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We explore the parity-time (PT)-symmetry breaking transition in a dimer circuit composed of two RLC resonators that
are weakly coupled via an inductor. The energy behavior of this dimer circuit is reflected in the splitting or degeneracy of
the systems eigenfrequencies as the gain—loss strength varies. Its dynamical properties can be described by a non-Hermitian
Hamiltonian. The eigenfrequency spectrum of the system is divided by two critical points into three distinct regions: the
symmetric region, the oscillatory growth region, and the fully exponential growth region. Building upon previous work on
implementing the exceptional point (EP) in circuit systems, our study focuses on further exploring the variation patterns
of circuit eigenfrequencies near the EP under weak coupling conditions. In addition, we construct a corresponding Dirac
point (DP) circuit system for comparison. By leveraging the unique physical properties near both the EP and the DP, we
further propose potential practical applications. Using perturbation theory and system simulations, we demonstrate that
the square-root eigenfrequency splitting near the EP significantly enhances the sensitivity to small external perturbations,
compared to the linear splitting behavior near the DP. This study presents promising prospects for next-generation sensing

technologies.

Keywords: parity-time symmetry, exceptional point, Dirac point, high sensitivity sensor

PACS: 84.30.-1, 03.65.vf, 03.65.Ta, 07.07.Df
DOI: 10.1088/1674-1056/adec5e

1. Introduction

In recent years, non-Hermitian systems have gradually
become a research hotspot owing to their unique physical
properties.!'~!!] This interest originally stemmed from the pi-

12,13 and

oneering work of Carl Bender and his colleagues, !
rapidly expanded after they first applied the theory to the
optical domain.['*'81 Among the various physical phenom-
ena in non-Hermitian parity-time (PT)-symmetric systems, EP
stands out as the most significant, attracting considerable at-
tention for their enhanced sensing capabilities and potential to
achieve energy-efficient transport. 19331

An EP is a degeneracy in a non-Hermitian system that ex-
hibits unique properties, fundamentally different from the de-
generacies in conventional Hermitian systems. At an EP, not
only do two or more eigenvalues coalesce, but more impor-
tantly, their corresponding eigenstates also become degener-
ate, rendering the Hamiltonian matrix non-diagonalizable. 34l
This simultaneous coalescence of eigenvalues and eigenstates
is a distinctive feature of non-Hermitian systems.

It is worth noting that although non-Hermitian systems
have been observed across a wide range of platforms, includ-
ing optical,[35’36] acoustics,37*1 cold atoms*>#* and me-

[45-48

chanical systems, I electronic circuits offer distinct ad-

vantages over these platforms, such as highly tunable de-
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These fea-

tures make electronic circuits a powerful platform for realiz-
[49-59
.

sign, manipulation, and detection capabilities.
ing various topological phase I Through simple circuit
designs, novel models can be constructed to simulate quantum
phenomena such as topological condensed matter states, pro-
viding a suitable experimental platform for exploring unique
physical phenomenon in non-Hermitian systems, including
PT-symmetry breaking, resonance, and scattering. Further-
more, owing to the strong applicability of electronic circuits,
the physical properties of these systems can be used to develop
novel practical applications. "]

EP sensors operate by tuning the working point of the
system in parameter space to a position close to an EP, en-
abling a significantly amplified response to small perturba-
tions. Compared to conventional Dirac point (DP) sensors,
EP sensors offer much higher sensitivity. It is important to
emphasize that, for sensors, sensitivity is a broad concept
that includes both the responsivity of the sensing system and
its signal-to-noise ratio (SNR).!®!l Although EP-based sen-
sors can significantly enhance the responsivity of the sensing
system, the SNR does not exhibit a substantial improvement
compared to conventional sensing systems. >3 Near an EP,
the eigenfrequency splitting follows a square-root dependence
on the perturbation strength,[®*! which implies that even ex-
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tremely small disturbances can induce substantial frequency
shifts, allowing for the detection of weak signals with high
amplification.[® In addition, EP sensors possess rich multi-
functionality. Due to the diverse physical phenomena present
in non-Hermitian systems, such as mode coupling, abrupt
phase transitions, and unidirectional reflectionlessness. %] EP
sensors are highly suitable for a wide range of applications.
These include metrology and sensing, 3770 topological en-
ergy transfer,!”!! polarization state conversion,!’?! and on-chip

73,74

photonic devices such as optical isolators!’*74 and directional

lasers.[”3)

In this work, we experimentally realize the frequency
symmetry-breaking phenomenon in a weakly inductively cou-
pled PT-symmetric dimer circuit system, and subsequently
construct a corresponding DP circuit system. The physical
properties of the DP circuit are also experimentally verified.
Based on the distinct physical characteristics of the two circuit
systems, we compare the sensitivity of the EP and DP sys-
tems under identical perturbation strengths. The comparison
leads us to conclude that the EP-based sensing system exhibits
significantly higher sensitivity to external perturbations than
the conventional DP-based sensing system. Our research pro-
vides an efficient solution for next-generation sensing tech-
nologies in various fields, such as food safety and hygiene

n, 76871 crop growth monitoring, 8! and photoelectro-

(891

detectio
chemical biosensing detection.

The structure of this paper is as follows. In Section 2,
we present the inductively coupled PT-symmetric dimer model
and its corresponding dynamical equations described by a
non-Hermitian Hamiltonian, along with a brief analysis of its
fundamental physical properties. The analysis of circuit fre-

quency modes near the EP and the DP under different gain—
loss strength, along with experimental data, is provided in Sec-
tions 3 and 4. In Section 5, we demonstrate the frequency
splitting behaviors and sensitivity near the EP and DP based
on perturbation theory and simulation. Finally, in Section 6,
we present an overall conclusion that summarizes our research
findings.

2. Theoretical analysis of the dimer model

The experimental circuit platform we designed is illus-
trated in Fig. 1. It consists of an RLC oscillator with loss and
a corresponding RLC oscillator with gain, coupled via mutual
inductance M. The loss side incorporates a positive resistor
R1 to introduce dissipation, while the gain side employs a
negative resistor R2, realized using an operational amplifier
with a gain factor of two. Voltage measurements at the two
nodes Vi and V; are conducted using voltage buffers. The cou-
pled eigenfrequencies of this system exhibit PT-symmetry-
breaking transitions. In practical sensing applications, the
inductive coils gradually approach each other under applied
pressure, leading to an increase in the coupling coefficient.
This variation results in a shift in the voltage response fre-
quency, enabling pressure sensing. This circuit structure not
only provides an intuitive demonstration of symmetry break-
ing in non-Hermitian PT-symmetric systems, but also enables
the observation of amplified responses to external perturba-
tions through appropriate circuit design, thus achieving high
sensitivity sensing. To investigate the dynamical properties
of the PT-symmetric circuit and establish the non-Hermitian
Hamiltonian that describes the system, we first disregard the
signal source and the matching impedance Z. We then perform
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Fig. 1. Schematic of the PT-symmetric dimer circuit and its potential sensing platform configuration. The circuit system consists of two
inductively coupled RLC resonators that respectively provide gain and loss, forming a PT-symmetric sensing circuit when connected in parallel

with a matching impedance Z and a signal source.
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loop analysis on the two probing nodes V| and V; of the circuit
over the time interval from O to ¢. By applying Kirchhoff laws,
we obtain the following equations for the two nodes:

IRi+Ici+1h =0, M
IRo+Ico+6ho =0, )
1 t
Vi=—-Ri-R = _E/ ICl(T)dT, 3
0
1 t
V2:]R2'R2:_6'/ Ic2(7)d, “4)
0
dli dir»
Vi=—L —-M ——= 5
! dr dr’ ©
dIL2 dILl
Vo=—-L - —= M -—. 6
2 dr dt ©

To facilitate the formulation of the non-Hermitian Hamil-
tonian, we define the normalized time constant as T = @y - ¢,
where @y = 1/+/LC is the resonance frequency of the LC res-
onators. The gain—loss strength of the PT-symmetric circuit
system is given by y = \/L/7C /R, and the coupling coeffi-
cient between the left and right circuit branches is defined as
U =M/L. According to Egs. (2)—(6), it is straightforward to
verify that under the combined operations of parity (V; <> V)
and time reversal (¢t <> —t), the equations remain invariant.
Therefore, the circuit system satisfies PT symmetry. These
equations can be reformulated as a set of four linearly coupled
differential equations:

dv L
e e+ 7
T YoV + C @)
dv, Lo
2 oy + 2 8
T 2+ ol 3
diy  —Vi+uV, ©)
dt  L(1—u?)’
dli,  —V2+uvy

= . 10
dr L(1—p?) (19)

Next, we derive the Hamiltonian that governs the dynam-
ical behavior of this circuit system. To this end, we construct a
column vector y = [V}, V5,111, I15]", and rewrite Egs. (7)~(10)
in the form of a Schrodinger-like equation

—iyay 0 iYRwy O
dy 0 iyay 0 iYRay
i— = |_—io ipay = Hgpy. (11
Yo T | sEia mogm 0 0 |V Hey dD
ipawy —iamy 0 0

YR(1—p2) yR(1—p?)

The fourth-order matrix in Eq. (11) is the Hamiltonian
matrix Hgp, which characterizes the dynamical properties of
the circuit system. In such a system, the eigenfrequencies are
crucial physical quantities that reflect the operational state of
the circuit. We will solve for the eigenvalues of the Hamil-
tonian matrix based on Eq. (12) in order to investigate the

eigenfrequency characteristics of the PT-symmetric circuit un-
der different parameter conditions:

Det|Hgp —1- 0| =0. (12)

Here, matrix / denotes the identity matrix of order n, which in
Eq. (12) is taken to be a fourth-order identity matrix. Thus, the
eigenfrequencies of the system are obtained as follows:

_ Wo [2+2y/1—p?

2
w2 ) -2 Y
T RVl T (13)
e 7,
Wo [2+424/1—pu?
@,4:,70 7“7},2

2 1—pu?

—2./1—=u2
i\/zf_:lzu_yz. (14)

It can be observed that under different parameter set-
tings, both pairs of eigenfrequencies exist in complex conju-
gate forms. By appropriately selecting the parameters y and
7. the system can be tuned to operate at the EP. The selected

parameters are as follows:
Uep = 0.45, ¥ep =0.52. (15)

To further investigate the physical properties of the sys-
tem, we present the phase diagram in the two-dimensional pa-
rameter space, as shown in Fig. 2.

Non-Hermitian phase diagram

1.0
0.8 Class 111
0.6
3 EP, Class 11
0.4 Class 11
Class III
0.2 Class I
% 1 2 3

~

Fig. 2. Phase diagram of the EP circuit system in the two-dimensional
parameter space of i and y. The blue, green, and red regions represent
class I, II, and III exceptional point formation patterns (EPFPs), respec-
tively, which are separated by red and black solid lines. Each class
represents a distinct EPFP. The white dashed line represents the trajec-
tory of our EP circuit system, where the parameter u is fixed while y is
varied to obtain two EPs. The locations of the two EPs are marked with
yellow pentagrams.

It can be seen that, in our EP system, the parameters are
set by fixing y = 0.45 and varying the system parameter 7.
As 7y gradually increases, the system transitions from class |

(%01 during which the first exceptional point (EP;)

to class 1II,
emerges. With further increase in 7, the system then transi-
tions from class II to class 111, leading to the emergence of the
second exceptional point (EP,). Specifically, the class I region

corresponds to the oscillatory behavior of the system voltage;
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the class Il region corresponds to the oscillatory growth behav-
ior; and the class III region corresponds to purely exponential
growth of the voltage. In this work, we focus on investigating
the physical properties near EP; and, based on this, propose a
sensing circuit application scheme.

Figure 3 the three-dimensional and
dimensional band diagrams of the system in the y and 7y
parameter space. For the EP system, we take a cut of the
three-dimensional band diagram at g = 0.45 to obtain the
two-dimensional band diagram. It can be seen that, under the

shows two-

(a) 3D energy bands (b) 3D energy bands

3 !3 3 !3
S 2 S 2
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30 0 3 o0 0
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Y1005, . 00.5
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~1.0 o T \
15'/
0 1 2 3 =39 1 2 3
ol v

parameter selection in Eq. (15), the system’s eigenfrequen-
cies undergo a second-order degeneracy. As the gain—loss
strength 7y increases, the eigenfrequencies of the system ac-
quire imaginary components. With a further increase in 7,
all eigenfrequencies of the system become purely imaginary.
We will fix the coupling coefficient of the circuit system at
1 = 0.45 and gradually increase the value of 7y, measuring
whether the system’s eigenfrequencies at different y values

match the theoretical frequency shifts near the EP.

(c) 3D energy bands (d) 3D energy bands

5 5
5 , 5
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Fig. 3. Three-dimensional and two-dimensional band structures of EP and DP systems in the parameter space. @;, @,, @3, and @4 denote the
eigenenergies of the two systems. (a) Real part of the three-dimensional energy band structure of the EP circuit system. (b) Imaginary part of
the three-dimensional energy band structure of the EP circuit system. (c) Real part of the three-dimensional energy band structure of the DP
circuit system. (d) Imaginary part of the three-dimensional energy band structure of the DP circuit system. (e), (f) Real and imaginary parts of
the two-dimensional energy band structure of the EP system for a fixed parameter p. (g), (h) Real and imaginary parts of the two-dimensional

energy band structure of the DP system.

In the Hermitian limit (y = 0), our system transitions
from EP to DP. For the DP system, as the coupling coef-
ficient p increases, the system’s eigenfrequencies gradually
split from the resonance frequency of the LC circuit into a low-
frequency and a high-frequency branch. We will gradually
increase the coupling coefficient 4 and measure whether the
system’s eigenfrequencies at different u values align with the
theoretical frequency shifts near the DP. The band diagrams
in Fig. 3 provide the theoretical foundation for our subsequent

simulations and experimental work.

3. Frequency change of PT symmetric circuit
3.1. EP system

To further investigate the working principle of this PT-
symmetric dimer circuit, we will use the simulation soft-
ware Advanced Design System (ADS) to simulate the circuit
system. We will obtain time-domain waveforms for differ-
ent gain—loss strength, then perform fast Fourier transform
(FFT) on the time-domain waveforms to convert them into
frequency-domain waveforms, thus obtaining the eigenfre-

quencies for different y values. Through the ADS simulation,
we find that the waveforms at the two nodes, V; and V>, in the
circuit system have the same frequency, with only the voltage
amplitudes differing. Therefore, we will only display the typ-
ical waveforms at the V, node in three parameter regions, as
shown in Fig. 4.

For the EP system, we obtain waveforms for different val-
ues of the parameter ¥ that include three regions. As shown
in Figs. 4(a) and 4(e), first is class I, where the time-domain
waveform is the superposition of two sinusoidal signals with
different frequencies. As shown in Figs. 4(c) and 4(g), next
is class II, where the time-domain waveform is the superpo-
sition of a sinusoidal signal with a specific frequency and an
exponentially growing signal. As shown in Figs. 4(d) and 4(h),
finally is class III, where the time-domain waveform consists
only of an exponentially growing voltage signal. As shown
in Figs. 4(b) and 4(f), the boundary between class I and the
class II is the second-order EP. At the EP, the circuit’s eigen-
frequencies @ > and ;3 4 coincide, leading to the second-order
EP. At this point, the eigenfrequency of the circuit system is
the frequency contributed by the EP.

128402-4
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Time domain waveform Time domain waveform
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Fig. 4. Time domain and frequency domain waveform diagrams of the EP circuit system with a fixed coupling coefficient of u = 0.45 in
different intervals. (a), (¢) Time domain and frequency domain waveforms within the PT-symmetric interval. (b), (f) Time domain and
frequency domain waveforms at the EP. (c), (g) Time domain and frequency domain waveforms within the PT-symmetry breaking interval. (d),
(h) Time domain and frequency domain waveforms within the complete exponential growth interval.

3.2. DP system

Our circuit design also supports the realization of the DP
circuit system. For the DP system, we observe two modes of
waveforms. As shown in Figs. 5(a) and 5(c), the first mode
consists of a sine wave voltage signal at the LC coil resonance
frequency, corresponding to the second-order DP of the sys-
tem. As shown in Figs. 5(b) and 5(d), the second mode is a
mixed waveform containing two frequencies. As the induc-
tive coupling coefficient increases, the two frequency modes
gradually separate from each other. The resonance frequency
contributed by the LC coil decreases at a slower rate, while
the frequency contributed by the change of coupling coeffi-
cient increases at a faster rate.

Time domain waveform Time domain waveform

1. — =0 L5y =03
< 1.0 ~ 1.0
~ 0.5 E, 0.5
9 o
Y 0 o 0
= 2
5 —0.5 < —0.5
> >
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0 0.2 04 06 0.8 1.0
Time (1073 s)

%requency domain waveform
1

0.2 0.4 0.6 0.8
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Frequency domain waveform
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£=19.30 kiz
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1.5 20 2.5
Frequency (10% Hz)

3.0

Fig. 5. Time domain and frequency domain waveforms of the DP circuit
system with different coupling coefficients. (a) and (c) Time domain
and frequency domain waveforms at the DP. (b) and (d) Time domain
and frequency domain waveforms away from the DP.

4. Experimental setup and results

In the PT-symmetric circuit breaking transition experi-
ment, for the EP system, we fixed the coupling coefficient of

the inductors on both sides and varied the values of the posi-
tive and negative resistors on each side to change the system’s
gain—loss coefficient . This allowed us to observe changes in
the circuit’s time-domain waveform. We then used the FFT
function of the oscilloscope to measure and obtain the sys-
tem’s eigenfrequencies.

To precisely adjust the resistance values of the left and
right positive and negative resistors and visualize them, we
will use a programmable resistor module instead of the com-
mon potentiometer. It is important to note that as the y
value gradually increases, meaning the positive and nega-
tive resistors on both sides gradually decrease, the system
first enters the PT-symmetric region. Then, as the y value
increases, the system passes through the EP and enters the
symmetry-breaking region, eventually reaching the fully os-
cillatory growth region. When the circuit system operates in
the latter two regimes, the frequency components include ex-
ponentially growing modes, causing the voltage to increase ex-
ponentially. This poses challenges for our experiments. There-
fore, we adopted an alternative but equivalent approach: using
a signal generator as the input source, with the voltage am-
plitude set to 1 V and the frequency tuned to the fundamental
frequency of the LC circuit. This setup enables us to better
observe the frequency response of the PT-symmetric dimer
circuit. To avoid FFT data distortion caused by the voltage
range limitations of the oscilloscope, we analyze the voltage
waveform measured by the oscilloscope over the time inter-
val from O to 0.16 ms. In the DP system, we adjust the cou-
pling strength by changing the distance between the two induc-
tors on either side, and analyze the voltage waveform within
the time interval from O to 1 ms. When using the oscillo-
scope’s frequency spectrum analysis function, to prevent low-
frequency and high-frequency noise generated by the system

and environment from affecting subsequent measurements, (!}
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we need to set the digital filter for the channel under test
to bandpass filter mode. Finally, we compare the measured
eigenfrequency data with the theoretical and simulation data,
and as shown in Figs. 6(a) and 6(b), all three match very well.
Figures 7(a) and 7(b) show the top-view PCB layouts of the
EP and DP systems, while Figs. 7(c) and 7(d) present their
corresponding experimental platform setups.

2D energy bands

1.5
(a)
* Sk
=
3
3 10}
3
5}
ot
=== Theory
[J Simulation
% Experiment
O'50 0.2 0.4 0.6 0.8
Y
2.0 ZP energy bza:nds
=== Theory (b)
[J Simulation
. 151 s Experiment
3
S
3 1.0%
9]
~
0.5
00 0.2 0.4 0.6

I3

Fig. 6. The 2D band diagrams of EP and DP systems, with the line
representing theoretical predictions, squares representing simulation re-
sults, and stars representing experimental data. (a) Theoretical, sim-
ulation, and experimental results for the EP system. (b) Theoretical,
simulation, and experimental results for the DP system.

? d . / . \ '
l p:l P%:fe

(c) EP experimental platform

(d) DP experimental platform

Fig. 7. Experimental platform and PCB top view.

5. PT symmetrical sensing circuit

In the previous sections, we have verified the existence of
second-order EP and DP in our circuit system through theo-

retical analysis, simulations, and experiments. Next, we will
investigate the sensitivity of the system under external pertur-
bations. In our system, perturbations can occur in any com-
ponent of the RLC circuit structure, i.e., by varying either
or 7 in the two-dimensional parameter space. However, in
practical scenarios, changing the parameter Y requires simul-
taneously adjusting both the positive and negative resistances.
Negative resistance implemented using operational amplifiers
is highly sensitive to feedback resistor values, and it is chal-
lenging to achieve simultaneous and precise adjustments of
both positive and negative resistances under external perturba-
tions. To align with practical sensor circuit designs, we ulti-
mately consider using perturbations to vary the parameter U,
thereby shifting the circuit system away from the EP. Another
advantage of this design is that the coupled inductors can serve
as platforms for detecting various physical quantities such as
pressure, velocity, and temperature, endowing our system with
multi-parameter sensing capabilities.

After determining that the perturbation acts on the induc-
tors L to alter the coupling coefficient, we use the ADS sim-
ulation software to simulate this perturbation. In our system,
changes in the coupling coefficient of the two inductors affect
the overall impedance of the system, which in turn directly in-
fluences the transmission properties of the entire sensing cir-
cuit. The minimum point of the Sj; parameter of the sensing
circuit corresponds to the impedance matching condition, in-
dicating minimal return loss at that point. We can determine
the frequency variation of the sensing circuit under different
perturbation strengths by comparing the frequency values cor-
responding to the minimum of the reflection coefficient.[¥%3]

When configuring the circuit system in the simulation
software, all component parameters are kept consistent with
those used in the study of PT-symmetric circuit phase tran-
sitions, except for the coupling coefficient between the two
inductors, which is varied through a parameter sweep. Ad-
ditionally, our circuit includes a signal source and a match-
ing impedance Z, as shown in Fig. 1. This readout design
ensures that the entire sensing network remains impedance-
matched with the internal impedance of the signal gener-
ator near the EP, thereby avoiding reflection of backward-
propagating waves into the generator. [**! Next, an S-parameter
simulator and a parameter sweep controller are added to the
simulation circuit. The S-parameter simulator is used to mea-
sure the S1; parameter of the sensing circuit, while the param-
eter sweep controller performs a stepwise scan of the pertur-
bation strength applied to the coupling coefficient between the
two inductors. The perturbation strength & is set to range from
0 to 0.1 to simulate the variation in the S;; parameter of the
circuit under weak perturbation.

Next, we will theoretically analyze the dependence of the
S11 parameter on small perturbations & by performing a se-
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ries expansion of the eigenfrequencies near the EP and DP. It
is important to note that due to the degeneracy of eigenstates
at the EP, the traditional Taylor series expansion is no longer
applicable and should be replaced by the Puiseux series. For
our system, the series expansions at the EP and DP yield the
following conclusions:

Swpp = 04283 +0.22E1 +0.23E3 +0(E3) +---, (16)
Ly 30 543 4
Sapp = &'+ 287+ & +o(Eh) 4.
As shown in Figs. 8(a) and 8(b), when the perturbation

A7)

£ is 0, both the EP and DP systems operate exactly at the
second-order EP and DP, respectively, and there is only one
resonance frequency in the reflection coefficient spectrum. As
the perturbation strength £ gradually increases, the entire sens-
ing circuit system deviates from both the second-order EP and
DP, leading to the emergence of another resonance frequency
that shifts to the right. We extract the shifts in these resonance
frequencies, denoted as d @, and present them in Fig. 8(c).
When analyzing Eqs. (16) and (17), we focus only on
the lower-order terms in the series expansions that have the
dominant influence on the results, i.e., we truncate the expan-

sions to the first-order terms. From Fig. 8(c), we observe

EP sensing
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that the eigenfrequency shift near the EP is proportional to
E1/2) whereas near the DP it is proportional to &', which is
in perfect agreement with our theoretical predictions. Among
the existing methods for defining the sensitivity of sensing

(31611 our approach is similar to that used for calculat-

circuits,
ing eigenfrequency shifts. We adopt the widely accepted term
responsivity to characterize and represent the amplification of
the detected signal, using it to describe the sensing systems re-
sponse precision to external perturbations as part of the overall
sensitivity characterization of the system. Specifically, we de-
fine the responsivity of EP and DP systems as the first-order
derivative of the eigenfrequency shift 6 with respect to the
perturbation strength . The expression for the responsivity S

is given by
(18)

As shown in Fig. 7(d), under the same external perturbation
strength, the frequency shift in the EP system is significantly
larger than that in the DP system, thus achieving a higher per-
turbation responsivity.

DP sensing
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Fig. 8. Reflection coefficient and responsivity near the EP and DP. (a) Magnitude of the Sj; reflection coefficient for the EP sensing system
under different perturbation strengths. (b) Magnitude of the S; reflection coefficient for the DP sensing system. (c) Eigenfrequency shifts at EP
and DP; the dashed line indicates the expression of the corresponding series expansion truncated at first order. (d) Comparison of responsivity
at EP and DP. Component values are chosen as follows: L =6.78 mH, C = 10 nF, R = 1590 Q, Z = 50 Q. For the EP sensing system, u = 0.45;

for the DP system, y = 0.

6. Conclusions

In this work, we present the theoretical analysis, simula-
tions, experimental realization, and potential applications of
PT symmetry in electronic circuit systems. First, we introduce
the basic structure of a PT-symmetric circuit dimer. Unlike
previous work, our dimer circuit operates under weak coupling

conditions and employs a coupling inductor as the foundation
for a sensing platform. The weak coupling regime is more fea-
sible in practical scenarios, and the tunability of the coupling
strength via the inductor offers flexibility for future sensing
circuit designs. Subsequently, through circuit simulations and

experiments, we obtain eigenfrequency variation plots that are
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consistent with theoretical predictions and simulations. Our
work also provides the theoretical derivation, simulation re-
sults, and experimental verification of a corresponding DP cir-
cuit system. Based on the distinct frequency characteristics
near the EP and DP, we propose circuit sensing designs uti-
lizing both regimes. Finally, by applying perturbation the-
ory and performing both simulation and measurement of the
S11 parameters near the EP and DP, we provide stronger evi-
dence compared to previous studies that the responsivity at the
EP is significantly higher than that at the DP, highlighting the
substantial advantage of EP-based systems in sensing applica-
tions. Although numerous studies have demonstrated that the
responsivity is greatly enhanced at the EP, the SNR of the sys-
tem does not show a corresponding improvement. To simulta-
neously enhance the SNR of EP-based sensing systems, recent
works have proposed utilizing the transmission peak degener-
acy effect to achieve a threefold increase in SNR.[?! Alter-
natively, randomly generated EPs in sensors can benefit from
environmental noise through stochastic resonance, thereby im-
proving the SNR.[>> These approaches enable EP sensors to
achieve higher precision and robustness.

By tuning the circuits operating parameters and structural
topology to reside near the EP, the PT-symmetric system lever-
ages its singularity to achieve sensing sensitivities far exceed-
ing those of conventional techniques, while also enabling ef-
ficient, stable wireless power transfer. Our results promise
to accelerate the maturation of emerging applications, such
as ultra-high-sensitivity optical sensors,[”®! precision parame-
ter detection, [°’! and near-lossless energy transmission*®! and
thus have opened new avenues for integrating actual electrical
devices with advanced circuit architectures.
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