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ABSTRACT: Parity-time (PT) reversal symmetry, as a representative example in the field of non-Hermitian physics, has attracted
widespread research interest in the past few years due to its extraordinary wave dynamics. PT symmetry enables unique spectral singular-
ities including the exceptional point (EP) degeneracy where two or more eigenvalues and eigenvectors coalesce, as well as the coherent
perfect absorber-laser (CPAL) point where laser and its time-reversal counterpart (i.e., coherent perfect absorber) can coexist at the same
frequency. These singular points not only give rise to new physical phenomena but also provide new plausibility for building the next-
generation sensors and detectors with unprecedented sensitivity. To date, investigations into EPs and CPAL points have unveiled their
great potential in various sensing scenarios across a broad spectral range, spanning optics, photonics, electronics, and acoustics. In this
review article, we will discuss ongoing developments of EP- and CPAL-based sensors composed of PT-synthetic structures and offer a

glimpse into the future research directions in this emerging field.

1. INTRODUCTION

ensing is a fundamental piece of technology in modern so-
Sciety that has enabled us to perceive and comprehend the
intricacies of the world through the measurement of physical,
chemical, or physiological quantities such as motions [1-3], vi-
tal signs, and concentration of gas, molecules, and ions [4-8].
Particularly, with the rapid advent of the wireless and lightwave
technologies, there has been an explosive proliferation of con-
nected smart devices, fostering a rich landscape of informa-
tion exchange among humans, devices, and intelligent termi-
nals [9, 10] imposing an unprecedented demand for sensors and
sensor networks [11,12]. Wireless sensors have shown their
importance in a wide range of applications where wired con-
nection is difficult or impossible; examples include healthcare
diagnostics [1-15], environmental monitoring [16—18], intel-
ligent vehicles [19,20], and food quality control (smart pack-
aging) [21,22] that leverage the variation of different physi-
cal and/or chemical signals. When considering scenarios like
nano-crack sensing [23, 24], nondestructive evaluation for civil
infrastructures [25,26], and single-nanoparticle sensing [27],
the need for sensors capable of detecting subtle perturbations
becomes even more critical.

Conventional electromagnetic sensing technologies are
mainly based on the Hermitian degeneracy-diabolic point
(DP) [28,29]. At the DP, only eigenvalues will degenerate,
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while the corresponding eigenvectors remain orthogonal. Per-
turbations can lead to a linear shift in the resonance frequency
and variation in the resonance line shape. Typically, the
resonance frequency shift (Aw) around a DP scales linearly
with the strength of the perturbation (¢): Aw  e. This linear
scaling poses a challenge when dealing with extremely small
perturbations, as the shift may not be distinguished, especially
when the system exhibits a low-Q resonance. In this regard,
researchers have extended the investigations from Hermitian
to non-Hermitian systems in pursuit of higher sensitivity.
Non-Hermitian physics [30], a century after the birth of
quantum mechanics, has revolutionized our understanding
that real eigenvalues can be found even in a non-Hermitian
Hamiltonian, which commutes with combined parity (P) and
time-reversal (7°) operators, so-called PT symmetry [31-35].
PT-symmetry was first proposed by Bender and Boettcher
in 1998 [36]. A few years later, the notion of PT symmetry
was extended to more generalized non-Hermitian Hamil-
tonians [37], followed by the investigation of the spectral
singularities arising from PT symmetry. There are two main
types of singularities: exceptional point (EP) and coherent
perfect absorber-laser (CPAL) point. The former singularity
can be classified as a unique spectral degeneracy that divides
the PT-symmetric system into broken and exact PT symmetry
phases, for which the eigenvalues of Hamiltonian evolve
from complex conjugate pairs in the broken phase to real
numbers in the exact phase, with eigenvalues coalescing at the
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The first experimental observation of
PT-symmetric EP in optics [40].
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of PT symmetry to a broader class of
non-Hermitian Hamiltonians [37].

The first theoretical proposal of PT-
symmetric exceptional point (EP)
from the non-Hermitian operators
[38].
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The first theoretical proposal of
another singular point of PT
symmetry, the coherent perfect
absorber-laser (CPAL) point [41].
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observation of CPAL point in a
photonic structure [42].

The first successful experimental
observation of CPAL point in an
electronic structure [43].

2021

FIGURE 1. Chronological overview of key milestones in the evolution of parity-time (PT) symmetry and its spectral singularities.

transition point-EP [44-47]. Unlike a DP, both eigenvalues
and eigenvectors coalesce at an EP. The EP-singularity has
given rise to many applications, including unidirectional
reflectionless propagation [48-50], non-reciprocity [51-59],
single-mode lasing [60], high-performance encryption [61, 62],
and robust wireless power transfer [63—68], to name a few. In
addition to the EP, another self-dual singularity arises in the
broken PT symmetry phase, where the two eigenvalues of the
system’s scattering matrix become zero and infinity at the same
frequency which respectively stand for the coherent perfect
absorption (CPA) and lasing [69-71], the so-called CPAL
point [41]. CPA is generally regarded as the time-reversed
counterpart of lasing [72], so in a common sense they cannot
coexist in the same structure at the same frequency. However,
PT-symmetric physical systems can make these two opposite
phenomena coexist [73], leading to several new applications
such as low-threshold lasing [74], superdirective antennas
and artificial medium with extreme refractive index [75, 76],
and high-contrast optical switching [42]. Fig. 1 illustrates
some important milestones of exotic physics associated with
EP and CPAL singularities in the PT-symmetric physical
systems [38—43].

While non-Hermitian and PT-symmetric structures have
been widely studied in control and manipulation of waves [77—
79], the pronounced sensitivity under perturbations near EP
and CPAL singularities have also been proposed to realize ul-
trasensitive sensors beyond traditional DP-based sensors [80],
which will be discussed in detail in this review article. This
paper is structured as below. First, we will briefly discuss
working principles and applications of EP-based optical,
electronic, and acoustic sensors. Then, we will elucidate
the CPAL-based monochromatic sensing technique and its
practical realization. Finally, we will provide an outlook on the
state-of-the-art PT sensors and some future research directions.
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2. EXCEPTIONAL POINT-BASED SENSORS

2.1. Principle of EP-Based Sensing

Let us first consider a PT-symmetric optical system consist-
ing of a pair of optical resonators with gain (—ig/2) and loss
(ig/2), and an energy coupling rate (k) between them, as
shown in Fig. 2(a) [81]; throughout this review paper, we adopt
the time-convention exp(iwt). One can write the dynamics of
this structure using the couple-mode theory (CMT) [82]

S(8) - (" ot
(1)

where 1(t) = (a(t),b(t))T, a(t) and b(t) stand for the am-
plitude of eigenmodes; H denotes the effective Hamiltonian
of the system; and w; and w- are the resonance frequencies
of two resonators. With an averaged uncoupled resonance fre-
quency defined by wy = (w1 +w2)/2 and a frequency detuning
§ = |w1 — wa|/2, the eigenfrequencies can be obtained as

wi =wp % 4k% — (g + 240)2. )
When g < 2k and § = 0 (i.e., negligible frequency detun-
ing), the eigenfrequencies are purely real and unimodular, cor-
responding to the exact PT-symmetric phase. When g > 2k,
the eigenfrequencies become a complex conjugate pair, corre-
sponding to the broken PT-symmetric phase. In this regard, the
transition point between two phases ¢ = 2k is the EP (high-
lighted in Fig. 2(b)), at which the Taylor series expansion be-
comes singular and fails to converge, owning to the bifurcation
effect. In the proximity of the EP, if a small perturbation occurs
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FIGURE 2. (a) Schematic of a PT-symmetric optical system based on coupled optical resonators doped with gain and loss. The energy difference
and coupling rate between the two resonators are g and . (b) Evolution of eigenfrequencies as a function of the ratio of energy difference to
coupling rate; the exceptional point (EP) is observed at g = 2k. (c) Contours of the eigenfrequencies as a function of real and imaginary parts of
perturbations for an EP sensor (left panel) and a DP sensor (right panel). (d) Schematic of a PT-symmetric electronic circuit consisting of an active
—RLC oscillator and a passive RLC oscillator (e) Eigenfrequencies of the electronic PT system in (d) as a function of the non-Hermiticity v (top
panel) or the coupling strength « (bottom panel). (c) is reprinted with permission from Ref. [83]. Copyright ©2017, Springer Nature; (d) and (e) are

reprinted with permission from Ref. [87]. Copyright ©2022, IEEE.

on the gain side (i.e., ¢ < 1), the eigenfrequencies splitting
is given by Aw = +/e(g +¢) ~ (ge)'/2. This property can
be exploited to build ultrasensitive optical sensors that can ex-
hibit enhanced sensitivity under small perturbations compared
to DP-based sensors [see Fig. 2(c)] [83].

In PT-symmetric electronics, resonators with spatially-
distributed, balanced gain and loss can be readily realized
using an active-RLC oscillator and a passive RLC oscillator,
which are contactlessly coupled via a mutual inductance,
mutual capacitance, or both, as shown in Fig. 2(d). In PT-
symmetric electronics, applying the Kirchhoff’s law to the
circuit in Fig. 2(d) leads to the following results [84, 85]

~
~

Q1 | dPQy  1dQy

@z gz Ty T =0

*Q d*Q aQ ©
2 1, 1dQa _

dr? o dr? + dr Q2 =0,
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where Q) denotes the charges stored in the capacitors; sub-
scripts 1 and 2 represent the active and passive oscillator, re-
spectively; 7 = wot; the resonance frequency of two oscillators
wo = 1/(LC)"/?; the non-Hermiticity (or gain-loss parameter)
v = R™Y(L/C)?; the coupling strength x = M /L where
M (L) is the mutual (self) inductance. The results in Eq. (3)
can be casted into Liouvillian formalism, with an effective non-
Hermitian Hamiltonian given by

0 0 1 0
. 0 0 0 1
Her =1 -1 K 1 K 4)
1—k2 I:tfz 7(1:52) '7(1:152)
1-k2  1-k2  ~(1-k2?) ~(1—-kr2)
from which the eigenfrequencies can be derived as
292 — 14 /1 — 472 + 4y2K2 )
Wio =w .
b2 22 (1= w?)
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FIGURE 3. (a) Scanning electron microscope image of the EP-based plasmonic sensor. The top view and side view are shown in the right panel. (b)
Measured frequency detuning for the EP and DP configurations when perturbed by a thin dielectric coating. (c) and (d) are the optical microscope
image of the EP- and DP-based optical microcavity sensor (e) and (f) correspond to their normalized transmission spectra of before and after the
nanoparticle-induced perturbation is applied. (a) and (b) are reprinted with permission from Ref. [88]. Copyright ©2020, Springer Nature; (c) and
(e) are reprinted with permission from Ref. [83]. Copyright ©2017, Springer Nature.

The Hamiltonian in Eq. (4), although non-Hermitian, can com-
mute with the combined P7 transformation, i.e., [PT, H] =
0[86]. When the non-Hermiticity and coupling strength exceed
certain critical values, the eigenfrequency bifurcation effect can
be obtained, as can be seen in Fig. 2(e). Therefore, when a re-
sistive or reactive perturbation € < 1 is introduced to the elec-
tronic PT dimer operating at the EP, high sensitivity in terms of
resonance frequency shift (which is boosted by eigenfrequency
splitting) can be attained.

2.2. EP-Based Optical Sensors

The mathematical structural similarity between Maxwellian
and Schrodinger systems makes optical and photonic systems a
fruitful playground for experimental studies of non-Hermitian
physics, PT symmetry, and EPs. A representative exam-
ple is the two-layer plasmonic resonant structure shown in
Fig. 3(a) [88], where two dissimilar layers of plasmonic res-
onators are separated by a polymer spacer with one layer ex-
posed to the air such that it can be functionalized for sensing
applications. If the same plasmonic structure is used in both
layers, the system exhibits a DP, rather than an EP. The sys-
tem can be readily reconfigured to exhibit an EP by breaking
the geometric symmetry through proper misalignment between
two layers [see the inset of Fig. 3(a)]. In order to study the sens-
ing performance, a thin dielectric layer that introduces pertur-
bation ¢ is deposited on the top layer. The authors have tested
both EP and DP-based plasmonic structures, and observed that
a resonance frequency shift Aw oc £'/2 is obtained in the EP
configuration, while a linear change Aw « ¢ is obtained in
its DP counterpart. Therefore, under small perturbations EP-
based sensors can outperform DP-based sensors, as can be seen
in Fig. 3(b). Chen et al. compared the performance of EP- and
DP-based optical sensors formed by a micro-toroid cavity with
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parasitic Rayleigh scatterers (silica nano-tips) [83] as shown in
Fig. 3(c). When two Rayleigh scatterers are removed, the opti-
cal cavity is reconfigured to a DP structure [see Figs. 3(d) and
3(e)], which allows the authors to compare the sensing perfor-
mance of DP and EP structures. In this case, perturbation is in-
troduced by a silica nano-tip placed in the vicinity of the micro-
toroid cavity [see Fig. 3(f)]. From the measured transmission
spectrum shown in Figs. 3(e) and 3(f), it is evident that the EP-
based optical sensor shows a greater frequency detuning, and
once again, the shift of transmission dips verifies the theoret-
ical result that EP (DP) configuration follows the square-root
(linear) scaling rule under small perturbations.

In [90], Lai et al. have demonstrated that an optical gyro-
scope [see Fig. 4(a)] operating near an EP can have an enhanced
sensitivity in detecting the rotation and Sagnac effect. To sat-
isfy the EP condition, two pump waves with frequency detun-
ing Aw, are fed into a microresonator inducing two stimulated
Brillouin laser (SBL) in counter-propagation directions. The
EP is obtained when Awy, is at the critical value Aw, where the
measured SBL beating angular frequency undergoes a bifur-
cating effect. When compared with the Sagnac value obtained
in conventional optical gyroscope (i.e., 2rD/(ngA) where D
is the diameter of the microresonator, ng the group index of
the passive cavity mode, and A the SBL wavelength [91]),
the EP-enhanced optical gyroscope can have a boost factor
of Aw,/y/Aw?2 — Aw?, which can substantially increase the
Sagnac factor when Aw, is mall. Recently, the optical sys-
tem composed of multiple gain-loss pairs has been proposed to
achieve a higher-order EP, which can further amplify the bi-
furcation effect, as Aw oc e/, where N is the order. As re-
ported in [92], a system consisting of four racetrack microring
resonators [see Fig. 4(b)] can be tuned to exhibit a fourth-order
EP. The relationship between wavelength splitting and cladding
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FIGURE 4. Schematics of (a) the EP-based optical gyroscope, and (b) higher-order EP-based optical sensor based on multiple racetrack microring
resonators. (c) Measured wavelength splitting against refractive index change for the higher-order EP-based sensor in (b). (a) is reprinted with

permission from Ref. [90]. Copyright ©2019, Springer Nature.

refractive index change exhibits a slope of 1/4 on the logarith-
mic scale, as shown in Fig. 4(c). Such results are in good agree-
ment with the above theoretical predictions and further verify
that higher order EP may imply higher sensitivity.

Despite the great potential of EP-based optical and photonic
sensors, there are still concerns about using an EP for sens-
ing applications, since their spectral degeneracy may also am-
plify unwanted flicker noise at the same level. Indeed, high
entropy and uncertainty around an EP singularity may pose
challenges in practically achieving high signal-to-noise ratio.
In [93], Langbein claimed that the achievable sensitivity would
be questioned due to the inevitable presence of time-fluctuating
noise from the environment during the experiment [81]. In [94]
Chen et al. reached a similar conclusion using the quantum
Fisher information theory. In [95], Duggan et al. provided a
complete study for passive and active optical EP sensors. To
mitigate the influence of noise, two approaches may be con-
sidered. The first utilizes feedback loops to fine tune system
parameters based on noise, forcing the system to operate pre-
cisely at an EP [83,96]. The other approach requires changing
the sensing mechanisms in non-Hermitian structures, such as
monochromatic CPAL-based sensors discussed in the next sec-
tion. The first solution may increase the cost and complexity
of implementation, whereas the second approach may require
precise and coherent control of the amplitude and phase of two
incident waves. The practical use and deployment of EP-based
optical sensors still requires more investigations, especially in
noise analysis and suppression.
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2.3. EP-Based Electronic and Acoustic Sensors

Beyond the exploration of EP sensors in the optical domain,
their realizations in electronics and acoustics have also emerged
in the past decade. A representative example of the electronic
EP sensor was demonstrated in 2018 [86] and illustrated in
Fig. 5(a). In this work, the generalized PT-symmetric elec-
tronic circuit was built using the inductively coupled gain and
loss, which in the realm of electronics are composed of an ac-
tive —RLC oscillator (reader) and a passive RLC oscillator (mi-
crosensor), respectively, as can be seen in Fig. 5(a). When
a pressure-induced capacitive perturbation arises in the sensor
(RLC oscillator), the resonance frequency shift can sensitively
respond to it, in light of bifurcating eigenfrequencies near an
EP. This is in sharp contrast to conventional telemetric sensing
systems using a passive coil antenna to interrogate the same
sensor, as can be seen in Fig. 5(b). Moreover, the general-
ized PT-symmetric electronic system with additional recipro-
cally scaling symmetry can relax constraint on the gain-loss bal-
ance. Noticeably, the generalized PT-symmetry and standard
PT symmetry share the same eigenspectrum but different eigen-
states, allowing tailoring the resonance lineshape/linewidth and
Q-factor that affect the sensing resolution. This pioneering
work opens up a new avenue for wireless sensing solutions,
addressing the longstanding challenges of wireless readout of
passive micro/nanosensors.

Later on, the 6™-order EP-based electronic sensor [see
Fig. 6(a)] was proposed to further increase the sensitivity of the
electronic EP sensors and suppress the effect of noise [97]. In
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FIGURE 5. (a) Diagram of the traditional (left panel) and the EP-based PT-symmetric (right panel) telemetric sensing system (b) Evolution of
frequency detuning under perturbations, measured by the traditional (left panel) and EP-based (right panel) telemetric sensing systems. (a) and (b)
are reprinted with permission from Ref. [86]. Copyright ©2018, Springer Nature.

this higher-order PT electronic system, the resonance frequency
splitting follows Aw oc e'/4. Therefore, when the mutual
capacitance is disturbed by, for example, microfluid, pressure,
and acceleration-sensitive capacitor, the resonance frequency
shift can be dramatic. Notably, this work compares sensitivity
with that of the DP-based electronic sensor to manifest the
enhancement brought by the EP-based structure. This work
also studies the noise figure of the EP-based electronic sensor
and shows that the noise figure is very small in higher-order
PT electronic systems, with a noise power spectrum density
close to zero. In this context, recently, a similar EP-based ac-
celerometer utilizing transmission peak degeneracy (TPD) [see
Fig. 6(b)] was proposed to suppress the excess noise sourced
from the eigenbasis collapse and amplification of devices’
noise at an EP [98, 99]. In this design, two shunt “—RLC” and
“RLC” oscillators are capacitively coupled, and one terminal
of the coupling capacitor is connected to the test mass; two
capacitors C, are used to couple signals to a transmission
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line for data acquisition. Different from those EP-based
sensors relying on the frequency detuning, this accelerometer
measures the difference between EP and TPD via a weakly
coupled transmission line. This EP-based accelerometer can
achieve the desired sensitivity as typical EP-based sensors,
while conserving the complete eigenbasis to avoid the noise
due to the eigenbasis collapse. The measurement results
show a three-fold reduction in the noise enhancement factor,
effectively mitigating the amplification of naturally existing
technical noise such as thermal and flicker noise.

EP-based acoustic sensors have also sparked considerable in-
terest [100—103]. In [104], an invisible EP-based acoustic sen-
sor is presented [see Fig. 6(c)]. The system comprises an ac-
tive and a passive loudspeaker separated by an acoustic trans-
mission line. Here, we must stress that in contrast with the
conventional EP sensors monitoring the splitting of the eigen-
frequencies, this acoustic EP sensor makes use of the power
absorbed by the passive loudspeaker as the sensing principle.
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At the EP found in the eigenvalues of the scattering matrix,
anisotropic transmission resonance (ATR) [105] can be ob-
served where reflections at the two ports are zero and unitary,
respectively. The scattering matrix (S) of the PT acoustic sys-

R . t
tem shown in Fig. 6(c) can be written as: S = ( , Tt+ ) =
el 9 2621'1
< 0 pic ) , where ¢t and r are transmission and re-

flection coefficients on right and left sides, and z is the acous-
tic length between two loudspeakers. It is obvious that when
sound waves are incident from the left, the structure can be in-
visible (i.e., r— = 0). Furthermore, by sending acoustic waves
from the active loudspeaker side, the incident wave may be
fully absorbed (sensed) by the passive loudspeaker that acts as
an acoustic power sensor. This concept, although proven in
the field of acoustics, may also be applied to optical and elec-
tronic sensors [106]. Another EP-based elastic sensor utiliz-
ing the eigenfrequency splitting is presented in Fig. 6(d) [107].
This sensor comprises two springs with conceptually complex
spring constants loaded on two sides of the elastic media. A
point mass placed in the middle of the structure introduces per-
turbation to the system. When the loaded mass increases, the
eigenfrequencies of the system undergo the bifurcation pro-
cess, which, in some sense, is similar to the EP-based elec-
tronic and optical sensors. Emerging EP-based sensors in op-
tics [77,108-111], plasmonics [112], electronics [113—118],
and acoustics [119,120] indeed open up new directions for
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development of the next-generation electromagnetic sensors.
They can be used in a variety of applications, ranging from the
detection of nanoparticles to the measurement of macroscopic
physical/chemical quantities. Despite several ongoing research
on how to eliminate the effects of noise generated near an EP,
EP-based sensors may see a bright future as technological ad-
vancements in device fabrication and measurement instruments
are expected to effectively address the noise issues.

3. COHERENT PERFECT ABSORBER-LASER-
ENABLED SENSING

Back in 2010, Longhi mathematically demonstrated that PT-
symmetry enables lasing and its time-reversed counterpart CPA
to coexist within a single optical cavity, so-called CPAL phe-
nomenon [41]. Consider the PT-symmetric metasurfaces in
Fig. 7(a) [121-124], gain and loss separated by a dielectric
spacer represented by an active metasurface with surface con-
ductance Ggain = —1Y0 and a passive metasurface with Glogs =
1Yo where 7 is the dimensionless gain-loss factor, and Yj is
the characteristic admittance of free space. This PT optical
system can be modeled using an equivalent transmission line
network model shown in Fig. 7(b). Assume that there are two
light waves impinging from both sides of this cavity as | ¥;,) =
(¢;t )T, where ¢ is the wave amplitude, and 4 denotes light
incidents from the top and bottom directions [see Fig. 7(a)]. The
incident and outgoing light can be related by the scattering ma-

trix (S) as: | You) = S |in) Where | Your) = (Vi You) T
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as a function of the gain-loss factor (left) and output factor in the lasing mode and the CPA mode (right). (a), (b), and (c) are reprinted with permission

from Ref. [122] Copyright ©2020, American Chemical Society.

The scattering matrix simply reads

_(t T+
=( )

21 csc(x) —n(n+2) sin(x) (©)
B —24n>F2icot(w)  —2+n?+2icot(x)
- —n(n—2) sin(x) 2i csc(x) ’
—2+n2+2icot(x)  —2+n2+2icot(x)

where 4 represents the reflection coefficients, ¢ the transmis-
sion coefficient, and x the electrical length of the dielectric
spacer. One can easily verify that the scattering matrix satis-
fies the relation S*(w) = PTS(w)PT = S~ '(w). The PT
phase transition can be observed from the eigenvalues of the
scattering matrix. For a quarter-wavelength dielectric spacer
(ie., x = 7/2), the eigenvalues degeneracy is obtained at
nep = 2, as shown in Fig. 7(c). The CPAL point (1jcpar = v/2)
can be obtained in the broken PT-symmetric phase, for which
one eigenvalue approaches infinity (i.e., lasing mode), while
the other eigenvalue is zero (i.e., CPA mode). Of course, it is
impossible to achieve an infinite eigenvalue in the experiment,
since electronic and optical components with nonlinearities and
a limited dynamic range prevent the eigenvalue from becom-
ing infinite. Therefore, in practice, the “lasing” point should be
referred to as the “amplification” or “emitter” point. The out-
put factor of the system can be defined as the ratio of the total
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output power (proportional to Wout>2) to the total input power
(proportional to [14in)?): © = [Yhou)” / [¥in)” - Ideally, the sys-
tem locked at the CPAL point has a zero output factor (6 — 0)
when ;" /¢ = i(v/2 — 1), or an infinitely large output factor
(© — o) when ;" /4 # i(v/2 — 1), as shown in Fig. 7(c).

The CPAL point as a self-dual singularity can also be ex-
ploited to build ultrasensitive sensors. A CPAL-based metasur-
face sensor was reported in [122]. As illustrated in Fig. 8(a),
the optically-pumped active metasurface with negative surface
conductance [125, 126] is paired with a lossy resistive sheet.
The CPAL sensor is initially locked at the CPA state with out-
put factor being nearly zero (© =~ 0). Upon resistive or re-
active perturbation, the operating state of the system can be
switched from CPA to lasing, with a drastic modulation in
the output factor from near zero to a large value, as shown
in Fig. 8(a). The theoretical results show that the CPAL sen-
sor can respond to even low perturbation of only 1076, Also,
this monochromatic sensor can be potentially free of thermal
and flicker noise, ensuring a high signal-to-noise ratio (SNR).
CPAL sensors based on the generalized PT-symmetric metasur-
faces are reported in [127].

The possibility of making a CPAL-based sensor was demon-
strated using an electronic circuit simulating the equivalent
transmission line model in Fig. 7(b) [43] [see the inset of
Fig. 9(a)]. In this CPAL-based electronic sensor, gain and
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FIGURE 8. (a) CPAL-based optical sensor based on PT-symmetric metasurfaces, and (b) its output factor as a function of normalized perturbations.
(c) Practical realization of PT-symmetric metasurfaces using graphene metasurfaces (gain) and resistive metal filament (loss). This figure is reprinted
with permission from Ref. [122]. Copyright ©2020, American Chemical Society.
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FIGURE 9. (a) Measured and calculated eigenvalues of the scattering matrix of the electronic CPAL sensor with its prototype shown in the inset. (b)
Electronic CPAL sensor adopts similar circuit topology in (a), but different sensing mechanism-detecting the shift of CPAL frequency (c) Diagram
of an elastic CPAL sensor used for detecting small-scale vibrations. (d) Diagram of an acoustic CPAL sensor used for air pressure sensing. (a) is
reprinted with permission from Ref. [43]. Copyright ©2021, American Physical Society; (b) is reprinted from Ref. [129] with permission. Copyright
©2023, AIP Publishing; (c) is reprinted with permission from Ref. [130]. Copyright ©2021, American Physical Society.

loss are given by a negative impedance converter (NIC) and a based sensor fails in distinguishing such small perturbations.
lumped resistor, respectively, and a T-equivalent transformer Due to the nonlinearity of active devices, parasitics of elec-
can function as a transmission line segment. The measured tronic components on the printed circuit board and fabrication
eigenvalues reported in Fig. 9(a) show that the CPAL-based errors, the system deviates slightly from the CPAL point, which
electronic sensor can detect perturbations at a level of 1073, On makes the sensor less sensitive than expected from the theo-
the other hand, a traditional Fabry-Pérot (FP) interferometer- retical prediction. We note that sensitivity can be further im-
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TABLE 1. Summary of EP and CPAL sensors.
Frequency/ . Gain e . .
Ref. Type Configuration L Target Sensitivity ~ Tunability Noise
wavelength realization
Erbium i
[83] EP 1550 nm Micro-resonator rd m tlon Nanoparticle gl/? High Moderate
opants
[88] EP ~250THz Micro-resonator — Anti-immunoglobulin G gl/? Low Moderate
Ontical Brilloui Rotation
i rillouin
[90]]  EP ~10GHz phca ol of input e/ Moderate  Moderate
oscope ain
gyroscop g wave
Optical Refracti
[92] EP 1550 nm Micro-resonator bp rea e, rzc ve g/ Low Moderate
eam index
Electroni
[86]  EP ~200 MHz ec,li(’:m NIC Pressure el/? High  Moderate
oscillator
Electroni Microfluid/
roni
[97]  EP ~1 MHz ectronie NIC pressure/ /s High Low
oscillator .
acceleration
Electroni
[99]  EP ~3 MHz cctronie NIC Acceleration 2 High Low
oscillator
A ti A ti
[104] EP ~20kHz coushe NIC coushe - Moderate -
loudspeaker power
Elasti Complex
i
[107]  EP ~500 Hz astie spring Mass el? Low -
spring
constant
Acti N lized
[122] CPAL ~2THz Metasurface ctve ormatize 2/a High Low
metasurface perturbation
Electroni Resistive/ ti
[43] CPAL  ~15MHz ectronic NIC esistiverreactive /6 Moderate  Low
oscillator perturbation
Electroni Resistive/reacti
[129] CPAL  ~200MHz ectronie Simulation esistiverreactive - Moderate -
oscillator perturbation
NIC and
Thin elasti Small
[130] CPAL ~120Hz 1 efastie piezoelectric . ma‘ — — Low
plate . vibration
media
Sandwich
tructu Complex Aj
[131] CPAL  ~4000 Hz structure mass lr - - Low
of acoustic . pressure
) density
materials

@

error introduced into the system.

proved by adopting the complementary metal-semiconductor
oxide (CMOS) technology to manufacture the sensor, such that
parasitic effects can be eliminated, bringing the operating point
closer to the self-dual singular point. Recently, a research group
at Zhejiang University proposed a frequency-tunable CPAL-
based electronic sensor [129]. The sensor is based on the same
circuit topology in Fig. 9(b), but exploits a different sensing
protocol. The authors reported that by introducing resistive,
capacitive, or inductive perturbations in parallel with the CPAL
structure, the CPAL frequency can be substantially shifted es-
pecially under reactive perturbations [see Fig. 9(b)]. The out-
put factor is more likely to be affected by resistive perturba-
tions [see Fig. 9(b)]. This paper shows that the sensing mecha-
nism of the CPAL sensor may not be limited to the monochro-
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represents that the reference does not provide a numerical or analytical demonstration for this evaluation; “dz” is a measure of fabrication

matic setup, but can also be extended to the observation of
CPAL frequency offset, even though the impact of phase/flicker
noise is still uncertain. In [130], the CPAL effect was ob-
served using a PT-symmetric thin elastic plate (TEP) shown
in Fig. 9(c). In this case, gain and loss are realized by prop-
erly engineering the imaginary parts of Young’s modulus of the
TEP; for example, gain can be achieved with a piezoelectric
TEP loaded with an NIC. This work also demonstrates that the
elastic CPAL device can be used to detect vibrational pertur-
bations with ultrahigh sensitivity. In [131], an acoustic CPAL
sensor was proposed for air pressure sensing, as illustrated in
Fig. 9(d). This PT-symmetric acoustic system consists of me-
dia with complex conjugated densities and an air cavity. By
adjusting the thickness of the active and passive blocks, the sys-
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tem can exhibit the CPAL effect at 4 kHz. Moreover, the CPAL
frequency shift due to air pressure applied to the incompress-
ible medium can be quite sensitive, with sensitivity in the order
of 10* Hz per unit mass density. Table 1 summarizes the per-
formance, pros and cons of EP-based and CPAL-based sensors
discussed above [132—-139]. In general, high entropy near an
EP may cause the EP-based sensors to suffer from flicker/phase
noise, which in turn degrade the signal-to-noise ratio and the re-
liability of sensor. Although the monochromatic CPAL-based
sensors are immune to flicker/phase noise, the design chal-
lenge lies in how to coherently tune the complex amplitude
ratio between the two incident waves, which requires precise
control of amplitude and phase by using advanced attenuators
and phase shifters. Nonetheless, both sensing mechanisms can
detect small-scale perturbations, with much enhanced sensi-
tivity compared to conventional DP-based and Hermitian sen-
sors. Finally, we note that EPs and the associated bifurcation
effect also exist in other non-Hermitian wave systems beyond
PT-symmetry such as some time-modulated passive structures.
However, in order to achieve the CPAL effect, gain and active
component are indispensable, which should also be taken into
consideration in the sensor design.

4. CONCLUSIONS

PT symmetry, originally discovered in non-Hermitian quan-
tum mechanics, has now spawned many interesting applica-
tions in versatile wave systems and over a wide range of wave-
lengths. Among them, PT-symmetric sensors with enhanced
sensitivity through EP and CPAL singularities have been ex-
tensively studied and emerged as one of the most promising ap-
plications of PT-symmetry and non-Hermitian physics. This re-
view article provides an overview of both EP- and CPAL-based
sensors in the realms of electromagnetics, optics, electronics,
and acoustics. In general, EP-based sensors can leverage the
bifurcation effect in the proximity of an EP to achieve un-
precedentedly high sensitivity in terms of resonance frequency
shift in response to small perturbations. On the other hand, in
CPAL devices, the large modulation depth between the lasing
mode and CPA mode can be exploited to make an ultrasensi-
tive monochromatic sensor whose output factor at the CPAL
frequency is susceptible to perturbations. Here, we have re-
ported on principles of operation, opportunities, and challenges
in the rapidly growing field of PT-symmetric sensors, which
paves a promising path for the next-generation physical, chem-
ical, biomedical, industrial, and environmental sensing devices
and systems.
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