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1 300“\

predefined input signal property sets of the acoustic signal to provide a
tuned propagation profile of the meta-atoms in aggregate

..................................................................................................................................................................................

passive acoustic metasurface
1304

FIG. 13
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1400“\

Execute a search o tune a beamforming weight and position of each }
meta-atom of a plurality of meta-atoms with respect o a steering vector §
corresponding to an incident angle of a beam of the acoustic signal |
1402

..................................................................................................................................................................................

- Form a matrix of the meta-atoms distributed throughout the passive }
acoustic metasurface, each meta-atom being positioned in the passive |
acoustic metasurface to provide a tuned propagation profile of the |}
meta-atoms in aggregate

1404

FIG. 14
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Steer the acoustic signal exiting the passive acoustic metasurface each }
meta-atom modulating incoming acoustic wavefronts of the acoustic |
signal received by the meta-atom to form corresponding outgoing |
acoustic wavefronts of the acoustic signal exiting the passive acoustic |
metasurface ?
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ACOUSTIC SENSING AND
COMMUNICATION USING A
METASURFACE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent No. 63/453,0577, entitled “Adaptive Metasurface for
Low Earth Orbit Satellite Communications and Acoustic
Sensing and Commumication” and filed on Mar. 17, 2023,
which 1s specifically incorporated by reference for all that it
discloses and teaches.

The present application 1s related to U.S. patent applica-
tion Ser. No. 18/608,421, entitled “Passive Metasurface for
Interacting with Electromagnetic Signals,” which 1s filed
concurrently herewith and 1s specifically incorporated by
reference for all that i1t discloses and teaches.

BACKGROUND

Acoustic sensing and communication are becoming
increasingly popular due to widely available devices that
support such technologies, including smartphones, smart
speakers, and many Internet of Things (IoT) devices. For
example, such technologies may be employed to develop
smartphone-based approaches that transmit inaudible acous-
tic signals to track a target’s distance, position, and move-
ment, to enable more accurate sensing by exploiting a
microphone array on a smart speaker, to develop acoustic
communication systems as an NFC alternative, to design
underwater messaging systems using acoustic signals since
acoustic signals attenuate slower than RF signals. Despite
significant advances 1n acoustic sensing, there 1s a funda-
mental limait on 1ts sensing range and resolution, as shown 1n
the Cramer-Rao bound, which indicates the sensing resolu-
tion 1s constramned by signal-to-noise-ratio (SNR) limits in
existing technologies and the number of transmitters and
receivers required 1n existing solutions. Siumilarly, acoustic
communication also faces similar challenges according to
the Shannon capacity.

SUMMARY

In some aspects, the techniques described herein relate to
a method of designing a passive acoustic metasurface for
interacting with an acoustic signal received at the passive
acoustic metasurface from an acoustic transmitter, the
method including: executing a search to tune physical
dimensions and distribution of meta-atoms in the passive
acoustic metasurface with respect to a plurality of predefined
input signal property sets of the acoustic signal to provide a
tuned propagation profile of the meta-atoms in aggregate;
and forming the meta-atoms with the physical dimensions
and the distribution determined by the search over the
passive acoustic metasurface, wherein each meta-atom 1s
configured to modulate incoming acoustic wavelronts to
form corresponding outgoing acoustic wave exiting the
passive acoustic metasurface, wherein the tuned propagation
profile 1n aggregate supports the plurality of predefined input
signal property sets of the incoming acoustic waveironts
and, for each mput signal property set, the physical dimen-
sions and the distribution of the meta-atoms are tuned
according to the tuned propagation profile to modulate the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
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metasurtace corresponding to a select input signal property
set of the plurality of predefined input signal property sets.

In some aspects, the techniques described herein relate to
a passive acoustic metasurface system for interacting with
an acoustic signal recerved at the passive acoustic metasur-
face system from an acoustic transmitter, the passive acous-
tic metasurface system including: a passive acoustic meta-
surface designed by executing a search to tune physical
dimensions and distribution of meta-atoms in the passive
acoustic metasurface with respect to a plurality of predefined
input signal property sets of the acoustic signal to provide a
tuned propagation profile of the meta-atoms 1n aggregate,
and manufactured by forming the meta-atoms with the
physical dimensions and the distribution determined by the
search over the passive acoustic metasurface, wherein each
meta-atom 1s configured to modulate incoming acoustic
wavelronts to form corresponding outgoing acoustic wave
exiting the passive acoustic metasurface, wherein the tuned
propagation proiile 1n aggregate supports the plurality of
predefined input signal property sets of the incoming acous-
tic wavelronts and, for each nput signal property set, the
physical dimensions and the distribution of the meta-atoms
are tuned according to the tuned propagation profile to
modulate the mmcoming acoustic wavelronts to generate a
predefined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to a select input
signal property set plurality of predefined 1nput signal prop-
erty sets.

In some aspects, the techniques described herein relate to
one or more tangible processor-readable storage media
embodied with instructions for executing on one or more
processors and circuits of a computing device a process for
designing a passive acoustic metasurface for interacting with
an acoustic signal recerved at the passive acoustic metasur-
face from an acoustic transmitter, the process including:
executing a search to tune physical dimensions and distri-
bution of meta-atoms in the passive acoustic metasurface
with respect to a plurality of predefined input signal property
sets of the acoustic signal to provide a tuned propagation
proflle of the meta-atoms 1n aggregate; wherein the meta-
atoms of the passive acoustic metasurface are formed with
the physical dimensions and the distribution determined by
the search over the passive acoustic metasurface, wherein
cach meta-atom 1s configured to modulate incoming acoustic
wavelronts to form corresponding outgoing acoustic wave
exiting the passive acoustic metasurface, wherein the tuned
propagation proiile 1n aggregate supports the plurality of
predefined input signal property sets of the incoming acous-
tic wavelronts and, for each nput signal property set, the
physical dimensions and the distribution of the meta-atoms
are tuned according to the tuned propagation profile to
modulate the mmcoming acoustic wavelronts to generate a
predefined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to a select input
signal property set plurality of predefined 1nput signal prop-
erty sets.

In some aspects, the techniques described herein relate to
a passive acoustic metasurface for interacting with an acous-
tic signal received at the passive acoustic metasurface, the
passive acoustic metasurface mncluding: a matrix of meta-
atoms distributed throughout the passive acoustic metasur-
face, each meta-atom being positioned 1n the passive acous-
tic metasurface to provide a tuned propagation profile of the
meta-atoms 1 aggregate, each meta-atom providing a
propagation path for at least a beam of the acoustic signal,
cach meta-atom interacting with the acoustic signal to
modulate incoming acoustic wavelronts of the acoustic
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signal received by the meta-atom to form corresponding
outgoing acoustic wavelronts of the acoustic signal exiting
the passive acoustic metasurface, wherein the tuned propa-
gation profile of the meta-atoms i1n aggregate supports a
plurality of predefined input signal property sets of the
incoming acoustic wavelfronts and, for each iput signal
property set, physical dimensions and distribution of the
meta-atoms 1n the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shift the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

In some aspects, the techniques described herein relate to
a method of manufacturing a passive acoustic metasurface
for interacting with an acoustic signal received at the passive
acoustic metasurface, the method including: executing
search to tune a beamforming weight and position of each
meta-atom of a plurality of meta-atoms with respect to a
steering vector corresponding to an incident angle of a beam
of the acoustic signal; and forming a matrix of the meta-
atoms distributed throughout the passive acoustic metasur-
face, each meta-atom being positioned 1n the passive acous-
tic metasurface to provide a tuned propagation profile of the
meta-atoms 1n aggregate, each meta-atom providing a
propagation path for at least a beam of the acoustic signal,
cach meta-atom interacting with the acoustic signal to
modulate mmcoming acoustic waveironts of the acoustic
signal received by the meta-atom to form corresponding
outgoing acoustic wavelronts of the acoustic signal exiting
the passive acoustic metasurface, wherein the tuned propa-
gation profile of the meta-atoms 1n aggregate supports a
plurality of predefined input signal property sets of the
incoming acoustic wavelronts and, for each iput signal
property set, physical dimensions and distribution of the
meta-atoms 1n the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shift the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

In some aspects, the techniques described herein relate to
a method of using a passive acoustic metasurface for inter-
acting with an acoustic signal received at the passive acous-
tic metasurface, the method including: modifying at least
one mput property of the acoustic signal among a plurality
of predefined input property sets, wherein the passive acous-
tic metasurface 1s formed as a matrix ol meta-atoms distrib-
uted throughout the passive acoustic metasurface, each
meta-atom being positioned 1n the passive acoustic meta-
surface to provide a tuned propagation profile of the meta-
atoms 1n aggregate, each meta-atom providing a propagation
path for at least a beam of the acoustic signal; and steering,
the acoustic signal exiting the passive acoustic metasurface
cach meta-atom modulating incoming acoustic wavefronts
of the acoustic signal received by the meta-atom to form
corresponding outgoing acoustic wavelronts of the acoustic
signal exiting the passive acoustic metasurface, wherein the
tuned propagation profile of the meta-atoms in aggregate
supports the plurality of predefined input signal property sets
of the mmcoming acoustic wavelronts and, for each input
signal property set, physical dimensions and distribution of
the meta-atoms 1n the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shift the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

This summary 1s provided to itroduce a selection of
concepts 1 a sumplified form that are further described
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below 1n the Detailed Description. This summary 1s not
intended to 1dentify key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used to limait

the scope of the claimed subject matter.
Other implementations are also described and recited
herein.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

FIG. 1 illustrates an example environment for acoustic
sensing and communication.

FIG. 2 illustrates an example dynamic acoustic beam
steering system with a speaker phased array and a passive
acoustic metasurface.

FIG. 3 illustrates an example passive acoustic metasur-
face consisting of multiple unit cells and beamiorms toward
a focal point.

FIG. 4 illustrates an example passive acoustic metasur-
face and a side view of a unit cell characterized by the length
parameters

FIG. 5 1llustrates example unit cells 1n a passive acoustic
metasurface that consists of 16x16 unit cells based on the
described technology.

FIG. 6 1illustrates an example passive acoustic metasur-
face composed of multiple unit cells and beamtforms propa-
gating to/from a focal point by proper configuration of the
unit cells.

FIG. 7 illustrates an example structure of the received
signal at various angles.

FIG. 8 1llustrates example beam patterns when steered to
a specific angle during optimization or tuning.

FIG. 9 1llustrates a symmetry property of a 16x16 meta-
surface.

FIG. 10 1llustrates an example of a channel matrix with 4
metasurface cells and 3 speakers of varying speaker distri-
butions.

FIG. 11 illustrates diagrams showing (a) the amplitude
and (b) the phase of an optimized codebook, where the first
speaker 1s set as the reference and 1s aligned to zero phase.

FIG. 12 illustrates diagrams showing example results for
(a) phase distribution and (b) cell indices of the optimized
metasurface design.

FIG. 13 illustrates example operations for designing a
passive acoustic metasuriace.

FIG. 14 illustrates example operations for manufacturing,
a passive acoustic metasurface.

FIG. 15 illustrates example operations for using a passive
acoustic metasurface.

FIG. 16 1llustrates an example computing device for use
in 1implementing the described technology.

DETAILED DESCRIPTION

Acoustic sensing and communication are increasingly
popular owing to widely available devices that support
them, such as smartphones, smart speakers, and other acous-
tic systems. Yet the sensing resolution and range are still
limited due to limited bandwidth and sharp decay in the
signal at inaudible frequencies. The described technology
applies passive acoustic metasurfaces to acoustic sensing
and communication solutions. The described passive acous-
tic metasurface technology can achieve a significant SNR
increase while maintaining a compact size over existing
technologies.

Furthermore, a major limitation of passive acoustic meta-
surface technology 1s its static configuration and operation.
Targets of an acoustic sensing and/or communication system
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may be positioned at any possible location and may indeed
be 1n motion within the environment. Hence, an objective 1s
to support scanning 1n different directions to track with the
targets within a supported range of angles. To address this
and other objectives, the described technology provides a
passive acoustic metasurface that has been designed by
jointly optimizing the structural configuration of the passive
acoustic metasurface and selective control of transmission
signals 1rom corresponding speakers/microphones to
achieve low-cost dynamic steering from the passive acoustic
metasurface. As a result, the described technology can
demonstrate eflectiveness 1n improving SNR, acoustic sens-
ing accuracy, and acoustic communication reliability over a
wide range of scenarios.

In order to improve the performance further, one could
increase the number of acoustic transceivers. However,
increasing the number of transceivers increases the cost,
s1ze, and energy consumption. In addition, existing sound
cards cannot support more than eight channels. All of these
factors significantly limit the applicability of increasing the
number of transceivers 1n a real-world deployment.

Another option 1s to adopt an acoustic lens. Like optical
lenses, acoustic lenses can steer the direction of acoustic
wave propagation and focus in a certain region. However, an
acoustic lens 1s usually bulky due to the large wavelength of
acoustic waves. In comparison, an acoustic metasurface
provides a more compact design.

An acoustic metasurface can include many sub-wave-
length cells, where each cell can act like a mini-transducer
and modily the phase and/or intensity of the incident wave
so that collectively, the passive acoustic metasurface can
manipulate the wave 1n an interesting way (e.g., steer the
outgoing wave toward a certain direction).

In one implementation disclosed herein, a passive acous-
tic metasurface with a beamforming configuration may be
used 1n conjunction with one or more speakers or micro-
phones (collectively, “transceivers™). In one example, beam-
forming with a passive acoustic metasurface using 3 and 6
speakers can increase SNR by 4.7 dB and 7.9 dB, respec-
tively. In comparison, another example passive acoustic
metasurface of size 16x16 cells under 1 speaker can increase
SNR by 15.5 dB. As such, a passive acoustic metasurface
can significantly increase the SNR using a compact design
without consuming power.

While a passive acoustic metasurface i1s an alternative to
dynamic acoustic metasurfaces, typical passive acoustic
metasurfaces may support only static configuration and
operation, €.g., always beamform towards a fixed angle.
Since the target can be at any location, a beamiform as a fixed
angle will not track a moving target or cannot be adjusted to
impinge a target that 1s outside of the fixed angle. Simply
moving (e.g., rotating or translating) the passive acoustic
metasurface 1n an effort to mimic a dynamic beam 1s not
always a practical option. Instead, the described technology
employs dynamic beam steering with a passive acoustic
metasurface by selectively modifying imput properties of an
incoming signal, such as by using a phased array, to change
the angle of the outgoing beam or moditying the receiver
processing at multiple microphones.

FIG. 1 1llustrates an example environment 100 for acous-
tic sensing and communication. An acoustic transceiver
system 102 (e.g., a smart speaker) 1s positioned in the
environment 100. In one implementation, the acoustic trans-
ceiver system 102 includes a phased array of speakers and/or
a phased array of microphones. In order to enhance the
signal-to-noise ratio (SNR) of outgoing and incoming acous-
tic signals, a passive acoustic metasurface 104 has been
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placed between the acoustic transceiver system 102 and a
sensing target 106 (e.g., a person) and between the acoustic
transceiver system 102 and a communication node 108 (e.g.,
another smart speaker). The acoustic transceiver system 102
1s referred to herein as a “source” and/or “receiver.” The
sensing target 106 and the communication node 108 are
collectively referred to as “targets,” although both targets
may originate, reflect, or receive acoustic signals. Incident
acoustic waves can be propagated by (e.g., transmitted
through or reflected from) the passive acoustic metasurface
104 in either direction and from either side of the passive
acoustic metasurface 104 or round-trip to and from the
target.

Because the targets can be positioned at different loca-
tions (e.g., at different angles) and may even move relative
to the acoustic transceiver system 102 and the passive
acoustic metasurface 104, the angle of acoustic beams 110
between the source and the targets 1s adjustable. For
example, as the sensing target 106 moves across a room
containing the acoustic transceiver system 102 and the
passive acoustic metasurface 104, the acoustic beams are
dynamically steerable to track with the movement of the
sensing target 106, despite the fact that the passive acoustic
metasurface 104 1s expressly a passive structure, as opposed
to a dynamic metasurface that can be actively tuned or
reconfigured, such as by applying an adjustable voltage to
clectromagnets attached to the dynamic metasurface mem-
brane to modily the phase and/or intensity of incident
acoustic waves.

FIG. 2 illustrates an example dynamic acoustic beam
steering system 200 with a speaker phased array 202 and a
passive acoustic metasurface 204. Referring to FIG. 2, for
example, a passive acoustic metasurface 204 has many unit
cells (also referred to as meta-atoms) labeled as 1-N (with
1 being the index) in FIG. 2, and each umt cell can be
potentially treated as a mini-antenna. In this way, the passive
acoustic metasurface 204 effectively increases the number of
speakers (and/or the number of microphones), thereby
improving sensing resolution. By controlling the phase
and/or amplitude of acoustic wave propagation through each
unit cell, the passive acoustic metasurtface 204 can manipu-
late the wave fields. The 1llustrated example dynamic acous-
tic beam steering system 200 disclosed herein combines
many sub-wavelength, pre-manufactured 3D unait cells mnto
the passive acoustic metasurface 204. Each unit cell encodes
a specific phase oflset. By re-arranging these unit cells, one
can produce many different instances of a metasurface.
Since acoustic sensing/communication usually uses inau-
dible sounds with much smaller wavelengths to avoid dis-
turbance, a coiling-up metasurface 1s more compact than a
Helmholtz-resonator and a membrane-type structure.

The use of the passive acoustic metasurface 204 achieves
a sharp beam with a small number of speakers, a large SNR
gain, and high resolution. The use of beamforming, even
using very few speakers, can enable dynamic steering with-
out requiring movement of the passive acoustic metasurface
204 relative to the speaker phased array 202 and without
requiring a dynamic metasurface membrane. A small num-
ber of speakers 1n a phased array with the passive acoustic
metasurface 204 can achieve beamiorming resolution simi-
lar to a large number of speakers. For example, using a
passive acoustic metasurface with 16x16 cells and a
6-speaker phased array 1s comparable to a 9x16=144 phased
array 1n terms ol beam width.

In implementations of the described technology, a joint
design algorithm may be executed to optimize the configu-
ration ol the passive acoustic metasurface 204 and the

"y




US 12,542,369 B2

7

beamforming weights of the speaker phased array 202.
Specifically, the joint design of the passive acoustic meta-
surface 204 and the configurable beamforming of the
speaker phased array 202 can be formulated as an optimi-
zation problem having an objective to maximize or tune the
acoustic signal strength along each of the desired angles of
operation (e.g., sampled from a range of angles) and to
minimize or tune the performance variance across these
angles and energy 1n the side lobes.

The optimization of metasurface, speaker/microphone
phased array processing and, optionally, their relative place-
ments (e.g., placement relative to each other) increases the
signal to noise ratio (SNR). According to the Cramer Rao’s
bound and Shannon capacity, the increased SNR leads to
improved wireless sensing and communication perfor-
mance.

In one implementation, the system of the example
dynamic acoustic beam steering system 200 includes a
3D-printed membrane of the passive acoustic metasurface
204, six speakers 1n the speaker phased array 202, and a
microphone. A joint design algorithm may be applied to
determine an acoustic metasurface configuration and phased
array codeword for dynamically steering the outgoing beam
206 1n real time. The passive acoustic metasurface 204 and
the speaker phased array 202 are jointly tuned to enable
dynamic beam steering and high SNR for acoustic sensing
and communication. The joint design can be evaluated using
(1) SNR of the received signal, (1) sensing performance
(e.g., distance estimation using Frequency Modulated con-
tinnous Waves (FMCW) and angle estimation using the
MUItiple SIgnal Classification (MUSIC) algorithm), and
(111) the communication error.

The example implementation of an acoustic sensing sys-
tem described herein yields a significant improvement 1n
SNR, distance estimation, angle estimation, and communi-
cation reliability. In particular, jointly designing a passive
acoustic metasurface and codewords of a phased array
allows dynamic steering of the beam to the desired direction
and boosts SNR. The improved SNR, 1n turn, increases the
acoustic sensing and communication ranges. The approach
increases the sensing range from 1.5 m 1n a single speaker
without an acoustic metasurface to 4 m using 6-speaker with
a passive acoustic metasurface; similarly, 1t increases the
communication range from 0.8 m to 3.9 m.

In the example implementation, a passive acoustic meta-
surface 1s transparent to sensing algorithms. Accordingly,
one can apply the existing distance estimation (e.g., FMCW)
or angle estimation algorithm (e.g., MUSIC) to the received
signals at the transceivers.

As noted above, multiple transmitters and/or multiple
receivers can be used to strengthen the received signals. At
the transmitter (e.g., speaker) end, beamforming can be used
to generate transmissions that arrive 1in phase at the receiver
so that the multipath signals are added up constructively. At
the receiver (e.g., microphone) end, the receiver can com-
pensate for the phase difference of the received signals
across different multipath signals to ensure constructive
combining.

In various implementations, a passive acoustic metasur-
face 1s a 2D structure that consists of many sub-wavelength
3D umit cells. By carefully designing each of the unit cells,
one can manipulate acoustic waves by dynamically altering
one or more signal properties of an acoustic signal that
interacts with the passive acoustic metasurface. Each unit
cell can be viewed as a mimi sound source. To perform
beamforming 1n a certain direction, the paths going through
different unit cells 1n the metasurface add together construc-
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fively to enhance the SNR 1n the direction/angle. This
beamforming can be achieved by letting each unit cell
compensate for the phase difference. For example, without
special design, in the desired direction, the path going
through a first unit cell differs from the second unit cell by
0, ,. To ensure the signals from these two paths add up
constructively, one can design the first unit cell, and the
second cell can be designed to compensate for phase dif-
ference ¢, ,. One way to achieve this is to 1mpose different
geometric structures so that the path going through the
second cell 1s

1.2
2

A longer than the path through the first cell.

FIG. 3 illustrates an example passive acoustic metasur-
face 300 consisting of multiple unit cells (see, e.g., unit cell
302) and beamforms 304 toward a focal point 306. An
incident plane wave 308 1s focused at the focal point 306
after passing through the passive acoustic metasurface 300.
Due to the reciprocity principle, when a point source is
placed at the focal point 306, the signal coming out of the
passive acoustic metasurface 300 would be an outgoing
plane wave directed 1n the direction that 1s typically orthogo-
nal to the metasurface. However, the passive acoustic meta-
surface 300 has been jointly designed with the codewords of
a phased array at the focal point 306 so as to allow dynamic
steering of the incident plane wave 308 or outgoing plane
wave 1n response to changes in a phased array at the focal
point. In some 1mplementations, such changes are attributed
to different codewords that control the signal properties via
a phased array, where a codeword represents a set of analog
phase shift values or a set of magnitude plus phase shift
values applied to the phased array.

FIG. 4 1llustrates an example passive acoustic metasur-
face 400 and a side view of a unit cell 402 characterized by
the length parameters d, and d,. The passive acoustic meta-
surface 400 consists of 16x16 unit cells based on the
described technology, each unit cell being formed from a
substantially rigid matenial 404 (e.g., a thermoplastic mate-
rial) and defining an acoustic wave propagation path through
the unit cell (e.g., from one side of the passive acoustic
metasurface 400 to the other through the unit cell). In FIG.
4, the propagation path through unit cell 402 1s indicated by
the arrowed line traversing from left to right from incident
wave to outgoing wave.

Different lengths of the propagation paths induce different
phase delays at the output. The structure and distribution of
the unit cells across the passive acoustic metasurface 400 are
characterized by a tuned propagation profile of the unit cell
responses 1n aggregate (e.g., according to the internal struc-
ture of each unit cell and the distributions of the unit cells
over the passive acoustic metasurface), such that phase shiits
imposed on 1individual wavefronts at each unit cell result 1n
directing the beam of the acoustic signal at one of multiple
predefined steering angles. The selection of that steering
angle 1s controlled by the input signal property of the
incoming signal imposed by a codeword applied to the
phased array, for example. Accordingly, by varying the
signal properties of the incoming signal among a predefined
set of i1nput signal properties, the steering angle of the
outgoing signal exiting the passive acoustic metasurface can
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be deterministically controlled—to change the steering
angle, change the codeword that controls the signal proper-
ties of the imncoming signal.

For purposes of this discussion, assume the incident
sound wave enter a unit cell 402 from the left. The curved
propagation path increases the time the incident sound wave
takes to traverse through the unit cell 402, which essentially
introduces a phase shift to the outgoing wave. The unit cell
structures formed from the substantially rigid material 404
of different unit cells in the passive acoustic metasurface 400
form diflerent propagation paths determined by two domi-
nant parameters: d, and d,, which result in different propa-
gation path lengths and hence different phase delays. Param-
eter d, 1s shown as the length of a protrusion of rigid material
from an interior wall of the unit cell 402 into the interior or
the unit cell 402, and parameter d, 1s shown as a spacing
along an axis through the unit cell between protrusions of
rigid material. A single unmit cell may include multiple
instances of these parameters (e.g., the lengths of other
protrusions and/or the distances between other protrusions).
One way to determine d, and d, i1s through numerical
methods 1n a simulator (e.g., COMSOL, which 1s a finite-
clement-based multiphysics simulator). It should be under-
stood that the same concepts can be applied to signals
traveling through or reflecting off the passive acoustic
metasurface 400 to microphones in a phased array at the
tocal point based on the reciprocity principle. Other physical
dimensions of each unit cell can also be determined during
the joint design, including, without limitation, tunnel length
(e.g., the axial length of the unit cell or the length of travel
from the mput of the unit cell to the output of the umt cell),
protrusion thicknesses, the number of protrusions, efc.

A phase shift profile (also referred to as a tuned propa-
gation profile to reflect that the profile can reflect changes 1n
phase and/or amplitude of an acoustic signal interacting with
cach metasurface) 1s encoded into the metasurface by plac-
ing each unit cell (imposing the specifically-designed phase
shift) at appropriate locations 1n the metasurface to provide
a desired functionality. The design determines the individual
phase shift corresponding to each propagation element of
cach unit cell distributed over the metasurface. The phase
shift values applied to each unit cell determine the explicit
physical dimensions associated with the propagation ele-
ment of each unit cell.

A tuned (e.g., optimized) propagation profile can be
implemented (e.g., based on joint design with the expected
signal properties of the incoming acoustic signals and the
expected positioning of acoustic signal recervers) by placing
the umt cells at appropriate locations 1n the metasurface.
Each unit cell 1s designed to provide a deliberately designed
phase shiit coverage 1n aggregate (with the other unit cells)
to achieve high transmittance/reflectivity. The described
technology can provide a specially designed phase shiit
proflle 1n each propagation direction to achieve dynamic
fine-grained focusing and steering using a combination of a
passive metasurface and a small phased array. As such, the
physical dimensions and the distribution of the propagation
clements of the umt cells 1n the passive metasurface are
structurally tuned according to the tuned propagation profile
to modulate the incoming acoustic wavetronts to generate a
defined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to the input
signal property set.

FI1G. 5 1llustrates example unit cells (see, e.g., a unit cell
500 and a unit cell 502) 1n a passive acoustic metasuriace
504 that consists of 16x16 unit cells based on the described
technology. A phased speaker array 506 1s positioned at a
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focal point before the passive acoustic metasurface 504.
Incident waves 508 at the two different unit cells have
different phases. However, each unit cell 1s structured 1n
accordance with different dominant parameters d, and d, so
that the outgoing waves 510 from each unit cell are n
substantially the same phase (1.e., “in phase”). As such, the
structure of each unit cell 1n the passive acoustic metasur-
face 504 1s tuned to receive mcident waves having different
phases and to output outgoing waves that have the same
phase.

Moreover, 1n the context of dynamically steering beams
using the passive acoustic metasurface 504, the structure of
cach unit cell in the described technology 1s also jointly
designed in cooperation with the signal properties (e.g.,
phase and/or magnitude) of the codewords of a phased array
at the focal point (e.g., the position of the audio speaker). In
this manner, changing the codeword of the phased array
changes the signal properties of the incident waves 508,
causing the beamforming to change the steering angle of the
outgoing waves 310 relative to the orthogonal direction to
the surface of the passive acoustic metasurface 504. In this
manner, for example, the outgoing waves 510 are dynami-
cally steered by the coordination of the varying signal
properties of the incident waves 508 and the structure of the
passive acoustic metasurface 504. It should be understood
that the same concepts can be applied to signals traveling
through or reflecting off the passive acoustic metasurface
504 to microphones 1n a phased array at the focal point based
on the reciprocity principle.

As shown 1n FIG. 5, the unit cells have intricate maze-like
internal structures, with four parallel bars positioned
orthogonal to the direction of incoming sound waves. Inter-
estingly, the transmission efliciency 1s high and reaches 98%
on average across all unit cells. Generally, this response 1s
due to at least the following two major reasons: 1) the
sub-wavelength cells produce diffraction and cause the
energy of sound to bypass the parallel bars instead of being
reflected back; and 1) the bars inside each umt cell are
curved instead of having sharp angles to reduce acoustic
impedance and maintain high transmission efliciency. Over-
all, the passive acoustic metasurface 504 has negligible
power loss, so power loss need not be considered when
developing a passive acoustic metasurface design for a
narrow bandwidth, although for a wide bandwidth, power
loss may be considered.

FIG. 6 illustrates an example passive acoustic metasur-
face 600 composed of multiple unit cells and beamiorms
propagating to/from a focal point by proper configuration of
the unit cells. See, e.g., a unit cell 602. The unit cells can be
arranged 1n a straight line to form a 1D metasurface or 1n a
rectangle to form a 2D metasurface of 3D unit cells. By
introducing an appropriate phase shift at each unit cell,
beamiorming can be achieved. The types of unit cells can be
quantized, in one example, into 16 choices to make it easy
to assemble/re-assemble a metasurface. The unit cells may
cover the phase shift from 0 to 2m. So, for each location 1n
the array, a unit cell 1s chosen for the phase shift closest to
the desired shiit.

Once the passive acoustic metasurtace 600 1s printed, the
mapping from the incoming wave to the outgoing wave 1s
fixed. Since the target can be 1 any direction, varying
codewords of a phased speaker array 604 are employed to
steer the direction of the outgoing wave. Given the fixed
configuration of the passive acoustic metasurface 600, one
way to change the direction of the outgoing wave 1s to move
the passive acoustic metasurface 600 either through trans-
lation movement or through rotation. While movement 1s
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feasible, mechanical movement 1s slow, consumes signifi-
cant power, causes wear and tear, and may even require
operator intervention. For practical use, it 1s desirable to
dynamically adjust the direction of the wave coming out of
the passive acoustic metasurface 600 by varying codewords
of the phased speaker array 604 to avoid a need for mechani-
cal movement. Thus, the passive acoustic metasurface 600
and phased speaker array 604 are jointly designed to realize
the desired beamforming for different steering angles based
on different codewords (which represent different beam
phases and/or magnitudes). It should be understood that the
same concepts can be applied to signals traveling through or
reflecting off the passive acoustic metasurface 600 to micro-
phones 1n a phased array at the focal point based on the
reciprocity principle.

Phased arrays use beamforming to combine signals from
multiple speakers constructively. Beamforming can be
applied to either senders or receivers, or both. There are a
number of beamforming algorithms. They vary 1n the opti-
mization objectives: some maximize the signal, while others
minimize interference. In analog beamforming, beamiorm-
ing 1s performed on analog signals at the transmitter before
sending to the air or at the receiver before the analog to
digital conversion. In digital beamforming, beamforming 1s
performed on digital signals at the transmitter before digital-
to-analog conversion or at the receiver after analog-to-
digital conversion.

The beamforming capability depends on the number of
speakers and their separation. In one example, beam patterns
are shown corresponding to a varying number of speakers m.

The beam width 1n the desired direction 1s relatively large,
and the sidelobes are significant when the number of speak-
ers 1s within 8. The half-power beam width (HPBW) at 0°
(1.e., perpendicular to the speaker array) can be approxi-
mated as follows:

0.886 A
md

Bos =~

where A is the wavelength, m is the number of speakers, and
d represents the speaker separation, which 1s usually rec-
ommended to be A/2. For example, the HPBW will be 59.6°,
25.5°, 16.9°, and 6.3° when the number of speakers is 2, 4,
6, and 16, respectively. The beam width for a general angle
can be derived as follows:

to.s

cos &,

G055 =

where 0O _ 1s the steering angle and 0, - 1s the HPBW of the
steered beam. This indicates that the scanning range should
not be too large, and usually 8 _<60°.

A passive acoustic metasurface 1s not reconfigurable on
the fly once it 1s assembled (e.g., 3D printed or manufactured
via another method). To provide dynamic adaptation while
achieving high resolution and long range, a small number of
speakers along with an acoustic metasurface are used. The
beamforming of the speakers 1s optimized so that the out-
going wave from the passive acoustic metasurface 1s
towards a desired angle. More specifically, a phased array
can control the direction of the output signal, which serves
as the incoming signal propagating toward the passive
acoustic metasurface. The use of multiple speakers allows
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for the achievement of fast, dynamic control without the
physical movement of components.

Returning to FIG. 2, there are M speakers. Let w; denote
the codeword for the 1-th speaker, where w; 1s a complex
number 1n which the magnitude and phase are the scaling
factor and phase shift for the i1-th transmission signal,
respectively. There are N unit cells 1n a passive acoustic
metasurface. The acoustic signal received by the j-th passive
acoustic metasurface unit cell from the 1-th speaker S, ; can
be computed as follows, where t; 1s the 1-th speaker’s

transmission signal and H,; denotes the channel between the
1-th speaker and j-th cell:

Sf,j — HﬁWfff (1)

Since the relative position between the passive acoustic
metasurface uni cell j and the transmitter 1 1s pre-determined,
one can derive

de
By liva
H; ;= F(d; ;) = a(d; e 77 e,

where c 1s the speed of the acoustic signal, d, ; 1s the distance
from the 1-th transmitter to j-th cell, a(d; ;) 1s the amount of
signal attenuation at the distance d; ;, and F(¢) 1s a function
that models how the channel attenuates with the distance d, .

The placement of the phased array, denoted as X, can be
taken 1nto account, and re-write the above relationship in a
matrix form as follows:

Sin = H(x)w (2)

The transmission signal t, can be omitted before beamform-
ing hereafter because 1t 1s the same at each speaker.

Each cell 1n a passive acoustic metasurface modifies the
incident signal (e.g., by adding a path delay and/or changing
the amplitude). Such a modification can be captured using a
matrix, denoted as G as further described herein. Then, the

signal coming out of the passive acoustic metasurface
becomes

Sﬂm“ — GH(X)W (3)

Finally, let R, denote the signal in a given steering
direction d from the passive acoustic metasurface. R , can be
derived as follows, where K, denotes the steering vector
corresponding to the direction d between the passive acous-
tfic metasurface and target.

R, = K,GH(xX)w 4

The goal 1s to jointly design the passive acoustic meta-
surface and codewords of the speaker array to maximize the
signal strength along each angle of interest. For example, 1f
a scanning angle from —60° to 60° i1s to be supported, for
each angle within the range, the signal strength should be
maximized. Note the passive acoustic metasurface has a
fixed configuration across all angles, while the codeword
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can change for each beamforming angle as in typical beam-
forming scenarios. Therefore, the signal of interest R can be

derived as follows:

R = KGH(x)W (5)

where R 1s a matrix of size dxd (in which each row
represents the received signal from a given direction d and
each column represents the steering direction), K 1s a dxXN
matrix specifying the steering vector from the N unit-cell
passive acoustic metasurface, G 1s an NXN matrix, and its
diagonal elements specify how the N-cell passive acoustic
metasurface translates the incident signal into the outgoing

signal, H(x) 1s an NXM matrix specifying the channel from
M transmitters to the N-cell passive acoustic metasurface,
and W 1s Mxd codebook for M speakers corresponding to d
directions.

The channel H and steering vector K are fixed and can be
derived analytically. Given H and K, a goal 1s to find the
optimal static passive acoustic metasurface configuration G
and codebook W to perform beamforming across a wide
range of angles. Since the power of the beams i1n each
direction 1s optimized, the power P of the received signal R
is used hereafter, which is denoted by P=IRI|".

The structure of the received signals P at various angles
1s represented in FIG. 7 as having high signal strength along
the diagonal elements, which indicates the signal 1s beam-
formed towards the desired steering angle.

In at least one implementation, the objective function
comprises the following three terms:

Sum Power: Due to the use of a static metasurface design

and the need to accommodate a wide range of angles,
the goal 1s to maximize the sum of power across all d
directions. This can be derived as follows:

Lpﬂwer = tr(P) (6)

where tr(®) 1s the trace of a matrix (1.e., the sum of the
diagonal elements 1n the trace).

Minimum Variance Criterion: Solely maximizing the total
power may Introduce some dead zones for certain
directions. To avoid that problem, the variance of the
diagonal term of P 1s introduced as the penalty term
L to ensure all directions are covered:

L.qr = var(diag(P)). (7)

For generality, a weight matrix Q 1s introduced, which can
put different weights on different angles. The result 1s:

L., = var(diag(PQ)) (8)

where Q=diag(q,, 9., - . . » q;) 1s a set of weights to control.

If there 1s prior knowledge about the approximate location of

a target, the entries 1 Q that correspond to the locations
close to the target can be increased.

Minimum Sidelobe: Suppressing the side lobe level

(SLL) 1s helpful for sensing and communication. Side-

lobe nullification and minimization are two common
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methods of suppression. Some methods require prior
knowledge about the direction of the sidelobe, while
other methods minimize the maximum sidelobe. Mini-
mizing the average SLL (1.e., minimizes the sum of
absolute values of all non-diagonal peaks 1n P) 1s most
effective in the present context, although other methods
may be employed.

FIG. 7 1llustrates an example structure 700 of the received
signal at various angles. The structure 700 includes high
signal strength along the diagonal elements (see, e.g., a
diagonal element 702 and a diagonal element 704) corre-
sponding to the main beam. The non-diagonal elements (see,
e.g., a non-diagonal element 706 and a non-diagonal ele-
ment 708) are considered “sidelobes” that can degrade the
overall performance. Therefore, the sum of non-diagonal
peaks can be minimized as follows:

Lsideiobe = Znﬂn—dfagﬂnﬂipeaks (9)

To denive L, ,_, .. peaks 1n the P matrix are identified (e.g.,
using findpeaks( ) function), and then the peaks that are 1n
non-diagonal entries of the matrix are summed. This process
both reduces the sidelobes and improves the quality of the
main lobe.

FIG. 8 1llustrates example beam patterns 800 when
steered to a specific angle during optimization or tuning.
Mimimizing the non-diagonal peaks helps reduce the side
lobes and increase the directivity. If the highest peak 1s a
non-diagonal element, 1t may be minimized to revise the
direction. Putting these concepts together, the following
optimization model results:

I?Ij?nén — L power T #Lvar + }’LsfdefﬂbE: Whﬂfﬂ
b} :'I

L flGH =1 =12, V)
b{lmﬂﬂl i=12,..., M,j=12,...,d)

where u and vy are parameters controlling the importance of
the variance and sidelobe terms, respectively. There are two
constraints on the magnitude of the metasurface parameters

G and codebook W. Both G and W should be no more than

1 1in most implementations.

The constraints on the magnitude of metasurface G are
referred to as constant modulus constraints (CMC). Prob-
lems involving CMC are nonconvex and NP-hard. In the
described technology, 1G,|=1 refers to the points on the
surface of an N dimensional hypercube, which indicates
each metasurface cell does not change the magnitude of the
incoming signal. These are non-convex constraints. IWI<I
are constraints on the magnitude of the phased array. The set
contains the entire hypercube and includes the 1nterior. Thus,
it 1s a convex set. Therefore, for the phased array codebook,
the amplitnde may be restricted to be within 1 i1nstead of
exactly equal to 1 to make the problem easier to solve.

In various implementations, the problem i1s a non-linear
constrained optimization problem. Due to the presence of
the constraints, the gradient descent scheme cannot be
directly applied. Therefore, the gradient projection method
may be used, which ensures the solution after each gradient
descent update still falls within the feasible set £2. Specifi-
cally, if the k+1-th update (i.e., x**V=x*"+a,d®) makes the
solution fall outside the feasible region, where a, 1s the
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learning rate, and 1s the gradient, 1t may be projected to
a point 1mnside the feasible set £ as follows:

d(k)

%D = 0 4 g d®] (10)

where I1 1s the projection operator, and 11[x] 1s called the
projection of X 1n 2. To do that, the amplitude of G, 1s
normalized after each update, and W 1s normalized 1f 1t 1s
larger than 1. The Adam optimizer in Pytorch may be used
for optimization. Adam 1s an extended version of stochastic
gsradient descent that adapts the learning rate for each
parameter. The output from the Adam may be modified
during each iteration using Equation 10 to ensure constraints
are safisfied.

FIG. 9 illustrates a symmetry property of a 16xX16 meta-
surface 900. As discussed above, the diagonal of vanable G
represents the phase delay for metasurface unit cells. The
passive acoustic metasurface 1s a 2D structure. The configu-
ration of the passive acoustic metasurface should be left-
right symmetric and up-down symmetric, as shown in the
example of the 16X16 metasurface 900, since the scanning
performance should be the same i1n left and right in the
azimuth direction, and the beam pattern should also be the
same 1n top and bottom 1n the elevation direction. By
utilizing the left-right and up-down symmetry properties, the
search dimension for G can be reduced by 75%.

Since the steering angle 1s from —60° to 60°, the codebook
in some i1mplementations 1s also symmetric between the
positive angles and negative angles. Therefore, half of the
codebook can be optimized (i.e., corresponding to the steer-
ing angle 1n (—60°, 0)) and copied to generate the codebook
for (0, 60°).

The channel H(Xx) can be determined based on the posi-
tions of the speakers and unit cells of the metasurface. Let
X=1{X;, X,, - - . » X»,} denote the speaker locations, and g={g,,
g, ..., 8.1 denote the metasurface cells’ locations. One can
derive the channel as follows:

([ &) .o Fllxar — 21D ] (11)
Hx) = F(|[x1 :— g1l F(ll-IM:—glll)
CE(llxr —gwll) ... Fllxar — gwl])

where || denotes the distance between two points (i.e., a
speaker and a metasurface unit cell) and F ( ) denotes the
function that maps the distance to the wireless channel,
including the amplitude and phase.

FIG. 10 1llustrates an example 1000 of a channel matrix
H with 4 metasurface cells and 3 speakers of varying speaker
distributions x. The distance between each speaker and
metasurface cell may be derived to determine the channel H
between the phased array and metasurface.

In another example implementation, a joint optimization
algorithm for metasurface macroscopic configuration and
receiving beamforming weights 1s as follows. (This algo-
rithm can be implemented 1n the acoustic system as well as
1in an electromagnetic system, such as for Low Earth Orbit
(LEO) communication.) For incoming signals x passing
through a metasurface and arriving at multiple receiving
transceilvers/antennas, the angle of arrival (AoA) informa-
tion between the target and receiving transceiver/antenna 1s
obtained.

Returning to the implementation using Equation 11, either
a given phased array setup (e.g., uniformly distributed linear
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array) or an optimized phased array setup can be used as the
input. In the latter case, X, 1s treated as the optimization
variable along with the other variables. Note that no con-
straints are 1imposed on X because of the symmetry property
of metasurface G and codebook W, although constraints may
be imposed in some implementations. Equation 11 assumes
a single line-of-sight path between the phased array and
metasurface, which 1s realistic since the metasurface is close
to the phased array and there 1s no blockage.

FIG. 11 illustrates diagrams 1100 showing (a) the ampli-
tude and (b) the phase of an optimized codebook, where the
first speaker 1s set as the reference and 1s aligned to be zero
phase. Angles are sampled from —60° to 60° with 1° sepa-
ration for an example system design. Therefore, for a
6-speaker system, the codebook W 1s a 121x6 matrix, which
contains 121 independent codewords for 121 directions and
6 speakers. Since the goal 1s to maximize the sum power of
diagonal elements, the amplitude of each element 1n the
codebook 1s close to 1 to achieve the maximum transmission
power, but some are slightly less than 1 since their con-
straints are <1, while the phase 1s manipulated to generate a
desired sound field at the metasurface. It should be under-
stood that a phased speaker array can transmit acoustic
signals with select signal properties according to a trans-
mission codebook, and a phased microphone array can
receive acoustic signals with select signal properties accord-
Ing to a reception codebook

FIG. 12 illustrates diagrams 1200 showing example
results for (a) phase distribution and (b) cell indices of the
optimized 16x16 metasurface design. The phase distribution
of the metasurface 1s reconstructed by utilizing the diagonal
elements of G and the symmetry property. As mentioned
above, the phase shift of each passive acoustic metasurface
unit cell 1s quantized to 16 levels for flexible design and
assembly/disassembly. The numbers in the upper left corner
denote the cell indices for the top left metasurface, and the
quadrants are omitted for brevity due to the left-right sym-
metry and top-bottom symmetry. Then, the final passive
acoustic metasurface can be assembled by choosing the unit
cells with the closest phase shift, where the color reflects the
unit cell index and a higher index indicates a larger phase
shift. The speakers can either be placed in the phased array
uniformly or arbitrarily, and the placement can be fed to the
optimization algorithm, or the algorithm can optimize the
placement along with other configuration parameters.

An example experimental setup may used for an evalu-
ation. The system can be divided into three parts: speakers,
microphones, and a passive acoustic metasurface. Uniform
placement of components can be used as the default con-
figuration. In this case, six (6) identical miniature speakers
(16£2, 0.25 W) can be provided as the transmitter. Each
speaker was connected with an operational amplifier
THS4001 to amplify the voltage and a power amplifier
I.LM386 to amplify the current. The distance between the
centers of adjacent speakers can be 8.6 mm, which 1s a half
wavelength of 20 kHz sound. Four (4) microphones can be
used to form a microphone array as a receiver. The distances
between the four (4) microphones can be 3.06 cm, 2.04 cm,
and 3.06 cm to reduce ambiguity and obtain better perfor-
mance. All speakers and microphones can be connected to
the same Bela board for signal synchronization. Speaker
placement can also be optimized using the approach
described above.

The passive acoustic metasurface was constructed accord-
ing to the optimization process described above. The passive
acoustic metasurface consists of 256 (16x16) unit cells
spanning over 15 cmX15 cm. Since the unit cells are
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quantized into 16 choices, 16 different types of unit cells
were 3D printed and assembled 1nto an acoustic lens accord-
ing to the evaluation scenario. For example, a passive
acoustic metasurface was assembled for a 1-speaker setup,
a different passive acoustic metasurface was assembled for
6 speakers with uniform separation, and another passive
acoustic metasurface was assembled for 6 speakers with
non-uniform separation. Each was jointly designed with the
speaker array. To ensure most signals emitted by the speak-
ers passed through the passive acoustic metasurface, the
passive acoustic metasurface was placed 2 cm away from
the speaker array. For a single speaker, the passive acoustic
metasurface was placed 10 cm away from the speaker.
The approach was evaluated i1n terms of (1) SNR, (1)
sensing accuracy, and (111) communication performance. For
acoustic sensing, Kinect V3 was used to determine the

ground truth distance and AoA. The speakers transmitted the
following FMCW signal:

HBH]

x(t) = cﬂS(ZH Fmint + T

=16 kHz, B=4 kHz, and T=0.1 s. The sensing
accuracy was quantified using distance error and AoA error.
1D MUSIC 1s an AoA estimation algorithm that computes
the auto-correlation matrix R of the received signals x as
R=x"x, where x is a I1xN vector and x is the conjugate
transpose of X, and then performs eigenvalue decomposition
on R. Let R,, represent the noise space matrix, which 1s the
space spanned by the N—M smallest eigenvectors, where M
1s the number of signals. The peak in the pseudo spectrum

where f

1
a(8) Ry R a(8)

pt) =

corresponds to the AoA.

For acoustic communication, the data was encoded using
OFDM. Each OFDM frame contains 180 Binary Phase-shift
keying (BPSK) symbols, which are striped onto 12 subcar-
riers spanning over 18 kHz-20 kHz. CDMA was used as
FEC code to improve resilience, and the code rate was 50%.
The communication performance was quantified using bit
error rate (BER) and frame error rate (FER). While there are
other coding schemes for acoustic communication, the ben-
efit of the approach (1.e., a passive acoustic metasurface with
a speaker array) 1s likely similar across different acoustic
coding schemes.

Unless otherwise specified, all results reported herein are
from testbed experiments. In one example, a 6-speaker array
with an equal separation of 9.4 mm between the adjacent
speakers and a 16X16 passive acoustic metasurface were
used. In device-free acoustic sensing experiments, the
microphone array was 3 cm above the passive acoustic
metasurface to track the distance and AoA from the hand of
a person so that the signal from the speaker to the target
passed through the metasurface and the signal was reflected
from the target (hand) and received by the microphone array
did not pass through the metasurface. In acoustic commu-
nication experiments, the receiver was placed 1.5 m away
from the speaker array. The impact of various parameters
was also evaluated by varying their values.

FIG. 13 illustrates example operations 1300 for designing
a passive acoustic metasurface. The passive acoustic meta-
surface 1s designed to interact with an acoustic signal
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received at the passive acoustic metasurface from an acous-
tic transmitter. A searching operation 1302 executes a search
to tune the physical dimensions and distribution of meta-
atoms 1n the passive acoustic metasurface with respect to a
plurality of predefined input signal property sets of the
acoustic signal to provide a tuned propagation profile of the
meta-atoms in aggregate. A forming operation 1304 forms
the meta-atoms with the physical dimensions and the dis-
tribution determined by the search over the passive acoustic
metasurface. Each meta-atom 1s configured to modulate
incoming acoustic wavefronts to form corresponding out-
golng acoustic waves exiting the passive acoustic metasur-
face. The tuned propagation profile in aggregate supports the
plurality of predefined input signal property sets of the
incoming acoustic wavefronts and, for each iput signal
property set, the physical dimensions and the distribution of
the meta-atoms are tuned according to the tuned propagation
proiile to modulate the incoming acoustic wavelronts to
generate a predefined beam pattern of the acoustic signal
exiting the passive acoustic metasurface corresponding to a
select input signal property set of a plurality of predefined
input signal property sets.

FIG. 14 illustrates example operations 1400 for manufac-
turing a passive acoustic metasurface. The passive acoustic
metasurface 1s manufactured to interact with an acoustic
signal received at the passive acoustic metasurface. A
searching operation 1402 executes a search to tune a beam-
forming weight and position of each meta-atom of a plural-
ity of meta-atoms with respect to a steering vector corre-
sponding to an incident angle of a beam of the acoustic
signal. A forming operation 1404 forms a matrix of the
meta-atoms distributed throughout the passive acoustic
metasurface, each meta-atom being positioned in the passive
acoustic metasurface to provide a tuned propagation profile
of the meta-atoms 1n aggregate. Each meta-atom provides a
propagation path for at least a beam of the acoustic signal.
Each meta-atom interacts with the acoustic signal to modu-
late incoming acoustic wavefronts of the acoustic signal
received by the meta-atom to form corresponding outgoing
acoustic wavefronts of the acoustic signal exiting the passive
acoustic metasurface. The tuned propagation profile of the
meta-atoms 1n aggregate supports a plurality of predefined
input signal property sets of the incoming acoustic wave-
fronts and, for each input signal property set, physical
dimensions and distribution of the meta-atoms in the passive
acoustic metasurface are tuned according to the tuned propa-
gation prodlle to phase shift the incoming acoustic wave-
fronts to generate a predefined beam pattern of the acoustic
signal exiting the passive acoustic metasurface correspond-
ing to the input signal property set.

FIG. 15 1llustrates example operations 1500 for using a
passive acoustic metasurface. The passive acoustic metasur-
face 1s manufactured to interact with an acoustic signal
received at the passive acoustic metasurface. A signal modi-
fication operation 1502 modifies at least one input property
of the acoustic signal among a plurality of predefined input
property sets. The passive acoustic metasurface 1s formed as
a matrix ol meta-atoms distributed throughout the passive
acoustic metasurface, each meta-atom being positioned 1n
the passive acoustic metasurface to provide a tuned propa-
gation profile of the meta-atoms 1n aggregate, each meta-
atom providing a propagation path for at least a beam of the
acoustic signal. A steering operation 1504 steers the acoustic
signal exiting the passive acoustic metasurface, each meta-
atom modulating incoming acoustic wavefronts of the
acoustic signal received by the meta-atom to form corre-
sponding outgoing acoustic wavefronts of the acoustic sig-
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nal exiting the passive acoustic metasurface. The tuned
propagation profile of the meta-atoms 1n aggregate supports
the plurality of predefined mnput signal property sets of the
incoming acoustic wavelronts and, for each mput signal
property set, physical dimensions and distribution of the
meta-atoms 1n the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shift the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

FI1G. 16 illustrates an example computing device 1600 for
use 1 1implementing the described technology. The comput-
ing device 1600 may be a client computing device (such as
a laptop computer, a desktop computer, or a tablet com-
puter), a server/cloud computing device, an Internet-oil-
Things (IoT), any other type of computing device, or a
combination of these options. The computing device 1600
includes one or more hardware processor(s) 1602 and a
memory 1604. The memory 1604 generally includes both
volatile memory (e.g., RAM) and nonvolatile memory (e.g.,
flash memory), although one or the other type of memory
may be omitted. An operating system 1610 resides in the
memory 1604 and 1s executed by the processor(s) 1602. In
some 1mplementations, the computing device 1600 includes
and/or 1s communicatively coupled to storage 1620.

In the example computing device 1600, as shown 1n FIG.
16, one or more soitware modules, segments, and/or pro-
cessors, such as applications 1650, various types of simu-
lation software, numerical modeling software, phased array
transmitter/receiver control software, and other program
code and modules are loaded 1nto the operating system 1610
on the memory 1604 and/or the storage 1620 and executed
by the processor(s) 1602. The storage 1620 may store
codebooks, codewords, phase shift parameters, amplitude
parameters, steering angles, and other data and be local to
the computing device 1600 or may be remote and commu-
nicatively connected to the computing device 1600. In
particular, in one implementation, components of a system
for designing, manufacturing, and/or using a passive acous-
tic metasurface may be implemented entirely in hardware or
in a combination of hardware circuitry and software.

The computing device 1600 includes a power supply
1616, which may include or be connected to one or more
batteries or other power sources and which provides power
to other components of the computing device 1600. The
power supply 1616 may also be connected to an external
power source that overrides or recharges the built-in batter-
ies or other power sources.

The computing device 1600 may include one or more
communication transcervers 1630, which may be connected
to one or more antenna(s) 1632 to provide network connec-
tivity (e.g., mobile phone network, Wi-Fi®, Bluetooth®) to
one or more other servers, client devices, IoT devices, and
other computing and communications devices. The comput-
ing device 1600 may further include a communications
interface 1636 (such as a network adapter or an 1/O port,
which are types of communication devices). The computing
device 1600 may use the adapter and any other types of
communication devices for establishing connections over a
wide-area network (WAN) or local-area network (LAN). It
should be appreciated that the network connections shown
are exemplary and that other communications devices and
means for establishing a communications link between the
computing device 1600 and other devices may be used.

The computing device 1600 may include one or more
input devices 1634 such that a user may enter commands and
information (e.g., a keyboard, trackpad, or mouse). These
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and other input devices may be coupled to the server by one
or more interfaces 1638, such as a serial port interface,
parallel port, or umiversal serial bus (USB). The computing
device 1600 may further include a display 1622, such as a
touchscreen display.

The computing device 1600 may include a variety of
tangible processor-readable storage media and intangible
processor-readable communication signals. Tangible proces-
sor-readable storage can be embodied by any available
media that can be accessed by the computing device 1600
and can include both volatile and nonvolatile storage media
and removable and non-removable storage media. Tangible
processor-readable storage media excludes intangible and
transitory communications signals (such as signals per se)
and includes volatile and nonvolatile, removable and non-
removable storage media implemented 1in any method, pro-
cess, or technology for storage of information such as
processor-readable instructions, data structures, program
modules, or other data. Tangible processor-readable storage
media 1ncludes, but 1s not limited to, RAM, ROM.,
EEPROM, flash memory or other memory technology,
CDROM, digital versatile disks (DVD) or other optical disk
storage, magnetic cassettes, magnetic tape, magnetic disk
storage, or other magnetic storage devices, or any other
tangible medium which can be used to store the desired
information and which can be accessed by the computing
device 1600. In contrast to tangible processor-readable stor-
age media, intangible processor-readable communication
signals may embody processor-readable istructions, data
structures, program modules, or other data resident 1n a
modulated data signal, such as a carrier wave or other signal
transport mechanism. The term “modulated data signal”
means a signal that has one or more of 1ts characteristics set
or changed 1n such a manner as to encode information 1n the
signal. By way of example, and not limitation, intangible
communication signals include signals traveling through
wired media such as a wired network or direct-wired con-
nection, and wireless media such as acoustic, RFE, infrared,
and other wireless media.

Clause 1. A method of designing a passive acoustic
metasurface for interacting with an acoustic signal received
at the passive acoustic metasurface from an acoustic trans-
mitter, the method comprising: executing a search to tune
physical dimensions and distribution of meta-atoms in the
passive acoustic metasurface with respect to a plurality of
predefined input signal property sets of the acoustic signal to
provide a tuned propagation profile of the meta-atoms in
aggregate; and forming the meta-atoms with the physical
dimensions and the distribution determined by the search
over the passive acoustic metasurface, wherein each meta-
atom 1s configured to modulate incoming acoustic wave-
fronts to form corresponding outgoing acoustic wave exiting
the passive acoustic metasurface, wherein the tuned propa-
gation profile i aggregate supports the plurality of pre-
defined input signal property sets of the imncoming acoustic
wavelronts and, for each iput signal property set, the
physical dimensions and the distribution of the meta-atoms
are tuned according to the tuned propagation profile to
modulate the mcoming acoustic wavelronts to generate a
predefined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to a select input
signal property set of the plurality of predefined input signal
property sets.

Clause 2. The method of clause 1, wherein each of the
plurality of predefined 1nput signal property sets includes an
angle of incidence of an incoming beam of the acoustic
signal.
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Clause 3. The method of clause 1, wherein the acoustic
transmitter includes multiple acoustic transmitters forming a
phased array to transmit the acoustic signal to the passive
acoustic metasurtface according to a codeword of a trans-
mission codebook to generate the predefined beam pattern
towards the passive acoustic metasurface and the codeword
corresponds to one of the predefined input signal property
sets, wherein the transmission codebook of the phased array
and the meta-atoms of the passive acoustic metasurface are
tuned to realize a corresponding predefined output beam
pattern.

Clause 4. The method of clause 3, wherein the search 1s
configured to optimize a user-defined function or a function
ol signal-to-noise ratio (SNR) or sum capacity at a specified
set of angles.

Clause 5. The method of clause 1, wherein multiple
acoustic receivers forming a phased array to receive the
acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine recerved signals at multiple receivers from the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mput signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 6. The method of clause 5, wherein the search 1s
configured to optimize a user-defined function or a function
ol signal-to-noise ratio (SNR) or sum capacity at a specified
set of angles.

Clause 7. The method of clause 1, wherein the acoustic
transmitter includes multiple acoustic transmitters to form a
phased transmitter array, and multiple acoustic receivers to
form a phased receiver array configured to receive the
acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitters use a codeword
from a transmission codebook and the multiple acoustic
receivers use a codeword from a reception codebook, and
the transmission codebook, the reception codebook, and the
passive acoustic metasurface are jointly tuned to realize a
predefined goal.

Clause 8. The method of clause 7, wherein the search 1s
configured to optimize a user-defined function or a function
ol signal-to-noise ratio (SNR) or sum capacity at a specified
set of angles.

Clause 9. The method of clause 1, wherein the passive
metasurface 1s designed for acoustic sensing including dis-
tance estimation or angle of arrival estimation or for acoustic
communications.

Clause 10. A passive acoustic metasurface system for
interacting with an acoustic signal received at the passive
acoustic metasurface system from an acoustic transmitter,
the passive acoustic metasurface system comprising: a pas-
s1ve acoustic metasurface designed by executing a search to
tune physical dimensions and distribution of meta-atoms in
the passive acoustic metasurface with respect to a plurality
of predefined 1input signal property sets of the acoustic signal
to provide a tuned propagation profile of the meta-atoms in
aggregate, and manufactured by forming the meta-atoms
with the physical dimensions and the distribution deter-
mined by the search over the passive acoustic metasurface,
wherein each meta-atom 1s configured to modulate incoming,
acoustic wavelronts to form corresponding outgoing acous-
tic wave exiting the passive acoustic metasurface, wherein
the tuned propagation profile 1n aggregate supports the
plurality of predefined iput signal property sets of the
incoming acoustic wavelronts and, for each iput signal
property set, the physical dimensions and the distribution of
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the meta-atoms are tuned according to the tuned propagation
proflle to modulate the incoming acoustic wavelronts to
generate a predefined beam pattern of the acoustic signal
exiting the passive acoustic metasurface corresponding to a
select input signal property set plurality of predefined 1nput
signal property sets.

Clause 11. The passive acoustic metasurface system of
clause 10, wherein each of the plurality of predefined 1nput
signal property sets includes an angle of incidence of an
incoming beam of the acoustic signal.

Clause 12. The passive acoustic metasurface system of
clause 10, wherein the acoustic transmitter includes multiple
acoustic transmitters forming a phased array to transmit the
acoustic signal to the passive acoustic metasurface accord-
ing to a codeword of a transmission codebook to generate
the predefined beam pattern towards the passive acoustic
metasurface and the codeword corresponds to one of the
predefined mput signal property sets, wherein the transmis-
s10n codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined output beam pattern.

Clause 13. The passive acoustic metasurface system of
clause 12, wherein the search i1s configured to optimize a
user-defined function or a function of signal-to-noise ratio
(SNR) or sum capacity at a specified set of angles.

Clause 14. The passive acoustic metasurface system of
clause 10, wherein multiple acoustic receivers forming a
phased array to receive the acoustic signal from the passive
acoustic metasurface according to a codeword of a reception
codebook to combine received signals at multiple receivers
from the passive acoustic metasurface and the codeword
corresponds to one of the predefined mput signal property
sets, wherein the reception codebook of the phased array and
the meta-atoms ol the passive acoustic metasurface are
tuned to realize a corresponding predefined goal.

Clause 15. The passive acoustic metasurface system of
clause 14, wherein the search i1s configured to optimize a
user-defined function or a function of signal-to-noise ratio
(SNR) or sum capacity at a specified set of angles.

Clause 16. The passive acoustic metasurface system of
clause 10, wherein the acoustic transmitter includes multiple
acoustic transmitters to form a phased transmitter array, and
multiple acoustic receivers to form a phased receiver array
configured to receive the acoustic signal from the passive
acoustic metasurface, wherein the multiple acoustic trans-
mitters use a codeword from a transmission codebook and
the multiple acoustic receivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurface
are jointly tuned to realize a predefined goal.

Clause 17. The passive acoustic metasurface system of
clause 16, wherein the search i1s configured to optimize a
user-defined function or a function of signal-to-noise ratio
(SNR) or sum capacity at a specified set of angles.

Clause 18. The passive acoustic metasurface system of
clause 10, wherein the passive acoustic metasurface 1s used
for one or more of motion tracking, breath monitoring, or
communications.

Clause 19. The passive acoustic metasurface system of
clause 10, wherein the passive metasurface 1s designed for
acoustic sensing including distance estimation or angle of
arrival estimation or for acoustic communications.

Clause 20. One or more tangible processor-readable stor-
age media embodied with instructions for executing on one
or more processors and circuits of a computing device a
process for designing a passive acoustic metasurface for
interacting with an acoustic signal received at the passive
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acoustic metasurtace from an acoustic transmitter, the pro-
cess comprising: executing a search to tune physical dimen-
sions and distribution of meta-atoms 1n the passive acoustic
metasurface with respect to a plurality of predefined input
signal property sets of the acoustic signal to provide a tuned 5
propagation profile of the meta-atoms 1n aggregate; wherein
the meta-atoms ol the passive acoustic metasurface are
tformed with the physical dimensions and the distribution
determined by the search over the passive acoustic meta-
surface, wherein each meta-atom 1s configured to modulate 10
incoming acoustic wavelronts to form corresponding out-
going acoustic wave exiting the passive acoustic metasur-
face, wherein the tuned propagation profile in aggregate
supports the plurality of predefined input signal property sets

of the incoming acoustic wavelronts and, for each input 15
signal property set, the physical dimensions and the distri-
bution of the meta-atoms are tuned according to the tuned
propagation profile to modulate the incoming acoustic wave-
fronts to generate a predefined beam pattern of the acoustic
signal exiting the passive acoustic metasurface correspond- 20
ing to a select mput signal property set plurality of pre-
defined input signal property sets.

Clause 21. The one or more tangible processor-readable
storage media of clause 20, wherein each of the plurality of
predefined iput signal property sets includes an angle of 25
incidence of an incoming beam of the acoustic signal.

Clause 22. The one or more tangible processor-readable
storage media of clause 20, wherein the acoustic transmitter
includes multiple acoustic transmitters forming a phased
array to transmit the acoustic signal to the passive acoustic 30
metasurface according to a codeword of a transmission
codebook to generate the predefined beam pattern towards
the passive acoustic metasurface and the codeword corre-
sponds to one of the predefined 1nput signal property sets,
wherein the transmission codebook of the phased array and 35
the meta-atoms ol the passive acoustic metasurface are
tuned to realize a corresponding predefined output beam
pattern.

Clause 23. The one or more tangible processor-readable
storage media of clause 20, wherein the search 1s configured 40
to optimize a user-defined function or a function of signal-
to-noise ratio (SNR) or sum capacity at a specified set of
angles.

Clause 24. The one or more tangible processor-readable
storage media of clause 20, wherein multiple acoustic 45
receivers forming a phased array to receive the acoustic
signal from the passive acoustic metasurface according to a
codeword of a reception codebook to combine received
signals at multiple receivers from the passive acoustic
metasurface and the codeword corresponds to one of the 50
predefined mput signal property sets, wherein the reception
codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined goal.

Clause 25. The one or more tangible processor-readable 55
storage media of clause 24, wherein the search 1s configured
to optimize a user-defined function or a function of signal-
to-noise ratio (SNR) or sum capacity at a specified set of
angles.

Clause 26. The one or more tangible processor-readable 60
storage media of clause 20, wherein the acoustic transmitter
includes multiple acoustic transmitters to form a phased
transmitter array, and multiple acoustic receivers to form a
phased receiver array configured to receive the acoustic
signal from the passive acoustic metasurface, wherein the 65
multiple acoustic transmitters use a codeword from a trans-
mission codebook and the multiple acoustic receivers use a
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codeword from a reception codebook, and the transmission
codebook, the reception codebook, and the passive acoustic
metasurface are jointly tuned to realize a predefined goal.

Clause 27. The one or more tangible processor-readable
storage media of clause 26, wherein the search 1s configured
to optimize a user-defined function or a function of signal-
to-noise ratio (SNR) or sum capacity at a specified set of
angles.

Clause 28. The one or more tangible processor-readable
storage media of clause 20, wherein the passive metasurface
1s designed for acoustic sensing including distance estima-
tion or angle of arrival estimation or for acoustic commu-
nications.

Clause 29. A passive acoustic metasurface for interacting,
with an acoustic signal received at the passive acoustic
metasuriace, the passive acoustic metasurface comprising: a
matrix of meta-atoms distributed throughout the passive
acoustic metasurface, each meta-atom being positioned 1n
the passive acoustic metasurface to provide a tuned propa-
gation profile of the meta-atoms in aggregate, each meta-
atom providing a propagation path for at least a beam of the
acoustic signal, each meta-atom interacting with the acoustic
signal to modulate mmcoming acoustic waveironts of the
acoustic signal received by the meta-atom to form corre-
sponding outgoing acoustic wavelronts of the acoustic sig-
nal exiting the passive acoustic metasurface, wherein the
tuned propagation profile of the meta-atoms in aggregate
supports a plurality of predefined input signal property sets
of the incoming acoustic wavelronts and, for each mput
signal property set, physical dimensions and distribution of
the meta-atoms 1n the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shift the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

Clause 30. The passive acoustic metasurface of clause 29,
wherein the tuned propagation profile of the meta-atoms in
aggregate 1s based on a search for beamiforming weights
corresponding to different angles of arrival.

Clause 31. The passive acoustic metasurface of clause 29,
wherein the tuned propagation profile of the meta-atoms in
aggregate 1s based on a search for a phase delay for each
metasurtace cells of the passive acoustic metasurface.

Clause 32. The passive acoustic metasurface of clause 29,
wherein each of the plurality of predefined input signal
property sets icludes an angle of incidence of the beam of
the acoustic signal.

Clause 33. The passive acoustic metasurface of clause 29,
wherein each of the plurality of predefined input signal
property sets includes a phase of the beam of the acoustic
signal.

Clause 34. The passive acoustic metasurface of clause 29,
wherein each of the plurality of predefined input signal
property sets includes a magnitude of the beam of the
acoustic signal.

Clause 33. The passive acoustic metasurface of clause 29,
wherein an acoustic transmitter includes multiple acoustic
transmitting transceivers forming a phased array to transmit
the acoustic signal to the passive acoustic metasurface
according to a codeword of a transmission codebook to
generate the predefined beam pattern towards the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mmput signal property sets, wherein the
transmission codebook of the phased array and the meta-
atoms ol the passive acoustic metasurface are tuned to
realize a corresponding predefined output beam pattern.
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Clause 36. The passive acoustic metasurface of clause 29,
wherein multiple acoustic receivers forming a phased array
to recerve the acoustic signal from the passive acoustic
metasurface according to a codeword of a reception code-
book to combine received signals at multiple receivers from
the passive acoustic metasurface and the codeword corre-
sponds to one of the predefined 1nput signal property sets,
wherein the reception codebook of the phased array and the
meta-atoms of the passive acoustic metasurface are tuned to
realize a corresponding predefined goal.

Clause 37. The passive acoustic metasurface of clause 29,
wherein an acoustic transmitter includes multiple acoustic
transmitting transceirvers and multiple acoustic receiving
transceivers form another phased array configured to receive
the acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving ftransceivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurface
are jointly tuned to realize a predefined goal.

Clause 38. A method of manufacturing a passive acoustic
metasurface for interacting with an acoustic signal recerved
at the passive acoustic metasurface, the method comprising:
executing search to tune a beamforming weight and position
ol each meta-atom of a plurality of meta-atoms with respect
to a steering vector corresponding to an incident angle of a
beam of the acoustic signal; and forming a matrix of the
meta-atoms distributed throughout the passive acoustic
metasurface, each meta-atom being positioned 1n the passive
acoustic metasurface to provide a tuned propagation profile
of the meta-atoms 1n aggregate, each meta-atom providing a
propagation path for at least a beam of the acoustic signal,
cach meta-atom interacting with the acoustic signal to
modulate incoming acoustic wavelronts of the acoustic
signal received by the meta-atom to form corresponding
outgoing acoustic wavelronts of the acoustic signal exiting
the passive acoustic metasurface, wherein the tuned propa-
gation profile of the meta-atoms 1n aggregate supports a
plurality of predefined mput signal property sets of the
incoming acoustic wavelronts and, for each mput signal
property set, physical dimensions and distribution of the
meta-atoms in the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shiit the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

Clause 39. The method of clause 38, wherein the tuned
propagation profile of the meta-atoms 1n aggregate 1s based
on a search for beamforming weights corresponding to
different angles of arrival.

Clause 40. The method of clause 38, wherein the tuned
propagation profile of the meta-atoms 1n aggregate 1s based
on a search for a phase delay for each metasurface cells of
the passive acoustic metasurtace.

Clause 41. The method of clause 38, wherein each of the
plurality of predefined input signal property sets includes an
angle of incidence of the beam of the acoustic signal.

Clause 42. The method of clause 38, wherein each of the
plurality of predefined input signal property sets includes a
phase of the beam of the acoustic signal.

Clause 43. The method of clause 38, wherein each of the
plurality of predefined input signal property sets includes a
magnitude of the beam of the acoustic signal.

Clause 44. The method of clause 38, wherein an acoustic
transmitter includes multiple acoustic transmitting trans-
ceivers forming a phased array to transmit the acoustic
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signal to the passive acoustic metasurface according to a
codeword of a transmission codebook to generate the pre-
defined beam pattern towards the passive acoustic metasur-
face and the codeword corresponds to one of the predefined
input signal property sets, wherein the transmission code-
book of the phased array and the meta-atoms of the passive
acoustic metasurface are tuned to realize a corresponding
predefined output beam pattern.

Clause 45. The method of clause 38, wherein multiple
acoustic receivers forming a phased array to receive the
acoustic signal from the passive acoustic metasuriace
according to a codeword of a reception codebook to com-
bine recerved signals at multiple recervers from the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mput signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 46. The method of clause 38, wherein an acoustic
transmitter includes multiple acoustic transmitting trans-
ceivers and multiple acoustic receiving transceivers form
another phased array configured to receive the acoustic
signal from the passive acoustic metasurface, wherein the
multiple acoustic transmitting transceivers use a codeword
from a transmission codebook and the multiple acoustic
receiving transceivers use a codeword from a reception
codebook, and the transmission codebook, the reception
codebook, and the passive acoustic metasurface are jointly
tuned to realize a predefined goal.

Clause 47. A method of using a passive acoustic meta-
surface for interacting with an acoustic signal received at the
passive acoustic metasuriace, the method comprising: modi-
tying at least one mput property of the acoustic signal among
a plurality of predefined input property sets, wherein the
passive acoustic metasurface 1s formed as a matrix of
meta-atoms distributed throughout the passive acoustic
metasurface, each meta-atom being positioned 1n the passive
acoustic metasurface to provide a tuned propagation profile
of the meta-atoms 1n aggregate, each meta-atom providing a
propagation path for at least a beam of the acoustic signal;
and steering the acoustic signal exiting the passive acoustic
metasurface each meta-atom modulating incoming acoustic
wavelronts of the acoustic signal received by the meta-atom
to form corresponding outgoing acoustic wavelronts of the
acoustic signal exiting the passive acoustic metasuriace,
wherein the tuned propagation profile of the meta-atoms in
aggregate supports the plurality of predefined mput signal
property sets of the imncoming acoustic wavelronts and, for
cach iput signal property set, physical dimensions and
distribution of the meta-atoms in the passive acoustic meta-
surface are tuned according to the tuned propagation profile
to phase shift the incoming acoustic wavelronts to generate
a predefined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to the input
signal property set.

Clause 48. The method of clause 47, wherein the tuned
propagation profile of the meta-atoms 1n aggregate 1s based
on a search for beamforming weights corresponding to
different angles of arrival.

Clause 49. The method of clause 47, wherein the tuned
propagation proiile of the meta-atoms in aggregate 1s based
on a search for a phase delay for each metasurface cells of
the passive acoustic metasurtace.

Clause 50. The method of clause 47, wherein each of the
plurality of predefined 1nput signal property sets includes an
angle of incidence of the beam of the acoustic signal.
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Clause 51. The method of clause 47, wherein each of the
plurality of predefined input signal property sets includes a
phase of the beam of the acoustic signal.

Clause 52. The method of clause 47, wherein each of the
plurality of predefined 1nput signal property sets includes a
magnitude of the beam of the acoustic signal.

Clause 53. The method of clause 47, wherein an acoustic
transmitter includes multiple acoustic transmitting trans-
ceivers forming a phased array to transmit the acoustic
signal to the passive acoustic metasurface according to a
codeword of a transmission codebook to generate the pre-
defined beam pattern towards the passive acoustic metasur-
tace and the codeword corresponds to one of the predefined
input signal property sets, wherein the transmission code-
book of the phased array and the meta-atoms of the passive
acoustic metasurface are tuned to realize a corresponding
predefined output beam pattern.

Clause 54. The method of clause 47, wherein multiple
acoustic receivers forming a phased array to receive the
acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine recerved signals at multiple recervers from the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mmput signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 55. The method of clause 47, wherein an acoustic
transmitter includes multiple acoustic transmitting trans-
ceivers and multiple acoustic receiving transceivers form
another phased array configured to receive the acoustic
signal from the passive acoustic metasurface, wherein the
multiple acoustic transmitting transceivers use a codeword
from a transmission codebook and the multiple acoustic
receiving transceivers use a codeword from a reception
codebook, and the transmission codebook, the reception
codebook, and the passive acoustic metasurface are jointly
tuned to realize a predefined goal.

Clause 56. A system for designing a passive acoustic
metasurface for interacting with an acoustic signal received
at the passive acoustic metasurface from an acoustic trans-
mitter, the method comprising: means for executing a search
to tune physical dimensions and distribution of meta-atoms
in the passive acoustic metasurface with respect to a plu-
rality of predefined 1input signal property sets of the acoustic
signal to provide a tuned propagation profile of the meta-
atoms 1n aggregate; and means for forming the meta-atoms
with the physical dimensions and the distribution deter-
mined by the search over the passive acoustic metasuriace,
wherein each meta-atom 1s configured to modulate incoming,
acoustic wavelronts to form corresponding outgoing acous-
tic wave exiting the passive acoustic metasurface, wherein
the tuned propagation profile 1n aggregate supports the
plurality of predefined mput signal property sets of the
incoming acoustic wavelronts and, for each mput signal
property set, the physical dimensions and the distribution of
the meta-atoms are tuned according to the tuned propagation
profile to modulate the mmcoming acoustic waveironts to
generate a predefined beam pattern of the acoustic signal
exiting the passive acoustic metasurface corresponding to a
select mnput signal property set of the plurality of predefined
input signal property sets.

Clause 57. The system of any preceding clause, wherein
cach of the plurality of predefined input signal property sets
includes an angle of mcidence of an incoming beam of the
acoustic signal.
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Clause 38. The system of clause, wherein the acoustic
transmitter includes multiple acoustic transmitters forming a
phased array to transmit the acoustic signal to the passive
acoustic metasurtface according to a codeword of a trans-
mission codebook to generate the predefined beam pattern
towards the passive acoustic metasurface and the codeword
corresponds to one of the predefined nput signal property
sets, wherein the transmission codebook of the phased array
and the meta-atoms of the passive acoustic metasurface are
tuned to realize a corresponding predefined output beam
pattern.

Clause 59. The system of clause 3, wherein the search 1s
configured to optimize a user-defined function or a function
ol signal-to-noise ratio (SNR) or sum capacity at a specified
set of angles.

Clause 60. The system of any preceding clause, wherein
multiple acoustic recervers forming a phased array to receive
the acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine recerved signals at multiple recervers from the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mmput signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 61. The system of any preceding clause, wherein
the search 1s configured to optimize a user-defined function
or a function of signal-to-noise ratio (SNR) or sum capacity
at a specified set of angles.

Clause 62. The system of any preceding clause, wherein
the acoustic transmitter includes multiple acoustic transmit-
ting transceivers and multiple acoustic receiving transceiv-
ers form another phased array configured to receive the
acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving transceivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurface
are jointly tuned to realize a predefined goal.

Clause 63. The system of any preceding clause, wherein
the search 1s configured to optimize a user-defined function
or a function of signal-to-noise ratio (SNR) or sum capacity
at a specified set of angles.

Clause 64. The system of any preceding clause, wherein
the passive metasurface 1s designed for acoustic sensing
including distance estimation or angle of arrival estimation
or for acoustic communications.

Clause 65. A system for manufacturing a passive acoustic
metasurface for interacting with an acoustic signal recerved
at the passive acoustic metasurface, the method comprising:
means for executing search to tune a beamforming weight
and position of each meta-atom of a plurality of meta-atoms
with respect to a steering vector corresponding to an incident
angle of a beam of the acoustic signal; and means for
forming a matrix of the meta-atoms distributed throughout
the passive acoustic metasurface, each meta-atom being
positioned 1n the passive acoustic metasurface to provide a
tuned propagation profile of the meta-atoms 1n aggregate,
cach meta-atom providing a propagation path for at least a
beam of the acoustic signal, each meta-atom interacting with
the acoustic signal to modulate incoming acoustic wave-
fronts of the acoustic signal received by the meta-atom to
form corresponding outgoing acoustic wavelronts of the
acoustic signal exiting the passive acoustic metasuriace,
wherein the tuned propagation profile of the meta-atoms in
aggregate supports a plurality of predefined input signal
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property sets of the incoming acoustic wavelronts and, for
cach input signal property set, physical dimensions and
distribution of the meta-atoms in the passive acoustic meta-
surface are tuned according to the tuned propagation profile
to phase shift the incoming acoustic wavelronts to generate
a predefined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to the input
signal property set.

Clause 66. The system of any preceding clause, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for beamiorming weights corresponding
to different angles of arrival.

Clause 67. The system of any preceding clause, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for a phase delay for each metasurface
cells of the passive acoustic metasurface.

Clause 68. The system of any preceding clause, wherein
cach of the plurality of predefined mnput signal property sets
includes an angle of incidence of the beam of the acoustic
signal.

Clause 69. The system of any preceding clause, wherein
cach of the plurality of predefined input signal property sets
includes a phase of the beam of the acoustic signal.

Clause 70. The system of any preceding clause, wherein
cach of the plurality of predefined mnput signal property sets
includes a magnitude of the beam of the acoustic signal.

Clause 71. The system of any preceding clause, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers forming a phased array to transmit the
acoustic signal to the passive acoustic metasurface accord-
ing to a codeword of a transmission codebook to generate
the predefined beam pattern towards the passive acoustic
metasurface and the codeword corresponds to one of the
predefined mmput signal property sets, wherein the transmis-
s1on codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined output beam pattern.

Clause 72. The system of any preceding clause, wherein
multiple acoustic recervers forming a phased array to receive
the acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine received signals at multiple receivers from the passive
acoustic metasurtface and the codeword corresponds to one
of the predefined input signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 73. The system of any preceding clause, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers and multiple acoustic receiving transceiv-
ers form another phased array configured to receive the
acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving transceivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurtace
are jointly tuned to realize a predefined goal.

Clause 74. A system for using a passive acoustic meta-
surface for interacting with an acoustic signal received at the
passive acoustic metasurface, the method comprising:
means for modifying at least one input property of the
acoustic signal among a plurality of predefined input prop-
erty sets, wherein the passive acoustic metasurface 1s formed
as a matrix of meta-atoms distributed throughout the passive
acoustic metasurface, each meta-atom being positioned 1n
the passive acoustic metasurface to provide a tuned propa-
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gation profile of the meta-atoms in aggregate, each meta-
atom providing a propagation path for at least a beam of the
acoustic signal; and means for steering the acoustic signal
exiting the passive acoustic metasurface each meta-atom
modulating mcoming acoustic wavelronts of the acoustic
signal received by the meta-atom to form corresponding
outgoing acoustic wavelronts of the acoustic signal exiting
the passive acoustic metasurface, wherein the tuned propa-
gation profile of the meta-atoms in aggregate supports the
plurality of predefined input signal property sets of the
incoming acoustic wavelronts and, for each iput signal
property set, physical dimensions and distribution of the
meta-atoms in the passive acoustic metasurface are tuned
according to the tuned propagation profile to phase shiit the
incoming acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acoustic
metasurface corresponding to the input signal property set.

Clause 75. The system of any preceding clause, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for beamfiorming weights corresponding
to different angles of arrival.

Clause 76. The system of any preceding clause, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for a phase delay for each metasurface
cells of the passive acoustic metasurface.

Clause 77. The system of any preceding clause, wherein
cach of the plurality of predefined input signal property sets
includes an angle of incidence of the beam of the acoustic
signal.

Clause 78. The system of any preceding clause, wherein
cach of the plurality of predefined mnput signal property sets
includes a phase of the beam of the acoustic signal.

Clause 79. The system of any preceding clause, wherein
cach of the plurality of predefined input signal property sets
includes a magnitude of the beam of the acoustic signal.

Clause 80. The system of any preceding clause, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers forming a phased array to transmit the
acoustic signal to the passive acoustic metasurface accord-
ing to a codeword of a transmission codebook to generate
the predefined beam pattern towards the passive acoustic
metasurface and the codeword corresponds to one of the
predefined input signal property sets, wherein the transmis-
s1on codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined output beam pattern.

Clause 81. The system of any preceding clause, wherein
multiple acoustic recervers forming a phased array to receive
the acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine recerved signals at multiple recervers from the passive
acoustic metasurface and the codeword corresponds to one
of the predefined mmput signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

Clause 82. The system of any preceding clause, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers and multiple acoustic receiving transceiv-
ers form another phased array configured to receive the
acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving transceivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurface
are jointly tuned to realize a predefined goal.
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Some 1mplementations may comprise an article of manu-
facture, which excludes software per se. An article of
manufacture may comprise a tangible storage medium to
store logic and/or data. Examples of a storage medium may
include one or more types ol computer-readable storage
media capable of storing electronic data, including volatile
memory or nonvolatile memory, removable or non-remov-
able memory, erasable or non-erasable memory, writeable or
re-writeable memory, and so forth. Examples of the logic
may include various soltware elements, such as software
components, programs, applications, computer programs,
application programs, system programs, machine programs,
operating system software, middleware, firmware, software
modules, routines, subroutines, operation segments, meth-
ods, procedures, soltware interfaces, application program
interfaces (API), instruction sets, computing code, computer
code, code segments, computer code segments, words, val-
ues, symbols, or any combination thereof. In one implemen-
tation, for example, an article of manufacture may store
executable computer program instructions that, when
executed by a computer, cause the computer to perform
methods and/or operations 1in accordance with the described
embodiments. The executable computer program instruc-
tions may include any suitable types of code, such as source
code, compiled code, mterpreted code, executable code,
static code, dynamic code, and the like. The executable
computer program instructions may be implemented accord-
ing to a predefined computer language, manner, or syntax,
for mstructing a computer to perform a certain operation
segment. The mstructions may be implemented using any
suitable high-level, low-level, object-oriented, visual, com-
piled, and/or interpreted programming language.

The implementations described herein are implemented
as logical steps 1n one or more computer systems. The
logical operations may be implemented (1) as a sequence of
processor-implemented steps executing in one or more com-
puter systems and (2) as interconnected machine or circuit
modules within one or more computer systems. The imple-
mentation 1s a matter of choice, dependent on the perfor-
mance requirements of the computer system being utilized.
Accordingly, the logical operations making up the imple-
mentations described herein are referred to variously as
operations, steps, objects, or modules. Furthermore, it
should be understood that logical operations may be per-
formed 1n any order, unless explicitly claimed otherwise or
a specific order 1s inherently necessitated by the claim
language.

What 1s claimed 1s:

1. A method of designing a passive acoustic metasuriace
for interacting with an acoustic signal received at the passive
acoustic metasurface from an acoustic transmitter, the
method comprising:

executing a search to tune physical dimensions and dis-

tribution of meta-atoms 1n the passive acoustic meta-
surface with respect to a plurality of predefined input
signal property sets of the acoustic signal to provide a
tuned propagation profile of the meta-atoms 1n aggre-
gate; and

forming the meta-atoms with the physical dimensions and

the distribution determined by the search over the
passive acoustic metasurface, wherein each meta-atom
1s configured to modulate mmcoming acoustic wave-
fronts to form corresponding outgoing acoustic wave
exiting the passive acoustic metasurface, wherein the
tuned propagation profile 1 aggregate supports the
plurality of predefined 1nput signal property sets of the
incoming acoustic wavelronts and, for each input sig-
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nal property set, the physical dimensions and the dis-
tribution of the meta-atoms are tuned according to the
tuned propagation profile to modulate the mmcoming
acoustic wavelronts to generate a predefined beam
pattern of the acoustic signal exiting the passive acous-
tic metasurface corresponding to a select mput signal
property set of the plurality of predefined mput signal
property sets.

2. The method of claim 1, wherein each of the plurality of
predefined put signal property sets includes an angle of
incidence of an incoming beam of the acoustic signal.

3. The method of claim 1, wherein the acoustic transmitter
includes multiple acoustic transmitters forming a phased
array to transmit the acoustic signal to the passive acoustic
metasurface according to a codeword of a transmission
codebook to generate the predefined beam pattern towards
the passive acoustic metasurface and the codeword corre-
sponds to one of the predefined 1nput signal property sets,
wherein the transmission codebook of the phased array and
the meta-atoms ol the passive acoustic metasurface are
tuned to realize a corresponding predefined output beam
pattern.

4. The method of claim 1, wherein multiple acoustic
receivers forming a phased array to receive the acoustic
signal from the passive acoustic metasurface according to a
codeword of a reception codebook to combine received
signals at multiple receivers from the passive acoustic
metasurface and the codeword corresponds to one of the
predefined input signal property sets, wherein the reception
codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined goal.

5. The method of claim 1, wherein the acoustic transmitter
includes multiple acoustic transmitters to form a phased
transmitter array, and multiple acoustic receivers to form a
phased receiver array configured to receive the acoustic
signal from the passive acoustic metasurface, wherein the
multiple acoustic transmitters use a codeword from a trans-
mission codebook and the multiple acoustic receivers use a
codeword from a reception codebook, and the transmission
codebook, the reception codebook, and the passive acoustic
metasurface are jointly tuned to realize a predefined goal.

6. The method of claim 1, wherein the passive acoustic
metasurtace 1s designed for acoustic sensing including dis-
tance estimation or angle of arrival estimation or for acoustic
communications.

7. A passive acoustic metasurface system for interacting
with an acoustic signal received at the passive acoustic
metasurface system from an acoustic transmitter, the passive
acoustic metasurface system comprising:

a passive acoustic metasurface designed by executing a
search to tune physical dimensions and distribution of
meta-atoms 1n the passive acoustic metasurface with
respect to a plurality of predefined input signal property
sets of the acoustic signal to provide a tuned propaga-
tion profile of the meta-atoms 1n aggregate, and manu-
factured by forming the meta-atoms with the physical
dimensions and the distribution determined by the
search over the passive acoustic metasurface, wherein
cach meta-atom 1s configured to modulate mmcoming
acoustic wavelronts to form corresponding outgoing
acoustic wave exiting the passive acoustic metasuriace,
wherein the tuned propagation profile 1n aggregate
supports the plurality of predefined input signal prop-
erty sets of the incoming acoustic wavelronts and, for
cach input signal property set, the physical dimensions
and the distribution of the meta-atoms are tuned
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according to the tuned propagation profile to modulate
the mmcoming acoustic wavelronts to generate a pre-
defined beam pattern of the acoustic signal exiting the
passive acoustic metasurface corresponding to a select
iput signal property set plurality of predefined 1nput
signal property sets.

8. The passive acoustic metasurface system of claim 7,
wherein each of the plurality of predefined input signal
property sets includes an angle of incidence of an incoming,
beam of the acoustic signal.

9. The passive acoustic metasurface system of claim 7,
wherein the acoustic transmitter includes multiple acoustic
transmitters forming a phased array to transmit the acoustic
signal to the passive acoustic metasurface according to a
codeword of a transmission codebook to generate the pre-
defined beam pattern towards the passive acoustic metasur-
tace and the codeword corresponds to one of the predefined
input signal property sets, wherein the transmission code-
book of the phased array and the meta-atoms of the passive
acoustic metasurface are tuned to realize a corresponding
predefined output beam pattern.

10. The passive acoustic metasurface system of claim 7,
wherein multiple acoustic receivers forming a phased array
to recerve the acoustic signal from the passive acoustic
metasurface according to a codeword of a reception code-
book to combine received signals at multiple receivers from
the passive acoustic metasurface and the codeword corre-
sponds to one of the predefined 1nput signal property sets,
wherein the reception codebook of the phased array and the
meta-atoms of the passive acoustic metasurface are tuned to
realize a corresponding predefined goal.

11. The passive acoustic metasurface system of claim 7,
wherein the acoustic transmitter includes multiple acoustic
transmitting transceivers and multiple acoustic receiving
transceivers form another phased array configured to receive
the acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving transceirvers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasurtace
are jointly tuned to realize a predefined goal.

12. A passive acoustic metasurface for interacting with an
acoustic signal recerved at the passive acoustic metasurface,
the passive acoustic metasurface comprising;:

a matrix of meta-atoms distributed throughout the passive
acoustic metasurface, each meta-atom being positioned
in the passive acoustic metasurface to provide a tuned
propagation profile of the meta-atoms 1n aggregate,
cach meta-atom providing a propagation path for at
least a beam of the acoustic signal, each meta-atom
interacting with the acoustic signal to modulate incom-
ing acoustic wavelronts of the acoustic signal received
by the meta-atom to form corresponding outgoing
acoustic wavelronts of the acoustic signal exiting the
passive acoustic metasurface, wherein the tuned propa-
gation profile of the meta-atoms 1n aggregate supports
a plurality of predefined mput signal property sets of
the incoming acoustic wavelronts and, for each input
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signal property set, physical dimensions and distribu-
tion of the meta-atoms 1n the passive acoustic meta-
surface are tuned according to the tuned propagation
profile to phase shiit the incoming acoustic wavelronts
to generate a predefined beam pattern of the acoustic
signal exiting the passive acoustic metasurface corre-
sponding to the mput signal property set.

13. The passive acoustic metasurface of claim 12, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for beamiorming weights corresponding
to different angles of arrival.

14. The passive acoustic metasurface of claim 12, wherein
the tuned propagation profile of the meta-atoms 1n aggregate
1s based on a search for a phase delay for each metasurface
cells of the passive acoustic metasurface.

15. The passive acoustic metasurface of claim 12, wherein
cach of the plurality of predefined input signal property sets
includes an angle of incidence of the beam of the acoustic
signal.

16. The passive acoustic metasurface of claim 12, wherein
cach of the plurality of predefined input signal property sets
includes a phase of the beam of the acoustic signal.

17. The passive acoustic metasuriace of claim 12, wherein
cach of the plurality of predefined input signal property sets
includes a magnitude of the beam of the acoustic signal.

18. The passive acoustic metasurface of claim 12, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers forming a phased array to transmit the
acoustic signal to the passive acoustic metasurface accord-
ing to a codeword of a transmission codebook to generate
the predefined beam pattern towards the passive acoustic
metasurface and the codeword corresponds to one of the
predefined mput signal property sets, wherein the transmis-
s1on codebook of the phased array and the meta-atoms of the
passive acoustic metasurface are tuned to realize a corre-
sponding predefined output beam pattern.

19. The passive acoustic metasurface of claim 12, wherein
multiple acoustic recervers forming a phased array to receive
the acoustic signal from the passive acoustic metasurface
according to a codeword of a reception codebook to com-
bine recerved signals at multiple recervers from the passive
acoustic metasurtace and the codeword corresponds to one
of the predefined input signal property sets, wherein the
reception codebook of the phased array and the meta-atoms
of the passive acoustic metasurface are tuned to realize a
corresponding predefined goal.

20. The passive acoustic metasurface of claim 12, wherein
an acoustic transmitter includes multiple acoustic transmit-
ting transceivers and multiple acoustic receiving transceiv-
ers form another phased array configured to receive the
acoustic signal from the passive acoustic metasuriace,
wherein the multiple acoustic transmitting transceivers use a
codeword from a transmission codebook and the multiple
acoustic receiving transceivers use a codeword from a
reception codebook, and the transmission codebook, the
reception codebook, and the passive acoustic metasuriace
are jointly tuned to realize a predefined goal.
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