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Controls of pass-bands in asymmetric acoustic transmission∗
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The controls of the pass-bands in an asymmetric acoustic transmission system are investigated numerically and ex-
perimentally, and the system consists of a periodical rectangular grating and two uniform brass plates in water. We reveal
that the pass-band of the asymmetric acoustic transmission is closely related to the grating period, but is affected slightly by
the brass plate thickness. Moreover, the transmittance can be improved by adjusting the grating period and other structural
parameters simultaneously. The control method of the system has the advantages of wider frequency range and simple
operation, which has great potential applications in ultrasonic devices.
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1. Introduction
In natural materials, energy fluxes generally propagate re-

ciprocally. In the past decade, considerable efforts have been
devoted to the investigations on the rectifications of different
energy fluxes by using specially designed artificial structures,
such as thermal flux,[1,2] electromagnetic waves,[3–6] and soli-
tary waves.[7] Inspired by the great applications of these sys-
tems, the realization of the asymmetric acoustic transmission
(AAT)[8] has become a hot topic due to its potential applica-
tions in a variety of important fields, such as acoustic rectifier,
acoustic diode, and medical ultrasound diagnosis and therapy.

The first AAT model is composed of a nonlinear medium
and a band gap phononic crystal,[9] and instead it may be
comprised of other nonlinear medium, such as a granular
crystal[10] and an active acoustic metamaterial.[11] Because
of the intrinsic limitations of nonlinear effects, including
the narrow pass-band and low transmission efficiency, etc.,
more attention has been paid to the investigations on the
AAT by using linear acoustic structures, such as a resonant
ring cavity structure,[12] grating structures,[13–19] phononic
crystals,[20–23] and other types of structures.[24–28] The above
linear acoustic structures have remarkably enhanced the trans-
mission efficiencies and improved performances of the AATs.

Practically, the controllable performances of the AAT
could open great possibilities for engineering applications.
Thus, the relationships between the structural parameters and
the properties of the AAT have been simulated numerically by

the finite element method, such as the propagation direction
of the transmitted beam[17,19] and switch.[20,24] Moreover, the
influence of the overall size of structure on the frequency band
has also been preliminarily discussed,[15] but the quantitative
relationship between the frequency band and specific parame-
ters has not been studied, and little experimental work has been
published so far in this field. These problems restrict the ap-
plication range and the development of tunable AAT devices.

In this article, we investigate the control mechanism of
the pass-band of the AAT in an acoustic system which con-
sists of a periodic grating and two uniform plates in water. We
realize the quantitative control of the pass-band by the grating
period, and improve the transmittance by adjusting the grating
period and other structural parameters simultaneously. The ex-
perimental results agree well with the numerical simulations.

2. Experimental and numerical models
2.1. Experimental sample and set-up

As shown schematically in Fig. 1(a), the sample con-
sists of a periodic rectangular brass grating and two uniform
brass plates with the same sizes in water, and the two uniform
brass plates are adopted to optimize the rectifying ratio of
the AAT.[16] The width (w) and length (l) of the grating are
72 mm and 120 mm, and for both brass plates, the width (w1)

and length (l1) are 200 mm and 120 mm respectively. More-
over, the grating period (a), the width (s), the thickness (d) of
each stripe of the grating, the thickness of the plate (h), the
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Fig. 1. (color online) Schematic diagrams of (a) sample and (b) experimental set-up, and photographs of (c) left and (d) right sides of sample.

distance between the grating and plate (b), and that between
the plates (c) are 2.4 mm, 0.6 mm, 1.0 mm, 1.0 mm, 0.5 mm,
and 0.5 mm, respectively.

Figure 1(b) shows the diagram of the experimental set-
up. The sample is placed between a pair of ultrasonic gener-
ation and detection transducers each with a central frequency
of 500 kHz, bandwidth of 250 kHz–1100 kHz, and diame-
ter of 20 mm. The generation transducer is aligned normally
towards the sample with a distance of 12 cm. On the other
side, the detection transducer scans around the sample in a
semicircle. The abbreviations LI and RI refer to the incident
acoustic waves emanated from the grating and plates sides of
the sample respectively. In the experiment, we measure the
transmittance spectra by integrating the total energy flux of
the transmitted acoustic beams, and the photographs for both
sides of the experimental sample are shown in Figs. 1(c) and
1(d), respectively.

2.2. Numerical model

Moreover, the numerical simulations are carried out by
the finite element method based on COMSOL Multiphysics
software. The material parameters in the present simulations
are adopted as follows: the density ρb = 8400 kg/m3, the lon-
gitudinal wave velocity clb = 4400 m/s and the transversal
wave velocity ctb = 2200 m/s for brass; and the density ρw =

998 kg/m3 and the longitudinal wave velocity clw = 1483 m/s
for water. The width of the incident acoustic plane wave is as-
sumed to be 20 mm, which is the same as the diameter of the
generation transducer.

3. Properties of AAT
3.1. Transmission spectra

Figure 2(a) shows the numerical (NU) and experimental
(EX) results of the transmittance spectra. In the numerical
results, the pass-band of LI is 612 kHz–763 kHz, which is
shown in a shaded region, and the maximum of the transmit-
tance reaches 0.80 at 660 kHz. However, the transmittance of
RI is almost zero, and therefore the transmittance spectra ex-
hibit remarkable AAT behavior. Similarly, the experimental

transmittance spectra also demonstrate the strong asymmetric
behavior, but the width of the pass-band of LI is narrower than
the numerical result, and the measured amplitudes are much
smaller in the frequency region of 673 kHz–763 kHz. The
main reason responsible for the discrepancies between the nu-
merical and experimental results may be that the geometrical
and material parameters used in both cases are different due
to the fact that the parameters in the experiments are not accu-
rately determined.
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Fig. 2. (color online) (a) Numerical (NU) and experimental (EX) trans-
mittance spectra through the sample, and (b) distributions for leaky angles
of A0 mode and diffracted angles of ±1 orders.

3.2. Physical mechanism of AAT

In order to investigate the AAT mechanism, we theo-
retically calculate the leaky angle of the Lamb wave in a
brass plate immersed in water based on Snell’s law θ =

arcsin(clw/cp), where θ is the angle between the leaky direc-
tion of the Lamb wave and the normal direction of the brass
plate, and cp is the phase velocity of the Lamb wave in the
brass plate immersed in water. It is noted whether the energy
of the Lamb wave could leak into water in the form of the
bulk wave, which is most likely to be dependent on its phase
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velocity (in contrast to the sound velocity of water).
Figure 2(b) shows the distributions of the diffracted angle

of the ±1-orders from the grating[29] with the period 2.4 mm
and the leaky angle of asymmetric zero-order Lamb mode (A0)

in a brass plate with the thickness 1.0 mm in water. We find
that the energy of the A0 mode leaks into the water with the
incident frequencies exceeding 400 kHz and different propa-
gation angles. Therefore, it is necessary to point out that the A0

mode in the brass plate could be excited by the external bulk
wave with the critical frequency and certain critical angle.[30]

As shown in Fig. 2(b), the angle curve of the A0 mode
intersects that of the ±1-orders at 660 kHz, and that the pass-
band of the AAT appears around the intersection point. It indi-
cates that as the diffracted angle of the ±1-orders is the same
as or close to the leaky angle of the A0 mode, the ±1-orders
can transmit through the brass plates. It is therefore obtained
that the pass-band of the AAT is mainly determined by the
diffracted angle of the ±1-orders and the leaky angle of the A0

mode, of which the two are related to the parameters a and h,
respectively.

4. Controls of pass-bands of AAT
4.1. Grating period

Next, we simulate the transmittance spectra by magnify-
ing each grating period (a) and thickness of the plate (h) n
times, in which n ranges from 0.5 to 2, and the other parame-
ters remain constant.
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Fig. 3. Numerical transmittance spectra by magnifying a value n times for
(a) LI and (b) RI, and h value n times for (c) LI and (d) RI.

Figure 3(a) shows the transmittance spectra of LI by mag-
nifying the a value n times, in which the transmittance is plot-
ted by the gray scale. When n ranges from 0.7 to 1.6, the
pass-band of the AAT greatly moves to the low frequency re-
gion with the increase of n, and the bandwidth almost remains
unchanged with n ranging from 0.9 to 1.3. However, when n

is larger than 1.3, the bandwidth gradually narrows, and when
n increases to 1.6, the low cut-off frequency of the pass-band
is about 400 kHz, which is the same as that of the A0 mode
in the brass plate [Fig. 2(b)]. In addition, the second pass-
band appears in the high frequency region withn larger than
1.6, and when n reaches 1.65, the first pass-band disappears,
and the second pass-band becomes wider. Moreover, when n
reduces to 0.7, the pass-band of the AAT disappears. On the
other hand, for RI, there is no transmittance in the frequency
range of the AAT as shown in Fig. 3(b). Therefore, we deduce
that the pass-band of the AAT is closely related to the grating
period.

4.2. Plate thickness

Figure 3(c) shows the transmittance spectra of LI by mag-
nifying the h value n times. It is found that the pass-band
of the AAT shifts slightly to the high frequency region with
the increase of n, indicating that the pass-band of the AAT is
slightly affected by h. Similarly, the transmittance in the fre-
quency range of the AAT is also very weak for RI, as shown
in Fig. 3(d).

4.3. Control mechanism of pass-bands of AAT

To investigate the mechanism of the variation of the pass-
band of the AAT, we further calculate the distributions of the
leaky angle of the A0 mode in the brass plate and the diffracted
angle of different orders from the grating by separately mag-
nifying each of a [n(a)] and h [n(h)] values n times, which are
shown in Figs. 4(a) and 4(b), respectively, in which the shaded
regions represent the pass-bands of the AAT.

It is found from Fig. 4(a) that with the increase of n(a),
the angle curve of the A0 mode remains unchanged, but the an-
gle curves of the ±1-orders move to the low frequency region,
and so do the intersection points of the ±1-orders and the A0

mode. Therefore, the pass-bands of the AAT shift to the low
frequency region with the increase of n(a), and the pass-bands
of the AAT can be controlled by the grating period.

Moreover, when n = 1.8 or more, there is no intersection
point between the curves of the ±1-orders and the A0 mode,
so the pass-band of the AAT disappears in the low frequency
range. However, there is an intersection point of the ±2-order
diffractions and the A0 mode located at about 800 kHz, and
the second pass-band of the AAT appears in the region around
this frequency. These phenomena agree well with the results
in Fig. 3(a).

As shown in Fig. 4(b), with the increase of n(h), the angle
curve of the ±1-orders remains constant, but the angle curves
of the A0 mode shift to the low frequency region, and the inter-
section points of the ±1-orders and the A0 mode move slightly
to the high frequency region, which induces the pass-bands of
the AAT to shift slightly. The results agree well with those
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in Fig. 3(c). Thus, the pass-band of the AAT is slightly influ-
enced by the plate thickness.
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Fig. 4. (color online) Distributions for leaky angles of A0 mode and
diffracted angles of different orders by magnifying (a) a and (b) h values
n times.

Based on the aforementioned discussion, we can con-
clude that the pass-band of the AAT is mainly determined by
the grating period, and is slightly affected by the plate thick-
ness, which is in agreement with the numerical transmittance
spectra [Figs. 3(a) and 3(c)].

4.4. Grating period and other parameters

In order to improve the transmittance of the AAT, we in-
vestigate the AAT characteristics by magnifying each of the
values of a and four other kinds of parameters (h; s and d; b
and c; and h, s, d, b, and c) n times simultaneously, and the cor-
responding transmittance spectra for LI are shown Figs. 5(a)–
5(d), respectively. It is shown from Figs. 5(a) and 5(d) that the
bandwidth of the AAT almost remains unchanged by chang-
ing both parameters a and h. Moreover, the transmittances
[Figs. 5(a)–5(d)] in the low and/or high frequency regions are
stronger than those with magnifying only a [Fig. 3(a)]. In par-
ticular, as shown in Fig. 5(d), the pass-band of the AAT moves

to the low frequency region gradually with the increase of the
overall size of the system, while the bandwidth and transmit-
tance remain constant. Therefore, we obtain that the transmit-
tance of the AAT can be improved by adjusting the grating
period and other structural parameters simultaneously.
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Fig. 5. Numerical transmittance spectra for LI by magnifying n times each
of the values of a and other parameters (a) h, (b) s and d, (c) b and c, and
(d) h, s, d, b, and c.

Figure 6 shows the distributions of the leaky angles of the
A0 mode and the diffracted angles of the ±1-orders by sepa-
rately magnifying both parameters a and h values 0.8, 1.0, and
1.2 times separately. It is seen from Fig. 6 that with the in-
creases of a and h, the curves of the ±1-orders and A0 mode
move to the lower frequency region simultaneously and with
almost the same scale. Therefore, the pass-bands of the AAT
shift to the lower frequency region at the same time, and the
bandwidths of the AAT with different magnifications are al-
most the same, which agrees well with the results in Figs. 5(a)
and 5(d).
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5. Experimental verifications
Furthermore, we experimentally measure the transmit-

tance spectra for LI and RI with 0.8 and 1.2 times the param-
eters a and h, respectively, and the parameters a and h sepa-
rately, as shown in Figs. 7(a), 7(c), and 7(e). The correspond-
ing numerical results are also displayed in Figs. 7(b), 7(d), and

7(f) for comparison. It is shown that the variations of the pass-

bands of the AAT in the experiment are well consistent with

the numerical results. In addition, comparing Figs. 7(a) with

7(e), we find that the measured transmittance of the pass-band

of LI by 0.8 times both a and h are larger than that of a, which

agrees well with the results in Figs. 3(a) and 5(a).
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6. Conclusions
We investigate the control mechanism of the pass-band

of the AAT in an acoustic system numerically and experimen-
tally. The results show that the pass-band of the AAT is closely
related to the grating period which determines the diffracted
angle of the ±1-orders to match the leaky angle of the A0 mode
in the plates. Moreover, the transmittance of the AAT can be
improved by adjusting the grating period and other structural
parameters simultaneously. The numerical results are verified
by the experimental measurements, and agree well with each
other. The control mechanism has the advantages of wider fre-
quency range and simple operation, which has important sci-
entific significances and potential applications in the tunable
unidirectional acoustic devices.
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