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In this letter, we have demonstrated that serrated metal gratings, which introduce gradient coatings,
can give rise to broadband transmission enhancement of acoustic waves. Here, we have
experimentally and theoretically studied the acoustic transmission properties of metal gratings with
or without serrated boundaries. The average transmission is obviously enhanced for serrated metal
gratings within a wide frequency range, while the Fabry-Perot resonance is significantly
suppressed. An effective medium hypothesis with varying acoustic impedance is proposed to
analyze the mechanism, which was verified through comparison with finite-element simulation.
The serrated boundary supplies gradient mass distribution and gradient normal acoustic impedance,
which could efficiently reduce the boundary reflection. Further, by increasing the region of the
serrated boundary, we present a broadband high-transmission grating for wide range of incident
angle. Our results may have potential applications to broadband acoustic imaging, acoustic sensing,
and acoustic devices. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905340]

The manipulation of waves through artificial materials is
an intriguing subject that has been extensively developed
over the past decade.'° Through ingenious design, material
properties could be extended to unnatural and fascinating
regions for acoustic waves, such as negative refra\ction,l_4
subwavelength imaging,”® acoustic cloaking,”'? extraordi-
nary transmission,'>~'” and so on. Extending the broadband
working range is the current challenge for further develop-
ments, and has already attracted intense attentions. For exam-
ple, simultaneously exciting adjacent multiple modes through
complex structures could exceed the bandwidth limit of a sin-
gle resonant mode.”'* Moreover, quasi-periodic structure
could excite multiple diffractions, which could broaden the
working frequency range of acoustic asymmetric transmis-
sion.”* Very recently, gradient-index structure was utilized to
efficiently inhibit wave reflection to obtain broadband high
transmission.”>*® Related researches have broad application
potentials in subwavelength imaging, asymmetric transmis-
sion,24’27 broadband sensing, and so on.

The broadband properties of acoustic transmission
though gratings have already been demonstrated under
oblique incidence, which could be explained through effec-
tive acoustic impedance matching.”®**° However, this phe-
nomenon is very sensitive to large oblique incident angles,
limiting further development. Gradient-index structures
could also be utilized for broadband antireﬂection,zs’26 pla-
nar lens,30’31 and broadband asymmetric transmission.>’ To
achieve gradient-index structures, people have employed the
phononic crystals with spatially varying filling fractions.?”-*?
However, to some extent multiple-scattering-based
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mechanism limits the working frequency region of acoustic
waves in phononic crystals.

In this letter, we studied four metal gratings and demon-
strated that serrated boundaries lead to broadband transmis-
sion enhancement of acoustic waves. Physically the serrated
boundary region supplies a gradient transition layer between
the air and the grating, effectively reducing the interface
reflection. Furthermore, we enlarge the gradient layer by
increasing the serrated boundary region, and propose a ser-
rated grating with broadband high transmission for wide
range of incident angles. This research may provide some in-
spiration for gradient structure design, which may be applied
in broadband acoustic devices.

Here, we studied four different metal gratings with and
without serrated boundaries, which are labeled samples I, II,
I, and 1V, as shown in Fig. 1. Then, a beam of acoustic
wave is incident on the gratings. As shown in Fig. 1, samples I
and II are metal gratings with smooth boundaries, while sam-
ples III and IV are the corresponding gratings with serrated
boundaries. Sample I is a vertical smooth grating (Fig. 1(al)),
where the period and the width of the slits are d= 5.5 mm and
w=2.5mm, respectively, and the thickness is /=20 mm.
Sample II is an oblique smooth grating (Fig. 1(b1)). The metal
strips are stacked under the oblique angle 0 = 32°, while the
boundary is smooth. Sample III is a vertical serrated grating
(Fig. 1(cl)), and could be fabricated by adding serrated trian-
gles (1.87 mm height with 58° vertex) to sample I. Sample IV
is an oblique serrated grating (Fig. 1(d1)), which utilized the
same steel strips as sample I but stacked under tilt angle of
0 = 32°. The serrated boundary regions of the gratings are rela-
tively small, so these four gratings have nearly the same filling
ratio.

The four gratings were fabricated through sequentially
stacking steel strips and were immersed in air. An acoustic

© 2015 AIP Publishing LLC
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FIG. 1. (al)—-(d1) show the schematic
pictures of four gratings, while
(a2)—(d2) show the transmission spec-
y tra of four gratings. (al) and (a2)
sample I: vertical smooth grating;
(bl) and (b2) sample II: oblique

smooth grating; (c1) and (c2) sample

(c2)
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(d2) III: vertical serrated grating; (d1) and
(d2) sample IV: oblique serrated gra-
ting. For all gratings, 7=20mm,
d=5.5mm, w=2.5mm, and 0 =232°,
respectively. On the right panel, red
lines correspond to the experimental
results while black lines correspond
to the finite-element simulations. The
insets are photos of steel gratings.
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wave beam was incident on the gratings and the transmission
spectra were measured by the analysis package of the 3560C
Briiel & Kjer Pulse Sound and Vibration Analyzers. We
verified the results with finite-element simulations. The
transmission spectra of the four gratings obtained from
experiments and finite-element simulations are shown in
Figs. 1(a2)-1(d2). The transmission peaks and dips originate
from the Fabry-Perot interferences. Comparing to sample I,
the average transmission within the 6-16 mm wavelength
range is enhanced (from 0.71 to 0.80) for sample III. The
two gratings have nearly the same geometry, except for the
thin serrated boundary. However, the Fabry-Perot effect is
obviously suppressed for the serrated boundary, leading to
broadband transmission enhancement. Similar results could
also be obtained for sample II and sample IV. With the ser-
rated boundary in sample IV, the Fabry-Perot effect is sup-
pressed, and the average transmission is obviously enhanced
(from 0.61 to 0.80) within the 8—16 mm wavelength range
compared to sample II. Moreover, serrated boundary region
was found to play a vital role in the broadband enhanced
transmission by inhibiting Fabry-Perot interference.

The angular transmission spectra of the four gratings
by finite-element simulations are shown in Fig. 2.
Comparing gratings with and without the serrated bound-
ary, the Fabry-Perot effect is weakened, and the averaged
transmission within 4-30mm wavelength range is
enhanced for different incident angles (at least 10%
enhancement between 0° < 0 < 38°). As the incident angle
increased, broadband flat transmission could appear at
optimal incident angle of 0; = cos™![(d — w)/d].*® As all
four gratings have nearly the same filling ratio and the ser-
rated boundary is thin enough to be neglected, the broad-
band flat transmission can be observed at nearly the same
optimal angle (63°) incidence (shown by the white dotted
lines in Fig. 2). We found that the serrated boundary and
proper incident angle could both suppress the Fabry-Perot
effect and enhance the transmission. Compared with tuning
the incident angle, the serrated boundary is more suitable
for practical applications.

Because the grating periods are less than wavelength of
the acoustic waves, we utilized an effective medium theory
to characterize the gratings. Taking the gratings as plates, we

could achieve the relative effective index n and impedance &
from the complex transmission and reflection coefficients for
normal incidence,33 respectively. Here, n =c/c, and
& = p.cr/poco, where p, and c¢ are the mass density and
sound velocity of air, respectively, while p, and c, are the
effective mass density and velocity of gratings, respectively.
The calculated real part of n and ¢ are shown in Fig. 3. For
samples I and III, Re(n) is not sensitive to the wavelength
and approximately equals 1, while Re(&) has different slopes
corresponding to the different impedance ratio and grating
transmissions. While for samples II and IV, Re(n) is not sen-
sitive to the wavelength, but Re(n) is larger than 1 for the
slope guide path of acoustic waves. From the Re(n) perform-
ance, acoustic waves are thought to propagate along the slit
directions inside the grating and could be described by zero-
order guided mode, regardless of serrated boundary. To fur-
ther analyze the serrated boundary effects, we propose an
effective medium hypothesis with varying acoustic imped-
ance along the propagation direction.

Wavelength(mm)

Incident angle(°)

FIG. 2. Angular transmission spectra obtained by finite-element simulations:
(a) sample I: vertical smooth grating; (b) sample II: oblique smooth gratings;
(c) sample III: vertical serrated grating; and (d) sample IV: oblique serrated
grating. The optimal angles (indicated by white dotted lines) for four gra-
tings are all around 63°.
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We then perform additional calculations based on the
effective medium hypothesis to analyze the broadband
enhanced transmission phenomena in serrated gratings. The
serrated boundary is thought to supply a gradient layer with
varying effective acoustic impedance. To obtain the transmis-
sion properties through material interface, we could analyze
the normal acoustic impedance ratio between the two materi-
als. For normal incidence, the effective normal acoustic im-
pedance (the ratio of pressure and normal velocity) of air is
Zair_norm = PoCo, Where p,, and c( are mass density and acous-
tic velocity of air, respectively. Inside acoustic gratings, the
zero-order guided mode is a good approximation for describ-
ing acoustic propagation through the gratings. Consequently,
acoustic waves are thought to propagate along the slits direc-
tion inside the grating regardless of the incident angle.

For gratings, the effective velocity could be set to the
constant ¢, based on above results in Fig. 3, while the effec-
tive mass density equals p,d/w(z), where w(z) is the local
width of the slits along the propagation direction (z coordi-
nate). Then, the effective normal acoustic impedance of the
grating is given as follows:

ngting,norm = PoC'rd/W(Z)~ (M

Based on the above effective medium hypothesis, we can per-
form analytical calculations on the effective acoustic imped-
ance through the metal gratings (as shown in Fig. 4). For
sample I, the effective normal acoustic impedance distribution
of the air and grating is shown in Fig. 4(b). The gray regions
correspond to the gratings. As shown in Fig. 4(b), there is a
sharp impedance change at the boundary. For sample III, the
effective normal acoustic impedance distribution along the z
direction is shown in Fig. 4(d). We find a gradient transition
layer at the boundary, where the normal acoustic impedance
gradually increased from air to grating. This gradient transition
layer is the physical origin of the broadband antireflection.

To further verify the rationality of effective medium
hypothesis, we also calculated the transmission spectra and

compared them with the simulated results shown in Figs. 4(a)
and 4(c). To calculate the transmission spectra based on effec-
tive medium hypothesis, we already discussed the effective
normal acoustic impedance. In addition, multiple diffractive
waves could be excited at the grating boundary, adding an extra
phase shift. As a result, the effective thickness of the grating
should be h, = h + Ah(w). To simplify the discussion, we set
the fitting coefficient /4, to be frequency independence. Then,
we utilized the transfer matrix method to calculate the transmis-
sion spectra. For gradient transition layer, the effective normal
acoustic impedance varied continuously. To solve this problem,
we divided the gradient transition layer into N thin homogene-
ous layers. The pressure field in each layer can be expressed as

pn(z) = piexp(ikz) + plexp(—ikz) (n=1,2,...N), (2)

where k = @/c¢¢. The pressure field above and below the gra-
ting can be expressed as
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FIG. 4. (a) and (c) The transmission spectra of vertical gratings with smooth
and serrated boundaries, respectively. Here, black lines correspond to the
finite-element simulation while red lines correspond to the calculations
based on effective medium hypothesis. (b) and (d) The effective acoustic
normal impedance distributions along the z-direction for vertical gratings
with smooth and serrated boundaries, respectively.
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po = pY exp(ikz) + p? exp(—ikz),

i1 = PN exp(ikz).

3)

Considering the pressure continuum and velocity continuum
conditions, we find

Hy(z)my = Hyr (z)mpsr (n=0,1,2.N+1).  (4)
_ exp(ikz,) exp(—ikz,)
Here, - Hy(z) = (expokzn)/zn —exp(—ikz,)/Z, ) 4

m, = (ﬁ ! ) where z,, and Z,, are the coordinate and effec-

.
tive normal acoustic impedance of the n-th layer, respec-

tively, and zy = 0. Through matrix operation, we obtain

pN+1 . |
to = [Hy11(zn)] Hy(zn)- - [Hov1(z0)]
pO
X Hy(2,)...[Hy (20)] " Ho(zo) pg G

Here, we set po =1, and then, the transmittance of the
acoustic wave is given by

t = |pN+l| (6)

For sample I, the calculation is simple and the results have
already been discussed.'* As shown in Fig. 4(a), the calcula-
tion result based on effective medium hypothesis agrees well
with simulated result in long wavelength region. In the short
wavelength region, the deviation increased with shorter
wavelengths due to the enhanced diffractive effect. While
for sample III, the effective normal acoustic impedance
varied continuously in the gradient transition layer as in
Fig. 4(c). The calculations based on effective medium
hypothesis agree well with the finite-element simulation.
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Unlike sample I, broadband enhanced transmission can be
observed in sample III. For samples II and IV, because of the
more complex boundary conditions, the frequency independ-
ent effective thickness settings could not work very well and
are not shown here. However, the gradient transition layer
could also explain the broadband enhanced transmission phe-
nomenon. We conclude that our effective acoustic imped-
ance settings are reasonable for vertical serrated gratings.
The broadband enhanced transmission phenomena are due to
the gradient transition layers.

From the above discussion, we know the gradient transi-
tion layer plays an important role in the broadband enhanced
transmission. Therefore, we could enlarge the gradient tran-
sition layers to obtain a better broadband transmission
enhancement. As shown in Fig. 5, we designed a metal gra-
ting by increasing the thickness of the serrated boundary
region to one-third of the total thickness without changing
the total filling ratio compared to sample I. Broadband high
transmission for normal incidence is shown in Fig. 5(a). The
thicker gradient transition layer could slow the acoustic im-
pedance change, inducing a better antireflection effect.
Through the angular transmission spectra obtained by finite-
element simulation (Fig. 5(c)), we found that broadband high
transmission could be realized in a large incident angle
region (between 0° < 0 < 40°, the average transmission
within the 6-25 mm wavelength range is greater than 0.85).
At higher incident angles, broadband high transmission
disappeared, and resonant transmission peaks occurred. To
explain these phenomena, we could also utilize effective me-
dium hypothesis to analyze the transmission properties.

As discussed above, acoustic waves are thought to prop-
agate along the slit direction inside the grating regardless of
the incident angle. Thus, for oblique incidence, the effective
normal acoustic impedance of the grating is the same as the
normal incidence: Zyaing norm = pocrd/w(z). For air, the

1000
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700

650 FIG. 5. Increasing the gradient bound-

600 ary region. (a) Transmission spectra

550 for normal incidence obtained with

500 finite-element simulation (black line)

450 and calculations (red line) based on the
60 effective medium hypothesis. The inset

is schematic picture of grating. (b)
Spatial distribution of the effective
normal acoustic impedance of the gra-
ting. The color bar corresponds to the
effective acoustic impedance. (c) and
(d) The angular transmission spectra
obtained with finite-element simulation
and calculations based on the effective
medium hypothesis, respectively.
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effective normal acoustic impedance iS  Zui_norm =
poco/ cos 8 for incident angle 6. The angular effective nor-
mal acoustic impedance distribution is shown in Fig. 5(b).
Based on these settings, we could calculate the angular trans-
mission spectra through transfer matrix method shown in
Fig. 5(d). We found good agreement between simulated
results and the results calculated through effective acoustic
impedance method shown in Figs. 5(c) and 5(d), respec-
tively, which again verified the effective settings. We
observed deviations in the short wavelength region and at
high incident angles, because of the additional diffractive
effects at those conditions. As shown in Fig. 5(b), for small
angle (0 < 40°) incidence, the gradient boundary layer acts
as a good air-to-grating transition layer. The effective normal
acoustic impedance of air did not significantly vary with the
incident angle in this region. Moreover, the effective normal
acoustic impedance distribution varied gradually along the z-
direction. As a result, the gradient boundary layer could
effectively reduce the reflection at the interfaces inducing
angle-insensitive broadband high transmission. On the other
hand, for higher angle incidence, the effective normal acous-
tic impedance of air changed significantly, and sharp changes
appeared at the interfaces. These sharp changes of the effec-
tive normal acoustic impedance would induce high reflection,
resulting in obvious Fabry-Perot resonant transmission.
Unlike the samples in Fig. 2, the serrated boundary here
could not be neglected, so the effective normal acoustic im-
pedance matching could not be satisfied, thereafter the broad-
band high transmission could not happen at large incident
angle (as shown in Fig. 5). Therefore, by increasing the
serrated boundary region, we could design a grating with
angle-insensitive broadband high transmission, which could
be understood by the effective medium hypothesis.

In summary, we studied the acoustic transmission prop-
erties of four gratings, and experimentally found that broad-
band enhanced transmission occurred through serrated
gratings for normal incidence. Through the angular transmis-
sion spectra obtained by the finite-element simulation, we
show that the Fabry-Perot effect and the average transmis-
sion could be affected by the serrated boundary within wide
incident angles. Furthermore, the effective medium hypothe-
sis was utilized to analyze the broadband enhanced transmis-
sion phenomena. The serrated boundary supplies a gradient
acoustic impedance distribution, which could effectively
reduce the boundary acoustic reflection and enhance the total
transmission. Because the serrated boundary plays an impor-
tant role in transmission enhancement, we proposed a grating
with an enlarged serrated boundary region without changing
the total filling ratio. Broadband high transmission could be
seen for wide range of incident angles. Our studies may have
potential applications in acoustic imaging, acoustic cloaking,
and acoustic device design.
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