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Summary
This paper presents an overview of the recents studies on the ultrasonic transmission through subwavelength
holes arrays. The role of the geometrical parameters of the perforated plates in the transmission features has been
reported by using a theoretical model under the rigid-solid assumption. It is shown that the transmission spectrum
can be tailored by varying the geometrical parameters.

PACS no. 43.35.+d, 42.79.Dj

1. Introduction

The interaction of waves with periodic structures dates
from, at least, the end of the XIX century with the study of
sound reflection of one-dimensional gratings by Rayleigh
[1]. Since then numerous authors have studied the prob-
lem. The behaviour of electromagnetic and mechanical
waves in periodic structures was a subject of a book by
Brillouin [2], that he tried on unifying concepts about both
electromagnetic and mechanical waves. From the knowl-
edge of the wave nature of electromagnetic and acoustic
waves, some of the ideas developed for electromagnetic
waves have been transferred to acoustics taking into ac-
count their differences: the electromagnetic wave is a vec-
tor transverse wave while acoustic wave is a scalar longi-
tudinal wave. The concept of sonic crystal for acoustics is
based on the idea of photonic crystal for electromagnetic
waves [3].

In 1998, Ebbesen et al. [4] observed enhanced trans-
mission of light through periodic arrays of subwavelength
holes drilled on a metal film. They observed that the light
transmission per hole at specific frequencies, correlated
with the periodicity, is much larger than predicted by
Bethe’s theory [5]. Since then, extraordinary optical trans-
mission through metallic films perforated with subwave-
length apertures has atracted much attention and has been
subject of numerous theoretical and experimental studies.
A recent review by Garcia-Vidal et al. [6] describes the
physical mechanisms and the developments in the trans-
mission of light through subwavelength apertures up to
2010.

Received 14 November 2013,
accepted 29 April 2014.

As well as the case of photonic and sonic crystals, the
idea of optical transmission through subwavelength aper-
tures has been transferred to acoustics to obtain effects
similar to extraordinary optical transmission. In the last
six years, this area of study has received a lot of attention.
Lu et al. [7] reported experimentally the so-called extraor-
dinary acoustic transmission through a subwavelength slit
array. Zhou and Kriegsman [8] predicted complete sound
transmission through subwavelength hole arrays by means
of the scattering matrix technique and Hou et al. [9] re-
ported experimentally the acoustic transmission through
subwavelength holes arrays. The main contribution to the
transmission peaks are the Fabry-Perot resonances inside
the holes. Christensen et al. [10] reported theoretical re-
sults in the rigid solid limit for subwavelength slits and
square holes arrays. Estrada et al. [11] have shown both
theoretically and experimentally in the ultrasonic range,
that, at certain frequencies, perforated plates with sub-
wavelength holes arrays exhibit higher attenuation that
predicted by mass law apart from the extraordinary acous-
tic transmission. This effect is due to the Wood anomaly
[12]. Estrada et al. [13] also demonstrated that the ultra-
sonic transmission properties of a perforated plate with
subwavelength holes arrays inmersed in water, is an inter-
play between Fabry-Perot resonances inside the holes, lat-
tice resonances in periodic arrays and elastic Lamb modes.
Wang [14, 15] uses acoustic impedances to describe the
extraordinary acoustic transmission by assuming piston-
like behaviour at the holes apertures, and revealed that the
singularity of the radiation impedance of the holes array
is the origin of the full transmission. A suppresion of the
full transmission peak can be achieved when the hole ar-
ray basis is asymmetric [16]. The acoustic transmission
through plates perforated with a quasiperiodic arrays of
subwalength apertures has been studied by Hao et al. [17].
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The role of the geometrical parameters of the hole ar-
ray is important in the ultrasonic transmission through
perforated plates and has been subject of several studies
[18, 19, 20, 21, 22]. The purpose of this paper is to de-
scribe and summarize theoretically the set of geometrical
parameters that affect the ultrasonic transmission through
subwavelength holes arrays. A rigid solid model is used to
calculate ultrasound transmission. The calculations with
the rigid solid model predicts well the transmission dips
and full transmission peaks, but there are some transmis-
sion peaks, specially at oblique incidence, that the rigid
solid model can not predict. These discrepancies can be
attributed to the assumption made about the behaviour of
the solid part of the device, namely zero energy trans-
mission across the solid part of the plate. The parame-
ter that quantifies the transmission of acoustic energy be-
tween semi-infinites media is the impedance ratio. A high
contrast of impedances between the solid and the fluid,
involves minor discrepancies between rigid solid model
calculations and measurements. This is easily understood
because a perfect match of impedances, mean a perfect
fluid-solid coupling and a full transmission of energy be-
tween fluid and solid, whereas a perfect rigid solid implies
an infinite contrast of impedances. If only normal trans-
mission coefficient is considered, the differences between
rigid solid model and measurement data, as expected, are
lower because the wave vector has no component in the
plate. A very different situation occurs when we take into
account oblique incidence. In this case, measurements de-
picts a scenario when new peaks of transmission appear
and a complex interplay between maxima and minima oc-
curs, this makes clear that the limitations of the rigid solid
model [13].

2. Basic theory. Rigid solid model

Consider a plate of thickness t which is perforated with P
cylindrical holes of radius r0

i in positions determined by
their centres ri, as schematically shown in Figure 1. For
the study of the pressure field, we split the space in three
regions, namely incident region [I], holes in plate region
[II] and radiation region [III].

Assuming an incident plane wave e i(k0·r−ωt) impinging
in the plate, the pressure field in the incidence region (re-
gion [I] in the Figure 1) is the sum of the incident and the
scattered wave, and can be written, dropping the time de-
pendence e−iωt, in terms of a series of planes waves, in the
form [23]

φI (r) = e i(Q0·r0−q0z) +
��
β+(Q)e i(Q·rII+q0z) d2Q, (1)

where k0 = (Q0, q0) is the wave vector, k0 = ω/c, q =�
k2

0 −Q2.

The pressure field inside the holes (region [II] in the
Figure 1) is expanded as a traveling wave in the z direction
and a standing wave in the transverse one. Using cylindri-
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Figure 1. Scheme of the (a) ‘xz’ plane and (b) ‘xy’ plane of the
unit cell. Grey regions correspond to the rigid solid whereas the
surrounding fluid is divided in three regions as indicated by the
labels in (a). The vector in (b) represents the projection over the
z = 0 plane of the vector defined from the centre of each hole to
the appropriate points in the hole fluid region [II].

cal waves to take advantage of the symmetry of the prob-
lem, and yields

φII(r) =

������
P�
i=1

∞�
m=0

∞�
n=1

Jm
�
Qi
mn

��(r−ri)II
���eimϕiψ imn(z)

if
��r − ri

�� ≤ r0
i ,

0 otherwise,

(2)

where qimn =
�
k2

0 −Qi
mn

2, Jm(...) is the Bessel function
of the first kind and order m and ψ imn(z) is defined as
ψ imn(z) = α

i+
mne

iqimnz + αi−mne
−iqimnz.

In the radiation region (region [III] in the Figure 1), the
pressure field is expanded in plane waves and can be writ-
ten as

φIII(r) =
��
β−(Q)e i(Q·rII+q(z+h)) d2Q. (3)

The P holes are periodically distributed throughout the
whole plate, and can be considered as a lattice basis with a
unit cell area S and defined by the vectors (a1,a2). In this
way, the coefficients β±(Q) can be expanded in Fourier se-
ries [24], giving the following discrete pressure field equa-
tions for regions [I] and [III],

φI(r) = 2e i(QG ·r0) +
�
G

β+Ge i(QG ·rII+qGz), (4)

φIII(r) =
�
G

β−Ge i(QG ·rII+qG (z+h)), (5)

where QG = Q0+G, G is the reciprocal lattice vector, and

qG =
�
k2

0 −Q2
G.

If we model the plate as a rigid solid (RSM),then the
sound field inside the solid vanishes, and the polar eigen-
functions inside each hole must satisfy J �

m(Qi
mnr

0
i ) = 0,

that is, zero normal velocity at the hole walls.
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To determine the coefficients β±G and α±G in equations
(2), (4) and (5), we impose the continuity of the pressure
and normal velocity in the interfaces holes between the
regions [I] and [II], i.e. at z = 0 and the regions[II] and
[III], (z = −h). Taking advantage of the orthogonality of
the exponentials and Bessel functions on the unit cell, we
obtain [23]

2I im�n� (Q) = − 1
S

P�
i=1

∞�
m=0

∞�
n=1

qimnψ
�i
mn(0)M ij

mm�nn� (QG)

+
P�
i=1

∞�
m=0

∞�
n=1

2πδijδmm�δnn�P
i
mnψ

i
mn(0), (6)

0 =
1
S

P�
i=1

∞�
m=0

∞�
n=1

qimnψ
�i
mn(−h)M ij

mm�nn� (QG)

+
P�
i=1

∞�
m=0

∞�
n=1

2πδijδmm�δnn�P
i
mnψ

i
mn(−h), (7)

where the coefficients in the above equations are defined
by means of the formulas (8), (9), (10) and (11)

M
ij
mm�nn� (QG) =

�
G

I imn(QG)I jm�n� (QG)
qG

, (8)

P imn =
� r0i
0
J 2
m

�
Qi
mn

��(r − rj)II
���r dr, (9)

I imn(QG) = e−iQG cot ri

� 2π

0

� r0i
0
Jm

�
Qi
mnr

�
(10)

· eimϕe−iQG ·rr dr dϕ,

ψ
�i
mn(z) = αi+mne

iqmnz − αi−mne−iqmnz =
i

qimn

∂ψ imn
∂z

, (11)

and the β±G coefficients are related to the α±G by means of

β+G =
1
S

P�
i=1

∞�
m=0

∞�
n=1

qimn
qG
I imn(QG)ψ

�i
mn(0), (12)

β−G = − 1
S

P�
i=1

∞�
m=0

∞�
n=1

qimn
qG
I imn(QG)ψ

�i
mn(−h). (13)

Truncating the series (6) and (7) in m = n = M and rear-
ranging, we obtain the following system of 2×M×M×P
equations in the variables αi±

mn witch can be solved, for each
pair frequency ω and angle of incidence Q0, by means of
standard procedures

P�
i=1

M�
m=0

M�
n=1

�
A
ij
mm�nn�α

i+
mn + B

ij
mm�nn�α

i−
mn

�
= 2I jm�n� (QG),

P�
i=1

M�
m=0

M�
n=1

�
C
ij
mm�nn�α

i+
mn +D

ij
mm�nn�α

i−
mn

�
= 0, (14)

Figure 2. (a) Calculated transmitted ultrasound power coefficient
for a plate drilled with square lattice subwavelength holes arrays
of diameter d = 2 mm, lattice period p = 4 mm and plate thick-
ness t = 2 mm (a) as a function of frequency in water at normal
incidence. (b) as a function of both the frequency and the inci-
dence angle.

where the matrices A, B, C and D are defined by

A
ij
mm�nn� = 2πδijδmm�δnn�P

i
mn −

1
S
qimnM

ij
mm�nn� ,

B
ij
mm�nn� = 2πδijδmm�δnn�P

i
mn +

1
S
qimnM

ij
mm�nn� , (15)

C
ij
mm�nn� = B

ij
mm�nn�e

−iqimnh,

D
ij
mm�nn� = A

ij
mm�nn�e

iqimnh.

At this point, the coefficients β±G can be obtained evaluat-
ing back the equations (12) and (13). The ultrasound trans-
mission coefficient is then calculated from the ultrasound
power radiated by an infinite plate [25],

Π(ω) =
ρck0

8π2
�e

��
��∞

−∞

��V (Q)
��2�

k2
0 −Q2

d2Q

�� ,

V (Q) = Fx Fy
�

i∂zp
ωρ

���
z=0,z=−h

�
, (16)

where Fx Fy means double spatial Fourier transform. This
formula applied to our case yields

τ =
ΠT (ω)

Π0(ω, θ, ϕ)
=
�
G

�e
�qG
q0

���β−G��2
. (17)

3. Results and discussion

When an ultrasonic wave impinges onto a subwavelength
perforated plate, a typical transmission spectrum is ob-
tained. Figure 2a shows calculated transmitted ultrasound
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power coefficient as a function of frequency, f , in water
at normal incidence for a plate drilled with square lattice
subwavelength holes arrays of diameter d = 2 mm, lattice
period p = 4 mm and plate thickness t = 2 mm. It can be
clearly seen a pronounced transmission peak at 250 kHz
followed by a minimun transmission value. The transmis-
sion peak is related to the Fabry–Perot resonances inside
the holes while the minimum transmission is just the Wood
anomaly similar to those observed in optical gratings [12].
Wood anomalies are an effect observed in the spectrum of
ligth when ligth impinges in optical diffraction gratings. It
was observed rapid variations in the intensity of specific
diffracted spectral orders in narrow frequency bands. The
minimum is produced by a coherent interference.

The Wood anomaly for normal incidence is given by

ω

c
=

�
2πm
p

�2
+

2πn
p

�2
,

where p is the lattice period, m, n are called Miller indices
and c is the speed of ultrasound in water. The positions
of the Wood anomaly are 370 kHz and 520 kHz for (m, n)
= (1, 0) and (1, 1), respectively. Figure 2b shows calcu-
lated transmitted ultrasound power coefficient as a func-
tion of both the frequency and the incidence angle. It is
seen the strong angle dependence of the Wood anomalies.
The transmission peaks also exhibit angle-dependent be-
haviour.

3.1. Influence of plate thickness

It is seen from the open tube Fabry-Perot resonant con-
dition t = nλ/2, where λ is the wavelength and n ∈ N ,
that the resonant transmission peaks are directly related to
the plate thickness, therefore when the plate thickness in-
creases, more transmission maxima will appear and they
will move toward lower frequencies. Figure 3 shows cal-
culated transmitted ultrasound power coefficient as a func-
tion of frequency, f , in water at normal incidence for a
plate drilled with subwavelength holes arrays of diameter
d = 2 mm, square lattice period p = 4 mm and for four dif-
ferent values of the plate thickness, t = 2, 3, 4, and 5. It is
seen that as thickness increases from 2 to 3 mm the second
order Fabry-Perot resonance (n = 2) appears at 330 kHz.
The position of the peaks do not agree precisely with those
calculated with the open tube Fabry-Perot condition due to
it is highly influenced by the array periodicity. When the
plate thickness is 5 mm the second, third and fourth order
resonances are visualized. Due to the lattice period is the
same for all the plate thickness the positions of the Wood
anomalies (370 kHz and 520 kHz) do not change.

3.2. Influence of hole filling fraction

The hole filling fraction is a parameter that has a large
impact on the ultrasonic transmission through perforated
plates [18]. For a square array, the hole filling fraction,
ff , is given by πd2/(4p2), where d is the hole diameter
and p is the lattice period. Thus, the hole filling fraction

200 300 400 500 600
0

0,5

1

τ

200 300 400 500 600
0

0,5

1

τ

200 300 400 500 600
0

0.5

1

τ

200 300 400 500 600
0

0.5

1

f(kHz)

τ

(a) t=2 mm

(b) t=3 mm

(c) t=4 mm

(d) t=5 mm

Figure 3. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence for a
plate drilled with square lattice subwavelength holes arrays of
diameter d = 2 mm, lattice period p = 4 mm and for plate thick-
ness (a) t = 2 mm, (b) t = 3 mm, (c) t = 4 mm and (d) t = 5 mm.

can be modified by varying the diameter or the lattice pe-
riod. Calculated transmitted ultrasound power coefficient
as a function of frequency, f , in water at normal incidence
for a plate drilled with subwavelength holes arrays of di-
ameter d = 3 mm, plate thickness t = 4 mm and for three
square lattice periods p = 4, 6 and 8 mm, is shown in Fig-
ure 4. As the filling fraction decreases, more transmission
dips show up resulting from Wood anomaly and these dips
move toward lower frequencies. The position of the trans-
mission peaks related to the Fabry–Perot resonances are
influenced by displacement of the Wood anomalies. It can
also be observed that the transmission peaks become nar-
rower as the filling fractions decrease, as in the case of
diffraction gratings [26].

Figure 5 shows the calculated results for a plate of thick-
ness t= 4 mm, square lattice period p= 6 mm and for three
holes diameters d = 2, 3 and 4 mm. In this case, as the lat-
tice period is constant, the positions of transmission dips
corresponding to the Wood anomaly remains at the same
frequencies when the filling fraction varies. The transmis-
sion peaks related to the Fabry–Perot resonances become
narrower as the filling fractions decrease just like results
obtained by varying lattice periods.
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Figure 4. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence for a
plate drilled with square lattice subwavelength holes arrays of
diameter d = 3 mm, plate thickness t = 4 mm and for three lattice
periods p = 4, 6 and 8 mm.
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Figure 5. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence for a
plate of thickness t = 4 mm, drilled with square lattice subwave-
length holes arrays of lattice period p = 6 mm and for three holes
diameters d = 2, 3 and 4 mm.

3.3. Influence of lattice geometry

A periodical repetition of N holes throughout the plate
can be considered as a lattice basis with unit-cell area
S and defined by the primitive vectors (/a, /b). For nor-
mal incidence, the Wood anomaly condition is given by
ω/c = |G|, where G = ma1 + na2, is the recipro-
cal lattice vector and m, n are the Miller indices. For a
square array the primitive vectors are a1 = 2πx/p and
a2 = 2πy/p, and for a triangular array the primitive vec-
tors are a1 = 2π/p(x+y/

√
3) and a2 = 2π/p(x−y/

√
3).

Therefore, the frequencies at which the transmission dips
related with Wood anomaly occur are directly related with
the lattice geometry. Figures 6a-c show the calculated re-
sults for a plate of thickness t = 4 mm, hole diameter d =
2 mm and for three different lattice periods p = 4, 5 and
6 mm, respectively arranged with both square and trian-
gular lattice hole arrays. Comparison between results ob-
tained for both square and triangular lattices reveals that
the transmission dips corresponding to Wood anomalies
appear at lower frequencies in the square lattices [19]. As
the filling factor of the square lattice is lower than trian-
gular one, the transmission peaks of the square lattice ge-
ometries are narrower than the triangular ones.
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(a)
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Figure 6. Comparison of calculated transmitted ultrasound power
coefficient as a function of frequency, f , in water at normal in-
cidence for a plate arranged with square and triangular lattice
hole arrays. The plate thickness was t = 4 mm, hole diameter d
= 2 mm and for lattice periods (a) p = 4 mm, (b) p = 5 mm and
(c) p = 6 mm.

3.4. Two periodic hole arrays

Two periodic holes arrays arrangement consists in a pri-
mary square array which is decorated with a larger sec-
ondary array that can be square or rectangular. The sym-
metry of the resulting structure is given by the symme-
try of the secondary array. The transmission properties
of a plate perforated with two periodic holes arrays can
be explored by considering a rectangular compound holes
arrays as described in Figure 7. The compound array is
drilled on a plate of thickness t = 4 mm. The primary ar-
ray is a square distribution of holes having diameter d1

= 1 mm and a unit cell period of a2/2 = 4 mm. The sec-
ondary array is a rectangular distribution of holes having
diameter 3 mm and rectangular unit cell of dimensions a1

= 16 mm and a2 = 8 mm. Figures 8a and 8b show the
calculated transmitted ultrasound power coefficient as a
function of frequency, f , in water for the primary and sec-
ondary array respectively. Although the plate thickness is
the same, the position of the transmission peaks related
to Fabry-Perot resonances shift considerably by the effect
of the hole size and the period [19]. The transmission of
the plate with two periodic holes arrays is depicted in Fig-
ure 8c. It could be seen that the transmission spectrum is
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Figure 7. Schematic diagram of the compound hole array consid-
ered.
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Figure 8. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , for (a) the primary array and (b) the
secondary array.

simply the addition of the primary and secondary array
spectrum with the transmission peaks at the same frequen-
cies than the simple arrays [20].

3.5. Multiple-sublattice periodic hole arrays

When two or more holes are arranged in a unit cell,
the resulting structure is a multiple-sublattice periodic
holes array. With increasing the number of holes per unit
cell and varying the spacing between holes, the number
of resonances will increased and the transmission spec-

Figure 9. Schematic diagram of the multiple-sublattice hole unit
cells.

trum will change. The question of the interaction be-
tween different resonances is answered by considering
4×4 multiple-sublattice holes arrays placed in water. In
each 4×4 squared holes arrays considered, the plate thick-
ness is t = 3 mm, the period of the unit cell is a = 5 mm,
the hole diameter d = 0.7 mm and three values of inter-
hole distances within the unit cell, p, are considered. The
values of p considered are a/4, a/5 and a/6. Figure 9
shows the multiple-sublattice hole unit cells considered.
Calculated transmitted ultrasound power coefficient as a
function of frequency, f , in water at normal incidence
of the three 4×4 multiple-sublattice holes arrays consid-
ered, are showed separately in Figures 10a-c for the sam-
ples with the inter-hole distance a/4, a/5 and a/6, respec-
tively. When the inter-hole distance within the unit cell is
a/4 (Figure 10a), the resulting sample is a square lattice
holes array with period a/4. The transmission peaks cor-
respond to the Fabry-Perot resonances, and transmission
dip at the frequency around 1180 kHz correspond to the
Wood anomaly. By reducing the inter-hole distance to a/5
(Figure 10b), new transmission dips resulting from Wood
anomaly corresponding to the period of the unit cell ap-
pear. It is also observed that the amplitude of the first or-
der Fabry-Perot resonance peak is invariable but the ampli-
tude of the second and higher orders is reduced. A remark-
able feature is that the first order Fabry-Perot resonance
splits into two peaks. When the inter-hole distance is a/6,
the amplitude reduction of the second and higher orders
Fabry-Perot resonance peaks is more important, and the
splitting of the first order Fabry-Perot resonance peak re-
mains invariable. The splitting arises from the interference
between holes [16, 21]. When the phase difference be-
tween holes in a unit cell approaches π, the interference is
destructive. Whether the inter-hole distance reduces within
a unit cell, the transmission spectrum will tend to become
a spectrum with only one hole per unit cell [21]. While
the two periodic hole arrays and multiple-sublattice peri-
odic hole arrays structures correspond to the same physical
phenomenon (using the language of classical crystallog-
raphy, a unit cell with several atoms in the base), with a
careful choice of the dimensions and the positions of the
elements in two periodic hole arrays structures, so that the
cell can be considered as a superposition of other unit cells
with different lattice parameters, allows us to show that
the transmission through the cell is simply the addition of
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Figure 10. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence of 4×4
multiple-sublattice holes arrays. The plate thickness is t = 3 mm,
the period of the unit cell is a = 5 mm, the hole diameter d =
0.7 and the inter-hole distance (a) p = a/4, (b) p = a/5 and (c)
p = a/6.

the individual transmissions without appreciable interfer-
ence effects. While in the general case, multiple-sublattice
periodic hole arrays, the interferences due to the different
relative position of the holes play an essential role.

3.6. Fractal-featured hole arrays

Previously, only periodic distribution of holes had been
addressed. An example of aperiodic structures is the frac-
tal one. A well known fractal structure is the Sierpinski
Carpet, which construction follows an iterative process.
The effect of the geometry self-similarity on the transmis-
sion spectrum is analyzed using three iterative generations
of the Sierpinsky Carpet. A square distribution of holes
having diameter 0.5 mm was used as a first step and a
unit cell period a = 1.5 mm. The second iterative gener-
ation was made with a square distribution of holes hav-
ing diameters 0.5 mm and 1.5 mm, and a unit cell period
a = 4.5 mm. The third and last iterative generation was
made with a square distribution of holes having diame-
ters 0.5 mm, 1.5 mm and 4.5 mm, and a unit cell period a
= 13.5 mm. Figures 11a-c show a schematic diagram of
the iterative generations considered. In all samples con-

(a) (b) (c)

Figure 11. Schematic diagram of the iterative generations of the
Sierpinski Carpet pattern. (a) First iteration with circular holes
of diameter 0.5 mm and unit cell period 1.5 mm. (b) Second one
with circular holes of diameters 0.5 mm and 1.5 mm and unit cell
period 4.5 mm. (c) Third iterative generation with circular holes
of diameters 0.5 mm, 1.5 mm and 4.5 mm and unit cell period
13.5 mm.
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Figure 12. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence for (a)
First iteration with circular holes of diameter 0.5 mm and unit cell
period 1.5 mm. (b) Second one with circular holes of diameters
0.5 mm and 1.5 mm and unit cell period 4.5 mm. (c) Third itera-
tive generation with circular holes of diameters 0.5 mm, 1.5 mm
and 4.5 mm and unit cell period 13.5 mm.

sidered, the plate thickness was 4 mm. Figures 12a-c show
the calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence
for each of the three iterations considered. The transmis-
sion spectrum of the square distribution of holes with di-
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Figure 13. Calculated transmitted ultrasound power coefficient as
a function of frequency, f , in water at normal incidence of 3×3
squared holes arrays. The holes diameter was 3mm and the plate
thickness 2 mm. A unit cell period of 15 mm was considered and
the inter-hole distances within the unit cell was 5 mm. (a) No
vacancies in the unit cell. (b) One vacancy in the unit cell. (c)
Two vacancies in the unit cell. (d) Three vacancies in the unit
cell.

ameter d = 0.5 mm and a unit cell period a = 1.5 mm is
depicted in Figure 12a. The transmission peaks observed
correspond to the Fabry-Perot resonances. The transmis-
sion dip corresponding to Wood anomaly is out of fre-
quency range (around 980 kHz). The transmission spec-
trum of the second iterative generation, made with holes
having diameters 0.5 mm and 1.5 mm and unit cell period
of 4.5 mm is showed in Figure 12b. The resulting struc-
ture is an arrangement that consists in two periodic holes
arrays having a primary square array which is decorated
with a larger secondary square array. The transmission
spectrum is the addition of the primary and secondary ar-
ray spectrum. One remarkable feature if the existence of a
transmission dip at 165 kHz due to a destructive interfer-
ence between the holes of the primary and secondary array
[16, 21]. The third iteration made with holes having diam-
eters 0.5 mm, 1.5 mm and 4.5 mm, and a unit cell period a
= 13.5 mm, is depicted in Figure 12c. Like in the second
iteration case, the transmission spectrum has the charac-

teristics peaks and dips of each contributed array. Iteration
has been stopped at the third generation because in fourth
and following generations, the holes diameter would be
higher than the wavelength and consequently the transmis-
sion coefficient would be 1.

3.7. Effect of lattice vacancies

Perforated plates with subwavelength holes arrays con-
taining holes vacancies in their unit cells show particular
ultrasound transmission properties. The effect of the holes
vacancies on the ultrasound transmission spectrum is an-
alyzed using 3×3 squared holes arrays placed in water.
The holes having diameter 3 mm were drilled on a plate
of thickness t = 2 mm. A unit cell period of 15 mm was
considered and the inter-hole distances within the unit cell
was 5 mm. Calculated transmitted ultrasound power coef-
ficient as a function of frequency, f , in water at normal
incidence of plates with no vacancies and plates with one
two or three vacancies in their unit cells, are showed sepa-
rately in Figures 13a-d. When there are no vacancies in the
unit cell (Figure 13a), the resulting sample is a square lat-
tice holes array with unit cell period 5mm. The transmis-
sion peak corresponds to the Fabry-Perot resonance, and
the transmission dip at the frequency 296 kHz correspond
to the Wood anomaly for (m, n) = (1,0). The effect of a va-
cancy in the unit cell is showed in Figure 13b. In this case,
the periodicity is broken and new transmission dips result-
ing from Wood anomaly corresponding to unit cell period
of 15 mm appear. As could be expected, the amplitude of
the Fabry-Perot resonance peak is reduced. As more va-
cancies are created in the unit cell (Figures 13c-d), the
transmission dips resulting from Wood anomaly remain
invariable and there is a reduction in the amplitude of the
Fabry-Perot resonance peak. Further investigation toward
the effect of lattice vacancies in subwavelength perforated
plates is needed.

4. Conclusions

The role of the geometrical parameters on the ultrasonic
transmission through subwavelength holes arrays has been
analized by using a theoretical model under the rigid-solid
assumption. It has been pointed out that the transmission
spectrum exhibit peaks because of the Fabry-Perot reso-
nances and dips related to the Wood anomaly. The number
and position of the transmission peaks depend on the plate
thickness and they become narrower as the filling frac-
tions decrease. The transmission dips corresponding to the
Wood anomalies depend on the lattice period and geom-
etry. When a plate is drilled with two periodic subwave-
length holes arrays, the transmission spectrum is simply
the addition of the primary and secondary array spectrum.
Multiple-sublattice and fractal- featured hole arrays have
been analyzed. Prospective applications of the results pre-
sented in this paper can be anticipated, such as in the de-
velopment of underwater sound screening materials, ultra-
sonic filters, ultrasonic medical instrumentation and non-
destructive inspections.
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