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We report a methodology to reach the symmetrical broadband coherent perfect absorption in an air tube whose
reliability and feasibility are demonstrated experimentally. Through rigorous analytical calculations, we discover
that the causality principle provides a minimal volume requirement based on absorption capability, while the
idealistic coherent symmetrical perfect absorption cannot be achieved but can be approached within a finite
volume. As a demonstration, a side-loaded near-perfect absorber is designed and realized working at a broad
bandwidth from 300 to 5000 Hz without blocking the tube. The size of the absorber is also super-subwavelength,
only 1% of the longest working wavelength. By experimentally measuring the absorption in both frequency and
time domains, broadband and tunable near-perfect coherent absorption properties are demonstrated. In addition,
we achieve the manipulation of sound waves in a ventilated tube by using sound pulses.
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Acoustic absorption is a traditional yet active topic
since low-frequency broadband absorption in subwavelength
remains challenging in many application scenarios, like con-
trolling noise from ventilation systems [1]. In recent years,
researchers have made great efforts in the study of acoustic
metamaterials [2—10], which can create intriguing properties
that cannot be found in nature, such as negative refraction
and superlensing [2-5], acoustic cloaking [6—8], and one-way
transmittance [9,10]. These resonance-based novel proper-
ties of metamaterials also shed new light on the age-old
topic of acoustic absorption and noise reduction in ducts
[11-17]. Ingeniously designed resonances can increase the
energy density inside materials and realize a series of efficient
subwavelength acoustic absorbers [18-27]. By integrating
multiple quarter-wavelength resonators, Yang et al. showed
that the original narrowband metamaterial absorption could
be further extended to broadband and approached the limit
allowed by the law of causality [26]. In this paper, we will
combine this broadband metamaterial technology [28-31]
with coherent perfect absorption (CPA) and control the ab-
sorption performance in broadband by two coherently incident
sounds. Proposed in optics [32-37] and then demonstrated in
microwaves [38], CPA attracts a wide range of research inter-
ests, including heat transfer [39] and acoustic waves [40-45].
Based on different parity features, CPA is divided into sym-
metric and antisymmetric types [41]. Perfect absorption can
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only be achieved if the absorber is symmetrically matched to
the incident waves, which makes it possible to use a wave
to control the absorption of another wave [43]. We take an
absorber that satisfies the broadband symmetric CPA condi-
tion as an example. By adjusting the amplitude and phase
of the control wave relative to the incident wave, the system
absorption can change from 100% in the case of the two waves
of symmetry (the same amplitude and phase) to 0% when the
two waves are antisymmetric (the same amplitude but a phase
difference of ).

Although broadband CPA has been realized by thin metal
films [45], the sound transmission path must be partially
blocked so it significantly increases the air flow resistance.
Here, we start from the causality constraint on the absorption
efficiency and bandwidth of symmetric CPA and find that
the idealistic broadband acoustic coherent perfect absorption
(BACPA) does not exist in a finite volume. However, we can
still make the most of the limited volume to approach the
BACPA. As shown in Fig. 1, quarter-wavelength resonant
channels, also known as Fabry-Perot (FP) channels, are loaded
on the side wall of an air tube to achieve a symmetrical
BACPA effect with two coherent waves. The opening of FP
channels along the direction of sound propagation is ultra-
subwavelength (1% of the wavelength of the lowest target
frequency), and its side-loaded nature ensures that the tube
is unobstructed. The broadband near-perfect absorption is ex-
perimentally demonstrated in frequency and time domains,
which agrees well with theoretical predictions. Furthermore,
in a ventilated tube, we used a sound pulse to successfully
control the absorption efficiency of another pulse by adjusting
its relative phase and amplitude.

We can simplify the physics discussion in the air tube sys-
tem into a one-dimensional problem due to the subwavelength
dimension of the tube cross section [46]. Therefore, for CPA,
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FIG. 1. Schematic of a broadband near-perfect absorber under
coherent inputs. The transparent structure shows the folded FP chan-
nels on the side wall of the tube, and their opening apertures are
ultra-subwavelength, while the rest can be considered part of the
tube. Besides, the side-loaded design ensures free ventilation in the
tube.

the two incident sound waves can be treated as plane waves
impinging on a sample from forward and backward directions.
The wave equation is given as 7 (r)pt + r(t)pf = p*&), where
t(r) is the complex transmission (reflection) coefficient, pf(L)
and p®®) are the far-field components of the complex pressure
field with reference to the middle plane of the sample in
the right (R) and left (L) directions denoted by the super-
scripts. The subscripts i and o stand for the input and output
waves. For symmetrical inputs, the condition to realize the
CPA effect requires + = —r under a single-sided incidence,
and resonators, such as membrane-type resonators, Helmholtz
resonators, etc., are good candidates for this goal [41,43]. In
this manuscript, we choose FP channels and load them on the
air tube’s side wall to ensure the tube is unblocked. As the
side-loaded FP channels suck and push the air simultaneously
in the axial direction along the waveguide, a symmetrical
response but not an antisymmetrical response is generated
(t — r — 1 = 0). The complex transmission and reflection co-
efficients are then solved as

t=—r=0.5, 1

for one-sided incident waves when the CPA effect is reached.
Based on the continuity of sound pressure and volume ve-
locity at the resonator with a subwavelength scale, the target
surface impedance of side-loaded FP channels can be re-
trieved as Z, = poco/(2Sy), where py and ¢y represent the
density and sound speed of air, and Sy stands for the cross-
sectional area of the air tube.

Thus, we assume that the target surface impedance of
side-loaded FP channels satisfies Z, = pgco/(2Sp) within the
customized frequency range of (w;, wy) for coherent perfect
absorption, and its reciprocal is zero elsewhere. However,
according to the Kramers-Kronig relationship, the above real-
valued surface impedance is necessarily accompanied by an
unavoidable imaginary part, so perfect absorption cannot be
achieved, and the corresponding scattering coefficient is given
as

7 + 2itanh~'A/A; — 2itanh~!'A /Ay
7 — 2itanh~'A/A; + 2itanh ™A /Ay

where Ay = 2mco/wiyy denotes the wavelength at the
lower (upper) bound of the designed frequency band w; (wy).

S(A) =

(@)

As shown in Ref. [26], such a gap between Eq. (2) and perfect
absorption comes from the finite volume of the system. We
apply similar analyses to the specific scenario of CPA and get
the following relationship:

So Beft
7'[2 B()
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Here, V), is the volume of the side-loaded resonators, Begs
is their effective bulk modulus, and By is the bulk modulus of
air. The detailed derivations can be found in the Supplemental
Material [47]. According to Eq. (3), the idealistic BACPA
with S(1) = 0 is impossible for a finite V}, since the integral
will diverge, and any imperfect spectrum [S(A) 7 O] shall
correspond to a minimal volume V}, iy for the side-loaded res-
onators. Therefore, instead of pursuing the idealistic BACPA,
which is impossible in reality, we will try to design an ab-
sorber that satisfies the Kramers-Kronig relations to approach
the idealistic one. By substituting Eq. (2) into Eq. (3), the
minimal volume of the BACPA design is obtained as

2SQ Bess
bemin = 5 K

( 1 — AN). 4)

As mentioned above, side-loaded FP channels are used to
construct the symmetrical BACPA. Each one has the same
cross-sectional area, and their surface impedance is expressed
in Lorentzian form as [26]

—1
_iNz 4Q, /7
TS, [ZZ(2m+1)292 i,B,,a)j| - O

where zg = poco is the specific acoustic impedance of air, S,
is the total cross-sectional area of FP channels with numbers
of N, 2, indicates the first-order resonant frequency of the
nth FP channel, B, represents its damping coefficient, and
the terms with m > 0 denote higher-order resonances. The
higher-order resonances present an adjustment to the target
surface impedance, so a more precise scattering coefficient
and a revised minimal volume are described in Sec. II of the
Supplemental Material [47]. To realize the BACPA design,
our task is to properly optimize the number of FP channels
(N) and determine the length of each FP channel to match
Eq. (5) with the target impedance. Owing to the interfer-
ence of higher orders arising from first-order resonances, the
first-order resonant frequency of each FP channel should be
expressed by a piecewise function. In each frequency range,
ie, for Q e [(2i —1) 2, (2i+1) 2], the first-order res-
onant frequency is given by Q, = (2i — 1) Q 2 ~WZ/%
Here, index i starts from 1; €2, is the lower bound frequency
(w1) of the BACPA design; ¢ is the area ratio defined by
Sy/S0, Zo = poco/So,n = (n — 1)/N, in; = N;/N with N; is the
total number of first-order modes below (2i — 1)€2;; and Z; is
obtained from iterations based on a target surface impedance.
Considering the upper bound frequency (wy), we can get the
area ratio and have the frequency distribution of FP channels.
The detailed methodology is described in the Supplemental
Material [47]. Based on this method, we can achieve the
symmetrical BACPA design for any given frequency range.
In practice, we took the operating frequency range from
300 to 5000 Hz as an example and used 25 FP channels with
various lengths to verify the above scheme. The first-order
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TABLE 1. The first-order resonant frequency of each FP channel.

n 1 2 3 4 5 6 7 8
Q,/2m 300 323 347 374 402 433 465 500

9 10 11 12 13 14 15 16 17
538 579 623 670 721 776 835 898 1001
18 19 20 21 22 23 24 25

1117 1246 1391 1574 1841 2177 2729 3468

resonant frequency of each FP channel is given in Table I
with its corresponding length as [, = mc/(2€2,). In addition,
the cross-sectional area [ ¢’ shown in Fig. 2(b)] of each FP
channel is given as 1.835,/25. Thus the actual volume (wall
thickness excluded) occupied by 25 FP channels is 0.24S,
counting from Z%S l,a’, whereas the minimal volume dictated
by the causality constraint is 0.23S,. Two very close values are
seen, which demonstrates the reliability of our design strategy
for obtaining the minimal volume. Moreover, the volume can
further approach the causality limit by raising the number of
FP channels—at the cost of complex structure, though.

Since we have all the structural parameters to construct
the BACPA sample, the last task is to load these FP channels
around the side wall of the air tube. As shown in Fig. 2(a), we
place the opening ends of 25 FP channels around an air tube
at the same x-y plane and fold the long FP channels behind the
short ones to obtain a compact structure with a 30 mm inner
diameter (the same as that of the impedance tube), a 59 mm
outer diameter, and a 133 mm length in the z direction. In this
BACPA design, the opening only covers a length of 11.5 mm
in the z direction, and the remaining can be considered part
of the air tube. Figure 2(b) shows its x-y plane sectional view.
The orange area ' displays the fan-shaped cross section of
one FP channel with an area of 52 mm?, and the areas outlined
in gray represent the structural wall. The whole structure was
fabricated by a three-dimensional printer using photosensitive
resin composites with an accuracy of 0.1 mm.

Experiments adopting an impedance tube method [21]
were conducted to demonstrate the BACPA effect with the
setup schematically shown in Fig. 3(a). Two loudspeakers
mounted at both ends provide incident waves with phases and
amplitudes being respectively controlled by a two-channel
signal generator (Tektronix AFC3022C), and the BACPA
sample is sandwiched in the middle of the tube to ensure

(@)

<

FIG. 2. (a) Schematic diagram of the BACPA sample. (b) The
x-y plane sectional view of the BACPA sample. The orange area
indicates the cross-sectional area of one FP channel and the number
labeled in each cross section represents the nth FP channel.

()
ﬂ Mi‘cj?s’-l Loudspeaker
(b) 1.0 ,dUo°o°o°° = UDOUUUDOU“’DOUU'U'D-QSBS‘ 50 ? }I(_C) (ﬂ .:
r10 i | H
£ 08[ pE 40 1
2 ' ‘é i
= ! 0.8 ~ Q
o6l ! 2 SEU .
2 < = d
S oald St 650 1000 g ;
! d Z
g . z: Frequency/Hz §20 y g
~ o -- — o Absorption] Z° 4
3 021 1 — o Reflection E 10 i@g
< ! : 8o e )
' — o Reflection gloo° )i
0.0 10920090000 . en00a0a2008°] x102 n;‘[‘ 3 oo‘
0
0 10 20 30 40 50 -1-0.5 0 05050 0.5 1

Frequency (Hz) Reflection Transmission

FIG. 3. Experimental demonstration for BACPA. (a) Schematic
of the experimental setup. For two- and one-port input, four mi-
crophones attached at the surface of the impedance tube record the
data of sound pressure with the N19234, and the BACPA sample’s
absorption and scattering coefficients are then obtained as shown
in (b) with two coherent inputs, and (c), (d) with one-port input.
Solid curves represent theoretical results, and open circles stand for
experimental data. Very good agreement is seen. Inset: zoomed-in
plot of experimental absorption coefficient between 300 and 1000
Hz in (b).

an equal distance from its opening to two loudspeakers.
When coherently incident from both sides, the absorp-
tion coefficient is given as A = 1 — Rl — R2 with R1(2) =
|P(L,(R)|2/ (Ipt 1+ p§|2) denoting the reflection intensity from
the left (right) tube. Figure 3(b) shows its experimental re-
sults (open circles) of near-perfect absorption in the frequency
range of 300 and 5000 Hz. The solid red curve represents the
idealistic BACPA, while the dashed curve indicates the theo-
retical near-perfect absorption subject to causality constraints.
By averaging the absorption coefficient from the dashed curve
over the operating frequency range (300-5000 Hz), we get
99% absorption efficiency, which almost approaches the ide-
alistic BACPA. Furthermore, as shown in Figs. 3(c) and 3(d),
the scattering coefficients with a one-sided input wave were
also experimentally measured (open circles), showing a good
consistency with the theory (curves) indicated by Eq. (1).
The slight differences between experiments and theory may
result from sample processing and testing errors. Except for
the opening area of the sample, the rest of the inner wall can
be considered part of the tube, so we successfully realized an
ultra-subwavelength (1/100) symmetrical BACPA compared
to the lowest operating frequency of 300 Hz with a 1.14 m
wavelength.

Moreover, the ultra-broadband absorption opens the way
to extend the application of CPA to the pulsed signal in
the time domain, which has industrial applications in active
noise reduction. We choose two Gaussian beams of the same
amplitude but different phases to visualize the phenomenon.
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FIG. 4. The measurement of temporal signals. (a) Schematic of
the experiment with two input waves. (b) Measured pulses at Mic
1 (solid lines) and Mic 2 (dashed lines) when the sample is absent.
The first and second pulses are directly from loudspeakers, while
the third comes from the reflection of a nearby loudspeaker. (c), (d)
Measured pulses at Mic 1 (solid lines) and Mic 2 (dashed lines) when
the sample is present. The amplitudes of the two inputs are the same,
while its relative phase is 0 (¢) and 7 (d).

We can anticipate that wave packets incident from the two
tube ends with zero phase difference will be totally absorbed,
while it will lead to a total scattering if their phase difference
is . In experiment, two extension tubes were additionally
used to lengthen the left and right impedance tubes to dis-
tinguish adjacent pulse signals, and an oscilloscope (Agilent
DSO0O-X3024A) was used to record signals [see Fig. 3(a)].
The experiment is schematically shown in Fig. 4(a) with
two microphones placed 26 cm away from the left and right
loudspeakers and three solid and dashed lines describing the
propagation path of the first three pulse signals (labeled by @,
@, ®) from microphones 1 and 2, respectively. Arrows rep-
resent the direction of sound waves. For reference, Fig. 4(b)
presents the situation if the sample is absent and the output
signals from both loudspeakers have the same amplitude and
phase. Three wave packets arrive at Mic 1 and are visual-
ized at different timepieces, with red, blue, and green lines
corresponding to the pulse signals from path O, @, and ®,
respectively. Furthermore, the first three wave packets arriving
at Mic 2 (depicted by the black dashed lines) have the same
characteristics as signals from Mic 1. The value of 0 ms on
the abscissa represents the moment when the loudspeakers
generate the signals. At the same time, the magnitude of each
datum is normalized by the maximum value of the test signal.
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FIG. 5. Numerical simulation of two-port input with different
acoustic incident conditions. (a) The relationship between the ab-
sorption efficiency and the relative amplitude of the two input waves.
(b) Absorption efficiency as a function of the relative phase of the
two inputs.

We here truncate the extra signals due to other reflections on
the loudspeakers. The slight difference between the amplitude
of the three signals comes from the intrinsic dissipation in the
impedance tube. By tuning the phase difference of two pulses
to 7, the amplitudes of the three wave packets from Mic 1 and
2 are similar to those recorded in the in-phase case.

When sandwiching the sample at the midposition inside
the two impedance tubes, we observe the same amplitude
of the first wave packet in both Figs. 4(c) and 4(d) with
the incident phase set as 6 =0 and 6 = w. However, the
second and third wave packets are absent in Fig. 4(c),
whereas they are detectable in Fig. 4(d) with almost the
same amplitude as in Fig. 4(b). Therefore, we demonstrated
the symmetrical BACPA in time domain experiments and
effectively regulated its absorption efficiency. In addition,
regarding pulses from both loudspeakers as noise and anti-
noise sources, the noise can be completely eliminated by
dynamically synchronizing the amplitude and phase of the
noise-cancellation loudspeaker. Compared with the traditional
active noise cancellation (ANC) based on reflection, this near-
perfect absorbing device may have more benefits. Specifically,
reflection-based ANC requires an antisource with the same
moving direction, and its significant transmission loss is ob-
tained at the cost of providing considerable reflections. Our
technology demonstrated here needs two-port sources, and the
absorption efficiency can be arbitrarily tuned, which is more
beneficial in a coaxial loudspeaker system, widely used for car
audio systems and omnidirectional loudspeakers. With two
loudspeakers connected tail to tail (see Refs. [48,49], the inter-
ference from the rear radiating waves of both diaphragms can
be near-perfectly canceled by mounting the BACPA design in
the middle of the two mirrored coaxial diaphragms. As both
loudspeakers have the same in-phase signal, no further active
signal control is needed.

To further demonstrate the feasibility of using one wave
to control the absorption of another wave, we used COMSOL
MULTIPHYSICS to investigate the absorption efficiency as a
function of the relative amplitude and phase. In simulations,
we used the actual structural parameters to study two sce-
narios: keeping the same phase of the two input waves but
adjusting for amplitude differences and the opposite case. As
shown in Fig. 5(a), the absorption coefficient will only change
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from 1 to 0.7 if a significant amplitude difference, with a ratio
from 1 to 4, is applied. It indicates that the absorbing capacity
of the design is insensitive to the amplitude differences when
maintaining identical incident phases. However, in another
scenario shown in Fig. 5(b), the absorption can change from
unity to zero within all the designed frequencies by tuning the
phase difference from O to 7. Therefore, by adjusting the rel-
ative phase difference of the two inputs, we have successfully
achieved arbitrary regulation of the absorption efficiency.

In summary, we have demonstrated that the idealistic
BACPA cannot be achieved in a given volume. However, we
can still use a minimal volume connected with the operating
frequency bandwidth to approach it under the causality con-
straint. We raised a methodology to design the structure and
experimentally verified its broadband near-perfect absorption
in both frequency and time (by sound pulse) domains. The

tunability of the absorption efficiency was investigated by
adjusting the relative phase and amplitude of the two input
waves. Consequently, the absorption is found to be phase sen-
sitive but not amplitude sensitive. This broadband near-perfect
absorber with an ultra-subwavelength scale is useful for noise
reduction in ventilated tubes. In addition, phase-sensitive ab-
sorption facilitates the manipulation of sound pulses, thereby
allowing for active noise cancellation and wave control.
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