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Ultrasound signal processing circuitry and related apparatus and methods are described. Signal samples received from an
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(57) Abstract: Ultrasound signal processing
circuitry and related apparatus and methods
are described. Signal samples received from
an ultrasound transducer array i an ultra-
sound transducer based imaging system may
be processed, or conditioned, by application
of one or more weighting functions. In some
embodiments, one or more weighting func-
tions may be applied to the signal samples in
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the time domain. In other embodiments, the
signal samples may be converted to the fre-
quency domain and one or more weighting
functions may be applied in the frequency
domain. In further embodiments, one or
more welghting functions may be applied in
the time domain and one or more weighting
functions may be applied in the frequency
domain. The weighting functions may be
channel dependent and/or channel independ -
ent. The processed data can be provided to
an 1mage formation processor.
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ULTRASOUND SIGNAL PROCESSING CIRCUITRY AND RELATED APPARATUS
AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C. §119(e) of U.S. Provisional
Patent Application Serial No. 62/060,822, filed October 7, 2014 under Attorney Docket No.
B1348.70014US00 and entitled “ULTRASOUND SIGNAL PROCESSING CIRCUITRY AND
RELATED APPARATUS AND METHODS,” which 1s hereby incorporated herein by reference

in its entirety.
FIELD

[0002] Aspects of the present disclosure relate to circuitry, devices, systems and methods
for imaging and/or treatment, such as ultrasonic imaging and/or treatment technology. More
particularly, aspects of the present disclosure relate to circuitry and methods for processing

signals received from an ultrasound transducer array.

BACKGROUND
[0003] Ultrasound transducer arrays used for medical applications typically produce a
large amount of data, as needed to produce ultrasound images for medical applications. The

higher the quality and complexity of the desired images, the more data 1s typically needed.

[0004] The problem of transporting multiple channels of analog signals from an
ultrasound transducer array to the control and processing electronics of an ultrasound system has
limited the utility of the larger and denser arrays of transducers needed to improve the resolution

of ultrasound 1maging and to enable high quality 3D volumetric imaging.

SUMMARY

[0003] The present disclosure describes aspects of processing signals received from an
ultrasound transducer array in an ultrasound transducer based imaging system, including the
digital and analog circuitry used to process the signals. In some embodiments, signal samples
are processed, or conditioned, by application of one or more weighting functions. In some
embodiments, one or more weighting functions may be applied to the signal samples 1n the time
domain. In other embodiments, the signal samples may be converted to the frequency domain
and one or more weighting functions may be applied in the frequency domain. In further
embodiments, one or more weighting functions may be applied in the time domain and one or

more weighting functions may be applied in the frequency domain. The weighting functions
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may be channel dependent and/or channel independent. The processed data can be provided to
an 1mage formation processor. The processing of signals prior to 1mage formation processing

may be termed ““preprocessing’’ of the signals received from the ultrasound transducer array.

[0006] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises signal conditioning of the received

signals after conversion of the received signals from an analog domain to a digital domain.

[0007] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises converting the received signals to a
digital domain to provide signal samples and performing quadrature demodulation of the signal
samples followed by Fast Fourier Transtorm of the demodulated signal samples and signal

conditioning in a frequency domain.

[0008] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises summing elevation channels of the
ultrasound transducer array in a frequency domain following Fast Fourier Transtorm of the

received signals.

[0009] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises processing the received signals to
provide signals for Fourier Resample image formation processing and/or Back Projection image

formation processing.

[0010] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises processing the received signals with a
first number of channels to provide partially processed signal samples, storing the partially
processed signal samples 1n a memory, and completing processing of the partially processed

signal samples with a second number of channels less than the first number of channels.

[0011] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises converting the received signals to a
digital domain to provide signal samples, conditioning the signal samples, and outputting the

conditioned signal samples for image formation processing.

[0012] Some embodiments are directed to an ultrasound device comprising: an
ultrasound transducer array configured to provide received signals in response to recerving

ultrasound energy, and a processing circuit configured to process the received signals. The

4306233.1
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processing circuit comprises a conversion circuit configured to convert the received signals to a
digital domain to provide signal samples, a conditioning circuit configured to condition the
signal samples, and an output circuit configured to output the conditioned signal samples for

image formation processing.

[0013] Some embodiments are directed to a method for processing signals received from
an ultrasound transducer array. The method comprises converting the received signals to a
digital domain to provide signal samples, extracting from the signal samples a subset of the
signal samples that correspond to an image to be formed, application of a time domain
welghting function to the signal samples, conversion of the weighted signal samples to
frequency domain values, application of a frequency domain weighting function to the
frequency domain values, and outputting the weighted frequency domain values for image

formation processing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Various aspects and embodiments of the disclosed technology 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 1n all the figures 1n which they appear.

[00135] Fig. 1 1s a block diagram of an illustrative example of a monolithic ultrasound

device embodying various aspects of the disclosed technology.

[0016] Fig. 2 1s a block diagram 1llustrating how, in some embodiments, the TX circuitry
and the RX circuitry for a given transducer element may be used either to energize the element
to emit an ultrasonic pulse, or to receive and process a signal from the element representing an

ultrasonic pulse sensed by the transducer element.

[0017] Figs. 3-8 are block diagrams of illustrative examples of components that may be
included within the analog processing block and the digital processing block of the RX circuitry

shown 1n Fig. 2.

[0018] Fig. 9 1s a block diagram of the digital processing block of the RX circuitry, in

accordance with embodiments.

[0019] Fig. 10 1s a block diagram of an embodiment of the QDM, filter and downsample
blocks shown 1n Fig. 9.

4306233.1
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[0020] Fig. 11 1s a block diagram of the time domain conditioning block of Fig. 9, in

accordance with embodiments.

[0021] Fig. 12 1s a block diagram of the FFT block shown 1n Fig. 9, in accordance with

embodiments.

[0022] Fig. 13 1s a block diagram of the frequency domain conditioning block shown in

Fig. 9, in accordance with embodiments.

[0023] Fig. 14 1s a block diagram of the sum channels block shown 1n Fig. 13, in

accordance with embodiments.

10024] Fig. 15 1s a schematic block diagram of an example of a channel configuration of

the signal processing architecture, in accordance with embodiments.

[0025] Fig. 16 1s a flowchart of an example of a signal processing method, in accordance

with embodiments.

DETAILED DESCRIPTION

[0026] Aspects of the present disclosure relate to digital and analog circuitry and
methods for processing signals received from an ultrasound transducer array. In some
embodiments, the ultrasound transducer array and the circuitry may be integrated on a single
complementary metal oxide semiconductor (CMOS) chip, or substrate, or may be on multiple
chips within an ultrasound probe. The present disclosure provides unique, cost-ettective, and
scalable integrated signal processing architectures to process signals from ultrasound transducer
elements or groups of ultrasound transducer elements and to provide data that 1s sufficiently
robust for advanced high quality imaging applications. Thus, aspects of the present disclosure
provide an architecture which may be used with a single substrate ultrasound device having

integrated ultrasound transducers (e.g. CMOS ultrasonic transducers) and digital circuitry.

[0027] The present disclosure describes aspects of processing signals received from an
ultrasound transducer array i1n an ultrasound transducer-based imaging system. In some
embodiments, signal samples are processed, or conditioned, by application of one or more
welghting functions, or masks. In some embodiments, one or more weighting functions may be
applied to the signal samples in the time domain. In other embodiments, the signal samples may

be converted to the frequency domain and one or more weighting functions may be applied in

4306233.1
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the frequency domain. In further embodiments, one or more weighting functions may be
applied in the time domain and one or more weighting functions may be applied in the
frequency domain. The weighting functions may be channel dependent and/or channel
independent. The processed data can be provided to an image formation processor. The
processing of signals prior to image formation processing may be termed “preprocessing’” of the

signals received from the ultrasound transducer array.

[0028] In addition, the signal samples may be converted to a form that 1s advantageous
for image formation processing. For example, data corresponding to several elevation channels
can be combined prior to image formation processing. In general, various signal processing
functions may be performed prior to image formation processing or during image formation
processing based on a particular architecture. The signal processing architecture may further
include data reduction, compression and/or downsampling to reduce the volume of data being
processed. Such operations may include, for example, quadrature demodulation, filtering and
downsampling. In further embodiments, signal samples that do not contribute to the 1image

being formed or which degrade the image may be discarded.

[0029] 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 1s not limited

in this respect.

[0030] Fig. 1 shows an 1llustrative example of a monolithic ultrasound device 100
embodying various aspects of the present disclosure. As shown, the device 100 may include one
or more transducer arrangements (e.g., arrays) 102, transmit (TX) circuitry 104, receive (RX)
circuitry 106, a timing & control circuit 108, a signal conditioning/processing circuit 110, a
power management circuit 118, and/or a high-intensity focused ultrasound (HIFU) controller
120. In the embodiment shown, all of the illustrated elements are formed on a single
semiconductor die 112. It should be appreciated, however, that in alternative embodiments one
or more of the illustrated elements may be instead located off-chip. In addition, although the
illustrated example shows both TX circuitry 104 and RX circuitry 106, in alternative
embodiments only TX circuitry or only RX circuitry may be employed. For example, such
embodiments may be employed 1n a circumstance where one or more transmission-only devices

100 are used to transmit acoustic signals and one or more reception-only devices 100 are used to

4306233.1
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receive acoustic signals that have been transmitted through or reflected by a subject being

ultrasonically imaged.

[0031] It should be appreciated that communication between one or more of the
illustrated components may be performed 1n any of numerous ways. In some embodiments, for
example, one or more high-speed busses (not shown), such as that employed by a unified
Northbridge, may be used to allow high-speed intra-chip communication or communication with

one or more off-chip components.

[0032] The one or more transducer arrays 102 may take on any of numerous forms, and
aspects of the present technology do not necessarily require the use of any particular type or
arrangement of transducer cells or transducer elements. Indeed, although the term “array” 1s
used 1n this description, 1t should be appreciated that in some embodiments the transducer
elements may not be organized 1n an array and may instead be arranged 1in some non-array
fashion. In various embodiments, each of the transducer elements in the array 102 may, for
example, include one or more CMUTs, one or more CMOS ultrasonic transducers (CUTSs),
and/or one or more other suitable ultrasonic transducer cells. In some embodiments, the
transducer elements of the transducer array 102 may be formed on the same chip as the
electronics of the TX circuitry 104 and/or RX circuitry 106. Numerous examples of ultrasonic
transducer cells, elements, and arrangements (e.g., arrays), as well as methods of integrating
such devices with underlying CMOS circuitry, are discussed in detail in U.S. Patent Application
Serial No. 14/208,351, entitled COMPLEMENTARY METAL OXIDE SEMICONDUCTOR
(CMOS) ULTRASONIC TRANSDUCERS AND METHODS FOR FORMING THE SAME,
bearing attorney docket No. B1348.70007US0O1 and filed on March 13, 2014, the entire

disclosure of which 1s incorporated herein by reference.

[0033] A CUT may, for example, include a cavity formed 1n a CMOS wafer, with a
membrane overlying the cavity, and in some embodiments sealing the cavity. Electrodes may
be provided to create a transducer cell from the covered cavity structure. The CMOS wafer may
include integrated circuitry to which the transducer cell may be connected. The transducer cell
and CMOS wafer may be monolithically integrated, thus forming an integrated ultrasonic

transducer cell and integrated circuit on a single substrate (the CMOS water).

[0034] The TX circuitry 104 (1f included) may, for example, generate pulses that drive
the individual elements of, or one or more groups of elements within, the transducer array(s) 102

sO as to generate acoustic signals to be used for imaging. The RX circuitry 106, on the other

4306233.1
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hand, may receive and process electronic signals generated by the individual elements of the

transducer array(s) 102 when acoustic signals impinge upon such elements.

[0035] In some embodiments, the timing & control circuit 108 may, for example, be
responsible for generating all timing and control signals that are used to synchronize and
coordinate the operation of the other elements 1n the device 100. In the example shown, the
timing & control circuit 108 1s driven by a single clock signal CLK supplied to an input port
116. The clock signal CLK may, for example, be a high-frequency clock used to drive one or
more of the on-chip circuit components. In some embodiments, the clock signal CLK may, for
example, be a 1.5625GHz or 2.5GHz clock used to drive a high-speed serial output device (not
shown 1n Fig. 1) in the signal conditioning/processing circuit 110, or a 20Mhz or 40 MHz clock
used to drive other digital components on the die 112, and the timing & control circuit 108 may
divide or multiply the clock CLK, as necessary, to drive other components on the die 112. In
other embodiments, two or more clocks of different frequencies (such as those referenced above)

may be separately supplied to the timing & control circuit 108 from an off-chip source.

[0036] The power management circuit 118 may, for example, be responsible for
converting one or more input voltages Vi from an off-chip source into voltages needed to carry
out operation of the chip, and for otherwise managing power consumption within the device
100. In some embodiments, for example, a single voltage (e.g., 12V, 80V, 100V, 120V, etc.)
may be supplied to the chip and the power management circuit 118 may step that voltage up or
down, as necessary, using a charge pump circuit or via some other DC-to-DC voltage
conversion mechanism. In other embodiments, multiple different voltages may be supplied
separately to the power management circuit 118 for processing and/or distribution to the other

on-chip components.

[0037] As shown 1n Fig. 1, in some embodiments, a HIFU controller 120 may be
integrated on the die 112 so as to enable the generation of HIFU signals via one or more
elements of the transducer array(s) 102. In other embodiments, a HIFU controller for driving
the transducer array(s) 102 may be located off-chip, or even within a device separate from the
device 100. That 1s, aspects of the present disclosure relate to provision of ultrasound-on-a-chip
HIFU systems, with and without ultrasound imaging capability. It should be appreciated,

however, that some embodiments may not have any HIFU capabilities and thus may not include

a HIFU controller 120.

4306233.1
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[0038] Moreover, it should be appreciated that the HIFU controller 120 may not
represent distinct circuitry in those embodiments providing HIFU functionality. For example, in
some embodiments, the remaining circuitry of Fig. 1 (other than the HIFU controller 120) may
be suitable to provide ultrasound 1imaging functionality and/or HIFU, 1.e., in some embodiments
the same shared circuitry may be operated as an imaging system and/or for HIFU. Whether or
not imaging or HIFU functionality 1s exhibited may depend on the power provided to the
system. HIFU typically operates at higher powers than ultrasound imaging. Thus, providing the
system a first power level (or voltage level) appropriate for imaging applications may cause the
system to operate as an 1imaging system, whereas providing a higher power level (or voltage
level) may cause the system to operate for HIFU. Such power management may be provided by

off-chip control circuitry in some embodiments.

[0039] In addition to using different power levels, imaging and HIFU applications may
utilize difterent wavetorms. Thus, wavetorm generation circuitry may be used to provide

suitable waveforms for operating the system as either an imaging system or a HIFU system.

[0040] In some embodiments, the system may operate as both an 1maging system and a
HIFU system (e.g., capable of providing image-guided HIFU). In some such embodiments, the
same on-chip circuitry may be utilized to provide both functions, with suitable timing sequences
used to control the operation between the two modalities. Additional details with respect to
HIFU implementations and operational features that may be employed 1n the various
embodiments set forth in the present disclosure are described 1in U.S. Patent Application Serial
No. 13/654.,33°7, entitled TRANSMISSIVE IMAGING AND RELATED APPARATUS AND
METHODS, filed October 17, 2012, the entire contents of which 1s incorporated herein by

reference.

[0041] In the example shown, one or more output ports 114 may output a high-speed
serial data stream generated by one or more components of the signal conditioning/processing
circuit 110. Such data streams may, for example, be generated by one or more USB 3.0
modules, and/or one or more 10GB, 40GB, or 100GB Ethernet modules, integrated on the die
112. In some embodiments, the signal stream produced on output port 114 can be tfed to a
computer, tablet, or smartphone for the generation and/or display of 2-dimensional, 3-
dimensional, and/or tomographic images. In embodiments in which 1image formation
capabilities are incorporated in the signal conditioning/processing circuit 110, even relatively

low-power devices, such as smartphones or tablets which have only a limited amount of

4306233.1
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processing power and memory available for application execution, can display images using
only a serial data stream from the output port 114. As noted above, the use of on-chip analog-
to-digital conversion and a high-speed serial data link to offload a digital data stream 1s one of
the features that helps facilitate an “ultrasound on a chip” solution according to some

embodiments of the present disclosure.

[0042] Devices 100 such as that shown 1in Fig. 1 may be used in any of a number of
imaging and/or treatment (e.g., HIFU) applications, and the particular examples discussed herein
should not be viewed as limiting. In one illustrative implementation, for example, an 1maging
device including an N X M planar or substantially planar array of CMUT elements may itself be
used to acquire an ultrasonic image of a subject, €.g., a person’s abdomen, by energizing some
or all of the elements in the array(s) 102 (either together or individually) during one or more
transmit phases, and recelving and processing signals generated by some or all of the elements
in the array(s) 102 during one or more receive phases, such that during each receive phase the
CMUT elements sense acoustic signals reflected by the subject. In other implementations, some
of the elements in the array(s) 102 may be used only to transmit acoustic signals and other
elements 1in the same array(s) 102 may be simultaneously used only to receive acoustic signals.
Moreover, in some implementations, a single i1maging device may include a P x Q array of
individual devices, or a P X Q array of individual N x M planar arrays of CMUT elements,
which components can be operated in parallel, sequentially, or according to some other timing
scheme so as to allow data to be accumulated from a larger number of CMUT elements than can

be embodied in a single device 100 or on a single die 112.

[0043] In yet other implementations, a pair of imaging devices can be positioned so as to
straddle a subject, such that one or more CMUT elements in the device(s) 100 of the imaging
device on one side of the subject can sense acoustic signals generated by one or more CMUT
elements 1n the device(s) 100 of the imaging device on the other side of the subject, to the extent
that such pulses were not substantially attenuated by the subject. Moreover, 1n some
implementations, the same device 100 can be used to measure both the scattering of acoustic
signals from one or more of its own CMUT elements as well as the transmission of acoustic

signals from one or more of the CMUT elements disposed in an imaging device on the opposite

side of the subject.

10044] Fig. 2 1s a block diagram illustrating how, in some embodiments, the TX circuitry

104 and the RX circuitry 106 for a given transducer element 204 may be used either to energize
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the transducer element 204 to emit an ultrasonic pulse, or to receive and process a signal from
the transducer element 204 representing an ultrasonic pulse sensed by it. In some
implementations, the TX circuitry 104 may be used during a “‘transmission” phase, and the RX
circuitry may be used during a “‘reception” phase that 1s non-overlapping with the transmission
phase. In other implementations, one of the TX circuitry 104 and the RX circuitry 106 may
simply not be used 1n a given device 100, such as when a pair of ultrasound units 1s used for
only transmissive imaging. As noted above, in some embodiments, a device 100 may
alternatively employ only TX circuitry 104 or only RX circuitry 106, and aspects of the present
technology do not necessarily require the presence of both such types of circuitry. In various
embodiments, TX circuitry 104 and/or RX circuitry 106 may include a TX circuit and/or an RX
circuit associated with a single transducer cell (e.g., a CUT or CMUT), a group of two or more
transducer cells within a single transducer element 204, a single transducer element 204
comprising a group of transducer cells, a group of two or more transducer elements 204 within

an array 102, or an entire array 102 of transducer elements 204.

[0045] In the example shown 1n Fig. 2, the TX circuitry 104/RX circuitry 106 includes a
separate TX circuit and a separate RX circuit for each transducer element 204 in the array(s)
102, but there 1s only one instance of each of the timing & control circuit 108 and the signal
conditioning/processing circuit 110. Accordingly, in such an implementation, the timing &
control circuit 108 may be responsible for synchronizing and coordinating the operation of all of
the TX circuitry 104/RX circuitry 106 combinations on the die 112, and the signal
conditioning/processing circuit 110 may be responsible for handling inputs from all of the RX
circuitry 106 on the die 112. In other embodiments, timing and control circuit 108 may be

replicated for each transducer element 204 or for a group of transducer elements 204.

[0046] As shown 1n Fi1g. 2, 1n addition to generating and/or distributing clock signals to
drive the various digital components in the device 100, the timing & control circuit 108 may
output either an ““TX enable” signal to enable the operation of each TX circuit of the TX
circuitry 104, or an “RX enable” signal to enable operation of each RX circuit of the RX
circuitry 106. In the example shown, a switch 202 1n the RX circuitry 106 may always be
opened before the TX circuitry 104 1s enabled, so as to prevent an output of the TX circuitry 104
from driving the RX circuitry 106. The switch 202 may be closed when operation of the RX
circuitry 106 1s enabled, so as to allow the RX circuitry 106 to receive and process a signal

generated by the transducer element 204.
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[0047] As shown, the TX circuitry 104 for a respective transducer element 204 may
include both a waveform generator 206 and a pulser 208. The waveform generator 206 may, for
example, be responsible for generating a wavetform that 1s to be applied to the pulser 208, so as
to cause the pulser 208 to output a driving signal to the transducer element 204 corresponding to

the generated waveform.

[0048] In the example shown in Fig. 2, the RX circuitry 106 for a respective transducer
element 204 includes an analog processing block 210, an analog-to-digital converter (ADC) 212,

and a digital processing block 214. The ADC 212 may, for example, comprise a 10-bit or 12-
bit, 20Msps, 25Msps, 40Msps, SOMsps, or 80Msps ADC.

[0049] After undergoing processing in the digital processing block 214, the outputs of all
of the RX circuits on the die 112 (the number of which, in this example, 1s equal to the number
of transducer elements 204 on the chip) are fed to a multiplexer (MUX) 216 1n the signal
conditioning/processing circuit 110. In other embodiments, the number of transducer elements
1s larger than the number of RX circuits, and several transducer elements provide signals to a
single RX circuit. The MUX 216 multiplexes the digital data from the RX circuits, and the
output of the MUX 216 1s ted to a multiplexed digital processing block 218 in the signal
conditioning/processing circuit 110, for final processing before the data 1s output from the die
112, e.g., via one or more high-speed serial output ports 114. The MUX 216 1s optional, and in
some embodiments parallel signal processing 1s pertormed. A high-speed serial data port may
be provided at any interface between or within blocks, any interface between chips and/or any
interface to a host. Various components in the analog processing block 210 and/or the digital
processing block 214 may reduce the amount of data that needs to be output from the die 112 via
a high-speed serial data link or otherwise. In some embodiments, tor example, one or more
components in the analog processing block 210 and/or the digital processing block 214 may thus
serve to allow the RX circuitry 106 to receive transmitted and/or scattered ultrasound pressure
waves with an improved signal-to-noise ratio (SNR) and in a manner compatible with a diversity
of wavetforms. The inclusion of such elements may thus further facilitate and/or enhance the

disclosed “‘ultrasound-on-a-chip™ solution in some embodiments.

[0050] Although particular components that may optionally be included in the analog
processing block 210 are described below, it should be appreciated that digital counterparts to
such analog components may additionally or alternatively be employed 1n the digital processing

block 214. The converse 1s also true. That 1s, although particular components that may
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optionally be included in the digital processing block 214 are described below, 1t should be
appreciated that analog counterparts to such digital components may additionally or alternatively

be employed in the analog processing block 210.

[0051] Fig. 3 shows an illustrative example of components that may be included within
the analog processing block 210 and the digital processing block of RX circuitry 106 (see Fig.
2). In some embodiments, the components of the RX circuitry 106 may, for example,
collectively have a bandwidth from DC to SOMHz and provide a gain of 50dB, 60dB, 70dB,
30dB or higher, with a noise figure of less than 4dB, aliased harmonic rejection of 45dB, and
channel 1solation of 40dB. Such parameters are listed for illustrative purposes only and are not

intended to be limiting. Other performance parameters are possible and contemplated.

[0052] As shown 1n Fig. 3, the analog processing block 210 may, for example, include a
low-noise amplifier (LNA) 302, a variable-gain amplifier (VGA) 304, and a low-pass filter
(LPF) 306. In some embodiments, the VGA 304 may be adjusted, for example, via a time-gain
compensation (TGC) circuit included in the timing & control circuit 108. The LPF 306 provides
for anti-aliasing of the acquired signal. In some embodiments, the LPF 306 may, for example,
comprise a 2" order low-pass filter having a frequency cutoff on the order of SMHz. Other

implementations are, however, possible and contemplated. As noted above, the ADC 212 may,

for example, comprise a 10-bit or 12-bit, 20Msps, 25Msps, 40Msps, SOMsps, or 80Msps ADC.

[0053] In the example of Fig. 3, the digital control block 214 of the RX circuitry 106
includes a digital quadrature demodulation (DQDM) circuit 308, an averaging circuit 314
(including an accumulator 310 and an averaging memory 312), and an output buffer 316. The
DQDM circuit 308 may, for example, be configured to mix down the digitized version of the
received signal from center frequency to baseband, and then low-pass filter and decimate the
baseband signal. The DQDM circuit 308 may allow for a lossless reduction of bandwidth by
removing unused frequencies from the received signal, thus significantly reducing the amount of
digital data that needs to be processed by the signal conditioning/processing circuit 110 and
offloaded from the die 112. The bandwidth reduction achieved by these components may help
to facilitate and/or improve the performance of the “ultrasound-on-a-chip” embodiments

described herein.

[0054] In some embodiments, 1t may be desirable to match the center frequency “f.” of
the DQDM 308 with the frequency of interest of the transducer elements that are used in the

array(s) 102. Examples of additional components that may, in some embodiments, be included
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in RX circuitry 106, in addition to or in lieu of the DQDM 308 and/or the other components
illustrated 1in Fig. 3 are described below 1in connection with Figs. 4-8. The averaging circuit 314
in the embodiment shown (including accumulator 310 and averaging memory 312) functions to

average received windows of data.

[0055] Fig. 4 shows an example implementation of RX circuitry 106 that includes a
matched filter 402 that may, for example, perform waveform removal and improve the signal-to-
noise ratio of the reception circuitry. Although labeled a “matched” filter, the filter circuit 402
may actually operate as either a matched filter or a mismatched filter so as to decouple
wavetforms from the received signal. The matched filter 402 may work for either linear

frequency modulated (LFM) or non-LFM pulses.

[0056] An 1llustrative embodiment of a circuit suitable for use as the matched filter 402
1s shown 1n Fig. 5. As shown, the matched filter 402 may, for example, include a padding
circuit 502, a fast Fourier transformation (FFT) circuit 504, a multiplier 506, a low-pass filter
508, a decimator circuit 510, and an inverse FFT circuit 512. If employed, the padding circuit
502 may, for example, apply padding to the incoming signal sufficient to avoid artifacts from an

FFT implementation of circular convolution.

[0057] To operate as a “matched” filter, the value of “H(®)” applied to the multiplier
506 should be a conjugate of the transmission waveform Tx(®). In some embodiments, the filter
402 may thus indeed operate as a “matched” filter, by applying a conjugate of the transmission
waveform Tx(w) to the multiplier 506. In other embodiments, however, the “matched” filter 402
may 1nstead operate as a mismatched filter, in which case some value other than a conjugate of

the transmission wavetform Ty(®) may be applied to the multiplier S06.

[0058] Fig. 6 shows another example implementation of RX circuitry 106. In the Fig. 6
embodiment, RX circuitry 106 includes a dechirp circuit 602 that can perform yet another
technique to reduce bandwidth by 1solating signals of interest. Dechirp circuits as also
sometimes referred to as ““digital ramp™ or “stretch™ circuits. In various embodiments, a dechirp
circuit 602 may be included within the analog processing block 210, or may be included within
the digital processing block 214 of the RX, or may be included in both the analog processing
block 210 and the digital processing block 214 of the RX circuitry 106. Using a dechirp circuit

with an LFM wavetorm effectively converts time to frequency.

[00359] An example of a digital dechirp circuit 602 1s shown in Fig. 7. As shown, the
dechirp circuit 602 may include a digital multiplier 702, a digital low pass filter 704, and a
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decimator circuit 706. (An analog dechirp circuit — discussed below 1n connection with Fig. 8 —
would employ an analog multiplier and filter, rather than a digital multiplier and filter, and
would not include the decimator circuit 706). The “reference chirp” shown in Fig. 7 may, for
example, be the same “chirp” as that generated by the waveform generator 206 1n the

corresponding TX circuitry 104.

[0060] Fig. 8 shows yet another example implementation of RX circuitry 106. In this
example, rather than using a DQDM circuit and a digital dechirp circuit in the digital processing
block 214, an analog quadrature demodulation (AQDM) circuit 802 and an analog dechirp
circuit 804 are included 1n the analog processing block 210. In such an embodiment, the AQDM
302 may, for example, employ an analog mixer (not shown) and a local oscillator (not shown) to
mix the incoming signal to baseband and then employ a low-pass analog filter (not shown) to
remove unwanted frequencies from the analog signal. As shown in Fig. 8, two ADCs 806a-b
(e.g., two 10-bit or 12-bit, I0Msps, 20Msps, 25Msps, 40Msps, SOMsps or 80Msps ADCs) may
be employed 1n this embodiment to convert the output of the analog dechirp circuit 804 into a
digital signal format, but each of the ADCs 806a-b may run at half the rate as the ADC 212

employed 1n the other examples, thus potentially reducing power consumption.

Digital Signal Processing Circuitry

[0061] Fig. 9 1s a block diagram of the digital processing block 214 of RX circuitry 106,
in accordance with embodiments. The digital processing block 214 of Fig. 9 1s configured as a
signal processing circuit that receives signal samples from ADC 212, processes the signal
samples and provides data for image formation processing. The signal processing may include,
but 1s not limited to, processing for data reduction, data compression and/or downsampling,
processing for compensation of various physical and circuit effects, processing to convert the
data to a selected form and/or for transmission on a selected data port and/or processing to

account for different excitations and/or to convert from one excitation type to another.

[0062] As shown 1n Fig. 9, the signal processing circuit includes an extract range swath
block 910, a quadrature demodulation block 912, a filter block 914 shown as a low pass filter
(LPF), a downsample block 916, a memory 920, a time domain signal conditioning block 922, a
fast Fourier transform (FFT) block 924, a frequency domain signal conditioning block 926, a
sum elevation channels block 930 and an Inverse Fast Fourier transtorm (IFFT) block 932. The
output of the signal processing chain may be supplied to one or more image formation

processors (IFP), such as a Fourier resampled image formation processor 940 and/or a back-
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projection 1image formation processor 942. As discussed below, the extract range swatch block
910 can be implemented by appropriate streaming of data from the ADC 212. As further

discussed below, the memory 920 can be located at any point in the signal processing circuit.

[0063] The signal processing circuit of Fig. 9 processes signals received via ADC 212
from a single ultrasound transducer element or a group of ultrasound transducer elements. Thus,
at least a portion of the signal processing chain 1s repeated for each ultrasound transducer
element or group of ultrasound transducer elements. As discussed below, 1n some embodiments,
a portion of the signal processing chain utilizes a reduced number of channels and processes the
signals for several channels on a time multiplexed basis. By utilizing a reduced number of
channels for signal processing, the chip area and power consumption can be reduced 1n
comparison with a configuration that utilizes one signal processing channel for each ultrasound
transducer element or group of ultrasound transducer elements. By way of example only, an
ultrasound transducer array may include 1000 ultrasound transducer elements, thereby requiring
1000 signal processing channels. In some embodiments, the number of processing channels
following memory 920 1s reduced, as compared with the number of processing channels before
memory 920. For example, 4, 8 or 16 channels may be used following memory 920, but the
architecture 1s not limited with respect to the number of channels. As indicated, the memory
920 can be located at any point in the signal processing circuit to make an effective rate change

via time multiplexing.

[0064] The signal processing circuit of Fig. 9 can have a variety of configurations in
which some blocks are bypassed or omitted, depending on the requirements of a particular
ultrasound system. For example, the quadrature demodulation block 912, the filter block 914
and the downsample block 916 perform data reduction and can be bypassed or omitted in
systems where data reduction 1s not required. The sum elevation channels block 930 can be
bypassed or omitted in systems where channel summation 1s performed by the i1mage formation
processor. The IFFT block 932 can be bypassed or omitted in systems where in the 1mage
formation processor operates on frequency domain data. In some embodiments, the FFT block
924 and the frequency domain signal conditioning block 926 can be bypassed or omitted. In

other embodiments, the time domain signal conditioning block 922 can be bypassed or omitted.

Extract Range Swath Block

[0065] The extract range swath block 910 selects input samples that contribute to the

image and discards input samples that do not contribute to the 1mage. In order to process an
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image whose pixels have a given extent and location relative to the aperture, and a waveform
with a given pulse length 1s used, there 1s a set of time samples that will contribute to the image
pixels for a given receiver/excitation combination; time samples outside this set can be
discarded. In some embodiments, the extract range swath block 910 may be implemented by
streaming of data from the ADC 212, wherein the selected range of data 1s defined by the
beginning and ending times when the data 1s digitized and/or 1s injected into the signal

processing circuit.

[0066] Extracting the contributing portion of the receive swath can reduce the data
transfer requirements (when done on-board), the data storage requirements (whether in memory
or writing to disk), and the processing burden. This can be done to various degrees of
compactness depending on the importance of the data reduction. A basic implementation
includes a constant time extent across all receivers and all excitations, with a constant start time
across all receivers and all excitations. Other implementations can use a separate start time and
time extent for each recelver and each excitation. After data transfer, the data are aligned and

arranged 1n whatever form 1s necessary for processing.

[0067] There are usually nonzero receive A/D samples at times while the system 1s
transmitting or shortly thereafter, resulting in highly distorted A/D values from saturation or
other nonlinearities, despite any receiver protector circuitry or switching. These samples do not
contribute to usable imagery and can cause many problems and artifacts in the imagery, which
make 1t generally more difficult to do basic diagnostics. When performing any sort of
deconvolution or other temporal frequency domain processing (often even just truncating to a
processing band), the energy in the extended time domain may contaminate the entire image.
Making estimates of the spectrum (either for diagnostics or calibration) with these samples
present can be problematic, since the energy in these samples dominates the energy in the entire

receive channel.

[0063] These samples may be discarded during preprocessing. The approximate index
where this nonlinear portion ends can be determined using the relative delay information and the
pulse length of the wavetorm. An additional butfer can be used to be sure that the nonlinear
samples are all identified. This process may be pertormed independently across channel and

excitation to minimize the amount of the 1image that is discarded at near range.

[0069] The data at the input to the preprocessor may be real or complex, and may

already have an implied carrier frequency. The combined steps of carrier adjustment, low pass
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filtering, and downsampling ensure that the data are complex, not excessively oversampled, and
have the desired carrier frequency for the image formation processor. The existing carrier

frequency may be a ““default” one and may not be the actual center of the desired processing

band.
Data Reduction

[0070] Fig. 10 1s a block diagram of an example of the quadrature demodulation (QDM)
block 912, the filter block 914 and the downsample block 916 of Fig. 9. Fig. 10 shows that
quadrature demodulation block 912 may be implemented as two separate data streams for the
imaginary (I[n]) and quadrature (Q[n]) portions of the complex input signal x[n]. QDM block
912 includes a numerically-controlled oscillator, or any other suitable component, that may be
used to generate cos(2nf.t) and sin(2nf.t), where the center frequency /. 1s selected to provide a
particular amount of demodulation. Demodulation may phase modulate a signal to be centered
at 0 Hz or bounded by some desired frequency range for filtering. In some embodiments, it may
be desirable to match f. with a frequency of interest of the transducers that are used in the
array(s) 102. The imaginary and quadrature data streams from QDM block 912 are further
processed by filter block 914 and downsample block 916 prior to output. Filter block 914 1s
illustrated as performing low-pass filtering (LPF). However, it should be appreciated that other
types of filtering, such as band-pass filtering (BPF) and high-pass filtering (HPF) may
alternatively be used 1n filter block 914.

[0071] In some embodiments of the present disclosure, a cascade integrating comb (CIC)
filter architecture may be used to perform filtering (e.g., for filter block 914) and decimation
(e.g., for downsample block 916). For example, such a CIC filter architecture may be used to
accurately calculate a range value using a precise delay time index. The CIC filter includes a
plurality (N) stages and acts as a low-pass filter, while decimating the input data stream x[n] to
produce an output data stream y[n]. Increasing the number of stages results in more droop 1n the
passband, while increasing the number of stages results 1n better image rejection. In some
implementations, passband droop may be at least partially addressed using a compensation filter

that 1s applied after the CIC filter has been applied to the data.

[0072] The circuit of Fig. 10 includes six stages of processing implemented 1n digital
processing circuitry. It should be appreciated that any number of digital processing stages may
be included, and the six-stage implem<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>