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Non-Hermitian systems have recently shown new possibilities to manipulate wave scattering by
exploiting loss, yet coherent perfect absorption at an exceptional point (CPA EP) remains elusive in
acoustics. Here, we demonstrate it based on a two-channel waveguide with compact lossy resonators. We
realize imbalanced losses crucial for CPA EP by using active components to independently modulate the
non-Hermiticity. The CPA EP experimentally manifests as full absorption at a unique real frequency and
shows high sensitivity to the incident phase variations. Our findings open an avenue to explore novel non-
Hermitian physics for classical waves and develop innovative acoustic singularity-based devices.
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Introduction—The Hermiticity of a Hamiltonian ensures
the conservation of energy and shapes the physical reality in
many systems [1,2]. However, in nonconservative systems,
interaction with the environment leads to non-Hermitian
dynamics. The past decade has witnessed a surge of research
on non-Hermitian physics [3—5], resulting in unprecedented
principles, phenomena, and applications in both quantum
and classical systems [6—8]. By tailoring gain and loss, non-
Hermitian systems exhibit intriguing phenomena near
exceptional points (EPs), which are singularities in the
parameter space where multiple eigenvalues and the asso-
ciated eigenstates coalesce [9-16]. This coalescence is
accompanied by a plethora of exotic phenomena, such as
the skin effect [ 17-20], chiral state transfer [21,22], and non-
Abelian braiding [23-25]. Moreover, the introduction of
non-Hermiticity has given rise to various applications
related to EPs in open wave systems, including unidirec-
tional invisibility, single-mode lasing, and enhanced sensing
[26-28].

As a typical non-Hermitian effect in wave physics,
coherent perfect absorption (CPA) occurs under purely
incoming boundary conditions when the zeros of the
scattering matrix lie on the real frequency axis [29], which
has attracted rapidly growing attention in the past few years
and been extended into diverse fields including acoustics
and mechanical waves [30], microwaves [31], and optical
waves [32,33]. Thanks to the intrinsic stability of CPA
ensured by the wave interference that entraps the incident
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radiation inside the lossy media, it provides the possibility
that two purely incoming solutions coalesce at a unique real
frequency [2], referred to as CPA EP. This phenomenon has
been recently predicted and observed in optics based on
bulky ring resonators with coupled non-Hermitian param-
eters [1,34]. However, given the macroscopic wavelength
of sound waves and the difficulty in independently con-
trolling non-Hermiticity with precision and flexibility,
realization of CPA EP in practical acoustic scattering
systems remains elusive.

Here, we propose an acoustic non-Hermitian scattering
system consisting of two-channel waveguides coupled to
imbalanced lossy resonant cavities to achieve CPA EP. Based
on the coupled-mode theory, we analytically derive the
scattering matrix of the system and predict the critical
conditions for CPA EP. Furthermore, we introduce a meta-
material-based implementation that is significantly smaller in
size compared to its optical counterparts, with coupling
strengths and intrinsic losses independently tunable through
active acoustic units. We experimentally observe the occur-
rence of CPA EP in this system, showing the expected strong
absorption at the single resonant frequency and distinctive
sensitivity to the phase variations of incoming acoustic
waves, which is consistent with theoretical and simulation
results. Our Letter provides deeper insight to the non-
Hermitian physics in classical wave systems and opens
new avenues for precise manipulation of coherent acoustic
waves or phonons, especially at high frequencies where
coherent control becomes expensive, thereby enabling the
design and practical application of novel acoustic absorbers,
sensors, and directional devices, etc.

Acoustic non-Hermitian scattering system for realizing
CPA EP—To realize CPA EP, we propose an acoustic non-
Hermitian scattering system, as illustrated in Fig. 1(a),

© 2025 American Physical Society
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FIG. 1. (a) A schematic diagram of the acoustic non-Hermitian
scattering system composed of two-side acoustic propagating
channels connected by two coupled resonant modes. The two
gray regions represent two propagating channels, and the pink
and red parts describe the acoustic resonant modes with imbal-
anced losses separately. The two-way arrows depict the coupling
between acoustic resonant states or between acoustic resonant
state and propagation channel. (b),(c) Phase transition diagrams
for the real and imaginary parts of w, , as functions of
normalized coupling strength «/xy,, respectively. (d),(e) Phase
transition diagrams for the real and imaginary parts of the two
eigenvalues passing through a CPA EP as functions of the
normalized intrinsic loss y;/y 4. (f) Outgoing acoustic intensity
in the two channels varied with frequency. The outgoing acoustic
intensity reaches its minimum value of zero when w = w,,
indicating the occurrence of a CPA EP.

where two coherent acoustic plane waves normally impinge
on both sides of the system along opposite propagation
channels. These incoming acoustic waves induce lossy
resonance in the double cavities, resulting in destructive
interference effects that trap and dissipate the radiation
within the acoustic scattering system. By adjusting the non-
Hermiticity of the system, the resonant modes in the
cavities could become degenerate, leading to the emergence
of CPA EP, which manifests as perfect absorption at a real
frequency. Specifically, the absorption behavior of such a
system is described by a scattering matrix S with reflection
and transmission coefficients. Then the amplitudes of
incoming and outgoing acoustic waves can be related

by § as
i r ot i
<P01>ZS<P1>:<1 2)(171)’ (1)
Po2 P2 o P2

where p;;, and p,;, respectively, refer to the acoustic
pressure for the incoming and outgoing ones, r;, and f; ;
signify the acoustic reflection and transmission coeffi-
cients, respectively, and the subscripts 1 and 2 represent
the different acoustic propagating channels for such an
acoustic non-Hermitian scattering system.

The scattering characteristics of this system depend on
the resonance frequency, coupling strength, and intrinsic
losses of the two cavities, which can be described using a
second-order non-Hermitian Hamiltonian [35]:

= (T ) ©

Here, w;, are the inherent resonant frequencies of the
cavities in the absence of any coupling or losses. For
compact subwavelength cavities, their resonance frequen-
cies are primarily determined by their dimensions and
geometries. k denotes the internal coupling strength,
reflecting the transfer of acoustic energy between the
two cavities. y; and y, represent the intrinsic losses of
the cavities resulting from acoustic dissipation mecha-
nisms, which can be adjusted using active acoustic units.
7.1 and 7y, denote the external losses between the cavities
and their corresponding external channels, describing how
acoustic energy leaks out from each cavity into the
channels.

Based on the coupled-mode theory [36], the scattering
matrix S can be expressed as follows:

S=1—iK'

K o)

w —

where K = diag(v/2yc1. /272 ) is the coupling operator,
and o is the frequency of incident monochromatic acoustic
wave [37]. This expression explicitly describes the relation-
ship between the scattering matrix and the system
Hamiltonian. Specifically, when, the scattering matrix
and the Hamiltonian share the same eigenvectors, and
the corresponding eigenvalues satisfy the relationship as

. 27c1
As=1—i——", 4
s la)—iH @)

where Ag and 1y are the eigenvalues of the scattering matrix
and the Hamiltonian, respectively.

When the eigenvalue of the scattering matrix is zero, i.e.,
As = 0, the system eliminates the outgoing acoustic waves
and achieves CPA. According to Eq. (4), the frequency at
which CPA occurs is closely related to the eigenvalue of the
Hamiltonian, given by w, = Ay + 2iy.;. For simplicity
while without losing generality, we consider a special case
where the two resonant frequencies are equal, i.e.,
@ = W, = wy. In this case, the frequency at which CPA
occurs can be calculated as follows:

o Vel TV2—Y1— 12
W, =Wt 1 2

L
e\ =11 —ra+ )P +42. (5)
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In general, there exist two distinct frequencies w,; , both
satisfying the CPA conditions, corresponding to the
two zeros of the transfer function [37]. However, what is
noteworthy is that when the eigenvalues of the Hamiltonian
and the scattering matrix simultaneously degenerate, these
two zeros merge at the real frequency, resulting in the
occurrence of CPA EP. Equation (5) gives the critical
condition for CPA EP, expressed as y; + y» = 7.1 + ¥ and
k = |y1 — 71| [37]. The phase transition diagrams for the
real and imaginary parts of the two solutions w,;, are
separately demonstrated in Figs. 1(b) and 1(c), as functions
of the normalized coupling strength «/xy. With the
increase of «, the real parts of w,;, keep degenerate until
K = Ky, and in the regime of k > «y,, they become divided
and are located on either side of Re(w) = w,. Opposite to
the dependence of the real parts on the coupling strength «,
the imaginary parts of w,; , separate at the beginning and
coalesce when k = ky,. In the following, we investigate the
degenerate behavior of w,;, as y; varies and plot typical
results in Figs. 1(d) and 1(e). When gradually increasing
the intrinsic loss y;, we can find two EPs at w; = @, and
@, ~ wy(1 — i1.8). The former is a CPA EP where the zeros
are at a real frequency, while the latter is a general EP which
cannot be observed experimentally due to being located at a
complex frequency. Similarly, the above trend of zero
merging can also be observed in phase transition diagrams
when tuning other system parameters, such as intrinsic
losses y;, or coupling strengths y; ,.

In the case of CPA EP, both eigenvalues of the scattering
matrix are zero, corresponding to the same eigenvector v =
[1,—i]T [37]. This implies that when the incoming acoustic
waves matches this eigenvector, the intensity of the out-
going sound waves reaches its minimum value of zero at
frequency @ = w,, as shown in Fig. 1(f). At this point, the
scattering matrix must take the following form:

s=c(' 1) .

where C is a constant. Notably, the scattering matrix is a
nilpotent matrix (S?> = 0), which implies that complete
absorption can be achieved by cascading two such systems.
This nilpotent property enables the transformation of any
incoming waves into phase-orthogonal outgoing waves.
For general CPA, the phases of the outgoing acoustic waves
vary with that of the incoming acoustic waves. For CPA EP,
however, the phases of the incoming waves only affect the
intensity of the outgoing acoustic waves. When the
incoming acoustic waves in the two channels have equal
amplitudes but a phase difference of Ag, the intensities of
the outgoing acoustic waves depend on Ag through the
relationship |p,|* « |i + exp(iA¢)|*, and are therefore
highly sensitive to phase variations.

Metamaterial-based  acoustic — implementation—For
practical implementation of the acoustic non-Hermitian

(a) 1, Port2 (b)
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FIG. 2. (a) Schematic diagram of the practical implementa-
tion which is realized with coupled acoustic resonant cavities
connected with double rectangular waveguides as the input
and output channels. (b) Trajectories of the eigenvalues of S as
y, varies. (c) Theoretical and simulated reflection spectra
R, =|r|* and transmission spectra T, = |t;|> by exciting
port 1 only when y;=9Hz,y,=31Hzy, =y, =20Hz,
k=11Hz, and wy, = 1621 Hz. (d) Theoretical and simu-
lated reflection spectra R, = |r,|> and transmission spectra
T, = |t,|*> by exciting port 3 only.

scattering system, we employ a metamaterial-based
approach to construct a four-port acoustic cavity-tube
model with subwavelength dimensions. Despite slight
differences in scattering matrices from the two-port theo-
retical model, this four-port configuration does not affect
the demonstration of CPA EP because (1) both models
exhibit eigenvalue degeneracy at the same real frequency,
and (2) their Hamiltonians are related by a similarity
transformation. Here, we present the two-port model for
brevity, while the full four-port theory is provided in
Supplemental Material [37]. The proposed metamaterial
model is composed of two-channel waveguides linked to
coupled acoustic resonant cavities, as illustrated in
Fig. 2(a). This model enables independent modulation of
each system parameter in the effective Hamiltonian given in
Eq. (2), allowing CPA EP to occur at unique real frequency.
Specifically, the resonant frequency @, of the two identical
cavities coupled with each other can be modulated by
designing the inner geometries of cavities. These two
compact resonant cavities are connected by a small tube
to implement the intercavity coupling strength x. Two
single-mode waveguides for sound propagation are linked
to the cavities by two small tubes with the coupling
strengths being y.; and y,, respectively. Notice that the
coupling strength is inversely proportional to the length of
the connecting tube. The intrinsic losses y;, of the two
cavities are modified by controlling the attenuation of
sound waves inside the cavities which is realized in
simulation by adding a modifiable imaginary part to the
speed of sound and experimentally implemented via
producing the sound interference effect.
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Here, we select the system parameters as y,=31Hz,
Y1 =V =20Hz,x=11Hz, and w, = 1621 Hz, and ana-
lyze the influence of the variable parameter y; on the
degeneracy of the zeros. The trajectories of eigenvalues
w,1 » under the variation of y; are illustrated in Fig. 2(b).
Initially, the two complex eigenvalues are separately
distributed at two starting points and then approach each
other as y; increases. Under the above derived conditions
for CPAEP (y¢; + Yo = 71 + 72 and k = |y, — 71]), which
is fulfilled when y; = 9 Hz, two zeros condense at a real
frequency. Based on the above analyses, it is easy to give a
feasible configuration of system parameters in the practical
design satisfying the critical conditions of CPA EP. Under
this configuration, we showcase the simulated reflection
spectra R , and transmission spectra 7', , in Figs. 2(c) and
2(d) when the incident wave is emitted only from port 1 and
port 3, respectively. Simulated and theoretical results agree
well with each other, with both showing that R, , and T'; ,
are almost equal at the resonant frequency . Despite some
discrepancies between the theoretical and simulated results
of R, stemming from backscattering effects, the eigenval-
ues of the scattering matrix remain unaffected, ensuring the
occurrence of CPA EP.

Experimental observation of acoustic CPA EP—Based
on the theoretical analysis above, achieving CPA EP
necessitates imbalanced internal losses between the two
resonator cavities. However, since both resonant cavities
have identical structures, their inherent losses are approx-
imately equal. To realize the imbalanced losses which are
crucial for the experimental observation of CPA EP, we
construct a feedback control system by introducing an
active acoustic unit to achieve accurate and decoupled
control of non-Hermiticity in a cavity with fixed physical
dimension, as shown in Fig. 3(a). The active acoustic unit
composed of a transmitting transducer, a receiving trans-
ducer, and a feedback circuit is installed at the top of each
cavity. The amplitude and phase of the emission are

G
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FIG. 3. (a) Photograph of the experimental setup. (b) Exper-
imentally measured reflection and transmission spectra by ex-
citing port 1 only. For accurate estimation of the reflection and
transmission coefficients, we normalize the acoustic pressure
measured in the system with respect to that in an empty wave-
guide. (c) Experimentally measured spectra of reflection and
transmission by exciting port 3 only.

precisely controlled according to the signal measured by
the receiving transducer, which drives the transmitting
transducer to generate waves that destructively interfere
with the original cavity modes, thereby effectively produc-
ing the required acoustic loss. This feedback engineering
strategy decouples the intrinsic losses within the cavities
from the cavity-tube coupling, enabling independent con-
trol of the non-Hermicity and ensuring the stability of our
proposed non-Hermitian system. Through finite element
simulation of the dynamics of such a system [37], we obtain
the optimal experimental settings to meet the predicted
conditions for CPA EP. When the plane wave is emitted at
ports 1 or 3 only and the porous materials are added at ports
2 and 4 for avoiding the undesirable reflections. The
reflection and transmission spectra Ry, and T, are
measured, which are illustrated in Figs. 3(b) and 3(c).
The measured spectra show good consistency with the
simulated ones, where only a slight deviation occurs owing
to unavoidable fabrication errors. This indicates that the
current configuration satisfies the critical conditions of the
CPA EP.

Considering that the coherent absorption behavior is
sensitive to the relative phase A@ and amplitude ratio p, of
incoming acoustic wave p;, with respect to the other one
pi1» we inspect the total output power versus the input
relative phase and amplitude ratio in Fig. 4(a). Perfect
absorption can be achieved when incoming acoustic waves
match the eigenvector v = [1, —i]”, which is expected to be
observed at the minimum point on the output surface in
Fig. 4(a). In Fig. 4(b), we further depict the relationship
between the output spectrum and relative phase under equal
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FIG. 4. (a) Theoretical total output power normalized to the
total input power at the zero detuning (6 = w — oy =0) as a
function of the input amplitude ratio and relative phase. The total
output power P, is the sum of the output P, from port 2 and
output P, from port 4. (b) Theoretical, simulated, and exper-
imental output spectra as a function of the relative phase under
equal incident amplitude. (c), (d) Simulated and experimental
spectra of the output power at the CPA EP.
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incident amplitude. The output exhibits a sinusoidal pattern
over the phase range and the expected perfect absorption is
obtained with relative phase of —0.57, as verified by the
good agreement between simulation and experiment. This
demonstrates the extreme phase sensitivity of CPA EP,
which is a key characteristic unachievable with conven-
tional EPs and may hold great promise for acoustic sensing
and communication that typically rely on phase detection.

In view of the dependence analysis on the incident
wavefront, we properly tune the incoming waves generated
by the transmitters with correct input power and relative
phase, and perfect absorption is expected to be achieved
due to a combination effect of interference and dissipation.
The reflected part of the incident wave from port 1
interferes destructively with the transmitted part of the
incident one from port 3, and vice versa, and therefore
the radiation is trapped in an interference pattern within the
lossy system and lost entirely to dissipation. Theoretical
calculations indicate that CPA EP exhibits a quartic line-
shape near the degenerate frequency [37], which signifi-
cantly broadens the absorption bandwidth with the relative
bandwidth being more than twice that of traditional CPA,
while also enhancing sensitivity to frequency changes.
Experimental results displayed in Figs. 4(c) and 4(d), in
good agreement with the theoretical and simulated ones,
show nearly perfect absorption at the resonant frequency.
The negligible errors are attributed to inevitable fluctua-
tions of the incident wave phases and inaccuracies in tuning
system non-Hermiticity via the electric circuit.

Conclusions—In summary, we theoretically present an
acoustic non-Hermitian scattering system composed of
two-channel waveguides coupled to lossy resonant cavities
to observe CPA EP. As a practical implementation of this
system, a compact metamaterial-based model is proposed
which allows independent modulation of the system
parameters, where the precise adjustment of non-
Hermiticity is enabled by the introduction of active acoustic
components. We experimentally validate the occurrence of
CPA EP, with measured results closely aligning with
theoretical predictions and simulations, demonstrating
strong absorption at the expected real frequency and
extreme sensitivity to the phase variations of incoming
acoustic waves. Our Letter enriches the non-Hermitian
physics in classical wave systems and provides an impor-
tant platform for investigation of intriguing phenomena
occurring at EPs, which opens avenue for the design and
application of singularity-based devices.
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