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TOPICAL REVIEW — Non-Hermitian physics
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As one of the most attractive non-radiative power transfer mechanisms without cables, efficient magnetic resonance
wireless power transfer (WPT) in the near field has been extensively developed in recent years, and promoted a variety
of practical applications, such as mobile phones, medical implant devices and electric vehicles. However, the physical
mechanism behind some key limitations of the resonance WPT, such as frequency splitting and size-dependent efficiency,
is not very clear under the widely used circuit model. Here, we review the recently developed efficient and stable resonance
WPT based on non-Hermitian physics, which starts from a completely different avenue (utilizing loss and gain) to introduce
novel functionalities to the resonance WPT. From the perspective of non-Hermitian photonics, the coherent and incoherent
effects compete and coexist in the WPT system, and the weak stable of energy transfer mainly comes from the broken phase
associated with the phase transition of parity–time symmetry. Based on this basic physical framework, some optimization
schemes are proposed, including using nonlinear effect, using bound states in the continuum, or resorting to the system
with high-order parity-time symmetry. Moreover, the combination of non-Hermitian physics and topological photonics in
multi-coil system also provides a versatile platform for long-range robust WPT with topological protection. Therefore, the
non-Hermitian physics can not only exactly predict the main results of current WPT systems, but also provide new ways to
solve the difficulties of previous designs.

Keywords: wireless power transfer, non-Hermitian physics, topological edge states
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1. Introduction

Magnetic resonance wireless power transfer (WPT) tech-
nologies proposed by Kurs et al.[1] have been one of the most
fascinating areas of energy transfer in recent years. The key
components of such a scheme are two coupled resonance coils,
where one of them provides energy input (transmitter) and
the other receives energy to the load (receiver).[1] Up to now,
WPT has been intensively investigated in a variety of appli-
cations such as medical implanted devices, electric vehicles,
drones, portable electronic devices and so on.[2–6] However,
the transfer efficiency in the system of resonance WPT is sen-
sitive to the variation of the coupling condition. On the one
hand, the strong magnetic coupling between resonance coils
always leads to the splitting of working frequency, which se-
riously reduces the stability of the devices. On the other hand,
the transfer distance strongly depends on the size of the coils.
Normally, once the transfer distance is larger than the radius of
the coils, the transmission efficient will decrease significantly.
In order to obtain the stable and efficient energy transfer, many

controlled strategies were proposed based on stability analysis
of such WPT systems. For example, an impedance matching
method for automatically matching the impedance between
transmitter, receiver and power source is proposed. When the
coupling distance changes, the reduction of the power trans-
mission efficiency can be effectively avoided.[7,8] Another
method is a working frequency tracking scheme, which can
track the maximum efficiency point dynamically according to
different coupling conditions.[9,10] These methods have been
proved to be effective for optimizing the transferred efficiency
in electric circuit. However, these circuit-based research meth-
ods have some limitations and could not provide clear physical
pictures for people to understand some interesting and impor-
tant phenomena in WPT system. For example, why does the
transfer efficiency decrease rapidly (frequency splitting) when
the transfer distance is greater (less) than the critical trans-
fer distance and how to realize efficient long-range[11,12] or
directional[13,14] energy transfer?

Very recently, the interaction between coupling (co-
herent effect) and gain/loss (incoherent effect) in the non-
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Hermitian system has shown many interesting and unex-
pected features.[15] In particularly, parity–time (PT) symme-
try and exceptional points (EPs) associated with phase transi-
tion drawn from non-Hermitian physics have attracted consid-
erable attention.[16–18] From the perspective of non-Hermitian
photonics, the coherent and incoherent effects compete and
coexist in the WPT system. Especially, it can undergo a phase
transition that restores the broken symmetry. When the trans-
fer distance is small, the coherent effect is dominant in this
strong coupling region, which leads to the working frequency
splitting. On the contrary, when the transfer distance is large,
the WPT system corresponds to the weak coupling region
(broken phase) of the non-Hermitian physical model. As a
result, the transfer efficiency decreases rapidly as the transfer
distance increases. Non-Hermitian physics can clearly show
the limitations of the current WPT system, and provide a new
way to solve the difficulties of previous designs.[3–6,19]

In this review, we mainly introduce our latest progress in
resonance WPT based on non-Hermitian physics. In Section 2,
based on the coupled-mode theory, we establish a bridge be-
tween open WPT system and PT symmetry in non-Hermitian
system, and show that stable power transfer states correspond
to the real eigenvalues of the effective Hamiltonian. The fre-
quency splitting in the strong coupling region and the signif-
icantly reduced efficiency after passing the critical coupling
point are explained clearly by the phase diagram of PT sym-
metry. In Section 3, we introduce that for a non-ideal second-
order PT symmetric system of the non-Hermitian physics with
unbalanced effective gain and loss, there is a special state with
real eigenvalue (i.e., bound state in the continuum, BIC) in
the broken phase. At the fixed frequency of BIC, efficient
and stable WPT can be realized. Furthermore, based on the
high-order PT symmetry of non-Hermitian physics, the third-
order PT symmetric WPT system is presented, which can be
used to achieve stable and efficient WPT without frequency
tracking and idle power loss remains low. In second part of
Section 4, combining the edge state of a topological chain
and non-Hermitian physics, the long-range WPT devices with
topological properties are introduced. This topological WPT
inherits the physical properties of the edge states and has good
electromagnetic compatibility because it is immune to impuri-
ties and perturbations. Finally, Section 5 summarizes the con-
clusions of this review.

2. Non-Hermitian properties of the resonance
WPT

Let us start with a standard magnetic resonance WPT sys-
tem of four-coil configuration. It is composed of the two res-
onant coils (i.e., transmitter and receiver coils) and two non-
resonant coils (i.e., source and load coils), which is shown in

Fig. 1. When a continuous harmonic wave s1+ = S1+ e−iωt at
a real frequency ω is fed into the WPT system, the coupled-
mode equations for the system are presented as[19]

i
da1

dt
= (ω0− iγ1)a1 +κa2 + i

√
2γ1s1+,

i
da2

dt
= (ω0− iγ2)a2 +κa1, (1)

where |a1|2 and |a2|2 correspond to the energy stored in the
transmitter and receiver coils, respectively. ω0 is the reso-
nant frequency of the transmitter and receiver coils. γ1 (γ2)
is the coupling strength between the source (load) and trans-
mitter (receiver) coils. κ is the coupling strength between the
transmitter and receiver coils. By substituting the output wave
s2− =

√
2γ2a2 in Eq. (1), the transfer efficiency is given by

η =

∣∣∣∣s2−
s1+

∣∣∣∣2= ∣∣∣∣ 2
√

γ1γ2κ

κ2+[i (ω−ω0)− γ1][i (ω−ω0)− γ2]

∣∣∣∣2. (2)

According to Eq. (2), the precondition for a stable power
transfer state with the optimal efficiency η = 1 is: (i) γ1 = γ2 =

γ,κ ≥ γ,ω = ω0±
√

κ2− γ2, or (ii) κ2 = γ1γ2, ω = ω0.

Source

Source

coil

Transmitter

coil

Receiver

coil

Load

coil

Load

Fig. 1. Scheme of a standard magnetic resonance WPT system. Transmitter
and receiver coils are resonant coils. Source and load coils are non-resonant
coils. γ1 (γ2) represents the coupling strength between source (load) and
transmitter (receiver) coils. κ denotes the coupling strength between trans-
mitter and receiver coils.

Now let us investigate the above WPT system from the
perspective of PT symmetry in non-Hermitian physics. In op-
tics, an ideal PT symmetry is hard to realized experimentally
due to the stringent requirement of gain–loss balance.[20,21] In
2014, Sun et al. used electric and magnetic resonators cou-
pled with microwave transmission line in an open system, and
experimentally realized the ideal second-order PT symmetry
by employing the incident waves as an effective gain.[22] This
effective gain from the environment rather than the materials
provides a new way for people to establish the PT symmetry
by an external energy channel. Specially, by substituting the
zero-reflection condition s1− =−s1++

√
2γ1a1 = 0 in Eq. (1),

the dynamic equations of the system could be rewritten as a
secular equation[22]

i
d
dt
| a〉=𝐻| a〉 , (3)

where | a〉= (a1,a2)
T and

𝐻 =

(
H11 H12
H21 H22

)
. (4)
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H11 = ω0+ iγ1, H22 = ω0− iγ2, and H12 = H21 = κ . Compar-
ing Eq. (3) with the Schrödinger equation, one can find that
𝐻 can be regarded as the effective Hamiltonian of the system.
It is worth noting that the coefficient of a1 has changed from
−iγ1 in Eq. (1) to iγ1 in Eq. (3) under the zero-reflection con-
dition. In this case, the resonator mode a1 has an effect gain
γ1, which comes from the external environment (the incident
waves) instead of the actual gain material. When γ1 = γ2 is
satisfied, 𝐻 is invariant under the joint action of the parity
(H11 ↔ H22,H12 ↔ H21) and time reversal (i → −i) opera-
tors. Therefore, the traditional resonance WPT systems with
symmetric configuration can be treated as a second-order PT
symmetric system under zero-reflection condition.[23]

By solving |𝐻−ω𝐼|= 0 (where 𝐼 is an identical matrix),
eigenfrequencies of the effective Hamiltonian in Eq. (4) can be
obtained as

ω± = ω0− i
γ1− γ2

2
±

√
κ2 +

(
i
γ1 + γ2

2

)2

. (5)

According to Eq. (5), the precondition for a real eigenfre-
quency of 𝐻 is (i) γ1 = γ2 = γ , κ ≥ γ , ω±= ω0±

√
κ2− γ2

or (ii) κ2 = γ1γ2, ω− = ω0. When the eigenvalues of the sys-
tem are pure real, the energy of the system is stable without
dissipation. Obviously, they are the same as the precondi-
tions for a stable power transfer state with the optimal effi-
ciency discussed above. Therefore, we can conclude that a
stable power transfer state in the resonance WPT system cor-
responds to a real eigenvalue of the effective Hamiltonian for
a non-Hermitian system.

Im(    )

Re(    )

EP

Strong

Weak

Fig. 2. Eigenfrequencies of resonant two-coil WPT systems with ideal PT
symmetry (γ1 = γ2).

Analyzing the eigenfrequencies of the effective Hamilto-
nian could reveal the physics of PT symmetry in WPT system.
For the standard symmetric configuration (γ1 = γ2 = γ), the
WPT system meets the requirement of an ideal second-order
PT symmetry. In Fig. 2, the transition of the PT symmetry
from exact PT phase to PT broken phase is labeled by the
gradient color from orange to blue. The exact PT symmetric
phase of the second-order system corresponds to the strongly
coupled region of the WPT system (κ > γ), whose eigenfre-
quencies are purely real.[24,25] If the WPT system works at a
pure real eigenfrequency, the optimal efficiency transfer can

be achieved. However, these eigenfrequencies are very sensi-
tive to the change of the coupling strength κ , which directly
depends on the coupling distance between the transmitter and
receiver coils. Especially, when the transfer distance is small,
the coherent effect is dominant in this strong coupling region,
which leads to the working frequency splitting. But when the
transfer distance is large, the WPT system corresponds to the
weak coupling region (broken phase) of the non-Hermitian
physical model, thus the transfer efficiency decreases rapidly
as the transfer distance increases. Therefore, non-Hermitian
physics can clearly explain the experimental results of the
current resonance WPT systems.[26] Moreover, non-Hermitian
physics can also be used to solve some key difficulties of pre-
vious designs. From Fig. 2, one can see that when the trans-
mission distance changes, the pure real eigenvalues of the ef-
fective Hamiltonian in the non-Hermitian system will change.
In order to achieve good transmission, the working frequency
of the resonant WPT system needs to change accordingly.[19]

Recently, Assawaworrarit et al.[19] and Zhou et al.[3] have pro-
posed a nonlinear PT-symmetric system, which automatically
tracks the real eigenfrequency through the nonlinear saturable
gain to ensure robust WPT. In addition, the PT symmetric
broken phase region in Fig. 2(a) corresponds to the weakly
coupled region of the WPT system (κ < γ). In this case,
the imaginary part of the eigenfrequencies increases sharply
with the coupling distance, which leads to the instability of
the WPT system, that is, the transfer efficiency will decrease
drastically with the increase of the coupling distance. There-
fore, the critical transfer distance of the WPT system is deter-
mined by the PT phase transition point κ = γ (also known as
the second-order EP) at which the two eigenfrequencies col-
lapse. Although the WPT system can operate under EP with
fixed frequency, such a scheme would be extremely difficult
in practical implementation due to the intrinsic sensitivity of
EP.[18]

3. Stable and efficient WPT system based on PT
symmetry

3.1. Two-coil WPT system based on non-ideal second-
order PT symmetry

In order to solve the problems of frequency splitting in
the PT symmetric phase and the sensitivity of the EP point,
a valuable question naturally arises: is it possible to find a
fixed real eigenfrequency in the PT symmetric broken phase to
achieve stable energy transmission? In addition, this scheme
can be used to improve the transfer distance. As introduced
in the above section, the transfer distance of resonance WPT
in the PT symmetric broken phase could also be extended be-
yond the critical transfer distance determined by EP (κ = γ).
For a non-ideal PT-symmetry (γ1 6= γ2) WPT system with

010307-3



Chin. Phys. B 31, 010307 (2022)

κ < κc =(γ1+γ2)/2, the imaginary part of the eigenfrequency
is split into two branches, and one of them will pass through
the real frequency axis when the relationship κ2 = γ1γ2 is met,
as shown in Fig. 3. Although there is no a whole purely real
branch in the phase diagram of non-ideal PT symmetry, this
critical relationship could ensure a real eigenfrequency ω0 of
the system. It should be point out that this solution cannot
be found in the previous non-Hermitian system without gain
except for the case κ = 0.

Under the circumstance of non-ideal PT-symmetry,
Eq. (5) can be rewritten as

ω = ω0 + iθa± iθb, (6)

where θa = γ1 − γ2 and θb =

√(
γ1+γ2

2

)2−κ2. When gain
and loss are mismatched, such as γ1 < γ2 in Fig. 3, the spec-
trum is simply that of a PT symmetric system moved down
along the imaginary axis. Remarkably, one branch of imagi-
nary eigenfrequencies approaches the real axis horizon. These
results can be explained by the destructive interference of two
non-Hermitian items, with one term from non-balanced gain
and loss (θa 6= 0) and the other from coherent coupling rate
κ less than the mean non-Hermitian rate (θb 6= 0). At present,
two typical BICs have been observed in photonics systems, in-
cluding Friedrich–Wintgen BICs.[27] and symmetry-protected
BICs.[28] Specially, Friedrich–Wintgen BICs and symmetry-
protected BICs arise respectively from the destructive interfer-
ence between two radiating channels and the symmetry mis-
match between the localized modes and the external propa-
gating modes. In 2020, Yang et al. proposed the BIC in two
resonant modes (i.e., the cavity mode and the magnon mode)
system,[29] where the pure real eigen-frequency is also defined
as a BIC. According to Eq. (6), the purely real eigenvalue
(i.e., θa + θb = 0) of the system appears for κ2 = γ1γ2 in PT
symmetric broken phase, which corresponds to the BIC with
purely real eigen-values in Ref. [29]. Such a real eigenfre-
quency means a stable power transfer state at ω0. Thus, for
any coupling strength κ , even if κ is less than the fixed γ1 one
can always find a suitable γ2 at the load side to maximize the
transfer efficiency at frequency ω0.

Im(    )

Re(    )

BIC

Weak
Strong

EP

Fig. 3. Eigenfrequencies of resonant two-coil WPT systems with non-ideal
PT symmetry (γ1 6= γ2).

3.2. Three-coil WPT system based on third-order PT sym-
metry

From Fig. 3 in Subsection 3.1, we can see that the real
eigenfrequency in the non-ideal PT symmetry system corre-
sponds to a point in the parameter space of PT phase diagram.
In order to maintain a stable power transfer, people need to
adjust γ2 according to the coupling strength κ . In this sec-
tion, we will introduce a stable and efficient WPT based on the
third-order PT symmetry of non-Hermitian system, in which
the working frequency (real eigenfrequency) does not depend
on the coupling strength. At present, it has been proved that
the three-coil system with the insertion structure of a relay
coil,[30–34] metamaterials[35–39] or metsurfaces[40–43] between
the transmitter and receiver coils can improve the transmission
distance compared with WPT system with two coils. Similar
to treating the resonant two-coil system as a second-order PT
symmetric system, one can also deal with a three-coil WPT
system using the third-order PT symmetry.[44] As shown in
Fig. 4(a), the system’s effective Hamiltonian is

𝐻 ′ =

ω0 + iγ1− iΓ κ12 0
κ12 ω0− iΓ κ23
0 κ23 ω0− iγ2− iΓ

 . (7)

Here, κ12 (κ23) is the coupling strength between the transmit-
ter (relay) and relay (receiver) coils. When the intrinsic loss Γ

(due to absorption or radiation) of the resonant coil is negligi-
ble and κ12 = κ23 = κ , the ideal third-order PT symmetry can
be established. For example, Sakhdari et al. tune the values of
the two coupling strengths equally by rotating the transmitter
coil with a feedback algorithm.[45] By solving the characteris-
tic equation |ω𝐼−𝐻 ′|= 0, the eigenfrequencies are obtained
as follows:

ω1 = ω0, ω2,3 = ω0±
√

2κ2− γ2. (8)

The calculated phase diagram from Eq. (8) for the third-order
PT-symmetry is given in Fig. 4(b). One can find that all three
eigenfrequencies merge at ω0, providing that the critical value
condition of γ =

√
2κ is satisfied. Thus, the third-order EP

is observed [the red dot in Fig. 4(b)]. What’s more notewor-
thy is that, compared with the second-order PT-symmetry of
the two-coil WPT system, there is always a purely real and
fixed eigenfrequency, which is coupling and gain/loss inde-
pendent. It means that the WPT system with the third-order PT
symmetry could support a stable power transfer state at vary-
ing distance without frequency tracking or impedance match-
ing. Significantly, the critical coupling rate of the third-order
EP (κ = γ/

√
2) is smaller than that of the second-order EP

(κ = γ), corresponding to a larger efficient coupling distance.
We can predict that the higher the order of the PT symmetry,
the smaller the critical coupling strength of EP, and the farther
the energy transfer.
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Theoretical and experimental results show that, at the
fixed frequency, the efficiency stability of the third-order PT
symmetric WPT system is significantly superior to that of
the second-order PT symmetry, as shown in Fig. 4(c). This
three-coil system is further extended to WPT with miniatur-
ized receivers as an example, which shows stable transfer effi-
ciency with a wide range of axial transfer distance and lateral
misalignment.[40] Besides, the idle (in idle state without re-

ceiver terminals) power loss of this three-coil WPT system
is also very low [see Fig. 4(d)], benefiting wireless charg-
ing intermittently. Considering utilizing higher-order (N > 4)
PT symmetry for WPT system, we can predict that the odd-
order (N = 2m + 1, m is a positive integer) resonant coils
will show more stable transfer performance than that of even-
order (N = 2m) resonant coils because there is a coupling-
independent entirely real eigenfrequency.
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Fig. 4. (a) Schemes of three-coil WPT system with third-order PT symmetry. (b) The real (left) and imaginary (right) eigenfrequencies of third-order
PT symmetric systems. (c) Transfer efficiency versus distance in three-coil (red) and two-coil (black) WPT systems at fixed operating frequency.
(d) Idle power losses versus frequency in three-coil (red) and two-coil (black) WPT systems.[44]

4. Non-Hermitian topological dimer chain for
long-range robust WPT

With the development of WPT devices, the efficient
long-range and robust WPT is highly desirable but also
challenging.[46–49] Recently, the possibility of obtaining pho-
tonic topological modes that are robust against perturbations
by mimicking the topological properties of solid state system,
has brought a profound impact on optical sciences.[50,51] In
particular, topological non-Hermitian systems provide an ef-
fective avenue for studying the intriguing properties of topo-
logical structures involving PT symmetry and developing new

wave functional devices.[52] For example, using the EP of a
non-Hermitian dimer chain, a new sensor that is sensitive to
perturbation of on-site frequency at the end of the structure
and yet topologically protected from internal perturbation of
site-to-site couplings is realized.[53] In this section, we intro-
duce the topological dimer chain with effective PT symme-
try, which is composed of the topological edge modes (TEMs)
and topological interface modes (TIMs), can be used to the
long-range WPT. Especially, this topological WPT inherits the
physical properties of topological modes and has good electro-
magnetic compatibility because it is immune to impurities and
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perturbations.
In 2018, Jiang et al. firstly proposed that the non-

trivial dimer chain will provide a suitable platform for the
study of robust WPT in the RF regime.[54] The photonic
topological dimer chain is inspired by the basic topologi-
cal Su–Schrieffer–Heeger (SSH) model in condensed-matter
physics.[55] Specially, based on the dimer chain composed
of split-ring-resonators, the robustness of edge states,[54]

topological invariant,[56] and the coupling between two SSH
chains[57] have been demonstrated in recent years. The topo-
logical dimer chain on the long-range WPT with immunity to
disturbance is of great significance in science and technology.
Very recently, the physical mechanism of the effective second
order PT system with TEMs in the dimer chain is analyzed
and corresponding experiments are carried out to verify the
long-range WPT.[58–60] Moreover, in order to solve the spe-
cial technical problems of standby power loss and frequency
tracking, Ref. [59] uncovered that an optimized topological
WPT system with effective third-order PT symmetry, which
is constructed by using one TIM and two TEMs, as shown
in Fig. 5(a). The measured reflection spectra of the topolog-
ical dimer chain with effective third-order PT symmetry un-
der working and standby states are shown in Figs. 5(b) and

5(d), respectively. It should be noted that the reflection is not
zero due to the influence of intrinsic loss. Nevertheless, the
maximum value of transmission efficiency still corresponds to
the real eigenvalue calculated theoretically. Figures 5(b) and
5(d) clearly show that the refection of the chain under working
(standby) state is low (high) at the reference frequency, which
means the standby power loss of the topological dimer chain
with effective third-order PT symmetry is small.[59] Further-
more, in order to intuitively show the characteristics of low
standby power loss in the topological WPT system with ef-
fective third-order PT symmetry, a source coil is placed at the
left end of the chain and both ends of the chain are equipped
with an LED lamp. One can see that two LED lamps will be
lit up at the working state, as shown in Fig. 5(c). However,
two LED lamps remain dark at the reference frequency for
the standby state, as shown in Fig. 5(e). Therefore, the small
standby power loss of the topological dimer chain with effec-
tive third-order PT symmetry is demonstrated in Figs. 5(c) and
5(d). Although TEMs and TIMs can be used for robust WPT
with topological protection and can be immune to purities and
perturbations, once the topological edge is totally broken, the
topology WPT will be destroyed. In this case, the topological
WPT is disappearing.
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Fig. 5. (a) Scheme of a multi-coil WPT system based on the effective third-order PT symmetry in a composite topological dimer chain, which is
formed by the interaction of the three topological modes, including two TEMs at two ends of the chain and one TIM at the center of the chain.
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010307-6



Chin. Phys. B 31, 010307 (2022)

Overall, this WPT technology has many advantages in the
field of long-range WPT: (1) There is low idle power loss,
which can avoid the risk of burning the circuit due to ex-
cessive no-load power, thus greatly increasing safety and sta-
bility of the WPT system. (2) Stable and efficient transfer
can always be realized at a fixed working frequency, which
promotes practicability of WPT system. (3) This topological
WPT system is realized by TEMs and TIMs, which has topo-
logical protection and is insensitive to internal perturbations
and structural errors. The rise of topological photonics pro-
vides a powerful tool for near-field robust control of WPT. In
addition to the properties of robustness and long-range, the
robust directional WPT has been demonstrated using asym-
metric topological edge states.[61,62] Especially, the realiza-
tion of actively tuned TEMs in the topological quasiperiodic
chain will open up a new avenue in the dynamical control of
robust long-range WPT.[62] Although the current topological
WPT schemes are mainly based on one-dimensional systems,
the concept of topological manipulation can be consulted for
higher dimensional system and related WPT devices. There-
fore, the investigation in the topological dimer chain provides
insightful guidance to exploring the exciting applications as-
sociated with topological transport in WPT regime.

5. Summary and outlook

This paper reviews some advances in stable and efficient
WPT based on non-Hermitian physics, including using the
bound states in the continuum of the two-coil WPT system
with non-ideal second-order PT symmetry and resorting to the
three-coil WPT system with third-order PT symmetry. More-
over, the robust long-range WPT with topological protection
is also introduced combing the topological photonics and non-
Hermitian physics. In a word, non-Hermitian physics not only
provides new perspective to understand the abundant and in-
teresting phenomena in the advanced resonance WPT, but also
pave the ways for solving some key difficulties of previous
designs.

The WPT system with high-order PT symmetry can sig-
nificantly enhance the transfer distance. However, due to the
use of more resonant coils, the WPT device has a large size.
Considering how to introduce the synthetic dimensions[63–65]

and build a multi-mode coupled high-order non-Hermitian
system in a single coil is the direction of efforts to real-
ize long-distance, efficient and miniaturized WPT devices in
the future. In addition, the non-Hermitian system can also
be established by asymmetric coupling rather than gain/loss
engineering.[66,67] Specially, it is very interesting that all the
eigenmodes are localized in the non-Hermitian system with
asymmetric coupling, which are promising for efficient and
robust WPT independent on the working frequency.
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[20] Rüter C E Makris K G, El-Ganainy R, Christodoulides D N, Segev M

and Kip D 2010 Nat. Phys. 6 192
[21] Regensburger A, Bersch C, Miri M A, Onishchukov G, Christodoulides

D N and Peschel U 2012 Nature 488 167
[22] Sun Y, Tan W, Li H Q, Li J and Chen H 2014 Phys. Rev. Lett. 112

143903
[23] Bender C M, Berry M V and Mandilara A 2002 J. Phys. A 35 L467
[24] Schindler J, Li A, Zheng M C, Ellis F M and Kottos T 2011 Phys. Rev.

A 84 040101(R)
[25] Schindler J, Lin Z, Lee J M, Ramezani H, Ellis F M and Kottos T 2012

J. Phys. A 45 444029
[26] Sample A P, Meyer D A and Smith J R 2011 IEEE Trans. Ind. Electron.

58 544
[27] Neumann J V and Wigner E P 1929 Phys. Z. 30 465
[28] Bulgakov E N and Sadreev A F 2008 Phys. Rev. B 78 075105
[29] Yang Y, Wang Y P, Rao J W, Gui Y S, Yao B M, Lu W and Hu C M

2020 Phys. Rev. Lett. 125 147202
[30] Kim J, Son H C, Kim K H and Park Y J 2011 IEEE Antennas Wireless

Propag. Lett. 10 389
[31] Moon S, Kim B C, Cho S Y, Ahn C H and Moon G W 2014 IEEE

Trans. Ind. Electron. 61 5861

010307-7

http://dx.doi.org/10.1126/science.1143254
http://dx.doi.org/10.1063/1.4981396
http://dx.doi.org/10.1109/TIE.2018.2864515
http://dx.doi.org/10.1109/TIE.2018.2864515
http://dx.doi.org/10.1109/TPEL.2020.2987132
http://dx.doi.org/10.1109/TPEL.2020.2987132
http://dx.doi.org/10.1109/TPEL.2021.3066988
http://dx.doi.org/10.1038/s41928-021-00658-x
http://dx.doi.org/10.1038/s41928-021-00658-x
http://dx.doi.org/10.1109/TIE.2012.2206337
http://dx.doi.org/10.1109/TIE.2012.2206337
http://dx.doi.org/10.1109/TPEL.2013.2292596
http://dx.doi.org/10.1109/TPEL.2013.2292596
http://dx.doi.org/10.1109/TPEL.2014.2351496
http://dx.doi.org/10.1109/TPEL.2017.2665040
http://dx.doi.org/10.1109/TPEL.2017.2665040
http://dx.doi.org/10.1364/OE.26.000627
http://dx.doi.org/10.1364/OE.26.000627
http://dx.doi.org/10.1109/TIE.2011.2171176
http://dx.doi.org/10.1109/TIE.2011.2171176
http://dx.doi.org/10.1117/1.AP.3.3.036001
http://dx.doi.org/10.1103/PhysRevApplied.15.044024
http://dx.doi.org/10.1103/PhysRevApplied.15.044024
http://dx.doi.org/10.1103/RevModPhys.93.015005
http://dx.doi.org/10.1103/RevModPhys.93.015005
http://dx.doi.org/10.1038/s41566-017-0031-1
http://dx.doi.org/10.1038/nphys4323
http://dx.doi.org/10.1364/PRJ.396115
http://dx.doi.org/10.1038/nature22404
http://dx.doi.org/10.1038/nphys1515
http://dx.doi.org/10.1038/nature11298
http://dx.doi.org/10.1103/PhysRevLett.112.143903
http://dx.doi.org/10.1103/PhysRevLett.112.143903
http://dx.doi.org/10.1088/0305-4470/35/31/101
http://dx.doi.org/10.1103/PhysRevA.84.040101
http://dx.doi.org/10.1103/PhysRevA.84.040101
http://dx.doi.org/10.1088/1751-8113/45/44/444029
http://dx.doi.org/10.1088/1751-8113/45/44/444029
http://dx.doi.org/10.1109/TIE.2010.2046002
http://dx.doi.org/10.1109/TIE.2010.2046002
https://doi.org/10.1007/978-3-662-02781-3_20
https://doi.org/10.1103/PhysRevB.78.075105
http://dx.doi.org/10.1103/PhysRevLett.125.147202
http://dx.doi.org/10.1109/LAWP.2011.2150192
http://dx.doi.org/10.1109/LAWP.2011.2150192
http://dx.doi.org/10.1109/TIE.2014.2301762
http://dx.doi.org/10.1109/TIE.2014.2301762


Chin. Phys. B 31, 010307 (2022)

[32] Zhong W X, Zhang C, Liu X and Hui S Y R 2015 IEEE Trans. Power
Electron. 30 933

[33] Lee J, Lee K and Cho D H 2017 IEEE Trans. Power Electron. 32 3297
[34] Lee K and Chae S H 2018 IEEE Trans. Power Electron. 33 2484
[35] Wang B N, Teo K H, Nishino T, Yerazunis W, Barnwell J and Zhang J

Y 2011 Appl. Phys. Lett. 98 254101
[36] Urzhumov Y and Smith D R 2011 Phys. Rev. B 83 205114
[37] Lipworth G, Ensworth J, Seetharam K, Huang D, Lee J S, Schmalen-

berg P, Nomura T, Reynolds M S, Smith D R and Urzhumov Y 2015
Sci. Rep. 4 3642

[38] Wu Q, Li Y H, Gao N, Yang F, Chen Y Q, Fang K, Zhang Y W and
Chen H 2015 Europhys. Lett. 109 68005

[39] Guo Z W, Jiang H T and Chen H 2020 J. Appl. Phys. 127 071101
[40] Smith D R, Gowda V R, Yurduseven O, Larouche S, Lipworth G,

Urzhumov Y and Reynolds M S 2017 J. Appl. Phys. 121 014901
[41] Yu S X, Liu H X and Li L 2019 IEEE Trans. Ind. Electron. 66 3993
[42] Guo Z, Jiang H and Chen H 2022 J. Phys. D: Appl. Phys. 55 083001
[43] Song M Z, Baryshnikova K, Markvart A, Belov P, Nenasheva E,

Simovski C and Kapitanova P 2019 Phys. Rev. Appl. 11 054046
[44] Zeng C, Sun Y, Li G, Li Y H, Jiang H T, Yang Y P and Chen H 2020

Phys. Rev. Appl. 13 034054
[45] Sakhdari M, Hajizadegan M and Chen P Y 2020 Phys. Rev. Res. 2

013152
[46] Saha C, Anya I, Alexandru C and Jinks R 2018 Appl. Phys. Lett. 112

263902
[47] Lee C K, Zhong W X and Hui S Y R 2012 IEEE Trans. Power Electron.

27 1905
[48] Zhong W X, Lee C K and Hui S Y 2012 IEEE Trans. Power Electron.

27 4750
[49] Zhong W X, Lee C K and Hui S Y R 2013 IEEE Trans. Ind. Electron.

60 261
[50] Lu L, Joannopoulos J D and Soljacic M 2014 Nat. Photon. 8 821

[51] Ozawa T, Price H M, Amo A, Goldman N, Hafezi M, Lu L, Rechtsman
M C, Schuster D, Simon J, Zilberberg O and Carusotto I 2019 Rev.
Mod. Phys. 91 015006

[52] Zhu W, Fang X, Li D, Sun Y, Li Y, Jing Y and Chen H 2018 Phys. Rev.
Lett. 121 124501

[53] Guo Z W, Zhang T Z, Song J, Jiang H T and Chen H 2021 Photon. Res.
9 574

[54] Jiang J, Guo Z, Ding Y, Sun Y, Li Y, Jiang H and Chen H 2018 Opt.
Express 26 12891

[55] Su W P, Schrieffer J R and Heeger A J 1979 Phys. Rev. Lett. 42 1698
[56] Jiang J, Ren J, Guo Z , Zhu W, Long Y, Jiang H and Chen H 2020 Phys.

Rev. B 101 165427
[57] Guo Z, Jiang J, Jiang H T, Ren J and Chen H 2021 Phys. Rev. Res. 3

013122
[58] Feis J, Stevens C J and Shamonina E 2020 Appl. Phys. Lett. 117 134106
[59] Song J, Yang F Q, Guo Z W, Wu X, Zhu K J, Jiang J, Sun Y, Li Y H,

Jiang H T and Chen H 2021 Phys. Rev. Appl. 15 014009
[60] Zhang L, Yang Y H, Jiang Z, Chen Q L, Yan Q H, Wu Z Y, Zhang B L,

Huangfu J T and Chen H S 2021 Sci. Bull. 66 974
[61] Guo Z W, Jiang H T, Sun Y, Li Y H and Chen H 2018 Opt. Lett. 43

5142
[62] Yang F, Song J, Guo Z, Wu X, Zhu K, Jiang J, Sun Y, Jiang H, Li Y

and Chen H 2021 Opt. Express 29 7844
[63] Zhang X, Ding K, Zhou X, Xu J and Jin D 2019 Phys. Rev. Lett. 123

237202
[64] Zhang F, Feng Y, Chen X, Ge L and Wan W 2020 Phys. Rev. Lett. 124

053901
[65] Lu C C, Wang C Y, Xiao M, Zhang Z Q and Chan C T 2021 Phys. Rev.

Lett. 126 113902
[66] Lin Z, Ding L, Ke S L and Li X 2021 Opt. Lett. 46 3512
[67] Weidemann S, Kremer M, Helbig T, Hofmann T, Stegmaier A, Greiter

M, Thomale R and Szameit A 2020 Science 368 311

010307-8

http://dx.doi.org/10.1109/TPEL.2014.2312020
http://dx.doi.org/10.1109/TPEL.2014.2312020
http://dx.doi.org/10.1109/TPEL.2017.2651155
http://dx.doi.org/10.1109/TPEL.2017.2698638
http://dx.doi.org/10.1063/1.3601927
http://dx.doi.org/10.1103/PhysRevB.83.205114
http://dx.doi.org/10.1038/srep03642
http://dx.doi.org/10.1038/srep03642
http://dx.doi.org/10.1209/0295-5075/109/68005
http://dx.doi.org/10.1063/1.5128679
http://dx.doi.org/10.1063/1.4973345
http://dx.doi.org/10.1109/TIE.2018.2815991
http://dx.doi.org/10.1088/1361-6463/ac2e89
http://dx.doi.org/10.1103/PhysRevApplied.11.054046
http://dx.doi.org/10.1103/PhysRevApplied.13.034054
http://dx.doi.org/10.1103/PhysRevApplied.13.034054
http://dx.doi.org/10.1103/PhysRevResearch.2.013152
http://dx.doi.org/10.1103/PhysRevResearch.2.013152
http://dx.doi.org/10.1063/1.5022032
http://dx.doi.org/10.1063/1.5022032
http://dx.doi.org/10.1109/TPEL.2011.2169460
http://dx.doi.org/10.1109/TPEL.2011.2169460
http://dx.doi.org/10.1109/TPEL.2011.2174655
http://dx.doi.org/10.1109/TPEL.2011.2174655
http://dx.doi.org/10.1109/TIE.2011.2171176
http://dx.doi.org/10.1109/TIE.2011.2171176
http://dx.doi.org/10.1038/nphoton.2014.248
http://dx.doi.org/10.1103/RevModPhys.91.015006
http://dx.doi.org/10.1103/RevModPhys.91.015006
http://dx.doi.org/10.1103/PhysRevLett.121.124501
http://dx.doi.org/10.1103/PhysRevLett.121.124501
http://dx.doi.org/10.1364/PRJ.413873
http://dx.doi.org/10.1364/PRJ.413873
http://dx.doi.org/10.1364/OE.26.012891
http://dx.doi.org/10.1364/OE.26.012891
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevB.101.165427
http://dx.doi.org/10.1103/PhysRevB.101.165427
http://dx.doi.org/10.1103/PhysRevResearch.3.013122
http://dx.doi.org/10.1103/PhysRevResearch.3.013122
http://dx.doi.org/10.1063/5.0024077
http://dx.doi.org/10.1103/PhysRevApplied.15.014009
http://dx.doi.org/10.1016/j.scib.2021.01.028
http://dx.doi.org/10.1364/OL.43.005142
http://dx.doi.org/10.1364/OL.43.005142
http://dx.doi.org/10.1364/OE.417887
http://dx.doi.org/10.1103/PhysRevLett.123.237202
http://dx.doi.org/10.1103/PhysRevLett.123.237202
http://dx.doi.org/10.1103/PhysRevLett.124.053901
http://dx.doi.org/10.1103/PhysRevLett.124.053901
http://dx.doi.org/10.1103/PhysRevLett.126.113902
http://dx.doi.org/10.1103/PhysRevLett.126.113902
http://dx.doi.org/10.1364/OL.431904
http://dx.doi.org/10.1126/science.aaz8727

	1. Introduction
	2. Non-Hermitian properties of the resonance WPT
	3. Stable and efficient WPT system based on PT symmetry
	3.1. Two-coil WPT system based on non-ideal second-order PT symmetry
	3.2. Three-coil WPT system based on third-order PT symmetry

	4. Non-Hermitian topological dimer chain for long-range robust WPT
	5. Summary and outlook
	References

