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7) ABSTRACT

Using configurable arrays, synthetic aperture processes may
be used along an elevation dimension for increasing reso-
lution. The increased resolution is used for two-dimensional
or three-dimensional imaging. Alternatively or additionally,
wide band synthetic elevation aperture focusing processes,
such as beamformation, are provided along the elevation
dimension to increase resolution. In yet another alternative
or additional embodiment, a transducer is rotated about a
center of the transducer within the elevation and azimuth
plane. An aperture associated with the transducer is
mechanically or electronically rotated, and ultrasound data
acquired associated with a plurality of different positions.
The ultrasound data is then used for synthetic elevation
aperture processing. In yet another alternative or additional
embodiment, multiple scanning modes are provided. In a
survey mode, imaging is provided without synthetic eleva-
tion aperture processing. For greater detailed imaging, imag-
ing is responsive to synthetic elevation aperture processes
with different elevation focusing and scanning.
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SYNTHETIC ELEVATION APERTURE FOR
ULTRASOUND SYSTEMS AND METHODS

BACKGROUND

[0001] The present invention relates to synthetic elevation
aperture processing. In particular, synthetic elevation aper-
ture processes may provide increased resolution.

[0002] A volume is scanned acoustically for three-dimen-
sional representations. The scan is performed with any of
various arrays, such as one-dimensional, multi-row, or two-
dimensional arrays. High resolution beamforming is typi-
cally provided in azimuth dimension. The linear one-dimen-
sional array allows beamforming in a plane orthogonal to the
array surface and passing through the center of every ele-
ment. In the elevation dimension or orthogonal to the
imaging plane, the resolution is affected by the amount of
elevation focusing. One-dimensional arrays use a fixed
mechanical focus in the elevation dimension. Curved ele-
ments along an elevation dimension may increase the eleva-
tion focus. A lens or other structure may also be used to
provide a fixed focal length in the elevational dimension. A
different elevation beamwidth is provided for different
depths, such as a narrowest beamwidth at a focal point, a
widest beamwidth at the deepest depth for imaging or
scanning, and an elevation beamwidth equal to the elevation
aperture width at the surface of the array.

[0003] For scanning a volume, the one-dimensional array
is translated or rotated to sequentially scan different planes
within the volume. For example, the array is rotated about a
normal vector at the center of the array aperture. In the
direction of rotation or a generally elevation direction, poor
resolution may be provided due to the wide point spread
funection or elevation beamwidth close to the array and at the
deeper depths for imaging. Since beamformation is provided
within the imaging plane or along a radius of the scanned
conical volume, high resolution is provided in the radial
direction parallel to the array surface. Similarly for other
rotations, such as associated with a wobbler transducer, or
translations, the resolution along an elevation dimension
may be poor relative to the resolution provided by beam-
forming within the imaging planes.

BRIEF SUMMARY

[0004] By way of introduction, the preferred embodiments
described below include methods and systems for forming a
synthetic elevation aperture. Using configurable arrays, syn-
thetic aperture processes may be used along an elevation
dimension for increasing resolution. The increased resolu-
tion is used for two-dimensional or three-dimensional imag-
ing. Alternatively or additionally, wide band synthetic ¢leva-
tion aperture processes, such as beamformation, are
provided along the elevation dimension to increase resolu-
tion. In yet another alternative or additional embodiment, a
transducer is rotated in the plane of the transducer aperture
about a center of the transducer. An aperture associated with
the transducer is mechanically or electronically rotated, and
ultrasound data acquired associated with a plurality of
different angular orientations. The ultrasound data is then
used for synthetic elevation aperture processing. In yet
another alternative or additional embodiment, multiple scan-
ning modes are provided. In a survey mode, imaging is
provided without synthetic elevation aperture processing.
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For greater detailed imaging once a region of interest has
been identified, imaging is responsive to synthetic elevation
aperture processes.

[0005] In afirst aspect, a method is provided for forming
a synthetic elevation aperture. At least first and second sets
of ultrasound data are acquired. The first set of ultrasound
data is associated with a different elevation position than the
second set of ultrasound data. A beam is formed across the
synthetic elevation aperture as a function of the first and
second sets of ultrasound data. The beamformation is a
broadband process.

[0006] In a second aspect, a system is provided for form-
ing a synthetic elevation aperture. A memory is operable to
store at least first and second sets of ultrasound data asso-
ciated with different elevation positions. A beamformer is
operable to form a beam across a synthetic elevation aper-
ture as a function of the ultrasound data. The beamformation
is a broadband process.

[0007] In a third aspect, a method is provided for forming
a synthetic elevation aperture. A multi-dimensional trans-
ducer array is configured with a first interconnection of
elements. A first set of ultrasound data is acquired as a
function of the first interconnection. The multi-dimensional
transducer array is configured with a second interconnection
of elements. The second interconnection of elements corre-
sponds to a different elevation aperture than the first inter-
connection. A second set of ultrasound data is acquired as a
function of the second interconnection. A synthetic elevation
aperture process is applied to the first and second sets of
ultrasound data.

[0008] 1In afourth aspect, a system is provided for forming
a synthetic elevation aperture. A plurality of switches is
operable to interconnect elements of a multi-dimensional
transducer array into a plurality of macro elements. A
plurality of system channels are operable to be connected
with respective macro elements. A processor is operable to
apply a synthetic elevation aperture process to the ultra-
sound data associated with different interconnections of the
elements.

[0009] In afifth aspect, a method is provided for forming
a synthetic elevation aperture. An aperture is rotated sub-
stantially within an elevation-azimuth plane. Sets of ultra-
sound data are acquired. One set is associated with one
position of the aperture and another set is associated with a
different position of the aperture. A synthetic elevation
aperture focusing process is applied to the sets of ultrasound
data.

[0010] In asixth aspect, a method is provided for imaging
with synthetic elevation aperture processing. Data is
acquired representing a volume in a mode free of synthetic
elevation aperture processing. An image is generated as a
function of the data. A second set of data is acquired
representing a volume in a second mode, in which the
elevation aperture is focused differently than in the first
mode in order to achieve a transmit focus with a wider
angular spectrum. The second set of data is processed by
synthetic elevation aperture focus processing, and another
image is generated as a function of the data. The two
acquisitions are performed within the same imaging session.

[0011] The present invention is defined by the following
claims, and nothing in this section should be taken as a
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limitation on those claims. Further aspects and advantages
of the invention are discussed below in conjunction with the
preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts through-
out the different views.

[0013] FIG. 1 is a block diagram of one embodiment of a
system for forming a synthetic elevation aperture;

[0014] FIG. 2 is a flow chart diagram of one embodiment
of a method for forming a synthetic elevation aperture;

[0015] FIG. 3A is a graphical representation of an aper-
ture rotated in an elevation-azimuth plane in one embodi-
ment;

[0016] FIG. 3B is a graphical representation of the rela-
tionships of the focal region to an array and the desired
synthetic delays as a function of spatial location;

[0017] FIG. 4 is a graphical representation of one embodi-
ment showing translation and rotation of a transducer array,
such as associated with a wobbler transducer; and

[0018] FIG. 5 is a flow chart showing one embodiment of
a method for imaging with synthetic elevation aperture
processing.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0019] FIG. 1 shows a system 10 for forming a synthetic
elevation aperture. The system 10 includes a transducer 12,
a plurality of switches 14, a plurality of system channels 16,
a memory 18, a processor or beamformer 20, an image
processor 22 and a display 24. Additional, different or fewer
components may be provided, such as providing the system
10 without the switches 14. In one embodiment, the entire
system 10 is provided within an imaging device, such as a
medical diagnostic ultrasound system. In other embodi-
ments, part of the system 10 is a separate component, such
as a work station.

[0020] The transducer 12 is an array of piezoelectric or
capacitive membrane transducers. The transducer 12
includes elements distributed on any of various now known
or latter developed grid patterns. For example, a one-
dimensional curvilinear, linear, phased-linear or other trans-
ducer is provided. For a 1D transducer, only one channel is
used in the elevation direction and is connected to a constant
elevation length element. In another embodiment, the trans-
ducer elements are distributed in a multi-dimensional array,
such as a two-dimensional array of NxM elements where N
and M are equal or non-equal.

[0021] In other embodiments, the transducer 12 is a
1.25D, 1.5D or 1.75D array. 1.25D, 1.5D, 1.75D, and 2D
arrays are configurable. For example, the switches 14 are
used to select between connecting a center row of elements
with outer elements to increase or decrease the elevation
aperture in a 1.25D array (e.g., configuration elevation
length for a given channel). As another example, the
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switches 14 are operable to connect system channels 16 to
any one or more of multiple rows of elements to effect an
elevation translation of the active aperture in use across the
face of the transducer. In this latter example, the transducer
may be a 1D, 1.25D, 1.5D, 1.75D, or 2D. For a 15D
transducer, more than one system channel 16 is used in the
elevation direction connected to more than one element in
the elevation direction where each system channel connects
to a section of the elevation length of sub-element and to a
mirror image sub-element on the alternate side of the
aperture elevation center, implementing mirror symmetric
delays about the elevation centerline. This configuration
allows elevation beamforming to only one single plane
through the aperture elevation centerline. For a 1.75D trans-
ducer, more than one system channel 16 is used in the
elevation direction connected to more than one element in
the elevation direction where each system channel connects
to only one contiguous section of the elevation element,
allowing independent delays for each section of aperture.
This configuration allows elevation beamforming and lim-
ited steering to multiple planes in elevation where the degree
of steering is limited by the elevation length of the inde-
pendent elements. For 2D transducers, the same configura-
tion as 1.75D may be used except that the elevation length
is smaller and/or the number of elements in elevation is
much greater, allowing many more independent image
planes in elevation covering a much larger volume.

[0022] In yet another embodiment, the transducer 12 is a
multi-dimensional or two-dimensional array with config-
urable connections. Using the switches 14, any of various
apertures may be formed on the face of the array, such as a
one-dimensional aperture, 1.75 dimensional or other distri-
butions of elements. For example, the configurable multi-
dimensional array disclosed in U.S. Pat. No. 6,676,602, the
disclosure of which is incorporated herein by reference, is
provided. By providing a selectable one-dimensional array
on the multi-dimensional transducer, a configurable one-
dimensional array is provided. Non-configurable arrays may
also be used in alternative embodiments.

[0023] For one-dimensional arrays or multiple-dimen-
sional arrays with limited elevation steering, structure for
measuring a position of the transducer 12 is provided. For
example, the transducer 12 may be placed in various eleva-
tion positions in a frame, the transducer 12 may be motor-
ized to provide evenly spaced shift or rotation in elevation
position (e.g. a wobbler transducer array), or guides or other
sources of information are provided for indicating a proper
elevation position in a hand-held transducer 12. Other eleva-
tion positioning or measuring devices may be used, such as
magnetic position sensors or by using ultrasound data to
determine translation and/or rotation. For using ultrasound
data, speckle tracking, or correlation or decorrelation (i.e.,
an amount of correlation) may be used for elevation posi-
tioning. For two-dimensional arrays steerable in both azi-
muth and elevation directions, the beamformer parameters
or other steering information is used to identify data asso-
ciated with different positions.

[0024] The switches 14 are operable to interconnect the
elements of the transducer 12 into a plurality of macro
elements for a configurable transducer 12. The switches 14
are microelectromechanical devices, relays, transistors or
other now known or latter developed switches. For example,
any switches disclosed in U.S. Pat. No. 6,676,602 for



US 2005/0215893 Al

selectively configuring macro elements in a multi-dimen-
sional array are used. In one embodiment, the switches 14
are positioned on a face of the transducer array, but may be
positioned within a transducer assembly, within a transducer
probe, within a transducer substrate, or within an imaging
system spaced from the transducer 12. The switches 14 are
operable to connect different system channels 16 to different
elements or macro elements of the transducer array 12 in one
embodiment, but separate switches may be used for channel
connection in other embodiments. The switches 14 are
circuits for interconnection. Other circuits may be used, such
as time division multiplexing, sub-array mixing, partial
beamforming or other circuits connecting a plurality of
elements over a single channel for one or more sub aper-
tures.

[0025] The plurality of system channels 16 are operable to
be connected with respective macro elements or other ele-
ments of the transducer array 12 in one embodiment. The
system channels 16 are transmit beamformer, receive beam-
former, or both transmit and receive beamformer channels.
System channels provide separate electrical connection to
the imaging system 10 for different elements of the trans-
ducer 12. Separate electrical connection may be provided by
multiplexing on a same conductor or by having separate
conductors.

[0026] The memory 18 is a buffer, first-in first-out
memory, RAM, hard drive, removable media, or other now
known or latter developed memory. In one embodiment, the
memory 18 is a CINE memory, but memories using other
formats may be used. The memory 18 is positioned prior to
the beamformer 20 or after the beamformer 20 as a function
of the type of data operated on by the processor or beam-
former 20. For beamforming simultaneously along multiple
dimensions, the memory 18 is positioned as shown prior to
the processor 20. For beamforming along an elevation
dimension as a synthetic elevation aperture focusing pro-
cess, the memory 18 is positioned within the beamformer
20, prior to the beamformer 20 or after the beamformer 20
with a feedback loop. Data is then beamformed along two
different dimensions sequentially.

[0027] The memory 18 is operable to store different sets of
ultrasound data. As used herein, a set of ultrasound data
includes one or more samples or analog signals. For
example, one set of ultrasound data corresponds to a line or
a plurality of scan lines beamformed within an azimuth and
range plane. In another example, a set of ultrasound data
corresponds to data from elements of the transducer 12 prior
to any beamforming. The sets of data may include a portion
of a frame of data, a portion of a line of data, an entire line
of data, an entire frame of data, multiple frames of data or
other grouping of ultrasound data. The sets are associated
with different elevation positions. For example, one set of
data is acquired with an aperture at one position at a given
time. The aperture is then repositioned to a different eleva-
tion position and another set of ultrasound data is acquired
at a different time. A different elevation aperture position is
provided by having one or more elements of an array offset
an elevation partially or entirely. For example, some overlap
of elevation aperture may be provided where a rotation or
translation of the transducer is less than an elevation width
of the transducer 12.

[0028] The processor or beamformer 20 is operable to
apply a synthetic elevation aperture focusing process to the
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sets of ultrasound data. In one embodiment, the processor 20
is a filter, such as disclosed in U.S. Pat. No. 6,132,375, the
disclosure of which is incorporated herein by reference, with
or without beamformer capability. An application specific
integrated circuit, general processor, control processor, digi-
tal signal processor, or analog processor may be used. In
another embodiment, the processor 20 is a beamformer, such
as a transmit, receive or both transmit and receive beam-
former. As a transmit beamformer, the processor 20 connects
with the transducer without passing through the memory 18.
The transmit beamformer includes amplifiers for applying
apodization profiles, delays for applying a relative delay
profiles and waveform generators, such as transistors,
memories, digital-to-analog converters or other know
known or later developed devices for generating a transmit
waveform. As a receive beamformer, the processor 20
includes amplifiers for applying apodization, delays or phase
rotators for applying delay profiles and a summer for com-
bining information from different channels. The processor
20 is operable to form a beam across a synthetic elevation
aperture as a function of different sets of ultrasound data. For
example, data is acquired sequentially at different elevation
positions. The data is then beamformed across the elevation
dimension to provide a synthetic aperture. Beamformation is
a broadband process. In one embodiment, the processor 20
is operable to perform a delay and sum beamformation. In
another embodiment, the processor 20 performs frequency-
domain beamformation along the elevation aperture.

[0029] For use with a configurable transducer 12, the
processor 20 is operable to apply a synthetic elevation
aperture process to sets of ultrasound data associated with
different interconnections of elements. The different inter-
connections provide different elevation aperture positions,
such as positions associated with translation or rotation of
the aperture or positions associated with increased or
decreased elevation width. The processor 20 is operable to
apply delay and sum or frequency-domain beamformation to
sets of the data associated with different interconnections of
elements. Alternatively, the processor 20 applies filtering as
a function of beam width using data from different eleva-
tionally positioned apertures as a synthetic elevation aper-
ture process.

[0030] In yet another embodiment, the processor 20 is
operable to perform a multi-dimensional beamformation.
Beams are formed using data along the azimuth and eleva-
tion dimensions. Using interpolation in the frequency
domain or a time domain process, three-dimensional filter-
ing of broadband data is provided.

[0031] The image processor 22 is a B-mode detector,
Doppler detector, flow detector, scan converter, temporal
filter, spatial filter, three-dimensional render processor or
other now known or latter developed imaging device. The
image processor 22 generates signals for display. The signals
are generated from ultrasound data subject to synthetic
elevation aperture processing. In an alternative embodiment,
the image processor 22 is operable with data free of or
without synthetic elevation aperture processing.

[0032] The display 24 is a CRT, LCD, monitor, projector
or other or other now known or latter developed display
device. The display 22 displays three-dimensional represen-
tations or two-dimensional images responsive to ultrasound
data. In one embodiment, the three-dimensional representa-
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tion is responsive to synthetic elevation aperture processing.
As a result, greater detail or spatial resolution along an
elevation dimension is provided than without synthetic
elevation aperture processing. Where beamformation is used
along the elevation aperture, broadband data with greater
content than narrow band synthetic elevation aperture fil-
tering, may be used. In an alternative embodiment, an image
is generated free of synthetic elevation aperture processing.

[0033] FIG. 2 shows one embodiment of a method for
forming a synthetic elevation aperture. Different, additional,
or fewer acts may be provided in the same or different order.
In acts 30 and 32, ultrasound data is acquired associated with
different elevation aperture positions. In acts 34 and 36, a
synthetic aperture process is applied along the elevation
dimension to the acquired data. In the embodiment shown in
FIG. 2, elevation beamforming 36 is the synthetic aperture
process applied, but other processes such as filtering may be
provided.

[0034] In act 30, different sets of ultrasound data are
acquired. In one embodiment, the acquired ultrasound data
is digital or analog signals representing information received
at each element of the transducer 12. For example, ultra-
sound data for each of the elements of an array spaced along
an azimuth dimension is reccived and stored. In another
embodiment, the acquired ultrasound data is beamformed
data. For example, ultrasound data acquired with different
elevation positions as beamformed along the azimuth and
range dimensions. In one embodiment, the beamformed data
is in-phase and quadrature data or radiofrequency data
maintaining relative phase information.

[0035] Each set of ultrasound data is associated with a
different elevation position. Any of rotation, translation or
both rotation and translation of an aperture may be used in
act 32 to provide a different elevation position. Increasing or
decreasing an elevation width may also provide a different
elevation position. In one embodiment, the aperture is
positioned into different positions without movement of a
transducer, such as by electronic positioning. In other
embodiments, the transducer 12 is moved to provide a
different elevation position, such as using a wobbler trans-
ducer, other mechanical movement or through free hand
scanning.

[0036] A different set of ultrasound data is received and
stored by positioning the elements in a different elevation
position. Each data acquisition associated with a different
elevation position provides data to be treated as a different
element in a synthetic array. Along an azimuth dimension of
a one-dimensional aperture, an actual azimuth aperture is
provided. Where the one-dimensional array is then sequen-
tially positioned to different elevation positions, the sequen-
tially acquired data is used to form a synthetic elevation
array. The elevation aperture geometry used to take each
data set is considered to be a synthetic array element. The
magnitude of movement of the aperture along the elevation
dimension between sequential scans provides an element
pitch where a point source is used. For a finite aperture
focused source, the delays are calculated as discussed
herein.

[0037] In another example embodiment of positioning the
aperture to different elevation positions in act 32, FIG. 3A
shows spinning a transducer about its center, such as rotating
a one-dimensional phased array 38 in an elevation-azimuth
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plane. A multi-dimensional array may alternatively be used.
At one position of the array 38, ultrasound data is acquired.
Since the aperture is a one-dimensional phased array, the
aperture is focused in two dimensions, in the azimuth
direction by electronic beamforming and in the elevation
direction by curvature of the aperture or a lens. The point
spread function of the beam at the focal region 40 is at a
minimum dimension in elevation. The data is beamformed
along the azimuth and range plane associated with each
particular position within the image plane or may be pro-
vided as element data. Data from any point along the beam
is associated with a beamwidth due to elevation aperture
characteristics. The array 38 is then rotated clockwise or
counterclockwise with an elevation, i.e. angular, step. In one
embodiment, the largest extent of the elevation step is
greater than the wavelength of the acoustic waveforms
divided by four and less than the elevation dimension of the
point spread function of the beam at the focal region 40.
Greater or lesser steps may be used. The rotation within the
elevation-azimuth plane allows acquisition of ultrasound
data associated with a different elevation positions for
synthetic elevation aperture. The rotation is performed elec-
tronically or mechanically. For example, electronic rotation
is provided by using selected elements in a multi-dimen-
sional array as the aperture, such as with a configurable
array. Mechanical rotation is provided by physically moving
the array.

[0038] By rotating the array, the point spread function
such as represented by the focal region 40 translates along
a circular path to a new location. Data from any point along
the beam at the new rotated elevation position is used to
represent data taken from an aperture in elevation having
characteristics defined by the new point spread function at
the new focus location. The data sets represent data taken
from elements of a synthetic array located along the circular
path at the focal distance.

[0039] In another embodiment of acquiring data in act 30
associated with different elevation aperture positions of act
32, a configurable multi-dimensional transducer array is
configured to provide translation or rotation of the aperture.
Electronics are used to move the aperture to a different
position. For example, a two-dimensional array is used to
generate a one-dimensional, 1.25D, 1.5D or 1.75D array
using interconnection of elements to form macro elements as
disclosed in U.S. Pat. No. 6,676,602. Elements are switch-
ably interconnected on the multi-dimensional array to form
a macro element. The macro elements formed are a function
of the desired aperture position. For example, two or more
elements are connected together that have similar delays
based on a position of a plane or the steering direction within
aplane. The macro elements are then maintained for steering
along any of various scan lines within the same plane, but
may be selected as a function of a steering line or steering
angle. Ultrasound data is then acquired associated with one
interconnection of elements. The multi-dimensional trans-
ducer array is then reconfigured with a different intercon-
nection of elements to provide a different elevation aperture.
Elements are switched to form different macro elements as
a function of the position of a plane in azimuth and range.
The plane is associated with a different elevation position.
The aperture is electronically rotated about the face of a
two-dimensional array. Alternatively, a 1.25D, 1.5D or
1.75D is used to reconfigure elements or switchably inter-
connect elements for providing a different elevation aperture
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width, in addition to, or free of any rotation or translation.
Ultrasound data is then acquired as a function of the different
interconnections of elements.

[0040] FIG. 4 shows translation and rotation of the array
38, such as associated with a wobbler transducer array. The
synthetic elevation aperture process described herein may be
applied to translation and rotation as shown in FIG. 4 as an
alternative to the rotation shown in FIG. 3A. Additionally,
free hand movement of the transducer array may be pro-
vided in any of the rotation or translations shown in FIGS.
3A, 4 or others. The position of the array 38 is measured,
such as within accuracy within one-tenth of a wavelength,
but greater or lesser accuracies may be provided. For
example, at 2.5 MHz, a tenth of a wavelength in tissue is
approximately 600 microns, giving a tenth wavelength accu-
racy of 60 microns.

[0041] In act 34, a synthetic aperture process is applied to
the sets of ultrasound data. Each set represents a different
element along the elevation dimension for forming the
synthetic elevation aperture. In one embodiment, the process
applied is the filtering disclosed in U.S. Pat. No. 6,132,375,
the disclosure of which is incorporated herein by reference.
The filtering includes axial position dependent filtering
applied along the elevation direction in the temporal domain
or by means of a Fourier transform matched filtering. Other
temporal or frequency domain synthetic aperture filtering
processes may be used.

[0042] In another embodiment, the synthetic elevation
aperture process is a wideband process, such as forming a
beam along an elevation dimension or beamforming with
one of delay and sum beamformation or frequency-domain
beamformation in act 36 (e.g., synthetic elevation aperture
focusing process). Other time domain or frequency domain
synthetic aperture processing methods now known or later
developed may be used. Time domain synthetic elevation
aperture focusing processing is provided by delay and
summing of waveforms with a dynamic delay and weight-
ing. Synthetic beamforming using beam data from overlap-
ping elevation beamwidths may improve resolution. By
overlapping of the focal point for each elevation position,
the beamwidths overlap in the near field and far field so that
resolution along all depths may be improved.

[0043] FIG. 3B graphically represents one embodiment
for determining delays as a function of elevation position for
delay-and-sum beamforming. The ultrasound data is beam-
formed along the azimuth and range dimensions. Each set of
azimuth-beamformed ultrasound data is associated with a
different elevation aperture position. For beamforming
across the synthetic elevation aperture, relative delays are
calculated. By considering the synthetic aperture to be
located at the focus 40 of the beam, the delay may be
calculated without determining a location on the transducer
array 38 or aperture closest to the synthetic aperture point 42
to be beamformed. For each point 42 of interest, a relative
delay is calculated relative to the elevation location of the
array. The delay is calculated as a function of the distance F
from the array to the corresponding focal point 40. The
distance may be the same or different for different elevation
positions of the array 38. The distance from the focal point
40 to the point 42 of interest for synthetic elevation aperture
beamforming is determined, such as based on the known
spatial relationship of the desired point 42 and the focal
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regions 40. The delay calculated from propagation back
from the focus to the sample volume 42 is used to determine
the delay associated with the array 38 to the point of interest
42. The delay h provides the synthetic aperture delay for
forward propagation from the aperture 38. The synthetic
aperture beamforming delay h is the propagation time from
the point on the array 38 which is collinear with the point of
interest 42 and the focal region 40. This location on the array
38 is associated with the desired stationary phase or relative
delay of echoes from the sample volume or point of interest
42. FIG. 3B shows the delay calculations to sample volume
42 for two different positions of aperture 38. The calculation
may be performed for more than two positions. For each
sample volume 42, the process is repeated for each set of
data of each different elevation aperture position for the
synthetic beamformation.

[0044] The delays may alternatively be calculated through
iteration or algorithms used for aberration correction. Cor-
relation or other processes are used to determine a shift
resulting in a brightest speckle or highest data values upon
summation. The delays are shifted to find the highest con-
trast. The shifted delay estimates are then used for registra-
tion of the data samples from the sets of ultrasound data for
summation or to complete beamformation.

[0045] The relative delays are then applied to each set of
ultrasound data. The relative delay identifies a data sample
of the set associated with or closest to the point 42 of
interest. Due to sampling differences, the selected data
sample corresponding to the desired delay may be spatially
offset short of or past the point 42 of interest. A phase shift
may be applied to shift the selected data sample to corre-
spond to the desired spatial location or point 42. The selected
and/or phase shifted data from each set of data is then
summed to provide beamforming along the elevation dimen-
sion.

[0046] In another embodiment, complex addition of
coherent data is performed as a function of the desired
spatial location or point 42. Two, three, four or more data
samples from a single set or from multiple sets of ultrasound
data associated with a single elevation position or multiple
elevation positions are identified as a function of the above
described delays. The data closest to the desired spatial
location 42 within the one or multiple sets are then inter-
polated in magnitude after application of relative phase
shifts. This complex addition weights the data through
interpolation in phase and magnitude to provide a data
sample to represent the elevation beamformed information
at the desired point 42.

[0047] The process is repeated to provide synthetic eleva-
tion aperture beamforming for a plurality of points 42. For
example, transmit and receive processes for a scan line along
an azimuth and range plane are obtained. The data is
beamformed and saved as complex or coherent data. The
process is repeated for each depth along a scan line. The scan
line process is then repeated for each scan line within the
plane. Once a scan at one elevation position is complete, the
aperture is positioned to a different elevation position. The
process is then repeated for beamforming along a plurality
of scan lines. Once all of the sets of data are acquired, the
sets of data are used to form a synthetic elevation aperture
from the complex beamformed data. The elevation data is
synthesized to increase resolution, such as synthesizing for



US 2005/0215893 Al

points 42 in between spatial locations associated with
acquired data. Although one specific example has been
given here, the data acquisition and computational processes
may be done in any order. For example, in an alternate
embodiment where there is sufficient elevation agility asso-
ciated with the aperture, the scanning may proceed inter-
mingling data acquisition in various elevation positions and
various azimuth scan lines to reduce blurring of fast moving
targets.

[0048] For delay-and-sum beamforming, dynamic delays,
aperture size and weighting or apodization may be used to
achieve optimal focusing. Delay-and-sum beamforming
may use broadband signals as opposed to being a narrow
band approximation of filtering. Since both the transmit and
receive apertures are synthesized, dynamic transmit and
receive focusing may be achieved in the synthetic process.
In alternative embodiments, the dynamic focusing is pro-
vided for receive only or transmit only operation. In alter-
native embodiments, apodization is not applied along the
synthetic elevation aperture.

[0049] Similarly, synthetic elevation aperture may be used
for annular arrays to improve transmit focusing without
multiple transmits. The annular array is moved in two
dimensions, and the synthetic aperture focusing may be
two-dimensional. If the annular array is moved in one
dimension, then the synthetic aperture focusing is one-
dimensional.

[0050] In another example of elevation beamforming in
act 36 to form a synthetic elevation aperture, a beam is
formed with a frequency-domain beamformation. Any con-
ventional radar synthetic aperture processing in the fre-
quency domain may be used. In one embodiment, a spatial-
temporal Fourier transform is applied to received data.
Spatial-temporal Fourier transform is applied to the data
within a two-dimensional or planar acquisition. The trans-
form is applied to each of the different sets of data. The data
is then interpolated within the frequency domain from being
evenly sampled in the temporal frequency domain to being
evenly sampled in the frequency domain or the spatial
frequency along the Z or axial direction. The interpolation is
applied without phase rotation in one embodiment. In other
embodiments, the interpolation also includes phase rotation,
such as associated with filtering. The interpolated data is
then inversed transformed with an inverse spatial-temporal
Fourier transform. The resulting data provides the desired
image or information beamformed along the elevation
dimension. Various filtering and apodization schemes may
be applied in the space-time or spatial-temporal frequency
domains to reduce side lobe and truncation errors.

[0051] In another embodiment of beamforming in the
elevation dimension to provide wideband synthetic aperture
processing in act 36, a two-dimensional beamformation
along both the elevation and azimuth dimensions is pro-
vided. The beamformation is performed for each range
sample, resulting in three-dimensional filtering of broadband
data. Suppose the rf point spread function in the vicinity of
point (x0, y0, z0) is denoted as g(x,y,z; x0,y0,z0), where x
is along the azimuth direction, y is along elevation direction,
and z is along depth direction. The imaging process is
represented as:

o(xy2)=gxyz; x0, y0, 20)***i(x,2)
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[0052] where i is input, o is output, and *** denotes
3-dimensional convolution in X, y, and z. In the frequency
domain, this is expressed as:

O(ﬁc’ jj/’ fz)=G9ﬁc, fj/’ fZ; x0, 0, ZO) I(fx’ fj” fl)
[0053] Given a known point spread function, g(x, v, z),
which can be obtained by simulation or experimental mea-
surement, a 3-dimensional deconvolution or matched filter-
ing can be used to reduce the image smearing effect of g(x,
y, z). For example, with 3-D Wiener filtering, the output
p(x,,2) would be computed as the inverse Fourier transform
of P(fx,fy,fz) given by

Plfs f f2)=0(f5f37)

2N (s 7))

[0054] where G* is the complex conjugate of G, and
N(tx,fy,{z) is estimated noise power contained in o(fx,fy,fz).
If the noise power is high (N is large), Wicner filtering
reduces to matched filtering, while if noise power is low (N
is negligible), Wiener filtering reduces to inverse filtering.
Additional filtering may be performed to further enhance
image contrast resolution and to reduce noise.

[0055] Ultrasound data from each element is acquired and
saved for a given elevation position. Data associated with
different scan lines for the elevation aperture position is
acquired. The array is moved to a different elevation position
and data from each of the elements for a plurality of scan
lines is acquired. Multi-dimensional beamformation is then
used to form data samples in both elevation and azimuth as
a function of depth.

[0056] FIG. 5 shows one embodiment of a method for
imaging with synthetic elevation aperture processing. Addi-
tional, different or fewer acts may be provided in the same
or different order. For example, imaging with synthetic
elevation aperture processing is provided without other
modes of operation, such as acts 50 and 52.

[0057] The acts shown in FIG. 5 are performed in a same
imaging session, such as being interleaved on a frame-by-
frame basis or being performed sequentially. The user con-
figures the ultrasound imaging system for three-dimensional
or two-dimensional imaging. Two different modes are pro-
vided, a survey mode and a high resolution mode. The
survey mode is used for identifying a region of interest.
Upon locating the region of interest, the user activates the
high resolution mode, such as by depressing a button. Within
the same imaging session, the user locates a region of
interest and then generates high resolution images associated
with the region of interest.

[0058] In act 50, ultrasound data associated with a three-
dimensional volume or two-dimensional plane is acquired
without synthetic elevation aperture processing. For
example, ultrasound data is acquired for imaging a volume
in a survey mode free of synthetic elevation processing.
During the survey mode, the elevation apertures are focused
as much as possible without synthetic processing. For
example, a 1.25, 1.5 or 1.75D array uses some electronic
control to focus along the elevation dimension. Alterna-
tively, the mechanical or one dimensional focus is used. As
yet another alternative, a two-dimensional array is used to
focus in the elevation dimension. Less elevation focusing
may be provided. A larger elevation aperture size may be
provided for providing a more narrow focus in elevation. For
acquiring data of a three-dimensional volume for rendering

G NG
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three-dimensional images, the elevation step size associated
with moving or repositioning the aperture along the eleva-
tion dimension is about one-half of the two-way response
associated the -6 dB beamwidth in the elevation direction.
Fifty percent or greater overlap of elevationally spaced
beams is provided to satisfy the Nyquist sampling criteria.

[0059] In act 52, an image is generated in response to the
acquired data. For example, a three-dimensional represen-
tation is rendered from data acquired over a volume. In
alternative embodiments, the data is rendered from a planar
scan.

[0060] In act 54, the user surveys a region of interest or
patient to identify a desired organ or other location for high
resolution imaging. The acts of 50 and 52 are repeated in real
time, but may be repeated at a slower rate for locating a
region of interest in the survey.

[0061] In act 56, additional ultrasound data representing
the same or different volume or plane is acquired in another
mode of operation, such as a high resolution mode of
operation. The ultrasound data is associated with synthetic
elevation aperture processing. Using one or more of the
processes discussed above, the high resolution mode
includes synthetic elevation aperture processing. For acquir-
ing the data, a wider focus, i.e. with a larger angular spatial
spectrum, is used for act 56 than for act 50. Defocusing in
elevation may be performed electronically or mechanically
with an aperture having a narrower elevation dimension. For
example, only a center row of a 1.25, 1.5 or 1.75 dimen-
sional array is used. A wider focus may be provided by using
more focusing or defocusing delays with a multi-dimen-
sional array as an alternative to limiting the use to a single
row. For a one-dimensional array, a mechanical shutter may
be used to reduce the elevation extent of the elements for a
wider focus. In yet other alternative embodiments, the focus
for act 56 is similar to the focus used for act 50. The
elevation aperture step size or difference between each
elevation aperture position is less for acquiring data in the
high resolution mode. The minimal useful elevation step size
is the wavelength divided by 4. Alternatively, larger step
sizes may be used. Alternatively, the step size in elevation is
greater for act 56 than for act 50.

[0062] In act 58, an image is generated from the data
acquired in act 56. Since the data acquired in act 56 has a
synthetic elevation aperture process applied, a greater eleva-
tion resolution may be provided than for the image gener-
ated in act 52. The synthetic elevation aperture process can
create an elevation aperture size effectively larger than the
physical extent in elevation of the elements used to acquire
the data. The synthetic focusing elevation resolution is
limited by the angular spatial spectrum of the element beam
pattern. By using defocused elements or smaller elements in
the elevation direction, a larger angular spatial spectrum
may be provided, achieving a higher resolution, one that
may be similar to or comparable to resolution in the azimuth
direction. Alternatively, a wider angular spatial spectrum
may be provided by using electronic focusing of multi-row
array with a larger delay curvature in the elevation direction.

[0063] For any of the three-dimensional imaging dis-
cussed above, any now known or later developed rendering
may be used. Data representing a volume is acquired after
reconstruction through beamformation, interpolation or both
beamformation and interpolation to a three-dimensional
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grid. Alpha blending, maximum intensity projection, mini-
mum intensity projection, surface rendering or other render-
ing techniques are performed on the reconstructed data. A
three-dimensional representation is generated as a function
of the rendering.

[0064] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

I (we) claim:
1. A method for forming a synthetic elevation aperture,
the method comprising:

(2) acquiring at least first and second sets of ultrasound
data, the first set of ultrasound data associated with a
different elevation position than the second set of
ultrasound data; and

(b) forming a beam across a synthetic elevation aperture
as a function of the first and second sets of ultrasound
data, the forming being a broadband process.

2. The method of claim I wherein (b) comprises forming

with delay-and-sum beamformation.

3. The method of claim 2 wherein (b) comprises:

(bl) determining a first delay for a particular spatial
location as a function of a first distance from an array
to a first data set focal point and a second distance from
the first data set focal point to the particular spatial
location; and

(b2) applying the first delay to a first data sample from the
first set of ultrasound data;

(b3) determining a second delay for the particular spatial
location as a function of a third distance from the array
to a second data set focal point and a fourth distance
from the second data set focal point to the particular
spatial location; and

(b4) applying the second delay to a second data sample
from the second set of ultrasound data; and

(b5) summing the first and second data samples.

4. The method of claim 2 wherein (b) comprises perform-
ing complex addition of coherent data as a function of data
samples spatial location relative to a desired spatial location.

5. The method of claim 1 wherein (b) comprises forming
with frequency-domain beamformation.

6. The method of claim 5 wherein (b) comprises:

(b1) applying a spatial-temporal Fourier transform;
(b2) interpolating in the frequency domain; and

(b3) applying an inverse spatial-temporal Fourier trans-

form.

7. The method of claim 1 wherein (a) comprises acquiring
the first and second sets of ultrasound data, the first and
second sets of ultrasound data being for elements of an array
spaced along an azimuth dimension, and wherein (b) com-
prises performing two-dimensional beamformation along
the elevation and azimuth dimensions.
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8. The method of claim 1 wherein (a) comprises acquiring
beamformed data as the first and second sets of ultrasound
data.

9. The method of claim 1 wherein (a) comprises:

(al) acquiring the first set of ultrasound data with a first
aperture;

(a2) acquiring the second set of ultrasound data with a
second aperture, the second aperture rotated within an
elevation-azimuth plane relative to the first aperture,
the rotation such that foci of the first and second
apertures overlap.

10. A system for forming a synthetic elevation aperture,

the system comprising:

a memory operable to store at least first and second sets
of ultrasound data, the first set of ultrasound data
associated with a different elevation position than the
second set of ultrasound data; and

a beamformer operable to form a beam across a synthetic
elevation aperture as a function of the first and second
sets of ultrasound data, the forming being a broadband
process.

11. The system of claim 10 wherein the first and second
sets of data correspond to receiving at different times, and
wherein the beamformer is operable to perform delay-and-
sum beamformation along an elevation aperture.

12. A method for forming a synthetic elevation aperture,
the method comprising:

() configuring a multi-dimensional transducer array with
a first interconnection of elements;

(b) acquiring a first set of ultrasound data as a function of
the first interconnection;

(¢) configuring the multi-dimensional transducer array
with a second interconnection of ¢lements, the second
interconnection corresponding to a different elevation
aperture than the first interconnection,

(d) acquiring a second set of ultrasound data as a function
of the second interconnection; and

(¢) applying a synthetic elevation aperture process to the

first and second sets of ultrasound data.

13. The method of claim 12 wherein (a) comprises
switchably interconnecting elements of the multi-dimen-
sional array to from a first macro element as a function of a
first plane, and wherein (c) comprises switchably intercon-
necting elements of the multi-dimensional array to from a
second macro element as a function of a second plane, the
second plane at least partially having a different elevation
position than the first plane.

14. The method of claim 13 wherein the multi-dimen-
sional array comprises a two dimensional array, and wherein
(2) and (c) comprise rotating an aperture about a face of the
two dimensional array.

15. The method of claim 12 wherein the multi-dimen-
sional array comprises one of a 1.25D, 1.5D and 1.75D
array, and wherein () and (c) comprise varying an elevation
aperture width.

16. The method of claim 12 wherein (¢) comprises
beamforming with one of delay-and-sum beamformation
and frequency-domain beamformation.

17. A system for forming a synthetic elevation aperture,
the system comprising:

Sep. 29, 2005

a multi-dimensional array of transducer elements;

a plurality of circuits operable to interconnect the ele-
ments into a plurality of macro elements;

a plurality of system channels operable to be connected
with respective macro elements; and

a processor operable to apply a synthetic elevation aper-
ture process to first and second sets of ultrasound data
associated with different interconnections of the ele-
ments.

18. The system of claim 17 wherein the multi-dimensional

array comprises a two-dimensional array.

19. The system of claim 17 wherein the multi-dimensional

array comprises one of a 1.25D, 1.5D, 1.75D, and 2D array.

20. The system of claim 17 wherein the processor com-

prises a beamformer operable to perform one of delay-and-
sum and frequency-domain beamformation as a function of
the first and second sets of ultrasound data, the first and
second sets associated with different elevation apertures.

21. A method for forming a synthetic elevation aperture,

the method comprising:

(a) rotating an aperture substantially within an elevation-
azimuth plane;

(b) acquiring first and second sets of ultrasound data, the
first set associated with a first position of the aperture
and the second set associated with a second position of
the aperture different than the first position; and

(c) applying a synthetic elevation aperture focusing pro-

cess to the first and second sets of ultrasound data.

22. The method of claim 21 wherein (a) comprises
electronically rotating the aperture.

23. The method of claim 21 wherein (a) comprises
mechanically rotating the aperture.

24. The method of claim 21 wherein (b) comprises
acquiring ultrasound data beamformed within first and sec-
ond planes associated respectively with the first and second
positions of the aperture and wherein () comprises forming
a beam with delay-and-sum beamformation of the first and
second sets of ultrasound data along a dimension which does
not lie either in the first nor the second planes.

25. The method of claim 24 wherein (c) comprises:

(c1) determining a first delay for a particular spatial
location as a function of a first distance from an array
to a first data set focal point and a second distance from
the first data set focal point to the particular spatial
location; and

(c2) applying the first delay to a first data sample from the
first set of ultrasound data;

(c3) determining a second delay for the particular spatial
location as a function of a third distance from the array
to a second data set focal point and a fourth distance
from the second data set focal point to the particular
spatial location; and

(c4) applying the second delay to a second data sample
from the second set of ultrasound data; and

(c5) summing the first and second data samples.

26. The method of claim 21 wherein (c) comprises
forming a beam with frequency-domain beamformation.

27. A method for imaging with synthetic elevation aper-
ture processing, the method comprising:
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(a) acquiring first data representing a first volume in a first
mode;

(b) generating at least a first image as a function of the first
data;

() acquiring second data representing a second volume in
a second mode, the second mode including synthetic
elevation aperture processing, the second mode differ-
ent than the first mode; and

(d) generating at least a second image as a function of the
second data;

wherein (2) and (c) are performed in a same imaging

session.

28. The method of claim 27 wherein (a) comprises
acquiring with a first elevation focus and a first elevation
aperture step size and wherein (¢) comprises acquiring with
a second elevation focus wider than the first elevation focus
and a second elevation aperture step size smaller than the
first elevation aperture step size.

29. The method of claim 27 wherein (c) comprises
focusing with a larger angular spatial spectrum in elevation
relative to an elevation focus of (a);

further comprising:

(¢) beamforming in elevation with one of delay-and-
sum and frequency-domain beamformation as a
function of the second data.

30. The method of claim 29 wherein (¢) comprises
focusing with one of a larger aperture, a smaller focal length
in elevation relative to an elevation focus of (a) and com-
binations thereof.
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31. The method of claim 29 wherein (c) comprises
defocusing in elevation relative to an elevation focus of (a).

32. The method of claim 29 wherein (c) comprises
acquiring with an aperture having a narrower clevation
dimension than for (a).

33. A method for forming a synthetic elevation aperture,
the method comprising:

(a) configuring a plurality of sub apertures with a first
interconnection of elements;

(b) acquiring a first set of ultrasound data as a function of
the first interconnection;

(c) configuring the plurality of sub apertures with a
second interconnection of elements, the second inter-
connection corresponding to a different elevation aper-
ture than the first interconnection;

(d) acquiring a second set of ultrasound data as a function
of the second interconnection; and

() applying a synthetic elevation aperture process to the
first and second sets of ultrasound data.
34. The method of claim 33 wherein (a) and (c) comprise
performing one of multiplexing, sub-array mixing and com-
binations thereof.
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