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Abstract: There is a trade-off between the sparseness of an absorber array and its sound absorption imposed by wave physics.
Here, near-perfect absorption (99% absorption) is demonstrated when the spatial period of monopole-dipole resonators is
close to one working wavelength (95% of the wavelength). The condition for perfect absorption is to render degenerate
monopole-dipole resonators critically coupled. Frequency domain simulations, eigenfrequency simulations, and the coupled
mode theory are utilized to demonstrate the acoustic performances and the underlying physics. The sparse-resonator-based
sound absorber could greatly benefit noise control with air flow and this study could also have implications for electromag-
netic wave absorbers. V  2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Noise control methods that rely on sound absorption/reflection while preserving ventilation is of great interest1 for many
occasions: automobile mufflers,2 room windows,3 sound barriers4–7 and cages,8–10 etc. In pursuit of ventilated sound
absorbers, in particular, the conventional solution is to design an acoustic dissipative liner using fibrous materials,11 perfo-
rated panels with backing cavities,12,13 or both.14 However, these acoustic liners are often bulky and cannot achieve strong
absorption, such as near-perfect absorption.

Perfect absorption with a subwavelength structure15 has been made possible recently by acoustic metamaterials16

and acoustic metasurfaces17 based on the enhanced local resonance and impedance matching. In fact, there is an intrinsic
trade-off between the efficiency of sound absorption and ventilation,18 which means that a strong ventilation generally
implies a poor absorption. For ducts or absorber arrays whose width or periodicity is limited to half wavelength, only the
fundamental propagating mode exists and perfect absorption in such a scenario19–24 can be realized, either by harnessing a
hybrid resonance composed of both monopole (symmetric) and dipole (anti-symmetric) resonances,19,20 or by a pair of
coupled resonances creating a “soft” wall.21,24,25 More recently, there is a trend to pursue a maximum periodicity under
the condition of perfect absorption to advance the efficiency of ventilation. Lee et al.26 derived an upper limit on the peri-
odicity of a perfect absorber array, that is ð2=pÞk0, and demonstrated it with an absorber unit composed a pair of lossy and
lossless resonators. Along this direction, Su et al.27 extended the periodicity limit to 0:88k0 by using a degenerate monopole
and dipole resonances. Lapin28 attempted the theoretical derivations of the periodicity for a perfect absorber
array around two decades ago and showed that for a periodicity smaller than k0, the condition for perfect absorption of a
plane wave incidence is to render degenerate monopole-dipole resonators critically coupled. However, no real-structure
design has been presented to support this periodicity limit of k0.

In this study, we analytically and numerically show an ultra-sparse absorber array with a periodicity of
d ¼  0:95k0 achieving near-perfect (99%) absorption. Such an ultra-sparse near-perfect sound absorber array is realized
with pairs of monopole-dipole resonators. Instead of using a highly coupled resonance by Su et al.,27 the capability to sep-
arately control the pair of monopole and dipole resonators helps the simultaneous realization of degeneracy and critical
coupling for perfect absorption as the absorber array approaches the theoretical limit for the periodicity. With parameters of
eigenfrequency, leakage loss, and dissipation loss being retrieved from the Eigenfrequency study of COMSOL, the analytical
calculation of absorption coefficient shows a good agreement with the numerical result.

2. Schematic and design

Figure 1(a) shows a 3D schematic of an ultra-sparse near-perfect absorber array for the frequency of interest f0, which is
considered to be 3000 Hz in this study. A plane wave normal to the array is incident along the x direction. The periodicity of
the array along y direction is d ¼  0:95k0. The array is uniform along the z direction. Each unit cell of the array is
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Fig. 1. (a) 3 D schematic of an ultra-sparse near-perfect absorber array. (b) Cross-sectional geometry of each unit cell of the array, which is
composed of a Helmholtz resonator as a monopole resonator and a space-coiled open-open tube as a dipole resonator. The vertical dash-
dotted line in gray is the plane of mirror symmetry.

composed of a monopole resonator and a dipole resonator, which can be characterized by their eigenfrequency fm=d, leak-age
loss rate cm=d, and dissipation loss rate dm=d in Sec. 3. The coupling between two resonators is minimal and negligible since the
monopole and dipole resonators have opposite symmetry properties. Figure 1(b) shows the geometry for the unit
cell in the x-y plane. The monopole resonator is realized by a Helmholtz resonator, with neck length lnðmÞ, neck width
wnðmÞ, cavity length lcðmÞ, and cavity width wcðmÞ. The dipole resonator is realized by a space-coiled open-open tube, with neck
length lnðdÞ, neck width wnðdÞ, cavity length lc1ðdÞ, and lc2ðdÞ, and cavity width wcðdÞ. The monopole and dipole resona-tors are
separated by a decent distance w to avoid a strong thermoviscous loss in the channel region between the two reso-nators so
that the thermoviscous loss exists in a controlled manner inside the resonators. The mathematical interpretation for the
conditions of degeneracy and critical coupling is

fm ¼  fd; dm ¼  cm; dd ¼  cd: (1)

The geometric parameters of our absorber array listed in Table 1 comes from a two-step design strategy. With the
required conditions in Eq. (1), an initial design is first brought up from an educated guess in which the monopole and
dipole unit cell have a resonance frequency f0. Then, the Optimization module in COMSOL MULTIPHYSICS version 6.0 is used with
a target to maximize the absorption A at f0. Geometric parameters including neck length, neck width, cavity length, and
cavity width for the monopole and dipole resonators are set as design variables. The constraints include Am=d >  const. That
is, the absorption for the monopole and the dipole is larger than a constant value. The efficiency of the optimization depends
on the constant value, and we set it as 0.4. More details about COMSOL setup are discussed in the last paragraph of this section.
Different initial designs (e.g., resonators with difference neck widths and cavity widths but having the same
resonant frequency f0) from the educated guess are optimized until the total absorption reaches 99%.

For ventilated absorbers without a rigid backing, at most 50%29,30 of the incident power can be absorbed if the
absorber supports a single resonance for a single-sided incident wave. Figure 2(a) shows the numerical absorption coeffi-
cient as a function of geometry modulation Dln and Dwn for our designed monopole (left) and dipole (right) resonator
when the other resonator is closed. In other words, when studying the monopole behavior, the dipole is physically dis-
abled, and vice versa. When Dln ¼  0 and Dwn ¼  0, the monopole and dipole resonators separately absorb around 50%
absorption at 3000 Hz. In order to have a perfect absorption in such scenario, the absorber is designed to support both two
resonances which are degenerate in frequency but have opposite symmetry with respect to the mirror plane of the sys-tem. As
shown in Fig. 2(b), absorption coefficient reaches 99% at 3000 Hz when both the monopole and dipole resonators are
interacting with the incident wave. The absorption peak near 3150 Hz is resulted from an undesired mode when the
periodicity is equal to one wavelength, which causes the absorption for the single resonance at 3000 Hz being a little bit
larger than the maximum limit 50%. Similar to waveguide modes caused by periodically repeated rigid walls, this unde-sired
mode is a general mode caused by the general periodic boundary condition. This undesired mode is also a roadblock to
approaching the periodicity limit, since more than two modes are around the frequency of interest. Thus, to render
degenerate monopole-dipole resonators critically coupled in a more extreme case, such as d ¼  0:99k0, is hard, and optimi-
zation on more than two degenerate modes is needed. Figure 2(c) shows the distributions of acoustic pressure in color

Table 1. The geometric parameters of our design in Fig. 1(b). The unit is in mm.

ln(m) wn(m) lc(m)

4 9 17.8

wc(m) ln(d)

9.6 24

wn(d) lc1(d) lc2(d) wc(d) w

1.7 28.7 14.9 12 8
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Fig. 2. (a) Numerical absorption coefficient as a function of geometry modulation Dln and Dwn for monopole (left) and dipole (right) resona-tors
when the other resonator is closed. (b) Numerical absorption coefficient of the optimal design [marked as black stars in (a)] in frequency domain
when both monopole and dipole (black curve), only monopole (blue curve), and only dipole (red curve) resonator is functional. (c) Numerically
computed distributions of acoustic pressure (color) and acoustic intensity (arrow) at 3000 Hz in a unit cell with Floquet periodic boundary
condition along the y direction, when both monopole and dipole (top), only monopole (middle), and only dipole (bottom) resona-tor is
functional. Magnitude of acoustic intensity is proportional to the size of arrow.

and acoustic intensity using arrows at 3000 Hz. When both resonators are functional, both acoustic pressure and acoustic
intensity are extremely weak on the transmission side (or right port). If only one of them is interacting with the incident
wave, acoustic pressure and acoustic intensity can be visible on the right port, indicating the transmission of energy. The y
component of acoustic intensity is strong near unit cells, which indicates the repetition of unit cells along the y direction and
the scattering effect between them. The dipole resonator essentially is a one wavelength resonator, and acoustic pres-sure
inside has the opposite symmetry to the monopole resonator with respect to the mirror plane of the system. Because of the
space-coiling, the physical length of the dipole resonator along the x direction is around half wavelength and can be further
shrunk for miniaturization purposes.

The numerical study in Figs. 2(a)–2(c) is conducted in COMSOL with the Acoustic-Thermoviscous Acoustic
Interaction, Frequency Domain module. The effect of the viscous friction and the heat transfer is concluded in the linearized
compressible Navier–Stokes equation, the continuity equation, and the energy. Hard boundaries are imposed on the interfa-ces
between air and 1 mm thick solid walls due to the large impedance mismatch between air and solid materials. No-slip and
isothermal condition are applied at hard boundaries with boundary layer mesh. A normally incident plane wave with unit
amplitude impinges along the þ x  direction, and Floquet periodic boundary condition is applied along y direction to account
for the scattering between unit cells and the fact that this is an array of resonators. The absorption coefficient can be calculated
by either the surface integral of the default variable ta.diss_tot in COMSOL (i.e., total thermos-viscous power dis-sipation density
in W/m3) or the line integral of the normal acoustic intensity of the reflected wave and transmitted wave.

3. Results and discussions

Eigenfrequency and the loss ratio (i.e., c=d) are retrieved using two sets of 2D Eigenfrequency studies in COMSOL.31 One set
of the Eigenfrequency study considers the thermoviscous loss, in which the real part of the eigenfrequency fm=d is the

eigenfrequency and the imaginary part is ðcm=d þ  dm=dÞ=ð2pÞ. The other set of the Eigenfrequency study does not consider the
thermoviscous loss, in which the real part of eigenfrequency f 0 is larger than the eigenfrequency fm=d and thus the
imaginary part cm=d=ð2pÞ used for the leakage loss cm=d needs a revision by

cm=d ¼  
cm=d 

fm=d: (2)
m=d

For both sets of the Eigenfrequency study, a Floquet periodic condition is applied along the y direction and plane wave
radiation is applied at the two ports. Figures 3(a) and 3(b) show the numerical eigenfrequency and loss ratio as a function
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Fig. 3. Numerical eigenfrequency and loss ratio as a function of geometry modulation (a) DlnðmÞ, (b) DwnðmÞ, (c) DlnðdÞ, and (d) DwnðdÞ. (e)
Absorption coefficient of the optimal design in 2D numerical simulation, 3D numerical simulation and the couple mode theory. (f) 3D
numerically computed distributions of acoustic pressure (color) and acoustic intensity (arrow) at 3000 Hz, when our designed absorber is
extended 3.5 cm along z direction and put inside a 3D unit cell with Floquet periodic boundary condition along y direction. Magnitude of
acoustic intensity is proportional to the size of arrow.

of monopole geometry modulation DlnðmÞ and DwnðmÞ. DlnðmÞ and DwnðmÞ dominantly affect the eigenfrequency and loss
ratio of the monopole mode. Figures 3(c) and 3(d) show that DlnðdÞ dominantly affects the eigenfrequency of the dipole
mode, while DwnðdÞ dominantly affects the loss factor of the dipole mode. The capability to separately control the mono-pole
and dipole resonators greatly facilitates the simultaneous realization of degeneracy and critical coupling for perfect
absorption as the periodicity approaches the limit. Without varying any geometry, the designed monopole-dipole absorber is
degenerate and critically coupled. Plugging the retrieved parameters into the equation derived from the coupled mode
theory,29 the absorption coefficient is

2dmcm 2ddcd

ðx ÿ  xmÞ2 þ  ðdm þ  cmÞ2 ðx ÿ  xdÞ2 þ  ðdd þ  cdÞ2 (3)

The theoretical prediction has a great agreement with both 2D and 3D simulations near 3000 Hz, as shown in Fig. 3(e). The
3D simulation is conducted with our designed absorber being extended 3.5 cm along the z direction and Fig. 3(f) shows a
3D distribution of acoustic pressure (color) and acoustic intensity (arrow) at 3000 Hz. The discrepancy between the
theoretical model and numerical models is because the modes near 3150 Hz are not considered in the theory.

It should be pointed out that such an ultra-sparse near perfect absorber is designed at the cost of being sensitive
to the angle of incidence as shown in Fig. 4. The absorption coefficient drops significantly as the oblique incident angle
increases to 4. To mitigate this issue, one could use rigid walls as a special kind of periodic condition instead of the
Floquet periodic boundary condition, which is what we are using now in the numerical model. This would render the
problem an absorption problem in a waveguide with only a few propagation modes, i.e., discrete incident wave compo-
nents. In addition, porous materials with high dissipation loss could be used to broaden the absorption bandwidth to
make the design less sensitive to the incident angle.

4. Conclusion

In this study, we analytically and numerically show that an ultra-sparse absorber array with a periodicity of d ¼  0:95k0 can
achieve near-perfect (99%) absorption at the designed frequency f0. Such an ultra-sparse near-perfect sound absorber array is
realized with an array of monopole-dipole paired resonators. By separately controlling the monopole and dipole resonators,
simultaneous realization of degeneracy and critical coupling which are crucial for perfect absorption can be realized as the
absorber array approaches the limit for the periodicity. With parameters of eigenfrequency, leakage loss,
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Fig. 4. Absorption coefficient as a function of frequency and the angle of incidence in 2D numerical simulations.

and dissipation loss being retrieved from Eigenfrequency study of COMSOL, the analytical calculation of absorption coeffi-
cient yields a good agreement with numerical results in both 2D and 3D. The sparse-resonator-based sound absorber
could greatly benefit noise control with ventilation and the results of this study could have implications for electromagnetic
wave absorbers because of similarities in wave physics29 governed by the coupled mode theory.
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