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SUPERPIXEL ARRAY OF PIEZOELECTRIC
ULTRASONIC TRANSDUCERS FOR 2-D
BEAMFORMING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This disclosure claims priority to U.S. Provisional
Patent Application No. 62/064,416, filed on Oct. 15, 2014,
entitled “THREE-PORT PIEZOELECTRIC ULTRASONIC
TRANSDUCER,” to Provisional Patent Application No.
62/064,417, filed on Oct. 15, 2014 and entitled “ACTIVE
BEAM-FORMING TECHNIQUE FOR PIEZOELECTRIC
ULTRASONIC TRANSDUCER ARRAY,” to Provisional
Patent Application No. 62/064,418, filed on Oct. 15,2014 and
entitled “SUPERPIXEL. ARRAY OF PIEZOELECTRIC
ULTRASONIC TRANSDUCERS FOR 2-D BEAMFORM-
ING,” which are hereby incorporated by reference. Provi-
sional Patent Application No. 62/241,651, filed on Oct. 14,
2015 and entitled “INTEGRATED PIEZOELECTRIC
MICROMECHANICAL ULTRASONIC TRANSDUCER
PIXEL AND READOUT,” is hereby incorporated by refer-
ence.

TECHNICAL FIELD

[0002] This disclosure relates to an array of piezoelectric
ultrasonic transducers for imaging and liveness determina-
tion, and more particularly to techniques for configuring por-
tions of the array as superpixels for two-dimensional (2-D)
beamforming.

DESCRIPTION OF THE RELATED
TECHNOLOGY

[0003] Thin film piezoelectric acoustic transducers are
attractive candidates for numerous applications including
biometric sensors such as fingerprint sensors, gesture detec-
tion, microphones and speakers, ultrasonic imaging, and
chemical sensors. Such transducers may include piezoelec-
tric micromechanical ultrasonic transducers (PMUTs) con-
figured as a multilayer stack that includes a piezoelectric
layer stack and amechanical layer disposed over a cavity. The
piezoelectric layer stack may include a layer of piezoelectric
material. On or proximate to each of an upper and a lower
surface of the piezoelectric layer, a respective upper and
lower electrode layer may be disposed. The electrode layers
may be patterned or unpatterned.

[0004] The assignee of the present disclosure has devel-
oped biometric sensors that include an array of PMUTs, each
PMUT in the array corresponding to an individual pixel of a
rendered image of, for example, a fingerprint. Normally, the
PMUTs may be actuated approximately simultaneously, a
technique that may be referred to as plane wave excitation.
FIG. 1A illustrates an example of plane wave excitation in
which each PMUT in an array 100 emits ultrasonic energy
with substantially the same timing and phase of ultrasonic
emissions originating from neighboring PMUTs. As illus-
trated in Detail A, the aggregate ultrasonic signal approxi-
mates a plane wave. The acoustic pressure for such a plane
wave is fairly uniform with respect to position across the
PMUT array (Detail B).

[0005] A pixel array operating in a plane wave excitation
and transmission mode has been shown to produce sufficient
average acoustic pressure to provide a fingerprint image reso-
Iution on the order of 500 dpi (dots per inch).
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SUMMARY

[0006] The systems, methods and devices of this disclosure
each have several innovative aspects, no single one of which
is solely responsible for the desirable attributes disclosed
herein.

[0007] One innovative aspect of the subject matter
described in this disclosure relates to an apparatus including
transceiver electronics and an array of piezoelectric ultra-
sonic transducer elements, the array including a plurality of
superpixel regions, each superpixel region including at least
two pixel sets, a first pixel set of the at least two pixel sets
being disposed in a central portion of the superpixel region,
and at least a second pixel set being disposed in an outer
portion of the superpixel region, and an electrical coupling
between the transceiver electronics and the array. The trans-
ceiver electronics may be configured to operate the array in a
selectable one of a first mode and a second mode. In the first
mode, the array generates a substantially plane ultrasonic
wave having a first acoustic pressure. In the second mode, the
array generates, from each superpixel region, a focused beam
having a second acoustic pressure that is substantially higher
than the first acoustic pressure.

[0008] In some examples, the electrical coupling between
the transceiver electronics and the array may include a first
fixedly configured conductive path connecting pixels in the
first pixel set with a first drive input terminal and a second
fixedly configured conductive path connecting pixels in the
second pixel set with a second drive input terminal, the first
drive input terminal and the second drive input terminal being
coupled with the transceiver electronics. In some examples,
in the first mode, the transceiver electronics may concurrently
transmit signals to each of the first drive input terminal and the
second drive input terminal, and in the second mode, the
transceiver electronics may sequentially transmits signals to
each of the first drive input terminal and the second drive
input terminal such that a time delay occurs between delivery
ofafirst transmission signal to the second drive input terminal
and delivery of a second transmission signal to the first drive
input terminal.

[0009] In some examples, the superpixel region may
include seven pixels arranged on a hexagonal lattice so as to
form a hexagon, the first pixel set may include one center
pixel disposed proximate to a center of the hexagon; and the
second pixel set may include six pixels, each disposed in the
outer portion of the superpixel region approximately equidis-
tant from the center pixel.

[0010] In some examples, the apparatus may further
include a third pixel set and a fourth pixel set. The superpixel
region may include nineteen pixels arranged on a hexagonal
lattice so as to form a hexagon. The first pixel set may include
one center pixel disposed proximate to a center of the hexa-
gon. The second pixel set may include six pixels disposed in
an outer portion of the superpixel region approximately equi-
distant from the center pixel. The third pixel set may include
six pixels, each disposed at a greater distance from the center
pixel than each pixel in the second pixel set and at a lesser
distance from the center pixel than each pixel in the fourth
pixel set. In some examples, the electrical coupling between
the transceiver electronics and the array may include a first
fixedly configured conductive path connecting pixels in the
first pixel set with a first drive input terminal, a second fixedly
configured conductive path connecting pixels in the second
pixel set with a second drive input terminal, a third fixedly
configured conductive path connecting pixels in the third
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pixel set with a third drive input terminal, and a fourth fixedly
configured conductive path connecting pixels in the fourth
pixel set with a fourth drive input terminal. Each of the first
drive input terminal, the second drive input, the third drive
input, and the fourth drive input may be coupled with the
transceiver electronics. In some examples, in the first mode,
the transceiver electronics may concurrently transmit signals
to each of the first drive input terminal, the second drive input
terminal, the third drive input terminal, and the fourth drive
input terminal and, in the second mode, the transceiver elec-
tronics may sequentially transmit signals to each of the first
drive input terminal, the second drive input terminal, the third
drive input terminal, and the fourth drive input terminal, such
that: a first time delay occurs between delivery of a first
transmission signal to the fourth drive input terminal and
delivery of a second transmission signal to the third drive
input terminal; a second time delay occurs between delivery
of the second transmission signal to the third drive input
terminal and delivery of a third transmission signal to the
second drive input terminal; and a third time delay occurs
between delivery of the third transmission signal to the third
drive input terminal and delivery of a fourth transmission
signal to the first drive input terminal.

[0011] In some examples, the apparatus may further
include a third pixel set, wherein the superpixel region
includes nine pixels arranged along orthogonal rows and col-
umns so as to form a square. The first pixel set may include
one center pixel; the second pixel set may include four pixels,
each disposed in the outer portion of the superpixel region
approximately equidistant from the center pixel; and the third
pixel set may include four pixels, each disposed in the outer
portion of the superpixel region approximately equidistant
from the center pixel, at a greater distance from the center
pixel than each pixel of the second pixel set. In some
examples, the electrical coupling between the transceiver
electronics and the array may include a first fixedly config-
ured conductive path connecting pixels in the first pixel set
with a first drive input terminal, a second fixedly configured
conductive path connecting pixels in the second pixel set with
a second drive input terminal; and a third fixedly configured
conductive path connecting pixels in the third pixel set with a
third drive input terminal. Each of the first drive input termi-
nal, the second drive input, and the third drive input may be
coupled with the transceiver electronics. In some examples,
in the first mode, the transceiver electronics may concurrently
transmit signals to each of the first drive input terminal, the
second drive input terminal, and the third drive input termi-
nal; and in the second mode, the transceiver electronics may
sequentially transmit signals to each of the first drive input
terminal, the second drive input terminal, and the third drive
input terminal, such that: a first time delay occurs between
delivery of a first transmission signal to the third drive input
terminal and delivery of a second transmission signal to the
second drive input terminal; and a second time delay occurs
between delivery of the second transmission signal to the
second drive input terminal and delivery of a third transmis-
sion signal to the first drive input terminal.

[0012] In some examples, the apparatus may further
include a platen and an acoustic coupling medium disposed
above the array, wherein the array is configured to receive or
transmit ultrasonic signals through the platen and the cou-
pling medium.

[0013] According to some implementations, a method
includes operating an array of piezoelectric ultrasonic trans-
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ducer elements in a selectable one of a first mode and a second
mode, the array including a plurality of superpixel regions,
each superpixel region including at least two pixel sets, a first
pixel set of the at least two pixel sets being disposed in a
central portion of the superpixel region, and at least a second
pixel set being disposed in an outer portion of the superpixel
region, the array having an electrical coupling with trans-
ceiver electronics. In the first mode, operating the array gen-
erates a substantially plane ultrasonic wave having a first
acoustic pressure; and in the second mode, operating the array
generates, from each superpixel region, a focused beam hav-
ing a second acoustic pressure that is substantially higher than
the first acoustic pressure.

[0014] In some examples, the electrical coupling between
the transceiver electronics and the array may include a first
fixedly configured conductive path connecting pixels in the
first pixel set with a first drive input terminal and a second
fixedly configured conductive path connecting pixels in the
second pixel set with a second drive input terminal, the first
drive input terminal and the second drive input terminal being
coupled with the transceiver electronics. In some examples,
in the first mode, the transceiver electronics may concurrently
transmit signals to each of the first drive input terminal and the
second drive input terminal; and in the second mode, the
transceiver electronics may sequentially transmit signals to
each of the first drive input terminal and the second drive
input terminal such that a time delay occurs between delivery
ofafirst transmission signal to the second drive input terminal
and delivery of a second transmission signal to the first drive
input terminal.

[0015] According to some implementations, an apparatus
includes means for operating an array of piezoelectric ultra-
sonic transducer elements in a selectable one of a first mode
and a second mode, the array including a plurality of super-
pixel regions, each superpixel region including at least two
pixel sets, a first pixel set of the at least two pixel sets being
disposed in a central portion of the superpixel region, and at
least a second pixel set being disposed in an outer portion of
the superpixel region. Operating the array of piezoelectric
ultrasonic transducer elements includes: in the first mode,
controlling the array to generate a substantially plane ultra-
sonic wave having a first acoustic pressure; and in the second
mode, controlling the array to generate, from each superpixel
region, a focused beam having a second acoustic pressure that
is substantially higher than the first acoustic pressure.
[0016] Insomeexamples,the means for operating the array
may have an electrical coupling with a first drive input termi-
nal and a second drive input terminal of the array, the electri-
cal coupling including a first fixedly configured conductive
path connecting pixels in the first pixel set with the first drive
input terminal and a second fixedly configured conductive
path connecting pixels in the second pixel set with the second
drive input terminal.

[0017] According to some implementations, in non-transi-
tory computer readable medium having software stored
thereon, the software includes instructions for causing an
apparatus to: operate an array of piezoelectric ultrasonic
transducer elements in a selectable one of a first mode and a
second mode, the array including a plurality of superpixel
regions, each superpixel region including at least two pixel
sets, a first pixel set of the at least two pixel sets being
disposed in a central portion of the superpixel region, and at
least a second pixel set being disposed in an outer portion of
the superpixel region, the array having an electrical coupling



US 2016/0132187 Al

with transceiver electronics. In the first mode, the array gen-
erates a substantially plane ultrasonic wave having a first
acoustic pressure. In the second mode, the array generates,
from each superpixel region, a focused beam having a second
acoustic pressure that is substantially higher than the first
acoustic pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Details of one or more implementations of the sub-
ject matter described in this specification are set forth in this
disclosure and the accompanying drawings. Other features,
aspects, and advantages will become apparent from a review
of the disclosure. Note that the relative dimensions of the
drawings and other diagrams of this disclosure may not be
drawn to scale. The sizes, thicknesses, arrangements, mate-
rials, etc., shown and described in this disclosure are made
only by way of example and should not be construed as
limiting. Like reference numbers and designations in the vari-
ous drawings indicate like elements.

[0019] FIG. 1A illustrates an example of plane wave exci-
tation.
[0020] FIGS. 1B-1D illustrate cross-sectional views of

various configurations of PMUT ultrasonic sensor arrays.
[0021] FIG. 2 illustrates a PMUT array according to an
implementation.

[0022] FIG. 3 shows a portion of a PMUT array according
to some implementations.

[0023] FIG. 4 illustrates an example of beam forming for a
superpixel region.

[0024] FIG. Sillustrates an example acoustic pressure map
for a superpixel of PMUT elements operated in a beamform-
ing mode.

[0025] FIG. 6 illustrates some examples of superpixel
arrangements as contemplated by the present disclosure.
[0026] FIG. 7 illustrates further examples of superpixel
arrangements as contemplated by the present disclosure.
[0027] FIG. 8 illustrates an array of superpixels, according
to some implementations.

[0028] FIG. 9 illustrates an example of a process flow for
operatinga PMUT array in a selectable one of a first mode and
a second mode.

DETAILED DESCRIPTION

[0029] The following description is directed to certain
implementations for the purposes of describing the innova-
tive aspects of this disclosure. However, a person having
ordinary skill in the art will readily recognize that the teach-
ings herein may be applied in a multitude of different ways.
The described implementations may be implemented in any
device, apparatus, or system that includes an ultrasonic sensor
or emitter. For example, it is contemplated that the described
implementations may be included in or associated with a
variety of electronic devices such as, but not limited to:
mobile telephones, multimedia Internet enabled cellular tele-
phones, mobile television receivers, wireless devices, smart-
phones, Bluetooth® devices, personal data assistants
(PDAs), wireless electronic mail receivers, hand-held or por-
table computers, netbooks, notebooks, smartbooks, tablets,
handwriting digitizers, fingerprint detectors, printers, copi-
ers, scanners, facsimile devices, global positioning system
(GPS) receivers/navigators, cameras, digital media players
(such as MP3 players), camcorders, game consoles, wrist
watches, clocks, calculators, television monitors, flat panel
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displays, electronic reading devices (e.g., e-readers), mobile
health devices, computer monitors, auto displays (including
odometer and speedometer displays, etc.), cockpit controls
and/or displays, camera view displays (such as the display of
a rear view camera in a vehicle), electronic photographs,
electronic billboards or signs, projectors, architectural struc-
tures, microwaves, refrigerators, stereo systems, cassette
recorders or players, DVD players, CD players, VCRs,
radios, portable memory chips, washers, dryers, washer/dry-
ers, parking meters, packaging (such as in electromechanical
systems (EMS) applications including microelectromechani-
cal systems (MEMS) applications, as well as non-EMS appli-
cations), aesthetic structures (such as display of images on a
piece of jewelry or clothing) and a variety of EMS devices.
Theteachings herein also may be used in applications such as,
but not limited to, electronic switching devices, radio fre-
quency filters, sensors, accelerometers, gyroscopes, motion-
sensing devices, fingerprint sensing devices, gesture recog-
nition, magnetometers, inertial components for consumer
electronics, parts of consumer electronics products, varac-
tors, liquid crystal devices, electrophoretic devices, drive
schemes, manufacturing processes and electronic test equip-
ment. Thus, the teachings are not intended to be limited to the
implementations depicted solely in the Figures, but instead
have wide applicability as will be readily apparent to one
having ordinary skill in the art.

[0030] The systems, methods and devices of the disclosure
each have several innovative aspects, no single one of which
is solely responsible for the desirable attributes disclosed
herein. The subject matter described in this disclosure can be
implemented in a piezoelectric micromechanical ultrasonic
transducer (PMUT), certain aspects of which have been
described in U.S. patent application Ser. No. 14/569,280,
filed on Dec. 12, 2014 and entitled “MICROMECHANICAL
ULTRASONIC TRANSDUCERS AND DISPLAY,” and in
U.S. patent application Ser. No. 14/569,256, filed on Dec. 12,
2014 and entitled “PIEZOELECTRIC ULTRASONIC
TRANSDUCER AND PROCESS”, each assigned to the
assignee of the present invention and hereby incorporated by
reference into the present application in its entirety for all
purposes. One innovative aspect of the subject matter
described in this disclosure can be implemented by a PMUT
array and associated electronics capable of performing,
nearly simultaneously, both imaging of surface topography of
a finger and imaging of subdermal tissue of the finger. Finger
surface topography may consist of ridges, valleys and minutia
that are typically used by fingerprint matching algorithms.
Imaging of the subdermal tissue may provide additional
three-dimensional (3-D) fingerprint information and may be
used to provide additional security for authentication/verifi-
cation. Further, 3-D fingerprint images may serve as a metric
for finger liveness determination. Liveness determination is
important to verify that an imaged fingerprint is from a living
human digit and not a synthetic, dismembered or cadaver
human digit. The presently disclosed techniques enable a
PMUT array to selectively switch between a first mode that
provides high-resolution epidermal imaging, and a second
mode that provides lower resolution and higher acoustic pres-
sure appropriate for 3-D subdermal imaging and liveness
determination of an object (purportedly a human finger of a
live person) being imaged. In the second mode (the “beam-
forming mode”) of operation, transmission side beam-form-
ing may produce a relatively high acoustic pressure, focused
beam pattern operable to produce acoustic echoes from sub-
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surface layers of an object being imaged. The characteristic
acoustic echoes from subcutaneous tissue (e.g., dermis or
hypodermis) of a living human digit being difficult or impos-
sible to spoof, the disclosed techniques enable a high confi-
dence determination of whether or not subsurface features of
the object being imaged is consistent with living subcutane-
ous tissue. Thus, a single apparatus may perform both finger-
print surface imaging and fingerprint 3-D imaging for addi-
tional security and liveness determination. Because the same
PMUT array may be used for both fingerprint surface imaging
and 3-D imaging including liveness determination, and each
function may be performed within a few seconds or portion of
a second, anti-spoofing protection may be provided for an
existing ultrasonic fingerprint imaging system with little
additional cost or user inconvenience.

[0031] One innovative aspect of the subject matter
described in this disclosure may be implemented in an appa-
ratus that includes a one- or two-dimensional array of piezo-
electric micromechanical ultrasonic transducer (PMUT) ele-
ments positioned below, beside, with, on or above a
backplane of a display or an ultrasonic fingerprint sensor
array.

[0032] In some implementations, the PMUT array may be
configurable to operate in modes corresponding to multiple
frequency ranges. In some implementations, for example, the
PMUT array may be configurable to operate in a low-fre-
quency mode corresponding to a low-frequency range (e.g.,
50kHz to 200 kHz) or in a high-frequency mode correspond-
ing to a high-frequency range (e.g., 1 MHz to 25 MHz). When
operating in the high-frequency mode, an apparatus may be
capable of imaging at relatively higher resolution. Accord-
ingly, the apparatus may be capable of detecting touch, fin-
gerprint, stylus, and biometric information from an object
such as a finger placed on the surface of the display or sensor
array. Such a high-frequency mode may be referred to herein
as a fingerprint sensor mode.

[0033] When operating in the low-frequency mode, the
apparatus may be capable of emitting sound waves that are
capable of relatively greater penetration into air than when the
apparatus is operating in the high-frequency mode. Such
lower-frequency sound waves may be transmitted through
various overlying layers including a cover glass, a touch-
screen, a display array, a backlight, a housing or enclosure, or
other layers positioned between an ultrasonic transmitter and
a display or sensor surface. In some implementations, a port
may be opened through one or more of the overlying layers to
optimize acoustic coupling from the PMUT array into air. The
lower-frequency sound waves may be transmitted through the
air above the display or sensor surface, reflected from one or
more objects near the surface, transmitted through the air and
back through the overlying layers, and detected by an ultra-
sonic receiver. Accordingly, when operating in the low-fre-
quency mode, the apparatus may be capable of operating in a
gesture detection mode, wherein free-space gestures near but
not necessarily touching the display may be detected.

[0034] Alternatively, or additionally, in some implementa-
tions, the PMUT array may be configurable to operate in a
medium-frequency mode corresponding to a frequency range
between the low-frequency range and the high-frequency
range (e.g., about 200 kHz to about 1 MHz). When operating
in the medium-frequency mode, the apparatus may be
capable of providing touch sensor functionality, although
with somewhat less resolution than the high-frequency mode.
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[0035] The PMUT array may be addressable for wavefront
beam forming, beam steering, receive-side beam forming,
and/or selective readout of returned signals. For example,
individual columns, rows, sensor pixels and/or groups of
sensor pixels may be separately addressable. A control sys-
tem may control an array of transmitters to produce wave-
fronts of a particular shape, such as planar, circular or cylin-
drical wavefronts. The control system may control the
magnitude and/or phase of the array of transmitters to pro-
duce constructive or destructive interference in desired loca-
tions. For example, the control system may control the mag-
nitude and/or phase of the array of transmitters to produce
constructive interference in one or more locations in which a
touch or gesture has been detected or is likely to be detected.

[0036] In some implementations, PMUT devices may be
co-fabricated with thin-film transistor (TFT) circuitry or
CMOS circuitry on the same substrate, which may be a sili-
con, glass or plastic substrate in some examples. The TFT
substrate may include row and column addressing electron-
ics, multiplexers, local amplification stages and control cir-
cuitry. In some implementations, an interface circuit includ-
ing a driver stage and a sense stage may be used to excite a
PMUT device and detect responses from the same device. In
other implementations, a first PMUT device may serve as an
acoustic or ultrasonic transmitter and a second PMUT device
may serve as an acoustic or ultrasonic receiver. In some
configurations, different PMUT devices may be capable of
low- and high-frequency operation (e.g. for gestures and for
fingerprint detection). In other configurations, the same
PMUT device may be used for low- and high-frequency
operation. In some implementations, the PMUT may be fab-
ricated using a silicon wafer with active silicon circuits fab-
ricated in the silicon wafer. The active silicon circuits may
include electronics for the functioning of the PMUT or
PMUT array.

[0037] In some implementations the PMUT array may be
configured as an ultrasonic sensor array. FIGS. 1B-1D illus-
trate cross-sectional views of various configurations of
PMUT ultrasonic sensor arrays. FIG. 1B depicts an ultrasonic
sensor array 1100A with PMUTs as transmitting and receiv-
ing elements that may be used, for example, as an ultrasonic
fingerprint sensor, an ultrasonic touchpad, or an ultrasonic
imager. PMUT sensor elements 1162 on a PMUT sensor
array substrate 1160 may emit and detect ultrasonic waves. As
illustrated, an ultrasonic wave 1164 may be transmitted from
at least one PMUT sensor element 1162. The ultrasonic wave
1164 may travel through an acoustic coupling medium 1165
and a platen 1190a towards an object 1102 such as a finger or
a stylus positioned on an outer surface of the platen 1190a. A
portion of the ultrasonic wave 1164 may be transmitted
through the platen 1190q and into the object 1102, while a
second portion is reflected from the surface of platen 1190a
back towards the sensor element 1162. The amplitude of the
reflected wave may depend in part on the acoustic properties
of'the object 1102. The reflected wave may be detected by the
sensor elements 1162, from which an image of the object
1102 may be acquired. For example, with sensor arrays hav-
ing a pitch of about 50 microns (about 500 pixels per inch),
ridges and valleys of a fingerprint may be detected. An acous-
tic coupling medium 1165 such as an adhesive, gel, a com-
pliant layer or other acoustic coupling material may be pro-
vided to improve coupling between an array of PMUT sensor
elements 1162 disposed on the sensor array substrate 1160
and the platen 1190qa. The acoustic coupling medium 1165
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may aid in the transmission of ultrasonic waves to and from
the sensor elements 1162. The platen 1190a may include, for
example, a layer of glass, plastic, sapphire, metal, metal alloy,
or other platen material. An acoustic impedance matching
layer or coating (not shown) may be disposed on an outer
surface of the platen 1190a. The platen 11904 may include a
coating (not shown) on the outer surface.

[0038] FIG. 1C depicts an ultrasonic sensor and display
array 1100B with PMUT sensor elements 1162 and display
pixels 1166 co-fabricated on a sensor and display substrate
1160. The sensor elements 1162 and display pixels 1166 may
be collocated in each cell of an array of cells. In some imple-
mentations, the sensor element 1162 and the display pixel
1166 may be fabricated side-by-side within the same cell. In
some implementations, part or all of the sensor element 1162
may be fabricated above or below the display pixel 1166.
Platen 11905 may be positioned over the sensor elements
1162 and the display pixels 1166 and may function as or
include a cover lens or cover glass. The cover glass may
include one or more layers of materials such as glass, plastic
or sapphire, and may include provisions for a capacitive
touchscreen. An acoustic impedance matching layer or coat-
ing (not shown) may be disposed on an outer surface of the
platen 11905. Ultrasonic waves 1164 may be transmitted and
received from one or more sensor elements 1162 to provide
imaging capability for an object 1102 such as a stylus or a
finger placed on the cover glass 11905. The cover glass 11905
is substantially transparent to allow optical light from the
array of display pixels 1166 to be viewed by a user through the
cover glass 11905. The user may choose to touch a portion of
the cover glass 11905, and that touch may be detected by the
ultrasonic sensor array. Biometric information such as finger-
print information may be acquired, for example, when a user
touches the surface of the cover glass 11905. An acoustic
coupling medium 1165 such as an adhesive, gel, or other
acoustic coupling material may be provided to improve
acoustic, optical and mechanical coupling between the sensor
array substrate 1160 and the cover glass. In some implemen-
tations, the coupling medium 1165 may be a liquid crystal
material that may serve as part of a liquid crystal display
(LCD). In LCD implementations, a backlight (not shown)
may be optically coupled to the sensor and display substrate
1160. In some implementations, the display pixels 1166 may
be part of an amorphous light-emitting diode (AMOLED)
display with light-emitting display pixels. In some imple-
mentations, the ultrasonic sensor and display array 11008
may be used for display purposes and for touch, stylus or
fingerprint detection.

[0039] FIG. 1D depicts an ultrasonic sensor and display
array 1100C with a sensor array substrate 1160a positioned
behind a display array substrate 11605. An acoustic coupling
medium 11654 may be used to acoustically couple the sensor
array substrate 1160a to the display array substrate 11605. An
optical and acoustic coupling medium 11655 may be used to
optically and acoustically couple the sensor array substrate
11604 and the display array substrate 11605 to a cover lens or
cover glass 1190¢, which may also serve as a platen for the
detection of fingerprints. An acoustic impedance matching
layer or coating (not shown) may be disposed on an outer
surface of the platen 1190c¢. Ultrasonic waves 1164 transmit-
ted from one or more sensor elements 1162 may travel
through the display array substrate 11605 and cover glass
1190c¢, reflect from an outer surface of the cover glass 1190c,
and travel back towards the sensor array substrate 1160a
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where the reflected ultrasonic waves may be detected and
image information acquired. In some implementations, the
ultrasonic sensor and display array 1100C may be used for
providing visual information to a user and for touch, stylus or
fingerprint detection from the user. Alternatively, a PMUT
sensor array may be formed on the backside of the display
array substrate 11605. Alternatively, the sensor array sub-
strate 1160a with a PMUT sensor array may be attached to the
backside of the display array substrate 11605, with the back-
side of the sensor array substrate 1160qa attached directly to
the backside of the display array substrate 116054, for
example, with an adhesive layer or adhesive material (not
shown).

[0040] Techniques for spoofing a human fingerprint have
advanced to the point that at least the perceived reliability and
security of this form of biometric authentication has been
called into question. Spoofing may include use of synthetic
objects having a surface that mimics a human fingerprint’s
ridge and valley characteristics. Spoofing may also involve
the use of real human digits, dismembered from a living or
dead human victim.

[0041] The presently disclosed techniques contemplate a
PMUT array that is operable both for fingerprint imaging and
spoofing prevention. FIG. 2 illustrates a PMUT array accord-
ing to an implementation. In the illustrated example, the
PMUT array 200 includes 163 PMUT elements or PMUTs
201. Each PMUT element 201 may correspond to or be
referred to as a “pixel”. In the illustrated example, the PMUT
array 200 includes an arrangement of alternating rows of
pixels that are “staggered” such that PMUT elements in alter-
nate rows are shifted by halfa pitch distance between adjacent
pixels within a row. Such an arrangement may also be referred
to as a “hexagonal lattice” by which is meant a honeycomb-
like arrangement of pixels configured such that any pixel,
other than an edge pixel, is adjacent to six neighboring pixels,
rows of adjacent pixels being disposed along or parallel to one
of' three principle axes, each of the three principle axes being
disposed at an approximately equal angular separation with
respect to the other two axes. In the illustrated example, first
axis 210 is disposed horizontally, whereas second axis 220
and third axis 230 are disposed respectively at +60 degrees
and -60 degrees inclination with respect to the horizontal
axis.

[0042] Referring still to FIG. 2, it may be observed that
each pixel 201 in PMUT array 200 has been annotated with an
integer number: 1, 2, 3 or 4. The meaning of the annotation
may be better appreciated by referring to FIG. 3, which shows
a portion of PMUT array 200, according to some implemen-
tations. More particularly, the illustrated portion of PMUT
array 200 that includes 121 pixels 201 that are disposed so as
to form seven “superpixel” regions 250. A “superpixel”, as
the term is used herein and in the claims, means a plurality of
pixels, including at least one inner pixel disposed in a central
portion of a superpixel region, and one or more sets (e.g.
rings) of outer pixels disposed in an outer portion of the
superpixel region. As illustrated in FIG. 3, a superpixel may
include a single center pixel and one or more rings of pixels
that surround the center pixel, each pixel in a ring of pixels
having a substantially equal distance from the center pixel.
[0043] More particularly, in the implementation illustrated
in FIG. 3, each of seven hexagonal superpixel regions 250(7)
includes a respective inner pixel (annotated by the integer ‘1”)
located proximate to a center of the superpixel region. An
inner pixel 1 may also be referred to as a “center pixel”. In the
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illustrated implementation, a single center pixel is disposed
proximate to the center of each superpixel region. More gen-
erally however, a first group or set of (“first pixel set”) of inner
pixels may be contemplated that are disposed proximate to
and equidistant from the center of each superpixel region.

[0044] Each superpixel region 250 also includes outer pix-
els disposed in an outer portion of the superpixel region 250.
In the illustrated example, each superpixel region 250
includes a second set or group of outer pixels (“second pixel
set”), annotated by the integer ‘2°. Six outer pixels 2 are
shown to be proximate to and substantially equidistant from
each respective center pixel 1. Inthe illustrated example, each
superpixel region 250 also includes a third pixel set that
includes pixels that are disposed on a boundary of each super-
pixel region. Pixels in the third pixel set, annotated by the
integer ‘3°, are disposed proximate to a center of each edge of
the hexagonal superpixel region 250 and are substantially
equidistant from the center pixel 1. A fourth pixel set includes
pixels annotated by the integer ‘4’ that are disposed proximate
to each corner of the hexagonal superpixel region 250, and are
substantially equidistant from the center pixel 1.

[0045] It will be appreciated that outer pixels 3 are more
distant from the center pixel 1 than outer pixels 2, and less
distant from the center pixel 1 than outer pixels 4. Thus,
PMUT elements in a superpixel may be grouped according to
their position from the center of the superpixel. In some
implementations, one or more sets or groups of outer pixels
may be shared between adjacent superpixels. In the example
implementation illustrated in FIG. 3, pixels of the fourth pixel
set may be shared between adjacent superpixels.

[0046] As will be explained in more detail hereinbelow,
each PMUT element in each pixel set may be systematically
coupled with transceiver electronics, such that the pixel sets
may be separately actuated with a transmission signal having
a controllable phase and/or time delay. When plane wave
excitation and transmission is desired, appropriate for finger-
print imaging, for example, this may be achieved by applying
substantially the same delay to all groups of PMUT elements
in the superpixel. Alternatively, in a beam-focusing or trans-
mit-side beamforming mode, the time delay for each respec-
tive pixel set may be selected so that the acoustic pressure
created by each superpixel is focused at a predetermined
distance from the center pixel(s) using beamforming prin-
ciples.

[0047] FIG. 4 illustrates an example of beam-focusing or
transmitter side beamforming for a superpixel region includ-
ing pixel sets as described above. By appropriately applying
phase/time delays to each respective pixel set, time of flight
and constructive interference between ultrasonic emissions
from each group of PMUT elements within the superpixel
may result in a focused, highly shaped, and relatively high
intensity ultrasonic signal. For example, each pixel set may be
supplied with a transmission signal having a predetermined
time delay. The time delay for each pixel set may be selected
so that the acoustic pressure created by each superpixel is
focused at a predetermined location. As illustrated in FIG. 4,
the ultrasonic emissions from a superpixel may be focused by
first applying an excitation signal to the fourth pixel set;
following a time delay, applying the excitation signal to the
third pixel set; following another time delay, applying the
excitation signal to the second pixel set; and, following yet a
further time delay, applying excitation signal to the center
pixel (or first pixel set) as shown in Detail D. As a result a
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focused beam of relatively high acoustic pressure may be
generated proximate to the center of the superpixel region as
shown in Detail C.

[0048] FIG. 5 illustrates an example acoustic pressure map
for a superpixel of PMUT elements operated in a beamform-
ing mode. It may be observed that the superpixel may gener-
ate a well-focused beam having relatively high acoustic pres-
sure at a distance of interest along the thickness direction of
the object being imaged. The focused beam may have an
acoustic pressure that is substantially higher (at least 2x
higher) than the average acoustic pressure produced when
operating in a plane wave excitation transmission mode. In
the illustrated example, the peak acoustic pressure is approxi-
mately six times greater than the average acoustic pressure
produced when operating in a plane wave excitation and
transmission mode (e.g., comparing FIG. 5 with FIG. 1A,
Detail B). The distance of interest (which may correspond to
a selected depth of focus) is determined by the spacing
between pixel sets 250(1) through 250(4) and configurable
time delays. By controlling the time delays between pixel sets
250(1) through 250(4) of the superpixel region 250, different
depths of the finger tissue may be imaged to provide 3-D
tissue imaging as well as liveness determination.

[0049] Each ofthe example superpixels 250(7) illustrated in
FIG. 3 may be characterized as including 19 pixels arranged
along a hexagonal lattice. It should be noted that any number
of alternative superpixel arrangements are contemplated by
the present disclosure, provided only that the superpixel
includes, as defined above, a plurality of pixels, including at
least one inner pixel disposed in a central portion of a super-
pixel region, and one or more sets of outer pixels disposed in
an outer portion of the superpixel region.

[0050] FIG. 6 illustrates some examples of superpixel
arrangements as contemplated by the present disclosure.
Detail E of FIG. 6 illustrates a superpixel including seven
pixels arranged on a hexagonal lattice so as to form a hexagon
that includes one center pixel (1) and a first pixel set of six
pixels (2) disposed in an outer portion of the superpixel region
approximately equidistant from pixel (1).

[0051] Detail F illustrates a superpixel including 37 pixels
arranged on a hexagonal lattice so as to form a hexagon that
includes one center pixel (first pixel set) (1) and five addi-
tional pixel sets, each disposed in an outer portion of the
superpixel region at various distances from the center pixel
(1). It will be appreciated that each pixel in a third pixel set of
pixels (3) is disposed at a greater distance from the center
pixel (1) than each of'the pixels (2) included in a second pixel
set and at a lesser distance from the center pixel (1) than each
pixel in a fourth pixel set that includes pixels (4). Similarly,
each ofthe pixels (5) is disposed at a greater distance from the
center pixel (1) than each of the pixels (4) and at a lesser
distance from the center pixel (1) than each of the pixels (6).
[0052] Detail G illustrates a superpixel including ten pixels
arranged on a hexagonal lattice so as to form a triangle that
includes one center pixel (first pixel set) (1) and two addi-
tional pixel sets disposed, in an outer portion of the superpixel
region, at various distances from the center pixel (1). Each of
a second pixel set that includes six pixels (2) is disposed
proximate to the center pixel (1). Each of a third pixel set that
includes three pixels (3) is disposed at a greater distance from
the center pixel (1) than each of the pixels (2).

[0053] FIG. 7 illustrates further examples of superpixel
arrangements as contemplated by the present disclosure. In
the illustrated examples, pixels are aligned along orthogonal
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rows and columns rather than the hexagonal lattice arrange-
ments contemplated in previous examples. Detail J of FIG. 7
illustrates a superpixel including nine pixels arranged to form
a square that includes one center pixel (first pixel set) (1) and
two additional pixel sets including pixels disposed, in an outer
portion of the superpixel region, at various distances from the
center pixel (1). Each of a second pixel set of four pixels (2)
is disposed proximate to the center pixel (1). Each of a third
pixel set of four pixels (3) is disposed at a greater distance
from the center pixel (1) than each of the pixels (2).

[0054] Detail K of FIG. 7 illustrates a superpixel including
sixteen pixels arranged to form a square that includes a first
pixel set of four pixels (1) disposed in a central portion of the
superpixel and two additional groups of pixels disposed, in an
outer portion of the superpixel, at various distances from the
central portion. Each of a second pixel set of eight pixels (2)
is disposed proximate to the first pixel set of pixels (1). Each
of a third pixel set of four pixels (3) is disposed at a greater
distance from the first pixel set of pixels (1) than each of the
second pixel set of pixels (2). In this arrangement, the dis-
tances from the center of each pixel (2) to the centroid of the
first pixel set are substantially the same. Similarly, the dis-
tances from the center of each pixel (3) to the centroid of the
first pixel set are substantially the same.

[0055] Detail L. of FIG. 7 illustrates a superpixel including
25 pixels arranged to form a square that includes one center
pixel (first pixel set) (1) and five additional pixel sets of pixels
disposed in an outer portion of the superpixel at various
distances from the center pixel (1). Each of a second pixel set
of four pixels (2) is disposed proximate to the center pixel (1).
Each of a third pixel set of four pixels (3) is disposed at a
greater distance from the center pixel (1) than each of the
pixels (2) in the second pixel set. Each of'a fourth pixel set of
four pixels (4) is disposed at a greater distance from the center
pixel (1) than each of the pixels (3) in the third pixel set. Each
of a fifth pixel set of eight pixels (5) is disposed at a greater
distance from the center pixel (1) than each of the pixels (4) in
the fourth pixel set. Each of a sixth pixel set of four pixels (6)
is disposed at a greater distance from the center pixel (1) than
each of the pixels (5) in the fifth pixel set.

[0056] FIG. 8 illustrates an array 800 of superpixels,
according to some implementations. As described above in
connection with FIG. 3, each superpixel region 250()
includes a center pixel (first pixel set) (1), a second pixel set of
pixels (2), a third pixel set of pixels (3), and a fourth pixel set
of pixels (4). In the illustrated implementation, the array 800
includes drive input terminals 860(1), 860(2), 860(3), 860(4),
which may be communicatively coupled with transceiver
electronics 810. Each drive input terminal may be electrically
coupled by way of a respective fixedly configured (hard-
wired) conductive path with a corresponding pixel set. That
is, as illustrated, drive input terminal 860(1) is conductively
coupled by way of fixedly configured conductive path 870(1)
with center pixel (first pixel set) (1); drive input terminal
860(2) is conductively coupled by way of fixedly configured
conductive path 870(2) with the second pixel set of pixels (2);
drive input terminal 860(3) is conductively coupled by way of
fixedly configured conductive path 870(3) with the third pixel
set of pixels (3); and drive input terminal 860(4) is conduc-
tively coupled by way of fixedly configured conductive path
870(4) with the fourth pixel set of pixels (4).

[0057] For clarity of illustration, pixel sets of only a single
superpixel region are shown to be coupled with respective
drive input terminals (860). It will be appreciated, however,
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that two or more superpixel regions may be similarly coupled
with the same drive input terminals. Alternatively or in addi-
tion, some superpixel regions may be coupled with a different
set of drive input terminals.

[0058] As noted above, each of the drive input terminals
860 may be communicatively coupled with transceiver elec-
tronics. The transceiver electronics may be configured to
transmit signals to each of the drive input terminals. In a first
mode of operation, the transceiver electronics may concur-
rently, or nearly simultaneously, transmit signals to each of
the drive input terminals. As a result, each pixel in each pixel
set may be separately actuated with a transmission signal of
substantially the same phase delay to produce a plane wave
excitation pattern appropriate for fingerprint imaging, for
example. Alternatively, in a second mode of operation the
transceiver electronics may sequentially transmit signals to
each of the first drive input terminal, the second drive input
terminal, and the third drive input terminal, such that a time
delay occurs between transmitting signals to each respective
pixel set. The time delay for each respective pixel set may be
selected so that the acoustic pressure created by each super-
pixel is focused at a predetermined distance from the center
pixel(s) using beamforming principles.

[0059] FIG. 9 illustrates an example of a process flow for
operatinga PMUT array in a selectable one of a first mode and
a second mode. As described hereinabove, the PMUT array
may include a plurality of superpixel regions, each superpixel
region including at least two pixel sets, a first pixel set of the
atleast two pixel sets being disposed in a central portion of the
superpixel region and at least a second pixel set being dis-
posed in an outer portion of the superpixel region, the array
having an electrical coupling with transceiver electronics. In
the illustrated implementation, method 900 includes a step
910 for selecting one of a first mode and a second mode of
operating the PMUT array.

[0060] In some implementations, the transceiver electron-
ics may be configured to switch rapidly from a transmit mode
that allows launching of either plane ultrasonic waves or
focused ultrasonic waves to a receive mode that allows the
detection of ultrasonic signals reflected from an object, which
may be useful for applications such as subdermal imaging
where the acoustic path length from the object to the PMUT
array is longer than a couple of acoustic wavelengths. In
configurations where the distance from the PMUT array to
the object to be imaged (e.g., a finger positioned on the
surface of a platen) is less than a couple of acoustic wave-
lengths, it may be desirable to include a separate set of dedi-
cated receive electrodes on each pixel in the superpixel array
to allow simultaneous or at least overlapping transmitting and
receiving of ultrasonic signals with each pixel or each set of
pixels in the superpixel region (also known as three-port
pixels or three-port PMUTs).

[0061] When the selection at step 910 is to operate in the
first mode, the method may proceed, at step 920, to control a
PMUT array with the transceiver electronics to generate a
substantially plane ultrasonic wave. The electrical coupling
between the transceiver electronics and the PMUT array may
include a first fixedly configured conductive path connecting
pixels in the first pixel set with a first drive input terminal and
a second fixedly configured conductive path connecting pix-
els and the second pixel set with a second drive input terminal.
More particularly, in the first operating mode the transceiver
electronics may concurrently transmit signals to each of the
first drive input terminal and the second drive input terminal.
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The signals, being received at the input terminals substan-
tially simultaneously, may cause the array to generate a sub-
stantially plane ultrasonic wave.

[0062] When the selection at step 910 is to operate in the
second mode, the method may proceed, at step 930, to control
a PMUT array with the transceiver electronics to generate
from each superpixel region a focused beam of relatively
higher acoustic pressure. More particularly, in the second
operating mode, the transceiver electronics may sequentially
transmit signals to each of the first drive input terminal and the
second drive input terminal such that a time delay occurs
between delivery of a first transmission signal to the second
drive input terminal and delivery of a second transmission
signal to the first drive input terminal. The time delay may be
selected, using beamforming principles, so that the acoustic
pressure created by each superpixel is focused at a predeter-
mined distance from the center pixel(s).

[0063] Thus, an arrangement, including an array of piezo-
electric ultrasonic transducers configured as superpixels,
operable to selectively perform either fingerprint imaging
(e.g. epidermal imaging) or subdermal imaging (e.g. for live-
ness detection), has been disclosed. It will be appreciated that
a number of alternative configurations and fabrication tech-
niques may be contemplated.

[0064] Asusedherein, a phrasereferringto “atleast one of”
a list of items refers to any combination of those items,
including single members. As an example, “at least one of: a,
b, or ¢” is intended to cover: a, b, ¢, a-b, a-c, b-c, and a-b-c.
[0065] The various illustrative logics, logical blocks, mod-
ules, circuits and algorithm processes described in connec-
tion with the implementations disclosed herein may be imple-
mented as electronic hardware, computer software, or
combinations of both. The interchangeability of hardware
and software has been described generally, in terms of func-
tionality, and illustrated in the various illustrative compo-
nents, blocks, modules, circuits and processes described
above. Whether such functionality is implemented in hard-
ware or software depends upon the particular application and
design constraints imposed on the overall system.

[0066] Thehardware and data processing apparatus used to
implement the various illustrative logics, logical blocks,
modules and circuits described in connection with the aspects
disclosed herein may be implemented or performed with a
general purpose single- or multi-chip processor, a digital
signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor
logic, discrete hardware components, or any combination
thereof designed to perform the functions described herein. A
general purpose processor may be a microprocessor or any
conventional processor, controller, microcontroller, or state
machine. A processor also may be implemented as a combi-
nation of computing devices, e.g., a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or any
other such configuration. In some implementations, particu-
lar processes and methods may be performed by circuitry that
is specific to a given function.

[0067] Inone ormore aspects, the functions described may
be implemented in hardware, digital electronic circuitry,
computer software, firmware, including the structures dis-
closed in this specification and their structural equivalents
thereof, or in any combination thereof. Implementations of
the subject matter described in this specification also can be
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implemented as one or more computer programs, i.e., one or
more modules of computer program instructions, encoded on
a computer storage media for execution by or to control the
operation of data processing apparatus.

[0068] If implemented in software, the functions may be
stored on or transmitted over as one or more instructions or
code on a computer-readable medium, such as a non-transi-
tory medium. The processes of a method or algorithm dis-
closed herein may be implemented in a processor-executable
software module which may reside on a computer-readable
medium. Computer-readable media include both computer
storage media and communication media including any
medium that can be enabled to transfer a computer program
from one place to another. Storage media may be any avail-
able media that may be accessed by a computer. By way of
example, and not limitation, non-transitory media may
include RAM, ROM, EEPROM, CD-ROM or other optical
disk storage, magnetic disk storage or other magnetic storage
devices, or any other medium that may be used to store
desired program code in the form of instructions or data
structures and that may be accessed by a computer. Also, any
connection can be properly termed a computer-readable
medium. Disk and disc, as used herein, includes compact disc
(CD), laser disc, optical disc, digital versatile disc (DVD),
floppy disk, and blu-ray disc where disks usually reproduce
data magnetically, while discs reproduce data optically with
lasers. Combinations of the above should also be included
within the scope of computer-readable media. Additionally,
the operations of a method or algorithm may reside as one or
any combination or set of codes and instructions on amachine
readable medium and computer-readable medium, which
may be incorporated into a computer program product.
[0069] Various modifications to the implementations
described in this disclosure may be readily apparent to those
skilled in the art, and the generic principles defined herein
may be applied to other implementations without departing
from the spirit or scope of this disclosure. Thus, the claims are
not intended to be limited to the implementations shown
herein, but are to be accorded the widest scope consistent with
this disclosure, the principles and the novel features disclosed
herein. Additionally, as a person having ordinary skill in the
art will readily appreciate, the terms “upper” and “lower”,
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“top” and bottom”, “front” and “back”, and “over”, “overly-
ing”, “on”, “under” and “underlying” are sometimes used for
ease of describing the figures and indicate relative positions
corresponding to the orientation of the figure on a properly
oriented page, and may not reflect the proper orientation of
the device as implemented.

[0070] Certain features that are described in this specifica-
tion in the context of separate implementations also can be
implemented in combination in a single implementation.
Conversely, various features that are described in the context
of a single implementation also can be implemented in mul-
tiple implementations separately or in any suitable subcom-
bination. Moreover, although features may be described
above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed com-
bination can in some cases be excised from the combination,
and the claimed combination may be directed to a subcom-
bination or variation of a subcombination.

[0071] Similarly, while operations are depicted in the draw-
ings in a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated



US 2016/0132187 Al

operations be performed to achieve desirable results. Further,
the drawings may schematically depict one more example
processes in the form of a flow diagram. However, other
operations that are not depicted can be incorporated in the
example processes that are schematically illustrated. For
example, one or more additional operations can be performed
before, after, simultaneously, or between any of the illustrated
operations. In certain circumstances, multitasking and paral-
lel processing may be advantageous. Moreover, the separa-
tion of various system components in the implementations
described above should not be understood as requiring such
separation in all implementations, and it should be under-
stood that the described program components and systems
can generally be integrated together in a single software prod-
uct or packaged into multiple software products. Addition-
ally, other implementations are within the scope of the fol-
lowing claims. In some cases, the actions recited in the claims
can be performed in a different order and still achieve desir-
able results.

What is claimed is:

1. An apparatus comprising:

an array of piezoelectric ultrasonic transducer elements,

the array including a plurality of superpixel regions,
each superpixel region including at least two pixel sets,
a first pixel set of the at least two pixel sets being dis-
posedin a central portion of the superpixel region, and at
least a second pixel set being disposed in an outer por-
tion of the superpixel region;

transceiver electronics; and

an electrical coupling between the transceiver electronics

and the array; wherein

the transceiver electronics is configured to operate the

array in a selectable one of a first mode and a second

mode;

in the first mode, the array generates a substantially
plane ultrasonic wave having a first acoustic pressure;
and

in the second mode, the array generates, from each
superpixel region, a focused beam having a second
acoustic pressure that is substantially higher than the
first acoustic pressure.

2. The apparatus of claim 1, wherein the electrical coupling
between the transceiver electronics and the array includes a
first fixedly configured conductive path connecting pixels in
the first pixel set with a first drive input terminal and a second
fixedly configured conductive path connecting pixels in the
second pixel set with a second drive input terminal, the first
drive input terminal and the second drive input terminal being
coupled with the transceiver electronics.

3. The apparatus of claim 2, wherein:

in the first mode, the transceiver electronics concurrently

transmits signals to each of the first drive input terminal
and the second drive input terminal; and

in the second mode, the transceiver electronics sequen-

tially transmits signals to each of the first drive input
terminal and the second drive input terminal such that a
time delay occurs between delivery of a first transmis-
sion signal to the second drive input terminal and deliv-
ery of asecond transmission signal to the first drive input
terminal.

4. The apparatus of claim 1, wherein:

the superpixel region includes seven pixels arranged on a

hexagonal lattice so as to form a hexagon;

May 12, 2016

the first pixel set includes one center pixel disposed proxi-
mate to a center of the hexagon; and

the second pixel set includes six pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel.

5. The apparatus of claim 1, further including a third pixel

set and a fourth pixel set, wherein:

the superpixel region includes nineteen pixels arranged on
a hexagonal lattice so as to form a hexagon;

the first pixel set includes one center pixel disposed proxi-
mate to a center of the hexagon;

the second pixel set includes six pixels disposed in an outer
portion of the superpixel region approximately equidis-
tant from the center pixel; and

the third pixel set includes six pixels, each disposed at a
greater distance from the center pixel than each pixel in
the second pixel set and at a lesser distance from the
center pixel than each pixel in the fourth pixel set.

6. The apparatus of claim 5, wherein the electrical coupling

between the transceiver electronics and the array includes:

a first fixedly configured conductive path connecting pixels
in the first pixel set with a first drive input terminal;

a second fixedly configured conductive path connecting
pixels in the second pixel set with a second drive input
terminal;

a third fixedly configured conductive path connecting pix-
els in the third pixel set with a third drive input terminal;

a fourth fixedly configured conductive path connecting
pixels in the fourth pixel set with a fourth drive input
terminal; and

each ofthe first drive input terminal, the second drive input,
the third drive input, and the fourth drive input is coupled
with the transceiver electronics.

7. The apparatus of claim 6, wherein:

in the first mode, the transceiver electronics concurrently
transmits signals to each of the first drive input terminal,
the second drive input terminal, the third drive input
terminal, and the fourth drive input terminal; and

in the second mode, the transceiver electronics sequen-
tially transmits signals to each of the first drive input
terminal, the second drive input terminal, the third drive
input terminal, and the fourth drive input terminal, such
that:

a first time delay occurs between delivery of a first trans-
mission signal to the fourth drive input terminal and
delivery of a second transmission signal to the third drive
input terminal;

a second time delay occurs between delivery of the second
transmission signal to the third drive input terminal and
delivery of a third transmission signal to the second drive
input terminal; and

a third time delay occurs between delivery of the third
transmission signal to the third drive input terminal and
delivery of a fourth transmission signal to the first drive
input terminal.

8. The apparatus of claim 1, further including a third pixel

set, wherein:

the superpixel region includes nine pixels arranged along
orthogonal rows and columns so as to form a square;

the first pixel set includes one center pixel;

the second pixel set includes four pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel; and
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the third pixel set includes four pixels, each disposed in the
outer portion of the superpixel region approximately
equidistant from the center pixel, at a greater distance
from the center pixel than each pixel of the second pixel
set.

9. The apparatus of claim 8, wherein:

the electrical coupling between the transceiver electronics
and the array includes:

a first fixedly configured conductive path connecting
pixels in the first pixel set with a first drive input
terminal;

a second fixedly configured conductive path connecting
pixels in the second pixel set with a second drive input
terminal; and

a third fixedly configured conductive path connecting
pixels in the third pixel set with a third drive input
terminal; wherein:

each of the first drive input terminal, the second drive
input, and the third drive input is coupled with the
transceiver electronics.

10. The apparatus of claim 9, wherein:

in the first mode, the transceiver electronics concurrently
transmits signals to each of the first drive input terminal,
the second drive input terminal, and the third drive input
terminal; and

in the second mode, the transceiver electronics sequen-
tially transmits signals to each of the first drive input
terminal, the second drive input terminal, and the third
drive input terminal, such that:

a first time delay occurs between delivery of a first trans-
mission signal to the third drive input terminal and deliv-
ery of a second transmission signal to the second drive
input terminal; and

a second time delay occurs between delivery of the second
transmission signal to the second drive input terminal
and delivery of a third transmission signal to the first
drive input terminal.

11. The apparatus of claim 1, further comprising a platen
and an acoustic coupling medium disposed above the array,
wherein the array is configured to receive or transmit ultra-
sonic signals through the platen and the coupling medium.

12. A method comprising:

operating an array of piezoelectric ultrasonic transducer
elements in a selectable one of a first mode and a second
mode, the array including a plurality of superpixel
regions, each superpixel region including at least two
pixel sets, a first pixel set of the at least two pixel sets
being disposed in a central portion of the superpixel
region, and at least a second pixel set being disposed in
an outer portion of the superpixel region, the array hav-
ing an electrical coupling with transceiver electronics;
wherein
in the first mode, operating the array generates a sub-

stantially plane ultrasonic wave having a first acoustic
pressure; and

in the second mode, operating the array generates, from
each superpixel region, a focused beam having a sec-
ond acoustic pressure that is substantially higher than
the first acoustic pressure.

13. The method of claim 12, wherein the electrical cou-
pling between the transceiver electronics and the array
includes a first fixedly configured conductive path connecting
pixels in the first pixel set with a first drive input terminal and
a second fixedly configured conductive path connecting pix-

May 12, 2016

els in the second pixel set with a second drive input terminal,
the first drive input terminal and the second drive input ter-
minal being coupled with the transceiver electronics.

14. The method of claim 13, wherein:

in the first mode, the transceiver electronics concurrently

transmits signals to each of the first drive input terminal
and the second drive input terminal; and

in the second mode, the transceiver electronics sequen-

tially transmits signals to each of the first drive input
terminal and the second drive input terminal such that a
time delay occurs between delivery of a first transmis-
sion signal to the second drive input terminal and deliv-
ery of asecond transmission signal to the first drive input
terminal.

15. The method of claim 12, wherein:

the superpixel region includes seven pixels arranged on a

hexagonal lattice so as to form a hexagon;

the first pixel set includes one center pixel disposed proxi-

mate to a center of the hexagon; and

the second pixel set includes six pixels, each disposed in

the outer portion of the superpixel region approximately
equidistant from the center pixel.

16. The method of claim 12, wherein:

the superpixel region includes a third pixel set and nine

pixels arranged along orthogonal rows and columns so
as to form a square;

the first pixel set includes one center pixel;

the second pixel set includes four pixels, each disposed in

the outer portion of the superpixel region approximately
equidistant from the center pixel; and

the third pixel set includes four pixels, each disposed in the

outer portion of the superpixel region approximately
equidistant from the center pixel, at a greater distance
from the center pixel than each pixel of the second pixel
set.

17. An apparatus comprising:

means for operating an array of piezoelectric ultrasonic

transducer elements in a selectable one of a first mode
and a second mode, the array including a plurality of
superpixel regions, each superpixel region including at
least two pixel sets, a first pixel set of the at least two
pixel sets being disposed in a central portion of the
superpixel region, and at least a second pixel set being
disposed in an outer portion of the superpixel region,
wherein:
operating the array of piezoelectric ultrasonic transducer
elements includes:
in the first mode, controlling the array to generate a
substantially plane ultrasonic wave having a first
acoustic pressure; and
in the second mode, controlling the array to generate,
from each superpixel region, a focused beam hav-
ing a second acoustic pressure that is substantially
higher than the first acoustic pressure.

18. The apparatus of claim 17, wherein the means for
operating the array has an electrical coupling with a first drive
input terminal and a second drive input terminal of the array,
the electrical coupling including a first fixedly configured
conductive path connecting pixels in the first pixel set with the
first drive input terminal and a second fixedly configured
conductive path connecting pixels in the second pixel set with
the second drive input terminal.
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19. The apparatus of claim 18, wherein:

operating the array of piezoelectric ultrasonic transducer
elements includes:

in the first mode, concurrently transmitting signals to each
of the first drive input terminal and the second drive
input terminal; and

in the second mode, sequentially transmitting signals to
each ofthe first drive input terminal and the second drive
input terminal such that a time delay occurs between
delivery of a first transmission signal to the second drive
input terminal and delivery of a second transmission
signal to the first drive input terminal.

20. The apparatus of claim 17, wherein:

the superpixel region includes seven pixels arranged on a
hexagonal lattice so as to form a hexagon;

the first pixel set includes one center pixel disposed proxi-
mate to a center of the hexagon; and

the second pixel set includes six pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel.

21. The apparatus of claim 17, further including a third

pixel set and a fourth pixel set, wherein

the superpixel region includes nineteen pixels arranged on
a hexagonal lattice so as to form a hexagon;

the first pixel set includes one center pixel disposed proxi-
mate to a center of the hexagon;

the second pixel set includes six pixels disposed in an outer
portion of the superpixel region approximately equidis-
tant from the center pixel; and

the third pixel set includes six pixels, each disposed at a
greater distance from the center pixel than each pixel in
the second pixel set and at a lesser distance from the
center pixel than each pixel in the fourth pixel set.

22. The apparatus of claim 21, wherein the means for
operating an array has an electrical coupling with a first drive
input terminal and a second drive input terminal of the array,
the electrical coupling including a first fixedly configured
conductive path connecting pixels in the first pixel set with the
first drive input terminal, a second fixedly configured conduc-
tive path connecting pixels in the second pixel set with the
second drive input terminal, a third fixedly configured con-
ductive path connecting pixels in the third pixel set with the
third drive input terminal, and a fourth fixedly configured
conductive path connecting pixels in the fourth pixel set with
the fourth drive input terminal.

23. The apparatus of claim 22, wherein operating the array
of piezoelectric ultrasonic transducer elements includes:

in the first mode, concurrently transmitting signals to each
of the first drive input terminal, the second drive input
terminal, the third drive input terminal, and the fourth
drive input terminal; and

in the second mode, sequentially transmitting signals to
each of the first drive input terminal, the second drive
input terminal, the third drive input terminal, and the
fourth drive input terminal such that:

a first time delay occurs between delivery of a first trans-
mission signal to the fourth drive input terminal and
delivery of a second transmission signal to the third drive
input terminal;

a second time delay occurs between delivery of the second
transmission signal to the third drive input terminal and
delivery of a third transmission signal to the second drive
input terminal; and
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a third time delay occurs between delivery of the third
transmission signal to the third drive input terminal and
delivery of a fourth transmission signal to the first drive
input terminal.

24. The apparatus of claim 17, further including a third

pixel set, wherein:

the superpixel region includes nine pixels arranged along
orthogonal rows and columns so as to form a square;

the first pixel set includes one center pixel;
the second pixel set includes four pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel; and
the third pixel set includes four pixels, each disposed in the
outer portion of the superpixel region approximately
equidistant from the center pixel at a greater distance
from the center pixel than each pixel of the second pixel
set.
25. The apparatus of claim 17, further comprising a platen
and an acoustic coupling medium disposed above the array,
wherein the array is configured to receive or transmit ultra-
sonic signals through the platen and the coupling medium.
26. A non-transitory computer readable medium having
software stored thereon, the software including instructions
for causing an apparatus to:
operate an array of piezoelectric ultrasonic transducer ele-
ments in a selectable one of a first mode and a second
mode, the array including a plurality of superpixel
regions, each superpixel region including at least two
pixel sets, a first pixel set of the at least two pixel sets
being disposed in a central portion of the superpixel
region, and at least a second pixel set being disposed in
an outer portion of the superpixel region, the array hav-
ing an electrical coupling with transceiver electronics;
wherein
in the first mode, the array generates a substantially
plane ultrasonic wave having a first acoustic pressure;
and

in the second mode, the array generates, from each
superpixel region, a focused beam having a second
acoustic pressure that is substantially higher than the
first acoustic pressure.

27. The computer readable medium of claim 26, wherein
the electrical coupling between the transceiver electronics
and the array includes a first fixedly configured conductive
path connecting pixels in the first pixel set with a first drive
input terminal and a second fixedly configured conductive
path connecting pixels in the second pixel set with a second
drive input terminal, the first drive input terminal and the
second drive input terminal being coupled with the trans-
ceiver electronics.

28. The computer readable medium of claim 27, wherein:

in the first mode, the transceiver electronics concurrently
transmits signals to each of the first drive input terminal
and the second drive input terminal; and

in the second mode, the transceiver electronics sequen-
tially transmits signals to each of the first drive input
terminal and the second drive input terminal such that a
time delay occurs between delivery of a first transmis-
sion signal to the second drive input terminal and deliv-
ery of asecond transmission signal to the first drive input
terminal.

29. The computer readable medium of claim 26, wherein:

the superpixel region includes seven pixels arranged on a
hexagonal lattice so as to form a hexagon;
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the first pixel set includes one center pixel disposed proxi-
mate to a center of the hexagon; and

the second pixel set includes six pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel.

30. The computer readable medium of claim 26, wherein:

the superpixel region includes a third pixel set and nine
pixels arranged along orthogonal rows and columns so
as to form a square;

the first pixel set includes one center pixel;

the second pixel set includes four pixels, each disposed in
the outer portion of the superpixel region approximately
equidistant from the center pixel; and

the third pixel set includes four pixels, each disposed in the
outer portion of the superpixel region approximately
equidistant from the center pixel, at a greater distance
from the center pixel than each pixel of the second pixel
set.



