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A composite matching layer composed of periodically arranged scatters with anti-reflection (AR) characteristics is proposed for
broadband scattering reduction. .e anti-reflection structure is composed of periodically arranged metal foam scatters, and it is
the first attempt to be applied in the field of suppressing acoustic reflection. A complete theoretical model is developed to reveal the
mechanism of scattering reduction and acoustic absorption based on effectivemedium theory and the transfer matrix method..e
correctness and effectiveness of the theoretical model are verified by the finite element method (FEM), showing acoustic re-
flectance of less than 13.5% at broadband frequencies. .e variation trends of reflectance are deeply investigated. .e superior
acoustic scattering reduction performance suggests that the matching layer possesses potential for acoustic imaging equipment
and acoustic stealth.

1. Introduction

Acoustic matching layers have become the most popular
subject due to the flexibility of design and application. Many
scholars attempt to develop an acoustic structure to effec-
tively suppress reflections. In optics, the anti-reflection
structure has excellent performance in reducing scattering
and improving the imaging quality of the lenses, but it has
not been widely used in acoustics. .erefore, the anti-re-
flection structure composed of periodically arranged metal
foam scatters is applied in the acoustic matching layer in this
paper, and the acoustic reflection performance is studied. It
is worth noting that this is the first attempt to apply the anti-
reflection structure composed of periodically arranged
scatters to acoustic matching layers for sound absorption
and noise reduction.

In the past few decades, many scholars have proposed
varieties of flat multilayered acoustic matching layers, and
the acoustic properties were theoretically and experimentally
studied [1–3]. Sharma et al. [4] investigated a soft elastic

medium comprising periodic cylindrical voids attached to a
steel backing, which provided further insights into the
physical mechanisms associated with the system acoustic
performance. Su et al. [5] conducted experimental analysis
and numerical simulation on the multilayered structure
composed of glass wool, rubber, and polyurethane foam. Pan
and Martellotta [6] conducted a parametric study of reso-
nant absorbers made of microperforated membranes and
perforated panels to achieve sound absorption in different
frequency bands through different combinations. .eir re-
search studies were more concerned with acoustic absorp-
tion in engineering. At the same time, acoustic scattering is
equally important.

With the development of the acoustic absorption
technique, more and more attention has been paid to anti-
reflection matching layers. For years, the anti-reflection
structures have been widely used in optics [7, 8] to improve
image quality of the lenses. Lots of studies proved that they
can also be applied to acoustics [9, 10]. Wang et al. [11]
proposed a theoretical method for evaluating the noise
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reduction characteristics of underwater damping materials.
Xie et al. [12] intended to realize the manipulation of
acoustic waves and the dissipation of acoustic energy based
on the characteristics of impedancematching..ey designed
tapered labyrinthine acoustic metamaterials for broadband
impedance matching and conducted experiments to prove
the potential of the structure. Park and Lee [13] theoretically
developed a one-dimensional acoustic anti-reflection device
containing membranes and open tubes with negative index,
which provided new directions for the study. It can be found
from recent research that the impedance has a great in-
fluence on the reflectance; therefore, a precise impedance of
the anti-reflection structure is required, which poses new
challenges.

To precisely design the impedance of anti-reflection
structures, the periodically arranged scatters, which are
widely used in energy harvesting [14], wave focusing [15],
and acoustic stealth [16], are introduced into the research of
anti-reflection devices. Based on the antireflection coating
theory, Wang et al. [17] calculated the transmission in anti-
reflection devices consisting of periodically arranged scat-
ters. Physical analysis showed that the anti-reflection device
could enhance the coupling with external waves. Wu and
Chen [18] introduced a multilayered anti-reflection device
with periodically arranged scatters into the graded sonic
crystal bending waveguide.

All studies reviewed provided important insights into the
matching layers in acoustics. At present, the matching layers
are difficult to dissipate energy efficiently and reduce scat-
tering at the same time, which is an urgent problem to be
solved. Anti-reflection structure can promote acoustic
coupling, which can not only dissipate energy but also re-
duce scattering. .e anti-reflection structure composed of
periodically arranged scatters has only been used in acoustic
imaging in previous studies. In view of that, we propose a
composite matching layer with anti-reflection structure
composed of periodically arranged scatters for broadband
scattering reduction. .is is the first attempt to apply the
anti-reflection structure to the matching layer. Similar
structures have not been reported yet.

2. Theoretical Model of the Composite
Matching Layer

.e matching layer consists of an anti-reflection structure
(layers 1 and 2), a perforated plate (layer 3), and a porous
layer (layer 4) from top to bottom as illustrated in Figure 1.
.e thickness, Young’s modulus, density, and area of them-
th layer are recorded as hm, Em, ρm, and Sm, respectively.

Different from the traditional anti-reflection coating
(ARC), the ARC proposed in this paper introduced the
periodically arranged scatters into the field of traditional
ARC. Layer 3 is a perforated plate, where the Helmholtz
resonators formed by the air cavities and the holes can
dissipate part of the acoustic energy, thereby reducing the
acoustic scattering..ere are many pores in the porous layer
(layer 4), and partial vibration energy caused by acoustic
waves will gradually transform into thermal energy.

2.1. Homogenization of Periodically Arranged Scatters.
.e homogenization method is applied to retrieve the ef-
fective parameters. Based on the sub-wavelength assump-
tion, each layer can be considered as a homogeneous one
with effective acoustic properties [19]. For the hexagonal
arrangement of scatters in this model, the effective pa-
rameters can be expressed as [20]

ρeff �
ρa(1 + ff) + ρb(1 − ff)

ρa(1 − ff) + ρb(1 + ff)
ρb,

1
Beff

�
1 − ff

Bb

+
ff

Ba

,

ceff �

���
Beff

ρeff



,

Zeff � ρeff · ceff ,

(1)

where ff is the filling fraction, ρ, B, c and Z are mass density,
bulk modulus, wave speed, and impedance, and the sub-
scripts a, b, and eff represent the scatters, background
medium, and equivalent medium, respectively.

2.2. Equivalent Parameters of Porous Materials. .e John-
son–Champoux–Allard (JCA) model, which is a generalized
model based on the Biot theory [21] taking the viscous effect
and the thermal effect into account, can accurately describe
the equivalent parameters of the porous materials in this
paper. .e expressions of dynamic parameters are [22]
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1 + jρ0Λ′

2
Prω/16η

 ,

(2)

where j is an imaginary unit, ω is the angular frequency, and
ρ0, η, c, P0, and Pr are the mass density, the viscosity, the
specific heat ratio, the equilibrium pressure, and the Prandtl
constant of the air. .ere are five parameters associated with
the porous material, and they are porosity φ, flow resistivity
σ, tortuosity α∞, viscous characteristic lengthΛ, and thermal
characteristic length Λʹ. A metal foam with φ� 0.96,
σ � 184269N·m−4, α∞� 1.045, Λ� 3.3×10−5m, and
Λʹ� 6.07×10−5m is selected for the study.
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x

z

y

Figure 1: Cross section of the proposed matching layer.
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2.3. 9eory of Anti-Reflection (AR) Structure. .e basic idea
of the anti-reflection structure is to insert a layer of other
medium between the two mediums, whose impedance and
thickness are optimally designed, so that the multiple re-
flected beams in the layer interfere with each other, thereby
reducing or even eliminating reflection before insertion [23].

To clarify the principle of ARC, the case of oblique
incidence is first discussed.

For the ARC, the impedance of layer 1 is as follows
[23, 24]:

Z1 �
������
Z0 · Z2


. (3)

As described in Figure 2, the reflection coefficient of the
ARC can be calculated as [25]

R � r1 − r2



2
, (4)

with r1 � Z1 cos θi − Z0 cos θm/Z1 cos θi + Z0 cos θm and
r2 � Z2 cos θm − Z1 cos θt/Z2 cos θm + Z1 cos θt.

According to Figure 2, the wave path difference can be
derived as

ϕ � 2n1h1 cos θt. (5)

When the wave path difference is an odd multiple of half
wavelength and the reflection coefficients are equal, the two
columns of waves can be destructive, and in this paper,
acoustic waves are normally incident; therefore, the thick-
ness of the ARC layer can be expressed as

h1 � (2k + 1)λ0/ 4n1(  (k � 0, 1, 2 . . .), (6)

where λ0 is the wavelength.
When the impedance of the anti-reflection layer is de-

termined, the filling fraction of layer 1 is necessary to be
obtained from the equivalent impedance by solving the
following equation:

E · Fff
2

+ E · Ba − D · F + C · E( ff + C · D − D · Ba(  � 0,

(7)

with C � ρb · Ba · Bb/(Z2
eff ), D � ρa + ρb, E � ρb − ρa, and

F � Bb − Ba, respectively.
It is worth noting that the concept of sonic crystal is

introduced into the AR structure for the precise control of
impedance by controlling the filling fraction of the scatters.

2.4. Transfer Matrix of the Composite Matching Layer.
When acoustic waves propagate through the composite
matching layer, the transfer matrix can be used to dem-
onstrate the relationship between the outputs and the inputs,
and the matrices of all component layers can be combined to
form a total matrix to predict the acoustic properties [25, 26].
.e transfer relation of the nonzero components ( v

→
, T
→
),

namely, vibration velocity and stress, in the layer from plane
Uz to Uz + H is expressed as follows [27]:
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. (8)

.e composite matching layer with the thickness H is
located between two infinite half spaces of z< 0 and z > H.
.e acoustic wave propagation at the interface is indicated in
Figure 2, where ki and kr are the incident and reflected
wavenumber vectors. k⊥ and kz are components of ki
decomposed in x and z directions. .e transverse and
longitudinal waves are separated by superscripts Tand L..e
wavenumbers are defined as [27]

ki

→L

 
2

�
ρω2

λ + 2μ
,

ki

→T

 
2

�
ρω2

μ
,

(9)

where λ and μ are the Lamé coefficients.
Based on the wave propagation theory,Φ and Ψ indicate

the propagation characteristics of longitudinal and trans-
verse waves [27, 28]:

Φ(x, z, t) � A
L
+e

jkL
zz

+ A
L
−e

− jkL
z z

 e
j k⊥x−ωt( ),

ψ(x, z, t) � A
L
+e

jkL
zz

+ A
T
−e

− jkT
z z

 e
j k⊥x−ωt( ),

(10)

where A is the amplitude and the subscripts indicate the
vibration direction..e vibration displacement function in x
and z directions can be expressed as [28]

χ(x, z, t) �
zΦ
zx

−
zΨ
zz

,

ξ(x, z, t) �
zΦ
zz

+
zΨ
zx

.

(11)

To facilitate writing, variables M and N are introduced
for variable substitution:

M
u
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u
+e
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+ A
u
−e
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,

N
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u
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.
(12)

.e vibration speed and stress are as follows:

vx � −jωk
T
z N

T
e

− jωt
,

vz � jωk
L
zN

L
e

− jωt
,

Tx � jρω2
M

T
e

− jωt
,

Tz � −jρω2
M

L
e

− jωt
.

(13)

As a result, the expression of the vibration velocity and
stress of the upper interface to the lower interface can be
obtained, and it is described as [28]
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However, for layer 3, the stress is no longer continuous
due to the presence of the intermediate hole, and the original
matrix should be corrected by an amendatory matrix; it is
expressed as follows [27, 28]:
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3 �

1 1 1/S3 1/S3
1 1 1/S3 1/S3
S3 S3 1 1

S3 S3 1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (16)

Hence, the transfer matrix of layer 3 can be written as

A
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3 � S
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.erefore, the transfer matrix of the stress form can be
expressed as [27, 28]
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What calls for special attention is that the velocity of the
transverse wave is 0. .e present matrix can be eventually
written as the following one by deducing Tx [26, 28].
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When the composite matching layer is placed in two
semi-infinite spaces with impedances of Z0 and Z5 at the
incident and transmitted ends, respectively, the following
formula can be obtained [26, 28]:

τ
1

Z5
  �

q11 q12

q21 q22
 

1 + R

Z0(1 + R)
 . (22)

Transmission coefficient τ and reflection coefficient R
can be obtained by solving equation (22).

τ � −
2 q12q21 − q11q22( Z0

q21 − Z0q22 − q11 − Z0q12( Z5
,

R � −
q21 + Z0q22 − q11 + Z0q12( Z5

q21 − Z0q22 − q11 − Z0q12( Z5
.

(23)

3. Foundation and Validation of
Theoretical Analysis

3.1. Parameter Properties and Preconditions for Model
Application. For the composite matching layer, plane
waves with amplitudes pi � 1 Pa normally enters into it, and
the medium is air with density ρ0 �1.21 kg/m3 and acoustic
velocity c0 � 344m/s, respectively. .e scatters in layer 1
and layer 2 are made of the same porous material as layer 4,
and the matrix material is air. Layer 3 is made of isobu-
tylene isoprene rubber (IIR), and ρ3 �1005 kg/m3,
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E3 � 42.4MPa, and v3 � 0.47. .e thickness of the entire
composite matching layer is 53mm.

For layer 1 and layer 2, the derivation of the homoge-
nization method is based on the sub-wavelength assump-
tion. .erefore, the precondition for application is that
λ> 4a, and hence the upper limit frequency is determined by

fmax �
c

4a
. (24)

In this paper, the lattice constant a� 0.0085m, and thus
fmax � 10118Hz. .erefore, we focus on the bandwidth of
200Hz–10000Hz for study.

3.2. Model Validation. In this section, simulation analysis is
performed by the finite element method to verify the reli-
ability of the model. .e basic idea of this method is to
discretize the structure and use a limited number of units to
express the composite matching layer. .e units are con-
nected to each other through a limited number of nodes,
then solved according to the deformation coordination
conditions, and then verified with the theoretical method in
this paper. .e geometric model is shown in Figure 3. .e
background pressure field is applied to the air field, which is
incident perpendicularly. .e part with the width W is
truncated, and the left and right boundaries are set as pe-
riodic Floquet boundaries to represent the infinitely large
cladding layer. At the top of the air domain, the perfect
matching layer (PML) represents the semi-infinite air
domain.

.e reflectance of the theoretical model and the simu-
lation model with the same parameters is predicted by the
plane wave. .e comparison between the acoustic reflec-
tance curves is displayed in Figure 4. .e reflectance of the
theoretical solution and the simulated solution is perfectly
coincident, which proves the correctness of the proposed
theoretical model.

It can be seen from Figure 4 that when the frequency
approaches 0, the structural reflectance tends to 1. A possible
explanation is that at low frequencies, the wavelength is
much larger than the size of the matching layer, the sound
waves are diffracted, and they directly strike the rigid wall,
resulting in high reflectance. At 200–800Hz, the reflectance
decreases rapidly and the reflectance is less than 13.5% at
800–10000Hz, showing that the matching layer can make
the incident acoustic waves coupled into the scatters as

efficiently as possible, thereby reducing reflection. To be
more obvious, several representative frequency points have
been extracted. It is found that at 900Hz, 3000Hz, and
7000Hz, the reflectance is 10%, 11%, and 6.6%, respectively.
.e corresponding scattered field contours of the matching
layer obtained by theoretical calculation are shown in Fig-
ure 5, which indicate that the proposed matching layer has
an excellent effect of suppressing scattering.

4. Parametric Research and Discussion

To further reveal the acoustic characteristics of the com-
posite matching layer, several configuration parameters are
discussed, covering structural parameters of every layer and
material parameters. .ese parameters can change the im-
pedance of the matching layer, which in turn affects the
mechanism of absorption and reflection.

4.1. Effects of ARC. .e periodically arranged scatters are
introduced into the ARC, which allows precise control of the
impedance and flexible design. .e parameters of ARC are
indispensable in changing the impedance, thus affecting the
mechanism of energy transfer and dissipation.

4.1.1. Variation Tendency with the 9ickness. When the
thickness is properly designed, the ARC can be adapted to
different applications. From Figure 6(a), we can see that as
the thickness of layer 1 gradually increases from 0.85 to
2.55 cm, the reflectance is significantly smaller at
800–3800Hz and 7000–10000Hz. At 800–3800Hz, the
valley of the reflection curve drops slightly; at
7000–10000Hz, the curves of h1 � 1.7 cm and h1 � 2.55 cm
are almost coincident and significantly lower than those of
h1 � 0.85 cm. It is apparent from Figure 6(b) that as the
thickness of layer 2 increases, the reflectance curve moves
toward low frequencies and the first valley has a significant
change.

.e decrease in reflection coefficients is due to the in-
crease in the amount of porous material available to absorb
energy as the thickness increases. As the acoustic wave
transmission path becomes longer, the absorption wave-
length of the composite matching layer also increases, so the
valley shifts to the low frequency. .erefore, the thickness of
the ARC can be adjusted according to different occasions to
eliminate the scattered waves.

4.1.2. Change Regulations of Lattice Constant. Based on the
single variable principle, different values for the lattice
constant a � (6.5, 7.5, 8.5) mm are discussed. In Figure 7,
comparing the matching layers with different lattice con-
stants, it is found that a reflection increase occurs in the
middle frequency range, and the average reflectance in the
whole studied frequency range is obviously reduced as the
lattice constant becomes larger. At the same time, the re-
flection curve moves to low frequencies, showing a better
performance at low frequencies.
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Figure 2: Acoustic wave propagation in anti-reflection structure.
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.e reason is that the filling fraction decreases with the
increase of the lattice constant, which makes the impedance
transition smoother, thus enhancing the coupling of acoustic
waves and scatters and promoting energy consumption.

4.2. Effects of Perforated Plate Parameters. To study the in-
fluence of the perforated plate parameters on absorption, the
perforation rate ε� (5%, 15%, 25%) and the thickness h3 � (1,
2, 3) mm are discussed in detail. It is obvious in Figure 8(a)
that as the perforation rate increases, the first valley moves
toward high frequencies, and the reflectance of the low
frequencies decreases. .e curves in Figure 8(b) showed that
the thickness of layer 3 only influences the acoustic re-
flectance at 1000–2000Hz. .e second valley shifts toward
the low frequencies as the perforation rate increases.

.e reason is that the variation of perforation rate and
the thickness directly changes the sizes of the Helmholtz
resonators and affects the energy dissipation mode of the
cavity resonance.

4.3. Effects of Parameters of Porous Material. It is widely
recognized by scholars that the acoustic absorption per-
formance of porous materials can be determined by five
parameters and the influence of porosity and flow resistivity
is obvious. .e cases when φ� (0.90, 0.93, 0.96) are dis-
cussed, and the results are displayed in Figure 9(a). As the
porosity is increased from 0.90 to 0.96, the acoustic re-
flection coefficients drop at all frequencies..e reason is that
as the porosity of the porous material increases, the number
of pores inside the porous material increases, and the
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Figure 3: Geometric schematic of the finite element model of the matching layer.
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Figure 5: Scattered field contours obtained by theoretical calculation at different frequencies. (a) f1 � 900Hz. (b) f2� 3000Hz. (c) f3 � 7000Hz.
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acoustic waves can better enter the material along the pores
and cause air vibration, thereby more effectively absorbing
energy and reducing acoustic reflection.

Flow resistivity affects the efficiency of acoustic energy
loss in porous materials due to friction and viscosity.
Figure 9(b) shows the reflection curves with different flow
resistivity σ � (134269, 184269, 234269) N·m−4s, respec-
tively. It can be seen that when the flow resistivity increases,
the reflectance at high frequencies becomes lower, but when
the flow resistivity is too large, other properties of the

structure will also be affected. .erefore, the appropriate
flow resistivity can achieve the best acoustic performance of
the structure.

5. Conclusions

In summary, this paper proposes a composite matching layer
with excellent acoustic performance at broadband fre-
quencies. .e composite matching layer includes a perfo-
rated plate, a porous layer, and an anti-reflection structure.
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Figure 9: Acoustic reflection curves with different parameters of the porous layer. (a) .e porosity. (b) .e flow resistivity.
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.e anti-reflection structure includes periodically arranged
metal foam scatters, and it is the first attempt to be applied in
the field of suppressing acoustic reflection. Based on the
homogenization theory, anti-reflection theory, and transfer
matrix method, a complete two-dimensional theoretical
model is developed. .e correctness and effectiveness of the
theoretical model are verified by simulation analysis. At
200–800Hz, the reflectance decreases rapidly and the re-
flectance is less than 13.5% at 800–10000Hz, showing that
the matching layer can make the incident acoustic waves
coupled into the scatters as efficiently as possible, thereby
reducing reflection. .e theoretical solution of the model
shows that the acoustic scattering can be reduced at
broadband frequencies. .e variation trends of reflectance
are investigated to reveal the mechanism of scattering re-
duction and acoustic absorption. All the results show that
the composite matching layer can effectively reduce the
acoustic scattering by enhancing the coupling of acoustic
waves. Hence, the composite matching layer proposed
provides a promising future for acoustic imaging equipment
and acoustic stealth.
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