of the WPT system. When
the transmission distance was 21 cm, the |S21| of the WPT system with the side-placed
near-field metamaterial plate increased by 0.22. Placing the same metamaterial plate in
the middle of the resonant coil did not enhance the transmission efficiency as much as
placing it on the side. In [115], MNG and MNZ were side-placed in the WPT system
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using different combinations based on the principles of magnetic induction and magnetic
shielding. The different combinations of the side-placed MNG and MNZ slabs are shown
in Figure 15. When the transmission distance is 40 cm, and the distance D1 is 17 cm, the
PTE is significantly improved, reaching 55.5%, 52%, and 51%, respectively, in Type B, C,
and D. Side-placed metamaterials with various characteristics can increase the transmission
efficiency of the WPT system and improve the leakage of the magnetic field around the
system without affecting the transmission channel. However, side-placed metamaterial
slabs are not appropriate for medium-to-long distance WPT systems.
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5.2. Misalignment

A common issue in WPT technology research is the poor anti-offset capability. Most
wireless power transmissions are currently based on single-coil-to-single-coil WPT, which
necessitates the proper alignment of the two coils to achieve an efficient transmission.
Position offset is a prevalent issue in practical WPT systems, and when the coupling
mechanism is offset, both the efficiency and power will be greatly reduced. Several solutions
have been proposed to address this problem, such as capacitance compensation and coil
optimization [116,117].

In [100], a metamaterial plate with a high dielectric constant was designed and inserted
in the WPT system. A schematic of the lateral misalignment and angular misalignment
of the WPT system is shown in Figure 16a,b, respectively. The system’s efficiency is
significantly improved by utilizing the strong magnetic dipole behavior produced by the
high dielectric constant, even when the transmitting and receiving coils experience lateral
or angular displacement, compared to the system without the metamaterial plate. In [48],
a hybrid metamaterial plate with a tunable capacitor was used to achieve two different
negative refractive index properties of −1 and −3. The capacitor value was adjusted based
on the position of the receiving coil to allow the magnetic field to focus even when the
transmitting and receiving coils were not aligned, improving the transmission efficiency
by around 20% at a transmission distance of 70 cm. However, this tunable metamaterial
has some limitations, such as only two capacitor values being designed to adjust the
negative refractive index of the metamaterial unit, and the capacitor value needs to be
changed autonomously, based on the position of the receiving coil. In [118], an anisotropic
metamaterial was studied to address the issue of misalignment between the transmitting
and receiving coils in a mid-range WPT system. The addition of the metamaterial plate
increased the system’s efficiency by 30.9% when the receiving coil was angled at 45 degrees,
effectively mitigating the decrease in PTE caused by misalignment.
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5.3. Improving Electromagnetic Leakage

During the transmission process of WPT systems, the loose coupling between res-
onators can lead to electromagnetic leakage, which poses a security issue. Common
methods for passive shielding include the use of ferrite and non-magnetic metals. While
the addition of ferrite can effectively shield the leaked magnetic field, it is difficult to balance
the transmission performance and is only suitable for low-to-medium frequency and low-
power WPT systems [119,120]. The addition of non-magnetic metals results in high eddy
current losses, which can affect the transmission efficiency of WPT systems. As discussed
in Section 3, when the magnetic permeability of a metamaterial is zero or near-zero, it has
the function of shielding the magnetic field. The use of metamaterials for magnetic field
shielding can selectively shield specific frequency bands while simultaneously maintaining
the system transmission efficiency.

In [121], the shielding principle of MNZ was analyzed in terms of electromagnetic
waves using the Fresnel transmission and emission formulas. Placing a MNZ slab 10 cm
behind the receiving coil, the experimental results showed that when the transmitting
and receiving coils were 40 cm apart, the magnetic field intensity at the receiving coil was
reduced by approximately 58.24%, which is a decrease of 13.14% compared with the original
system. The combination of MNG with MNZ improved the efficiency of the WPT system
by 12.06% and reduced the leakage magnetic field in the surrounding area. The original
system’s magnetic field disperses in all directions upon passing through the receiving coil,
resulting in significant magnetic field leakage. However, after placing an MNZ-EM board
behind the receiving coil, the external magnetic field leakage is significantly reduced.

In [52], the working mechanism of MNZ in the WPT system was explained using
the equivalent model theory. A human brain model was established using finite element
simulation to verify the shielding effect of MNZ on the magnetic fields in the WPT system.
The shielding effect of the metamaterial board was compared to that of a ferrite and
an aluminum board via experiments. When the metamaterial is placed 10 cm behind
the receiving or transmitting coil, and the human brain model is 10 cm away from the
metamaterial board, the maximum magnetic field intensity in the human brain model
is attenuated by 17.52 dB. The effects of the ferrite, the aluminum plate, and the MNZ
slab placed at the transmitter terminal on the magnetic flux leakage of the system were
compared. Compared with the ferrite and the aluminum plate, the electromagnetic noise
of the transmitting terminal of the system with MNZ is reduced by 12.96 dB and 7.41 dB,
respectively. The experimental results show that the MNZ slabs achieve the best shielding
effect, resulting in a 9.5% improvement in the transmission efficiency of the system.

The previous studies on metamaterial-based WPT systems are summarized and com-
pared in Table 3, where the normalized distance represents the ratio of the square root of
the product of the transmission distance and the transceiver coil diameter.
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6. Challenge and Prospect of Metamaterial in WPT Systems

In recent years, WPT technology has received widespread attention and applica-
tion. Metamaterials, as materials with exotic physical properties, can promote the further
development and application of WPT technology and potentially solve the bottleneck
problems in current WPT technology. Although many studies have been conducted on
the structure, placement, and frequency band of metamaterials applied in WPT systems,
there are still many technical challenges and problems for WPT technology based on
electromagnetic metamaterials:

1. Design of miniaturized metamaterials for low-frequency applications. Currently,
most low-frequency metamaterials operate in the MHz frequency range, which is
too high for most electrical and electromagnetic devices. Moreover, the overall size
of low-frequency metamaterials is large, which is not conducive to practical use
in electromagnetic devices. The frequency range of electric vehicles and portable
electronic devices is mostly in the kHz range. To enable metamaterials to meet
the practical applications of WPT, it is necessary to study and design miniaturized
metamaterials for low frequencies.

2. Improve theoretical analysis. Existing simulation methods for microwave metama-
terials are mostly based on the electromagnetic wave theory, but there is a lack of
corresponding theoretical analysis for low-frequency metamaterials. Although low-
frequency metamaterials have been designed using the equivalent circuit models,
when the structure of metamaterials is complex, simple RLC resonant circuit models
will be difficult to accurately describe their electromagnetic properties.

3. Placement of metamaterials in WPT systems. Currently, most studies on metamaterial
plates are placed between the receiving coil and the transmitting coil, which is very
beneficial for improving the transmission efficiency of the system, but greatly reduces
the practicality of metamaterials. The ideal placement position of metamaterials is
fixed on the resonant coil, but when metamaterials are close to the transmitting coil,
strong coupling between them will cause frequency splitting; when they are close to
the receiving coil, the magnetic fields dissipate during the transmission process from
the transmitting coil to the receiving coil, which cannot guarantee the transmission
efficiency of the system. Therefore, it is necessary to study the placement position of
metamaterial plates for practical applications.

4. Design of multi-frequency and wideband metamaterials. Currently, most metamate-
rials adopt resonant metamaterials, which can only operate at fixed frequencies. In
practical applications, compared to single-frequency metamaterials, dual-frequency
or even multi-frequency metamaterials can improve the transmission efficiency and
electromagnetic safety of two or more frequencies simultaneously. To further expand
the application scenarios of metamaterials and achieve the simultaneous transmission
of energy and signals, it is necessary to study wideband metamaterials with exotic
electromagnetic properties.

5. Achieve dynamic electromagnetic control. Passive metamaterials often come with
certain energy losses, and their ability for electromagnetic control is relatively limited,
which restricts their practical application in engineering. Research on intelligent
control metamaterials can compensate for the energy losses of the elements and meet
the different electromagnetic control requirements of WPT systems.

7. Conclusions

This article provides a review of WPT based on metamaterials. Firstly, the working
mechanism of the WPT system is briefly introduced, followed by the description of electro-
magnetic characteristics, structures, and design methods of metamaterials. The applications
of metamaterials in wireless power transfer are discussed, and the technological challenges
and prospects of utilizing metamaterials in WPT systems are also addressed. The objective
of this article is to summarize the research status and advantages of WPT technology
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based on electromagnetic metamaterials, as well as the future development, prospects,
and directions.

Funding: This research was funded by National Natural Science Foundation of China, grant number
52207019.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available by reason-
able request to ccrong@mail.cumt.edu.cn.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tesla, N. Experiments with alternate currents of very high frequency and their application to methods of artificial illumination.

Trans. Am. Inst. Electr. Eng. 1891, 8, 266–319. [CrossRef]
2. Brown, W. Experiments in the transportation of energy by microwave beam. In Proceedings of the 1958 IRE International

Convention Record, New York, NY, USA, 21–25 March 1966; pp. 8–17.
3. Kurs, A.; Karalis, A.; Moffatt, R.; Joannopoulos, J.D.; Fisher, P.; Soljacic, M. Wireless power transfer via strongly coupled magnetic

resonances. Science 2007, 317, 83–86. [CrossRef] [PubMed]
4. Lazzeroni, P.; Cirimele, V.; Canova, A. Economic and environmental sustainability of Dynamic Wireless Power Transfer for

electric vehicles supporting reduction of local air pollutant emissions. Renew. Sustain. Energy Rev. 2021, 138, 110537. [CrossRef]
5. Qin, R.; Li, J.; Costinett, D. A 6.6-kW high-frequency wireless power transfer system for electric vehicle charging using multilayer

nonuniform self-resonant coil at MHz. IEEE Trans. Power Electron. 2021, 37, 4842–4856. [CrossRef]
6. Soares, L.; Wang, H. A study on renewed perspectives of electrified road for wireless power transfer of electric vehicles. Renew.

Sustain. Energy Rev. 2022, 158, 112110. [CrossRef]
7. Mohammad, M.; Onar, O.C.; Su, G.-J.; Pries, J.; Galigekere, V.P.; Anwar, S.; Asa, E.; Wilkins, J.; Wiles, R.; White, C.P. Bidirectional

LCC–LCC-compensated 20-kW wireless power transfer system for medium-duty vehicle charging. IEEE Trans. Transp. Electrif.
2021, 7, 1205–1218. [CrossRef]

8. Mohamed, N.; Aymen, F.; Alqarni, M.; Turky, R.A.; Alamri, B.; Ali, Z.M.; Aleem, S.H.A. A new wireless charging system for
electric vehicles using two receiver coils. Ain Shams Eng. J. 2022, 13, 101569. [CrossRef]

9. Rong, C.; He, X.; Wu, Y.; Qi, Y.; Wang, R.; Sun, Y.; Liu, M. Optimization design of resonance coils with high misalignment tolerance
for drone wireless charging based on genetic algorithm. IEEE Trans. Ind. Appl. 2021, 58, 1242–1253. [CrossRef]

10. Jawad, A.M.; Jawad, H.M.; Nordin, R.; Gharghan, S.K.; Abdullah, N.F.; Abu-Alshaeer, M.J. Wireless power transfer with magnetic
resonator coupling and sleep/active strategy for a drone charging station in smart agriculture. IEEE Access 2019, 7, 139839–139851.
[CrossRef]

11. Rong, C.; He, X.; Zeng, Y.; Lu, C.; Liu, M. High-efficiency orientation insensitive WPT systems using magnetic dipole coil for
low-power devices. IEEE Trans. Power Electron. 2021, 37, 4985–4990. [CrossRef]

12. Ishihara, M.; Fujiki, K.; Umetani, K.; Hiraki, E. Autonomous system concept of multiple-receiver inductive coupling wireless
power transfer for output power stabilization against cross-interference among receivers and resonance frequency tolerance.
IEEE Trans. Ind. Appl. 2021, 57, 3898–3910. [CrossRef]

13. Khan, S.R.; Pavuluri, S.K.; Cummins, G.; Desmulliez, M.P. Wireless power transfer techniques for implantable medical devices: A
review. Sensors 2020, 20, 3487. [CrossRef]

14. Campi, T.; Cruciani, S.; Maradei, F.; Montalto, A.; Musumeci, F.; Feliziani, M. Centralized high power supply system for implanted
medical devices using wireless power transfer technology. IEEE Trans. Med. Robot. Bionics 2021, 3, 992–1001. [CrossRef]

15. Pokharel, R.K.; Barakat, A.; Alshhawy, S.; Yoshitomi, K.; Sarris, C. Wireless power transfer system rigid to tissue characteristics
using metamaterial inspired geometry for biomedical implant applications. Sci. Rep. 2021, 11, 5868. [CrossRef] [PubMed]

16. Haerinia, M.; Shadid, R. Wireless power transfer approaches for medical implants: A review. Signals 2020, 1, 209–229. [CrossRef]
17. Detka, K.; Górecki, K. Wireless power transfer—A review. Energies 2022, 15, 7236. [CrossRef]
18. Mou, X.; Gladwin, D.T.; Zhao, R.; Sun, H. Survey on magnetic resonant coupling wireless power transfer technology for electric

vehicle charging. IET Power Electron. 2019, 12, 3005–3020. [CrossRef]
19. Yousuf, M.A.; Das, T.K.; Khallil, M.E.; Aziz, N.A.A.; Rana, M.J.; Hossain, S. Comparison study of inductive coupling and magnetic

resonant coupling method for wireless power transmission of electric vehicles. In Proceedings of the 2021 2nd International
Conference on Robotics, Electrical and Signal Processing Techniques (ICREST), Dhaka, Bangladesh, 5–7 January 2021; pp. 737–741.

20. Rahman, M.; Rahman, F.; Rasheduzzaman, A.; Shahriyar, M.F.; Ali, M.T. Magnetic resonance coupled wireless power transfer
analysis for electric vehicle. In Proceedings of the 2021 3rd Global Power, Energy and Communication Conference (GPECOM),
Antalya, Turkey, 5–8 October 2021; pp. 28–33.

21. Rehman, M.; Nallagownden, P.; Baharudin, Z. Efficiency investigation of SS and SP compensation topologies for wireless power
transfer. Int. J. Power Electron. Drive Syst. 2019, 10, 2157. [CrossRef]

ccrong@mail.cumt.edu.cn
https://doi.org/10.1109/T-AIEE.1891.5570149
https://doi.org/10.1126/science.1143254
https://www.ncbi.nlm.nih.gov/pubmed/17556549
https://doi.org/10.1016/j.rser.2020.110537
https://doi.org/10.1109/TPEL.2021.3120734
https://doi.org/10.1016/j.rser.2022.112110
https://doi.org/10.1109/TTE.2021.3049138
https://doi.org/10.1016/j.asej.2021.08.012
https://doi.org/10.1109/TIA.2021.3057574
https://doi.org/10.1109/ACCESS.2019.2943120
https://doi.org/10.1109/TPEL.2021.3137225
https://doi.org/10.1109/TIA.2021.3081071
https://doi.org/10.3390/s20123487
https://doi.org/10.1109/TMRB.2021.3123404
https://doi.org/10.1038/s41598-021-84333-3
https://www.ncbi.nlm.nih.gov/pubmed/33712654
https://doi.org/10.3390/signals1020012
https://doi.org/10.3390/en15197236
https://doi.org/10.1049/iet-pel.2019.0529
https://doi.org/10.11591/ijpeds.v10.i4.pp2157-2164


Materials 2023, 16, 6008 25 of 28

22. Mosammam, B.M.; Mirsalim, M. New integrated tripolar pad using double-sided LCC compensation for wireless power transfer.
IEEE Trans. Veh. Technol. 2020, 69, 15633–15643. [CrossRef]

23. Yenil, V.; Cetin, S. An improved pulse density modulation control for secondary side controlled wireless power transfer system
using LCC-S compensation. IEEE Trans. Ind. Electron. 2021, 69, 12762–12772. [CrossRef]

24. Cheng, C.; Lu, F.; Zhou, Z.; Li, W.; Deng, Z.; Li, F.; Mi, C. A load-independent LCC-compensated wireless power transfer system
for multiple loads with a compact coupler design. IEEE Trans. Ind. Electron. 2019, 67, 4507–4515. [CrossRef]

25. Li, X.; Hu, J.; Wang, H.; Dai, X.; Sun, Y. A new coupling structure and position detection method for segmented control dynamic
wireless power transfer systems. IEEE Trans. Power Electron. 2020, 35, 6741–6745. [CrossRef]

26. Feng, T.; Sun, Y.; Feng, Y.; Dai, X. A tripolar plane-type transmitter for three-dimensional omnidirectional wireless power transfer.
IEEE Trans. Ind. Appl. 2021, 58, 1254–1267. [CrossRef]

27. Rong, C.; He, X.; Liu, M.; Wang, Y.; Liu, X.; Lu, C.; Zeng, Y.; Liu, R. Omnidirectional free-degree wireless power transfer system
based on magnetic dipole coils for multiple receivers. IEEE Access 2021, 9, 81588–81600. [CrossRef]

28. Kim, J.H.; Choi, B.G.; Jeong, S.Y.; Han, S.H.; Kim, H.R.; Rim, C.T.; Kim, Y.-S. Plane-type receiving coil with minimum number of
coils for omnidirectional wireless power transfer. IEEE Trans. Power Electron. 2019, 35, 6165–6174. [CrossRef]

29. Acero, J.; Lope, I.; Carretero, C.; Sarnago, H.; Burdío, J.M. Comparative Evaluation of Different Cables for Magnetic Couplers
in Inductive Power Transfer Systems. In Proceedings of the 2023 IEEE Applied Power Electronics Conference and Exposition
(APEC), Orlando, FL, USA, 19–23 March 2023; pp. 3302–3306.

30. de Miranda, C.M.; Pichorim, S.F. A Three-Coil Wireless Power Transfer System using Self-Resonant Open-Bifilar Coils. AEU-Int.
J. Electron. Commun. 2022, 154, 154300. [CrossRef]

31. Dong, Z.; Liu, S.; Li, X.; Xu, Z.; Yang, L. A novel long-distance wireless power transfer system with constant current output based
on domino-resonator. IEEE J. Emerg. Sel. Top. Power Electron. 2020, 9, 2343–2355. [CrossRef]

32. International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for limiting exposure to electromagnetic
fields (100 kHz to 300 GHz). Health Phys. 2020, 118, 483–524.

33. Kwan, C.H.; Arteaga, J.M.; Pucci, N.; Yates, D.C.; Mitcheson, P.D. A 110w e-scooter wireless charger operating at 6.78 mhz with
ferrite shielding. In Proceedings of the 2021 IEEE PELS Workshop on Emerging Technologies: Wireless Power Transfer (WoW),
San Diego, CA, USA, 1–4 June 2021; pp. 1–4.

34. Haga, N.; Chakarothai, J.; Konno, K. Circuit modeling of a wireless power transfer system containing ferrite shields using an
extended impedance expansion method. IEEE Trans. Microw. Theory Tech. 2022, 70, 2872–2881. [CrossRef]

35. Ahire, D.; Gond, V.J.; Chopade, J.J. Coil material and magnetic shielding methods for efficient wireless power transfer system for
biomedical implant application. Biosens. Bioelectron. X 2022, 10, 100123. [CrossRef]

36. Huangfu, J.; Ran, L.; Chen, H.; Zhang, X.-M.; Chen, K.; Grzegorczyk, T.M.; Kong, J.A. Experimental confirmation of negative
refractive index of a metamaterial composed of Ω-like metallic patterns. Appl. Phys. Lett. 2004, 84, 1537–1539. [CrossRef]

37. Seddon, N.; Bearpark, T. Observation of the inverse Doppler effect. Science 2003, 302, 1537–1540. [CrossRef] [PubMed]
38. Pendry, J.B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966. [CrossRef]
39. Veselago, V.G. Electrodynamics of substances with simultaneously negative and. Usp. Fiz. Nauk 1967, 92, 517. [CrossRef]
40. Pendry, J.B.; Holden, A.; Stewart, W.; Youngs, I. Extremely low frequency plasmons in metallic mesostructures. Phys. Rev. Lett.

1996, 76, 4773. [CrossRef] [PubMed]
41. Pendry, J.B.; Holden, A.; Robbins, D.; Stewart, W. Low frequency plasmons in thin-wire structures. J. Phys. Condens. Matter 1998,

10, 4785. [CrossRef]
42. Pendry, J.B.; Holden, A.J.; Robbins, D.J.; Stewart, W. Magnetism from conductors and enhanced nonlinear phenomena. IEEE

Trans. Microw. Theory Tech. 1999, 47, 2075–2084. [CrossRef]
43. Shelby, R.A.; Smith, D.R.; Schultz, S. Experimental verification of a negative index of refraction. Science 2001, 292, 77–79. [CrossRef]
44. Wang, B.; Nishino, T.; Teo, K.H. Wireless power transmission efficiency enhancement with metamaterials. In Proceedings of

the 2010 IEEE International Conference on Wireless Information Technology and Systems, Honolulu, HI, USA, 28 August–3
September 2010; pp. 1–4.

45. Wang, B.; Teo, K.H.; Nishino, T.; Yerazunis, W.; Barnwell, J.; Zhang, J. Experiments on wireless power transfer with metamaterials.
Appl. Phys. Lett. 2011, 98, 254101. [CrossRef]

46. Shan, D.; Wang, H.; Cao, K.; Zhang, J. Wireless power transfer system with enhanced efficiency by using frequency reconfigurable
metamaterial. Sci. Rep. 2022, 12, 331. [CrossRef]

47. Adepoju, W.; Bhattacharya, I.; Sanyaolu, M.; Esfahani, E.N. Equivalent circuit modeling and experimental analysis of low
frequency metamaterial for efficient wireless power transfer. IEEE Access 2022, 10, 87962–87973. [CrossRef]

48. Lee, W.; Yoon, Y.-K. Tunable metamaterial slab for efficiency improvement in misaligned wireless power transfer. IEEE Microw.
Wirel. Compon. Lett. 2020, 30, 912–915. [CrossRef]

49. Jiang, X.; Pokharel, R.K.; Barakat, A.; Yoshitomi, K. A multimode metamaterial for a compact and robust dualband wireless
power transfer system. Sci. Rep. 2021, 11, 22125. [CrossRef] [PubMed]

50. Lu, C.; Huang, X.; Rong, C.; Tao, X.; Zeng, Y.; Liu, M. A dual-band negative permeability and near-zero permeability metamaterials
for wireless power transfer system. IEEE Trans. Ind. Electron. 2020, 68, 7072–7082. [CrossRef]

51. Besnoff, J.; Chabalko, M.; Ricketts, D.S. A frequency-selective zero-permeability metamaterial shield for reduction of near-field
electromagnetic energy. IEEE Antennas Wirel. Propag. Lett. 2015, 15, 654–657. [CrossRef]

https://doi.org/10.1109/TVT.2020.3045371
https://doi.org/10.1109/TIE.2021.3134059
https://doi.org/10.1109/TIE.2019.2931260
https://doi.org/10.1109/TPEL.2019.2963438
https://doi.org/10.1109/TIA.2021.3107471
https://doi.org/10.1109/ACCESS.2021.3085307
https://doi.org/10.1109/TPEL.2019.2952907
https://doi.org/10.1016/j.aeue.2022.154300
https://doi.org/10.1109/JESTPE.2020.2983231
https://doi.org/10.1109/TMTT.2022.3149830
https://doi.org/10.1016/j.biosx.2022.100123
https://doi.org/10.1063/1.1655673
https://doi.org/10.1126/science.1089342
https://www.ncbi.nlm.nih.gov/pubmed/14645840
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.3367/UFNr.0092.196707d.0517
https://doi.org/10.1103/PhysRevLett.76.4773
https://www.ncbi.nlm.nih.gov/pubmed/10061377
https://doi.org/10.1088/0953-8984/10/22/007
https://doi.org/10.1109/22.798002
https://doi.org/10.1126/science.1058847
https://doi.org/10.1063/1.3601927
https://doi.org/10.1038/s41598-021-03570-8
https://doi.org/10.1109/ACCESS.2022.3199065
https://doi.org/10.1109/LMWC.2020.3015680
https://doi.org/10.1038/s41598-021-01677-6
https://www.ncbi.nlm.nih.gov/pubmed/34764393
https://doi.org/10.1109/TIE.2020.3009608
https://doi.org/10.1109/LAWP.2015.2466172


Materials 2023, 16, 6008 26 of 28

52. Rong, C.; Wang, Y.; Chen, M.; Lu, Y.; Wu, Z.; Xia, C.; Liao, Z.; Liu, X. A Comprehensive Analysis of Metamaterial-Coupled WPT
Systems for Low Electromagnetic Field Leakage. IEEE Trans. Electromagn. Compat. 2022, 65, 166–176. [CrossRef]

53. Jeong, S.; Kim, D.-H.; Song, J.; Kim, H.; Lee, S.; Song, C.; Lee, J.; Song, J.; Kim, J. Smartwatch strap wireless power transfer system
with flexible PCB coil and shielding material. IEEE Trans. Ind. Electron. 2018, 66, 4054–4064. [CrossRef]

54. Jayalath, S.; Khan, A. Design, challenges, and trends of inductive power transfer couplers for electric vehicles: A review. IEEE J.
Emerg. Sel. Top. Power Electron. 2020, 9, 6196–6218. [CrossRef]

55. Behnamfar, M.; Javadi, H.; Afjei, E. A dynamic CPT system LC Compensated with a six-plate capacitive coupler for wireless
charging of electric vehicle in motion. In Proceedings of the 2020 28th Iranian Conference on Electrical Engineering (ICEE), Tabriz,
Iran, 4–6 August 2020; pp. 1–6.

56. Shinohara, N. History and innovation of wireless power transfer via microwaves. IEEE J. Microw. 2021, 1, 218–228. [CrossRef]
57. Mohammadnia, A.; Ziapour, B.M.; Ghaebi, H.; Khooban, M.H. Feasibility assessment of next-generation drones powering by

laser-based wireless power transfer. Opt. Laser Technol. 2021, 143, 107283. [CrossRef]
58. Guida, R.; Demirors, E.; Dave, N.; Melodia, T. Underwater ultrasonic wireless power transfer: A battery-less platform for the

internet of underwater things. IEEE Trans. Mob. Comput. 2020, 21, 1861–1873. [CrossRef]
59. Huang, X.; Lu, C.; Liu, M. Calculation and analysis of near-field magnetic spiral metamaterials for MCR-WPT application. Appl.

Phys. A 2020, 126, 1–9. [CrossRef]
60. Luo, Z.; Nie, S.; Pathmanathan, M.; Lehn, P.W. Exciter–Quadrature–Repeater transmitter for wireless electric vehicle charging

with high lateral misalignment tolerance and low EMF emission. IEEE Trans. Transp. Electrif. 2021, 7, 2156–2167. [CrossRef]
61. Kim, J.; Son, H.-C.; Kim, D.-H.; Park, Y.-J. Optimal design of a wireless power transfer system with multiple self-resonators for an

LED TV. IEEE Trans. Consum. Electron. 2012, 58, 775–780. [CrossRef]
62. Zanganeh, E.; Song, M.; Valero, A.C.; Shalin, A.S.; Nenasheva, E.; Miroshnichenko, A.; Evlyukhin, A.; Kapitanova, P. Nonradiating

sources for efficient wireless power transfer. Nanophotonics 2021, 10, 4399–4408. [CrossRef]
63. Wang, S.; Gao, D. Power transfer efficiency analysis of the 4-coil wireless power transfer system based on circuit theory and

coupled-mode theory. In Proceedings of the 2016 IEEE 11th Conference on Industrial Electronics and Applications (ICIEA), Hefei,
China, 5–7 June 2016; pp. 1230–1234.

64. Cheon, S.; Kim, Y.-H.; Kang, S.-Y.; Lee, M.L.; Lee, J.-M.; Zyung, T. Circuit-model-based analysis of a wireless energy-transfer
system via coupled magnetic resonances. IEEE Trans. Ind. Electron. 2010, 58, 2906–2914. [CrossRef]

65. Duong, T.P.; Lee, J.-W. Experimental results of high-efficiency resonant coupling wireless power transfer using a variable coupling
method. IEEE Microw. Wirel. Compon. Lett. 2011, 21, 442–444. [CrossRef]

66. Shelby, R.A. Microwave Experiments with Left-Handed Materials; University of California: San Diego, CA, USA, 2001.
67. Zhao, Y. Evanescent wave amplification and subwavelength imaging by ultrathin uniaxial µ-near-zero material. AIP Adv. 2014, 4, 27115.

[CrossRef]
68. Moorey, C.L.; Holderbaum, W.; Potter, B. Radiative power transmission from dipolar sources. In Proceedings of the 2013 IEEE

Wireless Power Transfer (WPT), Perugia, Italy, 15–16 May 2013; pp. 206–209.
69. Urzhumov, Y.; Smith, D.R. Metamaterial-enhanced coupling between magnetic dipoles for efficient wireless power transfer. Phys.

Rev. B 2011, 83, 205114. [CrossRef]
70. Younesiraad, H.; Bemani, M. Analysis of coupling between magnetic dipoles enhanced by metasurfaces for wireless power

transfer efficiency improvement. Sci. Rep. 2018, 8, 14865. [CrossRef]
71. Stevens, C.J.; Chan, C.W.; Stamatis, K.; Edwards, D.J. Magnetic metamaterials as 1-D data transfer channels: An application for

magneto-inductive waves. IEEE Trans. Microw. Theory Tech. 2010, 58, 1248–1256. [CrossRef]
72. Sandoval, F.S.; Delgado, S.M.T.; Moazenzadeh, A.; Wallrabe, U. A 2-D magnetoinductive wave device for freer wireless power

transfer. IEEE Trans. Power Electron. 2019, 34, 10433–10445. [CrossRef]
73. Sandoval, F.S.; Delgado, S.M.T.; Moazenzadeh, A.; Wallrabe, U. Nulls-free wireless power transfer with straightforward control of

magnetoinductive waves. IEEE Trans. Microw. Theory Tech. 2017, 65, 1087–1093. [CrossRef]
74. Ranaweera, A.; Pham, T.S.; Bui, H.N.; Ngo, V.; Lee, J.-W. An active metasurface for field-localizing wireless power transfer using

dynamically reconfigurable cavities. Sci. Rep. 2019, 9, 11735. [CrossRef]
75. Rakluea, C.; Worapishet, A.; Chaimool, S.; Zhao, Y.; Akkaraekthalin, P. True nulls-free magnetoinductive waveguides using

alternate coupling polarities for batteryless dynamic wireless power transfer applications. IEEE Trans. Power Electron. 2022, 37,
8835–8854. [CrossRef]

76. Chan, C.W.; Stevensy, C.J. Two-dimensional magneto-inductive wave data structures. In Proceedings of the 5th European
Conference on Antennas and Propagation (EUCAP), Rome, Italy, 11–15 April 2011; pp. 1071–1075.

77. Pham, T.S.; Bui, H.N.; Lee, J.-W. Wave propagation control and switching for wireless power transfer using tunable 2-D magnetic
metamaterials. J. Magn. Magn. Mater. 2019, 485, 126–135. [CrossRef]

78. Choi, J.; Seo, C.H. High-efficiency wireless energy transmission using magnetic resonance based on negative refractive index
metamaterial. Prog. Electromagn. Res. 2010, 106, 33–47. [CrossRef]

79. Chen, J.; Tan, H. Investigation of wireless power transfer with 3D metamaterial for efficiency enhancement. In Proceedings of the
2017 7th IEEE International Symposium on Microwave, Antenna, Propagation, and EMC Technologies (MAPE), Xi’an, China,
24–27 October 2017; pp. 309–312.

https://doi.org/10.1109/TEMC.2022.3212539
https://doi.org/10.1109/TIE.2018.2860534
https://doi.org/10.1109/JESTPE.2020.3042625
https://doi.org/10.1109/JMW.2020.3030896
https://doi.org/10.1016/j.optlastec.2021.107283
https://doi.org/10.1109/TMC.2020.3029679
https://doi.org/10.1007/s00339-020-3339-5
https://doi.org/10.1109/TTE.2021.3071277
https://doi.org/10.1109/TCE.2012.6311317
https://doi.org/10.1515/nanoph-2021-0378
https://doi.org/10.1109/TIE.2010.2072893
https://doi.org/10.1109/LMWC.2011.2160163
https://doi.org/10.1063/1.4866579
https://doi.org/10.1103/PhysRevB.83.205114
https://doi.org/10.1038/s41598-018-33174-8
https://doi.org/10.1109/TMTT.2010.2045562
https://doi.org/10.1109/TPEL.2019.2904875
https://doi.org/10.1109/TMTT.2017.2672546
https://doi.org/10.1038/s41598-019-48253-7
https://doi.org/10.1109/TPEL.2022.3145579
https://doi.org/10.1016/j.jmmm.2019.04.034
https://doi.org/10.2528/PIER10050609


Materials 2023, 16, 6008 27 of 28

80. Lipworth, G.; Ensworth, J.; Seetharam, K.; Huang, D.; Lee, J.S.; Schmalenberg, P.; Nomura, T.; Reynolds, M.S.; Smith, D.R.;
Urzhumov, Y. Magnetic metamaterial superlens for increased range wireless power transfer. Sci. Rep. 2014, 4, 1–6. [CrossRef]

81. Ranaweera, A.; Duong, T.P.; Lee, B.-S.; Lee, J.-W. Experimental investigation of 3D metamaterial for mid-range wireless power
transfer. In Proceedings of the 2014 IEEE Wireless Power Transfer Conference, Jeju, Republic of Korea, 8–9 May 2014; pp. 92–95.

82. Chabalko, M.J.; Besnoff, J.; Ricketts, D.S. Magnetic field enhancement in wireless power with metamaterials and magnetic
resonant couplers. IEEE Antennas Wirel. Propag. Lett. 2015, 15, 452–455. [CrossRef]

83. Li, W.; Wang, P.; Yao, C.; Zhang, Y.; Tang, H. Experimental investigation of 1D, 2D, and 3D metamaterials for efficiency
enhancement in a 6.78 MHz wireless power transfer system. In Proceedings of the 2016 IEEE Wireless Power Transfer Conference
(WPTC), Aveiro, Portugal, 5–6 May 2016; pp. 1–4.

84. Rong, C.; Lu, C.; Zeng, Y.; Tao, X.; Liu, X.; Liu, R.; He, X.; Liu, M. A critical review of metamaterial in wireless power transfer
system. IET Power Electron. 2021, 14, 1541–1559. [CrossRef]

85. Kim, G.; Lee, B. Effects of metamaterial slab with negative permeability applied to magnetically-coupled wireless power transfer
system. In Proceedings of the 2015 IEEE International Symposium on Antennas and Propagation & USNC/URSI National Radio
Science Meeting, Vancouver, BC, Canada, 19–24 July 2015; pp. 113–114.

86. Dong, Y.; Li, W.; Cai, W.; Yao, C.; Ma, D.; Tang, H. Experimental investigation of 6.78 MHz metamaterials for efficiency
enhancement of wireless power transfer system. In Proceedings of the 2016 IEEE 2nd Annual Southern Power Electronics
Conference (SPEC), Auckland, New Zealand, 5–8 December 2016; pp. 1–5.

87. Chen, J.-F.; Ding, Z.; Hu, Z.; Wang, S.; Cheng, Y.; Liu, M.; Wei, B.; Wang, S. Metamaterial-based high-efficiency wireless power
transfer system at 13.56 MHz for low power applications. Prog. Electromagn. Res. B 2017, 72, 17–30. [CrossRef]

88. Chen, W.-C.; Bingham, C.M.; Mak, K.M.; Caira, N.W.; Padilla, W.J. Extremely subwavelength planar magnetic metamaterials.
Phys. Rev. B 2012, 85, 201104. [CrossRef]

89. Li, L.; Liu, H.; Zhang, H.; Xue, W. Efficient wireless power transfer system integrating with metasurface for biological applications.
IEEE Trans. Ind. Electron. 2017, 65, 3230–3239. [CrossRef]

90. Cho, Y.; Kim, J.J.; Kim, D.-H.; Lee, S.; Kim, H.; Song, C.; Kong, S.; Kim, H.; Seo, C.; Ahn, S. Thin PCB-type metamaterials for
improved efficiency and reduced EMF leakage in wireless power transfer systems. IEEE Trans. Microw. Theory Tech. 2016, 64,
353–364. [CrossRef]

91. Zhao, C.; Zhu, S.; Zhu, H.; Huang, Z.; Luo, X. Accurate design of deep sub-wavelength metamaterials for wireless power transfer
enhancement. Prog. Electromagn. Res. C 2018, 83, 195–203. [CrossRef]

92. Miyamaru, F.; Kubota, S.; Takeda, M.W. Terahertz response of split-ring resonators with fractal structures. Appl. Phys. Express
2012, 5, 72001. [CrossRef]

93. Fan, X.; Tang, F.; Su, B.; Zhang, X. Design of spiral resonator based on fractal metamaterials and its improvement for MCR-WPT
performance. IEEE Trans. Magn. 2022, 58, 1–9. [CrossRef]

94. Gong, Z.; Yang, S. One-dimensional stacking miniaturized low-frequency metamaterial bulk for near-field applications. J. Appl.
Phys. 2020, 127, 114901. [CrossRef]

95. Lu, C.; Huang, X.; Liu, X.; Zeng, Y.; Liu, R.; Rong, C.; Liu, M. Design and optimization of the low-frequency metasurface shield
for wireless power transfer system. IEEE Trans. Transp. Electrif. 2021, 8, 723–733. [CrossRef]

96. Jiang, X.; Pokharel, R.K.; Barakat, A.; Yoshitomi, K. Wideband Stacked Metamaterial for a Compact and Efficient Dual-band
Wireless Power Transfer. In Proceedings of the 2022 IEEE/MTT-S International Microwave Symposium-IMS 2022, Denver, CO,
USA, 19–24 June 2022; pp. 198–201.

97. Zheng, Z.; Fang, X.; Zheng, Y.; Feng, H. A wireless power transfer system based on dual-band metamaterials. IEEE Microw. Wirel.
Compon. Lett. 2022, 32, 615–618. [CrossRef]

98. Shaw, T.; Mitra, D. Design of miniaturized, low-loss and flexible multi-band metamaterial for microwave application. Appl. Phys.
A 2018, 124, 1–11. [CrossRef]

99. Das, R.; Basir, A.; Yoo, H. A metamaterial-coupled wireless power transfer system based on cubic high-dielectric resonators. IEEE
Trans. Ind. Electron. 2018, 66, 7397–7406. [CrossRef]

100. Shaw, T.; Mitra, D. Wireless power transfer system based on magnetic dipole coupling with high permittivity metamaterials.
IEEE Antennas Wirel. Propag. Lett. 2019, 18, 1823–1827. [CrossRef]

101. Rodríguez, E.S.G.; RamRakhyani, A.K.; Schurig, D.; Lazzi, G. Compact low-frequency metamaterial design for wireless power
transfer efficiency enhancement. IEEE Trans. Microw. Theory Tech. 2016, 64, 1644–1654. [CrossRef]

102. Adepoju, W.O.; Bhattacharya, I.; Bima, M.E.; Banik, T. Novel metamaterial and ai-based multi-objective optimization of coil
parameters for efficient wireless power transfer. In Proceedings of the 2021 IEEE Vehicle Power and Propulsion Conference
(VPPC), Gijon, Spain, 25–28 October 2021; pp. 1–6.

103. Smith, D.; Vier, D.; Koschny, T.; Soukoulis, C. Electromagnetic parameter retrieval from inhomogeneous metamaterials. Phys. Rev.
E 2005, 71, 36617. [CrossRef] [PubMed]
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