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Summary
Broadband and perfect sound absorption by subwavelength panels for transmission problems is re-
ported. The asymmetric panels are composed of a periodic array of open waveguides loaded by
Helmholtz resonators (HRs) with slightly different dimensions along the structure depth. In each
waveguide, the deepest resonator generates a low cut-off frequency, reducing drastically the transmis-
sion. The geometry of the preceding HR is designed to possess a slightly higher resonance frequency
and is tuned to match the structure impedance with the surrounding one, thanks to the critical
coupling condition. Therefore, reflection vanishes and the structure becomes critically coupled to the
incident wave, resulting in perfect sound absorption. This process is repeated by adding HRs, whose
resonance frequency is slightly higher than the preceding one, to each waveguide. The last added HR
fixes the high cut-off frequency of the perfect absorption band in such a way that slow sound condi-
tion is achieved within each open waveguide over a broadband frequency range. We experimentally,
theoretically and numerically report perfect sound absorption for two panels: (1) at 300 Hz for a
transparent panel of total thickness 2.8 cm, i.e., 40 times smaller than the wavelength, (2) from 350
to 1000 Hz for a transparent panel composed of 9 resonators with a total thickness of 12 cm, i.e., 10
times smaller than the wavelength and covering almost two octaves.

1. Introduction

Perfect acoustic absorption has been reported in
rigidly-backed subwavelength structures by using slow
sound and QWRs [1] or HRs [2], or by using mem-
branes and plates [3, 4, 5, 6]. However, until now, only
a few works present broadband perfect absorption in
rigid-backed metamaterials. One kind of these broad-
band absorbers are metaporous materials [7, 8, 9, 10],
whose low frequency performance is limited by the
inertial regime of the porous matrix material.

When the system is not rigidly backed and trans-
mission is allowed, the scattering matrix presents two
different eigenvalues. In order to obtain perfect ab-
sorption for one-sided incident wave both eigenvalues
must vanish at the same frequency [12]. This implies
that symmetric and antisymmetric modes must be si-
multaneously critically coupled at a given frequency
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[11]. In the case in which the eigenvalues are both zero
but at different frequencies, then the system cannot
present perfect absorption, but quasi-perfect absorp-
tion can be achieved by approaching the symmetric
and antisymmetric modes using strong dispersion [13].
Perfect acoustic absorption can be obtained by using
degenerate resonators, where monopolar and dipolar
resonances can be excited at the same frequency [14].
Another strategy consists in using asymmetric graded
materials, e.g., chirped layered porous structures [15],
but these structures lack of subwavelength resonances
and therefore its thickness is of the order of half of the
incoming wavelength. A final configuration to achieve
perfect absorption in transmission consists in break-
ing the symmetry of the structure by making use of
double-interacting resonators [12].

In this work, we address the problem of perfect and
broadband acoustic absorption including transmission
using deep subwavelength structures, which to our
knowledge was never addressed before. To do so, we
designed panels composed of monopolar resonators
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Figure 1. (a) Conceptual view of a subwavelength asymmetric panel (SAP) (N = 2 resonators), where cross-section
shows the waveguide and the loading HRs. (b) Conceptual view of a rainbow trapping absorber (RTA) with N = 8 HRs.
Scheme showing the geometrical variables for (c) the SAP and (d) RTA panels.

with graded dimensions, namely rainbow-trapping ab-
sorbers. These panels present broadband, perfect and
asymmetric sound absorption, and, due to slow sound,
their thickness is reduced to the deep-subwavelength
regime. Rainbow trapping phenomenon, i.e., the lo-
calization of energy due to a gradual reduction of the
group velocity in graded structures, has been observed
in optics [16], acoustics [17, 18] or elastodynamics [19].
However, losses were not accounted for and, therefore,
absorption was not studied in these works.

2. System description

The structures are composed of a rigid panel, of thick-
ness L, periodically perforated with series of identical
waveguides of variable square cross-section loaded by
an array ofN HRs of different dimensions, as shown in
Figs. 1 (a, b). Each waveguide is therefore divided in
N segments of length a[n], width h[n]1 and height h[n]3 .
The HRs are located in the middle of each waveguide
section.

Two samples were designed. The first one, namely
subwavelength asymmetric panel (SAP) was com-
posed of N = 2 HRs and it is shown in Fig. 1 (a). The
second one, namely rainbow-trapping absorber (RTA)
was composed first, in a design stage, by N = 8 and,
finally, N = 9 HRs for the experimental tests, as
shown in Fig. 1 (b). The SAP was designed to produce
a single-frequency peak of perfect absorption while the

RTAs were designed to exhibit broadband perfect ab-
sorption.

The geometrical parameters of both structures
were tuned using optimization methods (sequential
quadratic programming (SQP) [?]). In the case of the
SAP (N = 2) the cost function minimized during the
optimization process was εSAP = |R−|2 + |T |2, i.e., to
maximize the absorption at a given frequency, in this
case we selected 300 Hz. The length of the SAP was
constrained to L = 2.64 cm, i.e., a panel 40 times thin-
ner than the incoming wavelength. In the case of the
rainbow trapping absorber (N = 9), the cost function
was εRTA =

∫ fN
f1
|R−|2 + |T |2df , i.e., to maximize the

absorption in a broad frequency bandwidth, that was
chosen from f1 = 300 to fN = 1000 Hz. In the case
of the RTA the length of the panel was constrained
to L = 11.3 cm, i.e. a panel 10 times thinner than
the wavelength at 300 Hz. The geometrical parame-
ters obtained by the optimization process are given in
the A.

3. Subwavelength asymmetric panel
(SAP)

We start analysing the behaviour of the designed SAP
with N = 2 HRs, considering the two directions of
incidence, namely forward and backward, as depicted
in Figs. 2 (a,b). Figures 2 (c-f) show the corresponding
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Figure 2. Scheme of the subwavelength asymmetric panel in (a) forward and (b) reverse configuration. (c) Absorption
for the forward configuration obtained using TMM (continuous line), FEM (circles), and experiment (dotted line).
Corresponding reflection and transmission coefficients. (d) Absorption for the backward configuration. (f) Corresponding
reflection and transmission coefficients. The arrows mark the resonance frequencies of the HRs, f1 and f2.

absorption, reflection and transmission coefficients for
each case.

First, in the forward configuration, shown in
Fig. 2 (a), the resonator n = 1 of the waveguide
presents a resonance frequency at f1 = 285 Hz. As a
consequence, above f1, a band gap is introduced and
the transmission is strongly reduced, the HR acting ef-
fectively as a rigidly-backed wall for the right ingoing
waves. Then, the resonator n = 2, with a superior res-
onance frequency at f2 = 310 Hz, is tuned by the op-
timization process to critically couple the system with
the exterior medium, matching the impedance of the
waveguide to that of the surrounding medium. This
is achieved at 300 Hz. As a consequence, no reflected
waves are produced at this particular frequency and
therefore, α = 1−|R−|2−|T |2 = 1 holds. In this situa-
tion, perfect absorption is observed in a panel 40 times
thinner than the wavelength, i.e., a panel of thickness
L = 2.64 cm. It is worth noting here that the change
of section in the main waveguide helps to achieve the
impedance matching, specially for very thin SAPs as
the one presented here.

Second, in the backward propagation shown in
Fig. 2 (b), the wave impinges first the lowest res-
onance frequency resonator, f1. Now at 300 Hz the
wave almost no transmission is allowed in the waveg-
uide. As the waveguide is not impedance matched at
300 Hz in backward direction, reflection is high and

absorption is poor (α+ = 0.05). For frequencies below
f2, propagation is allowed in the main waveguide and
the effect of the second HR may be visible inducing
a decrease of the reflection coefficient. However, the
impedance matching in the backward direction is not
fully achieved and only a small amount of absorption
is observed near the resonance frequency of the first
resonator. Therefore, the absorption in this configu-
ration is highly asymmetric.

4. Rainbow-trapping absorbers (RTA)

The concept of the SAP can be applied to design
broadband perfect absorbers. The idea is to create a
frequency-cascade of band-gaps and critically coupled
resonators and, thus, generate a rainbow-trapping ef-
fect. The process is as follows. First, we tune the
deepest resonator (n = 1) in the waveguide to reduce
the transmission above a frequency f1. Second, in the
same way as previously done in the SAP, a second res-
onator with slightly higher resonance frequency, f2,
is placed in the preceding segment of the waveguide.
The geometry of this resonator and the section of the
waveguide are tuned to impedance match the system
at this frequency. Therefore, the reflection vanishes
and a peak of perfect absorption is achieved in the
same way as in the SAPs. Note this latter HR also
reduces the transmission at even higher frequencies.
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Figure 3. Process to critically couple the rainbow-trapping absorbers. (a) Absorption using N = 2 HRs obtained using
TMM (continuous lines) and FEM simulations (markers), (b-c) corresponding complex frequency plane representation
of the eigenvalues of the scattering matrix. (d) Absorption using N = 3 HRs and (e-f) corresponding complex frequency
plane. (g) Absorption using N = 8 HRs and (h-i) complex frequency plane. (j) Optimized broadband and flat absorption
using N = 8 HRs, (k-l) corresponding complex frequency plane.

Then, the process can be repeated by extending the
waveguide with more segments, each one with a tuned
HR being its resonance frequency higher than the pre-
ceding one.

5. Conclusions

We reported perfect acoustic absorption over a broad
frequency band in deep-subwavelength thickness pan-
els including transmission using the rainbow-trapping
effect. In particular, we first presented monochro-
matic perfect absorption for a subwavelength asym-
metric panel (SAP) 40 times smaller than the incom-
ing wavelength (2.64 cm at 300 Hz) using two double-
interacting Helmholtz resonators. Then, we reported
flat and perfect absorption over a frequency range
covering from 300 to 1000 Hz, i.e., almost two oc-
taves, using a rainbow-trapping absorber (RTA) com-
posed of nine resonators and ten times smaller than
the wavelength at 300 Hz (11.3 cm). We showed that
to obtain broadband and perfect absorption in the
transmission problem, three conditions must be si-
multaneously fulfilled: (i) the zeros of the eigenval-
ues of the scattering matrix must be located on the
real frequency axis, (ii) the zeros of both eigenvalues,
λ1,2, must be at same frequencies, and, (iii) the qual-
ity factor of the resonances must be low to overlap

in frequency. These three conditions are mandatory
to maximize the broadband absorption of the panels
and were satisfied by the optimization process.

For more information, the readers can read the full
paper [20].
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A. Geometrical parameters

The geometrical parameters for the SAP (N = 2),
corresponding to Fig. 2, are listed in Table I. The total
structure thickness is L =

∑
a[n] = 28.6 mm, and its

height and width of the unit cell are d3 = 148.1 mm
and d1 = 14.8 mm respectively.

The geometrical parameters for the RTA (N = 8),
corresponding to Fig. 3 (j-l), are listed in Table II.
The total structure thickness is L = 120 mm, and its
height and width of the unit cell are d3 = 48.7 mm
and d1 = 6.3 mm respectively.
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Table I. Geometrical parameters for the SAP (N = 2).

n a[n] (mm) h
[n]
3 (mm) h

[n]
1 (mm) l

[n]
n (mm) l

[n]
c (mm) w

[n]
n (mm) w

[n]
c,1 (mm) w

[n]
c,2 (mm)

2 16.8 12.7 13.8 15.4 119.1 4.5 13.8 15.7
1 11.8 1.0 13.8 12.0 134.1 3.2 13.8 10.8

Table II. Geometrical parameters for the RTA (N = 8).

n a[n] (mm) h
[n]
3 (mm) h

[n]
1 (mm) l

[n]
n (mm) l

[n]
c (mm) w

[n]
n (mm) w

[n]
c,1 (mm) w

[n]
c,2 (mm)

8 15.0 28.8 5.3 1.0 17.9 0.8 5.3 13.5
7 15.0 27.4 5.3 1.2 19.2 0.8 5.3 14.0
6 15.0 25.9 5.3 1.5 20.3 0.8 5.3 14.0
5 15.0 24.5 5.3 1.8 21.3 0.8 5.3 14.0
4 15.0 23.1 5.3 2.2 22.4 0.7 5.3 14.0
3 15.0 22.1 5.3 2.6 23.0 0.7 5.3 14.0
2 15.0 21.9 5.3 3.2 22.6 0.7 5.3 14.0
1 15.0 0.8 0.8 5.7 41.2 0.7 5.3 13.5
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