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Modelling of negative equivalent magnetic
reluctance structure and its application in
weak-coupling wireless power transmission

Yuanxi Chen 1, Shuangxia Niu 1 , Weinong Fu 2 & Hongjian Lin3

Inweak-couplingwireless power transmission, increasingoperating frequency,
and incorporating metamaterials, resonance structures or ferrite cores have
been explored as effective solutions to enhance power efficiency. However,
these solutions present significant challenges that need to be addressed. The
increased operating frequency boosts ferrite core losses when it exceeds the
working frequency range of the material. Existing metamaterial-based solu-
tions present challenges in terms of requiring additional space for slab
installation, resulting in increased overall size. In addition, limitations are faced
in using Snell’s law for explaining the effects of metamaterial-based solutions
outside the transmission path, where themagnetic field can not be reflected or
refracted. To address these issues, in this work, the concept of a negative
equivalent magnetic reluctance structure is proposed and the metamaterial
theory is extended with the proposedmagnetic reluctancemodellingmethod.
Especially, the negative equivalent magnetic reluctance structure is effectively
employed in the weak-coupling wireless power transfer system. The proposed
negative equivalent magnetic reluctance structure is verified by the stacked
negative equivalent magnetic reluctance structure-based transformer experi-
ments and two-coil mutual inductance experiments. Besides, the transmission
gain, power experiments and loss analysis experiments verify the effectiveness
of theproposed structure in theweak-couplingwireless power transfer system.

Wireless power transfer (WPT) technology1–3 is a fast-growing charging
solution for electric vehicles4, sensors5,6, home automation7, and
medical and biological applications8–10. The operating frequency of the
WPT systems typically ranges from kHz to MHz, largely dependent on
the coupling coefficient of the coils. The coupling coefficient of the
generalized 85 kHzWPT system11,12 is usually larger than 0.15, to ensure
a qualified transfer efficiency of the system. While for the weak-
coupling WPT system13–16, the coupling coefficient is much lower than
the generalized solution, which cannot operates with high efficiency in
the kHz frequency region. Generalized solutions employ the magnetic
core or increased operation frequency to enhance efficiency. The

magnetic ferrite core with high permeability can reduce the total
magnetic reluctance, thereby increasing the mutual inductance and
coupling between the coils17. However, the hysteresis loss of the iron-
oxide ferrite will boost when the system operating frequency exceeds
the working frequency range of ferrite materials, leading to a decrease
in the efficiency of the weak-coupling WPT system18. Hence, a con-
ventional weak-coupling WPT system cannot effectively incorporate
both a generalized ferrite core and operating at high frequencies.

To address this issue, researchers have been working on devel-
oping specialized corematerials and designs for these high-frequency,
weak-coupling WPT systems. The designed Ndx Fe1−x Ny material19 as
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the magnetic core in a 13.56MHz system increases the inductance
from 0.69 to 1.15 μH. The cap-shaped back yoke topology20 for the
MHzWPT system explores the impact of different corematerials, such
as Ni-Zn, Fe-Si, and amorphous, on efficiency enhancement. The
results show an efficiency improvement ranging from 0.7 to 1.2%.

Employing resonance coil21–23 is another widely used solution for
efficiency enhancement in weak-coupling WPT systems. A dual-
intermediate resonant coil21 design achieved an efficiency of 72.4% at
4.63MHz. A 13.56MHzWPT systemwithmultiple coupling paths22 also
demonstrates increased efficiency. The superconductivity resonance
coils23 has been shown to increase the efficiency of the system from
17.5 to 49.7%. Apart from the above-mentioned solutions, metama-
terials and metasurfaces have also been investigated to enhance the
efficiency of weak-coupling WPT systems24–31 as well as improve the
misalignment tolerance32,33. The key is to design and achieve either a
negative permeability to refract the electromagnetic field24–29 or near-
zero permeability to reflect the electromagnetic field30,31, thereby
increasing the flux on the receiver coil and enhancing the overall
efficiency.

However, for employing unconventional core materials, the
effectiveness of efficiency enhancement is limited19,20. Additionally,
due to the positive permeability of ferritematerials, the corresponding
magnetic reluctance always remains positive, regardless of optimiza-
tion and design. Consequently, in terms of magnetic reluctance
reduction for weak-coupling WPT systems, the ferrite materials are
inherently weaker than the metamaterials with negative permeability
in efficiency enhancement. Given the reasons above, employing
metamaterials is considered a potentially ideal solution for a weak-
coupling WPT system. Nevertheless, the application of existing
metamaterial-based solutions is not only limited by the low practic-
ability but also the theoretical issue. Firstly, the metamaterials24–31

occupy additional space beyond the coils,which significantly increases
the overall size of the weak-coupling WPT systems. A transmitter-
embedded metasurface34 can solve the space-occupying issue. Sec-
ondly, the existing theory based on Snell’s law cannot properly explain
the effect of metamaterials outside the transmission path, which can-
not reflect or refract the magnetic field generated by the transmitter
coil, i.e. the metamaterial is installed in the receiver coil. Besides, the
generalized metamaterial/metasurface requires a quantity of units to
generate a homogeneousmaterial. This design limits the quality factor
of the units, as well as increases the corresponding loss, making the
resonator canonly effectively operate at relatively high frequencywith
large size.

To address the aforementioned issues, the concept of a negative
equivalent magnetic reluctance (NEMR) structure and its modelling
method, as well as its application in a weak coupling WPT system are
proposed and verified. This design installs the NEMR structure in both
the transmitter and receiver coils, aiming to increase the mutual
inductance and enhance efficiency by reducing the total magnetic
reluctance based on negative permeability and magnetic reluctance.
The key of this design is to indicate a negative equivalent magnetic
reluctance with a design of L/C combination at a specific frequency
range and regulate the magnetomotive force (MMF), making theMMF
generated by the NEMR structure close to that generated by the
transmitter. If the vector summation ofMMFs is larger than that of the
transmitter, the flux of the magnetic circuit will increase. Corre-
spondingly, the structure indicates a ‘negative equivalent magnetic
reluctance’. A general comparison is given in Table S1 (see Supple-
mentaryNote 1 for a detailed comparison), including a summary of the
technology and key specifications.

The main contributions of this paper are summarized as follows.
(i) A magnetic reluctance-based modelling method is proposed to
enhance the metamaterial theoretical analysis, extending the negative
permeability effect to the negative magnetic reluctance effect on the
multi-coil system. (ii) The impact of magnetic reluctance, mutual

inductance, and permeability on the efficiency of the weak-coupling
WPT system is investigated. (iii) The concept of negative equivalent
magnetic reluctance is proposed and verified, and the relationship
between magnetic reluctance and frequency is studied. (iv) This pro-
posed design enhances the efficiency of the weak-coupling WPT sys-
tem without sacrificing space occupation while increasing the
versatility compared to conventionalmetamaterial/metasurface-based
solutions.

The schematic configuration of the proposed NEMR structure
basedweak-couplingWPT system is given in Fig. 1. The system consists
of a receiver coil, transmitter coil, and two coil-embedded NEMR
structures. The installation position of the proposed NEMR structure
takes into account the practicality of the system, as it does not require
any additional space apart from the area occupied by the transmitter
and receiver coils. (The parameters and configuration of the NEMR
structure-based WPT system are given in Fig. S1 and Table S2 of Sup-
plementary Note 2)

Result
Electromagnetic analysis
Themagnetic field strengthH is directly proportional to the current I
in a conductor (The detailed analysis is given in Supplementary
Note 3). By observing the magnetic field strength H of the system
with constant load and input power, the effect of the NEMR structure
on the weak-coupling WPT systems can be evaluated. The magnetic
field distributions before and after introducing the NEMR structure
are shown in Fig. 2a–d, Considering the load of those four systems
and the input power is constant, the higher current in the receiver
coil indicates a higher receiver power and higher efficiency. As shown
in Fig. 2, the WPT system with the dual coil-embedded NEMR struc-
ture has the best performance (highest magnetic field strength H
around the receiver), followed by the system with transmitter-
embedded, receiver-embedded NEMR structure, as well as that
without the NEMR structure. The NEMR structures increase the
magnetic field intensity H around the receiver coil to a different
extent, which is directly connected to thepower transfer efficiency of
the weak-coupling WPT system. Besides, excepting the magnetic
field strengthH on the transmission path, themagnetic field strength
H around the receiver coil on the plan view is shown in Fig. 2e–h to
further study the impact of theNEMR structure on theweak-coupling
WPT system. The results indicate that the weak-couplingWPT system
with the dual coil-embedded NEMR structure has the best perfor-
mance, which has the same trend reported in Fig. 2a–d.

Negative magnetic reluctance property verification
To evaluate the equivalent magnetic reluctance of the NEMR structure
that canbe achieved under a specific frequency region, experiments of
the transformer with a stacked magnetic core, consisting of different
layers of the NEMR structure, are conducted. The number of turns of
the primary side and secondary side of the transformer is selected as
15. The system configuration, equivalent electric circuit, and experi-
ment platform of the designed transformer are shown in Fig. 3a–c.

In the no-load operating condition, the secondary current is is
considered as zero. The relationship between input voltage Us and
output voltage Uo can be found as follows. (The detailed analysis see
Supplementary Note 4).

Uo

Us
≈ k

jωN2

jωN2 +RpRmt

ð1Þ

where k is the coupling coefficient of the primary coil and secondary
coil. Rmt is the total magnetic reluctance of the NEMR structure-based
transformer. Rp is the resistance of the primary coil.

As the primary resistance Rp is greater than zero and the coupling
coefficient k is less than 1, only if the magnetic reluctance Rmt is

Article https://doi.org/10.1038/s41467-024-50492-w

Nature Communications |         (2024) 15:6135 2



negative, the proportion between the output voltage Uo and primary
voltage Us could be larger than 1. (The detailed analysis and proof see
Supplementary Note 4).

The configuration, equivalent electric circuit, verification system,
and prototype of the transformer with the stacked core of NEMR
structure are presented in Fig. 3a–d. The voltage proportions of the
transformer with the NEMR structure core or air core under different
frequencies are conducted and the experimental results are shown in
Fig. 3e–j. With the core of air, the voltage proportion of the secondary

coil and primary coil is 0.613, see Fig. 3h. Conversely, under the fre-
quency of 6.7MHz, the voltage proportion of the NEMR structure will
boost to 8.31 V, which means that the NEMR structure indicates
negative equivalent magnetic reluctance. The voltage proportion of
the transformer with the proposed NEMR structure is always larger
than that without the NEMR structure, which peaks at 6.7MHz
approximately. Besides, to verify that the magnetic reluctance of the
stackedNEMRstructure is impactedby the volume, the experiments of
the transformer with different layers (associated with the volume) of

Fig. 1 | The configuration and applications of the NEMR structure-based WPT system. The system consits of a transmitter coil, receiver coil, and two coil-embedded
NEMR structures. The typical applications of this NEMR structure-based WPT system include the mobile devices, implanted devices, home automation and medicatl
applications.

Fig. 2 | The electromagnetic distribution of the weak-coupling WPT systems.
a Transmission path without NEMR structure. b Transmission path with the
transmitter-embedded NEMR structure. c Transmission path with the receiver-
embedded NEMR structure. d Transmission path with dual coil-embedded NEMR

structure. e Receiver without NEMR structure. f Receiver with the transmitter-
embedded NEMR structure. g Receiver with the receiver-embedded NEMR struc-
ture. h Receiver with dual coil-embedded NEMR structure.
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the stacked NEMR structure core are conducted. Results in Fig. 3i, j
indicate that the voltage proportion increases with the increase in the
number of layers (volume) of the stacked NEMR structure. Compared
to the stacked NEMR structure with 15 layers, the peak voltage pro-
portion of the transformer with 13 and 11 layers will decrease from 8.31
to 7.62 and 7.15, respectively.

Mutual inductance improvement verification
The efficiencyof theweak-couplingWPT system is greatly impacted by
the mutual inductance M The mutual inductance M can be enhanced
with negative magnetic reluctance. (Detailed analysis and proof
see Supplementary Note 5). In the weak-coupling WPT system, if the
receiver coil is open-circuit and both receiver/transmitter coils are
without compensation capacitors, the receiver current Ip is zero.
The induced voltage Usec in the receiver coil is determined by the
mutual inductance M and the angular frequency ω of the weak-
coupling WPT system, expressed as,

jωMIp =Usec ð2Þ

The NEMR can effectively increase the secondary voltage with a
lower primary current under different transfer distances, see Fig. 4a–f.
The coupling coefficient versus transfer distance of the WPT system

with andwithout the proposedNEMRstructure is computed and given
in Fig. 4g. As shown in Fig. 4g, the systemwith the dual NMER structure
has the highest coupling coefficient among those systems. Based on
the above-mentioned results, the proposed NEMR structure can
effectively increase the mutual inductanceM between the coils.

Transmission gain verification
The verification platform consists of a spectrum analyzer and vector
network analyzer (VNA) SVA-1032X, which is used to verify the trans-
mission gain and is shown in Fig. 5a. The compensation topology is
selected as the series-series topology.

As described in the generalized solutions, the entire weak-
coupling WPT system with and without the NEMR structure is regar-
ded as a two-port network24,25. The transmission gain of the system is
obtained by the reflection coefficient S11 and the forward transmission
coefficient S21. In generalizedWPTverification systems, the transmitter
and receiver coil are connected to ports 1, and 2 of the VNA. The coil-
to-coil efficiency ηcoil under ideal condition

30,31 is defined as,

ηcoil = S
2
21 ð3Þ

where S21 is the transmission coefficient. (The analysis and formula
derivation see Supplementary Note 6).

Fig. 3 | The transformer-based system for negative magnetic reluctance ver-
ification and results. a NEMR structure-based transformer. b Equivalent circuit of
the transformer. c Verification system. d The schematic diagram of the stacked
NEMR structures in transformer. eVoltageproportionwith 15-layerNEMRstructure
at 4MHz. f Voltage proportion with 15-layer NEMR structure at 8MHz. g Voltage

proportionwith 15-layer NEMR structure at 6.61MHz.hVoltageproportionwithout
NEMR structure. i Voltage proportion with 13-layer NEMR structure at 6.64MHz.
j Voltage proportion with 11-layer NEMR structure at 6.71MHz. k The voltage pro-
portion versus the operating frequency with or without the NEMR structure.
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The weak-coupling WPT system with dual coil-embedded NEMR
structure has the highest transmission gain among the above-
mentioned systems, reaching 43.1% under the transfer distance of
150mm, see Fig. 5b–e. The results also indicate that the NEMR struc-
ture with different installation positions can all increase the efficiency
of theWPT system, while the efficiency enhancing effects vary from its
installation positions and quantity. Compared to the WPT system
without the NEMR structure, the efficiency promotions with dual coil-
embedded, transmitter-embedded, and receiver-embedded NEMR
structures are 111.3%, 82.2%, and 65.1%, respectively.

Power transfer efficiency measurement
To further verify the effectiveness of the proposed NEMR structure in
efficiency enhancement for the weak coupling WPT system, power
experiments are conducted. The verification system consists of a sig-
nal generator (TG5011), a power amplifier (ATA-1222A), and a four-
channel oscilloscope, which is indicated in Fig. 6a. The electric para-
meters of the coils and NEMR structure is given in Table 1. The power
transfer efficiency η of the WPT system is the proportion between the
output power and input power, expressed as.

η=
Pout

Pin
=

I2s RL

UpIp cosθs
ð4Þ

whereUp and Ip, are the voltage and current of the transmitter coil. θs is
the phase difference between Up and Ip. Is and RL are the current in the
receiver coil and the load resistance, respectively.

The experiment results of the WPT systems with and without the
proposed dual NEMR structures are given in Fig. 6b, c. The measured
waveforms in channels 1-4 are the input voltage, input current, voltage
of the receiver coil and output current. As shown in Fig. 6b, c, the
NEMR structure increases the current of the receiver coil and,
accordingly, enhances the transfer efficiency of the weak coupling
WPT system. Based on the experiment results of the transmission gain
and power transfer efficiency, the performance of the WPT system
with and without the proposed NEMR structure under different
transfer distances is given in Fig. 6d. Significantly, the power experi-
ments under different transfer distances are conducted with a con-
stant input voltage.

Theefficiencyand transmissiongainof the systems versus angular
misalignments aregiven in Fig. 6e, where themisalignment is from0 to
50 degrees. As demonstrated in Fig. 6e, the dual coil-embedded NEMR
structure can effectively enhance the efficiency and the transmission
gain compared to the systemwithout the NEMR structure. The parallel
condition is given in Fig. 6f. The efficiency promotion caused by the
dual coil-embeddedNEMR structure is from97.3 to 106.15% compared
to the system without the NEMR structure under the parallel mis-
alignment from20 to 100mm.The verification results indicate that the

Fig. 4 | The mutual-inductance experiments and results. a Primary current ver-
sus secondary voltage of WPT system without NEMR structure at 100mm.
b Primary current versus secondary voltage of WPT system With dual NEMR
structure at 100mm. c Primary current versus secondary voltage of WPT system
without NEMR structure at 150mm. d Primary current versus secondary voltage of

WPT system With dual NEMR structure at 150mm. e Primary current versus sec-
ondary voltage of WPT system without NEMR structure at 200mm. f Primary
current versus secondary voltage of WPT system With dual NEMR structure at
200mm.gMutual inductanceversus transfer distanceof theWPTsystemswith and
without NEMR structures.

Fig. 5 | Transmission gain experiments and results. a Experimental platform for
transmission gain of the NEMR structure-based WPT system. b Transmission gain
under 150mm without NEMR structure. c Transmission gain under 150mm with

transmitter-embedded NEMR structure. d Transmission gain under 150mm with
receiver-embedded NEMR structure. e Transmission gain under 150mmwith dual-
embedded NEMR structure.
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proposed NEMR structure can effectively enhance the efficiency and
transmission gain under parallel misalignment conditions.

To conduct a detailed comparison with the previously proposed
solutions, Table S4 is given (see Supplementary Note 7). The proposed
design has a good efficiency enhancement capability among pre-
viously proposed solutions. In essence, the proposed design requires
no additional space for structure installation, which confirms its
practicability in WPT systems with a long transfer distance or small
coils. The loss caused by the NEMR structure shares only 6.92% com-
pared to the total loss of the system, which is not a serious burden of
the WPT system (see Supplementary Note 8 for details).

Discussion
In this work, the concept of a negative equivalent magnetic reluctance
(NEMR) structure and itsmodellingmethod, aswell as its application in
a weak coupling WPT system are presented. The contributions of this
paper are concluded as follows. (i) Themodellingmethod of theNEMR
structure based on L/C parameters and magnetic reluctance is pro-
posed, extending themetamaterial theory based on Snell’s law. (ii) The
negative equivalent magnetic reluctance property is verified via the
transformer experiments with the core of the stacked NEMR structure.
(iii) The mutual inductance enhancement property of the NEMR
structure in the weak coupling WPT system is verified, which can
increase the mutual inductance by more than 154.2%. (iv) The effec-
tiveness of the designed NEMR structure is validated based on effi-
ciency comparison, Incorporated into the designed topology, the
transfer efficiency enhancement of the aforementioned system is from
33.4 to 121.9% under different transfer distances. (vi) The NEMR
structure presents a low loss, occupying only 6.72% compared to the

total loss of the system. Based on the abovementioned results, the
effectiveness of the modelling method and the NEMR structure on
efficiency enhancement of the WPT system are verified.

Method
NEMR structure-based WPT system configuration
The equivalent magnetic circuit of the proposed system is given, see
Fig. 7a. Themagnetomotive force FT is generated by the current in the
transmitter coil. The flux ϕp is the total flux generated by the trans-
mitter coil which consists of themutualfluxϕm and the leakage fluxϕl.
The relationship between those fluxes based on Fig. 7a is given as.

ϕp =ϕm +ϕl = ϕm1 +ϕml|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Mutual f lux

+ ϕl1 +ϕll|fflfflfflffl{zfflfflfflffl}
leakage f lux

ð5Þ

As for the magnetic reluctance, the Rl1, and Rl2 are used to
represent that themagnetic reluctance in the branches is composed
of the parallel combination of the magnetic reluctances, consider-
ing the closed magnetic field consisted of numbers of the magnetic
flux lines. Rcore is the equivalent magnetic reluctance of the core
material. The self-inductance and mutual-inductance of the WPT
coil is determined by the magnetic reluctance of the magnetic cir-
cuit, defined as

L

M

� �
=N2

½RCore +Ri��1|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Leakage Inductance

+ ½2RCore +Rj ��1|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Mutual Inductance

½2RCore +Rj��1

2
664

3
775 ð6Þ

where Ri equals [(Rl1 +Rl3) (Rm2 + Rl4)]/(Rm2 + Rl4 +Rl2 + Rl3) and Rj

equals [(Rm1 + Rl3) (Rm2 +Rl4)]/(Rm2 + Rl4 +Rm1 + Rl3). Rcore is the mag-
netic reluctanceof themagnetic core determined by thematerial. (The
detailed analysis is given in Supplementary Note 9).

The mutual inductance of the system with NEMR structure is
inherently larger than that with the core material of ferrite or air,
considering the negative magnetic reluctance. The generalized
equivalent circuit of the WPT system with the series-series

Fig. 6 | Power experiments and results. a Experimental platform for the power
experiments of the NEMR structure-basedWPT system. b Power experiment of the
system without the dual NEMR structure under the transfer distance of 150mm.
c Power experiment of the systemwith the dual NEMR structure under the transfer
distance of 150mm. d Efficiency and transmission gain of the WPT systems with/

without the proposed NEMR structure versus transfer distance. e Efficiency and
transmission gain of the WPT systems with/without the NEMR structure under
angular misalignment under the transfer distance of 150mm. f Efficiency and
transmission gain of the WPT systems with/without the NEMR structure under
parallel misalignment under the transfer distance of 150mm.

Table 1 | Electric parameters of the WPT coils and NEMR
structure

Transmitter/Receiver NEMR structure

Self-inductance(uH) 17.2 9.4

Resistance (ohm) 2.31 1.12

Compensation Capacitor (pF) 33 108
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compensation network is employed and shown in Fig. 7b. The effi-
ciency η of the weak-coupling WPT system35 is expressed as follows
(The detailed analysis is given in Supplementary Note 5).

η=
Pout

Pin
=

1

1 + Rs
RL

+
Rp

RL

Rs +RLð Þ
ωM

h i2 ð7Þ

where Rp and Rs are the resistors of the transmitter coil and recei-
ver coil.

As for the generalized kilohertz WPT system with a short transfer
distance36,37 (smaller than a quarter of coil diameter) and large coil size,
the mutual inductance M between the primary and secondary coil is
larger enough (aboutmH) and the coupling coefficient is always larger
than 0.15. In this condition, Rp and Rswould have a slight impact on the
efficiency. However, as for the weak-couplingWPT system, the mutual
inductance and coupling coefficient are small. Therefore, the effi-
ciency of the system is highly dependent on the resistors Rp and Rs.
Based on Eq. (7), the mutual inductance M versus the transfer effi-
ciency of the weak coupling WPT system under 6.78MHz with differ-
ent resistance parameters are given in Fig. 7d. Results indicate that
increasing the mutual inductance in weak-coupling WPT systems can
significantly enhance the transfer efficiency, see Fig. 7f.

Modelling of NEMR structure
The electric circuit-based analysis applied to the NEMR structure38 is
employed, to indicate the feasibility of thenegative permeability under
the designed frequency range, defined as.

μr = 1 +
μ0

LV
ω2

ω2
0 � ω2 + j RωL

XN

k = 1
s2k ð8Þ

whereL andV are the effective inductance and volumeof the structure.
ω0 and ω are the resonant frequency of the structure and operating
frequency of the system. R and sk are the resistor and sectional area of
the NEMR structure.

The permeability μr and magnetic reluctance of the NEMR struc-
ture RNEMR can be obtained based on Eq. (8), defined as

RNEMR =
l
μA

=
l

A 1 + μ0
LV

ω2

ω2
0�ω2 + j RωL

P
s2k

� � ð9Þ

whereA is the cross-sectional area of the circuit in squaremeters. (The
detailed formula derivation see Supplementary Note 10)

Based on Eqs. (8), (9), the relationship between the operating
frequency and the permeability/magnetic reluctance in this design
is indicated in Fig. 7c, e. In the weak-coupling WPT system, the

Fig. 7 | Modelling of NEMR structure and its application in weak-couplingWPT
system configuration. a Experimental platform for the power experiments of the
NEMR structure-basedWPT system. b Power experiment of the systemwithout the
dual NEMR structure under the transfer distance of 150mm. c Power experiment of
the system with the dual NEMR structure under the transfer distance of 150mm.
d Efficiency and transmission gain of the weak-couplingWPT systems with/without

the proposed NEMR structure versus transfer distance. e Efficiency and transmis-
sion gain of the WPT systems with/without the NEMR structure under angular
misalignment under the transfer distance of 150mm. f Efficiency and transmission
gain of the WPT systems with/without the NEMR structure under parallel mis-
alignment under the transfer distance of 150mm.
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decreased magnetic reluctance refers to increased mutual induc-
tance, see Eq. (7). By modifying the compensation capacitor C, the
resonance frequency of the system ω0 will be varied, and accord-
ingly, the NEMR structure can indicate a negative equivalent mag-
netic reluctance and the efficiency of the weak-coupling WPT
system will be enhanced.

Data availability
The data that support the findings of this study are presented in Sup-
plementary Information. The source data underlying Figs. 3k, 4g, 5b–e,
6d–f and 7c–f are provided in the Source Data files with this paper or
available from the corresponding author on request. Source data are
provided with this paper.
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