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We present experiments demonstrating sonic demultiplex devices able to separate spatially several
wavelengths. The devices are based on clusters of circular scatterers whose position and size are
determined by using an inverse design approach. Two prototypes are built and characterized, a first
that spatially separates two wavelengths (i.e., 20.0 and 22.7 cm) and a second that separates three
wavelengths: 20.0, 21.3, and 22.7 cm. Both prototypes are typical examples of acoustic scattering
elements, a name here introduced to define inverse designed devices that are characterized by their
great adaptability in controlling the scattering image, including both the reflected and transmitted
waves. © 2006 American Institute of Physics. [DOI: 10.1063/1.2196867]

Inverse desi?n is commonly used to generate diffractive
optical elements 2 (DOEs), which are optical devices used to
fulfill a given functionality. They consist of an array of ele-
ments on a plane (layer), where each element manipulates
the phase of a part of some external incident light beam. This
manipulation can be addressed by a parameter that controls
the light passing through that specific element. Setting all
parameters will correspond to one complete image of the
light passing (or reflected by) the DOE, reconstructed
through destructive and constructive interference.

Scattering optical elements (SOEs) were recently
proposed3 and do not only rely on single layer arrays but on
multiple layers of two-dimensional (2D) scattering objects.
The introduction of a new dimension of freedom leads to a
higher level of control. The SOEs do not only take into ac-
count the phase of the dispersed waves but also the full com-
plex scattering process. The nature of waves makes it pos-
sible to transfer the underlying physics of SOEs from light to
sound. Note that this transfer is not possible for transparent
DOE:s due to the high acoustic impedance of solids. Here, we
will show how the scattering of sound can be controlled by
inverse designed scattering acoustical elements (SAEs), a
name that defines the acoustic counterparts of SOEs. Several
transparent acoustical devices have been proposed till now,
but they are mostly based on the properties of periodic dis-
tributions of sound scatterers in air; focusing devices
based on standard refraction’® or negative refraction,’
interferometers,® and collimating7 and mode-selecting8 de-
vices are only a few examples.

This letter presents the experimental realization of two
inverse designed acoustic devices that accomplish the spatial
separation of acoustic signals carrying up to three different
wavelengths. They are based on 2D arrangements of rigid
cylinders in air. These devices and the acoustical lenses re-
cently proposed9 and demonstrated'® are typical examples of
SAE:s.

To perform the inverse design process, first the direct
problem (i.e., the scattering of an acoustic wave by a fixed
configuration of 2D scatterers) needs to be solved. We use
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multiple scattering theory11 (MST) to simulate this process.
This approach has been used carlier™'®!? to simulate similar
structures and a very good agreement with experiments were
obtained. Furthermore, a genetic algorithm13 (GA) has been
implemented to optimize the parameters of this SAE, i.e., the
cylinders’ positions and their diameters. The analogous
MST-GA inverse design approach was previously introduced
in photonics.14

Figures 1(a) and 1(b) give, respectively, artistic and
schematic views of the setup problem. The proposed SAE is
located inside the region defined by the dashed lines and
consists of a cluster of cylindrical rods with different radii. A
sound source, S, isotropically emits sound containing several
wavelengths. The plot represents a particular wavelength that
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FIG. 1. (Color online) (a) An artistic and (b) a schematic view of the scat-
tering acoustical element (SAE) setup. The incident wave (S) is shown at the
right of the SAE, which consists of an array of cylinders enclosed in the
region defined by the dashed lines. The letters in (b) define the parameters
used in the inverse design process.
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FIG. 2. (Color online) Calculated pressure maps [|Py(x,y)|] for the scatter-
ing of a sound plane wave (with wavelength \) by a scattering acoustical
element that acts as a two wavelength demultiplexing device (black dots).
(a) Map associated with the wave \;=20.0 cm. (b) Map associated with
N,=22.7 cm. The arrows are guides for the eye and define the flow of
transmitted wavelength. The vertical dashed lines define the plane x; in
Fig. 1.

after scattering by the cluster deviated a distance d at the
white plane in Fig. 1(a) and by x; in Fig. 1(b).

To generate the first demultiplexing device (i.e., the one
producing the spatial separation of only two wavelengths)
we defined a hexagonal array with parameter a=6.70 cm as
possible lattice sites (LSs) for the cylindrical rods. The total
width of the device was fixed to 194=1.27 m. Rods with
three different diameters (¢) were considered in the design
process, ¢=2,3, 4 cm. This results in 2 bit parameters cod-
ing the device, each parameter representing one of the four
different scatterers (including vacant) at each LS, which is
fixed during the optimization process. Furthermore, the ob-
jective function [referred to the fitness in GAs (Ref. 13)] to
be maximized was set to

fy:O |P}\2(xf,y)| ;
y=—d |Px1(xfa)’)|

y=d |P\ (xp,
Xf Py, fy>|dy)’ 0
y=0 |P)\2(xf7y)|
where s is a vector including all parameters coding the SAE
(chromosome) and |P,(x,y)| is the pressure modulus for a
fixed wavelength \.

Various designs were optimized with different numbers
of layers. In general, the larger the number of layer, the
higher the maximized fitness. Here, a seven layer device is
presented to illustrate the two wavelength demultiplexing
functionality. This device corresponds to 136 different
fixed LSs in the hexagonal frame, which result in a
136 X 2=272 bit optimization problem. In other words s in
Eq. (1) corresponds to a 272 bit string coding all parameters
of the SAE. The designed device is depicted in Figs. 2 and 3
by black dots. It was obtained by maximizing f;, where pa-
rameters x; and d were set to 0.8 m and 0.6 m, respectively,
and wavelengths \; and N, were chosen to be 20.0 and
22.7 ecm. Simulated pressure maps in Figs. 2(a) and 2(b) give
an accurate view of the wavelength demultiplex functionality
that can clearly be spotted by the large blue areas, which
correspond to low intensity sound. Sound with a wavelength
N1 (\y) is clearly directed to the lower (upper) right. Figure
3(a) shows the predicted difference in decibels between the
two distinctive signals. These values are related to the
crosstalk between the two channels. Positive values (red)
correspond to areas where N\, dominates over \; and negative
values (blue) mark the opposite relation. The two regions are

fi(s)(in dB) =20 log<
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FIG. 3. (Color online) These maps depict the function
-20 log(|PM(x,y)|/\P)\z(x,y)\) for the optimized seven layer SAE (black
dots). (Left panel) Map obtained by multiple scattering simulations. (Right
panel) Map experimentally obtained by measurements performed inside the
area enclosed by the dashed lines in the left panel. The black lines define
levels of equal pressure; the difference between two adjacent levels is 2 dB.

clearly separated by the plane at y=0.0 m, as was the preset
criterion of the design. The wavelength division functionality
is observed in a large area.

The SAE prototype was constructed by using 2 m long
aluminum bars as sound scatterers that were placed in posi-
tion by hanging them to a frame with hexagonal symmetry.
Finally, the incident signal was produced by a column
speaker separated approximately 2 m from the SAE. The
characterization was performed in an anechoic chamber by
using the same experimental setup described in Ref. 10. Fig-
ure 3(b) shows the measurements obtained in a small area
near the SAE. Notice that the agreement with simulation is
not only qualitative but also quantitative.

To achieve a three wavelength demultiplexing device,
the number of layers had to be increased from 7 to 9, which
corresponds to an increase from 136 to 175 LSs, resulting in
a 350 bit optimization problem. The two extra layers were
added to the left hand side of the structure, keeping the dis-
tance between x;=0.8 m and the outer layer of the device
constant. The new objective function was set to

£5(s)(in dB) =201 (J_m 20|
S)lin = (0] NN
2 A\ PO+ 1RO

f PO
X
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de Py, )] ) @)
dr3 |P>\1(y)| + |Px3()’)| .

The employed parameters are equal to those of the first
design and the third wavelength (A;) is chosen between the
two used earlier, ie., AN;=20.0cm, A,=22.7 cm, and
A3=21.3 cm. Notice that the spatial distribution of each
channel is reduced to 2d/3 to fit in all three channels.

Figure 4 shows the optimized device and its predicted
functionality. The simulation indicates that a fully working
device with the asked-for features is realistic. Each port
shows an averaged crosstalk of —6 dB. The prototype was
constructed and characterized as for the seven layer device.
Figure 5 shows a comparison between measurements (Sym-
bols) and simulations (lines), both taken at the plane of pro-
jection, x;. An excellent agreement between theory and ex-
periment is still achieved, even though the number of
scatterers has been increased. At this point it is interesting to
remark that in comparison with previous experiments,1
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FIG. 4. (Color online) Three wavelength demultiplex SAE. The figure illus-
trates three maps of the transmitted pressure (the sound impinges the SAE
from the bottom). Each map corresponding to one wavelength: (a) 20.0 cm,
(b) 21.3 cm, and (c) 22.7 cm. The color scale used goes from red (high
amplitude) via green to blue (low amplitude). The black dots show a sche-
matic view of the nine layer SAE device.

where an increasing number of layers reduced the predicted
performance of the designed device, now the agreement with
simulations is maintained. An analysis of the different setups
lets us to conclude that the origin of the obtained improve-
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FIG. 5. (Color online) Experimental characterization of a three wavelength
demultiplex SAE. The symbols mark the measured pressure amplitudes and
the solid lines define those obtained by multiple scattering simulations, for a
cross section at x;=0.8 m. The three colors (symbols), blue (squares), black
(circles), and red (triangles), correspond to the three spatially separated
wavelengths, 22.7, 21.3, and 20.0 cm, respectively.
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ment is due to the sound source, which here is easily simu-
lated by a line sonic source.

In summary, we have shown that a cluster of discrete
scatterers, so called SAE, can be inverse designed to wave-
length demultiplex an incident acoustic wave. We have posi-
tively characterized a three wavelength demultiplex SAE
prototype using nine layers of cylindrical scatterers as well
as a seven layer SAE separating two wavelengths. Devices
that spatially separate sound with several wavelengths are of
interest for applications in ultrasonic spe(:troscopy,15 for ex-
ample, to explore simultaneously velocity fluctuations in flu-
idized suspensions of particles in separated regions. Fre-
quency controlled beam steering should be also possible by
these devices, a property that could be applied to develop
ultrasonic actuators.'® These results give an insight into the
great spectra of possible devices for molding the flow of
sound.
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