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Wireless power transfer system 
with enhanced efficiency by using 
frequency reconfigurable 
metamaterial
Dongyong Shan1, Haiyue Wang3, Ke Cao1 & Junhua Zhang2*

The wireless power transfer (WPT) system has been widely used in various fields such as household 
appliances, electric vehicle charging and sensor applications. A frequency reconfigurable magnetic 
resonant coupling wireless power transfer (MRCWPT) system with dynamically enhanced efficiency 
by using the frequency reconfigurable metamaterial is proposed in this paper. The reconfigurability 
is achieved by adjusting the capacitance value of the adjustable capacitor connected in the coil 
of the system. Finite element simulation results have shown that the frequency reconfigurable 
electromagnetic metamaterial can manipulate the direction of the electromagnetic field of the system 
due to its abnormal effective permeability. The ultra-thin frequency reconfigurable metamaterial 
is designed at different working frequencies of 14.1 MHz, 15 MHz, 16.2 MHz, 17.5 MHz, 19.3 MHz, 
21.7 MHz and 25 MHz to enhance the magnetic field and power transfer efficiency (PTE) of the system. 
Frequency reconfigurable mechanism of the system with the frequency reconfigurable metamaterial 
is derived by the equivalent circuit theory. Finally, further measurement which verifies the simulation 
by reasonable agreement is carried out. PTE of the system by adding the metamaterial are 59%, 
73%, 67%, 66%, 65%, 60% and 58% at different working frequencies. PTE of the system with and 
without the metamaterial is 72% and 49% at the distance of 120 mm and the frequency of 15 MHz, 
respectively.

The wireless power transfer (WPT) system is used for the transmission of energy without a direct physical cable 
connection, which is useful to power loads where using cables is hazardous and inconvenient1–3. The magnetic 
resonant coupling wireless power transfer (MRCWPT) system has relatively high transfer efficiency over rela-
tively long distances, and the MRCWPT system has gained lots of attention. And the MRCWPT system is much 
promising in the field of charging4–6, which has been applied in potential applications such as medical implants, 
electric vehicle charging, sensor networks and consumer electronics7–9.

For conventional MRCWPT systems, both the transmitter and the receiver have the same resonant frequency 
to maintain relatively high power transfer efficiency (PTE)10,11. The receiver and the transmitter work at the single 
resonant frequency. When the electrical energy is transmitted from the transmitter to the receiver at the different 
working frequency, failures and malfunctions may be caused regardless of receivers’ demands. Also, PTE of the 
system reduces. In order to solve the problem, the frequency reconfigurable MRCWPT system with additional 
control circuits is proposed in12 by changing the resonant capacitance value. An efficient and reconfigurable 
rectifier circuit, with the capability of automatically switching from low-power to high-power operation mode, 
is presented in13. The new topology allows the rectifier to convert RF power to DC power efficiently over an 
extended input power range. The frequency reconfigurable technology is achieved in14 by varying the distance 
between the receiver and the transmitter of the MRCWPT system. A shape-reconfigurable MRCWPT system in15 
achieves frequency reconfigurability by different structures of resonant coils. A novel planar-spiral transmitter 
coil (TX-coil) with an outer-tight and inner-sparse configuration is proposed to achieve a high quality factor 
and uniform magnetic field, which ensures high efficiency and improves the misalignment tolerance for several-
megahertz WPT systems in16. The above MRCWPT systems have the frequency reconfigurable property, but 
volume and complexity of the system increase. In order to obtain higher PTE and power receivers at different 

OPEN

1Postdoctoral Research Station of Clinical Medicine and Department of Oncology Radiotherapy Center, The 3Rd 
Xiangya Hospital, Central South University, Changsha 410000, China. 2Department of Blood Transfusion, The Third 
Xiangya Hospital of Central South University, Changsha 410013, China. 3School of Physics and Electronics, Central 
South University, Changsha 410083, China. *email: xy3zhangjunhua@csu.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-03570-8&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |          (2022) 12:331  | https://doi.org/10.1038/s41598-021-03570-8

www.nature.com/scientificreports/

frequencies, a frequency reconfigurable MRCWPT system is presented by adjusting the capacitance value of the 
adjustable capacitor connected in the coil of the system in this paper.

At present, many researchers proposed MRCWPT systems to further enhance PTE and extend the distance 
of the system. A kind of method by adding relay resonators is proposed in17. It is obvious that the distance and 
PTE of the system are extended. Intermediate resonators arranged between the transmitter and the receiver are 
used to transmit the magnetic field. This method is used to improve PTE of the system to maximize the benefits 
of magnetic field repeaters18. In19–21, MRCWPT systems with the metamaterial are proposed. Some MRCWPT 
systems with repeaters and metamaterial are analyzed for applications in22. The analysis shows that PTE of 
MRCWPT systems with repeaters and metamaterial is improved in different ways. Metamaterial can provide 
the MRCWPT system with various tunable functions. And the MRCWPT system with nonidentical coils using 
metamaterial is proposed in21. However, further investigation should be carried out about MRCWPT systems 
using metamaterial to improve the PTE and the distance. Investigations about the metamaterial is mainly on the 
far field, but the metamaterial used in the MRCWPT system on near field is lacking. Recently, some MRCWPT 
systems using metamateial are reported in23–27. Theoretical analysis and experimental investigation about using 
metamaterial to improve PTE of the system are shown. In23, PTE of the system increases from 17 to 35% by using 
metamaterial at the working frequency of 27.12 MHz. Maximum 25.4% efficiency enhancement is achieved 
when the distance between Tx and Rx coils is 15 cm, and in overall distance variation cases, the proposed 
two-stack hybrid metamaterial slab make the power transfer efficiency increase in26. The metamaterial is used 
in the MRCWPT system, and the enhanced PTE is 54.3% at the distance of 1.0 m in27. The performance of the 
MRCWPT system is improved by using metamaterial in the above work. However, the metamaterial is so thick 
and large that it limits the application of the system. The conventional metamaterial used for the MRCWPT 
system to improve the efficiency just works at only single frequency. Also, the research about metamaterial used 
for frequency reconfigurable magnetic resonant coupling wireless power transfer system is lacking. This paper 
presents a method for improving the efficiency of the frequency reconfigurable wireless power transfer system 
dynamically by using the frequency reconfigurable metamaterial at the different working frequency. The recon-
figurability is achieved by adjusting the capacitance value of the adjustable capacitor connected in the coil of the 
system. The conventional structures of the coil and the metamaterial are used in the system, so the universality 
of this method is further illustrated.

This paper is organized as follows. The theoretical analysis of the frequency reconfigurable wireless power 
transfer system is illustrated in “Theoretical analysis of the frequency reconfigurable wireless power transfer 
system” section. Frequency reconfigurable mechanism of the system with the frequency reconfigurable meta-
material is derived by the equivalent circuit theory. Simulation of the frequency reconfigurable wireless power 
transfer system is presented in “Simulation of the frequency reconfigurable wireless power transfer system” 
section. The experimental results compared with simulation results of the MRCWPT system are illustrated in 
“Measurement of the frequency reconfigurable wireless power transfer system” section. Finally, conclusions are 
drawn in “Conclusion” section.

Theoretical analysis of the frequency reconfigurable wireless power transfer system
The frequency reconfigurable wireless power transfer system with the frequency reconfigurable metamaterial is 
shown in Fig. 1. The system includes a drive coil, a transmitter, a receiver, and a load coil. All the coil structures 
are square spiral coils because of simple fabrication and popular applications. The energy is transmitted from 
the transmitter to the receiver through the electromagnetic field. The metamaterial shown in Fig. 1 is used to 
manipulate the direction of the electromagnetic field of the system to enhance the PTE of the system. The variable 
d represents the distance between the receiver and the transmitter. The variable l represents the distance between 
the transmitter and the metamaterial. When the reconfigurable metamaterial works at the different frequency, the 
drive loop, the transmitter, the receiver, and the load loop need to be working at the same frequency with the met-
amaterial. The control method and strategy of the system is described as follows. The frequency reconfigurable 
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Figure 1.   The frequency reconfigurable MRCWPT system with the frequency reconfigurable metamaterial.
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MRCWPT system is achieved by adjusting the capacitance value of the adjustable capacitor (TZY2K450A001) 
connected in the coil of the system in this paper. There is a adjustable capacitor connected in the the drive loop, 
the transmitter, the receiver, and the load loop, respectively. And four identical adjustable capacitors connected 
in four coils of the metamaterial are used to achieve the frequency reconfigurability of the metamaterial by 
changing the capacitance value. The capacitance value of the adjustable capacitor is changed from 8 to 45 pf by 
adjusting the distance between the plate and the fixed plate with screws. When the reconfigurable metamaterial 
works at the different frequency by changing the capacitance value of the adjustable capacitor (TZY2K450A001), 
the drive loop, the transmitter, the receiver, and the load loop need to be working at the same frequency with 
the metamaterial by changing the capacitance value of the identical adjustable capacitor (TZY2K450A001).

In order to clarify the proposed frequency reconfigurable MRCWPT system with the frequency reconfigur-
able metamaterial clearly by using the equivalent lumped circuit model, the schematic structure of the coil unit 
cell can be modeled into the RLC resonant circuit. Top and bottom view of the coil unit cell are shown in Fig. 2a 
and b, respectively. The circuit schematic of the coil unit cell is illustrated in Fig. 2c, and the equivalent RLC 
resonant circuit of the coil structure is shown in Fig. 2d. The equivalent inductance of the copper coil is Li, and 
the equivalent capacitance of the copper coil is Ci. Ri is the equivalent resistance in the equivalent RLC resonant 
circuit. When the capacitance value of the variable capacitor in Fig. 2b changes, Ci will change accordingly. The 
concrete dimension of the coil unit shown in Fig. 2 is illustrated in Table 1.

The frequency reconfigurable MRCWPT system with the frequency reconfigurable metamaterial is modeled 
by using the equivalent circuit theory. The equivalent circuit of the frequency reconfigurable system is presented 
in Fig. 3. There are eight equivalent circuits corresponding to eight coil unit cells in the frequency reconfigurable 
MRCWPT system with the frequency reconfigurable metamaterial. Ii and Zi (i = 1, 2, …, 4) represent the cur-
rent and impedance of the coil unit cell of the frequency reconfigurable metamaterial. ID, IR, IT, and IL represent 
the current of the drive coil, the receiver, the transmitter, and the load loop, respectively. ZD, ZR, ZT, and ZL are 
impedance of the drive coil, the receiver, the transmitter, and the load loop, respectively. LD, LT, LR, LL and Li 
are equivalent inductance. RD, RT, RR, RL and Ri are equivalent resistances. CD, CT, CR,CL and Ci are equivalent 
capacitance. The drive coil and the transmitter is connected by the mutual inductance MDT. The transmitter and 
the coil unit cell of the metamaterial is connected by the mutual inductance MTi. The drive coil and the coil unit 
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Figure 2.   (a) Top and (b) bottom view of the coil unit cell, (c) the circuit schematic of the coil unit cell, (d) the 
equivalent RLC resonant circuit of the coil structure.
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cell of the metamaterial is connected by the mutual inductance MDi. The coil unit cell of the metamaterial and 
the receiver is connected by the mutual inductance MRi. The coil unit cell of the metamaterial and the load coil 
is connected by the mutual inductance MLi. The load coil and the receiver is connected by the mutual inductance 
MRL. In Fig. 3, the source has the voltage of VS and impedance of RS. Rload is connected with the load coil. The 
variable w represents the resonant frequency of the system.

According to the Kirchhoff ’s voltage law and the mutual coupling theory, equations of voltages and currents 
can be shown as follows:

where
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Table 1.   The dimension of the coil unit.

Parameters Value (mm)

a 110

b 110

t 2
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k 20
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Figure 3.   The equivalent circuit of the frequency reconfigurable wireless power transfer system with the 
frequency reconfigurable metamaterial.
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The PTE of the system can be calculated by using the scattering parameter |S21| by PTE =|S21|2.

Simulation of the frequency reconfigurable wireless power transfer system
The frequency reconfigurable metamaterial.  The frequency reconfigurable metamaterial is used to 
enhance PTE of the frequency reconfigurable wireless power transfer system. Top and bottom view of the fre-
quency reconfigurable metamaterial are shown in Fig. 4a and b, respectively. There are four copper coil unit 
cells on the FR4 dielectric substrate. And four identical adjustable capacitors connected in four coils are used to 
achieve the reconfigurability of the metamaterial by changing their capacitance value.

By changing the capacitance value of the adjustable capacitor, the reflection loss S11 and the transmission 
coefficient S21 of the frequency reconfigurable metamaterial at different frequencies are illustrated in Fig. 5. The 
parameters of the reflection loss S11 and transmission coefficient S21 changes dramatically at different frequency 
bands, which indicates that the metamaterial has some special electromagnetic characteristics at this frequency 
band. The ultra-thin frequency reconfigurable metamaterial is designed at the different working frequency of 
14.1 MHz, 15 MHz, 16.2 MHz, 17.5 MHz, 19.3 MHz, 21.7 MHz and 25 MHz to enhance the magnetic field and 
PTE of the system.

The general approach to the retrieval of material parameters from S parameters for homogeneous materials 
is outlined as follows. For the sake of generality, it is useful to first define the one-dimensional transfer matrix, 
which relates the fields on one side of a planar slab to the other. The transfer matrix can be defined from

where

E and Hred are the complex electric and magnetic field amplitudes located on the right-hand and left-hand 
faces of the slab. Note that the magnetic field assumed throughout is a reduced magnetic field having the nor-
malization Hred = (+iwµ0)H . The transfer matrix for a homogeneous 1D slab has the analytic form.
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Figure 4.   (a) Top and (b) bottom view of the frequency reconfigurable metamaterial.
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where n is the refractive index and z is the wave impedance of the slab. n and z are related to the effective perme-
ability μ by the relation

The total field amplitudes are not conveniently probed in measurements, whereas the scattered field ampli-
tudes and phases can be measured in a straightforward manner. A scattering S matrix relates the incoming field 
amplitudes to the outgoing field amplitudes, and can be directly related to experimentally determined quantities. 
The elements of the S matrix can be found from the elements of the T matrix as follows:

For a slab of homogeneous material, T11=T22=Ts and det (T)=1, and the S matrix is symmetric. Thus,

Using the analytic expression for the T-matrix elements gives the S parameter

Equations can be inverted to find n and z in terms of the scattering parameters as follows:
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Figure 5.   The reflection loss S11 and transmission coefficient S21 of the frequency reconfigurable metamaterial 
at different frequencies.
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Therefore, the effective permeability can be obtained with S11 and S21.
The parameter extraction method is adopted to calculate the effective permeability of the frequency recon-

figurable metamaterial according to the reflection loss S11 and the transmission coefficient S21 in Fig. 5. The 
effective permeability of the frequency reconfigurable metamaterial at different frequencies is shown in Fig. 6. 
The red curve in Fig. 6 represents the imaginary part of the effective permeability. The black curve represent the 
real part of the effective permeability. The effective permeability of the frequency reconfigurable metamaterial 
is negative at the different resonant frequency.

The location optimization of the frequency reconfigurable metamaterial.  The frequency recon-
figurable metamaterial is located between the transmitter and the receiver as shown in Fig.  1. The distance 
between the metamaterial and the transmitter is l. In order to enhance PTE of the wireless power transfer system, 
the distance l between the transmitter and the metamaterial should be optimized. The PTE of the wireless power 
transfer system at the different distance between the transmitter and the metamaterial is presented in Fig. 7. The 
distance d between the transmitter and the receiver is 120 mm. The distance l between the transmitter and the 
metamaterial varies from 10 to 110 mm. When the distance l is 110 mm, the distance between the metamate-
rial and the receiver is 10 mm. Due to the system symmetry, it can be seen that the efficiency of the system at 
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Figure 6.   The effective permeability of the frequency reconfigurable metamaterial at different frequencies.
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10 mm is high and also at 110 mm distance is high. It is shown that the PTE is 77% at the distance of 10 mm 
and 110 mm. And the PTE at the distance is higher than the PTE at the other different distance. Therefore, the 
optimized distance between the transmitter and the metamaterial is 10 mm.

The magnetic field distribution of the system.  The magnetic field distribution of the system without 
the metamaterial and the magnetic field distribution of the system with the metamaterial are presented in Fig. 8a 
and b, respectively. The magnetic field distribution of the system is shown to better understand the coupling 
between the transmitter and the receiver. It is shown that the coupling between the transmitter and the receiver 
with the metamaterial is better than the coupling between the transmitter and the receiver without the meta-
material. Therefore, the metamaterial can be used to manipulate the direction of the electromagnetic field of the 
system due to its abnormal effective permeability.

Measurement of the frequency reconfigurable wireless power transfer system
The coils and the frequency reconfigurable metamaterial are fabricated by using parameters shown in Table 2 
to verify the correctness of the simulation results of the frequency reconfigurable wireless power transfer sys-
tem. The experimental platform of the frequency reconfigurable wireless power transfer system is presented in 
Fig. 9. The drive coil and the load coil are connected to the port 1 and the port 2 of the vector network analyzer 
(Agilent Technologies N5230A), respectively. The drive coil is fixed in a certain position, and the transmitter, 
the frequency reconfigurable metamaterial, the receiver and the load coil are placed in a coaxial position of the 
load coil. PTE of the MRCWPT system is calculated by using the equation in29

To verify the enhancement of the MRCWPT system with the frequency reconfigurable metamaterial, the 
MRCWPT system with and without the frequency reconfigurable metamaterial are carried out by the experi-
ments, respectively. PTE of the MRCWPT system at the different frequency with and without the frequency 
reconfigurable metamaterial are presented in Fig. 10. Obviously, PTE of the MRCWPT system with the frequency 
reconfigurable metamaterial is higher than PTE of the system without the metamaterial. PTE of the system with 

PTE = |S21|
2 × 100%

(a) (b)
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Figure 8.   (a) The magnetic field distribution of the system without the metamaterial, (b) The magnetic field 
distribution of the system with the metamaterial.

Table 2.   The Parameters of the coil unit.

Parameters Value

Structure Plane

Material Copper

Wire diameter 2 mm

Wire spacing 2 mm

Turn 4

Coil diameter 92 mm
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the frequency reconfigurable metamaterial are 59%, 73%, 67%, 66%, 65%, 60% and 58% at different frequencies 
of 14.1 MHz, 15 MHz, 16.2 MHz, 17.5 MHz, 19.3 MHz, 21.7 MHz and 25 MHz, respectively.

Simulated and measured PTE of the wireless power transfer system at the different transmission distance 
with and without the metamaterial are presented in Fig. 11. Measurement results of the system agree well with 
simulation results. The deviation may be due to the practical fabrication and measurement errors. The PTE of 
the wireless power transfer system is improved obviously at the different transmission distance by using the 
metamaterial. The results indicate that high PTE of the MRCWPT system is carried out by using the metama-
terial as the magnetic flux guide. PTE of the system with and without the metamaterial is 72% and 49% at the 
distance of 120 mm and the frequency of 15 MHz, respectively. Experiment results intuitively verify that PTE of 
the MRCWPT system is indeed enhanced significantly by using the metamaterial.

Conclusion
A frequency reconfigurable MRCWPT system with enhanced efficiency by using the frequency reconfigurable 
metamaterial is presented in this paper. Frequency reconfigurable mechanism of the system with the frequency 
reconfigurable metamaterial is derived by the equivalent circuit theory. Finite element simulation results have 
shown that the frequency reconfigurable electromagnetic metamaterial can manipulate the direction of the 
electromagnetic field of the system due to its abnormal effective permeability. The location optimization of 
the frequency reconfigurable metamaterial shows that the optimized distance between the transmitter and the 
metamaterial is 10 mm. Further measurement which verifies the simulation by reasonable agreement is carried 
out. PTE of the system by adding the frequency reconfigurable metamaterial are 59%, 73%, 67%, 66%, 65%, 60% 
and 58% at different working frequencies of 14.1 MHz, 15 MHz, 16.2 MHz, 17.5 MHz, 19.3 MHz, 21.7 MHz and 
25 MHz, respectively. PTE of the system with and without the metamaterial is 72% and 49% at the distance of 

Figure 9.   The experimental platform of the frequency reconfigurable MRCWPT system.

14 16 18 20 22 24
40

50

60

70

80

Po
w

er
 T

ra
ns

fe
r 

Ef
fic

ie
nc

y 
(%

)

Frequency (MHz)

 Simulation without Metamaterial
 Simulation with Metamaterial
 Measurement without Metamaterial
 Measurement with Metamaterial

Figure 10.   Simulated and measured PTE at the different frequency with and without metamaterial.
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120 mm and the frequency of 15 MHz, respectively. PTE is improved obviously at the different frequency and 
the different transmission distance by using the frequency reconfigurable metamaterial.
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