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REAL-TIME 3D ULTRASONIC IMAGING APPARATUS AND METHOD
FIELD OF INVENTION

This invention relates to ultrasound imaging systems. More particularly, this invention
relates to methods and devices for three-dimensional image acquisition. The devices and
methods are also suitable for 2D, 3D and 4D ultrasound systems. The invention is
particularly, but not'exc]usively, useful for medical diagnoses and treatment. The devices
and methods of the present invention are useful components of practical high-quality real-

time 3D ultrasound systems with fully electronic volume data acquisition.
- BACKGROUND OF THE INVENTION

Two-dimensional (2D) ultrasonic probes are necessary to support three-dimensional (3D)
electrénic, volume data acquisition for many clinical applications. State-of-the-art one-
dimensional (1D and 1.5D) probes that electronically scan only in azimuth provide the 2D
ultrasound images (azimuth and range) that are commonly used today. 2D probes scan
electronically in elevation as well as azimuth, to provide a three-dimensional data cube
(azimuth, elevation and range) that can be processed using image processing software to
produce a variety of image formats. These formats include conventional planar images,
planar images at arbitrary scan planes, as well as represenfations such as surface rendering
and orthographic presentations.  Four-dimensional (4D) representations include 3D

animations where the 3D rendering is updated in time.

Two-dimensional sensors are employed in other imaging modalities such as CT-scanners, and
in other fields such as radar; and hence are well understood conceptually.  Practical '
dif[iculties arise with the ultrasound modality due to the small, elemental feature size
(fractions of a mm) and the large number of channels typically needed. These difficulties

have stalled the introduction of fully electronic, 2D, ultrasonic probes.

ID array transducers contain several tens or even hundreds of elements typically arranged

linearly. The transducer elements may be arranged on a straight line (linear array) or a

curved line (curved linear array or simply curved array). The operations of a linear array or

curved array are similar, the main difference being that the image expands with range (depth)
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for the curved array. A typical linear or curved array could have anywhere from 64 to 512

(or more) elements, depending on the cost and the application. The azimuthal spacing of

elements is typically between half a wavelength and one wavelength. The elemental size n
the elevation dimension is much larger, typically tens of wavelengths. The operating
frequency is typically somewhere between 2MHz to 20 MHz, depending on the clinical

application. -

A narrow beam is created in the azimuth dimension by focussing the transmitted and receive
energy along a particular beam or scan line. Scanning is performed in azimuth (i.e. in a
single elevation plane) using one of two schemes, sequential scanning or phased-array
scanning. With sequential scanning, any given beam line is offset from all of the other beam
lines in the azimuth direction. If the array is linear (rather than curved), the beam lines are
parallel to one another, and a set of beam lines spans the region or volume to be imaged.
Phased-array scanning, on the other hand, is achieved by rotating the central beam line ‘in
azimuth, to the left and to the right, by a set of angular offsets. The resulting set of beam
lines intersect at a common apex (which may actually occur behind the array), and separate

from each other as a function of range.

Premium probes generally employ wideband waveforms to achieve the fine resolutions
needed in range. As a result, beamforming is done by adjusting time delays (in the
narrowband wavefoim case, phases are adjusted rather thaﬁ time delays) at each element used
on transmit and receive. For a given pulse, a focal point is set along the range' dimension.
Appropriate time delays are used on the elements involved in transmission, so that their
respective acoustic energy arrives at the specified focal range, along the specified beam line,
at the same time. As a result, the waveférm is said to be focused at this point. On receive,
time delays are dynamically applied to the elements involved in reception, to focus the

received energy at each range.

The 1.5D array provides a solution to the image thickness problem, and thereforé produces
higher-quality, planar images than the 1D array (Wildes, D.G., et al., “Elevation Performance
ol 1.25D and 1.5D Transducer Arrays”, IEEE Transactions on Ultrasound, Ferroelectronics
and Frequency Control, Vol. 44, No. 5, September 1997, pp.1027 to 1036). By using
multiple rows of elements in the elevation dimension, multiple elevation beams can be

formed, each focused at a different focal range. This is achieved by varying the time delays

o
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(through switching or otherwise) app]iéd to the elevation elements while the acoustic signals

are being received. In addition, a lens is typically used in the elevation dimension to help
control the elevation focus. The net effect is that the elevation thickness (resolution) is

maintained with range, thereby improving image quality.

\

" Unlike 1.5D arrays which are commonly found in premium ultrasound systems, 1.75D arrays

are not yet in use in commércial systems (Puyun Guo, Shikui Yan and Quing Zhu,
“Elevation Beamforming Performance of a 1.75D array”, IEEE 2001 Ultrasound,
Ferroelectronics and.Frequency Control Conference). 1.75D arrays are like 1.5D arrays,
except there is no symmetry constraint. As a result, it is possible to provide a little bit of
elevation steering. However, due to the large element size in elevation (several wavelengths),

grating lobes become serious if the electronic scanning is significant.

Interest in 3D Ultrasound is growing and all major ultrasound companies are paying
attention: There are two ways that scanﬁing is currently performed: sequential scanning and
phased array scanning. It is common knowledge to those skilled in the art that if one
conventionally-extends a 1D phased array (typically with A/2 element spacing) to two

dihwnsions (of equal size), or a 1D sequential array (typically with A element spacing) to two

dimensions, then data cubes could be acquired by 2D scanning, and the fine (e.g. an F

number of 2, denoted herein as F/2) azimuth resolution currently available extends to
elevation as well. Two fundamental difficulties, however, arise:

1. the cost is prohibitive;

2. the frame-time to acquire a 3D volume is far greater than the time it takes to acquire a

2D image.

Consider extending a linear array with 256 elements (maximum of 128 used on receive) to
two dimensions. The number of elements increases to 256 x 256 = 65,536. Such a
transducer design/fabribcation is very difficult, if not impossible, today. The number of
receiver channels would also increase by a factor of 128 in order to provide the same
resolution in both dimensions, all else being equal, while not increasing the number of shots
(and hence acquisition time) needed per vector. Since system cost is proportional to the

number of channels, the resulting cost is unaffordable.’
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Finally, it takes longer to acquire the data cube (as compared to the tens of milliseconds

needed to acquire a conventional 2D image plane) since there are many more beams needed
to interrogate the volume. At least 128 x 128 = 16,384 beams are needed, for each transmit
focal range, with about 100 ps two-way time needed for each shot (this assumes a 10 kHz
firing rate and a‘ 7 cm depth needed). For two focal ranges, this implies an acquisition time of
3.2 seconds, assuming the numbér of channels available equals the number of elements used

in the beamformer.

The aforementioned difficulties require practical trade-offs and novel solutions if 2D arrays

supporting 3D electronic, volume data acquisition are to be an affordable reality.

In U.S. Patent Application Serial No. 10/353,152 “3D Ultrasonic Imaging Apparatus and
Method”, an apparatus and method are disclosed that solve these aforementioned difficulties
and provide high-performance, affordable 3D electronic volume accjuisition. The apparatus
includes a novel 2D probe with 2 different element sizes, a large size in one dimension
(normally elevation) and a conventional size in the other (normally azimuth). A new method
referred to as coherent aperture combining beamforming (CAC-BF) that can be used in at
least one dimension (normally azimuth) with the 2D probe, or on its own, is disclosed. The
present application discloses additional improvements to the CAC-BF method that prbvide
imége performance enhancements and make the method more flexible and more amenable for

real-time implementation.
SUMMARY OF THE INVENTION

The present invention aims to provide ultrasound imaging technology which may be
incorporated in practical, affordable, high-quality, 3D ultrasound imaging systems which are

clinically useful, and which exploit 3D, electronic, volume data acquisition.

The present invention also aims to provide 3D ultrasound systems using state-of-the-art
elemental transducer technology (e.g. using 1.75D transducer technology), switching,
multiplexer and cable technology, and real-time signal processing technology such as ASIC

beamforming and filtering hardware.
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The most significant cost and complexity in premium 2D ultrasound systems relates to the

receive electronics, the cost of which is proportional to the number of digital receive

" channels. For affordability therefore, it is important to keep the number of digital receive

channels in the contemplated 3D ultrasound systems similar to that provided in current

premium 2D ultrasounds.

The present invention seeks to ensure that the 2D probe apparatus and beamforming methods
disclosed provide high-quality volume data which can be used to generate high-quality 3D
imagery (e.g. 3D-surface reﬁdering or orthographic presentations) as well as 2D imagery of
similar or better quality than premium, state-of-the-art, 2D ultrasound systemé currently
produce. High-quality imagery is cluéracteriied by azimuth, elevation and range resolutions
equal to or better than that provided by premium 2D ultrasound systems, as well as grating
lobe beam responses (or sidelobe responses for narrowband systems) similar to that provided

by premium 2D systems.

- The present invention aims further to provide (a) azimuth resolution that is significantly

better than that of a premium 2D ultrasound system using the same azimuth aperture and/or
(b) elevation resolution that is significantly better than that provided by premium 1.5D arrays

in use today.

The present invention also seeks to provide fully-electronic, 3D volume data acquisition to
support rapid and accurate interrogation of volumes combined with highest-quality, 3D image, '

formation. ‘

t

In order to maximize the clinical utility of the 3D ultrasound system contemplated with the
present invention, it is desired to minimize tﬁe 3D volume acquisition time to sustain the
highest 3D frame rates without significantly sacrificing affordability or image quality. For
example, it is intended that meaningful, high-quality 3D data cubes can be electronically

acquired in a fraction of one second.

The present invention additionally seeks to provide 2D probe and beamforming technology
that can be manufactured in a conformal form factor, and be used as a building block (i.e.

providing transmission apertures and data gathering apertures) in ultrasound medical imaging
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systems, exemplarily as described in U.S. Patent No. 5,666,953, U.S. Patent No. 5,871,446,

U.S. Patent No. 6,023,632, U.S. Patent No. 6,319,201, and U.S. Patent No. 6;106,463.

The present invention aims additionally to provide a compact and deployable 3D ultrasound
system of size, weight, power, and form-factor similar to conventional 2D ultrasound

systems.

It would be desirable, furthermore, to increase the image quality of light-weight, portable, 2D
ultrasound imaging systems employing fewer receive channels than premium 2D ultrasounds,

without appreciably increasing the size or cost of such improved systems.

The present invention also aims to provide an apparatus and method that would support the
development of a very low-cost, 2D, real-time ultrasound imaging system requiring only a

few (on the order of 8) channels.

The present invention seeks to provide an ultrasound system for 3D imaging of the carotid

artery, providing improvements in safety and accuracy over current diagnostic methods.

It is further intended to provide ultrasound technology permitting a standard 2D ultrasound

medical procedure to be carried out more quickly and hence more safely.

There is intent also to provide ultrasound technology enabling a relatively unskilled medical

practitioner the ability to perform an ultrasound medical procedure.

It is desired herein to reduce CAC-BF computation time and latency so that real-time imaging
is achieved, to reduce sidelobe levels in all image regions as compared to those levels
achieved using CAC-BF or similar methods, and to reduce sidelobe levels for ultrasound

systems with imperfect hardware.

A flexible imaging method that is easily programmable for different applications, modes and

imaging configurations.
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It is also intended herein to provide an ultrasound medical apparatus and/or method wherein

the latency between shots that are coherently summed is reduced, thereby mitigating the

effects of tissue motion.

It is also intended herein to provide an ultrasound medical apparatus and/or method wherein
means are provided to fill-in the near-range holes that can otherwise result in image coverage

using CAC-BF or similar methods.

It is also intended herein to provide an ultrasound medical apparatus and/or method wherein

the number of shots transmitted is reduced while still achieving desired performance.

The present invention addresses the above-mentioned difficulties and achieves the above
aims by employing innovative approaches which together provide a practical solution to
ultrasound imaging systems employing 2D ultrasonic arrays which support electronic, 3D

volume data acquisition and beamforming.

The present invention is directed in part to a probe for electronic, 3D volume data acquisition
using ultrasound, comprising a plurality of transducer elements arranged in a two
dimensional array having an azimuth dimension and an elevation dimension. The
transducer elements have a first element size in the azimuth dimension and a second element
size in the elevation dimension. In a preferred embodiment, at least onc of the first and
second element sizes is at least twice a characteristic wavelength of a waveform used to drive
the array of transducer elements, where the characteristic wavelength is defined as the

wavelength corresponding to a center frequency of the waveform.

In a particular embodiment, an ultrasound imaging transducer in a system in accordance with
the present invention exploits 1.75D elemental technology (Puyun Guo, Shikui Yan and
Quing Zhu, “Ele_vation Beamforming Performance of a 1.75D array”, IEEE 2001 Ultrasound,

Ferroelectronics and Frequency Control Conference).

An ultrasound imaging transducer in a system in accordance with the present invention can
be manufactured in a conformal form factor, and be used as a building block (i.e., a 2D
transducer array module) in ultrasound blanket systems as disclosed in U.S. Patent No.

5,666,953 and its progeny.
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The present invention is also directed to a method of generating image data in a scanning
process, using a CAC-BF (see below) technique in at least one of an azimuth dimension and
an elevation dimension, to form an ultrasound image line, image plane, or image data cube.
The CAC-BF method can be applied advantageously to any 1D or 2D ultrasonic probe or

array, and is not restricted to the preferred embodiments disclosed herein.

The present invention includes a beamforming method (CAC-BF) that produces high-
.reso]ution ultrasound images more efficiently than conventional methods. CAC-BF divides
the transducer into a number of smaller subaperturés, each of which transmits and receives a
number of low-resolution beams that span the imaged region. High resolution is obtained at
each image point By coherently combining the beamformed signals from the subapertures,

synthesising a large aperture focussed at the point.

The present invention provides practical, clinically useful, high-resolution, 3D ultrasound,

electronic, volume data acquisition.

An ultrasound imaging system in accordance with the present invention exhibits 3D imaging
with voxel resolution equal to or better than that of state-of-the-art planar images, in both the
azimuth and elevation dimensions. In one preferred embodiment, the voxel resolution is

twice as good in azimuth and/or elevation as that in state-of-the-art planar images.

An ultrasound imaging system in accordance with the present invention is relatively
inexpensive to manufacture. The imaging system can be implemented as an inexpensive
upgrade to existing premium ultrasound systems, or as a stand-alone solution of comparable

cost to state-of-the-art 2D ultrasound systems.

In a particular embodiment, an ultrasound system in accordance with the present invention is
able to electronically acquire the 3D data cube of size 26 mm x 26 mm by 70 mm spanned

by the transducer in under one second.

1t is obvious to one skilled in the art that there is more to building a 2D or 3D ultrasound

imaging system as contemplated herein than simply employing the disclosed 2D arrays or

CAC-BF method. The design and implementation of a complete probe, beamformer or
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ultrasound imaging system assumes a large amount of hardware, software, and systems
engineering and manufacturing knowledge known to those skilled in the art. While it is a
preferred embodiment of the present invention fpr the CAC-BF coarse and fine beamforming
operations (see description below) to be performed digitally in the ultrasound engine, this
functionality can alﬁso be distributed throughout the entire ultrasound system, and be
implemented in hardware or software or both in a variety of ways known to those skilled in
the art, without departing from the SCOpé of the present invention. In addition, post-
beamforming operations such as vector processing and imaging processing are also known to
those skilled in the art, and any conventional form of these operations could obviously be
used effectively with the disclosed inventions. The present disclosure does not provide a
tutorial on such techniqqes, But rather, focuses on the invention itseIf;namely, the CAC-BF
method and its use in ultrasound systems. In particulaf, the adaptability and flexibility of the
CAC-BF method for use in different applications and modes is described. In addition, a shot-
machine approach to implementing the CAC-BF method is proposed, which has significant
real-time and latency ﬁdvantages over the simpler frame machine approach. In addition,
novel methods are proposed for providing better sidelobe performance, increasing frame rate,

reducing latency between coherently summed shots, and filling in near-range blind zones.

The initial target application of the present invention is the carotid artery, although there is
nothing that would restrict its use in other applications (e.g. obstetrics and gynecology,
abdominal, cardiology, and other peripheral vascular appl.ications). The CAC-BF method
which is a key part of the present invention is suitable for use with different sizes and shapes
of probes, different numbers of elements in each dimension, and different numbers of
channels. It is also suitable for different levels of system cost, i.e. both for low-end systems
with only a few channels, and for high-performance imaging systems with hundreds of real
channels. The 2D probe which can be advantageously used by the CAC-BF method of the
present invention and which fully disclosed in U.S. Patent Application Serial No. 10/353,152
(U.S. Patent Publication No. 20030163046) is well suited to peripheral vascular applications
such as carotid artery imaging. The inventors have developed a real-time prototype of the
present invention directed towards carotid artery imaging, and hence, many of the preferred

embodiments described herein relate to that application. It will become clear to anyone

.skilled in the art after reading the present disclosure, that the invention disclosed herein is

applicable to any diagnostic ultrasound application.
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The present invention is directed at B-mode imaging. However, it is compatible with

<

Doppler modes (both color flow and spectral Doppler modes) and harmonic imaging.
Doppler modes using CAC-BF transmit consecutive pairs (or larger groups) of shots in the
same direction from the same subaperture. The range lines from each shot pair (or group) are
summed and differenced coherently, providing Doppler information.  Then CAC-BF
integration is applied to the Doppler-combined signals, producing higher-resolution spectral
or peak velocity estimates, depending on the Doppler and CAC-BF integration algorithms
used. While accounting for the expected target motion, all of the standard CAC-BF
configuration parameters described earlier, along. with Doppler algorithm and waveform
parameters known to those skilled in the art can be optimized to deliver the required spatial
resolution. B-mode CAC-BF shots can be interleaved with Doppler shots, where the Doppler
shots can use either apprbpriately conﬁgﬁred CAC-BF shots or conventional Doppler shots.
Some shots could be used (i.e. shared) by each of the modes. Harmonic imaging can also be
supported: in this mode, the waveform (transmission and reception frequencies) is carried out
in the usual fashion; however, the transducer elements are controlled (i.e'. _excited and
received) In a_ccordaﬁce with the CAC-BF method. The peak power and CAC-BF
subaperture configuration employed (e.g. size, spacing, overla‘p) are optimized so that the

harmonic component is excited in the tissue being imaged.

The CAC-BF method . of the present invention s.upports a shot machine approach to
processing received ultrasonic signals which makes thé CAC-BF algorithm particularly
flexible and amenable to real-time operation. With a shot-machine, the ultrasound signals
received from a gi.ven transmitted shot are processed - immediately and make their
contribution to the resulting acquired image data; the next shot is then fired and the process
repeats itself until the entire image is formed. A frame machine, on the other hand, would
typically collect and store ultrasound signals from the set of shots associated with an image
frame. One or more processing steps would be a block process that would require all of the
ultrasound signals for a given frame to be available to operate on. This introduces latencies
and is in general less computationally efficient than a shot machine implementation. A shot
machine implementation, however, is typically more difficult to design as the algorithmic

steps are reorganized, combined and optimized to achieve efficiency.

In accordance with the present invention, the spatial and temporal interpolations used during

scan conversion, the aperture windowing used for sidelobe control, and the calibrated
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equalization process are all combined into a minimal set of multiplying weights to minimize
the number of CAC-BF computations. In a prcférred embodiment, these weights are pre-
computed and stored along with corresponding memory addresses in order to minimize the

number of CAC-BF computations and the resulting on-line computation time.

The invention proposes a number of aperture windowing and calibration methods to improve
the azimuth sidelobes in the CAC-BF impulse response. With an unweighted CAC-BF
summation acroés the subapertures, higher azimuth sidelobes (Fresnel ripples) result.
Specialized windowing (weighting) methods suitable for use with CAC-BF provide part of
the solution. However, if the system hardware résponse between different shots is unequal in
gain and phase, then windowing by itself is not effective. Thus real systems need calibration

and equalization.

Due to the shot machine architecture, arbitrary ordering of shots is possible. Methods are
proposed for ordering the shots used by the CAC-BF algorithm that feduc_e the latency
between those that are summed together. If shots are simply ordered by aperture or by beam
angle, then some regions of the image can havé unacceptably long time between the shots
used in their specific CAC-BF summation. Also, a method is proposed for shot selection for

the CAC-BF algorithm that adds extra shots to cover the short-range .

The CAC-BF method associated with the present invention is also parameterized to make the
method programmable for different modes and CAC-BF configurations. This allows it to be
used in more systems and applications, and is quite amenable to a software machine. For
upgrades to existing machines, the method is well suited to exploiting beamforming and
focusing hardware already available for the coar‘se beamforming step, and performing the
fine beamforming step in software. For such a case, the methods described herein have been

implemented in software in real-time on off-the-shelf personal computers.
Comparison of Invention with Prior Art

In U.S. Patent 4,553,437 “Hybrid Non-Invasive Ultrasonic Imaging System”, Luthra, Kassam
and Mauchly describe a method referred to as complex image addition (CIA) for use with a
linear array that has similarities with the CAC-BF method. In addition, they also describe an

apparatus that consists of a linear array, and a frame machine circuit that implements the CIA
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method. The CIA method has several shortcomings as compared to the CAC-BF method

disclosed herein. First, the CIA method onfy works with a linear array, whereas the CAC-BF
method works for any array, and hence is applicable to both 2D imaging, as well as 3D
imaging. The ‘437 patent does not deal with azimuth sidelobe control and aperture
weighting. Nearest neighbour selection rather than azimuth and/or range interpolation are
used-during scan conversion in ‘437, owing to the complexities of their frame machine, and
the large subapertures (64 elements) used. Interpolation processes proposed herein are more
accufate than the nearest neighbour (in both dimensions) approach in the ‘437 patent and are
necessary for the smaller subapertures favoured in the preferred embodiments of the CAC-BF
method. The ‘437 patent has exactly a 50% overlap between subapertures and does not
teach that overlap is important for eliminating gra.ting lobes. Calibration is not dealt with in
the ‘437 patent, and shot.ordering algorithms to reduce latency are not conceived. Additional

differences between the ‘437 patent and the present invention are described below.

The ‘437 patent’s method/apparatus or approach is a frame machine approach, i.e. all shots

are fired and stored before being processed using complex image addition to generate the

“final image. This approach introduces latencies, and requires storage for all acquired

samples. With the shot machine approach of the present invention, each shot makes an

immediate contribution to the image so that latencies are minimized.

Our invention features eaéy to use, user-selectable, on-the-fly, conﬁguraﬁon changes to CAC-
BF imaging parameters. The ‘437 patent discloses a method and .apparatus that are rigid and
not amenable to such changes. The present invention is amenable to a furn the knob concept
of trading off image resolution, image size, frame rate, and image quality; and this is a novel
feature of the present invention not taught by the ‘437 patent. The present invention includes
a software, programmable, low-cost implementation as a preferred embodiment that is

already proven in the form of a prototype.

In the ‘437 patent, each subaperture uses the same set of scan lines. In our invention, each
subaperture need not use the same set of scan lines. For example, the subapertures on the
edges-of the total aperture need not scan outside of the desired image limits. In this way, the

present invention minimizes frame time.
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In the ‘437 patent, the acquired image field of view is that able to be seen by all subapertures,

i.e. each point in the image includes a complex sample acquired from each subaperture. Our
approach is more flexible. We can emulate sector image formats and linear scan formats just

by a change in parameters.

With our approach, we can use CAC-BF for some image regions and conventional
beamforrﬁing for others. This flexibility is useful when using certain CAC-BF
configurations, for example, a linear scan format, where near-range ‘holes’ or blind zones in
CAC-BF coverage can result. For such cases, a few extra conventional shots can be fired to

fill in the holes as necessary.

The ‘437 patent is directed towards relatively large subapertures (64 elements) as compared
to the total aperture (128 elements) that gets utilized (even though they refer to their
subapertures as being small). The present CAC-BF invention is directed to very small
subapertures (i.e. 8 or 16 as compared to the 128 total utilized aperture). We are directed to
smaller subapertures for two reasons: i. they support low-cost 2D machines with only 8 or 16
channels; and ii. they support 64 or 128 channel 3D machines. The larger subapertures used
in the ‘437 patent have high gain and small depth of focus. Therefore they prefer to transmit
on half the aperture (and consequently lose SNR and introduce imaging artifacts) to get
suitable depth of focus (DOF). Our approach of using small subapertures means we get
greater DOF by definition. Hence we transmit and receive on the same subaperture and

improve imaging properties.

The ‘437 patent does not teach the savings in frame time achievable using CAC-BF. CAC-
BF requires a constant numBer of shots (and hence frame time) independent of size of the
subaperture. Hence the frame time can be held constant while the subaperture size is selected
to match the system front end (i.e. number of channels) specification. This is highly
advantageous. Our CAC-BF method is also very advantageous in number of shots compared

to the standard synthetic aperture approach.

Another benefit of CAC-BF is that it gets twice the resolution of conventional methods using
a total aperture of the same size. The CIA method taught by ‘437 patent does not teach this.
Also, because it uses only one-half of its subaperture during transmission, the CIA method

will have significant grating lobes.
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In Ultrasonic Blanket with CAC and SCA Patent Application, US Serial No. 09/514,928,

filed 28 February 2000, 3D volume data acquisition and focusing of beams using active

wransducers is described. A singular, rigid carrier structure constructed using scalar

transducer elements arranged in the likeness of an array is disclosed. Signal transmission
apertures and data gathering apertures are foﬁned and used to electronically scan desired
regions and electronically acquire 3D volumetric data; where coherent aperture combining
(CAC) is used to combine the structural data from multiple data gathering apertures, thereby
increasing the size of the effective data gathering apertures employed, and thereby increasing
image resolution. Both monostatic (on pulse one, transmit and receive out of aperture one, on
pulse two, traflsmit and receive out of aperture two) and bistatic (transmit from one aperture
and' receive simultaneously on two or more apertures) operations are disclosed. Also
disclosed is the use of 1.5D and 1.75D array technology to fonn a 2D array and effectuate
volume data acquisition by scanning in azimuth and elevation. The 2D carotid probe
described herein'is a particular apparatus in the form of a 2D array that uses elements that are
larger in one dimension (e.g. elevation) than the one (e.g. azimuth) as 1.5D and 1.75D linear
arrays employ, but which is designed particularly for carotid or peripheral vascular imaging.
The CAC-BF method of the present invention is a major advancement over the CAC method,
and discloses numerous algorithm steps and details that are simply not considered by the

aforementioned CAC method.

In U.S. Patent Application Serial No. 10/353,152 “3D Ultrasonic Imaging Apparatus and
Method” (U.S. Patenf Publication No. 20030163046); the 2D carotid probe described herein
was first disclosed. The CAC-BF method teaches several improvements over the earlier
method described in the aforementioned application. These improvements relate to a shot-
machine implementation of CAC-BF, particular aperture. windowing algorithms and
calibration procedures for sidelobe control, extension to other applications and modes, filling
in of short-range holes or blind zones using conventional shots, and special shot-oArdering

methods that minimize acquisition latencies.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic perspective view of a 2D ultrasonic transducer array pursuant to the

present invention.
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Figures 2A and 2B are a diagram illustrating basic CAC-BF concepts utilized in carrying out

the present invention.

Figure 3 is a block diagram showing functional components of an ultrasound scanning system

in accordance with the present invention.

Figure 4 is a block diagram showing elements of a fine beamformer shown in Figure 3.
Figure 5 is a block diagram similar to Figure 4, showing an alternative configuration of the

fine beamformer of Figure 3.

Figure 6 is a block diagram similar to Figures 4 and S, showing another alternative

configuration of the fine beamformer of Figure 3.

Figure 7 is a schematic perspective view of a 2D ultrasonic transducer array pursuant to the
present invention showing CAC-BF applied in the azimuth dimension and conventional
sequential scanning in the elevation dimension. This transducer and scanning approach is

well-suited to the carotid artery or other peripheral vascular applications.

Figure 8 is a schematic perspective view of a 2D ultrasonic transducer array pursuant to the

present invention showing CAC-BF applied in both the azimuth dimension and elevation

dimension. This transducer and scanning approach is well-suited for cardiology applications.
DEFINITIONS

The word “shot” is used broadly herein to refer to a transmission of acoustic energy. The

acoustic energy may take the form of a pulse having a center frequency, amplitude and shape.

The word “echo” is used herein to refer to reflected acoustic energy generated when a shot
interacts with an internal tissue structure. A particular shot directed along a transmission path
will typically generate echoes from all internal body tissue structures along that path. The

echoes are reflected back to the receiving aperture or subaperture. .
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The word “subaperture” as used herein denotes a subset of an available aperture used for

spatially directing a shot and/or receiving echoes. When formed from an array of electrical-
mechanical transducer elements of an ultrasonic scanner, the transducers of a subaperture are

typically contiguous and disposed in a one- or two-dimensional array.

The word “voxel” is used herein to denote a smallest unit of volume to be assigned a
respective image value in an ultrasdund-generated image. A voxelisa three-dirhensional
region analogous to a pixel of a two-dimensional image. In general, the image value may
take the form of a scalar (e.g. amplitude or intensity level), a complex quantity (e.g.

10 amplitude and phase), or a vector (e.g. intensity level and velocity).

The term “range line” as used herein refers to a set of echo values received along a particular

reception path. For phased arrays, the subaperture transducer signals associated with

respective received echoes are weighted and summed by a beamformer to form the range line
15  for a particular reception path. The set of echo values generally correspond to the structures

disposed along the reception path.

The term “shot machine” as used herein describes the architecture of an ultrasound system
whose underlying design involves the firing of a shot followed by the reception and

20  processing of its respective echoes for a particular fange line, followed by making
contributions to an image for the tissue structures associated with the particular range line.
An entire image is formed by repeating the process for a sequence of shots and associated
range lines. Shot machines are inherently flexible and typically cén be easily reprogrammed
to support different image formats and modes by simply defining a suitable sequence of shots

25  and associated range lines to use.

" The term “CAC-BF technique” as used herein refers to a method for forming ultrasound
images by (1) transmitting a set of coarse beams in sequence using a set of subapertures,
receiving reépective echoes from each coarse beam and performing coarse beamforming to

30 form a range line for each coarse beam and (2) coherently combining the received range lines
using a fine beamforming process in order to form a high-resolution image. The acronym

“CAC-BF” stands for “Coherent Aperture Combining - BeamFormer.”
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The term “coherent image data” as used herein denotes image data that includes amplitude

and phase information, typically represented as a complex quantity for each datum.

The term “complex coherent image” as used herein denotes an image that includes amplitude
and phase information at each pixel or voxel, typically represented as a complex quantity at

each pixel or voxel.

The term “coarse beam” refers herein to a real beam in a certain direction formed by the
transmission of a shot from a subaperture. A coarse beam is usually of lower-resolution

(spatially coarser) than the image data synthesized by the CAC-BF technique.

The term “coarse beamforming” refers herein to the process of forming a range line by

combining the acoustic signals received from each of the elements of a receiving subaperture.

The term “fine beam” is used herein to designate a synthesised beam formed by the coherent
combination of the range lines received from multiple shots and multiple subapertures. A
synthesized fine beam usually has higher-resolution (fine) than the coarse beams associated

with each of the range lines.

The term “fine beamforming” denotes herein the process of synthesising the higher-
resolution (fine) image data, nothecessarily as a set of distinct “fine beams”, by the coherent

combination of range lines formed by coarse beamforming.

A “sample” as that word is used herein means a number in an ordered sequence of digitized

data comprising a range line.

The term “aperture windowing” as used herein denotes the beamforming process of assigning
smaller multiplicative weighting to signals from the edges of the aperture used. Windowing
can reduce sidelobes in the image, at the cost of degrading resolution. Windowing can be
applied to full apertures (conventional beamforming), subapertures (e.g. with coarse

beamforming), as well as to synthesized apertures (e.g. associated with fine beamforming).

The word “equalization” as in “shot-to-shot equalization” refers herein to the process of (a)

measuring inequalities in relative amplitude and phase responses between shots owing to
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different hardware imperfections in the formation of the respective range lines, and (b)
compensating for the inequalities during processing. The inequalities, if not compensated,

can lead to both poor focusing and high sidelobes in the image.

The term “coherent image addresses” denotes herein computer memory addresses for each

complex voxel in the image being formed (in memory) by CAC-BF.

The term “complex convolution kernel” as used herein refers to a small (e.g., length-20 or so)
sequence of complex numbers. This sequence is digitally convolved with each received

range line in order to perform the range filtering operation.

The term “short-range blind zone™ is used herein to designate regions between subaperture
centers that are not il]uminated by CAC-BF coarse beams. In é typical CAC-BF
configuration, subapertures are spaced by dx (mm), and are used in the transmission of
coarse beams that span plus or minus daz (degrees) from normal. The typical, isoceles
triangular-shaped regions between subaperture centers, with base lengths dx along the
aperture, and sides with internal angles 90-daz, are not illuminated by the CAC-BF coarse

beams.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 shows an ultrasound transducer probe where scanning occurs in both the azimuth

dimension (i.e. horizontally) and in the elevation dimension (vertically). The probe includes

~ a rectangular array of transducer elements 36 mounted to a holder or substrate member 38.

Four different beams 40a, 40b, 40c, 40d are—illustrated in Figure 1, demonstrating that the
probe is capable of illuminating a volume. The transducer elements 36 can be controlled to
effect sequential scanning in azimuth and elevation as illustrated in Figure 1; but nothing
prevents one from using phased-array scanning or CAC-BF (coherent aperture combining
beamforming) scanning (see below) in azimuth and/or elevation. If phased array scanning is
used in a given dimension, the acquired data usually is scan converted (i.e. transformed or
mapped onto a Cartesian grid) in order to present the image on a conventional display (i.e. a
monitor using a cathode ray tube (CRT)). The net effect of any of these scanning techniques
is that a volume of ultrasound data is ultimately acquired electronically, which ultimately can

be represented on a Cartesian (x-y-z) grid.
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A preferred embodiment of the ultrasound transducer device or probe of Figure 1 for 3D
imaging of the carotid aﬁery is described in U.S. Patent Application Serial No. 10/353,152
(U.S. Patent Publication No. 20030163046) and is characterized by the following baseline
parameters:

e 256 x 40 piezoelectric transducer elements 36

. 0.2‘mm (A) x 0.8 mm (4 1) element spacing in azimuth and elevation, respectively

¢ Scans in azimuth and elevation

e Uses 128-elements for azimuth instantaneous aperture

e Uses 20% elevation instantaneous aperture (i.¢. 8-element subaperture)

e TX focal depth is 50 mm ‘

e Imaging depth is typically 0 to 7 cm

e Nominal azimuth resolution of F/2

e Nominal elevation resolution (using 8 elevation elements per beam) of F/S

e High elevation resolution (using 16 elevation elements per beam) of F/4

e Frequency 7.5 MHz (central wavelength 0.2 mm)

e Pulse length 0.4 mm (0.27 ps) with Hann weighting, yielding approximately 100%

bandwidth '
128 digital receive channels

e image volume 25.6 mm x 25.6 mm x 70 mm

It should be noted that any of the above paramebters, including the frequency, can be changed
for other applications in order to create other preferred embodiments, and such changes
would not depart from the spirit or scope of the probe in accordance with the present

invention.

The aforementioned 2D transducer device of Figure 1 has several advantages over the
conventional 2D array described earlier. The conventional 2D array requires at least four
times the number of elements to scan the same volume (assuming the azimuth and elevation
element sizes are both A). If a conventional probe restficts itself to the same number of
elements as the 2D transducer device disclosed ilerein, then it will also result in lower spatial

resolution and image quality because the physical aperture will be smaller. As a result, the
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2D transducer device is more practical, less complex and less expensive than a similarly

performing conventional 2D array.

CAC-BF scanning, ldiscussed in detail below, can be used with the probe of Figure 1, or any
other 1D or 2D probe, when it is necessary to minimize the volumetric or image acquisition
time. When used with the array of Figure 1, a preferred embodiment of the CAC-BF method
uses sequential scanning in elevation 92, combined with CAC-BF in azimuth 94 as illustrated
in Figure 7. In this configuration, 3D imaging can be achieved effectively with as few as 64
channels. For this case, the CAC-BF subapertures 96 are typically of dimension 8, x 8. (i.e.
each subaperture has 8 contiguous elements in azimuth and 8 in elevation for a total of 64),
and adjacent azimuth subapertures typically have an overlap of 4 azimuth elements.
Typically 8 to 10 phased- érray type beams 98 are formed for each subaperture 96 to achieve
F/2 in aamuth and the collection of resulting beams from all subapertures are coherently
combined to produce the final image. For abdominal appllcatlons a probe similar to that
employed in Figure 1 could be used, albeit typically at lower frequencies. For cardiology
applications, a more conventional 2D array 100 can be used and scanned as shown in Figure
8. Here, the subapertures 102 also span two dimensions (eg. 8x8 for a 64 channel systems or
16x16 for a 256 channel system) and phased-array type beams 104 scan in both azimuth and
clevation. Subapertures would typically overlap 50% in each dimension and the number of
beams 106 used with each subaperture is typically on the order of the number of elements
106 in the subaperture (i.e. 64 beams for an 8x8 subapertufe) to achieve good performance.
For a given application, the size and number of the subapertures, their overlap, aﬁd the
number and spacing of beams formed per subaperture are optimized to yield the required

performance.

Coherent Aperture Combining Beamforiming: In General

The general concept underlying CAC-BF will now be described with reference to Figure 2A.
While this figure pertains to a 1D array for ease of illustration, it is clear by the previous
discussion and by reference to Figure 8 that it extends easily to a 2D array. A volume 42 to
be imaged is divided into a Cartesian grid of points (voxels), nominally separated by the
achievable resolution in each dimension. A number of subapertures 44,, 44y, ... 44, are
defined within the ultrasound transducer device or probe. A number of beams 46,1, 46,2, ...

464, 46y, 46p2, ... 46bj, ... 46n1, 46, ... 465 from each subaperture 44,, 44y, ... 44, are
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directed towards different angles spanning the volume of interest 42. High-resolution voxels
are formed by summing signals from a number of low-resolution (coarse) beams originating
from different subapertures 44, 44y, ... 44,. High resolution is achieved because the
summation results in the full aperture (i.e. the total extent of the subapertures) Being

synthesized and focused at each voxel in the image.

The differences between a method and ap‘pératus using conventional techniques and a method
and apparatus utilizing CAC-BF are as follows. Conventional techniques are organized into
two catégories: those using synthetic aperture beam formation, and those not. We consider
the latter first. In a conventional ultrasound (withdut synthetic aperture beam formation),
beams are fully forméd,'both on transmit and receive, with a single shot. The number of
clements in the aperture is thus limited by how many channels are available. The transmit
aperture is restricted to be smaller than the receive subaperture to provide a reasonable depth
of focus. - This means that with the receive hardware currently available (i.e. we do not want
to increase the number of receive channels in premium 2D ultrasound systems), hi'gh-
resolution 2D electfonic scanning is not practical. The CAC-BF method differs from high-
resolution éonventional beamforming in two key ways. First, conventional beamformers do
not use subapertures 44,, 44y, ... 44, in the beamforming process. Second, conventional

beamformers transmit on a smaller aperture than they receive on.

In conventional systems with ‘synthetic aperture’ beémfomﬁng, a number of subapertures
(offset in azimuth ohly) are focused along a given range line on consecutive shots, and then
the return signals are summed in order to synthesize a single beam. 1If a high-resolution
transmit beam is also needed, then multiple subapertures are used on transmit for each
receive subaperture; shots that have different transmit and receive subapertures are ‘cross-
terms’ in the summation. Current premium ultrasounds, when operating in synthetic aperture
mode, typically use only two subapertures on receive (There is usually one direct
transmit/receive and one cross-term transmit/receive. For example, transmit on a central
subaperture and receive on central subaperture, followed by transmit on central and receive
on outer subaperture.). Several key differences exist between the CAC-BF method and
synt'hetic aperture beamforming. First, there are no cross-terms in the baseline CAC-BF
concept as used herein, meaning that resolution is better for CAC-BF. (With CAC-BF, cross-
terms actually decrease resolution, but do help to reduce sidelobes.) Furthermore, CAC-BF

uses a small aperture on transmit instead of the larger apertures needed by conventional
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synthetic aperture methods designed to achieve the same performance. Second, whereas
synthetic aperture beamformers form a single high-resolution beam for each voxel, the CAC-
BF method forms several coarse, low-resolution beams and combines them at each voxel.
Third, in a preferred embodiment of CAC-BF, each low-resolution beam is formed using
transmit and receive subapertures that are the same size. In synthetic aperture beamforming,
the transmit and receive subapertures used for beam formation are different in size, the

transmit being smaller.

In a given region, the CAC-BF concept contemplates that each low-resolution beam is
transmitted and received from the same (sub)aperture. High-resolution ‘beams’ are not really
formed; rather a high-resolution apertire is synthesized at each voxel. Multiple low-
resolution beams from each subaperture cover a region spanning many beamwidths. The

ultrasound imaging process utilizing CAC-BF breaks up the existing large aperture.

A conventional ultrasound typically transmits multiple shots to get better depth of field (one
shot for each range interval). This is because the transmit beam must be focussed at a
particular range, and only voxels for ranges within its depth of focus can use the beam. To
cover a wide range swath, a sequence of shots are transmitted along each range line, each
focused at a different range. This forces the system to take significantly more time to cover
the volume. The higher the resolution, the smaller is the depth of focus, and hence the longer
it takes to image a volume. This is also the case for the Comp]ex Image Addition method
disclosed in U.S. Patent No. 4,553,437 where 64-element subapertures are preferred. With
the disclosed CAC-BF method, the depth of focus is defined by the resolution of the coarse
beams, giving it a natural advantage over state-of-the-art beamforming methods. This is a
fundamental difference between conventional beafnforming methods and the. CAC-BF
method. The preferred embodiments of the CAC-BF described h_erein only require a single

shot per range line or image vector.

The ultrasound transducer devicé (see Figure 1) is divided or partitioned into overlapping
subapertures 44,, 44y, ... 44, (Figure 2A). These are composed of (say) 64 to 128 elements to
match the available number of signal receive channels. In a preferred embodiment, the
subapertures 44,, 44y, ... 44, overlap by at least 50% of their width in each dimension
(azimuth or elevation) where CAC-BF is applied. The percentage overlap strongly affects the

impulse response of the resulting, high-resolution, CAC-BF image. Grating lobes may result
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"if not enough overlap is selected. Figure 2A shows a 1D array partitioned along the azimuth

dimension into subapertures 44,, 44y, ... 44,. CAC-BF is illustrated below for this single
azimuth dimension. Extension of CAC-BF applied to two dimensions (i.e. azimuth and

elevation) is straightforward.
Coherent Aperture Combining Beamforming: Image Partition

The image space 42 is covered by overlapping beams 46,1, 464, ... 46y, 46p), 40p2, ... 40D
...46,1, 462, ... 46lnk from subapertures 44,, 44y, ... 44, Figure 2A shows the beam
boresights as lines originating from the subapertures 44,, 44y, ... 44y, and travelling through
the volume 42. Each subaperture 44,, 44y, ... 44, transmits and receives a respective
séquence of overlapping (coarse) phased-array beéms 4641, 4642, ... 46y, 46,1, 40p2, ... 40D;
...46,1, 4612, ... 46, each beam being' focused at a different angle. A pulse (shot) is
transmitted and a range line is received for each beam 46,1, 46,3, ... 464, 46p1, 40p2, ... 40b;,
...46,1, 463, ... 46, from each subaperture 44,, 44y, ... 44,. The beams for each subapertu;e
are normally spaced so that they cross at approximately their -3 dB points. To avoid grating
lobes, the total angle (volume) spanned by the beams 46,1, 46,2, ... 40ai, 46p1, 4062, ... 46b;
...4641, 462, ... 46, from each subap_erture 44, 44y, ... 44, is usually limited by the
reciprocal of the element spacing weighted by a constant that takes into account unit
conversion. This consequently limits the size of the full aperture that can be synthesized.
Only bearms that intersect the imaged volume 42 need be transmitted, thereby saving
additional acquisition time; thus subapertures at the edges of the volume transmit fewer

beams.
Coherent Aperture Combining Beamforming: Image Formation

As illustrated in Figure 3, a two-dimensional array 48 of transducer elements mounted to a
probe (not shown in Figure 3) is accessed by switching electronics 50. Switching electronics
50 includes a signal generator 52, a control unit 54 and a switching network 56. Signal
generator 52Aproduces a waveform having a characteristic ultrasound frequency that is
directed to elements of transducer array 48 by switching network 56 in response to signals
from control unit 54. Switching electronics 50 selectively energizies the elements of array 48
and selectively polls those elements to effectively divide the array, along at least one of two

dimensions, into subapertures 44,, 44y, ... 44,. As discussed above, each subaperture 44,,
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44y, ... 44, transmits and receives a respective plurality of low-resolution ultrasound beams
46y, 464, ... 46y, 46y, 462, ... 46bj, ... 4051, 46n2, ... 464k that span the volume 42 to be
imaged. A signal processor 58 is operatively coupled to the switching electronics 50 for
coherently combining received beamformed signals from the subapertures 44,, 44y, ... 44,
and synthesizing, from the coherent combination, a large aperture focused at each point of

the image volume 42.

The image formation process loops on beams 46,;, 464, ... 46,;, 46y, 46y, ... 46bj, ...46q;
46,2, ... 46,1k.and subapertures 44,, 44y, ... 44, (2 nested loops), collecting range lines (the
sampled signal in range). From each shot, return signals are received from the transducer
elements iof the transmitting/receiving subaperture 44,, 44y, ... 44, These signals are
digitized by a digitizer 60 (Figure 3) and (coarse) beamformed by a module 62, with dynamic
focusing along the radial line from the phase center of the subaperture through the transmit

focal point, as is usually done.

In this preferred embodiment, the next operation performed on each line is range filtering,
performed by a range filter 64. This operation is linear for the fine beamforming step to work
optimally, and it retains the phase of the signal; i.e. the output is typically complex (I and Q).
A conventional bandpass filter can be applied (matching or exceeding the waveform
bandwidth), or alternatively, a matched filter can be used and applied to the ultrasound
signals; in this case, a preferred approach is to base the matched filter on the pulse replica (as
the real part of the kernel) and its Hilbert fransform (as the imaginary part). Range filtering
with the transmit pulse is logically done after coarse beamforming, but before fine
beamforming, since fine beamforming (module 66) removes the range lines. Range filtering

may also be omitted depending on the waveform used.

One advantage of the way coarse beamforming and range filtering is performed is that a 2D
ultrasound engine could be used for these operations, making the preferred 2D probe and the

CAC-BF method amenable for upgrading existing premium ultrasound systems to 3D.

The resulting coarse beams are transferred to the fine beamforming module 66. Coarse
beamformer module 62 and fine beamformer module 66 may be realized by generic digital
processor circuits modified by respective programming algorithms to accomplish the

respective beamforming operations.
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A conventional ultrasound also loops on beams in a similar manner, but our invention uses a
unique set of different beams, differing in both the elements used and the focused directions.
With conventional ultrasound, each image point is typically generated from the nearest high-
resolution beam which is generated from one or more shots. With the CAC-BF method on the
other hand, each image point is generated from an _associated set of nearby low-resolution

beams, each generated from an associated shot.

Images (2D or 3D) may be generated on a video monitor 84 (Figure 3) by an image generator
86 in response to image data stored in a memory 88 connected to output of processor 58,
more particularly to an output of a CAC-BF component 90, and even more particularly to an
output of fine beamformer 66. CAC-BF component 90 includes digitizer 60, coarse

beamformer 62, range filter 64 and fine beamformer 66.
Coherent Aperture Combining Beamforming: Fine Beamforming

The image space 42 is divided into a high-resolution grid of voxels. "The voxels are spaced
more finely than the coars.e beams 46,1, 46,2, ... 464, 40p1, 46p2, ... 40bj, ...40n1, 46,2, ...
46,, nominally at the achievable resolution in cross-range from the synthesized apertures. In
Figure 2B two beam boresights (range lines) 464, 4642 and 46y, 46y from each of two
subapertures 44, and 44y, along with four grid points 72, 72y, 72, 724, are shown. The
intensity at each image point (voxel) 72a, 72b, 72¢, 724 is the coherent sum of signals received
from the various nearby subaperture-beam shots. The sum is from subapertures across the
array, thereby synthesizing a larger aperture. From a given subaperture, each voxel’s sum
preferably includes the two nearest beams that straddle the given voxel 72,, 72y, 72, or 724. -
For example, for voxel 724 and subaperture 44,, the two beams 46,; and 46,, are used. More
particularly, signal sample points 73 and 73’ are used. The spatial interpolation weight for
each of the two beams is such that the pattern of the interpolated beam reaches a maximum
(peaks) at the voxel. For image points between the beams, this not only helps the signal-to-
noise ratio, but it also reduces the sidelobe pattern of the interpolated beam. Time-
interpolation of the signal sample {rom each shot is also preferably included in the summation
at each voxel, as illustrated in Figure 2B. Various methods for spatial and temporal
interpolation known to those skilled in the art all fall within the scope of the fine

beamforming method, as does using a different number of beams or time samples for
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interpolation. ~ Figures 4 and 5 illustrate possible modular combinations of a spatial

interpolator 74, a temporal interpolator 76, and an adder 78. The result of applying the
aforementioned fine beamforming algorithm is that the signal samples from a scatterer at the
voxel all peak and add up in phase when summed. The range delay (which determines the
phase) for a given voxel’s signal sample is equal to the range delay between the subaperture
phase center and the voxel. Line 68 (Figure 2B) represents points with approximately the
same range delay to voxel 724 from subaperture 44, anya line 70 represents points with

approximately the same range delay to voxel 724 from subaperture 44y,

As we describe below, our shot machine implementation of the interpolation operations is

novel and not obvious, involves precomputations, and is amenable to real-time software

implementations.

Another preferred embodiment of the fine beamforming algorithm is depicted schematically
in Figure 6. The coarse-resolution range lines from each subaperture 44,, 44, ... 44, are
scan-converted by a modulé 80 (using conventional scan conversion algorithms known to '
those skilled in the art) to the high-resolution Cartesian grid of voxels to form a low-
resolution subaperture image. In this operation, the complex nature of the signal (amplitude
and phase) is retained. The subaperture images are added together by a module 82 to
synthesize a larger qperturé, and result in the final, high-resolutidn image. This addition
operation can be with unity weights, or alternatively, non-uriity weights to effect a taper. One
advantage of this embodiment is that low-resolution images can be created quickly at a high
frame rate. Higher and higher-resolution images can be obtained by using more and more
subapertures and combining their respective low-resolution ih1ages. With the shot machine
approach, this allows an image to be built up (from lower-res to higher-res) in time within the
total frame time. Successive subaperture images are lower resolution (compared to the final
image resolution) and hence highly correlated. As a result, data compression with inherently
much higher compression factors should be achievable. This would be extremely useful for
telemedicine applications (e.g. mission to Mars) where image data is transmitted remotely,

and only low data rate communication is available.

The high-resolution image, once formed using CAC-BF as described above, can be further

processed and/or transformed using image processing methods known to those skilled in the
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art. The image can be rectified (i.e. converted to an amplitude or power) or its real and/or

imaginary parts can be processéd.

A key advantage of using a CAC-BF approach is that high-resolution beams are obtained in
less time for given number of (element) channels. This advantage is demonstrated in the
discussion that follows and in greater detail in U.S. Patent Application Serial No. 10/353,152
(U.S. Patent Publication No. 20030163046).

The volume is covered by the ‘product’ of subapertures 44,, 44y, ... 44, and beams 46,1, 406,32,
... 464, 46y, 461, ... 46bj, ...46,, 464, ... 46y, This can be accomplished with many
subapertures, and few beams per subaperture (coarse beams, few elements per beam), or with
just a few subapertures, with many beams per subaperture (finer beams, many elements per
beam). The product of the two (the total number of beams) is, to first order, independent of
subaperture size. Thus with the present method, a certain number of beams 46, 46, ...
~40,i, 46y, 46b2, ... 46bj, ...46q1, 462, ... 46,k are required to cover a given vblpmxe ata given
resolution, and coverage time is proportional to volume/resolution. Once the beams 46,,
46,3, ... 46y, 46p1, 46p2, ... 46D;, ...46n1, 46n2, ... 46nk are low enough resolution (i.e. they
have a small enough number of elements), they only need one shot. Thus one of the kéy
advantages of the method: when down to 1 shot for each beam, we have minimized coverage
time. The aforementioned volume can now be imaged in under 0.7 seconds for F/8 in

elevation.

One advantage of the present methodology is that the aperture size can be tailored to every
grid point 72,, 72y, 72¢, 724 (Figure 2B). The preferred algorithm (using all zlvailnble
intersecting beams) naturally uses more apertures (on both transmit and receive) for grid
points at greater ranges. With this embodiment, azimuth resolution (in mm) is constant with
range. In a conventional ultrasound, the number of elements making up the aperture is not
allowed to grow beyond the number of available channels. In the case of the present
invention, the effective aperture can grow to the full size of the physical aperture, exceeding
the number of available channels, to the extent limited by the element directivity and desired

grating lobe performance.

Another advantage of the CAC-BF beamforming algorithm is that it can be combined with

other conventional scanning approaches so that certain parts of a volume to be imaged use
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CAC-BF beamforming while other parts use conventional beamforming. For example, CAC-

BF beamforming could be applied only at further ranges where resolution degrades and

conventional beamforming used elsewhere.

We can use conventional shots to fill in the triangular “holes” or blind zones in CAC-BF
coverage. These are regions. between the subapertures, but outside of their respective
scanning extents. The conventional shots use subapertures located between the CAC-BF
ones. There is thus the need to transmit a few extra shots, and additional flexibility is needed

in the multiplexer and shot selection designs.

Another advantagé of the methodology described herein is that better depth of field is

‘obtained with lower resolution beams. This means that an equivalent 3D volume can be

covered with fewer shots, or a greater volume can be covered with the same number of shots.

Yet another advantage of the methodology described herein is that better resolution is
achieved with the same size aperture (because of the lack of cross-terms). Resolution is two
times better than that of a receive-only aperture (i.e. a system that uses a significantly lower
resolution transmit aperture), and 1.4 times better than that of a conventional beam using full’
apertures on transmit and receive. It is to be ﬁoted that the full aperture is not normally used
on transmit because of the limited depth of field, thus CAC-BF gets almost twice the
resolution of conventional systems using the same sized bhysical aperture. Anélyses and
experimental measurements show that CAC-BF with 50% overlap performs equivalently to a

conventional synthetic aperture of twice its size.

Other variations to the CAC-BF method are described to illustrate the scope of the CAC-BF

method in accordance with the present invention.

CAC-BF can be performed with an arbitrary amount of subaperture overlap, recognizing that
the resulting image (beam) response characteristics (e.g. the sidelobe behavior including the

presence of grating lobes) at an image point will be affected accordingly.

It is to be noted that CAC-BF can be done in two dimensions, or, alternatively, CAC-BF can
be performed in one dimension and conventional scanning in the other. CAC-BF can also be

used with one-dimensional (1.5D, 1.75D etc.) probes to increase the frame rate for a given



10

15

20

25

30

WO 2006/000080 PCT/CA2005/000919

29
number of channels. The frame rate is further improved by the fact that the depth of focus is

greater, reducing the number of transmit focii needed. Alternatively, larger effective
apertures (better resolution) can be realized without reducing the frame rate. CAC-BF can
also be used and tailored to work with systems having virtually any number of receive signal
channels. This re-configurability makes CAC-BF well suited as the basis for a an ultrasound

system architecture suitable for a whole family of machines.

It is to be noted also that the fine grid within the image space need not be Cartesian and that
the coarse beams need not be spaced équally in angle. For example, the beams could be
spaced equally in sine-space, or spaced equally in the Cartesian grid. When CAC-BF is
applied in both dimensions, the coarse beams could be placed on a grid that is not the product

of an azimuth and an elevation grid (e.g. hexagonal or cylindrical scanning).

It is possible to include subaperture crqss'—tem1s, in order to improve sidelobes. Moreover, it
is possible to transmit from one subaperture only, and receive from the rest of the
subapertures. This has the disadvantage of only getting half the resolution per length of
aperture, but gets equivalent resolution to CAC-BF per pulse, because aperture overlap is not
needed. A potential advantage is a reduction in hardware complexity (may not need transmit
multiplexer, or it will be simpler). The reciprocal arrangenient (transmit from all

subapertures, only receive from middle one) may also be attractive.

Interpolation between beams helps reduce the sidelobes at grid points where the beams from
différent subapertures don't line.up, effectively smoothing the addition of the subapertures at
these points. The interpolation can be of any desired amount, using any algorithm known to
those skilled in the art. It is possible not to use any interpolation but performance will be

affected accordingly.

Shading (windowing) may be done in the summation across the aperture (to reduce sidelobes
with narrow-band systems). For similar reasons, or alternatively, the subapertures themselves
could be shaded or windowed. Subaperture windowing (weighting applied during the
complex summation across subapertures) is an important requirement for achieving low
sidelobes with CAC-BF and narrow-band waveforms. Subaperture windowing also helps to

reduce the beam response (i.e. gain) in the sidelobe regions when using wideband waveforms.
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Windowing in general is state-of-the-art (see Harris, “On the use of windows for harmonic
analysis with the discrete Fourier transform”, Proc. IEEE; 66, 1, 1978, pp. 51-84). Our

innovation is to modify it for CAC image formation. The details below are novel.

Three windowing algorithms are disclosed below in accordance with the present invention.
They trade off simplicity with performance. The better, more complex algorithm(s) account
for the aperture actually summed at each voxel. With the teaching of these three algorithms,
other algorithms will become apparent to those skilled in the art which fall within the spirit of

the algorithms described below.

The first simple algorithm windows shots according to their subaperture (independent of
beam angle). Thus the outer subapertures have lower weights. This.algorithm performs well
for voxels far enough away that all subapertures contribute to their signals; it does not control

sidelobes for close voxels.

The second simple algorithm windows shots according to their beam angle (independent of
subaperture). Thus outer beams have lower weights. This algorithm performs well for
voxels close enough that all beam angles contribute to their signals; it does not control

sidelobes for far voxels.

More involved algorithms window data according to aperture used (integrated) at each image

‘point. The algorithm accounts for which subapertures contribute to the voxel, and only those.

The window weight for a given subaperture is based on its position relative to the total
aperture spanned by the contributing subapertures at the voxel. Close ranges only see a
subset of the total aperture (but all beam angles); here the algorithm behaves like the beam
window. Far ranges only see a subset of the beam angles (but the whole aperture); here the
algorithm behaves like the aperture window. Mid ranges and azimuth edges see fractions of
either the aperture or the beam angles (or both); the more complicated algorithm ensures low

sidelobes at these image points.

If the system hardware response between different shots is unequal, then windowing by itself
is not effective. To get low sidelobes with real hardware, we need to account for gain and

phase variations across the subapertures and beams. Real systems thus need calibration and



10

15

20

25

WO 2006/000080 PCT/CA2005/000919

31

equalization. We measure and then invert the hardware’s response imperfections (off-line),

multiplying shots by stored complex numbers that equalize their responses (on-line).

As we describe below, our shot machine implementation of the windowing and equalization
operations, with precomputations, is amenable to real-time software implementations, and

allows for a unique weight for each shot’s contribution to each voxel.

If shots are simply ordered by aperture or by beam angle, then some regions of the ima'ge
wait a long time between the shots used in their specific CAC summation. We have a method

for ordering the shots used by the CAC algorithm that minimizes the latency at a given range. .

The objective is to have any given region be illuminated by shots close together in time, so
that the coherent integration is not as affected by motion. Ordering with aperture as outer
loop (and beam as inner loop) is optimal for close ranges (i.e. close image regions are
illuminated by all their shots nearly consecutively), but the worst case for far ranges. Having

beam as outer loop is optimal for far ranges and the worst for close ones.

We have the novel concept of choosing an ordering to be optimal for a particular range or
image region. If an intermediate range is chosen, then the worst-case latency (either at short
or long ranges) is also reduced. The algorithm simply orders the shots from left to right (or

the reverse) as they intersect a given line (e.g. an equi-range line) that crosses the image.

We also have the novel concept of transmitting certain shots more than once, with each one
being used in different image regions (where it is closer in time to other shots used in the
CAC-BF integration). This makes the frame time longer, but improves image quality. One
such method of shot selection divides the image into rectangular strips small in cross-range
that extend across all ranges. All shots required to image a given strip are transmitted
consecutively. We then move on to another strip (not necessarily adjacent) and image it,
completing the frame when all strips have been imaged. Repetition of shots occurs across
different strips. Within each strip, shots can be ordered to minimize latency at a particular

range as described above.
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Each subaperture need not use the same set of scan lines. For example, the subapertures on
the edges of the total aperture need not scan outside of the desired image limits. In this way,

we further reduce frame time.

The acquired image field of view can be greater than that able to be seen by all subapertures,
i.e. we can acquire a larger image, made up of regions contributed to by different fractions of
the total aperture. This approach is flexible. We can emul.ate sector image formats and linear
scan formats just by a change in pararﬁeters. Our shot machine, software approach to the
implementation is highly amenable to this sort of non-uniformity to the processing associated

with each subaperture (and image region).

Higher resolution coarse beams (requiring multiple shots) could be utilized, trading off

coverage time versus sidelobes. Dynamic focussing may be unnecessary if beams are of low

- enough résolution (i.e. very small subapetures), and this may reduce complexity.

The ‘product’ of beams and subapertures need not have each of the nominally 50%
t
overlapping subapertures transmitting all of the coarse beam angles. The product could be

formed with a greater number of highly-overlapped subapertures, each transmitting a smaller

" number (e.g. one) of the beam angles. This has the advantage of having smaller blind zones

at the close ranges between the subaperture‘centers, where no beams are transmitted.

Non-linear or adaptive, high-resolution beamforming techniques are computationally
expensive, but may be worthwhile in some applications to combine the multiple subapertures
used in the fine beamforming algorithm. The structure of the CAC-BF method is appropriate
as there is typically a small number of subapertures. This is not burdensome if it takes a few
seconds or minutes to compute; a physician could look at a linearly beamformed image, and
suggest an area he would like to see better resolved; then the high-resolution algorithm could

be applied.
Coherent Aperture Combining: Programmable, Reconfigurable Shot Machine Approach
The basic algorithm is a shot machine:

1. complex image initialized to zeros (start of frame)

2. loop on shots
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3. range filter shot
4. add contribution from given shot to voxels it influences

5. take magnitude of image and display (end of frame)

With the shot machine approach, each shot makes an immediate contribution to the image so

that latencies are minimized.

For each shot, we can first do range filtering as a digital convolution of a complex kernel with
the received real range line vector. The kernel is the impulse response of the (typically band-
pass) range filter. This preserves (and enhances) the amplitude and phase information of the

received signal. It is also computationally efficient. The digital convolution can use a two-

" transform approach, or any other approach that is efficient with the available computing

hardware.

The shot machine approach means that each shot’s samples can be weighted and added to the

various voxels immediately. The addresses of the samples and the voxels are known a-priori,

as are the multiplying weights. These weights and addresses (which are the same for every
frame) can be precomputed and stored (for every shot) when initializing for a given image
configuration. The weights can include window, interpolation and equalization factors; thus
each shot’s influence on the image can be computed with a minimum number of multiplies,
adds and memory accesses. Thus we can get real time when imaging without needing

expensive computing hardware.

Our approach also features easy user-selectable 'on-the-ﬂy configuration changes to CAC-BF
imaging parameters. The turn the knob concept of trading off image resolution, image size,
frame rate, and image quality (i.e. vary the humber of subapertures, scan limits, and spacing
between beams) is a novel feature of our invention. CAC-BF is amenable to a software,
programmable, low-cost implementation (already proven) that can allow, for example, large
field-of-view imaging followed by zooms at higher resolution, all at the control of the

operator.

Thus we can trade off quality (resolution and/or sidelobes) with acquisition time. We can key

on certain regions of the image to minimize acquisition time. We can use different
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subaperture sizes and spacings (in 1 or 2D) optimized for differing image configurations as

well as different beams too.
Coherent Aperture Combining Beamforming: 2D Scanning

With 2D electronic scanning, the designer has a number of choices for which methods to use
in each dimension. The choices include element size (n*lambda, where n can be between 0.5
and 4), what type of scanning (phased, sequenced, CAC-BF), the number of eléments in the
aperture, and with ‘CAC—BF, the subaperture sizes and overlap. As element size goes up, the
cost to achieve a certain level of resolution goes down, but sidelobe performance degrades.
Each element size has a maximum achievable resolution, and larger elements have poorer

performance. For example, 4-lambda elements cannot do better than about 0.35 mm azimuth

resolution, whereas lambda elements can achieve about 0.2 mm azimuth resolution at 7.5

MHz. Systems using CAC-BF in 2D with lambda or 2-lambda elements in both dimensions
are viable compromises. With CAC-BF, the larger the subapertures, the costlier (i.e. more
channels are needed), but sidelobe performance is better. Once the 1D performance of each

alternative is established by testing, then 2D cost/performance/acquisition-time trade-offs can

~ begin. A key feature of the CAC-BF algorithm is that it naturally provides the designer with

this cost/performance/acquisition time trade-off.

With 2D CAC-BF, in order to deal with motion within the imaged volume, one can transmit
the beams ordered within the volume, i.e. all the beams in top left corner first, then each row
left to right, rows ordered top to bottom. In this way, each grid point is illuminated over a
short period of time. This is exactly true only in focal plane, grid points at longer or shorter
ranges taking somewhat longer to illuminate. The alternative of ordering by subaperture.
means that every grid point requires the whole sequence of pulses to be imaged. The shot
ordering algorithms described above (pick a range with minimum latency, transmit extra
shots) are extendable to, and become more important for 2D CAC-BF. Latency is more ofa
problem because the various image regions must wait for shots to complete the aperture in
two dimensions. It is impossible to design a two-dimensional ordering that achieves latencies
as'small as 1D CAC-BF everywhere. A proposed approach is to select column-shaped image
regions, small in azimuth and elevation, but extending across all ranges. All shots required to
image a given column are transmitted consecutively. We then move on to another column

(not necessarily adjacent) and image it, completing the volume (frame) when all columns
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have been imaged. Repetition of shots occurs across different columns. Within each column,
shots can be ordered to minimize latency at a certain range. In U.S. Patent Application Serial
No. 10/353,152 (U.S. Patent Publication No. 20030163046) (U.S. Patent Publication No.
20030163046), we suggest using CAC-BF in one dimension, and conventional scanning in
the other (but with larger elements). Doing one CAC-BF slice at a time is better for reduced
latency in the coherent image integration. With such a system, the shot ordering would
consist of CAC-BF subframes, within which the conventional beam direction (or position) is

held constant.

The shot machine approach, windowing, calibration, "and interpolation algorithms,
programmability, shot selection algorithms, CAC-BF features and advantages that we

describe above, all extend fairly obviously to 2D CAC-BF.

The CAC-BF method has been simulated extensively and its performance as described herein
validated by these simulations. Iﬁ addition, experimental results have been obtained by
applying CAC-BF in the azimuth dimension as described herein using a 64-channel
ultrasound system and a 192-element off-the-shelf ﬁrobe, suitably programmed to implement

the CAC-BF method. The improved resolution, the high-quality imagery, and the reduction

_ in acquisition time compared to conventional beamforming have all been confirmed.

3D Ultrasound Imaging Systéms

An ultrasound imaging system in accordance with the present invention provides a novel
solution for 3D ultrasound imaging that is affordable, and yet high-performing. Unlik'e other
designs which degrade state-of-the-art imaging performance in order to reduce cost, the
present solution maintains or exceeds state-of-the-art imaging performance, while keeping

the 3D ultrasound system cost comparable to that of 2D ultrasound systems.

State-of-the-art azimuth imaging performance requires an F number of 2; i.e. an F/2. The F
number is the ratio of the focal range divided by the imaging aperture dimension. For
example, an F/2 at 5 cm depth requires an instantaneous receive aperture of size 2.5 cm. The
present probe is designed to provide an F/2, and an enhanced resolution of F/1 (i.e. twice as

good as state-of-the-art).
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State-of-the-art elevation imaging performance requires an F/8. The present probe provides a

standard elevation resolution of about F/8 and is capable of providing an enhanced elevation

resolution of F/4 (twice as good as state-of-the-art) or better.

For state-of-the-art resolutions in both azimuth and elevation, the 2D probe of the present
invention (for 3D imaging) is able to acquire a 25 mm x 25 mm x 70 mm volume
clectronically in under 1 second. Also, these acquisition times are achievable when just 128
receive channels are available, keeping the number of channels (and hence cost) comparable

to state-of-the-art ultrasound imaging systems (for 2D imaging).

This win-win (performance-cost) 3D imaging technology is made possible from the use of
the beamforming techniques of the present invention that reduce acquisition time (i.e. the
number of shots needed) when the number of received channels available is less than the
number of elements in the imaging aperture. The beamforming techniques are referred to as

coherent aperture combining beamforming (CAC-BF) as discussed earlier .

" In order to reduce the element count and simplify the transducer design, the 2D probe

pursuant to the present invention is able to exploit 1.75D elemental technology, with A
spacing in azimuth, and 4 spacing in elevation in one preferred embodiment.

The 2D probe can be used with conventional beamforming algorithms, as well as with CAC-
BF, making it very versatile, saving on the number of probes otherwise required by an
ultrasound system. For example, it can operate as a conventional 1D array, employing
conventional scanning techniques such as sequential or phased-array scanning in azimuth (or

elevation) only.

With CAC-BF, the beamforming can be configured in a number of ways (as described earlier

) to reduce the volume acquisition times required, compared to when only conventional

beamforming algorithms are used. CAC-BF is performed in azimuth while sequential

beamforming is performed in elevation.

The 3D applications were the driving force behind the development of CAC-BF. It is the
only way known to the inventors where a significant 3D volume can be imaged with both

high resolution and usably short frame times while using currently affordable hardware.
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Although the invention has been described in terms of particular embodiments and
applications, one of ordinary skill in the art, in light of' this teaching, can generate additional
embodiments and modifications without departing from the spirit of or exceeding the scope
of the claimed invention. While the preferred embodiment described herein represents the
form of the invention currently being developed for its carotid artery application, the scope of
this invention goes far beyond the form of this preferred embodiment. For example, the
CAC-BF solution can be used in the elevation dimension, instead of azimuth, or it could be
used in both dimensions, and still be within the scope of the invention. Alternatively, the
number and size qf elements in each dimension of the transducer could be different, and still
fall within the scope of the invention. In the limiting case, the 2D transducer array could
collapse to.be a 1D array (i.e. designed to scan in only one dimension), and if CAC-BF is
used in that single dimension, this configuration is still within the scope of the invention.
Accordingly, it is to be understood that the drawings and descriptions herein are proffered by
way of example to facilitate comprehension of the invention and should not be construed to

limit the scope thereof.

Finally, it is worth re-emphasizing the wide range of applications and systems that can utilize
CAC-BF. CAC-BF is well suited for exploitation in low-end, medium-end and‘premium

systems for both 2D and 3D imaging.

Although the invention has been described in terms of particular embodiments and
applications, |

one of ordinary skill in the art, in light of this teaching, can generate additional embodiments
and modifications without departing from the spirit of or exceeding the scope of the claimed
invention. Accordingly, it is to be understood that the drawings and descriptions herein are
proffered by way of example to facilitate comprehension of the invention and should not be

construed to limit the scope thereof.
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What 1is c;aimed is:

1. A method for generating image data in an ultrasound scanning process using a
CAC-BF technique, comprising: |

transmitting a set of shots associated with a set of subarrays or subapertures of an
available transducer array or aperture in a predetermined sequence;

receiving echoes of the respective shots; coarse beamforming the received echoes to
generate a plurality of range lines; and

fine beamforming the range lines to produce coherent image data,

the fine beamforming including weighting the range lines.

2. The method defined in claim 1 wherein the fine beamforming‘further includes

range-filtering the range lines prior to the weighting and adding.

3. The method defined in claim 2 wherein the range-filtering includes using a digital

range filter with a complex convolution kernel.

4. The method defined in claim 1 wherein the weighting of each range line is carried
out immediately upon generation of such range line, the fine beamforming further including
adding each weighted range line immediately to a complex coherent image, the weighting of
the range lines and the adding of the weighted range liﬁes incrementally to the complex
coherent image'constituting a shot machine approach continuing until a selected set of shots
for a selected set of subarrays or subapertures has been transmitted and the respective

resultant range lines weighted and added to the complex coherent image.

5. The method defined in claim 1 wherein the weighting of the range lines includes
computing weights and the coherent image addresses for the addition of all shots and storing

the computed weights and addresses during an initializing stage prior to real-time imaging.

6. The method defined in claim 1 wherein the transmitting of the shots includes

transmitting groups of identical shots in sequence.
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7. The method defined in claim 6 wherein respective echoes from each shot in each
group of identical shots are coherently processed in a Doppler mode prior to subjecting

resultant range line signals to fine beamforming.

8. The method defined in claim 1 wherein the transmitting of the shots includes using

a first frequency and the receiving of the echoes includes using a second frequency.

9. The method defined in claim 8 wherein the second frequency is a harmonic of the

first frequency to effect a harmonic imaging mode.

10. The method defined in claim 1 wherein the weighting of the range lines includes
selecting weights to accomplish spatial interpolating between adjacent beams associated with

the same subarray or subaperture.

11. The method defined in claim 1 wherein the weighting of the range lines includes

selecting weights to accomplish temporal interpolating between samples.

12. The method defined in claim 1 wherein the weighting of the range lines includes

selecting weights to accomplish aperture windowing.

13. The method defined in claim 1 wherein the weighting of the range lines includes

selecting weights to accomplish calibrated shot-to-shot equalization.

14. The method defined in claim 1 wherein the weighting of the range lines includes
selecting weighting factors associated with spatial and temporal interpolation, aperture
windowing, and equalization and combining these factors to minimize floating point

.operations.

15. The method defined in claim 1 wherein subapertures, shots and weights are
selectable or predeterminable in accordance with: different ilmaging' modes and CAC-BF

configurations.

16. The method defined in claim 1 wherein shots and weights are selected to optimize

tradeoffs of measures of imaging performance.



WO 2006/000080 PCT/CA2005/000919

40

17. The method defined in claim 1 wherein weights used in the weighting of the

range lines are unit-amplitude.

18. The method defined in claim 1 wherein the weighting of the range lines includes
selecting weights to accomplish aperture windowing and further includes selecting a distinct
weight for each subaperture at each image voxel that accounts for all subapertures that

contribute to the voxel.

19. The method defined in claim 1 wherein the transmitting of the shots includes
ordering or sequencing the transmitted shots'to minimize latency in coherent image data

formation at a given range.

20. The method defined in claim 1 wherein the transmitting of the shots includes re-
transmitting certain shots in order to reduce latency in coherent image data formation at

certain image regions.

21. The method defined in claim 1 wherein the transmitting of the shots includes
sequencing the shots so that a particular planar region is filled with consecutive shots, thereby

reducing latency with 1D CAC-BF for that region.

22. The method defined in claim 1 wherein the transmitting of the shots includes
sequencing the shots so that a particular volumetric region is filled with consecutive shots,

thereby reducing latency with 2D CAC-BF for that region.

23. The method defined in claim 1 wherein the weighting includes calibrating and
equalizing weights that account for gain and phase differences in the received echoes due to
hardware imperfections associated with the transmission of shots or the reception of the

received echoes.

24. The method defined in claim 1 wherein the transmitting of the shots includes

transmitting extra shots to cover the short-range blind zones in CAC-BF coverage.
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25. The method defined in claim 1 wherein the transmitting of the shots includes

omitting shots directed outside of a preselected image region.

26. A system for gathering ultrasound image data in a scanning process, comprising:

a probe having an array of transducer elements; |

switching electronics operatively connected to the probe for selectively energizing the
transducer elements and selectively polling the transducer elements to effectively divide the
array into a plurality of subapertures each transmitting shots and receiving respective echoes;
and |

a éignal processor operatively connected to the transducer elements (a) to process the
echoes to form a plurality of respective low-resolution ultrasound beam signals that span a
volume to be imaged, (b) to weight the beam signals to improve resullihg image data quality, .
and (c) to combine the weighted beam signals in a fine beamforming process to generate .
coherent image data with a'synthesized aperture larger than any one of the subapertures and

focused at each data point of the volume.

27. The system defined in claim 26 wherein the signal processor carries out a CAC-
BF method, the subapertures and shots being programmable for different modes and CAC-BF

configurations.

28. The system defined in claim 26 wherein the sigha] processor carries out a CAC-

BF method, the different modes and CAC-BF configurations being operator-selectable.

29. The system defined in claim 26 where the signal processor is programmable.
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