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Fig. 1 Topological properties of exceptional points and rings of non-Hermitian optical systems. (a) Multiple exceptional points of high-

order non-Hermitian system™”; (b) non-Hermitian Fermi arc”"; (¢) non-Hermitian exceptional lines realized by planar photonic

crystals™; (d) Weyl exceptional ring realized by helical waveguide array™”
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Fig. 2 Edge states of non-Hermitian topological systems. (a) Non-Hermitian dimer chain realized by loss waveguide array™; (b) non-

Hermitian dimer chain composed of loss dielectric cylinders””; (c) non-Hermitian skin effect realized by asymmetric coupling”;

(d) high-order non-Hermitian coupled ring topological system'”’
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Fig. 3

Schematic of topological dimer chain composed of composite coil resonators”™. (a) Schematic of dimer chain. In this tight-

binding model, unit cell is composed of two resonators which are marked in a dashed rhombus; (b) resonance coil on top layer of

composite coil resonator. Resonant frequency of coil is 5. 62 MHz; (¢) non-resonance coil with a LED lamp on bottom layer of

composite coil resonator; (d) band structure and winding number of topological trivial dimer chain; (e) band structure and

winding number of topological phase transition phase; (f) band structure and winding number of topological non-trivial dimer
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Fig. 4 Measured DOS and LDOS spectra of topological dimer chains with and without perturbations™”. (a) Measured DOS spectrum

of topological dimer chain without perturbation. Bulk state (5. 43 MHz) and edge state (5. 62 MHz) in bandgap are marked by

two arrows; (b) similar to (a), but for case with disorder perturbation. Structure disorder is realized by randomly moving central

ten resonators by 5 mm; (¢) measured normalized LLDOS distribution of bulk state in topological dimer chain without

perturbation; (d) similar to (c), but for case with disorder perturbation; (e) measured normalized LDOS distribution of edge state

without perturbation; (f) similar to (e), but for case with disorder perturbation
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Fig. 5 Comparison of transmission efficiency between dimerized topological non-trivial chain and trivial chain

1 (a) Schematic of a

multicoil WPT system based on second-order PT symmetry of topological edge states (TEMs). Energy is input and output by

source coil and receiving coil, respectively; (b) calculated transmittance spectra as a function of frequency for topological non-

trivial chain (solid line) and topological trivial chain (dashed line);

(c) ratio of transmission efficiency of topological non-trivial

chain to that of topological trivial chain. At working frequency of 5.62 MHz, efficiency ratio is 44.63; (d) experimental

demonstration of lighting two 0.5 W LED lamps. Non-resonant source coil is placed in center of chain. All resonators are

added with LED lamps except for two resonators near source coil

P L RS . W EXMHIES R,
YRR R TR G M A R EiHE. T 0
R R # D WP, B 1 U5 28 18 B3 A A 3 iR 8 T
ST SR BB ESI T LED AT . o] LLE B 7E R $h
RIS TAES R T & W0 9 LED AT 9% 552, i =
il 155 P 26 18 T i LED 4T W) 3% A w55 , an 15l 5(d) B
TN FHAL b FEAE DD BT 0 T A T R e B R
%ﬁﬁﬁ S H AR 5 IR E 2138 2 B Dy R DL VE A LR

o TEXFIE BT , 2 5L b i 4R £ 1 0 1 3

BE g i, LR H U B A LED AT 0T LLGK B &6 1)
71 A T iR 2k B L R G S A SR DA SE LED AT
2.3 EMPTHMRM_BEERFIZE WPT

LW AAEEA B PT X AR N EFE R
PRBE 5 0 FF i R AR BE A LL |, 7F A% i 0O A e
J7 T A R AR B B R B ) PT AR 4 Fh — 2R
BN H T WPT AR fEfEE — 2L . — 1, &
GAETERF UL R PAAE o O) — T TH, 40 FNEE 79 s 1) 30 S
AW TIEGMAERMSKERG, SEOICRE X

1623011-7



243 % 5 16 H1/2023 £ 8 A /HFZEH

e 0 WPT & B 1, R Iy Tt By 22, s 2
WM I AR PEAT IR o BT, PR E TR T HA
TE YR AR AR =R WPT R4, 03 %
BRES o O e ik B PT X Bk T am 2 WPT A kel A
TR A A TP R B S Y AR AL = B PT X PR &R
G¢, 0t — LN BRI HA =B PT X FRag 46 4h — %
PR LS B TR AR 19 5 20 WP'T, HAA ) S 46 45 4
K6 (a) Brom o AR T 2 40 11 28 56 rh Jay 307 #0406 3
FLI P H0 AN I TS R — A i T AR M b
A MR BE 77 AR A A ST 2SS B, I A AT R

AT AR R A

w1y, ke 0
Hcic - Kci wO /Cci ’ (2)
0 Ko wo— 1y,

U e 7R NI 55 RIAR F0 5 TS B A BOm & &R
o 2T LR, il 2 y. = yo = yo BRI,
ARG s W 2 (PT)Ho (PT ) ' = Ho, I BE 31D
ZRARSETh I S RSN — A0 D B S P S B A
=B AR L R G R 2 =B PT X FRE .

@ , ////,7:_\\\\ 7 p
¥ N ¥ N
s[.:;ﬁ.: —l@: :@— _@: M@—@ Q-L:)ad
TEM TIM TEM
®) ()
PO B Q00009 0000:Q .
e 7 305 7 9 1 1315 s
8 60 ., @ g
: e g @900 e 0000 |-
E e g @1 3 5 7 9 11 13 I5 E
| Be 0:00:90-@-0+00:9 1.,
T SRR I 3 5 7 9 1 13 IS

Index of eigenstates

Fl6 524 — RAMREE h AR AL 0 = A FE A IR IME L () B TR N IR IR EE =B PT X B 28 WPT RE R B, =
Fobt i IS S B A AR T B T A 28 = B PT X AR R L, Hoh 7R BE P9 i A3 PO 10 5 245 (TEMs)  7EBE P A — A S S (TIM) 5
(b) =B PT XK IR 20 A B PT XS B CIRL R # h — 3 AACHE (YRR AE (B3 o 8 TP M U AT I O 2 XD o (o) ~(e) =B

PT X FR B9S2 5 41 — SAABE P i) b 3h F MG B 01 — A B8R B2 3 A

Fig. 6

Three coupled topological modes in composite topological dimer chain™”. (a) Schematic of multicoil WPT system based on

third-order PT symmetry in composite topological dimer chain (¢, < &,). Effective third-order PT symmetry is formed by
interaction of three topological modes, including two TEMs at two ends of chain and one topological interface state (TIM) at

center of chain; (b) eigenvalues spectra of topological dimer chains with third-order PT symmetry (dots) and second-order PT

symmetry (circles). Discrete topological modes are identified at bandgap (marked by gray region) of chain; (¢)-(e) normalized

intensity distributions of three topological modes in composite topological dimer chain with third-order PT symmetry
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Fig. 7 Comparison of transmission efficiency between topological dimer chains with third-order PT symmetry and with second-order

PT symmetry*”. (a) Real and (b) imaginary eigenfrequencies of topological WPT system with second-order PT symmetry.
Coupling coefficient between two TEMs is k.= 0. 1 MHz; (¢), (d) similar to (a), (b) but for topological WPT system with third-

order PT symmetry; (e) calculated transmittance spectra of topological chain with third-order PT symmetry (solid line) and

second-order PT symmetry (dashed line); (f) ratio of transmission efficiency of topological chain with third-order PT symmetry

to that of chain with second-order PT symmetry
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Fig. 8 Experimental demonstration of WPT with small standby power loss in topological dimer chain with third-order PT

symmetry””. (a) Measured reflection spectrum of topological dimer chain with effective third-order PT symmetry in working

state; (b) experimental demonstration of topological WPT system with effective third-order PT symmetry by lighting two LED
lamps at two ends of chain; (¢) measured reflection spectrum of topological dimer chain with effective third-order PT symmetry
in standby state; (d) similar to (b), but one resonator at right end of chain is removed, which corresponds to standby state.

Standby power loss in topological dimer chain with effective third-order PT symmetry under standby state is small because LED

lamps remain dark; (e)—(h) similar to (a)-(d), but for topological dimer chain with effective second-order PT symmetry under

working and standby states. LED lamp at left end of chain is illuminated even if system is in standby state, which means

standby power loss is large
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Fig. 11 Directional WPT realized by asymmetric topological edge states of Harper chain™’

. (a) Schematic of multicoil directional WPT

system based on asymmetric topological edge states of Harper chain. Signal is input and output by source coil and receiving

coils, respectively; (b) transmission ratio in two different directions of 1D topological Harper chain; (c)-

(e) experimental

demonstration of directional WPT for lighting two Chinese characters '[d]" and %" with LED lamps; (f)-(h) directional WPT

realized by topological Harper chain with structure perturbation
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Fig. 12

Actively controlled directional long-range WPT based on asymmetric topological state of Harper chain®'. (a) Photo of

resonant unit with active control of external voltage; (b) equivalent circuit diagram of active resonant coil; (¢) resonant

frequency of active coil resonator as a function of bias voltage. Dotted line and solid line are experimental data and fitted line,

respectively; (d) relationship between coupling strength of active coil resonators and distance. Measured coupling strengths of

U=0 and U=4 V are marked with dots and lines, respectively; (e) photo of experimental setup for measurement of actively

controlled directional WPT; (f) transmission spectrum when external voltage is U=4 V; (g) transmission spectrum without
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Fig. 13

Composite resonator with tunable gain and loss™”. (a) Equivalent circuit diagram of composite resonator, composed of a

simple LLC resonator, a negative resistance convertor (NIC) component, and a tunable resistor; (b) structure diagram of

composite resonator, where left and right images indicate front and back of structure, respectively; (c) equivalent circuit

diagram of NIC component; (d) structure diagram of NIC component; (e) reflection spectra measured with different resistances;

(f) reflection spectra measured with different external voltages
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Fig. 14 Topological properties of 1D non-Hermitian topological dimer chain"'”. (a) Schematic of a non-Hermitian topological dimer

chain with 10 resonators; (b) real eigenfrequencies for different parameters g;; (c¢) phase diagram of edge states in non-

Hermitian topological dimer chain; (d) wave functions of high frequency edge state w.; (e) wave functions of low frequency
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Fig. 15 Sensitivity of edge states in non-Hermitian topological dimer chain"”. (a) Photo of non-Hermitian topological dimer chain;

(b) reflection spectrum of non-Hermitian topological dimer chain; (c) sensitivity of non-Hermitian topological dimer chain

varying with frequency detuning; (d) sensitivity of non-Hermitian topological dimer chain varying with coupling strength
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'Key Laboratory of Advanced Micro-Structure Materials, Ministry of Education, School of Physics Science and
Engineering, Tongji University, Shanghai 200092, China;
*Shanxi Provincial Key Laboratory of Microstructure Electromagnetic Functional Materials, School of Physics

and Electronic Science, Shanxi Datong University, Datong 037009, Shanxi, China
Abstract

Significance  Modulating the motions of photons through topological structures plays a primarily vital role in both
scientific research and practical applications, which leads to a new but thriving study direction, namely topological
photonics. Flexible topological phases and robust topological states provide an unprecedented perspective to the abundant
physics phenomena generated by vector electromagnetic fields with spin-1. On the other hand, photonic artificial
microstructures, such as metamaterials and photonic crystals, can be gradually perceived as substitutes and even upgrades
of some complex topological models in condensed matter physics, which mainly rely on their rich state control mechanisms
and highly customized design degrees of freedom. In this research process, some properties of optical topological states are
utilized to overcome some engineering problems, including exploiting robustness to eliminate the scattering losses caused
by defects and disorders. In view of the early success of Hermitian topological systems, recent focus has been laid on non-
Hermitian topological systems described by non-Hermitian Hamiltonians. Especially, when the Hamiltonian of the system
satisfies the parity-time (PT) symmetry, its eigenvalues are pure real, which corresponds to a unique non-Hermitian
system with highly sensitive exceptional points (EPs) in the parameter space and novel skin effects in edge modes.

In the past decade, wireless power transfer (WPT) and sensing become a hotspot, which triggers immense research
interest in practical applications, including mobile phones, logistic robots, medical-implanted devices, and electric
vehicles. For a standard WPT system, it is mainly composed of two coupled coil resonators, which are placed on the
source and receiver sides, respectively. However, there are some aspects of these conventional WPT applications that
should be noted. For example, the limitation of the coupling of evanescent waves and the inherent sensitivity to the
transmission distance or structural disturbance restrict the structure sizes and application scenarios. With the development
of WPT devices, efficient long-range and robust WPT is highly desirable but challenging. Recently, the non-Hermitian
topological edge mode provides a powerful tool for near-field robust control of WPT. Therefore, it is critical to review
recent works on high-performance near-field wireless power transfer and sensing systems with topological protection

characteristics inspired by non-Hermitian topological effects.

Progress Topological edge states of dimers can provide a suitable platform for the study of robust WPT in the radio
frequency (RF) regime. On the one hand, similar to the Domino structure composed of coupled resonators for long-range
WPT, the topological dimer chain can be used to realize efficient long-range WPT. On the other hand, the edge modes in

nontrivial dimer chains are topologically protected, and thus the corresponding WPT is robust against the disorders and

1623011-22
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fluctuations (Figs. 3-8).

At the same time, a long-range WPT can be realized through a finite quasiperiodic Harper chain based on the ultra-
subwavelength coil resonators. In addition, the distribution of the asymmetric topological edge states (TESs) in the Harper
chain is observed from the local density of states (LDOS) spectrum (Fig. 10). Especially, using the asymmetric topological
edge states, two Chinese characters composed of light-emitting diode (LED) lamps are selectively lighted up at both ends
of the chain, which intuitively show the directional WPT in the topological Harper chain (Fig. 11). Moreover, in view of
the robustness of topological edge states, the designed WPT device can be robust to the disorder perturbation inside the
structure. The topological edge states for directional WPT not only extend previous research work on long-range WPT but
also have a circuit structure that is easier to integrate and for active control. As a result, by adding electrical variable
capacitance diodes into the system, the actively tuned transmission direction by modulating the external voltages applied in
variable capacitance diodes (VCDs) is experimentally observed (Fig. 12).

Moreover, the properties of the EP exist in a finite non-Hermitian topological circuit-based dimer chain (Fig. 13).
The coupling between two edge states is presented, which is particularly relevant to the realization of second-order EPs.
By adding loss and gain to both ends of the dimer chain, the non-Hermitian topological chain and the EP that satisfies PT
symmetry (Fig. 14) can be obtained. In similar systems, topological edge states are highly sensitive to disturbances in the
environment before and after the EP, which lead to new highly sensitive sensors with topological protection (Fig. 15). In
sharp contrast to traditional sensors, this new sensor based on non-Hermitian and topological characteristics has unique
advantages. It is immune from disturbances of site-to-site couplings in the internal part of the structure and is sensitive to

the perturbation of on-site frequency at the end of the structure.

Conclusions and Prospect In summary, high-performance near-field WPT and sensing systems are realized with
topological protection characteristics inspired by non-Hermitian topological effects. Especially, the one-dimensional
system composed of resonant coils provides a simple but efficient platform to utilize the advantages of topological and non-
Hermitian effects in practical applications. In addition, new topology structures with higher dimensions and higher orders

are promising candidates to realize multifunctional WP T's in the future.

Key words optical devices; non-Hermitian physics; photonic topological structures; topological phase transition; wireless

power transfer; wireless sensing
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