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Extreme confinement of incident acoustic waves remains challenging due to the conflict between reflec-
tion elimination and weak dissipation. In this study, by realizing a Friedrich-Wintgen quasibound state in
the continuum (quasi-BIC), we demonstrate that sound confinement with an arbitrarily high quality factor
becomes possible. The proposed proof-of-concept system consists of two slightly detuned resonators shar-
ing a single-port radiating channel and supports a quasi-BIC. When operating with balanced low radiative
and dissipative decay rates, it allows frequency-selective trapping of the incoming sound waves. The effect
is experimentally and numerically validated as evidenced by the observation of an ultranarrow reflection
dip (zero reflection at 420.8 Hz) along with intensive field enhancement (24.5 dB). We also show that the
quality factor can be further improved by simultaneously reducing the detuning and the intrinsic loss. Our
work breaks through the barrier in obtaining extreme sound confinement and may offer opportunities for
the development of acoustic sensors, filters, and harvesters.
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a. Introduction. Bound states in the continuum (BICs)
are peculiar states perfectly confined with no radiation yet
lie inside a continuous spectrum of radiating waves [1,2].
BICs were originally proposed in quantum mechanics [1],
and then shown to occur in many classical physics sys-
tems [3–26]. Distinct from the conventional bound states
locating outside the continuum, BICs can be regarded as
resonance with zero leakage and zero linewidth (infinitely
high quality factor, Q) residing inside the continuum [2]. In
optics and photonics, many high-efficient practical appli-
cations have been presented by constructing quasi-BICs,
such as lasers [19–22], sensors [23,24], and filters [25,26].

For acoustic systems, the ultrahigh Q factor and
extremely low radiation of quasi-BICs suggest a path-
way to the realization of long-lifetime sound confinement.
Acoustic BICs, also referred to as embedded trapped
modes, were first observed during the study of pres-
sure enhancement near a cascade of parallel plates in a
wind tunnel [2,3,27,28]. Those “plate-in-waveguide” sys-
tems have reflection symmetry, so that symmetry-protected
BICs can be excited by waves inside the systems (such
as excited by vortex shedding from the trailing edges of
plates aligned with the flow) [29–35]. However, those
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BIC-supporting systems are incapable of confining incom-
ing waves from the outside. Another type of acoustic
BIC-supporting system was investigated in the hypothet-
ical lossless systems of waveguides with side-branched
cavities [4–7]. When the resonance frequencies of the side-
branched Fabry-Perot cavities (placed far away from each
other) or the spacing between them is tuned to make the
round-trip phase shifts add up to an integer multiple of
2π , the Fabry-Perot BICs are formed [4,5]. Besides, for
two resonators at the same location, a Friedrich-Wintgen
BIC can be constructed by modulating their radiations
to achieve a destructive interference [6,7]. So far, those
BIC-supporting systems have never been experimentally
witnessed [4].

In this study, we present an acoustic Friedrich-Wintgen
quasi-BIC-supporting system allowing strong confinement
of incoming waves. The system features a very low radia-
tive decay rate that compensates an identically low dissi-
pative decay rate to completely trap the incoming waves.
Consequently, the trapped waves are able to survive the
low dissipative decay rate for a long time, leading to a
long-lifetime extreme sound confinement. The experimen-
tal and simulation results validate the trapping effect and
the intensive sound-field enhancement. It is also demon-
strated that in the case of smaller radiative and dissipa-
tive decay rates guaranteed by a correspondingly larger
structure, the sound-confinement lifetime can be further
prolonged.
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b. Concept of the acoustic Friedrich-Wintgen quasi-
BIC. We take a pair of detuned resonant cavities as a
proof-of-concept demonstration. First, for incident acous-
tic waves impinging into a lossless resonant cavity,
sound confinement is impossible due to total reflection
[Fig. 1(a)]. Introducing intrinsic (thermal-viscous) loss to
the cavity can reduce the reflection and even achieve a
so-called perfect absorber [36–43] [Fig. 1(b)]. However,
it requires a considerable loss of the structure to form
such a reflection elimination. Consequently, the incoming
sound waves are quickly dissipated rather than confined
in the system. Therefore, extreme confinement of incident
waves occurs only when a zero reflection and an ultralow
dissipation are simultaneously achieved. In acoustics, it
remains challenging to realize reflection elimination based
on weak dissipation. In our work, this dilemma is solved
by developing a Friedrich-Wintgen quasi-BIC supported
by two detuned resonant cavities with trivial intrinsic loss
[Fig. 1(c)]. Such a quasi-BIC possesses low radiation loss,
allowing the incoming waves at a selected frequency to be
completely trapped and survive the low intrinsic loss for a
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FIG. 1. Sound confinement via a BIC. (a) Unity reflection in a
lossless resonant cavity. Blue blocks represent rigid structures. pi
and pr represent the incident and reflected waves. (b) Zero reflec-
tion for a lossy cavity (perfect absorber). (c) Friedrich-Wintgen
quasi-BIC-induced wave confinement in two detuned resonators
(cavities) with tiny intrinsic losses. pA

r (B) represents the reflected
waves from the Cavity A(B). Upper panels are the schematic
illustrations of the corresponding systems below. S+

i and S−
r rep-

resent the incident and reflected waves. aN (L) and γN (L) denote
the mode amplitude and the radiative decay rate of the lossless
(or lossy) system. �L is the dissipative decay rate of the lossy
system.

long time. In stark contrast to the previous understanding
that a significant amount of intrinsic loss is necessary to
guarantee the reflectionless effect, our study demonstrates
that a quasi-BIC permits an arbitrarily low intrinsic loss to
achieve a zero reflection.

In the practical design, our system consists of two rect-
angular cavities having the same cross section but different
lengths [Fig. 2(a)]. The opening size of the cavities is at the
subwavelength scale so that only the fundamental mode
exists in the frequency range of interest. Then each cavity
(A and B) can be described by the temporal coupled-mode
equations for the lowest mode with amplitude (Fig. 1)
ãA(B) = aA(B)eiωt as [44–46],

d
dt

ãA(B) = [iωA(B) − γA(B) − �]ãA(B)

+ i
√

γA(B)[S̃+
i + i

√
γB(A)ãB(A)], (1)

where S+
i represents the incident waves, ωA(B) is the res-

onant frequency of cavity A(B), γA(B) is the correspond-
ing radiative decay rate, and � represents the dissipative
decay rate associated with the intrinsic loss of the cav-
ities [Fig. 1(c)]. Cavities A and B share the same �

because of the same cross section (�A ≈ �B = �). The
term i√γB(A)ãB(A) represents the reradiation field caused
by the resonance ãB(A). The reflection coefficient of the
system, r, is given as [45,46]

r = 1 + 2i
√

γA
aA

Si
+ + 2i

√
γB

aB

Si
+ . (2)

Based on Eqs. (1)–(2), the reflection amplitude diagram
[Fig. 2(b)] is illustrated [47] with the varying length of cav-
ity B (lA is fixed to 180 mm). In this system, interference
of radiation takes place according to the coupling term
i
√

γAγB [48]. At �l = 0 and 435.8 Hz, it shows a vanish-
ing linewidth, which indicates that the Q factor approaches
infinite [2,19]. Under this condition and in the absence of
�, one of the system’s eigenfrequencies becomes purely
real that corresponds to a BIC [2,47,49].

An ideal BIC is perfectly isolated and has no access
to the external radiation channel. In order to achieve con-
finement of incident sound, a nonzero �l is introduced to
construct a quasi-BIC [22,50,51]. In this case, the purely
real eigenfrequency of the system turns to complex with
a tiny imaginary part indicated as the system’s radia-
tive decay rate, γs [47]. When the system’s dissipative
decay rate (�s) is tuned to the same value as γs, the inci-
dent acoustic waves can be completely trapped without
any backscattering. This condition is equivalent to the so-
called critical coupling [52] but here is fulfilled permitting
a low radiative and dissipative decay rate in our study. The
reflectionless trapping is manifested by Fig. 2(c) (upper
panel), in which a zero point appears at the frequency
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FIG. 2. Acoustic quasi-BIC achieved via two detuned resonant cavities. (a) 3D-printed sample with a width (w) of 38.5 mm and
a height (h) of 54 mm. The length of cavity A is fixed to lA = 180 mm. b is the wall thickness, which is set to 4.5 mm. To fit the
experimental impedance tube, the two cavities are assembled into a cylindrical adaptor with a radius (R) of 50 mm. (b) Calculated
reflection amplitude as a function of the cavities’ length difference, �l, and frequency, ω/2π . γA = 0.190ωA and γB = 0.191ωB,
�/ω0 = 3.13 × 10−3 are extracted from full wave simulations [47]. (c) Calculated reflection amplitude (upper panel) and phase (lower
panel) as functions of ω/2π and �/ω0. The length of cavity B is selected as 194 mm. White lines refer to the resonant frequencies of
individual cavity A (ωA/2π = 435.8 Hz) and cavity B (ωB/2π = 406.8 Hz).

between ωA and ωB (ω0/2π = 420.8 Hz) with a critical
low loss of the cavities (�/ω0 = 3.13 × 10−3).

It should be noted that the temporal coupled-mode equa-
tions given by Eq. (1) are a generic description of two-
mode systems. They are applicable to other structures or
wave systems sharing the similar underlying physics with
the presented two-cavity design. Hence, the implementa-
tion of the quasi-BIC as well as the confinement effect is
not limited to the proposed structure here.

c. Experimental demonstration of sound confinement
and field enhancement. Experiments were conducted uti-
lizing a Brüel and Kjær impedance tube with a radius of
50 mm [47], as shown in Fig. 3(a). The cross section of
the two cavities is designed wide to minimize the intrinsic
loss and guarantee a low inherent dissipation of the system
[47,53,54]. Then by suitably modulating the lengths of the
cavities to construct a quasi-BIC, we can realize complete
reflection elimination based on this weak-dissipation con-
dition. As shown in Fig. 3(b), a zero-reflection (|r| = 0)
point appears at 420.8 Hz despite the tiny loss within the
cavities. The reflection curve exhibits a narrow bandwidth,
indicating a high Q factor of the system. At the critical
frequency of zero reflection, strong pressure amplification
(24.5 dB) is also observed.

Due to the fact that the incoming waves are trapped,
intensively enhanced field is consequently formed in
this presented quasi-BIC-supporting system. To examine
the sound-field enhancement, we measure the acoustic

pressure amplitudes at two other positions, respectively,
arranged near the middle (point 2) and the top (point 3)
of cavity A [see Fig. 3(a)]. Results show that the pres-
sure amplitudes at these positions, respectively, reach 22.7
and 19.4 dB of enhancement compared to that of the inci-
dent waves [Figs. 3(b)–3(d)]. This reveals that the strong
field enhancement nearly occupies the entire cavity A and
results in a tremendous energy store, which is distinct
from the field enhancement that is induced by wave com-
pression and concentrated in a small area [55,56]. The
phenomenon of strong field enhancement in both cavities A
and B is further confirmed by the simulated acoustic fields
[47]. Moreover, since the quasi-BIC-induced zero reflec-
tion is also characterized by a total absorption, acoustic
impedance of the system is analyzed [47] and measured
to help examine the scattering properties. Due to the rel-
atively large scale of the cavities, the individual cavities
are with trivial resistances and exhibit very low absorp-
tion peaks [αA(B) < 0.08] [the top and bottom figures in
Fig. 3(e)]. Nevertheless, as long as three impedance condi-
tions are satisfied, namely xA ≈ xB, yA ≈ −yB, and (xAxB +
|yAyB|)/(xA + xB) = ρc [47], a matched impedance of the
overall structure required by total sound absorption can be
achieved [the middle figure in Fig. 3(e)].

d. Transient analysis. In addition to the steady-state
analysis above, we perform a transient simulation in the
time domain [47] to reveal the wave behavior during the
development of the confined sound field. In the simulation,

021001-3



SIBO HUANG et al. PHYS. REV. APPLIED 14, 021001 (2020)

Point 1

Point 2

Point 3(b)

(c)

(d)

A B

C

(a) (e)

FIG. 3. Experimental demonstration. (a) Experimental setup. Points 1–3 are, respectively, situated at the positions 20, 85, and 130
mm above the inner bottom of cavity A. (b) Reflection factor (blue) and pressure amplification (red) at point 1. Circles, lines, and
forks, respectively, represent the experimental, simulated, (frequency domain) and calculated (impedance-based model) results. (c),(d)
Pressure amplifications at points 2–3. (e) Impedance measurements and analysis. Top: acoustic impedances of cavities A (blue lines)
and B (red lines). xA(B) and yA(B) represent the resistance and resistance of cavity A(B). Middle: acoustic impedance of the overall
coherent system. The solid line and circles represent the theoretical and experimental coherent resistance (xAB). The dotted line and
triangles represent the theoretical and experimental coherent reactance (yAB). Bottom: absorption coefficients of the coherent system
(green), individual cavity A (blue) and B (red).

two points, point 1 (20 mm above the bottom of cav-
ity A) and point 4 (200 mm above the opening, indicated
in Fig. S3(a) within the Supplemental Material [47]), are
selected to evaluate the acoustic pressure variations inside
and outside the BIC-supporting system under continuous
incident plane waves of unity amplitude (1 Pa). As the sta-
ble interference is established, no acoustic wave is able
to escape from the system, in which case the reflected
waves cannot reach point 4, and hence the pressure ampli-
tude at point 4 is identical to that of the incident waves.
As shown in Fig. 4(a), the instantaneous pressure varia-
tion at point 4 experiences several cycles of fluctuations
to achieve a stable amplitude of 1 Pa. On the other hand,
the pressure amplitude at point 1 gradually increases as
the continuous incident waves arrive [Fig. 4(b)], signifying
the confinement behavior occurs from the very beginning.
Note that the maximum amplitude value is governed by the
intrinsic loss of the system [47]. Similar wave behavior is
also observed in cavity B [47]. These transient responses
clearly display how the incident waves accumulate into
a trapped sound field and further validate the extreme
sound-confinement effect.

e. Discussion and conclusion. We realize an acous-
tic Friedrich-Wintgen quasi-BIC with detuned resonant
cavities, and experimentally observe the extreme con-
finement of incident sound together with intensive field

enhancement. Compared to those BIC- or quasi-BIC-
supporting systems in optics and photonics [2], the rela-
tively large intrinsic loss in acoustic systems, induced by
the inevitable thermal and viscous boundary layers inside
the structures, hinders an ultrahigh Q factor in experi-
ments. By increasing the opening width of the cavities
to reduce the thermal-viscous effect, the Q factor can be
improved. For instance, a Q of around 1000 with 50 times
of pressure amplification is available when the cavities’
openings are broadened to w = 400 mm [47]. Theoreti-
cally, as can be manifested by the temporal coupled-mode
theory [47] and inferred from the impedance analysis [47],
the presented sound-confinement system can be developed
with arbitrarily low intrinsic loss and possess arbitrarily
high Q factor approaching an infinite confinement lifetime.

Our work opens up avenues for the study of the
intriguing physics of acoustic BICs, and the qualities
observed in such quasi-BIC-supporting systems may facil-
itate high-performance sensing, ultranarrow band filtering
and absorption, and wave and energy harvesting [2,55].
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FIG. 4. Time-domain simulation. (a),(b), Time-dependent
sound-pressure fluctuations at point 4 and point 1. Point 4 is
located at the position 200 mm above the cavity opening [47].
T0 is the time period of the incident waves.
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