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We report the theoretical and experimental realization of four types of passive phased array prisms with
various asymmetric acoustic manipulations (AAMs) in air. The designed prisms consist of 31 transmitted
unit cells of phase manipulation, which are composed of a n layer symmetric Helmholtz resonator (SHR)
unit cell. Based on asymmetric phase distributions created by the nonparallel characteristic of exit inter-
faces on both sides of the structures, we can design a passive prism with asymmetric acoustic transmission
(AAT) in which its fractional bandwidth can reach about 0.26. More interestingly, by adjusting the param-
eter of the SHR unit cells in the prism, we realize three other types of AAMs with the same mechanism,
such as bidirectional acoustic insulation, asymmetric acoustic focusing, and reversed AAT. The proposed
prisms have the advantages of broad bandwidth, multifunctional AAM, and passive structure as well as
being easy to fabricate, and have great potential applications in integrated sound devices.
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I. INTRODUCTION

Recent years have witnessed rapidly increasing attention
in the study of unidirectional wave manipulation due to its
potential applications in a wide range of fields. For elec-
tromagnetic waves, several concepts based on magnetic
biasing enable to break reciprocity and realize unidirec-
tional optical manipulation by using both linear [1–8]
and nonlinear [9–12] mechanisms. Taking inspiration from
developments in electromagnetism, unidirectional acoustic
manipulation (UAM) has also become a hot topic because
of its extensive applications in many important fields, such
as medical ultrasound and architectural acoustics.

Acoustic diode devices opened up a method to achieve
UAM by breaking the time-reversal symmetry with nonlin-
ear systems [13,14]. However, the efficiency of frequency
conversion for nonlinear systems is generally low. To over-
come this limitation, use of an active acoustic metamaterial
[15], a relatively broadband UAM device with subwave-
length thickness and high performance, was experimen-
tally demonstrated. Beyond that, a circulating fluid in a res-
onant ring cavity [16] was introduced as the role of electron
spin to mimic an effective magnetic field for acoustics and
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to realize UAM by breaking the time-reversal symmetry
[17–20]. Despite the great achievements that have been
made in this area, it suffers great challenges to achieve
UAM with more complex functionality because of fab-
rication complexities and accurate control of the fluid
velocity. In addition to UAM, the concept of asymmetric
manipulation in optics [21–25] and acoustics [26–48] with
many distinct features and high performance has attracted
increasing attention. In the acoustic community, emerg-
ing sonic crystals (SCs) and acoustic metamaterials have
provided several alternative schemes to design systems
with asymmetric acoustic transmission (AAT) based on
asymmetric structure configurations and other character-
istics, such as diffraction by grating structures [26–30],
Bragg scattering by SCs [31–35], abnormal refraction by
near-zero-index or high-index materials [36,37], and so
on. Besides these AAT structures, acoustic metasurfaces
[38–40] have recently become a research focus and have
provided design possibilities for AAT devices with planar
ultrathin structures [41–48]. As examples, the AAT tun-
nel [41] and window [42,43] are designed by attaching
a pair of acoustic metasurfaces inside waveguide struc-
tures. In free space, the AAT and asymmetric acoustic
focusing (AAF) effects can be obtained based on dual-
layer metasurfaces with asymmetric phase modulation
[44–46], lossy metasurfaces [47], and coding metasurfaces
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[48]. In these types of metasurfaces, the double-layer
metasurface is capable of realizing multiple asymmetric
acoustic manipulations (AAMs) based on the asymmetric
phase modulation of both metasurfaces, while the double-
layer structure inevitably leads to difficulties in device
integration. Generally, it is very difficult to realize asym-
metric manipulations in a single layer of metasurface due
to the same phase distribution on both sides. Thus, the
design of a monolayer passive structure with asymmetric
phase modulation still remains a great technical challenge.

In this work, we propose four types of passive prisms
based on 31 transmitted unit cells of phase manipulation,
which consist of a n layer symmetric Helmholtz resonator
(SHR) unit cell to realize different discrete phase delays.
Based on asymmetric phase distributions created by the
nonparallel characteristic of exit interfaces on both sides of
the structures, the AAT prism with a fractional bandwidth
of 0.26 is realized both numerically and experimentally.
Moreover, by adjusting the parameter of the SHR unit
cell, three other types of phased array prisms with differ-
ent AAMs, such as bidirectional acoustic insulation (BAI),
AAF, and reversed AAT are also successively demon-
strated. The experimental measurements match well with
the numerical results.

II. THEORETICAL MODEL OF AAT PRISM

As shown in Fig. 1(a), we design an AAT prism, which
consists of 31 passive phased arrays with a width l. The
shape of the AAT prism is an isosceles triangle with the
bottom angle α = 45° and a height H. The abbreviations BI
and TI represent the normal incidence of acoustic waves
from the bottom and top sides of the prism, respectively.
Figures 1(a) and 1(b) show the acoustic propagation paths
through the AAT prism for BI and TI, respectively, in
which the prism is placed in region II. For BI, the acoustic
wave can pass through the prism with a refraction angle
θ t1, but the transmitted acoustic energy is confined on the
left and right exit surfaces with θ t1 = −90°. Moreover,
in the range −90° < θ t1 ≤ α−90°, the acoustic wave can

transmit through the prism, but cannot reach region I. Here,
we only analyze the left half of the prism due to its struc-
tural symmetry, and the left exit surface is defined as the
x1 axis. Based on the generalized Snell’s law [49], we can
obtain

sin θt = dϕ

kdx
, (1)

where k = 2π f /c is the wave number in air and c and f are
the acoustic velocity and the frequency, respectively. In the
case of BI, the acoustic phase delay ϕ1 created by the prism
in the x1 direction is given as

ϕ1 =
√

2sinθt1k(H + x). (2)

Based on Eq. (2), the phase delays between two adjacent
unit cells (�ϕ1) can be calculated as

Δϕ1 =
√

2 sin θt1kl. (3)

For TI, the acoustic wave can pass through the prism
and reach region III with a refraction angle θ t2 [shown in
Fig. 1(b)], and the bottom exit surface is defined as the
x2 axis. Based on Eq. (3), the phase delays between two
adjacent unit cells (�ϕ2) can be calculated as

�ϕ2 =
√

2 sin θt1kl − kl + 2πm, (4)

where 2πm is selected to keep the phase difference
between two adjacent unit cells in the range of 2π , satisfy-
ing the generalized Snell’s law. The acoustic phase delay
ϕ2 in the x2 direction for TI is expressed as

ϕ2 =
√

2 sin θt1k(H + x) − kx + 2πm
H + x

l
. (5)

Based on Eq. (1), the relationship between the refraction
angles θ t2 and θ t1 can be written as

sin θt2 =
√

2 sin θt1 − 1 + 2πm
kl

. (6)

(a) (b)
FIG. 1. Propagation paths through the
AAT prism with different phase distribu-
tions for (a) BI and (b) TI. The refraction
angles θ t1 and θ t2 correspond to BI and
TI, respectively.
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(a) (b) (c) FIG. 2. Schematic of (a) a SHR unit
cell and (b) a transmitted unit cell of
phase manipulation composed of a n
layer SHR unit cell. (c) Transmission
spectra of the transmitted unit cells with
different numbers (n) of SHR unit cell.

The aforementioned results show that the phase
distributions of the exit surfaces in the prism are different
for BI and TI, and so do the refraction angles θ t1 and θ t2,
indicating the feasibility of designing the AAT prism.

III. DESIGN AND PERFORMANCES OF AAT
PRISM

A. SHR unit cell

To design the AAT prism, we propose a type of
square unit cell (with length l = 16 mm) composed of
two SHRs and a central straight pipe with a tunable
width of h1 immersed in air. As shown in Fig. 2(a),
the cavity width h2 is determined by the pipe width h1,
and the other parameters are selected as d = 1.0 mm,
h2 = (l − 4d − h1)/2, w1 = 1.5 mm, and w2 = (l − 4d)/2.
The SHR unit cell is fabricated with epoxy resin to sat-
isfy the sound hard-boundary condition. In this work,
the finite element method based on COMSOL Multiphysics
software is utilized to numerically simulate the AAM
characteristics. The material parameters are adopted as fol-
lows: the density ρ = 1180 kg/m3, the longitudinal wave
velocity cl = 2720 m/s, and the transversal wave velocity
ct = 1460 m/s for the epoxy resin; ρa = 1.21 kg/m3 and
ca = 343 m/s for air.

As shown in Fig. 2(b), we design a transmitted unit cell
of phase manipulation composed of a n layer SHR unit cell
with h1 = 5.2 mm in which the incident acoustic wave is
located at the bottom side. Figure 2(c) shows the transmis-
sion spectra with different numbers of SHR unit cells, in
which n is selected as 1, 4, 7, 10, 13, and 16. It is found
that with the increase of n, the transmission spectra have
similar shapes, and the transmissions are larger than 0.85
in the range from 5.5 to 7.7 kHz, indicating the broadband
characteristic of the transmitted unit cell.

B. Design of AAT prism

We design an AAT prism based on the SHR unit cell
in which the phase gradient of the prism in the x1 direc-
tion is selected as dϕ1/kdx1 =−1.0, and thus the refraction
angle θ t1 can be calculated as −90°. To obtain the required
phase delay of a single SHR unit cell in the AAT prism,
we first theoretically calculate the phase delays based on
Eq. (3), which is shown as the blue solid line in Fig. 3(a).
In addition, we simulate the actual phase delays of a single
SHR unit cell with different frequencies [red dashed line
in Fig. 3(a)]. Note that the theoretically calculated phase
delay is the same as that of the SHR unit cell at 6.66 kHz
[black dot in Fig. 3(a)]. Based on Eq. (6), we also calculate

(a) (b) FIG. 3. (a) Theoretically calculated
phase delays (blue solid line) based on
Eq. (3) and actual phase delays (red
dashed line) of a single SHR unit cell
with different frequencies. The refraction
angle θ t1 is selected as −90°. (b) The
parameter sinθ t2 at different frequencies
for m = 1, 2, and 3. The frequencies of the
black dots in (a),(b) are 6.66 kHz.

024033-3



YIN WANG et al. PHYS. REV. APPLIED 12, 024033 (2019)

(a) (b) (c)

FIG. 4. (a) Photograph of the AAT prism. Theoretical continuous (blue solid lines) and discrete (red open circles) phase delays in
(b) x1 and (c) x2 directions of the AAT prism at 6.66 kHz.

the parameter sinθ t2 at different frequencies for m = 1, 2,
and 3 [Fig. 3(b)], and the parameters m and θ t2 are obtained
as 1 and 54° at 6.66 kHz [black dot in Fig. 3(b)], respec-
tively. Therefore, based on the SHR unit cell and these
parameters, we can design the AAT prism with θ t1 =−90°
and θ t2 = 54° for BI and TI, respectively.

Figure 4(a) shows the photograph of the designed AAT
prism composed of 31 transmitted unit cells of phase
manipulation in which the central transmitted unit cell

consists of the 16 SHR unit cells, and the number of the
SHR unit cells in other transmitted unit cells on the both
side gradually decreases. The parameters of all SHR unit
cells are the same as those in Fig. 2(a). Based on this, we
design the AAT prism with α = 45° and H = 25.6 cm, and
the other parameters are selected as f = 6.66 kHz, m = 1,
c = 343 m/s, θ t1 =−90°, and θ t2 = 54°. By using Eqs. (2)
and (5), we can calculate the theoretical continuous phase
delays (blue solid lines) in the x1 and x2 directions of the

(a) (b) FIG. 5. Simulated distributions
of acoustic intensity field induced
by the AAT prism for (a) BI and
(b) TI at 6.66 kHz. Measured
(ME) and simulated (SI) distribu-
tions of intensity field in the red
squares R1 and R2 are shown in
the top region. White open and
green solid arrows represent the
theoretical refraction and incident
directions, respectively.
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(a) (b) FIG. 6. (a) Simulated and measured
transmission spectra of the prism for BI
and TI and (b) contrast ratios versus
frequency. Black shaded regions (from
5.66 to 7.44 kHz) represent the working
band of the AAT.

AAT prism at 6.66 kHz, which are shown in Figs. 4(b) and
4(c), respectively. In addition, 16 discrete phase delays of
the transmitted unit cells (red open circles) in the x1 and
x2 directions are displayed due to the symmetry structure
of the prism. Note that the phase distributions of the AAT
prism are different in the x1 and x2 directions, and the dis-
crete phase delays agree well with the theoretical ones in
both directions.

C. Performances of AAT prism

Figures 5(a) and 5(b) show the simulated distributions
of the intensity field (|p|2) induced by the AAT prism at
6.66 kHz for BI and TI, respectively. As shown in Fig. 5(a),
the transmitted acoustic energy is confined on both exit
surfaces and cannot reach region I. But for TI, the acous-
tic wave can transmit through the prism and reach region
III, showing an obvious AAT phenomenon. The simulated

FIG. 7. Phase delays (blue solid line) and transmissions (red
dashed line) of a single SHR unit cell with different values of h1
at 6.66 kHz. The black dot corresponds to h1 = 4.5 mm, which is
used to design the BAI prism.

refraction angles for BI and TI are the same as the theoret-
ical values (θ t1 = −90° and θ t2 = 54°, white open arrows).
Therefore, we deduce that the proposed prism with an
asymmetric phase distribution can realize AAT with a high
performance.

To verify the AAT performance, we also measure the
intensity distributions for BI and TI in the red squares
R1 and R2 (with a size of 16 × 16 cm2) in Fig. 5. The
experimental setup and sample photographs are presented
in Appendix A. As shown in the upper four insets of
Figs. 5(a) and 5(b), for both BI and TI, the measured
and simulated results agree well with each other, and
thus the AAT performance of the prism is experimentally
demonstrated.

D. Bandwidth of AAT prism

To quantitatively present the bandwidth of the AAT
prism, we simulate the transmission spectra of the prism
for BI and TI. Here, we define the transmission as P/P0,
where P0 and P are the integration of the acoustic intensity
in the same regions without and with the prism, respec-
tively, and the selected integration regions are regions I
and III for BI and TI, respectively. As shown in Fig. 6(a),
the transmissions are lower than −8 dB for BI in the
black shaded region, while the transmissions are larger
than −4 dB for TI in which the transmission spectra show
remarkable AAT behavior. Beyond that, we experimen-
tally measure the transmission spectra for BI and TI, which
agree with the simulated results in the shaded region.
However, there exists a small difference in the transmis-
sion spectra between the measured and simulated results.
This is because the measured transmission spectra are
obtained by measuring and integrating the intensity of sev-
eral lines and the corresponding intensity distribution is
nonuniform.

To further evaluate the AAT performance, we introduce
the contrast ratio defined as Rc = |PT − PB|/(PT + PB),
in which PT and PB are the integration of acoustic inten-
sity induced by the prism for TI and BI, respectively.
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(a)

(b)

(c)

(d)

FIG. 8. Theoretical continuous (blue
solid line) and discrete (red open cir-
cles) phase delays of the BAI prism with
h1 = 4.5 mm in (a) x1 and (b) x2 direc-
tions. Simulated distributions of acous-
tic intensity field induced by the BAI
prism for (c) BI and (d) TI. Measured
and simulated distributions of acoustic
intensity field in the red squares R3 and
R4 are shown in the right region. White
open and green solid arrows refer to
theoretical refraction and incident direc-
tions, respectively.

The absolute value of Rc represents the relative weight of
transmitted sound energy between TI and BI. As shown
in Fig. 6(b), the simulated Rc is larger than 0.7 in the
black shaded region, indicating that the bandwidth of the
AAT prism is about 1.78 kHz, and its fractional bandwidth
can reach about 0.26. The experimental measurements are
also plotted for comparison, which are slightly lower than

the simulated results due to the small difference of the
transmission spectra in Fig. 6(a).

Furthermore, we simulate the distributions of the acous-
tic intensity field induced by the AAT prism for TI and BI
at the other three frequencies in the shaded region, which
are shown in Appendix B. It is found that by changing
the incident frequency, the AAT effect still exists, but the

(a)

(b)

(c)

(d)

FIG. 9. Theoretical continuous (blue
solid line) and discrete (red open circles)
phase delays of the AAF prism in (a) x1
and (b) x2 directions at 6.66 kHz. Sim-
ulated distributions of acoustic intensity
field induced by the AAF prism for (c)
BI and (d) TI. Measured and simulated
distributions of acoustic intensity field in
the red squares R5 and R6 are presented
in the right region. Green solid arrows in
(c),(d) refer to the incident direction.
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(a) (b) FIG. 10. Measured and simulated
acoustic intensity profiles along (a) lines
I and III and (b) lines II and IV in Fig. 9.

refraction angles of the transmitted waves for BI and TI
change simultaneously.

In addition to the aforementioned results, we discuss
the influence of the parameter w2 of the SHR unit cell
on the AAT performances of the prism, which is shown
in Appendix C. Similar to the results with different inci-
dent frequencies, the AAT effect can be obtained with
the change of the parameter w2, but the refraction angles
of the transmitted waves on both side of the prism also
change simultaneously. Therefore, the transmitted refrac-
tion angles for BI and TI can be manipulated by the
incident frequency and the parameter w2.

IV. DESIGN AND PERFORMANCES OF OTHER
TYPES OF PRISMS

A. BAI prism

In addition to the AAT prism, we can realize three other
types of AAM prisms (such as BAI, AAF, and reversed
AAT) by changing parameter h1 of the SHR unit cell.
Figure 7 shows the phase delays (blue solid line) and
transmissions (red dashed line) of a single SHR unit cell
with different values of h1 at 6.66 kHz. Note that with
the increase of h1, the phase delay can cover the range of
1.5π , and the transmissions are larger than 0.8 in the range
3.8–11.0 mm.

To design the BAI prism, the refraction angles for BI
and TI should satisfy −90° ≤ θ t1 ≤ −45° and θ t2 = 90°,
respectively. Here, we select the phase gradient as
dϕ2/kdx2 = 1.0 in the x2 direction of the BAI prism, and the
theoretical refraction angles can be calculated as θ t2 = 90°
and θ t1 = −59° based on Eqs. (1) and (6). The simulated
results of the BAI prism are shown in Supplemental Mate-
rial [50] in which the prism can basically realize the BAI
phenomenon at 6.66 kHz. However, part of the sound
energy is not strictly confined on the bottom surface of
the prism for TI due to the insufficient number of the
transmitted unit cells in the BAI prism.

To better confine the transmitted energy on the bottom
surface for TI, we further increase the phase gradient in
the x2 direction by dϕ2/kdx2 = 1.05. By using the selected
phase gradient, the transmitted acoustic wave is converted
into an evanescent surface wave for TI [49]. Based on
Eqs. (3) and (6), we theoretically obtain θ t1 =−56° and
h1 = 4.5 mm (black dot in Fig. 7) at 6.66 kHz. Therefore,
we theoretically calculate the distributions of the phase
delay of the prism in the x1 and x2 directions based on Eqs.
(2) and (5), which agree well with the corresponding dis-
crete phase delays of the transmitted unit cells [shown in
Figs. 8(a) and 8(b)].

Figures 8(c) and 8(d) show the simulated distributions
of the intensity field induced by the BAI prism with
h1 = 4.5 mm for BI and TI, respectively, in which the other
parameters are the same as those in Fig. 5. It is found
that the acoustic refraction angle for BI is the same as its
theoretical value (θ t1 = −56°, white open arrows). In addi-
tion, compared with the results with dϕ2/kdx2 = 1.0, the
transmitted acoustic energy for TI presents a typical char-
acteristic of the evanescent wave and is better confined on
the bottom surface of the prism [shown in Fig. 8(d)]. More-
over, the measured acoustic intensity distributions in the
red rectangles R3 and R4 are also displayed in the right
region. The measured results agree well with the simulated
ones, showing great BAI performance.

B. AAF prism

Next, we design the AAF prism based on 31 transmit-
ted unit cells with different parameter h1 of the SHR unit
cell (shown in the Supplemental Material [50]), in which
the other parameters of the prism are the same as those in
Fig. 5. Here, the focusing effect corresponds to the case

of TI, and thus we choose sin θt2 = (−x2)/

(√
x2

2 + e2

)
,

where e = 0.2 m is the focal length. Based on Eqs. (2),
(5), and (6), we can theoretically calculate the phase dis-
tributions (blue solid lines) of the prism in the x1 and
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x2 directions, which are shown in Figs. 9(a) and 9(b),
respectively. In addition, the red open circles represent the
discrete phase delays of the 16 selected transmitted unit
cells in the x1 and x2 directions, and the parameter h1 of
each transmitted unit cell is shown in the Supplemental
Material [50]. Figures 9(c) and 9(d) show the simulated
distributions of the acoustic intensity field at 6.66 kHz
for BI and TI, respectively, exhibiting an obvious AAF
phenomenon. Note that the acoustic wave can transmit
through the AAF prism for TI and the transmitted acoustic
energy is focused on a point. But for BI, the transmitted
sound energy is very weak. This is because the calculated
dϕ1/kdx1 in the x1 direction is in the range from −0.95 to
−1.22 (shown in the Supplemental Material [50]). There-
fore, the refraction angle θ t1 of part of the transmitted
wave is around −90°, and the other part is converted into
an evanescent wave, which cannot reach region I for BI.
Moreover, the measured acoustic intensity fields in the red
squares R5 and R6 are also displayed at the right side
for comparison, which agrees well with the corresponding
simulated results.

Furthermore, the measured and simulated results of the
normalized intensity profiles along lines I–IV [shown in
Figs. 9(c) and 9(d)] are displayed in Fig. 10. Note that the
acoustic intensities along lines III and IV are much larger
than those along lines I and II. In addition, the full width
at half maximum of the focus in the x direction [shown in
Fig. 10(a)] is about 1.9 cm (about 0.36λ0). The measured
results match well with the simulated ones. Both experi-
mental and numerical results demonstrate that the designed

AAF prism has good subwavelength-focusing and AAT
performances.

C. Reversed AAT prism

Finally, we also design a reversed AAT prism whose
performance is opposite to that of the previously designed
AAT prism. In the reversed AAT prism, the acoustic wave
can transmit through the prism for BI, but cannot pass
through the prism for TI. To realize such a performance,
we first select dϕ2/kdx2 = −1.0, and the theoretical refrac-
tion angle can be calculated as θ t2 = −90°, θ t1 = 0°, and
m = 0 based on Eqs. (1) and (6). The parameter h1 of each
transmitted unit cell and the simulated AAT performances
of the reversed prism are shown in the Supplemental Mate-
rial [50]. Similar to the results of the BAI prism with
dϕ2/kdx2 = 1.0, part of the sound energy is not strictly
confined on the bottom surface of the prism for TI. To fur-
ther optimize the AAT performance, we further increase
the phase gradient in the x2 direction by dϕ2/kdx2 = −1.1,
and thus the transmitted wave for TI is converted into the
evanescent wave [49].

Based on Eqs. (2), (5), and (6), we can obtain θ t1 = −4°
and m = 0 and calculate the phase distributions of the
reversed AAT prism in the x1 and x2 directions, which are
shown in Figs. 11(a) and 11(b), respectively. The red open
circles represent the discrete phase delays of the 16 trans-
mitted unit cells in which the corresponding parameter h1
of each transmitted unit cell in the reversed AAT prism
is shown in the Supplemental Material [50]. Figures 11(c)

(a)

(b)

(c)

(d)

FIG. 11. Theoretical continuous (blue
solid lines) and discrete (red open cir-
cles) phase delays of the reversed AAT
prism in (a) x1 and (b) x2 directions
at 6.66 kHz. Simulated distributions of
acoustic intensity field induced by the
reversed AAT prism for (c) BI and (d)
TI. Measured and simulated distribu-
tions of acoustic intensity field in red
squares R7 and R8 are presented in the
right region. White open and green solid
arrows refer to theoretical refraction and
incident directions, respectively.
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and 11(d) show the simulated distributions of the intensity
field induced by the AAT prism for BI and TI at 6.66 kHz,
respectively. Contrary to the results in Fig. 5, the acous-
tic wave can transmit through the prism and reach region I
for BI, while the acoustic wave is confined on the bottom
surface of the prism and cannot reach region III for TI. Fur-
thermore, the measured acoustic intensity field in the red
squares R7 and R8 are presented in the right region and the
measured results agree with the simulated results. There-
fore, we can realize the inversion of the AAT performance
by adjusting the phase distribution of the prism.

V. CONCLUSION

In conclusion, we demonstrate four types of passive
phased array prisms with different AAMs. The designed
prisms consist of 31 transmitted unit cells which are com-
posed of a n layer SHR unit cell. The results show that,
by selecting the appropriate parameter h1 of the SHR unit
cell, the AAT prism with a fractional bandwidth of 0.26 is
obtained both numerically and experimentally in which the
AAT phenomenon is attributed to the asymmetric phase
distributions created by the nonparallel characteristic of
exit interfaces for BI and TI. Moreover, the refraction
angles of the transmitted waves for BI and TI can be
manipulated by the incident frequency and the parame-
ter h1 of the SHR unit cell. Furthermore, by adjusting the
parameter of the SHR unit cell in the prism, three other
types of prisms with different AAMs (such as BAI, AAF,
and reversed AAT) are demonstrated successively. The
measured results agree well with the simulated ones. Such
a passive phased array prism with asymmetric phase dis-
tributions of the exit interfaces on both sides opens an
alternative paradigm for designing airborne sound devices
with asymmetric manipulations (such as multifunctional

acoustic rectifiers and diodes), and has deep implications
in the field of electromagnetism.
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APPENDIX A: EXPERIMENTAL SETUP AND
SAMPLE PHOTOGRAPHS

As shown in Fig. 12(a), the experimental setup and
the AAT prism are placed in a planar waveguide
system composed of two parallel plates (dimensions
2 m × 2 m × 1 cm). The wedge-shaped sound-absorbing
foams are placed at the boundaries of the planar waveguide
to realize an anechoic environment. The incident plane
wave is generated from a speaker array driven by the
power amplifier. The acoustic pressure field is scanned
by a microphone (Brüel & Kjær type-4961) moved by
a set of two-dimensional motorized linear stages (New-
port: MIN300CC and ILS250CC). The other microphone
is fixed toward the speaker array to measure the refer-
ence acoustic signal. The data is recorded by the Brüel &
Kjær 3160-A-022 module and is analyzed by the software
PULSE Labshop. Beyond that, the BAI, AAF, and reversed
AAT prisms are shown in Figs. 12(b)–12(d), respectively.

APPENDIX B: PERFORMANCES OF AAT PRISM
AT DIFFERENT FREQUENCIES

Figure 13 shows the simulated distributions of the
acoustic intensity field induced by the prism for TI and

(a) (b)

(c)

(d)

FIG. 12. (a) Experimental setup and
photograph of the AAT prism. Pho-
tographs of the (b) BAI, (c) AAF, and
(d) reversed AAT prisms.
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 13. Simulated distributions of
acoustic intensity field induced by the
AAT prism for BI and TI at (a),(b)
6.2 kHz, (c),(d) 6.7 kHz, and (e),(f)
7.2 kHz. White open and green solid
arrows represent the theoretical refrac-
tion and incident directions, respec-
tively.

BI at different incident frequencies in which the refraction
angles of the transmitted waves for BI and TI match well
with their theoretical ones (white open arrows) obtained
from Eq. (1).

As shown in Fig. 13(a), the transmitted acoustic energy
cannot pass through the prism at 6.2 kHz for BI. This is
because the transmitted acoustic wave is converted into
an evanescent surface wave. In addition, with the increase
of the incident frequency, the transmitted acoustic energy

FIG. 14. Phase delays (blue solid line) and transmissions (red
dashed line) of a single SHR unit cell with different values of h1
at 6.66 kHz. The black dots I, II, and III correspond to w2 = 1.2,
1.4, and 1.6 mm, respectively.

is not confined on both exit surfaces for BI [Figs. 13(c)
and 13(e)] in which the refraction angles are in the range
−π /2 <θ t1 <−π /4. Therefore, the transmitted acoustic
energy still cannot reach region I. For TI [Figs. 13(b),
13(d), and 13(f)], the acoustic wave can transmit through
the prism and reach region III and the refraction angle
θ t2 increases gradually with the increase of the incident
frequency. Therefore, by changing the frequency in the
working band, the AAT phenomenon still exists, but the
refraction angles of the transmitted waves for BI and TI
change simultaneously.

APPENDIX C: PERFORMANCES OF AAT PRISM
WITH DIFFERENT PARAMETER w2

To discuss the influence of the parameter w2 of the SHR
unit cell on the AAT performance, we simulate the phase
delays (blue solid line) and transmissions (red dashed line)
of a single SHR unit cell with different values of w2 at
6.66 kHz, which are shown in Fig. 14. Note that with
the increase of w2, the phase delay decreases gradually
and the transmissions are larger than 0.8 in the range
0.8 ≤ w2 ≤ 2.5 mm. Therefore, by changing the parameter
w2, the AAT performance can be manipulated.

Figure 15 shows the distributions of the acoustic inten-
sity field for BI and TI with three different values of
w2 (black dots I, II, and III in Fig. 14). It is found that
the AAT effect still exists with the increase of w2. For
BI [Figs. 15(a), 15(c) and 15(e)], with the increase of
w2, the refraction angles θ t1 decrease gradually, but the
transmitted acoustic energy cannot reach region I. In the
case of TI [Figs. 15(b), 15(d) and 15(f)], the acoustic

024033-10
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 15. Simulated distributions of
acoustic intensity field induced by the
AAT prism for BI and TI with w2 = (a),
(b)1.2, (c), (d)1.4, and (e), (f)1.6 mm at
6.66 kHz. White open and green solid
arrows represent the theoretical refrac-
tion and incident directions, respec-
tively.

waves can transmit through the prism and reach region
III and the refraction angle θ t2 decreases gradually with
the increase of w2. The refraction angles of the transmitted
waves agree well with the theoretical angles (white open
arrows). Therefore, the refraction angles for BI and TI can
be manipulated by the parameter w2.
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