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TRANSMIT GENERATOR FOR CONTROLLING A MULTILEVEL PULSER OF AN
ULTRASOUND DEVICE, AND RELATED METHODS AND APPARATUS

RELATED APPLICATIONS
[0001] The present application is a continuation claiming the benefit under 35 U.S.C. § 120 of
U.S. Patent Application Serial No. 15/087,962, filed March 31, 2016 under Attorney Docket No.
B1348.70028US00 and entitled “TRANSMIT GENERATOR FOR CONTROLLING A
MULTILEVEL PULSER OF AN ULTRASOUND DEVICE, AND RELATED METHODS
AND APPARATUS,” which is hereby incorporated herein by reference in its entirety.

BACKGROUND

[0002] Field

[0003] The present application relates to transmit generators in ultrasound devices, and related
methods and apparatus.

[0004] Related Art

[0005] Some ultrasound devices include a waveform generator which provides electric
waveforms to a pulser. In response, the pulser controls an ultrasonic transducer to emit

ultrasound acoustic waves.

BRIEF SUMMARY
[0006] According to an aspect of the present application, a method of operating an ultrasound
device is provided, comprising generating a multi-level acoustic waveform with an ultrasound
device by providing a series of data packets sequentially to a pulsing circuit coupled to an
ultrasonic transducer of the ultrasound device.
[0007] According to an aspect of the present application, a method of controlling a plurality of
pulsers coupled to a plurality of ultrasonic transducers is provided, comprising: transmitting a
first packet to at least one pulser of the plurality of pulsers, the first packet comprising a first
value representing a first reference voltage selected from a plurality of selectable reference
voltages; providing a first control signal to represent a first duration of a first pulse segment; in
response to transmitting the first packet to the at least one pulser of the plurality of pulsers,
setting the at least one pulser of the plurality of pulsers to a first state corresponding to the first
reference voltage throughout the first duration of the first pulse segment; transmitting a second

packet to the at least one pulser of the plurality of pulsers, the second packet comprising a
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second value representing a second reference voltage selected from the plurality of selectable
reference voltages; providing a second control signal to represent a second duration of a second
pulse segment; and in response to transmitting the second packet to the at least one pulser of the
plurality of pulsers, setting the pulser of the plurality of pulsers to a second state corresponding
to the second reference voltage throughout the second duration of the second pulse segment,
wherein the plurality of selectable reference voltages comprises at least three reference voltages.
[0008] According to an aspect of the present application, a method of controlling a plurality of
pulsers coupled to a plurality of ultrasonic transducers is provided, the method comprising:
selecting two or more waveform segments from among a plurality of waveform segments;
concatenating the selected two or more waveform segments to form an input waveform; and
providing the input waveform to a pulser of the plurality of pulsers coupled to the plurality of

ultrasonic transducers.

BRIEF DESCRIPTION OF DRAWINGS
[0009] Various aspects and embodiments of the application will be described with reference to
the following figures. It should be appreciated that the figures are not necessarily drawn to
scale. Items appearing in multiple figures are indicated by the same reference number in all the
figures in which they appear.
[0010] FIG. 1A illustrates schematically a block diagram of an ultrasound device comprising a
plurality of pulsing circuits and a plurality of decoding circuits, according to a non-limiting
embodiment of the present application.
[0011] FIG. 1B illustrates a circuit diagram of a pulsing circuit comprising two transistors,
according to one aspect of the present application.
[0012] FIG. 1C illustrates schematically a block diagram of an ultrasound device comprising a
waveform generator, according to some non-limiting embodiments.
[0013] FIG. 2A shows an illustrative arrangement of a transducer array, according to a non-
limiting embodiment of the present application.
[0014] FIG. 2B illustrates schematically a block diagram of a waveform generator comprising a
a plurality of packet generators, according to a non-limiting embodiment of the present

application.
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[0015] FIG. 2C illustrates schematically a block diagram of an ultrasound device comprising a
plurality of decoding circuits, according to a non-limiting embodiment of the present
application.

[0016] FIG. 3A illustrates a data path diagram showing a succession of packets, according to a
non-limiting embodiment of the present application.

[0017] FIG. 3B illustrates a time diagram showing an exemplary multi-level pulse formed
through a succession of packets, according to a non-limiting embodiment of the present
application.

[0018] FIG. 4 illustrates a method of controlling a plurality of pulsers coupled to a plurality of

ultrasonic transducers, according to a non-limiting embodiment of the present application.

DETAILED DESCRIPTION
[0019] An ultrasound probe may include integrated circuitry for generating waveforms emitted
by the probe. The integrated circuitry may be fabricated on a complementary metal oxide
semiconductor (CMOS) die, also referred to herein as a “chip.” In some embodiments,
ultrasonic transducers may be integrated with the CMOS chip, thus forming an ultrasound-on-a-
chip device. For example, the ultrasonic transducers may be capacitive micromachined
ultrasonic transducers (CMUTSs), which may be integrated with the integrated circuitry on the
CMOS die. The integrated circuitry may include waveform generation circuitry configured to
produce the electric waveforms which drive the ultrasonic transducers.
[0020] Aspects of the present application provide programmable waveform generators for
controlling pulsers of an ultrasound device to create multi-level pulses. Applicant has
appreciated that ultrasound devices configured to generate multi-level pulses may significantly
enhance the contrast of the ultrasound images produced. According to one aspect of the present
application, pulsing circuits designed to provide multi-level pulses are used to facilitate the
formation of temporal and spatial apodization. Apodization may reduce the extent of the side-
lobes associated with transmitted pulses, thus increasing the resolution of the image produced.
Multi-level pulses of the type described herein can assume any value selected from among a set
of selectable values, where the set may comprise at least three values.
[0021] The generation of such multi-level pulses may require complicated driving circuitry to
control the state of the pulsing circuits. The complexity of the driving circuitry may be further

exacerbated when the generation of the multi-level pulses occurs asynchronously. The
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complexity of the driving circuitry translates into sizable power and space requirements. This
may be impractical when the ultrasound device is to be disposed in a handheld ultrasound probe,
stethoscope, or other compact form, in which the available power may be limited (e.g., to the
power that can be supplied by batteries) or the power consumption kept below some threshold to
prevent overheating or unsafe operation, and the real estate may be limited to a few cubic
centimeters.

[0022] Applicant has appreciated that multi-level pulses may be generated using software-
defined waveform generators. Software-defined waveform generators of the type described
herein may significantly reduce the power and space requirements of the waveform generator(s)
by limiting the amount of hardware used to perform pulse generation. The waveform generator
may have access to a memory storing templates, such that each template represents a specific
state for the pulsing circuits. For example, the templates may contain a set of selectable
referenced voltages that a pulsing circuit can lock to. The templates may also be referred to

EEINT3

herein as “master segments,” “waveform segments,” or by other similar terminology. The
waveform generator may comprise a controller configured to access the templates stored in the
memory, and packetize templates such that each packet may control one or more pulsing circuits
to generate a pulse segments. “Pulse segments” will be referred to herein as pulse portions, such
that the voltage of the pulse is constant throughout the duration of the pulse segment, and is
locked to the selected reference voltage. As will be described further below, master segments
and packets are defined in the digital domain while pulse segments are defined in the analog
domain.

[0023] According to another aspect of the present application, spatial apodization of ultrasound
signals is achieved using circuitry which operates on a serial data stream input provided by a
waveform generator, rather than parallel input data streams. In some embodiments, decoding
circuitry disposed along the packet data path between the waveform generator and the pulsing
circuits of an ultrasound device may be configured to provide spatial apodization by receiving
and spatially modulating the packets generated by the waveform generator based on a desired
spatial profile. Accordingly, each ultrasonic transducer of the array may be provided with an
input control value that depends on the location of the transducer. The use of decoding circuitry
of the type described herein significantly simplifies the design of the waveform generator, which

can be configured to generate serialized streams of packets.
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[0024] These features may facilitate formation of a power and space-efficient circuit for
generating waveforms to control ultrasonic transducers, and thus may facilitate formation of an
ultrasound-on-a-chip device including a CMOS substrate with integrated circuitry and ultrasonic
transducers.

[0025] The aspects and embodiments described above, as well as additional aspects and
embodiments, are described further below. These aspects and/or embodiments may be used
individually, all together, or in any combination of two or more, as the application is not limited
in this respect.

[0026] According to one aspect of the present application, pulsing circuits configured to provide
multi-level pulses are provided. The pulsing circuits may be configured to provide one or more
pulses to a respective ultrasonic transducer of an ultrasound device. The pulse(s) may be formed
by a succession of pulse segments. Each pulse segment of the pulse may assume one among a
set of selectable reference voltages, between an initial time t; and a final t;. The pulses may be
asynchronous in some embodiments, such that the duration t-t; of each pulse segment may be
variable.

[0027] FIG. 1A illustrates schematically a block diagram of an ultrasound device comprising a
plurality of pulsing circuits and a plurality of decoding circuits, according to a non-limiting
embodiment of the present application. Ultrasound device 100 may comprise a plurality of
circuitry channels 102;...102n, where N is an integer. Circuitry channels 102;...102x may be
electrically connected to respective ultrasonic transducers 101;...101y. Ultrasound device 100
may further comprise analog-to-digital converter (ADC) 111.

[0028] The circuitry channels 102;...1025 may comprise circuitry for the transmission and/or
reception of ultrasound acoustic waves. On the transmitter side, circuitry channels 102;...102y
may comprise decoding circuits 105;...105~ coupled to respective pulsing circuits 103;...103x.
The pulsing circuits 103;...103x may control respective ultrasonic transducers 101;...101y to
emit acoustic waveforms.

[0029] Pulsing circuits 103;...103y are circuits, in some embodiments, configured to provide
pulses to respective ultrasonic transducers 101...101x. In some embodiments, pulsing circuits
103;...103x may provide multi-level pulses exhibiting three or more levels selected from a set of
selectable levels. The selectable levels may be reference voltages in some embodiments. The

pulsing circuits may be configured to receive one reference voltage at a time and to form pulses
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that lock to the received reference voltage. In some embodiments, the pulsers may provide
bipolar pulses capable of exhibiting positive and/or negative voltages.

[0030] In some embodiments, pulsing circuits 103;...103x may comprise two transistors. FIG.
1B illustrates a circuit diagram of a pulsing circuit 103 which may serve as any of the pulsing
circuits 103;...103x of FIG. 1A. The pulsing circuit 103 of FIG. 1B comprising a first transistor
127 and a second transistor 129. In some embodiments, transistor 127 is a positive metal-oxide-
semiconductor (pMOS) transistor and transistor 129 is a negative metal-oxide-semiconductor
(nMOS) transistor. However, any other suitable number and/or type of transistor may be used.
[0031] Transistor 127 may be set to a conductive state through control signal V.; when a new
reference voltage, greater than the previously selected reference voltage, is selected. In this case,
transistor 127 may drive an electric current between supply voltage Vy and ultrasonic
transducer 101 and the voltage across the terminals of the ultrasonic transducer may be increased
until the currently selected reference voltage is reached. A feedback circuit 125 may compare
the voltage across the terminals of the ultrasonic transducer and compare it to the currently
selected reference voltage. When the voltage across the terminals of the transducer is equal to
the reference voltage, or alternatively, is equal to a voltage proportional to the reference voltage
by a constant and predefined factor, feedback circuit 125 may turn off transistor 127 through
control signal V.;. Owing to the fact that ultrasonic transducer 101 is capacitive, the ultrasonic
transducer may hold a voltage across its terminals that is equal or proportional to the reference
voltage.

[0032] Similarly, transistor 129 may be set to a conductive state through control signal V., when
a new reference voltage, less than the previously selected reference voltage, is selected. In this
case, transistor 129 may drive an electric current between supply voltage Vi, and ultrasonic
transducer 101, and the voltage across the terminals of the ultrasonic transducer may be
decreased until the currently selected reference voltage is reached. In some embodiments, Vi is
less than V. Vi, may be a positive voltage, a negative voltage, or zero. Feedback circuit 125
may compare the voltage across the terminals of the ultrasonic transducer to the currently
selected reference voltage. When the voltage across the terminals of the transducer is equal to
the reference voltage, or alternatively, is equal to a voltage proportional to the reference voltage

by a constant and predefined factor, feedback circuit 125 may turn off transistor 129 through
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control signal V. Owing to the fact that ultrasonic transducer 101 is capacitive, the transducer
may hold a voltage across its terminals that is equal or proportional to the reference voltage.
[0033] Aspects of the present application provide decoding circuits suitable for use in an
ultrasound device having a plurality of multi-level pulsers. An example relates to decoding
circuits 105;...105y of FIG. 1A. In some embodiments, decoding circuits 105;...105y may be
part of a single circuitry element, while in other embodiments, they may comprise separate
circuits. In some embodiments, each decoding circuit may correspond to a respective ultrasonic
transducer. However, in other embodiments, more than one ultrasonic transducer may share one
decoding circuit. In some embodiments, decoding circuits 105;...105x may be configured to
modulate the packets, as described further below, generated by a waveform generator and to
provide the modulated packets to respective pulsing circuits 103;...103n. In some embodiments,
decoding circuits 105;...105x may provide pulses to respective pulsing circuits 103;...103x
such that spatial apodization is obtained.

[0034] As will be described further below, ultrasound device 100 may further comprise one or
more waveform generators (not shown in FIG. 1A) configured to provide serialized packets to
decoding circuits 105;...105x. In some embodiments, the waveform generator(s) may be
configured to form packets by aggregating master segments selectable from a library of
selectable master segments.

[0035] Referring back to FIG. 1A, the receive circuitry of the circuitry channels 102;...102x
may receive the electrical signals from respective ultrasonic transducers 101;...101y1n response
to receiving an ultrasound acoustic wave. In the illustrated example, each circuitry channel
102;...102y5 comprises a respective receive switch 107;...107y and a receiving circuit
109;...109N. The receive switches 107,...1075 may be controlled to activate/deactivate readout
of an electrical signal from a given ultrasonic transducer 101;...101y. In some embodiments, the
receiving circuits 109;...109x may comprise trans-impedance amplifiers (TIAs).

[0036] Ultrasound device 100 may further comprise ADC 111. ADC 111 may be configured to
digitize the signals received by ultrasonic transducers 101;...101x. The digitization of the
various received signals may be performed in series or in parallel.

[0037] While FIG. 1A illustrates a number of components as part of a circuit of an ultrasound
device, it should be appreciated that the various aspects described herein are not limited to the

exact components or configuration of components illustrated.
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[0038] The ultrasonic transducers 101;...101y are sensors, in some embodiments, producing
electrical signals representing received ultrasound acoustic waves. The ultrasonic transducers
may also transmit ultrasound acoustic waves in some embodiments. The ultrasonic transducers
may be capacitive micromachined ultrasonic transducers (CMUTSs) in some embodiments.
However, other types of capacitive ultrasonic transducers may be used in other embodiments.
[0039] The components of FIG. 1A may be located on a single substrate or on different
substrates. For example, the ultrasonic transducers 101;...101x may be on a first substrate and
the remaining illustrated components may be on a second substrate. The first and/or second
substrates may be semiconductor substrates, such as silicon substrates. In an alternative
embodiment, the components of FIG. 1A may be on a single substrate. For example, the
ultrasonic transducers 101;...101x and the illustrated circuitry may be monolithically integrated
on the same semiconductor die.

[0040] According to an embodiment, the components of FIG. 1A form part of an ultrasound
probe. The ultrasound probe may be handheld. In some embodiments, the components of FIG.
1A form part of an ultrasound patch configured to be worn by a patient.

[0041] As discussed above, the ultrasound device may comprise one or more waveform
generators configured to generate a plurality of packets based on a set of selectable templates.
The packets may be decoded by decoding circuits 105;...105x and may be used to form multi-
level pulses through pulsing circuits 103;...103n. FIG. 1C illustrates schematically a block
diagram of an ultrasound device 110 comprising a waveform generator 151, according to some
non-limiting embodiments. Ultrasound device 100 may further comprise memory 153,
transmitter array 150, transducer array 152, receiver array 154, signal conditioning/processing
circuit 170, timing and control circuit 160, power management circuit 180, or any suitable
combination thereof.

[0042] In some embodiments, ultrasound device 110 may comprise some or all of the
components of ultrasound device 100. Transmitter array 150 of ultrasound device 110 may
comprise pulsing circuits 103;...103yand decoding circuits 105;...105y of ultrasound device
100 in some embodiments. Transducer array 152 may comprise ultrasonic transducers
101;...101y in some embodiments. The ultrasonic transducers may be organized in one-
dimensional or two-dimensional arrays. Receiver array 154 may comprise receive switches

107;...107y and a receiving circuits 109;...109y in some embodiments. Signal
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conditioning/processing unit 170 may comprise ADC 111. In some embodiments, signal
conditioning/processing unit 170 may further comprise digital circuitry configured to form
images based on the ultrasound acoustic waves received by transducer array 152.

[0043] According to aspects of the present application, waveform generator 151 may be
configured to generate control signals to drive pulsing circuits 103;...103y of transmitter array
150. The control signals may be organized in packets, such that each packet may comprise
information corresponding to a selected reference voltage. In some embodiments, the packets
may be directed to respective feedback circuits 125 of pulsing circuits 103;...103n. The content
of the packets will be described in connection with FIG. 3A.

[0044] In some embodiments, waveform generator 151 may be connected to memory 153. As
will be described further below, memory 153 may store a plurality of master segments.
Waveform generator 151 may access memory 153 to obtain one or more master segments.
Waveform generator 151 may combine various master segments to form a desired succession of
packets.

[0045] In some embodiments, memory 153 may comprise random access memory (RAM) units,
read-only memory (ROM) units, flash memory units, or any suitable type of memory that can
store waveform segments. In some embodiments, waveform generator 151 may comprise one or
more logic circuits. The logic circuit(s) may comprise processors, field-programmable gate
arrays (FPGAs), application-specific integrated circuits (ASICs), microcontrollers, or any
suitable combination thereof. Waveform generator 151 may be configured to access data stored
in memory 153 and to execute computer instruction(s) to process the data obtained from the
memory.

[0046] The ultrasound device 100 may further comprise an output port 114 which may be a
physical interface between ultrasound device 100 and an external device. For example, output
port 114 may connect to external devices capable of receiving and processing large amounts of
ultrasound data, such as a specialized FPGA, a GPU, or other suitable device. While only a
single output port 114 is illustrated, it should be appreciated that multiple output ports may be
provided. Ultrasound device 100 may also include a clock input port 116 to receive and provide
a clock signal CLK to the timing and control circuit 160.

[0047] Power management circuit 180 may receive ground (GND) and voltage reference (Vi)

signals. Optionally, a high-intensity focused ultrasound (HIFU) controller 190 may be included
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if ultrasound device 100 is to be used to provide HIFU . In the embodiment shown, all of the
illustrated elements may be formed on a single semiconductor die (or substrate or chip) 112,
though not all embodiments are limited in this respect.

[0048] Transducer array 152 may be arranged in rows and columns in some embodiments. FIG.
2A shows an illustrative arrangement of a transducer array, according to a non-limiting
embodiments of the present application. As illustrated, transducer array 152 of an ultrasound
device 100 may have multiple modules 204. As shown, a module 204 may comprise multiple
elements 206. An element 206 may comprise multiple cells 208. A cell 208 may comprise an
ultrasonic transducer of the type described in connection with FIG. 1A.

[0049] In the illustrated embodiment, transducer array 152 comprises 144 modules arranged as
an array having 72 rows and 2 columns. However, it should be appreciated that a transducer
array may comprise any suitable number of modules (e.g., at least one module, at least two
modules, at least ten modules, at least 100 modules, at least 1000 modules, at Ieast 5000
modules, at least 10,000 modules, at least 25,000 modules, at Ieast 50,000 modules, at least
100,000 modules, at least 250,000 modules, at least 500,000 modules, between two and a
million modules, or any number of range of numbers within such ranges) that may be arranged
as a one-dimensional or two-dimensional array of modules having any suitable number of rows
and columns or in any other suitable way.

[0050] In the illustrated embodiment, each module comprises 64 ultrasound elements arranged
as an array having two rows and 32 columns. However, it should be appreciated that a module
may comprise any suitable number of ultrasound elements (e.g., one element, at least two
ultrasound elements, at least four ultrasound elements, at least eight ultrasound elements, at least
16 ultrasound elements, at least 32 ultrasound elements, at least 64 ultrasound elements, at least
128 ultrasound elements, at least 256 ultrasound elements, at least 512 ultrasound elements,
between two and 1024 ultrasound elements, at least 2500 ultrasound elements, at least 5,000
ultrasound elements, at least 10,000 ultrasound elements, at least 20,000 ultrasound elements,
between 1000 and 20,000 ultrasound elements, or any number of range of numbers within such
ranges) that may be arranged as a one-dimensional or two-dimensional array of ultrasound
elements having any suitable number of rows and columns or in any other suitable way.

[0051] In the illustrated embodiment, each ultrasound element comprises 16 cells 208 arranged

as a two-dimensional array having four rows and four columns, a cell representing an ultrasonic



WO 2017/173224 PCT/US2017/025297

~11-

transducer and those two terms being used synonymously herein. However, it should be
appreciated that an element may comprise any suitable number of cells (e.g., one, at least two, at
least four, at least 16, at least 25, at least 36, at least 49, at least 64, at Ieast 81, at least 100,
between one and 200, or any number or range of numbers within such ranges) that may be
arranged as a one-dimensional or two dimensional array having any suitable number of rows and
columns (square or rectangular) or in any other suitable way. In some embodiments, each cell
208 may comprise an ultrasonic transducer of the type described in connection with FIG. 1A.
[0052] In some embodiments, transmitter array 150 may be arranged in a configuration that
matches the modules, ultrasound elements and cells illustrated in FIG. 2A, such that to each
ultrasonic transducer correspond one pulsing circuit. However, other configurations are also
possible. For example, a single pulsing circuit may be configured to drive a plurality of
ultrasonic transducers, such as all the ultrasonic transducers of a cell 208.

[0053] According to one aspect of the present application, the circuitry used to generate multi-
level pulses may be reduced, in some instances significantly, by performing the generation of
the pulses via software. For example, a computer code may be programmed by a user to provide
a desired pulse profile. The profile of the pulse may be engineered based on the nature of the
target being probed and/or the environment in which the probing takes place. The computer code
may comprise a set of instructions configured to interact with waveform generator 151. In
response to the execution of the instructions, waveform generator 151 may generate a plurality
of packets of the type described above.

[0054] In some embodiments, waveform generator 151 may be configured to generate packets
in a serialized fashion. Accordingly, each packet may be transmitted following the transmission
of a preceding packet. However the application is not limited in this respect and packets may be
transmitted using any suitable degree of parallelization. FIG. 2B illustrates schematically a block
diagram of a waveform generator, according to a non-limiting embodiments of the present
application. Waveform generator 151 may comprise one or more packet generators (e.g., packet
generators 260; and 260,), one or more encoding circuits (e.g., encoding circuits 262, and 262,),
controller 265 and delay mesh circuit 269.

[0055] Memory 153 may comprise a plurality of records, such that a record, and in some
embodiments each record, contains one master segment. In some embodiments, the master

segments collectively represent all the possible states that the pulsing circuits can assume. For
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example, the master segments may comprise a field for the selectable reference voltages. In
some embodiments, the master segments may comprise a field for control signals V. and V.,
for respective feedback circuits 125 of pulsing circuits 103;...103x. In some embodiments,
memory 153 may be partitioned, and may comprise at least one section for each packet
generator. In such embodiments, packet generator 260; may use data stored in a section of
memory 153 and packet generator 260, may use data stored in another section of memory 153.
In some embodiments, such portions may overlap. In other embodiments, such portions may
comprise the same portion.

[0056] In response to the execution of a set of computer instructions, controller 265 may control
a packet generator to access memory 153 and to select a number of master segments, as
requested by the user. The packet generator may form a succession of packets based on the
selected master segment. Each packet may correspond to a selected master segment. In some
embodiments, specific packets that do not have any corresponding master segment may be
included in the packet stream by the packet generators. For example, the first packet of a
succession of packets, or start_packet, may be generated by the packet generator before any
other packet corresponding to a master segment. Additionally, or alternatively, the last packet of
a succession of packets, or end_packet, may be generated by the packet generator after all other
packets.

[0057] As illustrated in FIG. 2B, waveform generator 151 may comprise two packet generators,
such that each packet generator provides packets to a column comprising a plurality of
ultrasound elements (such as ultrasound element 206). However the application is not limited in
this respect and any other suitable number of packet generators may be used such that each
packet generator may provide packets to any suitable number of elements.

[0058] The packets generated by packet generators 260, and 260, may be provided to respective
encoding circuits 262 and 262,. In response, the encoding circuit may encode the packets
provided. In some embodiments, encoding circuit may be configured to perform serialization of
the packets. The encoding circuit may reduce the amount of data used to provide packets
generated by the packet generator to the pulsing circuits, and thus may provide a valuable
reduction in the amount of memory used to store and communicate the desired packets.

[0059] In some embodiments, the encoding circuit may be configured to implement an N-to-M

bit encoder (where each of N and M is a positive integer and where N is greater than M) so that
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when the encoding circuit encodes an input signal consisting of B bits the resultant encoded
signal includes approximately B*M/N bits (where B is a positive integer). As a specific non-
limiting example, the encoding circuit may be configured to implement a 2-to-1 bit encoder so
that when the encoding circuitry encodes an input signal of B bits, the resultant encoded signal
has approximately B/2 bits. As another specific non-limiting example, the encoding circuitry
may be configured to implement a 3-to-2 bit encoder so that when the encoding circuitry
encodes an input signal of B bits, the resultant encoded signal has approximately 2B/3 bits. As
yet another specific non-limiting example, the encoding circuitry may be configured to
implement a 3-to-1 bit encoder so that when the encoding circuitry encodes an input signal of B
bits, the resultant signal has approximately B/3 bits. More details of a non-limiting suitable
encoding circuit may be found in U.S. Patent No. 9,229,097, which is incorporated herein by
reference in its entirety.

[0060] The encoded packets generated by encoding circuits 262, and 262, may be provided to
delay mesh circuit 269 in some embodiments. Delay mesh circuit 269 may include a delay mesh
for producing multiple versions of the packets, the delay mesh having an input configured to
receive the packets generated by the waveform generator and a plurality of (parallel) outputs
configured to provide the multiple versions of the packets to the plurality of pulsing circuits. The
delay mesh may be controlled to produce different versions of the packets generated by the
waveform generator in response to different controls applied to the delay mesh. In this way, the
ultrasound device can be controlled to generate different types of ultrasound waveforms.

[0061] In some embodiments, delay mesh circuit 269 may comprise a plurality of delay mesh
units each of which may delay packets to obtain one or more time-delayed versions of the
packets and provide them as output signals to one or more pulsing circuits. Output signals
provided to one or more other delay mesh units may be further time-delayed by those delay
mesh units and be transmitted and/or further processed by still other delay mesh units. In this
way, a packet input to the delay mesh circuit may propagate through a plurality of delay mesh
units, with one or more of the delay mesh units time-delaying the packet providing the resulting
time-delayed version(s) to one or more ultrasound elements for transmission. As such, delay
mesh circuitry may generate multiple time-delayed versions of the packet and provide these
versions the pulsing circuits. A delay mesh unit may comprise a buffer for storing and/or

performing operations on a packet. In some embodiments, delay mesh circuit 269 may comprise
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many delay mesh units and, as such, reducing the size of the buffer of each delay mesh unit may
reduce both space and power requirements of implementing delay mesh circuitry on a single
substrate ultrasound device. More details of a non-limiting suitable delay mesh circuit may be
found in U.S. Patent No. 9,229,097, which is incorporated herein by reference in its entirety.
[0062] In some embodiments, delay mesh circuit 269 may have a plurality of outputs
270;...270x. In some embodiments, the number of output is equal to the number of pulsing
circuits of transmitter array 150. The various outputs 270;...270x may be different time-delayed
versions of the packets provided by the encoding circuits in some embodiments. In other
embodiments, the various outputs 270;...270x may all have equal delays. In some
embodiments, delay mesh circuit 269 may be configured to provide temporal apodization.
[0063] According to aspects of the present application, transmitter array 150 may comprise a
plurality of decoding circuits. In some embodiments, the encoding circuits may decode the
packets obtained through outputs 270;...270x. FIG. 2C illustrates schematically a block diagram
of an ultrasound device comprising a plurality of decoding circuits, according to a non-limiting
embodiments of the present application. Each decoding circuit 105;...105y may receive one or
more packets from respective outputs 270;...270n. Controller 266 may be configured to control
the decoding circuits 105;...105x. While the decoding circuits are shown as separate elements,
they may be part of a single decoder circuit block in some embodiments. Each decoding circuit
may be connected to a respective pulsing circuit 103;...103x. Each pulsing circuit may be
connected to a ultrasonic transducer 101;...101n.

[0064] In some embodiments, controller 266 may operate in response to the execution of a set of
computer instructions. In some embodiments, decoding the serialized packet may comprise
performing a serial-to-parallel conversion. Accordingly, the decoding circuits may receive the
packet one bit at a time, and may form one or more words of bits. For example, one word may
comprise the bits used to define a reference voltage. In some embodiments, the word
corresponding to the reference voltage may be transmitted in parallel by the encoding circuits to
respective pulsing circuits. “Parallel transmission” will be referred to herein such that each bit
forming a word is transmitted on a respective conductive wire.

[0065] In some embodiments, controller 266 may be configured to modulate the packets
received. “Modulation” of a packet as used herein refers to the multiplication, or division, of the

value of the packet corresponding to the selected reference voltage by a desired factor. The
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effect of modulating a packet is the generation of a scaled version of the reference voltage
transmitted within the packet. In some embodiments, the various packets received by the
decoding circuits may be modulated with different factors. For example, the packets may be
modulated according to a desired modulation profile, such that each decoding circuit may
provide a desired factor.

[0066] Packets may be modulated to provide spatial apodization across the array of ultrasonic
transducers. In some embodiments, the reference voltage contained in a packet may be
modulated by dividing, or multiplying it by a factor that is between 0.001 and 1 in some
embodiments, between 0.001 and 0.999 in some embodiments, between 0.01 and 0.99 in some
embodiments, between 0.1 and 0.9 in some embodiments, between 0.25 and 0.75 in some
embodiments, between 0.4 and 0.7 in some embodiments, or between any other suitable values
or range of values. Other values are also possible. In some embodiments the modulation may be
performed in the digital domain. In some embodiments, the modulation factors may be
represented by two bits, thus providing four combinations. By way of example and not
limitation, the modulation factors may be equal to 0, 0.4, 0.7 and 1. Other values are also
possible. As the decoding circuits receive packets, the corresponding reference voltages may be
multiplied by one of the four modulation factors described herein. By way of example and not
limitation, the decoding circuits may be configured to perform spatial apodization, such that the
emitted ultrasound acoustic wave has a main lobe in the middle of the array and the intensity
decays toward the edges of the array.

[0067] In some embodiments, the decoding circuits may be configured to implement an M-to-N
bit decoder (where each of N and M is a positive integer and where N is greater than M) so that
when the decoding circuits decode an input signal of B bits the resultant decoded signal has
approximately B*N/M bits (where B is a positive integer). As a specific non-limiting example, a
decoding circuit may be configured to implement a 1-to-2 bit decoder so that when the decoding
circuitry decodes an input signal of B bits, the resultant decoded signal has approximately 2B
bits. The decoding function may be the inverse of the encoding function provided by encoding
circuits 262; and 262,.

[0068] FIG. 3A illustrates a data path diagram showing a succession of packets, according to a
non-limiting embodiment of the present application. FIG. 3A illustrates memory 153 comprising

a plurality of records, such that each record contains a master segment 353;...353y. As
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described above, master segments 353;...353 collectively represent a base for the generation of
desired pulse profiles. Stage 310 of the data path represents the generation of an non-limiting
exemplary succession of packets 311y, 311,...311¢ where k may assume any integer value
greater than two. Each packet may correspond to one of the master segments. The succession of
packets may begin with a start_packet and/or may end with an end_packet.

[0069] Packet 311, is shown in additional detail. In some embodiments, packet 311; may
comprise a field 3124 containing one or more bits to determine the conductive state of
transistors 127 and 129. Field 3124 may be directed to a feedback circuit 125 of a respective
pulsing circuit. Based on field 3124, the feedback circuit may control signals V¢ and V.
[0070] In some embodiments, packet 311; may comprise a field 312y containing one or more
bits representing a reference voltage. The number of bits needed to represent the reference
voltage may depend on the number of selectable reference voltages. As an example, if n is the
number of selectable voltages, field 3125 may contain a number of bits that is greater than, less
than, or equal to log,n. In some embodiments, the number of bits used to represent field 3123
may be reconfigured during run-time. For example, the multi-level pulser may be reconfigured,
during run-time, to operate as a 2-level pulser. In such circumstance, the number of bits
representing the reference voltage may be reduced. Field 3125 may be directed to a feedback
circuit 125 of a respective pulsing circuit. In some embodiments, packet 311; may comprise a
field 312¢ containing one or more control bits. The control bits may be directed to delay mesh
circuit 269 to determine the delays across output 270;...270x and/or to controller 266 to control
the spatial apodization profile.

[0071] The succession of packets may be used by a pulsing circuit to generate a pulse 320, as
illustrated in FIG. 3A. Pulse 320 may comprise pulse segments 321, 321,...321y, such that each
pulse segment is generated in response to a respective packet 311y, 311,...311y. The duration of
each pulse segment may be controlled by a counter configured to count clock cycles until a
predetermined segment duration is reached. The pulse may be asynchronous in some
embodiments, such that pulse segments may have different durations. As illustrated, the master
segments and the packets may be defined in the digital domain while the pulse segments may be
defined in the analog domain.

[0072] FIG. 3B illustrates a time diagram showing an exemplary multi-level pulse 301 formed

through a succession of packets, according to a non-limiting embodiment of the present
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application. In the example shown, a reference voltage may be selected from among seven
selectable reference voltages RV;...RV7. At times ty, t; t3, t4 ts, tg, t7, tg to and t;o a new reference
voltage is selected. For example, RV is selected at t;, RVs is selected at t, RV is selected at ts,
etc. An “event” is defined herein as the time at which a new reference voltage is selected, such
as time ty, tp, t3, etc. While in the non-limiting example of FIG. 3B a set of seven selectable
reference voltages are provided, any suitable number of reference voltages may be employed. In
some embodiments, the pulse may be bipolar and each selectable reference voltage can be
positive and/or negative.

[0073] In some embodiments, the packet may comprise field PMOS/NMOS, serving as field
312A. The pMOS transistor may be activated (ON state) to increase the voltage in response to
the selection of a reference voltage that is greater than the reference voltage previously selected.
The nMOS transistor may be activated (ON state) to decrease the voltage in response to the
selection of a reference voltage that is less than the reference voltage previously selected. During
a segment, and in some embodiments during each segment, at least one transistor is deactivated
(OFF state). In some embodiments, the packet may comprise field REF_V, serving as field 312p
to select a reference voltage, from the set of selectable reference voltage. In the non-limiting
example of FIG. 3B, which exhibits a set of seven selectable reference voltages, REF_V may
comprise three or more bits to produce eight or more combinations. In some embodiments, a
clock counter may count clock cycles until a duration associated with a packet is reached. In the
embodiment shown in FIG. 3B, the packets exhibit respective durations Dj, D2, D3, D4, Ds, D,
D7, Dg, Dg and Dy defined by the field duration.

[0074] FIG. 4 illustrates the steps of a method of controlling a plurality of pulsers coupled to a
plurality of ultrasonic transducers, according to a non-limiting embodiment of the present
application. Method 400 may begin at act 402, in which waveform generator 151 may access
memory 153, and may obtain a master segment. This operation may be triggered by the
execution of a computer code in some embodiments. The master segment may comprise values
intended to define the characteristics of a corresponding pulse segment. For example, the master
segment may comprise a value representing a reference voltage of a plurality of selectable
reference voltages. In response, the corresponding pulse segment may have a voltage locked to
the reference voltage. In some embodiments, the master segment may comprise a value

representing the conductive state of a first transistor, such as transistor 127 and/or the conductive



WO 2017/173224 PCT/US2017/025297

~18 -

state of a second transistor, such as transistor 129. Based on such value, transistors 127 and 129
may be set to a conductive or a non-conductive state throughout the duration of the pulse
segment corresponding to the master segment.

[0075] At act 404, waveform generator 151 may form a packet based on the master segment
obtained from memory 153 at act 402. In some embodiments, the packet formed may comprise
the one or more values defined in the master segment. In some embodiments, the packet may
comprise values that may be used to control the data path of the packet. In some embodiments,
the packet may comprise a value representing the duration of the pulse segment corresponding to
the packet. In other embodiments, the duration of a pulse segment may be defined through a
counter configured to count clock cycles until the desired number of clock cycles is reached.
[0076] At act 406, the packet may be transmitted to decoding circuitry. The decoding circuitry
may comprise decoding circuits 105;...105y in some embodiments. The packet may be
transmitted serially. For example, the packet may be transmitted one bit at a time. In some
embodiments, waveform generator 151 may comprise one or more packet generators, such as
packet generators 260; and 260,, each of which may transmit a packet serially.

[0077] In some embodiments, waveform generator 151 may obtain a plurality of master
segments from memory 153, and may form a plurality of packets. In some embodiments, for
each master segment obtained one packet is formed. In some embodiments, each packet may be
used to define a pulse segment. Pulse segments may be concatenated to form a desired
waveform. Each pulse segment of the waveform may be locked to a voltage defined by the
reference voltage contained in the respective packet.

[0078] In some embodiments, the packet may be transmitted through delay mesh circuit 269. In
some embodiments, delay mesh circuit 269 may receive one or more packets from the packet
generators, and may generate a plurality of copies of the packets. For example, delay mesh
circuit 269 may generate, for each pulser, one copy of the packet. In some embodiments, delay
mesh circuit 269 may transmit the copies with one or more time delays. For example, the copies
may be time delayed based on a desired distribution.

[0079] At act 408, the decoding circuitry, comprising decoding circuits 1051...105xy may
receive the serialized packets and decode them. Decoding the serialized packet may comprise
performing a serial-to-parallel conversion in some embodiments. Accordingly, the decoding

circuits may receive the packet one bit at a time, and may form one or more words of bits. For
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example, one word may comprise a field, such as field 312p, containing bits defining a reference
voltage. In some embodiments, the word corresponding to the reference voltage may be
transmitted in parallel by the encoding circuits to respective pulsing circuits.

[0080] In some embodiments, decoding the serialized packet may comprise modulating the
packet. The packet may be modulated by multiplying, or dividing, the value of the packet
corresponding to the reference voltage by a desired factor. In some embodiments, the various
packets received by the decoding circuits may be modulated with different factors. For example,
the packets may be modulated according to a desired modulation profile, such that each
decoding circuit may provide a desired factor. In some embodiments, modulation of the packets
may be performed to obtain a spatially apodized pulse across the array of ultrasonic transducers.
[0081] At act 410, pulsing circuits 103;...103x may be controlled by respective decoding
circuits 105;...105n. As described above, control of the pulsing circuits may be obtain by
providing fields 3124, 3125 and 312 to the pulsing circuits. In response to obtaining the fields,
the pulsing circuits may generate a pulse segment. The fields may be received through words
transmitted in parallel in some embodiments. In some embodiments, the pulse segment may
have a voltage that is locked to the reference voltage received. The reference voltage may, or
may not, be scaled by a modulation factor.

[0082] At act 412, the pulse segment may be transmitted to an ultrasonic transducer. In
response, the ultrasonic transducer may generate an acoustic ultrasound waveform segment. In
some embodiments, the acoustic ultrasound waveform segment may have an intensity that is
proportional to the locked voltage. In some embodiments, packets may be concatenated to form
a waveform having a plurality of pulse segment. Correspondingly, an acoustic ultrasound
waveform having a plurality of acoustic ultrasound waveform segments may be formed.

[0083] The aspects of the present application may provide one or more benefits, some of which
have been previously described. Now described are some non-limiting examples of such
benefits. It should be appreciated that not all aspects and embodiments necessarily provide all
of the benefits now described. Further, it should be appreciated that aspects of the present
application may provide additional benefits to those now described.

[0084] Aspects of the present application provide pulsing circuits configured to generate multi-

level pulses that may that may improve the quality of ultrasound images by providing spatial
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and/or temporal apodization. Apodization may reduce the extent of the side-lobes associated
with transmitted pulses, thus increasing the resolution of the image produced.

[0085] Aspects of the present application provide software-defined waveform generators.
Waveform generators of the type described herein may be configured to control the pulsing
circuits in response to the execution of a computer code. The use of waveform generators of the
type described herein may significantly lessen the hardware required to generate ultrasound
pulses, and thus may decrease the power consumption and/or the real estate required.

[0086] Having thus described several aspects and embodiments of the technology of this
application, it is to be appreciated that various alterations, modifications, and improvements will
readily occur to those of ordinary skill in the art. Such alterations, modifications, and
improvements are intended to be within the spirit and scope of the technology described in the
application. It is, therefore, to be understood that the foregoing embodiments are presented by
way of example only and that, within the scope of the appended claims and equivalents thereto,
inventive embodiments may be practiced otherwise than as specifically described. In addition,
any combination of two or more features, systems, articles, materials, and/or methods described
herein, if such features, systems, articles, materials, and/or methods are not mutually
inconsistent, is included within the scope of the present disclosure.

[0087] Also, as described, some aspects may be embodied as one or more methods. The acts
performed as part of the method may be ordered in any suitable way. Accordingly,
embodiments may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts simultaneously, even though shown as
sequential acts in illustrative embodiments.

[0088] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

[0089] The indefinite articles “a” and “an,” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0090] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both™ of the elements so conjoined, i.e., elements that are

conjunctively present in some cases and disjunctively present in other cases.
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[0091] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or unrelated
to those elements specifically identified.

[0092] The terms “approximately’” and “about” may be used to mean within +20% of a target
value in some embodiments, within £10% of a target value in some embodiments, within +5%
of a target value in some embodiments, and yet within +2% of a target value in some
embodiments. The terms “approximately” and “about” may include the target value.

[0093] In the claims, as well as in the specification above, all transitional phrases such as

99 <l

containing,” “involving,” “holding,”

9 el b INTS EEINT3

“comprising,” “including,” “carrying,” “having,
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. The transitional phrases “consisting of”” and “consisting essentially of” shall be

closed or semi-closed transitional phrases, respectively.
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CLAIMS

1. A method, comprising:
generating a multi-level acoustic waveform with an ultrasound device by providing a
series of data packets sequentially to a pulsing circuit coupled to an ultrasonic transducer of the

ultrasound device.

2. The method of claim 1, wherein a first data packet of the series of data packets

includes data identifying a duration and a reference voltage.

3. The method of claim 1, further comprising generating the series of data packets,
encoding the series of data packets, and decoding the series of data packets prior to providing

the series of data packets sequentially to the pulsing circuit.

4. The method of claim 1, wherein the pulsing circuit includes a pull-up transistor
and a pull-down transistor, and wherein a first data packet of the series of data packets includes

data identifying conductive states of the pull-up transistor and the pull-down transistor.

5. A method of controlling a plurality of pulsers coupled to a plurality of ultrasonic
transducers, the method comprising:

transmitting a first packet to at least one pulser of the plurality of pulsers, the first packet
comprising a first value representing a first reference voltage selected from a plurality of
selectable reference voltages;

providing a first control signal to represent a first duration of a first pulse segment;

in response to transmitting the first packet to the at least one pulser of the plurality of
pulsers, setting the at least one pulser of the plurality of pulsers to a first state corresponding to
the first reference voltage throughout the first duration of the first pulse segment;

transmitting a second packet to the at least one pulser of the plurality of pulsers, the
second packet comprising a second value representing a second reference voltage selected from

the plurality of selectable reference voltages;
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providing a second control signal to represent a second duration of a second pulse
segment;

in response to transmitting the second packet to the at least one pulser of the plurality of
pulsers, setting the pulser of the plurality of pulsers to a second state corresponding to the
second reference voltage throughout the second duration of the second pulse segment;

wherein the plurality of selectable reference voltages comprises at least three reference

voltages.

6. The method of claim 5, further comprising generating an acoustic ultrasound
waveform segment using at least one ultrasonic transducer of the plurality of ultrasonic
transducers, in response to setting the at least one pulser of the plurality of pulsers to the first
state, wherein the acoustic ultrasound waveform segment has a magnitude that is determined by

the first reference voltage.

7. The method of claim 5, wherein the at least one pulser of the plurality of pulsers
comprises a first transistor and a second transistor, and wherein the first packet comprises a
value representing a first conductive state associated with the first transistor and a second
conductive state associated with the second transistor; and

causing the first transistor to assume the first conductive state and the second transistor

to assume the second conductive state based on the value.

8. The method of claim 5, further comprising modulating the first packet across the

plurality of pulsers to obtain spatial apodization.

9. The method of claim 5, wherein the first packet and the second packet are

transmitted serially.

10. The method of claim 5, wherein the at least one pulser of the plurality of pulsers
is configured to provide a bipolar waveform to at least one ultrasonic transducer of the plurality

of ultrasonic transducers.
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11. The method of claim 5, further comprising generating a plurality of time-delayed
versions of the first packet; and
providing the plurality of time-delayed versions of the first packet to the plurality of

pulsers.

12. A method of controlling a plurality of pulsers coupled to a plurality of ultrasonic
transducers, the method comprising:

selecting two or more waveform segments from among a plurality of waveform
segments;

concatenating the selected two or more waveform segments to form an input waveform;

providing the input waveform to a pulser of the plurality of pulsers coupled to the

plurality of ultrasonic transducers.

13. The method of claim 12, further comprising

generating a pulse with the pulser from the input waveform;

providing the pulse to an ultrasonic transducer of the plurality of ultrasonic transducers ;
and

generating an acoustic ultrasonic waveform with the ultrasonic transducer of the plurality

of ultrasonic transducers based on the pulse.

14. The method of claims 12, wherein the pulser of the plurality of pulsers is
configured to provide a multi-level pulse to at least one ultrasonic transducer of the plurality of

ultrasonic transducers.

15. The method of claim 12, wherein the pulser of the plurality of pulsers is
configured to provide a bipolar pulse to at least one ultrasonic transducer of the plurality of

ultrasonic transducers.

16. The method of claim 12, further comprising selecting a voltage reference from

among a plurality of voltage references; and
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selecting the two or more waveform segments from among the plurality of waveform

segments based on the selected voltage reference.

17. The method of claim 12, wherein the plurality of ultrasonic transducers comprise

at least one capacitive ultrasonic transducer.

18. The method of claim 12, wherein the input waveform is a first input waveform of
the plurality of input waveforms and the pulser is a first pulser of the plurality of pulsers, and
further comprising providing a second input waveform to a second pulser of the plurality of
pulsers, wherein the first input waveform and the second input waveforms have different

amplitudes.

19. The method of claim 12, further comprising:
generating a plurality of time-delayed versions of the input waveform;
providing the plurality of time-delayed versions of the input waveform to the plurality of

pulsers.

20. The method of claim 12, wherein providing the input waveform to the pulser of
the plurality of pulsers coupled to the plurality of ultrasonic transducers comprises transmitting

the input waveform at least in part serially.
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