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7) ABSTRACT

An improved device and method for collecting data used for
ultrasonic imaging. The data is gathered over numerous trans-
mit and echo receive cycles, or iterations and combined into a
synthetic acquisition representing a complete echo character-
istic acquisition. Ateach iteration, only a portion, or subset, of
the echo characteristic is sampled and stored. During the
iterations, the portion of the echo characteristic that is mea-
sured and sampled is varied by changing the relative sampling
instants. That is, the time offset from the transmission to the
respective sampling instant is varied. The sample sets repre-
sentative of the entire echo characteristic are then compiled
from the multiple subsets of the ultrasonic transmissions.
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EFFICIENT ARCHITECTURE FOR 3D AND
PLANAR ULTRASONIC
IMAGING-SYNTHETIC AXTAL ACQUISITION
AND METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Application No. 60/616,176, filed Oct. 5, 2004,
entitled “Efficient Architecture for 3D and Planar Ultrasonic
Imaging—Synthetic Axial Acquisition and Method
Thereof”, which is hereby incorporated by reference herein in
its entirety.

[0002] This application is also related to International
Application No. PCT/US03/06607, filed Mar. 6, 2003,
entitled “An Intuitive Ultrasonic Imaging System and Related
Method Thereof,” and corresponding U.S. patent application
Ser. No. 10/506,722 filed Sep. 7, 2004 of which are assigned
to the present assignee and are hereby incorporated by refer-
ence herein in their entirety. The present invention may be
implemented with the technology discussed throughout
aforementioned International Application No. PCT/US03/
06607 and U.S. patent application Ser. No. 10/506,722.
[0003] The present application is also related to PCT Inter-
national Application No. PCT/US04/00888, filed Jan. 14,
2004, entitled “Ultrasonic Transducer Drive,” of which is
assigned to the present assignee and is hereby incorporated by
reference herein in its entirety. The present invention may be
implemented with the technology discussed throughout
aforementioned International Application No. PCT/US04/
00888.

[0004] The present application is also related to PCT Inter-
national Application No. PCT/US04/00887, filed Jan. 14,
2004, entitled “Ultrasound Imaging Beam-former Method
and Apparatus,” of which is assigned to the present assignee
and is hereby incorporated by reference herein in its entirety.
The present invention may be implemented with the technol-
ogy discussed throughout aforementioned international
Application No. PCT/US04/00887.

[0005] The present application is also related to PCT Inter-
national Application No. PCT/US2004/001002, filed Jan. 15,
2004, entitled “Efficient Ultrasound System for Two-dimen-
sional C-Scan Imaging and Related Method thereof,” of
which is assigned to the present assignee and is hereby incor-
porated by reference herein in its entirety. The present inven-
tion may be implemented with the technology discussed
throughout aforementioned International Application No.
PCT/US04/US2004/001002.

FIELD OF THE INVENTION

[0006] The present invention relates to ultrasound imaging
devices and techniques. More specifically, the various
embodiments of the present invention provide a novel beam
forming strategy and system architecture that may be used to
form either 2D C-scan images or 3D images using a 2D
transducer array. Additionally, the system and methods may
be used to form b-scan images, and A-Mode data.

BACKGROUND

[0007] Medical imaging is a field dominated by high cost
systems that are so complex as to require specialized person-
nel for operation and the services of experienced physicians
for image interpretation. Medical ultrasound, which is con-
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sidered a low cost modality, utilizes imaging systems costing
as much as $250K. These systems are operated by sonogra-
phers with several years of training or specialized physicians.
This high-tech, high-cost approach works very well for criti-
cal diagnostic procedures. However it makes ultrasound
impractical for many of the routine tasks for which it would
be clinically useful.

[0008] The block diagram of a conventional phased array
ultrasound system 10 is shown in FIG. 1. A piezoelectric
transducer array 12 (or using alternative electrical/ultrasound
transduction mechanism—e.g. capacitive micro-machined
devices), shown on the left, acts as the interface to the body by
converting electrical signals to acoustic pulses and vice versa,
image formation begins when the states of the transmit/re-
ceive switches (TX/RX switches 14) are altered to connect
the transducer elements to individual transmit generators TX
16. The transmit generators 16 output time varying wave-
forms with delay and amplitude variations selected to pro-
duce a desired acoustic beam. Voltages of up to approxi-
mately 150 Volts are applied to the transducer elements. Once
transmission is complete, the state of the TX/RX switch 14 is
changed to connect the receive circuitry to each element.
Incoming voltage echoes are amplified by preamplifiers
(preamp 18) and Time Gain Control (TGC 20) circuits to
compensate for signal losses associated with diffraction and
attenuation. Next, sample and hold circuits (S/H 22) and
analog to digital converters (A/D 24) digitize the signals.
Finally, the signals are dynamically delayed and summed
within one or more custom integrated circuits 26 to yield a
single focused Radio Frequency (RF) echo line. This signal
forms the basis of one image line.

[0009] While conventional beamforming approaches pro-
duce high quality images, they also impose significant restric-
tions on the use of ultrasound. The 40 Msample/s S/H and
A/D circuits employed by these systems, and the high data
rates they engender, result in high system cost and complex-
ity. A modern state-of-the-art imaging system may cost as
much as $250,000 and require weeks or months of user train-
ing to produce the highest quality images. Furthermore, while
the transducers used by these systems are typically only a few
centimeters on a side, the electronics required to form images
resides in a box with dimensions on the order of 2'x3'x4".
Thus, while ultrasound systems are certainly portable, they
are far from the scale that would allow each clinician to carry
one in a pocket.

[0010] The applicability of conventional ultrasound is fur-
ther limited by the typical image format used. Images are
produced in what is commonly referred to as a B-Mode for-
mat, representing a tomographic slice through the body per-
pendicular to the skin surface. This image format is non-
intuitive and the act of mentally registering the B-Mode
image to the patient’s anatomy requires significant experi-
ence.

[0011] Significant reductions in system cost and complex-
ity have occurred over the last five years. Some of the more
notable advances have been demonstrated by Sonosite. Its
most recent product, which sells for approximately $12,000,
produces B-Mode and color flow images using a hand-held
system. This system produces good quality images and will
certainly broaden the applications for ultrasound in medicine.
Unfortunately, the Sonosite architecture and strategy does not
appear to be capable of extension to real-time 3D imaging.
Furthermore, the B-Mode image format produced by the
Sonosite system and all other conventional systems is not
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intuitive to most first-time ultrasound users. Novice users
often have difficulty mapping the image displayed on the
screen to the tissue lying beneath the transducer. This most
likely results from the distance (a few feet) and orientation
differences between the target and image.

[0012] Ultrasonic imaging has the potential to be a com-
mon component of nearly every medical examination and
procedure. But the complexity and expense of the existing
ultrasound systems are an impediment to its widespread use.
Consequently, an improvement is desired.

SUMMARY

[0013] The present invention provides an improved device
and method for collecting data used for ultrasonic imaging.
The data is gathered over numerous transmit and echo receive
iterations and combined into a synthetic acquisition repre-
senting a complete echo characteristic acquisition. At each
iteration, only a portion, or subset, of the echo signal is
sampled and stored. During the iterations, the portion of the
echo characteristic that is measured and sampled is varied by
changing the relative sampling instants. That is, the time
offset from the transmission to the respective sampling
instant is varied. The sample sets representative of the entire
echo characteristic are then compiled from the multiple sub-
sets of the ultrasonic transmissions. Thus, rather than obtain-
ing an entire set of echo samples needed for image processing
from each echo, the method described herein performs syn-
thetic acquisition via data collection iterations by transmit-
ting an ultrasonic pulse, and receiving a pulse echo at a
plurality of array elements, and at each element, obtaining a
pulse echo sample subset at a respective time offset, wherein
the time offset is varied. Then, for each of the relevant array
elements, the sample subsets are used to compile a single
synthesized composite pulse echo sample set that is represen-
tative of an echo characteristic at that element at a desired
effective sampling rate.

[0014] In one embodiment, the pulse echo sample subset
contains a single sample. The single sample may be a real
valued sample, or may be a complex valued sample obtained
by sampling the output signals from a demodulation circuit.
Complex samples can also be approximated by combining
two real samples separated by a quarter period of the echo
signal’s center frequency. This is referred to as “Directly
Sampled In-phase and Quadrature” or DSIQ (See K. Ranan-
gathan, M. K. Scanty, J. A. Hossack, T. N. Blalock and W. F.
Walker ‘Direct sampled I/Q beamforming for compact and
very low cost ultrasound imaging’, IEEE Transactions on
Ultrasonics, Ferroelectrics and Frequency Control, Vol. 59,
No. 9,pp. 1082-1094 (2004), the contents of which are incor-
porated herein by reference).

[0015] Alternatively, the subset may be a plurality of
samples. A subset having a plurality of samples may be
obtained by full-rate sampling of the echo signal for a portion
ofthe echo. In this embodiment, each subset contains no more
than half the desired samples. In one embodiment, each sub-
set contains no more than six consecutive samples.

[0016] In an alternative embodiment, the plurality of
samples in each subset may be obtained by sampling at a rate
lower than the desired effective sampling rate, and then inter-
leaving the samples from multiple subsets. In some embodi-
ments the desired effective sampling rate may be much higher
than the Nyquist rate, and even the lower-rate sampling may
be greater than the Nyquist rate. But in alternative embodi-
ments operating at a desired effective sampling rate of one or
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two times the Nyquist rate, this likely will result in sub-
Nyquist rate sampling to obtain each subset. That is, samples
may be obtained from a single echo signal at rate below the
Nyquist rate. Certainly this is the case where a single sample
per transmit event is obtained. In subsequent iterations,
samples (also at a sub-Nyquist rate) are obtained, where the
sampling instants have a different time offset.

[0017] In both cases (successive sampling or sub-Nyquist
sampling), the subsets are then combined to obtain to a full-
length sample set representing the echo characteristic,
sampled at an effective rate of at least the Nyquist rate. For
embodiments using successive sampling, the sample subsets
are concatenated into a single record for each element,
whereas for embodiments using sub-Nyquist sampling, the
sample subsets are interleaved to obtain the full echo charac-
teristic sample record. The beginning and ending time offsets
are determined in large part by the tissue depth of the desired
image.

[0018] In some preferred embodiments, every element in
the array is used to obtain sample subsets, in other embodi-
ments, only some of the array elements are used to obtain
samples during a given iteration. For example, in some
embodiments, the pulse echo sample subsets are obtained
from shared sampling hardware resources. In one such
embodiment, a single analog to digital converter is shared
between two or more elements. In this case, more than one
transmit pulse is required in order to obtain one subset for
each array element. In this case, the number of array elements
used in a given iteration depends on how many elements are
assigned to a single converter. This is also referred to as a
hardware reuse factor. For example, a hardware reuse factor
of two means that two elements share resources, and thus one
half the elements are able to obtain sample subsets during any
given iteration.

[0019] The step of aggregating the pulse echo sample sub-
sets of varied offsets into a single synthesized composite
pulse echo sample set may be performed by concatenation or
interleaving, as described herein, or it may also include
manipulating the sample subsets in response to at least one
motion estimation value as well as the respective time offsets
used to gather the data.

[0020] In this regard, one or more array elements may be
used to obtain samples used for motion estimation. A single
motion estimate may be obtained from individual direct-
sampled complex echo samples taken over a plurality of
iterations from a single element, each sample having the same
time offset. Alternatively, multiple motion estimation values
may be derived from samples taken from elements that are at
different locations within the array. In this manner, the motion
may be evaluated for different regions of the array to accom-
modate tipping of the array as might occur when pressed
against the tissue to be imaged. These may be referred to as
regional motion estimation values. The regional motion esti-
mation values may then be used to generate array-element
specific motion estimation values.

[0021] In an alternative embodiment, echo sample subsets
that overlap in time may be gathered at each iteration. That is,
the time offsets at each iteration are adjusted such that the
relative sampling instants have substantial overlap. In this
way, the synthesized echo record may be compiled from the
subsets, and in addition, consecutive echo sample subsets
may be used to estimate motion. This data collection mecha-
nism may be used at a single array element, regional array
elements, or all array elements.
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[0022] However obtained, the motion estimation value(s)
may be used to enable/disable image processing to prevent
the display of distorted images caused by excessive motion.
Alternatively, the motion estimation value(s) may be used to
alter or manipulate the data samples when forming the syn-
thesized echo response characteristic in order to compensate
for the motion.

[0023] One preferred method described herein performs
multiple transmit firings of ultrasonic waveforms from an
ultrasonic transducer array of transducer elements; after each
transmit firing, a subset of echo samples of an ultrasonic echo
1s obtained at each of a plurality of transducer array elements,
wherein each subset is a portion of a desired echo response as
determined by a time offset; an equivalent full set of echo
samples is retrospectively formulated from the subsets for
each of the plurality of transducer array elements.

[0024] Application of the methods described herein will
allow useful ultrasound systems to be produced at an
extremely low cost. By eliminating many of the custom inte-
grated circuits used in conventional systems and by altering
the beamforming algorithm to enable implementation in off
the shelfprogrammable DSP chips, this will also dramatically
reduce the size of imaging systems. The potential impact in
health care is broad and significant. We have identified a few
possible clinical applications of this approach, although we
believe that others will become apparent as clinicians gain
access to the device.

[0025] These as well as other aspects, advantages, and
alternatives will become apparent to those of ordinary skill in
the art by reading the following detailed description, with
reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 is a block diagram of a prior art transducer
array and data sampling hardware.

[0027] FIG.2isablock diagram depicting functional com-
ponents of a transducer and associated sampling hardware
resources arranged to implement an exemplary embodiment
of the invention.

[0028] FIG. 3 is a block diagram depicting an alternative
embodiment of the sampling hardware to obtain either
approximate complex samples (DSIQ) or multiple samples
per subset.

[0029] FIG. 4 is a block diagram depicting an alternative
embodiment of the sampling hardware wherein the hardware
resources are shared among a plurality of elements.

[0030] FIG. 5 is a block diagram depicting an alternative
embodiment of the sampling hardware wherein the hardware
resources are shared among a plurality of elements, and the
sampling hardware may obtain either approximate complex
samples (DSIQ) or multiple samples per subset.

[0031] FIG. 6 is a block diagram of an exemplary embodi-
ment of a simplified A/D converter.

[0032] FIGS.7A, 7B, 7C, and 7D illustrate respective tim-
ing diagrams showing various embodiments of the sampling
operation.

[0033] FIG. 8 is a flow diagram depicting one preferred
method of the invention.

DETAILED DESCRIPTION

[0034] With respect to FIG. 2, a device 200 used to gather
data over numerous transmit and echo receive cycles, or itera-
tions, 1s shown. Array 202 of transducer elements provides
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the transmit and receive interface to the tissue. A single col-
umn of elements 204, 206, 208, 210 is shown, with the undet-
standing that all elements are similarly connected to respec-
tive circuitry. Isolation circuit 212 provides isolation of the
receive circuitry, and may take the form of isolation switches,
as described with respect to FIG. 1. (Note that the transmit
generators are not shown). The transducer elements prefer-
ably provide an unfocused planar ultrasound wave propagat-
ing into the object being imaged. As described in one or more
of the related applications identified above, this strategy
advantageously results in a simplified hardware configura-
tion. In addition, receive focusing alone can achieve reason-
able spatial and contrast resolution, while preserving an
acceptable signal to noise ratio (SNR).

[0035] However, alternative embodiments may utilize con-
ventional transmit beam focusing techniques, such as using
time varying waveforms with delay and amplitude variations
selected to produce a desired acoustic beam. In preferred
embodiments using transmit beam focusing, a relatively
small number of relatively wide transmit foci are used so as to
cover the required field of view with a small number of
discrete transmit foci. In alternative embodiments where
wide transmit foci are not used, the time of acquisition
becomes larger, and may result in a lower frame rate.

[0036] Each receive channel has a preamplifier 214 that is
preferably impedance matched to the transducer element to
maximize sensitivity and bandwidth. An additional amplifier
216 takes the place of the TGC used by conventional systems.
Because only a subset of samples of the echo waveform is
obtained per each transmit event, the rapid gain adjustments
typical in TGC circuits are unnecessary, and may thus be
optionally omitted. Next the signal enters S/H circuits 218,
220,222, 224 which sample data over a few nanoseconds (ns)
and hold their outputs for as long as one millisecond (ms).
[0037] The sampling instants are determined by timing cir-
cuit 236. In the embodiment shown in FIG. 2, each receive
channel operates on the same timing signal, and hence obtains
samples at the same time offset. That is, the sampling instant
1s the same across all elements, and is varied from iteration to
iteration. Preferably, the earliest sampling instant is deter-
mined by the depth of the target to be imaged, and the sam-
pling instant is delayed for each successive iteration by
increasing the time offset by a single sampling interval. The
outputs are then digitized by analog to digital (A/D) convert-
ers 226,228, 230, 232. Sampling may thus be performed once
per transmit event.

[0038] Insome embodiments, it may be desirable to obtain
an image where the C-plane is not parallel to the transducer
face. In this case, the round trip times to the various locations
on the target image plane are calculated and used as the basis
of the time offsets (i.e., sampling delays) used to capture the
records. In this case, the time offsets provided by timing
circuit 236 are adjusted accordingly, and are not the same for
all transducer array elements, although they may be the same
for each row or column, depending on the orientation of the
desired C-plane to the transducer array. Thus, in this case, the
initial sampling instant may be adjusted for each element, as
well as the particular sampling instants.

[0039] Finally, the samples are provided to the synthesizer
234, where the samples are compiled and used to formulate a
complete set of samples representative of an echo character-
istic. Subsequently, the sample sets are delayed and summed
within a DSP, ASIC or other circuitry to yield a single focused
Radio Frequency (RF) echo line. The simplest beamforming
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strategy is to apply complex weightings to each element
signal and then sum these to focus and calculate an individual
image pixel. This signal forms the basis of one image line. For
a C-Scan image, this one A-line (as is known in the field) is
condensed to a single pixel location in the C-Scan image. The
single pixel value may be a single selected value from within
the A-line data—i_.e. the sample corresponding to the depth of
the plane of interest. Alternatively, the sample may be intet-
polated from nearby samples or a composite (average—
weighted or unweighted) of either pre or post envelope
detected data. Generally, in the C-Scan format it is not nec-
essary to dynamically update the receive focusing delays as a
function of signal depth since the signal depth is small and
required (optimal) delays change by small amounts. Never-
theless, in some situations where the depth of image forma-
tion is significant, dynamically updated receive delays (as is
well known in field) are used. The apodization weights
applied to the individual element signals may also be dynami-
cally updated. Apodization is the well known approach of
applying a distribution of weighting factors to the individual
element signals prior to summing to produce an improved
beampattern—generally having lower sidelobe levels.
[0040] Because only a small number of sampling opera-
tions (perhaps even one) per element is performed per trans-
mit event, the A/D design is much simpler and the resultant
data rate is significantly lower than for a comparable conven-
tional prior art system. One exemplary A/D converter 600
using simplified hardware is shown in FIG. 6. A digital value
generator (DVG) 602 is used to provide increasing digital
values (e.g., 8 bits) to Digital to Analog Converter (DAC) 604.
The DVG 602 may be a simple counter, a microprocessor, or
other suitable circuitry. The DAC 604 provides an analog
voltage on output 606 proportional to the binary input. The
output voltage is input to comparator 608, along with the
sampled voltage on line 610 from S/H circuit 612. As the
voltage on DAC output 606 passes the voltage on line 610
from S/H circuit 612, the comparator output 614 changes
state, and activates register 616 to load the digital value from
the DVG 602. The digital conversion value is provided on
A/D output 618.

[0041] TheA/D converter may take other forms, and FIG. 6
is merely one of many circuits known to those of skill in the
art. One reason that simplified A/D converters may be used
herein is due to the additional time available to digitize the
sample. In the converter 600 for example, numerous clock
cycles may be used as the DVG generates new digital values
for conversion to an analog voltage. That is, the acquisition
techniques described herein provide relief from the con-
straints imposed by full-rate continuous sampling over the
entire echo signal of interest.

[0042] Digitized data may be temporarily stored in regis-
ters in the synthesizer 234, which may be implemented as a
custom IC before being read out by a programmable digital
signal processor (DSP). Alternatively, the synthesizer 234
may also be implemented on the DSP, along with the image
processing.

[0043] Itis also possible for the beamforming process to be
applied on the received samples and then perform the assem-
bly into finite length records in the post beamforming (beam-
sum) register. In this mode of operation, individual samples
are delay compensated and used to populate an accumulating
beamsum register (i.e. a register which adds new values to
current values in the correct register location,) which adds in
isolated samples from successive transmit events. Over the
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set of firings, the process will progressively populate the
beamsum register, in a type of pipelining operation. (Alter-
natively, if the output is not fully populated, then values
intermediate between populated values are filled by interpo-
lation between the populated values.) This process is pre-
sented an alternative preferred embodiment. The relative
merit of various processing approaches is related to the rela-
tive cost of delay processing and memory. In addition, the
time required to render an image may be reduced since the
beamforming process may begin before all of the data
samples have been acquired. The approach used in this
embodiment may not work as well in the context of inter
sample interpolation—i.e. in practice, it would require a
higher sampling rate because the beamforming approach sug-
gested here is based on nearest neighbor delay operations as
opposed to interpolated, or phase corrected, delays.

[0044] Inanalternativeembodiment shown inFIG. 3, hard-
ware is provided to acquire multiple samples per transmit
event. Note that for convenience, only three receive channels
are depicted. The hardware of FIG. 3 may be configured to
obtain a single complex valued sample at each sampling
instant. As described in the related applications set forth
above, a good approximation of a complex sample may be
obtained by obtaining two real samples offset by a quarter
wavelength of the center frequency of the transmitted wave-
form. Thus, each receive channel includes a pair of S/H cir-
cuits 318/319, 320/321, 322/323, and associated A/D circuits.
The timing circuit 336 generates two timing signals, one on
line 337 having the desired time offset, and one on line 338
that occurs one quarter cycle later.

[0045] Inother embodiments, standard demodulation tech-
niques are used to obtain complex sample values. That is the
echo signal may be formed into inphase and quadrature com-
ponents by channeling the echo signal into two paths and
mixing each of (multiplying) them with inphase and quadra-
ture reference signals respectively. The two signals are then
low pass filtered to eliminate the sum frequency components.
As is known to those of skill in the art, the low pass filtered
signals may represent a baseband version of the echo.
Samples of this signal may then be acquired as complex
samples described herein, and are representative of the mag-
nitude and phase of the echo signal. Alternatively, the echo
signal may be mixed down to an intermediate frequency (IF)
and sampled as described herein. In this case, the samples
may be real valued, or may be further processed by a DSP to
obtain complex samples, or the DSIQ sampling technique
may be applied, where the one quarter period offset is deter-
mined by the center frequency of the IF signal. Note also that
DSIQ samples may be obtained from samples taken from
different points (e.g., three quarters offset) or even different
cycles of the waveform, as long as the timing of the sampling
has the appropriate quadrature phase relationship. Of course,
complex samples may be generated from DSIQ samples
taken at other offsets, but one-quarter or three-quarter period
offsets (or multiples thereof) provide orthogonal measure-
ments (resulting from the sine/cosine sinusoid decomposi-
tion) making complex sample generation more computation-
ally efficient. In this way, it is possible to accumulate finite
time records of any of: real radio frequency data, complex
baseband data (via standard demodulation) or DSIQ data.

[0046] Note that the A/D circuits may be provided in pairs
as shown by A/D circuits 326/327 and 328/329, or alterna-
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tively, a single A/D circuit 330 may be shared by the two S/H
circuits 322/323, with the sample conversion being applied
serially.

[0047] In another configuration, the hardware of FIG. 3
may be used to obtain two real-valued samples separated by a
single sample interval. In particular, timing signals on line
337 and 338 may be generated to cause S/H circuits 318 and
319to sample the receive echo waveform at two separate time
offsets, thereby resulting in a echo sample subset of two
samples per iteration. The samples may be of consecutive
sampling instants, or may be separate by two, three, or any
number of sample intervals. In the embodiment of FIG. 3
configured to provide two samples per subset (i.e., per itera-
tion), the entire record may be synthesized from a number of
iterations equal to one half the desired record length. Thus, in
this embodiment, the system is capable of performing the data
acquisition in only two iterations: one half of the samples are
gathered from one burst, and half of the samples are gathered
on the second burst. The sample subsets may be obtained at
full rate and then concatenated, or the two halves may be
obtained at half the desired effective sampling rate, and then
interleaved. In other embodiments, more S/H converters and
A/D converters may be added to achieve any arbitrary number
of samples per subset.

[0048] Sampling techniques that operate at a rate less than
twice the highest frequency component are understood to be
sub-Nyquist rate sampling. Of course, in embodiments where
sub-Nyquist rate sampling is utilized (i.e., one or more inter-
vening sampling instants are skipped during the subset acqui-
sition), the resulting samples are interleaved by the synthe-
sizer 334 to obtain the desired sample sets representative of
the entire echo characteristic.

[0049] In some embodiments, improvements in the signal
to noise ratio (SNR) can be obtained by using higher sampling
rates. For example, the sampling rate can be more than
doubled and will still operate perfectly well in the majority of
clinical situations. Notice also that the discussion of mini-
mum sampling rates relates to the highest frequency present
to any significant extent rather than the center frequency of
the ultrasound being used.

[0050] Inan alternative embodiment, the circuitry of FIG. 2
may be utilized to obtain multiple samples per subset. In this
embodiment, the S/H circuits 218, 220, 222, 224, may operate
two or more times per iteration. Preferably, they are operated
at a rate lower than the desired effective rate, and typically at
a sub-Nyquist rate.

[0051] In one exemplary embodiment providing a frame
rate of 8 frames per second, and providing a 65x65 pixel
image, and a 32x32 element array, then the DSP performs
approximately 34.6 million complex multiply and add opera-
tions per second. Since each complex operation is equal to 4
real operations, the total computation cost is approximately
138.4 million operations per second. This level of computa-
tion can readily be performed by the Texas Instruments
TMS320VC5416-160 which is a low power programmable
DSP currently selling for less than $40. The addition of a
second DSP (or faster DSPs when they are available) would
enable higher frame rates, color flow imaging, and a variety of
other signal processing applications. The systems described
herein reduces overall cost by placing analog and mixed
signal components in a custom IC, while using off-the-shelf
programmable DSPs to implement rapidly evolving beam-
forming and signal processing algorithms.
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[0052] In the embodiment shown in FIG. 4, the receive
channels are selectively connected via switches 402 to shared
data conversion hardware resources, including the S/H cit-
cuitry and A/D circuitry 404/406 and 408/410. In this manner,
the hardware may be further simplified, with the result being
that more iterations must be performed because samples are
obtained at each iteration from only some array elements
(those connected to the shared resources). Similarly, the
embodiment shown in FIG. 5 may be used to obtain a single
complex value using shared hardware resources, or may be
configured to provide two real samples per iteration. The
number of S/H and A/D elements may be increased to provide
additional samples per iteration, and the A/D elements may be
further shared among individual S/H elements. When sharing
hardware resources, the number of array elements used in a
given iteration depends on how many elements are assigned
to a single converter. This is also referred to as a hardware
reuse factor. For example, a hardware reuse factor of two
means that two elements share resources, and thus one half
the elements are able to obtain sample subsets during any
given iteration.

[0053] As shown in FIGS. 7A-D, at each iteration only a
portion, or subset, of the echo characteristic is sampled and
stored. During the iterations, the portion of the echo charac-
teristic that is measured and sampled is varied by changing
the relative sampling instants. That is, the time offset from the
transmission to the respective sampling instant is varied. The
sample sets representative of the entire echo characteristic are
then compiled from the multiple subsets of the ultrasonic
transmissions. Thus, rather than obtaining an entire set of
echo samples needed for image processing from each echo,
the method described herein performs data collection itera-
tions by transmitting an ultrasonic pulse, and receiving a
pulse echo at a plurality of array elements, and at each ele-
ment, obtaining a pulse echo sample subset at a respective
time offset, wherein the time offset is varied. Then, for each of
the relevant array elements, the sample subsets are used to
compilea single synthesized composite pulse echo sample set
that is representative of an echo characteristic at that element.

[0054] In one embodiment shown in FIG. 7A, the pulse
echo sample subset contains a single sample. The single
sample may be a real valued sample, or may be a complex
valued sample obtained from two real samples separated by a
quarter period of the echo signal. The period referred to here
corresponds to the period of the center frequency of the echo
signal. Since this is time sampling example, the sampling
interval corresponds to one quarter of a period as measured at
the center frequency. Center frequency can be defined in a
number of ways but is generally associated with the fre-
quency mid way between two cutoff thresholds—e.g. the
lower and upper -6 dB levels with respect to peak spectral
component. Other definitions of center frequency can be
used. Center frequency here generally relates to the antici-
pated center frequency after receive transduction to an elec-
trical signal—i.e. net of tissue and transducer related spectral
shaping and frequency downshifting.

[0055] Alternatively, the subset may be a plurality of
samples, as shown in FIG. 7B. A subset having a plurality of
samples may be obtained by full-rate sampling of the echo
signal for a portion of the echo. In this embodiment, each
subset contains no more than half the desired samples. The
multiple full-rate samples may be obtained, as described
herein, from a plurality of A/D converter hardware resources,
or a single full-rate converter that is only capable of providing
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a few consecutive samples. In one preferred embodiment,
each subset contains no more than six consecutive samples.

[0056] In an alternative embodiment shown in FIG. 7C, the
plurality of samples in one subset may be obtained by sub-
Nyquist rate sampling. That is, samples may be obtained from
a single echo signal at rate below the Nyquist rate. In subse-
quent iterations, samples (also at a sub-Nyquist rate) may be
obtained, where the sampling instants have a different time
offset. In both cases (successive sampling or sub-Nyquist
sampling), the subsets are then combined to obtain to a full-
length sample set representing the echo characteristic,
sampled at an effective rate of at least the Nyquist rate. Thus,
the number of desired samples in the sample set is simply the
number of iterations times the number of samples obtained
per iteration. For example, if a desired characteristic echo
sample set is length N samples, and the number of data
collection iterations is j, then the number of samples in each
pulse echo sample subset is an integer equal to approximately
N/j.

[0057] For embodiments using successive sampling, the
sample subsets are concatenated into a single record for each
element, whereas for embodiments using sub-Nyquist sam-
pling, the sample subsets are interleaved to obtain the full
echo characteristic sample record. The beginning and ending
time offsets are determined in large part by the tissue depth of
the desired Image.

[0058] The step of synthesizing the pulse echo sample sub-
sets of varied offsets into a single composite pulse echo
sample set may be performed by concatenation or interleav-
ing, as shown in FIGS. 7A, B, and C. The synthesizing step
may also include manipulating the sample subsets in response
to at least one motion estimation value as well as the respec-
tive time offsets used to gather the data.

[0059] In this regard, one or more array elements may be
used to obtain samples used for motion estimation. A single
motion estimation value may be obtained from individual
direct-sampled complex echo samples taken over a plurality
of iterations from a single element, each sample having the
same time offset.

[0060] Comparisons of successive captures of this complex
sample may be used to determine whether there has been
significant motion. Specifically, motion may be estimated by
aphase shift in the sampled data. Ifthere is significant motion,
one preferred embodiment causes the system to wait and try
again in the expectation that motion will stop for a sufficiently
long time for a ‘good” acquisition set to be obtained.

[0061] Alternatively, the number of samples acquired can
be adjusted downwards if there is some motion detected. In
this manner, the record length may be adaptive, in that
samples are taken over a shorter time period in the presence of
motion. This corresponds to using the technique with a large
finumber and hence getting a slightly inferior resolution.
However, motion related problems will be mitigated. Another
alternative implementation uses the signal acquired in com-
mon among acquisitions as a method to quantify the motion
between transmissions. If the motion 1s fairly uniform over
the tissue region being interrogated then the samples may be
manipulated to compensate for the motion, such as by rotat-
ing the phases of successive acquisitions, or by interpolating
the samples.

[0062] It is understood by those of skill in the art that
propagation delay compensation may involve delays at off-
sets other than an integer number of sample offsets, and that
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well-known interpolation techniques (often a combination of
interpolation followed by decimation) are used to generate
the required samples.

[0063] In one embodiment, the axial motion estimate may
be used in the synthesizing step. In particular, an approxima-
tion to the required re-interpolation could be simply achieved
by skewing the timing of the triggering of successive samples
from timing sources 236/336 to provide the compensation in
the pre sampling domain. In this way, apart from initial
motion estimation, all subsequent compensation does not
need an interpolation step since itis inherently ‘resampled’ by
virtue of the skewed sampling used.

[0064] Oneexample of fine tuning the triggering interval to
provide the equivalent of sampling with no tissue motion is as
follows: if the detected motion estimate determines that suc-
cessive echoes are 0.05 microseconds closer than the previous
ones, then the sampling trigger is reset to 0.05 microseconds
earlier on successive captures (0.05 ms, 0.10 ms, 0.15 ms,
etc.). In embodiments using irregular transmit pulse spacing,
the triggering can be scaled appropriately.

[0065] In an alternative embodiment shown in FIG. 7D,
echo sample subsets that overlap in time may be gathered at
each iteration. That is, the time offsets at each iteration are
adjusted such that the relative sampling instants have substan-
tial overlap. In this way, the synthesized echo record may be
compiled from the subsets, and in addition, consecutive echo
sample subsets may be used to estimate motion. Motion may
be estimated using any one of a number of different tech-
niques know to those of ordinary skill in the art, including
cross-correlation, spline-based estimation, phase rotation,
Fourier-based correlation matching, zero-crossing matching,
etc. This data collection mechanism may be used at a single
array element, at regional array elements, or all array ele-
ments. Furthermore, with overlapping time offsets, signal
averaging may be utilized to reduce the impact of non-coher-
ent additive noise.

[0066] Alternatively, multiple motion estimation values
may be derived from samples taken from elements that are at
different locations within the array. In this manner, the motion
may be evaluated for different regions of the array to accom-
modate tipping of the array as might occur when pressed
against the tissue to be imaged. These may be referred to as
regional motion estimation values. The regional motion esti-
mation values may then be used to generate array-element
specific motion estimation values.

[0067] In addition, the compact imaging device preferably
includes a button to trigger image capture. Preferably a delay
is interposed before image capture is initiated so that motion
possibly associated with the pressing of the button will have
ceased (typically after 200 to 500 milliseconds).

[0068] However obtained, the motion estimation value(s)
may be used to enable/disable image processing to prevent
the display of distorted images caused by excessive motion.
Alternatively, the motion estimation value(s) may be used to
alter or manipulate the data samples when forming the syn-
thesized echo response characteristic in order to compensate
for the motion.

[0069] One preferred method 800 is described with respect
to FIG. 8. At step 802, an ultrasonic transmit array is used fire
ultrasonic waveforms from the transducer elements; after
each transmit firing, at step 804 a subset of echo samples of an
ultrasonic echo is obtained at each of a plurality of transducer
array elements. Each subset is a portion of a desired echo
response as determined by a time offset. The transmit firing
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and subset sampling is iteratively performed until all the
desired samples have been obtained, as determined by block
806. At step 808, an equivalent full set of echo samples is
retrospectively formulated from the subsets for each of the
plurality of transducer array elements.

[0070] The devices and methods described herein provide
very good resolution C-Mode (or B-Mode if desired) imaging
when there is no tissue motion. However, when considering
shallow C-Mode imaging, the ability to operate at a higher
pulse repetition rate than is normally used in deep tissue
B-Mode imaging provides for faster data acquisition, mini-
mizing the effects of motion. Hence, relatively high frequen-
cies with correspondingly rapid signal attenuation are
desired. Additionally, since C-mode imaging involves form-
ing images at a single depth, ‘reverberation’ (multi-path) arti-
facts from previous firings are statistically less likely to inject
themselves within the reconstructed image plane than is the
case in B-Mode imaging.

[0071] Insome preferred embodiments, the transmit pulses
may occur at non-uniform intervals. To obtain the desired
sample subset, it is only necessary that the receive trigger is
locked to the transmit event. It is not required that the transmit
event follows a simple pattern. A non-uniform pulse pattern
has the benefit of minimizing secondary echo artifacts. That
is, residual echoes from previous transmit pulses that contrib-
ute to the measured echo from the present pulse will tend to
cancel out in the later beamforming processing steps. Thus,
different pulse intervals help make residual echos non-coher-
ent over successive firings. The pulse intervals are preferably
varied in a random or pseudorandom range of up to +20%.
[0072] The complete system need only be slightly larger
than the transducer itself, allowing placement of an LCD (or
other flat, low profile) display directly over the transducer.
This will facilitate familiarity for new users and improve the
utility of ultrasound for guiding invasive procedures such as
catheter insertion.

[0073] One application for the techniques described herein
is for guiding needles for venous access. A secondary appli-
cation is for biopsy guidance. In each case, the application
generally involves a shallow imaging depth. The roundtrip
propagation time through tissue to 20 mm is 26 microseconds
(us). Transmit pulses and sample acquisition is preferably
performed at a rate of one per 40 ps. In most diagnostic
ultrasound the line firing rate is significantly slower than this
since the imaging depth is generally greater, and the probabil-
ity of artifactual residual echo signals being superimposed
within the reconstructed image are greater. Furthermore, it is
desired that the highest practical frequency be used in any
clinically usable product and that the intensity of the trans-
mitted signal be attenuated if required to balance the need for
SNR at the focal region of interest versus the desire to dissi-
pate ultrasound signals potentially arising from deeper reflec-
torsinthe tissue, minimize transducer heating and prolonging
battery life.

[0074] /1.1 imaging (i.e. the entire aperture in this
example) is used to obtain the highest possible resolution.
This implies a maximum path difference for focusing of 1.93
mm, (for embodiments using receive-only beamforming only
one-way path differences are used). At a speed of sound of
1540 m/s the required focal delay difference between the
center of the array and the farthest active edge of the array is
1.25 ps At an operating frequency of S MHz, this corresponds
to justover 6 periods. Preferably, additional samples are taken
to fully encompass the RF pulse associated with the finite
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bandwidth echo from a single idealized point target. For
example, a transducer pulse echo signal -6 dB fractional
bandwidth of approximately 30% may be used, and thus may
add approximately 4 cycles of acquisition time to fully
encompass the anticipated pulse and to provide for slice
thickness integration in the final image. Thus, approximately
10 cycles worth of data are required to yield data to enable a
conventional delay and sum beamforming operation for a
single C-Mode plane.

[0075] In preferred embodiments, the effective sampling
rate is 40 MS/s, which is significantly higher than required by
the Nyquist criterion. Thus, 80 samples are required per data
record. Ifeach transmit/receive firing occupies 40 ps, the time
duration for 80 samples to be acquired using the current
approach is 3.2 ms. Clearly, it is also possible to operate closer
to the Nyquist limit and thereby reduce the total acquisition
time and reduce tissue motion effects.

[0076] Motion of the transducer relative to static tissue may
be restrained to less than | mn1/s in the beam axis dimension.
Thus, in the time it takes to acquire a complete set of 80
samples, total target motion is 3.2 pm which is significantly
less than a wavelength (031 mm). Even when 10 mm/s
motion is present, and a longer time per acquisition is used
(e.g. 80 ps), motion is still small compared with realistic
wavelengths. The SAA approach may not be suitable for
tissue regions in which there is a considerable motion—such
as moving blood.

[0077] The parameters discussed above are set forth in
Table 1.

TABLE 1

System Parameters

Center Frequency S MHz
Fractional -6 dB bandwidth 30%
i 1.1
Number of Elements 60
Element center-center pitch 0.3 mm
Apodization Quartic Root Hann
Target Idealized wire at
20 mm depth
[0078] The Quartic Root Hann filter is used so as to “fatten’

the aperture, with respect to that obtained using a simple
Hann window, and thus slightly tighten main lobe resolution
and increase SNR at the expense of increased sidelobe level.
[0079] Exemplary embodiments of the invention have been
described above. Those skilled in the art will appreciate that
changes may be made to the embodiments described without
departing from the true spirit and scope of the invention as
defined by the claims.

1. A method of obtaining a plurality of pulse echo sample
sets at a plurality of ultrasonic transducer array elements,
each pulse echo sample set being representative of an echo
characteristic for use in ultrasound imaging using propaga-
tion delay compensation signal processing; the steps com-
prising:

(1) performing data collection iterations by transmitting an

ultrasonic pulse, and at each iteration:

(a) receiving a pulse echo at a plurality of array elements,
and

(b) at each of the plurality of array elements, obtaining a
pulse echo sample subset at a respective time offset,
wherein the time offset is varied between successive
iterations; and



US 2015/0025387 Al

(i) for each of the plurality of array elements, aggregating
the pulse echo sample subsets of varied offsets into a
single synthesized composite pulse echo sample set that
is representative of an echo signal.

2-30. (canceled)

Jan. 22,2015



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

KRN

IPCH %5
CPCH%E=

£

S EREEEE

BEX)

FATIDMTPEBE RGN B REN - SRHMERERK S E

US20150025387A1 AFF(AE)A
US14/209177 BiE A
BERIAZLTIESS

VIRGINAZRAZEE £

VIRGINIAR R KZE £ 4

HOSSACK JOHN A
BLALOCK TRAVIS N
WALKER WILLIAM F

HOSSACK, JOHN A.
BLALOCK, TRAVIS N.
WALKER, WILLIAM F.

AG61B8/00 A61B8/08

AG1B8/483 A61B8/4483 G01S7/52025 A61B8/00 G01S7/52088

60/616176 2004-10-05 US
10/506722 2004-09-07 US

Espacenet USPTO

—MATHRERTEFRENBENREREN T L. BISPRHM
ER R AR SRERRERE | HHEASRR I TBEIRBFEREN

BRRE. EEERT , SRR —EBD RNFERBTRENEF
fio FEIAAHIE | BT B AEXT RAF B I SR Sl 38 ) 8 M0 SRAF Y (=08 45 4

. ERR , REMNEWEERRFEEZNEERSE. A5, N8

FRERNZNTREFAREMRRBENEERE,

N

Jug-

i

i
iy

004

patsnap

2015-01-22

2014-03-13

TIMING

=0 — A ow—



https://share-analytics.zhihuiya.com/view/003b59aa-0834-45d5-976c-10f7d80926a0
https://worldwide.espacenet.com/patent/search/family/036148932/publication/US2015025387A1?q=US2015025387A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150025387%22.PGNR.&OS=DN/20150025387&RS=DN/20150025387

