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An ultrasonic imaging apparatus configured to generate
synthetic focus ultrasonic images in real-time in a first
operation mode, and which is configured to pulse multiple
transducers with accurate time delays between each pulse to
form images using conventional sum beam-forming and/or
focus-and-steer techniques in a second mode, providing a
“dual-use” system capable of forming both synthetic focus
images and beam-formed images using the same transducer
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APPARATUS AND METHOD FOR SYNTHETIC
FOCUS ULTRASONIC IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is related to, and claims
priority from, U.S. Provisional Patent Application No.
60/532,086 filed on Dec. 23, 2003, herein incorporated by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] Not Applicable.

BACKGROUND OF THE INVENTION

[0003] The present invention is related generally to ultra-
sonic imaging systems, and in particular to an ultrasonic
imaging system utilizing a scalable architecture configured
to generate real-time synthetic focus images.

[0004] Ultrasonic imaging systems are used in a wide
range of applications ranging from fetal imaging to non-
destructive evaluation. In developed countries, almost every
fetus is imaged using ultrasonic imaging to monitor growth
and development and to evaluate fetal health. Medical
ultrasound systems are used in a wide variety of medical
applications, ranging from cardiac evaluation to intra-op-
erative neurosurgery for tumor location to breast cancer
screening. Some example of non-medical uses of ultrasonic
imaging systems include the location of faults in structures
such as steel beams and aircraft wings, seismic imaging for
mineral exploration, and synthetic-aperture radar for defense
and commercial applications.

[0005] Unlike magnetic resonance imaging (MRI) or com-
puter tomography (CT) systems, ultrasonic imaging systems
provide real-time images. The generation of real-time
images renders ultrasonic imaging systems attractive for
many applications. In addition, when compared to MRI or
CT systems, ultrasonic imaging systems are much lower in
cost, and, as such, are the preferred method for imaging
when cost is a concern (as it is in screening applications
where large populations need to be imaged). Ultrasonic
imaging uses non-ionizing radiation, unlike CT imaging
systems, and is thus considered to have far fewer risks,
especially when used over a period of many years as a
screening method.

[0006] Traditional array-based ultrasonic imaging systems
use a “focus and steer” method for forming images. In the
“focus and steer” method, an ultrasonic beam is focused to
transmit and receive at selected image points or pixels. For
real-time operation, typically about 100 pixels are in focus.
Producing a focus and steer image which is in exactly
in-focus at each image pixel requires a data acquisition time
which is the product of the number of image pixels and the
round-trip time of the ultrasonic wave.

[0007] For acceptable image sizes, the data acquisition
time using the “focus and steer” method in an ultrasonic
imaging system is so large that it is impractical to form
real-time images which are in focus at each image pixel.
Hence, in a system utilizing “focus and steer” methods,
absolute focus of each pixel in the image is compromised in
order to achieve real-time frame rates.
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[0008] An alternative to “focus and steer” methods in
ultrasonic imaging, known as synthetic focus imaging, uses
a complete dataset of image data. All transmitter-receiver
array element pairs are used to acquire ultrasonic backscatter
data. The data acquisition time for a synthetic focus imaging
approach to the generation of ultrasonic images, which are
in-focus at each pixel, is short enough to support real-time
imaging for acceptable image sizes, ¢.g., 512 by 512 pixels.
The computation requirements, however, for synthetic focus
imaging are very large.

[0009] Synthetic focus imaging offers the possibility of
providing for early detection and staging of cancers, espe-
cially for static, easy to insonify glands like breast and
prostate tissue. Cancers in these tissues are among the
leading causes of new cancer cases. Ultrasonic imaging is
currently utilized to detect and stage these cancers, but the
systems are limited by resolution and contrast capabilities.
Synthetic focus imaging systems separate data acquisition
from image formation and can provide in-focus information
at every image pixel. This permits image contrast to be
easily adjusted to compensate for various properties of the
tissues being examined. However, current synthetic focus
imaging systems have a relatively long image-formation
time. This is due to the fact that the synthetic-focus image
acquisition time is proportional to the number of ultrasonic
transducers in the transmit/receive array. Conversely, the
time required for image formation using convention focus-
and-steer configurations is proportional to the number of
focal points in the image. Therefore, since the number of
pixels in an image is typically orders of magnitude greater
than the number of transducers, acquiring an in-focus image
with conventional systems is impractical.

[0010] In synthetic-focus imaging systems, the following
computation is required to calculate a single pixel p(i,])
using data from an N element transducer array (N sources
and N sensors), where TOF(i, j, m, n) is the time-of-flight
contribution to pixel p(i,j) from source m and sensor n:

f(TOF(i, j, m, n)

[0011] The time required to generate an image can be
broken down into the following principal tasks: (1), the
time-of-flight (TOF) calculation; (2), the retrieval of back-
scattered signals from memory; and (3), the summation of
backscattered values to define each pixel value p(i,)).

[0012] Linear array and phased array ultrasonic imaging
systems that use the traditional “focus and steer” method for
forming real-time images are common. U.S. Pat. No. 6,719,
693 B2 to Richard for “Apparatus and System For Real-
Time Synthetic Focus Ultrasonic Imaging” provides a real-
time synthetic focus ultrasonic imaging system developed
which captures images large enough to be used for diag-
nostic purposes. Alternatively, synthetic focus ultrasound
images have been formed using data acquisition hardware
and off-line computation engines, including single processor
and multi-processor computer systems. However, none of
these systems is capable of switching between synthetic-
focus image acquisition and a focus-and-steer image acqui-
sition mode to select an imaging processes which is most
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suitable for the current application in terms of image acqui-
sition speed and image resolution.

[0013] A method for computing, in real-time, the time-of-
flight surfaces required to form synthetic focus images is
described by S. R. Broadstone and R. M. Arthur in “An
Approach To Real-Time Reflection Tomography Using The
Complete Dataset”, in proceedings 1986 Ultrasonics Sym-
posium, Vol. 86CH2375-4, pp. 829-831, IEEE Press, 1986,
(the Broadstone and Arthur reference). The Broadstone and
Arthur reference further describes an integrated circuit
implementation of the disclosed method. In the integrated
circuit design, one time-of-flight calculator is required for
each transmit/receive transducer pair in a massively parallel
ultrasonic imaging system in order to form real-time syn-
thetic focus images. However, the Broadstone and Arthur
reference does not provide a complete, realizable architec-
ture for a synthetic-focus imaging system capable of being
constructed using currently available integrated circuit com-
ponents or technologies.

[0014] Current ultrasonic imaging systems which utilize
the “complete data set” for image formation require large
numbers of components per channel for data storage and
image generation. These hardware requirements would be
exacerbated in the implementation of a real-time imaging
system, and, for this reason, none have been constructed.

[0015] Accordingly, there is a need for a real-time syn-
thetic-focus ultrasonic imaging system having the ability to
pulse multiple transducers simultaneously with accurate
time delays between each pulse to form images using
conventional sum beam-forming and/or focus-and-steer
techniques, permitting the development of a “dual-use”
system capable of forming both synthetic focus images and
images based on the more conventional approach of sum
beam-forming. A dual-use system will have more utility in
a clinical setting since it can support the mode most appro-
priate for the imaging task at hand.

BRIEF SUMMARY OF THE INVENTION

[0016] Briefly stated, the present invention provides an
apparatus for use in an ultrasonic imaging system adapted
for generating both synthetic focus images and sum beam-
forming/focus-and-steer images. The apparatus employs a
parallel processing integrated circuit architecture which is
scalable and can be employed to construct real-time syn-
thetic focus ultrasonic imaging systems having a large
number of transducer array elements. The apparatus pro-
vides the ability to quickly and iteratively generate candidate
final images based on a single complete dataset of image
pixels, and facilitates the development of optimization tech-
niques for accurate speed of sound extraction to enable the
generation of synthetic focus images. In addition, the appa-
ratus provides the ability to pulse multiple transducers with
accurate time delays between each pulse, permitting the
formation of images using sum beam forming/focus-and-
steer techniques. This dual-use apparatus is configured to
provide multiple modes of operation, selected for the appro-
priate imaging task at hand.

[0017] Amethod of the present invention propagates ultra-
sonic energy towards a sample object and receives the
reflected echoes. The received echoes are digitized and
stored, and subsequently utilized with one or more coeffi-
cients to generate an ultrasonic image of the sample object.
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The method includes the step of selecting between at least
two modes of image formation, real-time synthetic focus
imaging mode in which individual transducers are pulsed
discretely, and the reflected signals received at all transduc-
ers, and a sum beam-forming/focus-and-steer imaging mode
in which multiple transducers are pulsed at selected time
delays and in selected sequences. By altering the delay
timing, pulse sequence, and coefficients, adaptive image
generation from the complete set of image pixel data facili-
tates the generation of subsequent images having varied
focus or contrast from the initial image.

[0018] The foregoing and other objects, features, and
advantages of the invention as well as presently preferred
embodiments thereof will become more apparent from the
reading of the following description in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0019] In the accompanying drawings which form part of
the specification:

[0020] FIG. 1 is a prior art scalable architecture for
real-time synthetic focus ultrasonic imaging;

[0021] FIG. 2 is an illustration of the ultrasonic wave-
fronts created by pulsing a singe transducer of the architec-
ture of FIG. 1 when forming synthetic focus ultrasonic
images;

[0022] FIG. 3 is a prior art internal architecture of the “F”
field programmable gate array component of FIG. 1;

[0023] FIG. 4 is an exemplary illustration of a hardware
embodiment of the present invention including a mother-
board and daughter boards;

[0024] FIG. 5 is a block diagram representation of one
daughterboard of FIG. 4; and

[0025] FIG. 6 is an illustration of an ultrasonic wave front
created by pulsing multiple transducers at time-delayed
intervals.

[0026] Corresponding reference numerals indicate corre-
sponding parts throughout the several figures of the draw-
ings.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0027] The following detailed description illustrates the
invention by way of example and not by way of limitation.
The description clearly enables one skilled in the art to make
and use the invention, describes several embodiments, adap-
tations, variations, alternatives, and uses of the invention,
including what is presently believed to be the best mode of
carrying out the invention.

[0028] A scalable architecture for forming real-time syn-
thetic focus images is described in U.S. Pat. No. 6,719,693
B2 to Richard, entitled “Apparatus and System for Real-
Time Synthetic Focus Imaging”, herein incorporated by
reference. By adding time delay circuits to provide the
ability to pulse multiple transducers with accurate time
delays between each pulse, the scalable architecture
described therein can be used to additionally form images
using a sum beam-forming/focus-and-steer imaging tech-
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nique. This addition enables a “dual-use” system capable of
forming both synthetic focus images and images based on
sum beam-forming. A dual-use system provides increased
utility in a clinical setting since it can support the mode most
appropriate for the imaging task at hand.

[0029] Turning to FIG. 1, a 256-clement one-dimensional
ultrasonic transducer array of a scalable architecture, such as
that founding U.S. Pat. No. 6,719,693 B2 for forming
real-time two-dimensional synthetic focus images is shown
generally at 10. Each element 12 of the array 10 includes a
set of processing circuits, indicated generally at 14. The first
processing circuit in each set 14, indicated as “P”, consists
of an ultrasonic transmitter configured to propagate a pulse
of ultrasonic energy toward a sample undergoing testing or
imaging, and an ultrasonic receiver configured to receive
ultrasonic return echoes reflected from the sample. Coupling
to each pulser/receiver “P” is an analog-to-digital converter,
designated as “A”. The output from each analog-to-digital
converter “A” is stored in an associated image generation
processor, preferably a field programmable gate array
(FPGA) “F”. The preferred embodiment of the architecture
uses one FPGA (or ASIC) associated with each array trans-
ducer element (or group of elements) to form real-time
two-dimensional images.

[0030] In order to form synthetic focus ultrasound images,
each transducer is pulsed individually and the return signals
received at all transducers recorded in a block memories
inside the associated FPGAs (or ASICs). FIG. 2 illustrates
the outward propagation of spherical ultrasonic wavefronts
generated when a single transducer is pulsed.

[0031] The internal architecture of each “F” FPGA is
shown in FIG. 3. In this embodiment, each “F” FPGA will
use 256 on-chip dual-port block random-access memory
(RAM) modules 18 to store the 256 digitized return echoes
from associated transducer array element P. When element
“0” in the array is pulsed, each “F” FPGA stores the digitized
return echo from an associated transducer element P in
internal block RAM “0”. When element “1” in the array is
pulsed, each “F” FPGA stores the digitized return echo from
an associated element in block RAM “17”, etc. Each dual-
port block RAM 18 is filled, in turn, as the elements P of the
transducer array are pulsed. Data from the external analog-
to-digital converter “A” in each set 14 drives the data inputs
on one side of each dual-port block RAM 18. The required
address is generated using a simple counter 20 that is reset
to zero at the beginning of each pulse/receive/acquisition
cycle by a global controller. This architecture allows the
partial dataset associated with a particular receiver to be
stored in the associated FPGA ‘F” and the complete dataset
to be stored in the entire set of FPGAs.

[0032] A “G” block address generator is associated with
each dual-port block RAM 18 inside the “F” FPGA. The
dual-port block RAMs 18 are accessed in parallel during
image generation so that the sub-image associated with the
data inside each FPGA ‘F” can be calculated in real time
(one sub-image pixel can be calculated on each access
cycle/clock cycle). The required addresses are calculated by
the “G” block address generators constructed using the logic
available inside the “F” FPGA. In the example used here,
256 independent address calculators “G” are implemented
inside each FPGA ‘F” using known implementation tech-
niques.
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[0033] After a complete dataset has been acquired, a
global controller initiates an image generation cycle. This
resets each “G” address generator to, for example, the upper
left corner pixel of the sub-image, and each “G” address
generator outputs the associated address for its block RAM
18. All block RAMs 18 are accessed in parallel, and, in one
RAM access cycle, all of the samples required to form the
first sub-image pixel are read from the dual port block
RAMs 18 in all of the FPGAs “F”. An adder tree/summing
network is used to add the samples to form the first pixel in
the sub-image inside each “F” FPGA. This summation may
need to be pipelined, but this is easily accomplished inside
the “F” FPGA. The output of the summing network is feed
out of the FPGA ‘F” so that it can be added to the other
sub-images that are generated in parallel from the other “F”
FPGAs. In the embodiment shown in FIG. 1, a set of Sum
FPGAs 16 simply sum the sub-images generated by the “F”
FPGAs to produce the final real-time image. This summa-
tion is done in a tree fashion, and more levels of summation
may be required than the number shown FIG. 1. Physical
pin limitations on the particular configuration of FPGA logic
circuits used will determine the number of levels required.

[0034] The “G” address generators are designed to output
the next associated sample address each time they are
clocked, and the sub-image pixels are generated one-per-
clock-cycle. Using a 100 MHz clock, 512x512 pixel images
can be formed at least at the rate of 38 frames/second, if
acquisition time is ignored. The “G” address generators can
be implemented using conventional techniques, such as
described in U.S. Pat. No. 6,719,693 B2. As integration
levels increase, it will be possible to directly calculate the
required time of flight inside each “G” address generator and
still produce one address per clock cycle (or one address
every N clock cycles if a slightly lower frame rate is
acceptable). As integration levels increase, it is further
anticipated that required address values will be stored in a
table. The architecture described here can use any of these
possible forms for the “G” address generator.

[0035] Turning to FIG. 4, a hardware embodiment of the
present invention is shown generally at 100, consisting of a
base motherboard 102 and thirty-two daughter card connec-
tors 104, the required power supply 106, an adder tree, 108,
control, TGC, and data transmission circuits 110. A set of
thirty-two daughter cards 112, each with eight ultrasonic
pulsers/receivers “P”, eight analog-to-digital converters
“A”, and eight “F” FPGAs are coupled to the motherboard
daughter card connectors 104, with a second probe adapter
motherboard 114 coupled to each daughter card to complete
the system.

[0036] Each daughter card 112 is controlled via a control
subsystem that generates 32 in-phase sample clocks and 32
in-phase image generation clocks, one for each daughter
card, and the required “start acquisition” and “start image
formation” control signals. One “start acquisition” and one
“start image formation” control signal would be generated
for each daughter card. Turning to FIG. 5, a block diagram
of the daughter card 112 is shown. The “First Level Sum/
Control FPGA” on each daughter card would perform two
functions in this implementation: performing the first level
sum during image generation, control signal, clock buffer-
ing, and distribution. The FPGA preferably uses internal
delay locked loops to buffer and regenerate the sample and
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image generation clocks from the daughter card connectors
104 and to distribute them to the eight primary “F” FPGAs
on the daughter card 112.

[0037] Ahigh-speed serial link from the control subsystem
to each daughter card 112 enables the parameters associated
with each “G” block to be initialized, via a local host, by
remote workstation. The contents of each block RAM 18 can
be read or written, allowing received sample data to be sent
to a remote host workstation for storage. Alternatively,
sample data previously acquired can be loaded into the block
RAMs 18 for processing. Preferably, eight coaxial SMB
connectors 118 are utilized to link each daughter card 112 to
the second “motherboard”114 that implements a probe bulk-
head adapter. SMB connectors are utilized since the male
and female connectors can connect back-to-back and “snap”
together. The use of the second “motherboard”114 enables
easy adaptation to a wide variety of array transducers.

[0038] There are alternative architectures that are modifi-
cations or variations of the architecture proposed above. For
example, rather than use additional FPGAs to sum the sub
images, this summation could be done in a serial fashion as
described in U.S. Pat. No. 6,719,693 B2. There are many
other architectures which are modifications of the architec-
tures presented here that are extensions of the basic idea of
accessing all block memories in parallel and adding them to
first form sub-images and then adding the sub-images to
form the final synthetic focus image. Use of the system for
real-time synthetic focus imaging is described in more detail
in U.S. Pat. No. 6,719,693 B2.

[0039] Inthe embodiments of the system described in U.S.
Pat. No. 6,719,693 B2, the system cannot be used to form
images using conventional sum beam-forming/focus-and-
steer imaging techniques since only one transducer is pulsed
at a time. By modifying the design so that multiple trans-
ducers can be pulsed in sequence with accurate time delays,
the system can be used to form both synthetic focus images
and sum beam-forming/focus-and-steer images.

[0040] In conventional sum beam-forming/focus-and-
steer systems, several transducers in the array are pulsed
each time an acquisition cycle is initiated. The transducers
are pulsed in sequence, using accurate time delays, so as to
create a transmit beam that propagates at a desired deflection
angle relative to the transducer array. By changing the time
delays from one acquisition cycle to the next, a sector scan
can be created.

[0041] FIG. 6 illustrates the type of wave front that can be
generated when a conventional system pulses multiple trans-
ducer array elements. In this simplified illustrative example,
three elements have been pulsed: element O was pulsed first
(so that energy from element 0 has propagated the farthest),
then after a short delay element 1 was pulsed, and then after
another delay element 2 was pulsed. Pulsing in this manner
creates, effectively, a wave front that propagates at an angle
relative to the array, as indicated by the arrow in FIG. 6. By
changing the delays used, different deflection angles can be
generated.

[0042] Ttis also possible to focus the transmitted energy at
a point in the material being imaged. This requires different
timing delays than those required in the example here, but
which is a straight-forward extension of the same basic
principle. This technique allows this type of system to do
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what is termed “transmit focus,” although only one point in
the image is in true focus during each transmit cycle.

[0043] By adding the ability to pulse multiple transducers
with accurate time delays, the architecture described in U.S.
Pat. No. 6,719,693 B2 can support the transmit beam
generation capability with transmit focus used in conven-
tional sum beam-forming/focus-and-steer systems. This
capability is preferably added by using a digitally control-
lable digital delay between each “F” FPGA and the “pulse”
input to each pulser/receiver “P”. For example, a Dallas
Semiconductor DS1023 integrated circuit provides step
sizes as small as 0.5 ns, and with eight programming inputs,
can be set to one of 256 discrete delays. The programming
inputs to each DS1023 are controlled by the associated “F”
FPGA to delay the pulse on the associated transducer
element to achieve the desired time delay. Many other
digitally controlled delay solutions are available.

[0044] For each transmit beam generated by a conven-
tional system, ultrasound energy from each image point
along the beam reflects back to all elements of the array with
a time-of-flight based on the distance from the point to the
transducer element. After pulsing, conventional systems
perform receive focusing through the use of time delays to
add the appropriate time-gain corrected receive signal from
each transducer to form a “scan line” of ultrasound data, as
described by Albert Macovski in “Medical Imaging Sys-
tems”, Prentice-Hall, Englewood Cliffs, N.J., 1983, herein
incorporated by reference. This scan line represents one
“ray” or “vector” in the ultrasound image, and digital
syslems require a scan conversion step to convert the data
(which is in polar form) into Cartesian form for display on
a raster scan monitor, as described by Richard and Arthur in
“Real-Time Ultrasonic Scan Conversion via Linear Interpo-
lation of Oversampled Vectors”, Ultrasonic Imaging, Vol.
16, pp 109-123, April 1994, incorporated herein by refer-
ence.

[0045] 1In the present invention, the architecture described
in U.S. Pat. No. 6,719,693 B2 is adapted to performing
receive focus when used to form real-time sum beam-
forming/focus-and-steer images. When operating in sum
beam-forming/focus-and-steer mode, the dual-port block
RAMs 18 in the “F” FPGAs are filled, in turn, as transmit
beams sweep out a sector scan. If a 60 degree scan is used,
for example, the first block RAM 18 in each “F” FPGA is
filled when the transmit beam is deflected +30 degrees from
the line perpendicular to the transducer face, and the last
block RAM 18 is filled when the transmit beam is deflected
-30 degrees. For a given image, this would allow as many
“scan lines” to be acquired as there are block RAMs 18 in
the “F” FPGAs (assuming one “F” FPGA is assigned to each
transducer). For the preferred embodiment described herein,
256 scan lines could be acquired.

[0046] When operating in sum beam-forming/focus-and-
steer mode, instead of stepping through the image pixel-by-
pixel and adding the appropriate samples from all of the
block RAMs 18 to form each image pixel, as is done in
synthetic focus mode, the “G” blocks step through the image
“vector-by-vector” adding the appropriate samples from the
block RAM 18 in each “F” FPGA associated with the vector
being formed. In the example of the 60 degree system given
just above, the “G” blocks associated with the first block
RAM 18 in each “F” FPGA would generate the memory
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addresses required access the data samples associated with
the first sample of the first (+30 degree) scan line, then the
second data sample of the first scan line, and so on, until the
first scan line had been generated. The remaining “G” blocks
would not generate addresses during generation of the first
scan line since the block RAMs 18 associated with these “G”
blocks hold data associated with different scan lines. Block
RAMs 18 not used to form a particular scan line would have
to be designed to output a zero value when they were not
being accessed. This could be done using special gating
logic or by designing the system so that a zero value was
always stored at address zero in each block RAM 18. In this
case, the “G” blocks would be designed to output address
zero until they are used to generate their associated scan line.

[0047] In this particular embodiment, the SUM FPGAs 16
sum the “sub-vectors” generated by the “F” FPGAs to
produce the final scan line. After the first scan line is
generated, the second scan line is generated in a similar
manner, then the third scan line, until the entire set of scan
lines required to form an image has been generated.

[0048] The scan lines associated with a complete image
are preferably envelope detected and scan converted by a
local host processor or by other means to form the final
image.

[0049] When operating in sum beam-forming/focus-and-
steer mode, the system optionally overlaps the pulse/acqui-
sition cycle associated with one scan line with the compu-
tation of a different scan line. The fact that this can be done
is one of the primary advantages of sum beam-forming/
focus-and-steer imaging over synthetic focus imaging.

[0050] The fact that sum beam-forming/focus-and-steer
imaging does not require the complete dataset implies that it
is not necessary to use all of the block RAMs 18 in each “F”
FPGA to form sum beam-forming/focus-and-steer images.
Using just one block RAM 18 in each “F” FPGA in the
embodiment described above, data for a single scan line can
be acquired into a block RAM 18 and then the scan line
generated from that block RAM 18, then the data for a
second scan line acquired, etc. With two or more block
RAMs 18, scan line acquisition and generation can overlap
as described above. The “G” address generators will gener-
ate different addresses when used in this mode, but their
fundamental design is the same. This mode of operation will
have advantages in some physical implementations of the
architecture.

[0051] Tt is not necessary to use the same block RAMs 18
and address generators “G” for both synthetic-focus imaging
and sum beam-forming/focus-and-steer imaging. With
appropriate multiplexing, completely independent sub-
systems can be contained in each “F” FPGA, and this
embodiment will have advantages in some implementations
of the architecture.

[0052] The system described here is therefore capable of
supporting dual-use operation, in which it can support
synthetic focus imaging via techniques described in U.S.
Pat. No. 6,719,693 B2 and sum beam-forming/focus-and-
steer imaging using techniques described above.

[0053] A dual-use system will allow the images formed
using synthetic focus methods to be compared directly with
images formed using sum beam-forming/focus-and-steer
techniques, with both images formed using the same trans-
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ducer and front end electronics. Using the same transducer
and front end electronics is important for doing a fair
comparison since synthetic focus imaging may result in a
loss of penetration relative to that available using sum
beam-forming/focus-and-steer techniques. With synthetic
focus imaging, the highest acoustic intensity is near the
transducer surface, while with sum beam-forming/focus-
and-steer techniques it is at the transmit focal point. Thus,
synthetic focus imaging will start with a signal-to-noise
disadvantage that will be compensated for, to some degree,
by the constructive interference that occurs during image
formation. The noise floor of the front end electronics of a
particular dual-mode system will determine the extent to
which depth penetration is lost or gained.

[0054] In a clinical setting, a sonographer could image a
beating heart using the system in sum beam-forming/focus-
and-steer imaging mode, so as to avoid the motion artifacts
associated with the long acquisition time associated with
synthetic focus imaging, and then switch the system to
synthetic focus imaging mode to image a static breast or
prostate looking for tumors. In synthetic focus mode, the
images produced could provide additional diagnostic infor-
mation not available in sum beam-forming/focus-and-steer
images. For reference and comparison purposes, while scan-
ning a breast, for example, the sonographer could switch the
system to sum beam-forming/focus-and-steer imaging mode
and quickly view images of the same breast formed using
sum beam-forming/focus-and-steer techniques.

[0055] Tt is also possible to use tissue properties extracted
in one mode to improve the images produced by the other
mode, e.g., speed of sound estimates extracted in synthetic
focus mode can be used to improve the images produced
using sum beam-forming/focus-and-steer techniques. Syn-
thetic focus images can be first generated assuming a flat
velocity map, with the velocity assumed to be equal every-
where to the average background velocity, and then the
velocity map modified iteratively as part of an optimization
step to obtain improved focus. The resulting velocity map,
which represents the differing velocities at different points in
the tissue, can then be used in sum beam-forming/focus-
and-steer imaging mode to form more accurate images.
While this technique will be more applicable to static
targets, such as breast or prostate, it can also find utility
when imaging the heart or other organs. The dual-use
functionality of the architecture described here will, there-
fore, have important clinical advantages.

[0056] The present invention can be embodied in-part in
the form of computer-implemented processes and appara-
tuses for practicing those processes. The present invention
can also be embodied in-part in the form of computer
program code containing instructions embodied in tangible
media, such as floppy diskettes, CD-ROMSs, hard drives, or
an other computer readable storage medium, wherein, when
the computer program code is loaded into, and executed by,
an electronic device such as a computer, micro-processor or
logic circuit, the device becomes an apparatus for practicing
the invention.

[0057] The present invention can also be embodied in-part
in the form of computer program code, for example, whether
stored in a storage medium, loaded into and/or executed by
a computer, or transmitted over some transmission medium,
such as over electrical wiring or cabling, through fiber
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optics, or via electromagnetic radiation, wherein, when the
computer program code is loaded into and executed by a
computer, the computer becomes an apparatus for practicing
the invention. When implemented in a general-purpose
microprocessor, the computer program code segments con-
figure the microprocessor to create specific logic circuits.

[0058] Inview of the above, it will be seen that the several
objects of the invention are achieved and other advantageous
results are obtained. As various changes could be made in
the above constructions without departing from the scope of
the invention, it is intended that all matter contained in the
above description or shown in the accompanying drawings
shall be interpreted as illustrative and not in a limiting sense.

1. A dual-mode ultrasonic imaging system having a plu-
rality of transmitter/receiver array elements configured to
propagate at least one pulse of ultrasonic energy towards the
surface of a sample, and to receive a return signal, the
improvement comprising:

said array elements configured for selective operation in
first imaging mode, said first imaging mode being a
synthetic focus imaging mode; and

said array elements configured for selective operation in
a second imaging mode, said second imaging mode
being a sum beam-forming/focus-and-steer imaging
mode.

2. The dual-mode ultrasonic imaging system of claim 1
wherein said first and second imaging modes generate
substantially real-time images.

3. The dual-mode ultrasonic imaging system of claim 1
wherein each of said plurality of said transducer array
elements is configured to pulse independently in said syn-
thetic focus imaging mode.

4. The dual-mode ultrasonic imaging system of claim 3
configured to form synthetic focus images by summing
select data samples from a complete dataset of ultrasonic
return signals received at each transducer array element.

5. The dual-mode ultrasonic imaging system of claim 1
wherein a plurality of said transducer array elements are
configured to pulse in sequence with predetermined time
delays in said sum beam-forming/focus-and-steer imaging
mode.

6. The dual-mode ultrasonic imaging system of claim 5
configured to form sum beam-forming/focus-and-steer
images with receive focus by summing selected data
samples from a collection of received scan line data.

7. The dual-mode ultrasonic imaging system of claim 1
configured to form enhanced synthetic focus images using
sample properties extracted in a sum beam-forming/focus-
and-steer imaging mode.

8. The dual-mode ultrasonic imaging system of claim 1
configured to form enhanced sum beam-forming/focus-and-
steer images using sample properties extracted in a synthetic
focus imaging mode.

9. A method for ultrasonic imaging including the steps of:

selecting between at least a synthetic focus imaging mode
and a sum beam-forming/focus-and-steering imaging
mode;

activating one or more ultrasonic transducers in an ultra-
sonic transducer array responsive to said selected imag-
ing mode;
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acquiring one or more ultrasonic return signals at said
ultrasonic transducer array; and

generating an ultrasonic image utilizing said acquired one
or more ultrasonic return signals.

10. The method for ultrasonic imaging of claim 9 wherein
responsive to selecting said synthetic focus imaging mode,
said activating step further includes activating one or more
ultrasonic transducers in said ultrasonic transducer array
independently.

11. The method for ultrasonic imaging of claim 9 wherein
responsive to selecting said sum beam-forming/focus-and-
steering imaging mode, said activating step further includes
activating a plurality of said ultrasonic transducers in said
ultrasonic transducer array in a predetermined time delayed
sequence.

12. The method for ultrasonic imaging of claim 9 further
including the step of utilizing sample data acquired in a first
imaging mode to alter at least one imaging parameters of a
second imaging mode.

13. The method for ultrasonic imaging of claim 9 further
including the step of comparing images acquired in said
synthetic focus imaging mode with images acquired in said
sum beam-forming/focus-and-steering imaging mode.

14. An improved ultrasonic imaging system having a
plurality of transmitter/receiver array elements configured to
propagate pulses of ultrasonic energy towards the surface of
a sample, and to receive return echoes, the improvement
comprising:

a plurality of processing circuit sets, each of said plurality
of processing circuit sets associated with one of the
plurality of transmitter/receiver array elements;

an associated pulse signal delay means operatively
coupled to each of said plurality of transmitter/receiver
array elements;

said pulse signal delay means configured for selective
operation in first imaging mode, said first imaging
mode being a synthetic focus imaging mode; and

said pulse signal delay means configured for selective
operation in a second imaging mode, said second
imaging mode being a sum beam-forming/focus-and-
steer imaging mode;

wherein each of said plurality of processing circuit sets is
configured to store at least one data value representa-
tive of a digitized ultrasonic return echo received at an
associated transmitter/receiver array element; and

wherein each of said plurality of processing circuit sets is
further configured for parallel access to said stored data
values during an image generation mode.

15. The improved ultrasonic imaging system of claim 14
further including at least one summing circuit configured to
receive input from each of said plurality of processing
circuit sets representative of a component of an ultrasonic
image pixel, and to generate an output representative of an
ultrasonic image pixel.
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