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(57) ABSTRACT

In one embodiment, an ultrasound imaging method com-
prises: providing a probe that includes one or more transducer
elements for transmitting and receiving ultrasound waves;
generating a sequence of spatially distinct transmit beams
which differ in one or more of origin and angle; determining
a transmit beam spacing substantially based upon a combi-
nation of actual and desired transmit beam characteristics,
thereby achieving a faster echo acquisition rate compared to
a transmit beam spacing based upon round-trip transmit-
receive beam sampling requirements; storing coherent
receive echo data, from two or more transmit beams of the
spatially distinct transmit beams; combining coherent receive
echo data from at least two or more transmit beams to achieve
a substantially spatially invariant synthesized transmit focus
at each echo location; and combining coherent receive echo
data from each transmit firing to achieve dynamic receive
focusing at each echo location.
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CONTINUOUS TRANSMIT FOCUSING
METHOD AND APPARATUS FOR
ULTRASOUND IMAGING SYSTEM

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/492,471, entitled “Continuous Trans-
mit Focusing Method and Apparatus For Ultrasound Imaging
System”, filed on Jul. 24, 2006, which claims priority to
provisional patent application No. 60/701,812, filed Jul. 22,
2005, the entire disclosures of which are incorporated herein
by reference in their entirety for all purposes.

BACKGROUND OF THE INVENTION

[0002] This invention relates generally to ultrasound imag-
ing systems and, more particularly, to continuous transmit
focusing for ultrasound imaging systems.

[0003] Conventional ultrasound imaging systems generally
form an image in the following manner. A short acoustic pulse
is transmitted into a region of interest from a subset of trans-
ducer elements on an array, focused at a particular depth and
direction. The acoustic wavefront formed by the superposi-
tion of the transmitted pulses propagates along the selected
direction and upon backscattering from structures contained
within the region of interest, propagates back towards the
transducer array (refer to FIG. 1). These echos received from
different transducer elements are subsequently amplified and
combined using delay, phase, and apodization in such a man-
ner as to provide a dynamic receive focus which changes as a
function of time/depth along the transmitted wavefront direc-
tion. The combined signal is then log detected and further
processed prior to being stored. This process is repeated many
times as the transmit and receive directions are changed in
such a way as to sweep through the region of interest, i.e.,
steered, translated, or both. Upon collecting the desired num-
ber of line acquisitions, this acoustic data is then scan con-
verted for display to form the resulting ultrasound image. The
rate at which these images are formed and displayed is
referred to as the frame rate.

[0004] For an ultrasound imaging system to produce high
quality images, the region of interest must be properly
sampled acoustically, both in the range and azimuth (lateral)
dimensions in order to prevent aliasing artifacts, which can
arise in all sampled systems. In the range dimension, the
Nyquist sampling theorem requires that an adequate number
of samples in range be acquired based upon the combined
round-trip transmit/receive pulse bandwidth. In the azimuth,
or lateral, dimension, the Nyquist sampling theorem requires
that 1) the region of interest be laterally insonified by a suf-
ficient number of transmit beams and 2) an adequate number
of combined round-trip transmit/receive beams laterally
sample the region of interest. Stated another way, the Nyquist
sampling theorem imposes a transmit acquisition lateral sam-
pling criteria, as well as a round-trip transmit/receive lateral
sampling criteria. The Nyquist transmit beam spacing Ax.,,,
is dependent upon the transmit aperture size A ., focusing

locationr,,,,, and the carrier wavelength of the acoustic radia-
tion A,. It is given by
AX =N e M
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where the transmit F-number F_, =t /A, The Nyquist
round-trip beam spacing Ax is dependent upon both transmit
and receive F-numbers F_, , and F,_, respectively. It is given

by

xmit

FomtFrey Ax)cmrArcv (2)

Ax =g -
\/F T PR, \/ AXZ .+ AX2

rev

where F_=r._/A . for focusing location r,. and
AX,.,.=hoF,.,. Note that when the receive F-number is much
lower than the transmit F-number, the Nyquist round-trip
beam spacing Ax is dominated by the receive beam charac-
teristics. This is the direct result of the round-trip transmit/
receive beampattern S(w, X, r) being equal to the multiplica-
tion of the individual transmit and receive beampatterns S,
(w, X, 1, 1,,,,,) and S,_ (w, X, r) respectively, at a particular
frequency f and range r, and is given by

1
st %, 1) = > f S(e, x, ) dw
L
S(W, X, 1) = Same (0, X, 1, Font)Sren( @, X, 1)

1
| gt
St (B X, 7y V) = Efsxmr(wa %, 1y rep )@ dw

1
Sren(, X, 1) = 2—f Seevlw, x, N dw
e

where x is the lateral spatial coordinate, t is the time coordi-
nate, w=2xtf, and the transmit, receive, and round-trip point
spread functions (PSF) are the inverse Fourier transforms of
their respective beampatterns. If the receive beam is much
narrower than the transmit beam, then the receive beam domi-
nates the round-trip beampattern. FIG. 2 depicts the situation
where the receive beam F-number is substantially lower than
the transmit F-number and as such, the receive beam, which is
typically dynamically focused., i.e., the aperture size and focal
point are increased as a function of time/range so as to main-
tain constant lateral resolution Ax, . dominates the round-
trip beam pattern. The transmit beam is generally focused at
a user specified depth. Note the reduction in the round-trip
sidelobe clutter energy outside of the round-trip beampat-
tern’s mainlobe at the transmit focus location, as compared to
away from the transmit focus location. This is due to the
multiplicative influence of the transmit beam on the receive
beam. The transmit beam can have a more significant influ-
ence on the receive beam if lower transmit F-numbers are
employed. However, since the transmit beam is not dynami-
cally focused for all depths, the round-trip beampattern will
display much better lateral resolution at the transmit focus
location compared to away from the transmit focus location.
For example, if F,,,, F,..,, Ax=Ax,../V2 at the transmit focus
location, and Ax=Ax,, away from the transmit focus loca-
tion—a 41% degradation in lateral resolution, as well as
increased sidelobe clutter. This leads to lateral image non-
uniformity, which is undesirable for high quality ultrasound
imaging.

[0005] Conventional ultrasound imaging systems which
forma single receive beam for each transmit beam as depicted
in FIG. 2, necessarily couple the Nyquist transmit beam spac-
ing Ax_,,, to the Nyquist round-trip beam spacing Ax. Instead

xmt

of having to fire a minimum of [/Ax_,,, transmit beams to
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adequately insonify the region of interest, the single beam
conventional system fires [/Ax transmit beams to cover the
region of interest, where [ is the lateral extent of the region of
interest to be imaged. Using (1) and (2), the potential acoustic
acquisition rate is reduced by the factor

[ P [, o @
.

= = 1
TN TV T ae

rev

Using a typical single focus example of F,, =2.5and F,_=1.
0, the reduction in the potential acoustic acquisition rate using
(4) is ~2.7. Almost three times as many transmit beams are
being fired than required by Nyquist sampling requirements.
[0006] If the transmit and receive F-numbers are made
equal, ie., F_ =F, =1.0, then the reduction in potential
frame rate using (4) is ~1.4, which is not as dramatic as when
the receive F-number is much lower than the transmit F-num-
ber; however, an additional problem is introduced, namely the
limited depth of field of the transmit beam. While the receive
beam is dynamically focused, the transmit beam is focused
only at a single depth. The range r over which the transmit
beam can be considered “in focus™ is given by the depth of

field expression

R, ~ AL, 4B <8 )
mt Rxmt
DOF . . P+ D20F

Pt —

where the choice of f§ depends upon what phase error is
assumed at the end elements of the transmit aperture in the
depth of field (DOF) derivation. Note the DOF dependence on
the square of the transmit F-number. As the transmit F-num-
ber decreases, the transmit beam’s lateral resolution increases
linearly as given by (1); however, the range over which the
transmit beam will be in focus, and have influence on the
round-trip lateral resolution given by (2), decreases quadrati-
cally. This introduces image lateral non-uniformity and
higher clutter away from the transmit focus and is undesirable
in high quality ultrasound images. The conventional approach
to mitigate this behavior is to transmit multiple times along
each transmit beam, changing the transmit focus locationr_,,,
on each firing and performing a conventional receive beam
formation on each. The resulting multiple round-trip signals
are then typically combined following the detection process,
with the DOF image region around each transmit focus r,,,,
being retained, with the rest discarded. Thus, each detected
line is the composite of multiple lines, each having a different
transmit focus. The number of transmit firings along the same
transmit beam direction that are required is dependent upon
the desired transmit F-number to be supported, and the dis-
play range of the region of interest, with the number of trans-
mit firings going up as the square of the transmit F-number
reduction. This produces a significant loss in acoustic acqui-
sition rate due to the multiple transmit firings along the same
line.

BRIEF SUMMARY OF THE INVENTION

[0007] The reduction in potential acoustic acquisition rate,
and ultimately frame rate, due to lateral sampling require-
ments, increased transmit resolution, and reduced round-trip
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sidelobe clutter, has led to many techniques being developed
which seek to provide a true dynamic transmit focus and
provide a better performance/frame rate tradeoff. The tech-
niques developed generally fall into several classes, namely,

1. Composite,

[0008] II. Multiple beams,

1II. Transmit sub-apertures,

V. Element dependent transmit waveform generation/receive
filtering, and

V. Deconvolution

[0009] I. Composite techniques seek to approximate a
dynamic focused transmit beam by compositing multiple
transmit beams of different foci together along the same
direction, either fired sequentially in time as discussed above,
or simultaneous in time through linear superposition. If fired
sequentially in time, the compositing of transmit beams of
different foci can be performed following detection by simply
discarding receive data beyond the transmit depth of field and
stitching together the remaining detected receive data, which
is the conventional sequential transmit approach. Or the com-
positing can be performed using pre-detected, i.e., coherent,
receive data and combined using a weighted superposition of
the coherent receive data from the multiple transmit firings.
See Synthetic Dynamic Transmit Focus, Brent Robinson &
Cliff Cooley, 2000 IEEE Ultrasonics Symposium, or Syn-
thetic Transmit Focusing for Ultrasound Imaging, Bruno
Haider, 2000 IEEE Ultrasonics Symposium. Compositing the
transmit beams of different foci sequentially in time is not
very efficient since progressively less and less information
from each component transmit firing is being retained, while
the number of transmit firings increases, decreasing the frame
rate accordingly. Another technique composites the transmit
beams of different foci simultaneous in time by linearly
superimposing each transmit channel’s apodized and delayed
transmit waveforms together, i.e., compound focusing. See
U.S. Pat. No. 5,581,517. While the multiple transmit firings in
time and the commensurate decrease in frame rate are
avoided, it requires a linear transmitter (which is generally
more costly and power inefficient), round-trip sidelobe clutter
is increased around each foci compared to a single transmit
foci due to the simultaneous transmit beam’s acoustic inter-
ference (which limits how close the compound transmit foci
can be), and the technique does not address the reduction in
potential frame rate due to transmit lateral sampling issues. A
simpler, older technique simply used a transmit delay profile
which was a composite of multiple transmit delay profiles
each focused at different depths. The outer transmit channel’s
delay was dominated by the deeper transmit foci, and the
inner transmit channel’s delay was dominated by the shal-
lower transmit foci. However this technique, while not reduc-
ing the frame rate, improves transmit beamformation perfor-
mance away from the focus, i.e., round-trip sidelobe clutter, at
the expense of beamformation performance at the focus, i.e.,
poorer resolution, and it still does not address the reduction in
potential frame rate due to transmit lateral sampling issues.

[0010] II. Multiple beam techniques, either transmit,
receive, or both, seek to improve frame by reducing the num-
ber of transmit firings it takes to laterally sample the region of
interest. In the case of multiple simultaneous transmit beams,
along with receive beams aligned along each transmit beam,
less time is taken to sweep the region of interest to form the
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image for a given receive line density and thus, higher frame
rate is achieved. However, the interference between the
simultaneous transmit beams leads to increased acoustic clut-
ter and degrades image quality. Using multiple receive beams
formed from the same transmit beam can also improve frame
rates since less time is required to sweep the region of interest
for a given receive line density. However, receive beams
which are spatially displaced from the transmit beam center
can lead to image distortion, more so around the transmit
focus, higher acoustic clutter, and results in spatial variance
which is undesirable for high quality imaging. A way to
mitigate this distortion was described in U.S. Pat. No. 6,016,
285, using two receive beams from each transmit firing and
coherently (pre-detection) combining receive beams from
two neighboring transmit firings, along with combining
receive beams from the same firing as a way to re-center the
receive beams along transmit firings. While eliminating geo-
metric distortion, line-to-line gain variations are introduced,
which if not removed through spatial filtering (which reduces
lateral resolution) lead to imaging artifacts. A multiple beam
approach, Parallel Beamforming using Synthetic Transmit
Beams by T. Hergum, T. Bjastad, and H. Torp, 2004 IEEE
International Ultrasonics, Ferroelectrics, and Frequency
Control Joint 50” Anniversary Conference, pages 1401-
1404, uses a weighted sum of multiple coherent receive
beams from different transmit beams, forming an interpo-
lated, or synthesized transmit beam, aligned along each
receive beam. This addresses the lateral spatial sampling
component of frame rate reduction, however dynamic trans-
mit focusing is not addressed. Therefore, use of multiple
beams partially addresses the lateral spatial sampling com-
ponent of frame rate reduction; however, these classes of
techniques have not addressed the transmit beam focusing
aspect and as such, if increased transmit resolution is desired,
multiple beams combined with some class of compositing is
required, with the advantages and disadvantages described
previously.

[0011] III. Transmit sub-aperture techniques seek to
improve frame rates by trying to eliminate the process of
compositing, or sequential transmit focusing, altogether by
creating a dynamic transmit focus, analogous to dynamic
receive focusing. The difficulty is that once the transmit
wavefront is launched and propagation/diffraction begins, its
characteristics cannot be directly altered. However, the effec-
tive transmit focus can be altered after the fact during receive
processing by breaking up the transmit aperture into several,
or many, sub-apertures (in the limit, each transducer element
is fired separately) where each sub-aperture is fired sequen-
tially in time. See Multi-Element Synthetic Transmit Aper-
ture Imaging using Temporal Encoding by K. L. Gammel-
mark and J. A. Jensen, 2002 SPIE Medical Imaging Meeting,
Ultrasonic Imaging and Signal Processing, 2002; pages 1-13.
On receive, the echoes from each sub-aperture firing can be
delayed, phased, apodized, and summed prior to, or after,
receive beam formation, varying the delay, phase, and
apodization values with range, to form a dynamic transmit
focus. This has several limitations/complexities—first, it
requires linearity in the transmit-receive processing path.
While this is true for fundamental imaging, it is not strictly
true for 2"¢ harmonic and higher order non-linear imaging
modes. For example, in 2" harmonic imaging, the transmit
beam becomes essentially “squared” during the transmit
propagation process, effectively reducing sidelobes and clut-
ter in the transmit beam. The subsequent squaring that will
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occur during the propagation/diffraction of each transmit
sub-aperture and summing on receive will not be equivalent
to transmitting the entire original transmit aperture, which is
the sum of the transmit sub-apertures, and squaring the result,

ie.,
Nsup Nsup z ©)
>
i=1

i=1

{Clam]f # {G

wheren is the transmit element, N, , is the number oftransmit
sub-apertures, z,(n) represents the apodized, phased, and
delayed transmit aperture function, and G is the linear propa-
gation/diffraction operator. In other words, the sum of the
squares is not equal to the square of the sums. Also, the
signal-to-noise ratio (SNR), already a problem in non-linear
imaging modes, will be an even greater problem using trans-
mit sub-apertures due to the sum of the squares being less than
the square of the sums. More importantly, to the extent these
techniques seek to break up the transmit aperture into smaller
and smaller sub-apertures, thus improving the ability to form
an effective dynamic focused transmit beam, the broader and
less focused each sub-aperture’s individual transmit beam-
pattern becomes, approaching that of a point source as the
sub-aperture shrinks to a single element, which will have a
fairly uniform amplitude distribution. Any non-linear imag-
ing mode which reduces transmit beam sidelobe clutter
through squaring, or higher order non-linearity, will no longer
be as effective, i.e., squaring a uniform beam produces a
uniform beam. Attempts to improve the SNR situation by
transmitting on multiple elements, delayed and phased in
such a way as to create point source wavefront, analogous to
a single element, does increase the transmitted signal level;
however, the transmit beampattern is still fairly uniform and
as such, it will not see much improvement in sidelobe clutter
from non-linear propagation/diffraction. Motion will be an
issue in both fundamental and non-linear imaging modes
since to form the entire desired transmit aperture, many fir-
ings may be required, i.e., 128, etc., which will require a fair
amount of time. For example, assuming a carrier frequency of
3.5 MHz, a depth of 240 mm with an assumed sound speed of
1540 m/s, the round-trip propagation time is 311 psec, which
for 128 elements/firings is 40 msec. This is quite a long time
for phase coherency to be maintained across the elements to
a fraction of the 3.5 MHz wavelength, which is 0.44 mm.
Motion during that time will introduce transmit beamforma-
tion delay/phase errors due to the many firings it takes to
construct the effective transmit beam, which will degrade the
quality of the effective transmit beam characteristics and
introduce increased acoustic clutter and other motion arti-
facts. Lastly, depending upon how many transmit sub-aper-
tures are employed, the processing requirements can be quite
high, which can be even higher if motion compensation tech-
niques are considered, making some of these techniques
impractical for real-time imaging given the current state of
the art technology.

[0012] IV.Techniques that use element dependent transmit
waveform generation, possibly combined with receive filter-
ing, seek to employ different transmit waveforms on each
element in such a way that during propagation and diffraction,
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the individual waveforms combine which, when filtered on
receive, an effective dynamic focused transmit beam is
formed. U.S. Pat. No. 6,108,273 describes starting with a
traditional short pulse at the center of the transmit aperture,
whose higher spectral frequency components are progres-
sively advanced in time compared to the lower frequency
components, as the transmit element location approaches
either end of the transmit aperture. This produces a chirp-like
waveform of increasing length away from the transmit aper-
ture center. On receive, a bandpass filter is employed whose
center frequency is decreased with depth. The transmitted
pulse’s higher frequency components that are selectively
passed by the depth dependent receive bandpass filter have
diffracted from a transmit delay arc of higher curvature,
which effectively focuses the transmit wavefront at shallower
depths. The transmitted pulse’s lower frequency components
that are selectively passed by the depth dependent receive
bandpass filter have diffracted from a transmit delay arc of
lower curvature, which effectively focuses the transmit wave-
front at deeper depths. This approximates a dynamically
focused transmit beam. The limitations of this approach is
that the potential round-trip pulse bandwidth and hence, axial
resolution, is compromised at the expense of the dynamic
transmit focusing effect. In addition, this technique alone
does not address the lateral spatial sampling component of
frame rate reduction, although some of the other techniques
outlined could be used in conjunction with this technique.

[0013] V. Techniques that use a deconvolution approach to
improve the transmit focusing characteristics also have vari-
ous limitations. For example, Retrospective Dynamic Trans-
mit Focusing by S. Freeman, Pai-Chi Li, and M. O’Donrell,
Ultrasonic Imaging 17, pages 173-196, (1995), used a single
receive beam system along with a spatial filter of a finite
number of taps, operating across receive beams. The design
of the spatial filter was designed with the intent to deconvolve
out the effects of the defocused transmit beam from the
round-trip point spread function. As such, this approach will
be limited by the receive beam’s influence on the round-trip
point spread function, reducing the extent to which the trans-
mit focusing characteristics can be improved. In addition, it
does not address the lateral spatial sampling component of
frame rate reduction.

[0014] The present invention seeks to provide high quality
imaging using a minimum of transmit firings by decoupling
the Nyquist transmit and round-trip spatial sampling require-
ments, and at the same time maintaining a continuous trans-
mit focus throughout the region of interest, which reduces or
eliminates the need for transmit focus compositing, i.e.,
sequential transmit focus, both of which dramatically
improve the acoustic acquisition rate. Reduction of the num-
ber of transmit firings becomes especially important for ultra-
sound systems which are battery powered in order to conserve
energy and reduce power consumption. Elimination of trans-
mit focus user controls is also a desirable feature, especially
for portable ultrasound systems given their compact user
interface. The invention works inlinear or non-linear imaging
modes, works with standard 1-D and 2-D transducer arrays,
can be extended to three spatial dimensions, i.e., 3-D imag-
ing, is compatible with all scan formats, and is robust in
presence of motion.

[0015] An aspect of the present invention is directed to an
ultrasound imaging method for achieving transmit and
receive focusing at every echo location within a region of
interest. The method comprises providing a probe that
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includes one or more transducer elements for transmitting
and receiving ultrasound waves; generating a sequence of
spatially distinct transmit beams which differ in one or more
of origin and angle; determining a transmit beam spacing
substantially based upon a combination of actual and desired
transmit beam characteristics, thereby achieving a faster echo
acquisition rate compared to a transmit beam spacing based
upon round-trip transmit-receive beam sampling require-
ments; storing coherent receive echo data, from two or more
transmit beams of the spatially distinct transmit beams; com-
bining coherent receive echo data from at least two or more
transmit beams to achieve a substantially spatially invariant
synthesized transmit focus at each echo location, i.e., to
achieve transmit synthesis; and combining coherent receive
echo data from each transmit firing to achieve dynamic
receive focusing at each echo location.

[0016] Insome embodiments, the probeisa 1-D, 2-D array
with varying degrees of elevation beamforming control,
including aperture, delay, and phase, or a general 2-D scan-
ning array, or a sparse 1-D or 2-D array. The spatially distinct
transmit beams are generated electronically, mechanically, or
any combination thereof} to scan a 2-D plane or 3-D volume.
Coherent receive echo data is receive channel data from dif-
ferent transducer elements. Combining coherent receive echo
data from each transmit firing to achieve dynamic receive
focusing is performed prior to combining coherent receive
echo data from at least two or more transmit beams to achieve
transmit synthesis. Combining coherent receive echo data
from each transmit firing to achieve dynamic receive focusing
is performed prior to storing coherent receive echo data.
Alternatively, combining coherent receive echo data from
each transmit firing to achieve dynamic receive focusing is
performed subsequent to combining coherent receive echo
data from at least two or more transmit beams to achieve
transmit synthesis. In other embodiments, combining coher-
ent receive echo data from each transmit firing to achieve
dynamic receive focusing and combining coherent receive
echo data from at least two or more transmit beams to achieve
transmit synthesis are performed in combination.

[0017] In specific embodiments, combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing and combining coherent receive
echo data from at least two or more transmit beams to achieve
transmit synthesis are performed at arbitrary echo locations,
1.e., area/volume formation, or along multiple ray-like paths,
i.e., multiple receive beamformation. One or more non-linear
components of the transmitted ultrasound waves are included
in the steps of storing coherent receive echo data, combining
coherent receive echo data from each transmit firing to
achieve dynamic receive focusing, and combining coherent
receive echo data from at least two or more transmit beams to
achieve transmit synthesis. The method may further comprise
forming an image with an imaging mode that includes one or
more of B, color Doppler (velocity, power), M, spectral Dop-
pler (PW), with or without using contrast agents. Velocity
imaging modes including color velocity and spectral Doppler
(PW) are achieved using motion compensation in combining
coherent receive echo data from at least two or more transmit
beams to achieve transmit synthesis. The spectral Doppler
(PW) mode involves processing one or more sample volumes
along a synthesized transmit beam obtained by the transmit
synthesis.

[0018] Insome embodiments, combining coherent receive
echo data from at least two or more transmit beams to achieve
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transmit synthesis includes combining using one or more of
delay, phase, amplitude, and convolution. Combining cohet-
ent receive echo data from at least two or more transmit beams
to achieve transmit synthesis may be responsive to echo loca-
tion, as well as to the spatial and temporal characteristics of
the actual and/or desired transmit beam characteristics, which
may include one or more non-linear components of the trans-
mitted ultrasound waves. The spatially distinct transmit
beams may differ in one or more of delay, phase, apodization,
amplitude, frequency, or coding. The spatially distinct trans-
mit beams may have a single focus at a predetermined range,
with an F-number ranging from 0.5 to 10. Two or more of the
spatially distinct transmit beams are fired simultaneously, or
with a time gap less than a round-trip propagation time, for
faster echo acquisition.

[0019] Another aspect of the invention is directed to an
ultrasound imaging system for achieving transmit and receive
focusing at every echo location within a region of interest.
The system comprises a probe that includes one or more
transducer elements for transmitting and receiving ultrasound
waves; and a processor. The processor generates a sequence
of spatially distinct transmit beams which differ in one or
more of origin and angle; determines a transmit beam spacing
substantially based upon a combination of actual and desired
transmit beam characteristics, thereby achieving a faster echo
acquisition rate compared to a transmit beam spacing based
upon round-trip transmit-receive beam sampling require-
ments; stores coherent receive echo data, from two or more
transmit beams of the spatially distinct transmit beams; com-
bines coherent receive echo data from at least two or more
transmit beams to achieve a substantially spatially invariant
synthesized transmit focus at each echo location, ie., to
achieve transmit synthesis; and combines coherent receive
echo data from each transmit firing to achieve dynamic
receive focusing at each echo location.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG.1 isablock diagram of the system architecture
of a conventional ultrasound imaging system.

[0021] FIG.2 shows transmit and round-trip beam patterns,
as well as transmit and round-trip lateral sampling require-
ments, for conventional ultrasound imaging systems which
form a single receive beam for each transmit beam.

[0022] FIG. 3 is a block diagram of the system architecture
of an ultrasound imaging system according to an embodiment
of the present invention.

[0023] FIG. 4 shows examples of area formation for a rec-
tilinear scan coordinate system and a curved/steered scan
coordinate system.

[0024] FIG. 5 shows a comparison between conventional
single-beam line-by-line acoustic acquisition where the
transmit and round-trip spatial sampling requirements are
coupled, and zone acquisition of the present invention where
the transmit and round-trip spatial sampling requirements are
decoupled.

[0025] FIG. 6 illustrates transmit beam sampling for a pla-
nar transducer array employing a linear scan format accord-
ing to an embodiment of the present invention.

[0026] FIG. 7 shows an architecture topology of image/
volume reconstruction (Image/Volume Reconstruction I)
according to one embodiment of the present invention.
[0027] FIG. 8 shows an architecture topology of image/
volume reconstruction (Image/Volume Reconstruction II)
according to another embodiment of the present invention.
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[0028] FIG. 9 shows plots of transmit, receive, and total
computational effort for transmit sub-apertures and transmit
synthesis to compare their computation efficiency.

[0029] FIG. 10 is a plot of signal-to-noise ratio (SNR)
showing improvement as a function of depth for transmit
synthesis.

[0030] FIGS. 11A-11C show different arrangements of
providing a motion processor block in the architecture topol-
ogy of image/volume reconstruction to address motion
effects.

DETAILED DESCRIPTION OF THE INVENTION

[0031] The present invention seeks to provide high quality
imaging using a minimum of transmit firings by decoupling
the Nyquist transmit and round-trip spatial sampling require-
ments, and at the same time maintaining a continuous trans-
mit focus throughout the region of interest, which reduces or
eliminates the need for transmit focus compositing, i.e.,
sequential transmit focus, both of which dramatically
improve the acoustic acquisition rate. Reduction of the num-
ber of transmit firings becomes especially important for ultra-
sound systems which are battery powered in order to conserve
energy and reduce power consumption. Elimination of trans-
mit focus user controls is also a desirable feature, especially
for portable ultrasound systems given their compact user
interface. The invention works in linear or non-linear imaging
modes, works with standard 1-D and 2-D transducer arrays,
can be extended to three spatial dimensions, i.e., 3-D imag-
ing, is compatible with all scan formats, and is robust in
presence of motion.

[0032] FIG. 3 shows a block diagram of the system archi-
tecture according to an embodiment of the present invention.
However, this is but a representative example and many other
system architectures can be used. Referring to FIG. 3, follow-
ing receive front-end TGC, analog-to-digital conversion and
demodulation from RF to baseband is performed. The result-
ing in-phase and quadrature, i.e., 1/Q, data is then stored into
a random access channel domain memory. The memory can
be SDRAM, MRAM, or any other suitable memory device.
Equivalently, magnitude and phase data could be stored. The
channel domain memory holds Nt time samples for all Nch
system channels, for an arbitrary number of transmit firings,
i.e., the number of transmit firings required to insonify the
entire region of interest—a frame, or more. Next, the channel
domain [/Q data is read by the digital signal processor (DSP)
and employing software algorithms, the DSP performs
receive reconstruction, detection, and scan conversion for
display. Alternatively, the DSP may consist of a single DSP or
multiple DSP’s, or a combination of programmable logic, i.e.,
FPGA’s, and DSP’s. The receive reconstruction process is
analogous to receive beamformation; however, it is more
general and, in conjunction with the random access channel
domain memory and DSP/software programmable architec-
ture, provides arbitrary spatial sampling, allowing it to take
advantage of spatially dependent sampling requirements and
reduce computation time.

[0033] Reconstruction represents the transformation of
channel data into pre-detection image data over an area or
volume, from the insonification by a focused, broad, or defo-
cused transmit beam, defined as a transmit zone. The area is
defined by a collection of range and azimuth coordinates,
where the azimuth coordinate is defined by a suitable lateral
coordinate, i.e., horizontal position X, steering angle 0, etc.
This is shown in FIG. 4 which depicts several representative
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examples. The transducer can be planar, curved, or of some
other form, and the scan geometry, i.e., transmit/receive beam
origins and angles, can be arbitrary. The random access chan-
nel domain I/Q data memory allows the DSP to form an
arbitrary I/Q point from any transmit firing, or zone. Alterna-
tively, the DSP can use channel magnitude and phase data to
form a magnitude and phase point. The reconstruction soft-
ware algorithm in the DSP may include channel delay, phase,
apodization, and summation processing as is well known in
the art to form an image 1/Q point, but it is not limited to this
particular image formation technique and can include non-
linear processing elements. In general, the collection of range
and azimuth coordinates defining a reconstructed I/Q point
within the area formation region, from any given transmit
zone, can be described by

ry=5 XL, ) or r=F (80, . )

i (rxij,. .. )or ez'j':-fe(];e:ix/l7 ) M

where fi, . g, describes the functional dependence of the
specified coordinate on its input parameters, (i,]) are suitable
indexing parameters, and . . . indicates any other parameter
dependence for the range and azimuth coordinates, i.e., trans-
mit focus location, etc. If the collection of range and azimuth
coordinates defining the reconstructed area are independent
and assume a more standard dependence on the indexing
parameters, i.e.,

r=rgH-Ari={0,1, ... N,-1}

x=x A j={0,1,.. N1}
or
0,061500={0,1, . . . Ng-1} (8)

then area formation reduces to standard receive beamforma-
tion, 1.e., ray-like paths. In the case where more than one of
these receive beams are formed simultaneously from a single
transmit firing, or zone, then it is considered multiple receive
beamformation, also known in the art as parallel beamforma-
tion. In three spatial dimensions, i.e., 3-D imaging, area for-
mation becomes volume formation and can be described by a
collection of suitable range, azimuth, and elevation coordi-
nates. The examples shown in FIG. 4 can be easily extended
into three spatial dimensions, i.e., ify represents the elevation
coordinate, then

ra=S Ex ik, .. 0)
Xyl rRpiik, )

}’ijk:fy(iZX,y,i,j,k, ) o

[0034] If angular coordinates are preferred in describing
the desired scan geometry, then equation (9) can be suitably
modified. If the collection of range and azimuth coordinates
defining the reconstructed volume are independent and
assume a more standard dependence on the indexing param-
eters, i.e.,

r=roti-Ari={0,1,... N,-1}
5ot Ax j={0,1, . N1}
W yotke Ay k={0,1, ... N-1} (10)

If angular coordinates are preferred in describing the desired
scan geometry, then (10) can be suitably modified.
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[0035] TItis important to note that if the transmit and round-
trip spatial sampling requirements are decoupled using the
system architecture shown in FIG. 3, thereby reducing or
eliminating the potential acoustic acquisition reduction factor
1 given by (4), then the frame rate is essentially decoupled
from the acoustic acquisition frame rate. While the acoustic
acquisition rate is determined by the number of transmit
firings and acoustic propagation time, the frame rate will be
determined by the DSP and software algorithm’s computa-
tion time required to process the acquired channel I/Q data
and form image 1/Q data, i.e., area formation, perform detec-
tion, scan conversion, etc., and display the image, up until the
acoustic acquisition rate becomes the limiting factor. This
characteristic provides the system the opportunity to produce
high quality images at much higher frame rates than conven-
tional systems, provided sufficient processing performance is
utilized. Alternatively, the system could expend the additional
time available performing more sophisticated image forma-
tion algorithms to further improve image quality, reduce sys-
tem power consumption by maintaining the frame rate at
conventional system frame rates, etc. The channel domain
data memory serves as a buffer between the acoustic acqui-
sition rate and the DSP and software algorithm processing
rate.

[0036] FIG. 5 shows a comparison between conventional
single-beam line-by-line acoustic acquisition where the
transmit and round-trip spatial sampling requirements are
coupled, and zone acquisition of the present invention where
the transmit and round-trip spatial sampling requirements are
decoupled. Depending upon the transmit F-number, the
improvement in acoustic acquisition rate compared to con-
ventional systems can be substantial as described previously.
The process by which the region of interest is insonified based
upon transmit sampling requirements alone is termed zone
acquisition, from which a relatively large image I/Q area can
be reconstructed from channel I/Q data such that round-trip
Nyquist spatial sampling requirements are met or exceeded.
To the extent that area formation reduces to the special case of
multiple receive beamforming, then the receive beam density
must meet or exceed Nyquist round-trip sampling require-
ments.

[0037] The zone acquisition process can be easily extended
to three dimensions to yield even larger improvements, where
the large number of transmit firings typically required by
conventional systems results in very low frame rates. The
zone acquisition process has advantages in other applications.
For example, in contrast agent imaging where micro-bubbles
are injected into the body and imaged with ultrasound, either
at essentially the same insonification frequency or suitable
harmonic, reducing the number of transmit firings and
increasing the lateral spacing of the transmit beams results in
less bubble destruction where minimum or no bubble destruc-
tion is desired.

[0038] The procedure to decouple transmit and round-trip
spatial sampling requirements, as well as provide a continu-
ous transmit focus, 1s now described for an embodiment ofthe
present invention. The motivation for this technique is based
upon the following line of reasoning. A conventional fixed-
focused transmit beam produces high quality images around
the focus, and works well in harmonic imaging modes, etc.,
however lateral resolution and uniformity degrade away from
the focus. Rather than reinventing the transmit beam, i.e.,
decomposing the transmit aperture into many pieces, only to
sum the resulting component beam responses back up on
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receive as outlined in some of the other techniques, suffering
the many disadvantages described, the present embodiment
simply corrects the transmit beam away from the focus as
needed. This can be accomplished using the following
insight. Consider a single receive element on a transducer
array receiving the backscattered signal from the transmit
pulse wavefront impinging on a point scatterer in the region of
interest. As the transmit beam is swept through the region of
interest, the received backscattered signal from the point scat-
terer, on a given receive element, will sample the transmit
beam from unique spatial locations. In principle, if the trans-
mit beam can be adequately sampled in time as well as in
space, then a spatial-temporal filter can be designed that can
transform the actual transmit beam into that of another trans-
mit beam of differing spatial and temporal characteristics,
provided that the transmit beam’s spatial and temporal char-
acteristics are sufficiently predictable. The receive element on
the transducer array provides that sampling. For example, if a
point scatterer in the region of interest lies in the unfocused
region of the transmit beam, i.e., at a depth shallow to the
transmit focus, then the evolution of signals received on a
given transducer element, as the transmit beam is swept
through the region of interest, will provide a representation of
the defocused transmit beam.

[0039] FIG. 6 shows an example of a planar transducer
array employing a linear scan format, where a single point
scatterer is located at either r=r,, (a depth shallow to the
transmit focus), r=r, (a depth at the transmit focus), orr=r. (a
depth deeper than the transmit focus), are shown. The trans-
mit apodization and delay profiles are translated across the
transducer array so as to translate the transmit beam across the
region of interest. The transmit beam’s pulse waveform, after
having been subjected to frequency dependent attenuation,
1/r falloff, the transducer’s receive spectral response for the
element shown, as well as any other filter response in the
receive signal path, produces the receive waveforms shown.
The evolution of these receive waveforms as the transmit
beam is translated across the region of interest are shown at
times corresponding to a point scatterer depth of eitherr,, r,,
or r.. For a given point scatterer depth, the receive waveform
is shifted in time according to how long the transmit beam’s
wavefront takes to propagate from the transducer face, to the
point scatterer, and back to a given receive element, refer-
enced to a suitable time origin, as the transmit beam is trans-
lated across the region of interest. For a point scatterer atr=r,
the receive waveform arrives earlier at the edge of the transmit
beam, and later for the center of the transmit beam due to the
focusing curvature. For a point scatterer at either r=r, or r=r,,
the receive waveforms display the behavior shown for analo-
gOUs reasons.

[0040] Now consider the demodulated receive waveforms.
For a given time/range sample lying within the evolution of
receive waveforms from a given point scatterer depth, plot-
ting the magnitude and phase, or equivalently, real and imagi-
nary, i.e., I/Q, values of the given time/range sample as the
transmit beam is swept through the region of interest will
result in the beam patterns shownin FIG. 6. Atrange locations
r=r, or r=r_, away from the transmit focus depth, the beam
pattern is defocused and broad, displaying the classic qua-
dratic phase error. At range location r=r,, the beam pattern is
focused. The real and imaginary beam pattern components
display the same behavior. One skilled in the art will recog-
nize the beam patterns away from the transmit focus as that of
a chirp waveform, albeit a spatial chirp as opposed to a tem-
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poral chirp, and is the result of the transmit beam’s approxi-
mately parabolic delay profile. Diffraction provides the spa-
tial compression necessary to transform the defocused
transmit beam in the near field to a focused beam at the focus
location, however only at the focus location. Therefore, in
order to produce a focused transmit beam for all ranges, a
spatial filter is required to correct the transmit beam away
from the transmit focus, correcting for diffraction effects, and
perform spatial compression throughout the region of inter-
est.

Transmit Synthesis—Spatial Diffraction Transform

[0041] The following analysis will consider several
examples which are intended to illustrate the transmit synthe-
sis technique; however, the invention is not meant to be lim-
ited by the examples provided. Note that in the analysis,
continuous time is used for simplicity unless otherwise noted.
Sampled time can also be used in an analogous manner.

[0042] Consider the architecture topologies shown in FIG.
7 (Image/Volume Reconstruction 1) and FIG. 8 (Image/Vol-
ume Reconstruction II). Received channel data from each
transmit beam firing n is acquired and stored in channel
domain memory. This channel domain data can either be
received RF, demodulated RF to IF, or demodulated to base-
band 1/Q signals from the transducer elements, or other suit-
able representation. The sequence of transmit beam firings
can be swept through the region of interest in an arbitrary
fashion, either in two or three dimensions. The transmit beam
can be swept through the region of interest either electroni-
cally, mechanically, or any combination thereof. The transmit
beams from spatial location to spatial location may differ in
characteristics such as amplitude, phase, delay, carrier fre-
quency, focusing characteristics, waveforms, coding, etc. The
transducer employed can be either conventional 1-D arrays,
1-14-D arrays, or 2-D matrix arrays. In FIG. 7, the Transmit
Synthesis block precedes the Area/Volume Formation block,
whereas in FIG. 8 the Transmit Synthesis block follows the
Area/Volume Formation block. In both cases, the Recon-
struction block contains both Transmit Synthesis and Area/
Volume Formation Blocks. The Transmit Synthesis block in
FIG. 7 consists of transmit beam n, time t, channel ch, and
spatial coordinate r, ; dependent filters k™ whose outputs are
summed together across N, (1,,) transmit beam firings. This
is followed by the Area/Volume Formation block, which can
form an output point s, (r,;) at locationr, ; using time, chan-
nel, and spatially dependent delay, apodization, phase, and
summing across N, channels, or some other suitable algo-
rithm. In FIG. 8, the Area/Volume Formation block operates
across channel data acquired from N, (r,;) transmit beam
firings, either applying a time, channel, and spatially depen-
dent delay, apodization, phase, and summing across N,
channels, or other suitable algorithm, producing N, (t;;+)
outputs. Each of these outputs in turn are applied to the
Transmit Synthesis block, consisting of N,,,,(r;;) spatial
coordinate r,; dependent filters h™” whose outputs are then
summed together across the N, (r;,) transmit beam firings to
form an output point s,,,,(r,;) at location 1,;,. Now since the
received signals on each of the transducer elements provide a
representation of the transmit beam pattern over the evolution
of transmit beam spatial firings, a spatial filter ™", whose
region of support operates on either the channel signals, or
area/volume formed signals, across a finite number of the
sequence of transmit beam spatial firings which cover the
region of interest, provides the desired spatial compression
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through a properly delayed, phased, weighted, and filtered
superposition. Therefore, the Transmit Synthesis block which
performs this filtering process can be viewed as a spatial
diffraction transform since it transforms the actual transmit
diffraction response into a desired transmit diffraction
response, whose characteristics, both temporal and spatial,
can be substantially different.

[0043] While the transmit synthesis technique will be cov-
ered in more detail, at a high level, the basic idea is the
following. Consider an expression for the round-trip beam-
pattern formed from a sequence of transmit beams whose
apertures are centered at nAx

S 0X)=5,0,, (0 X-1AX)S, . (%) 1)

where S_ . is the transmit beampattern, S __ is the receive
beampattern, w is the carrier frequency, x is the target’s lateral

position, and

1
Salt, x) = ZfSn(w, x)P)e’dw

where s, (1,x) is the round-trip point spread function response
for pulse spectrum P(w). Forming a linear combination of the
sequence of roundtrip beampatterns, yields

. (13)
(e, 2) = Z Hy(0)Sy, (w, x)

n=1

Nsyn

= ) Hy(@)Sunl, X = nA¥Sye, @, 3)

n=1

[0044] This can be rewritten as
59, 2) = S (0, 1Sy (@0, %) (14)
Nsyn
S0, D= D" Hy(@)Sepl, X = 1)
n=1
Neyn
= ) |Ha() e’ S, x - ndx)

el Hy(w)

where H, () can be thought of as a diffraction correction

filter (complex in general, i.e., magnitude/phase, real/imagi-

nary, etc.), the filtering operation termed diffraction trans-

form. Thus, the operation attempts to transform, or correct, a

sequence of actual transmit diffraction patterns S, (o,

x—nAx), into the desired transmit diffraction pattern S,,”"

using N, zones.

[0045] The symbols in the above equations are defined as

follows:

[0046] r_,
direction

[0047] r=point scatterer location in 2-D/3-D space

[0048] r'=transducer array receive element location in 2-D/
3-D space, either electronically swept, mechanically
swept, or a combination thereof

[0049] 1, ;~image/volume point location in 2-DY/3-D space
respectively

~transmit focus range along the transmit beam
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[0050] ¢(t)=demodulation phase

[0051] s, (t)~transmitied RF pulse waveform from trans-
ducer element

[0052] 5, ¢, ... )=transmit beam RF pulse wavefront at
point scatterer location r due to transmit excitation s, (t),
where ~ indicates that the pulses transmitted by each ele-
ment on the array will interfere at the location r and there-
fore, the temporal response of the pulse may be altered due
to transmit diffraction

[0053] §_,(t, ... )=receive channel signal from transducer
element following TGC, A/D conversion, demodulation,
baseband filtering, etc. ~ indicates that the pulses received
by each element on the array may have been altered by
transmit diffraction

[0054] T, [(...)=effective time delay of the transmit beam
RF pulse wavefront S, (t, 1, . .. ) to a point scatterer located
at r, i.e., the propagation delay plus the differential delay
arc of the transmit pulse wavefront, AT, due to diffrac-
tion

[0055] T,.(...)=time delay of the backscattered pulse
from a point scatterer located at r to a transducer receive
element

[0056] T(ch, r), ¢(ch, ), a(ch, r,;)=receive channel
delay and phase correction, and apodization, used in area/
volume formation in 2-D/3-D space

[0057] h,_(t)=receive filter which includes the effects of
frequency dependent attenuation, 1/r falloff, element
response, the transducer’s one-way receive response, etc.

[0058] h¥"(...)~transmit synthesis filter
[0059] N,(...),N,, (... )=number/listof transmit beams

in 2-D/3-D space used in transmit synthesis

Example

Planar 1-D Transducer, Linear Scan Format, 2-D
Image Formation

[0060] Consider the demodulated receive signal from a
given transducer element as shown in FIG. 6. The signal §_,
received by a transducer element located at r=x, from a
point scatterer at r=(r, x), insonified by the n-th transmit beam
wavefront§_,,(t-T . ,, X=X, I, I,.,.,), due to a transmit excita-
tionofs_, (t), wherex is the transmit beam origin location on
the array, can be mathematically expressed as given by (15).
The receive signal s_,, is simply the backscattered signal from
the point scatterer at (r, X), attenuated and delayed by the
propagation time T, from (r, x) back to the transducer
receive element at X',
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[0061] Ifthe transmit excitation by the transducer is repre-
sented by
SomlD)=p(D) (16)
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where p(t) is the transmit pulse envelope, potentially com-
plex, and o_ is the transmit carrier frequency, then without
loss of generality the transmit pulse wavefront can be
expressed as

S oI~ DX, B )=
P T~ -xm’?rxmt)ewxu Tmt)Sxmt(-x_-xm’?rxvnts(’)x) 1

where ~ indicates that the pulse envelope has been modified
due to range and position dependent transmit diffraction
effects, o, is the effective transmit carrier frequency which
may be depth dependent due to frequency dependent attenu-
ation effects, and S_ , represents the transmit beampattern.
Upon substitution into equation (15), the receive channel
signal becomes

Senlt=T o Loan™® XKy ¥ )=

xmt Lrev
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where p,,(t-T,,,,-T
transmit diffraction, receive propagation back to the trans-
ducer, attenuation, filtering, etc., and w, is the depth depen-
dent receive carrier frequency. Matching the demodulation
and receive carrier frequencies results in the baseband chan-

nel signal
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[0062] Image/Volume Reconstruction I shown in FIG. 7,
creates a single channel domain dataset from which the Area
Formation block operates on after the Transmit Synthesis
block has effectively compressed the transmit beam. Let the
transmit synthesis and area formation outputs be given by

w,) (18)
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[0063] Inserting equation (19) into equation (20) yields an
expression for the synthesized channel signals, namely
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[0064] Consider three different functional forms for the
transmit synthesis filters h,*”, namely
B = Xij, Tijs T )O(T) 22)

on
RO (X, = Xijs Fijs Fome )0
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An = Xijs Fijs Fomt

[0065] These transmit synthesis filter forms: a) are lateral
convolution filters, and b) depend upon image range coordi-
nate r; relative to transmit focus range r,,,, 50 as to provide
range dependent transmit beam diffraction correction. The
N,,, filters of h™* are approximately centered around the n”
transmit beam closest to the lateral image coordinate x,, and
are designed in such a manner as to correct for the amplitude
variations and range r dependent approximate quadratic
delay/phase error experienced by the received backscattered
signals as the transmit beam is translated across the region of
interest, 1.e., a spatial chirp compression filter. The number of
filters necessary to provide complete spatial compression
varies with depth r and hence, image coordinate 1;,, being
dependent upon how wide the defocused transmit beam i is,
which is based upon how farr is from the transmit focus range
I, The wider the defocused transmit beam, the greater the
number of filters required for full spatial compression. To the
extent that a limited number of filters are used due to fixed
computational resources or otherwise, the transmit beam only
be partially compressed, which in many cases can suppress
receive sidelobe clutter dramatically. For image coordinate
locations r;; around the transmit focus range r,,,,, not many
filters are required since the transmit beam is nearly focused.
[0066] The lateral convolution form of these transmit syn-
thesis filters provides an effective lateral spatial shifting of the
transmitbeam, from the combination of spatial transmit beam
firings, to center the synthesized transmit beam over the
image coordinate location x,. This property effectively
decouples transmit and round-trip spatial sampling require-
ments, while creating a transmit beam centered over the
desired image location. This property is achievable provided
that the transmit beams satisfy spatial Nyquist sampling
requirements. Optimal design of the transmit synthesis filters
requires sufficiently predictable temporal and spatial pre-
detection, i.e., coherent, characteristics of both the actual
transmit beams and the desired synthesized transmit beams as
they are swept through the region of interest, whether elec-
tronically or mechanically scanned, or any combination
thereof, as well as taking into account the number of synthesis
filters N, used at a given image coordinate location. In
general, the filtering of signals can yield different results
depending upon whether the signal of interest is coherent, i.e.,
backscattered signals from the region of interest, or incoher-
ent in origin, i.e., random noise, and produce changes in the
signal to noise ratio (SNR). Since these transmit synthesis
filters will process channel domain data from multiple trans-
mit beams, each of which will contain receive front-end ran-
dom noise, optimal design of the transmit synthesis filters
may also include these effects.
[0067] The first form of h,™"=h™"(x,~x;, r;;, rmt)f)(t) rep-
resents a range dependent, complex lateral filter, i.e., magni-
tude/phase, real/imaginary, etc., which is independent of time
and simply provides an amplitude weighted phase adjustment
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of the transmit beam dependent channel domain data sets
prior to transmit synthesis summation. Referring to FIG. 7
which shows a representation of the receive channel signals
across transmit firings for a point scatterer which lies shallow
to the transmit focus range, i.e., r=r <r,,,,, the backscattered
receive signals arrive earlier as the transmit beam is laterally
translated away from the position of the point scatterer at (r, x)
dueto the converging transmit pulse wavefront. The weighted
phase adjustment is sufficient provided that the delay excur-
sion of the transmit pulse wavefront, for the spatial portion of
the defocused transmit beam to be compressed, or refocused,
is on the order of the round-trip pulse length or less.

[0068] The second form of h,”"=h™"(x,-x,;, 1, I, )O[t+
AT, (X, =X ¥, I )] represents arange dependent, complex
lateral filter as well, however, in addition to an amplitude
weighted phase adjustment of the transmit beam dependent
channel domain data sets prior to transmit synthesis summa-
tion, it provides a differential time delay correction AT, (x, -
X,; Ty L) (refer to equation (15)) to the backscattered
receive channel signals as the transmit beam is laterally trans-
lated away from the position of the point scatterer at (r, X) due
to the converging/diverging transmit pulse wavefront. This
additional time correction will be required when the delay
excursion of the transmit pulse wavefront, for the spatial
portion of the defocused transmit beam to be compressed, or
refocused, begins to exceed the round-trip pulse length.

[0069] The third form of h,*"=h""[t+AT, (XX, Iy
Cyne)s X=Xy, T L] TEPrESents a range dependent, complex

lateral filter as well, however, in addition to an amplitude
weighted phase adjustment and differential time delay cor-
rection AT (x,—x,, 1., 1.) applied to the receive channel
signals, the temporal filter portion also provides a range and
lateral position dependent pulse shape correction. The intent
is to compensate the receive channel signals §_,(t-T,,,.-7T,..,
X', X=X,,, I, I,,,,), and through extension, the transmit signal
8 dt=T s X=X, 1, 1), for diffraction effects away from
the transmit focus, receive filtering, etc., in addition to differ-
ential transmit delay correction and transmit refocusing.
[0070] Substitution of the first form ofh, >"=h®"(x, X, r,»
t.)0(t) into the synthesized channel data given by equation
(21), along with equation (15) yields
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[0071] In order to determine a solution for the transmit
synthesis filter coefficients, they may be derived based upon
theoretical considerations, i.e., deriving a spatial compres-
sion filter analogous to linear FM chirp pulse compression, or
an error function of the following form can be minimized at
each image location (r; X, ), over point scatterer lateral loca-
tions X, using the list of potential range/position dependent
N,,.(t,, x,) transmit beams, generally centered about the
transmit beam closest to X, 1.e., Xo(Xy):
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s
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and s, ... ) are defined as the desired transmit pulse

response and desired beampattern respectively, or taken
together—the desired transmit point spread function, which
1s the targeted response for the spatial diffraction transform. t
is evaluated at the nominal receive time t=2r/c (see FIG. 6), r
is evaluated at the image range coordinate r,, receive channel
location x', is evaluated at the point scatterer location x. If
S, 254 }is that of a continuous focused transmit beam,
then the subsequent transmit synthesis filter coefficients
derived through error minimization or other means, will pro-
vide spatial compression of the transmit beam away from the
focus, in addition to the spatial shifting property. Multiple
time locations t can also be used in evalvating p,...( . .. ), S_,.(
.. .), and e7“A5m in equation (23) in forming the error
function, as well as p?7*?( . . . ). Other error functions are
possible. For one skilled in the art, there are many ways in
which to perform this error minimization, for example aleast-
squares, weighted least-squares, constrained least-squares
error minimization, etc., where a set of simultaneous linear
equations are created from the error function, and the
unknown coefficients h, *"=h>"(n) are solved. For a fixed
number of transmit synthesis filters N, (r,, x;)), error mini-
mization provides for a flexible solution. Evaluation of the
receive pulse waveform(s) p,..( . . . ), transmit beampattern
S..{...), desired pulse response p™**%( .. .) and beam-
pattern S__“**%( . ), and transmit differential time delay
AT, (...)inthe error minimization can be performed either
through experimental measurement, simulation, or a combi-
nation thereof, provided they are sufficiently predictable.
Applying the optimized transmit synthesis filter coefficients
to the receive channel signals produces synthesized channel
data given by

Sy,
Sen (6 = Tant = Trews Xpe i Fips X T Femi) % 25
i T ) r
e ch(c‘r rcv)prcv{[ — ATt [x;_,- —xo(x;jj] - (Z + Trcv),
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where the synthesized transmit beampattern is given by

Sy —
SemtX = Xijs Fij 1y Famr, ©05) = Z B™(X, = X, Fijs Tomt) (26)
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Note that the synthesized transmit beampattern will be cen-
tered over the image coordinate location x; as described pre-
viously.

[0072] Upon substituting equation (25) into the expression
for the Area Formation block output given by equation (20),
an expression is obtained for the round-trip point spread
function

o »
Sy, X, X) & Za(x’P - Xj, r;j)e”’("f'xp %) e G+ Trev) Py @n
P

2ryi—r)
=
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where the area formation element dependent delay T(x', Xy,
r,;) has effectively cancelled the element dependent receive
delay T, (x',—x, 1) given in equation (15), for r,~r. Then,
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where the round-trip point spread function’s parameters are
meant to indicate that it is in the form of a convolution kernel
which could vary slowly throughout the imaging region
defined by (r,;,x,;). The receive beampattern S )isgiven
by

i rcv( c

Srev(X = Xij, Fij» 1y Wc) Zax —xj,rtj)e””‘f o) gieclTev—g) (29
P

[0073] In order to correct for receive element phase errors
due to the differing propagation paths from the point scatterer
back to the transducer array, the receive phase is given by

B(rij x —x) = (30)
g+ - ) - r;j}

. 7”11
wCTux = Xij, Fij) = " =W,

Substituting equation (30) into equation (29) yields an
expression for the receive beampattern

Syenl® = Xyjo 1, ¥y ) = ()

s e,
E alx, - xg, rye’e

P

\/ Bl \/ 2y *r]

c

Srev(X = X, Fijy ©Oc) =

P

Apr. 5,2012

where a Taylor series expansion of the phase was used in the
approximation and yields the well known Fourier transform
of the receive apodization for r, =1, i.e., in the focal plane.
Note the expression for the round-trip point spread function
given by equation (28) is in the form of a linear convolution
kernel in both image coordinates, with a slow variation in
characteristics due to the remaining parameter dependencies.
The parameter dependencies uncorrected by the first form of
the transmit synthesis filters equation (22) are: a) the uncor-
rected spatially dependent differential transmit delay, and b)
the transmit diffraction and receive filtering effects on the
transmit pulse. These are addressed with the second and third
forms of the transmit synthesis filters given by equation (22)
respectively.
[0074] Substituting the second form of h,*"=h™" (x,-x,,
L Lo )O[HAT, (X, =X, 1, 1,,,,,)] into the synthesized chan-
nel data given by equation (21), along with equation (15)
yields

iis Lo
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where the differential transmit delay is effectively cancelled
forx,~x. Solving for the transmit synthesis filter coefficients,
the following error equation is minimized for each image
location (r,, x,,), over point scatterer lateral locations x as
before.

s [ 2
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where time t is evaluated at the nominal receive time t=2r/c
(see FIG. 6). Note that since the differential transmit delay
AT, (...)has been corrected, the pulse signals on a given
receive channel are aligned in time, i.e., sampling along the
transmit delay arc.

[0075] As before, multiple time locations can be used in
constructing the error function. Applying the optimized trans-
mit synthesis filter coefficients to the receive channel signals
produces synthesized channel data given by

~SyR ’ ~
Sen &= Thew, X, Xijs Fijy X, 1, Femt) ® (34)
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where the synthesized transmit beampattern is given by

SV
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[0076] Note that even though the differential transmit delay
has been corrected, a phase error due to the transmit delay still
exists due to demodulation being performed prior to the cor-
rection. Note further that the synthesized transmit beampat-
tern 1s now centered over the image coordinate location as
before.

[0077] Upon substituting equation (34) into the expression
for the Area Formation block output given by equation (20),
an expression is obtained for the round-trip point spread
function

- N JB(riixh—xy 36
S(ryj, 1, Xy x;zZa(x’P - X5, Iyje {rj=7p i) (36)
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where the Area Formation element dependent delay T(x',-x,,
r,;) has effectively cancelled the element dependent receive
delay T,,,(x',=x, 1) given in equation (15), for r,~r. Then,
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where the receive beampattern s
given by equations (29)-(31).

)is the same as before,

rcv(' .

[0078] Substituting the third form of h,¥"=h™"[t+AT,,,
(%, =Xy, s Topr)s X=X T, T, ] 0 the synthesized channel

data given by equation (21), using variable substitution along
with equation (15) yields
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[0079] Solving for the transmit synthesis filter coefficients
assuming a finite number of discrete time samples t,,, m=[0,
1, ... M-1], the following error equation needs to be mini-
mized, for each image location (r;, ,;), over point scatterer
lateral locations x and time t

i
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where time t' is evaluated around the nominal receive time
t'=2r/c (see FIG. 6). Note that since the differential transmit
delay AT_,, (... )has been corrected, the pulse signals on a
given receive channel are aligned in time, i.e., sampling along
the transmit delay arc. In addition, the time dependence of the
desired transmit pulse response p™®e4(t, X=X, I;) appears in
the error minimization function. A set of simultaneous linear
equations are created from the error function, and the
unknown coefficients b, ¥"=h*"(m,n) are solved. Thus, the
transmit synthesis coefficients will attempt to correct the
round-trip temporal response for transmit diffraction effects
as well as receive filtering. Applying the optimized transmit
synthesis filter coefficients to the receive channel signals
produces synthesized channel data given by

syn; ,
Sop (I — Trevs Xp» Xijs Vi X, T, Fomt) ~ (40)
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where the synthesized transmit point spread function is given
by
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[0080] Upon substituting equation (40) into the expression
for the Area Formation block output given by equation (20),
an expression is obtained for the round-trip point spread
function
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where the Area Formation element dependent delay T(x',-x,,
r,;) has effectively cancelled the element dependent receive
delay T, (x',—x, 1) given in equation (15), for r. Then,
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-continued
Sont(X = Xij, Ty T Famt» 0)Shew (X = X, iy F, )

where the receive beampatterns,,.,( . . . ) is the same as before,
given by equations (29)-(31). Thus, using the more general
transmit synthesis filter form, both differential time delay
correction and pulse shape correction can be obtained simul-
taneously.

[0081] Image/Volume Reconstruction I shown in FIG. 8,
which is a rearrangement of the Area Formation and Transmit
Synthesis blocks, the Area Formation block operates sepa-
rately on channel domain datasets, from which the Transmit
Synthesis block effectively compresses the transmit beam
across multiple area formed outputs. Let the area formation
and transmit synthesis outputs be given by

. 44
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Spatial Diffraction Transform

[0082] Inserting equation (19) into equation (44) yields an
expression for the area formation outputs, namely
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Simplifying equation (45), along with equation (15) yields
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where the area formation element dependent receive delay
T(x',=x,;, r,,) has effectively cancelled the element dependent
receive delay T, (x',—X, r) given in equation (15), for r,~1.
Then,
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2 2ri—1)

R P

rev = AT (X = X 7. Tom)s X = Xy P Pt
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-continued
Sren (6 =235, T, 7. 0 )ETIATS (0 — T, P, )

where the receive beampattern S,_( .. . ) is given by
o)
Syev(X = Xij, Fyj, 1y we) = Za(x; - Xy r’_j)eW(fij/‘p*XijJe rev—c

P

which is identical to equation (29). In order to correct for
receive element phase errors due to the differing propagation
paths from the point scatterer back to the transducer array, the
receive phase is given by equation (30) (repeated here for
convenience)

S ! zr"j (49)
Plry 2, = xy) = e | T(x, =235, 137) = s

2
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| —

4

[0083] Substituting equation (49) into equation (48) yields
an expression for the receive beampattern
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where a Taylor series expansion of the phase was used in the
approximation and yields the well known Fourier transform
of the receive apodization for r,=r, i.., in the focal plane.
[0084] Proceeding in an analogous manner as for Image/
Volume Reconstruction I, consider three different functional
forms for the transmit synthesis filters h,®”, namely

B (o = iy Fijs Tame)O(r) ()
4
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n i
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AT (X = Xij, Fijs Femt)s rxmr]

[0085] These transmit synthesis filter forms: a) are lateral
convolution filters, and b) depend upon image range coordi-
nate r;, relative to transmit focus range r,, 50 as to provide
range dependent transmit beam diffraction correction. How-
ever, these filters, in contrast to those given by equation (22),
operate on area/volume formed data as opposed to channel
data. As before, the N, filters of h™" are approximately
centered around the n” transmit beam closest to the lateral
image coordinate x,;, and are designed in such a manner as to
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correct for the amplitude variations and range r dependent
approximate quadratic delay/phase error experienced by the
received backscattered signals as the transmit beam is trans-
lated across the region of interest, i.e., a spatial chirp com-
pression filter. The number of filters necessary to provide
complete spatial compression varies with depth r and hence,
image coordinate r,, being dependent upon how wide the
defocused transmit beam is, which is based upon how far r is
from the transmit focus range r,,,,. However, note that with
the Transmit Synthesis block following the Area Formation
block, the transmit synthesis filters do not have the opportu-
nity to correct for variations on a receive channel basis since
the filters operate on channel summed outputs.

[0086] The lateral convolution form of these transmit syn-
thesis filters provides an effective lateral spatial shifting of the
transmit beam, from the combination of spatial transmit beam
firings, to center the synthesized transmit beam over the
image coordinate location x,;. This property effectively
decouples transmit and round-trip spatial sampling require-
ments, while creating a transmit beam centered over the
desired image location. This property is achievable provided
that the transmit beams satisfy spatial Nyquist sampling
requirements. Optimal design of the transmit synthesis filters
requires sufficiently predictable temporal and spatial pre-
detection, i.e., coherent, characteristics of both the actual
transmit beams and the desired synthesized transmit beams as
they are swept through the region of interest, whether elec-
tronically or mechanically scanned, or any combination
thereof, as well as taking into account the number of synthesis
filters N, used at a given image coordinate location. In
general, the filtering of signals can yield different results
depending upon whether the signal of interest is coherent, i.e.,
backscattered signals from the region of interest, or incoher-
ent in origin, i.e., random noise, and produce changes in the
signal to noise ratio (SNR). Since these transmit synthesis
filters will process area formed data from multiple transmit
beams, each of which will contain receive front-end random
noise, optimal design of the transmit synthesis filters may also
include these effects.

[0087] The first form of h,*"=h™"(x,-x, 1, I, )0(,),
represents a range dependent, complex lateral filter, i.e., mag-
nitude/phase, real/imaginary, etc., simply provides an ampli-
tude weighted phase adjustment of the area formed data prior
to transmit synthesis summation. Referring to FIG. 7 which
shows a representation of the receive channel signals across
transmit firings for a point scatterer which lies shallow to the
transmit focus range, i.e., r=r,<r,,,, the backscattered receive
signals arrive earlier as the transmit beam is laterally trans-
lated away from the position of the point scatterer at (r,x) due
to the converging transmit pulse wavefront. The weighted
phase adjustment is sufficient provided that the delay excur-
sion of the transmit pulse wavefront, for the spatial portion of
the defocused transmit beam to be compressed, or refocused,
is on the order of the round-trip pulse length orless. Due to the
differential transmit delay excursion, receive focusing errors
may result due to the time dependent nature of the dynamic
receive area formation or beamformation process. However,
receive focusing errors will not be large if

C
EATxmr(-’C =X, ¥y Fone)
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is within the receive focusing depth of field limits. Since the
differential transmit delay will not be corrected with this filter
form, the area formed outputs will be delayed by the differ-
ential transmit delay—a range displacement error of

¢
EATxmr(-’C = Xns Ty P )-

[0088] The second form of

¢
SYR . LSyR . -
B = BN, = Xy, Vs Fan)O| 1y + EATxmr\xn = Xij» Ty "mr)]-,

represents a range dependent, complex lateral filter as well;
however, in addition to an amplitude weighted phase adjust-
ment of the transmit beam dependent area formed data prior
to transmit synthesis summation, it includes arange displace-
ment correction

[
EATxmt(xn — Xis Fijs TFamt)

(refer to equation (15)) to the backscattered receive channel
signals as the transmit beam is laterally translated away from
the position of the point scatterer at (r,x) due to the converg-
ing/diverging transmit pulse wavefront. This additional range
displacement correction will be required when the delay
excursion of the transmit pulse wavefront, for the spatial
portion of the defocused transmit beam to be compressed, or
refocused, begins to exceed the round-trip pulse length. Note
that while the range displacement errors are corrected, any
receive focusing errors are not.

[0089] The third form of

C
SYR . LSVR -
m = h [Xn = Xij, T + = AT (X, = Xy, Tijs i) rxmt]a

2

represents a range dependent, complex lateral filter as well,
however, in addition to an amplitude weighted phase adjust-
ment, it includes a range displacement correction of

c
S AT e (x = Xij» Fijs Fam)-

2

the transmit synthesis filter also provides a range and lateral
position dependent pulse shape correction, however, operat-
ing on the area formed output range samples. The intent is to
compensate the area formed outputs and through extension,
the receive channel signals §,,(t-1,,,~T,... X, X=X, 1, ... ),

xmt_ ~revd
as well as the transmit signal §,,,,(t-T,,,, X-X,, I, I,,,), for
diffraction effects away from the transmit focus, receive fil-
tering, etc., in addition to range displacement correction and
transmit refocusing. Note that while the range displacement
errors are corrected, any receive focusing errors are not.

[0090] Substitution of the first form ofh,*"=h™"(x,~x,; I,;,
r,,,)d(r;;) into the transmit synthesis output given by equation
(44), using the area formed outputs given by equation (47),

and along with equation (15) vields
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S(ry ruoxi X) = (52)

2r
R T B S N A

=N )

2Ar;;—1)

Prev = ATy (¥ = Xy Fy Fagme )y X = Xy 1 rxmr}

—jw AT, .
MM S (X — X P Famts wc)}

[0091] Note that for the image range location at which the
target will appear, i.e.,

c
Fij+ ;ATxmr(x_xm Ty Font)s

the receive beampattern may contain a focusing error under
the conditions described previously, and will be discussed in
regard to the second transmit synthesis filter form. In order to
determine a solution for the transmit synthesis filter coeffi-
cients, they may be derived based upon theoretical consider-
ations, or an error function of the following form can be
minimized, for each image location (r;, X;;), over point scat-
terer lateral locations X, using the list of potential range/
position dependent N, (r,, ) transmit beams, generally
centered about the transmit beam closest to x;;, 1.¢., Xo(X;):

&= (53)

. "
D 00 = i i o) By = AT (5 = X, 7 ),

n=N o ()

= J AT g (33,7557
X =X, T rxmr]'e Jwe xmr( n vamlJ

SemtlX = s P Fremes )} —
de.sired(

esired 2
0, % — xij, 1) SUSI (v i, i, Fars ) [F where

4

(20— 1)
desired Y
— . A&y, r,-j]

and's_, ™4 ... ) are defined as the desired transmit pulse

response and desired beampattern respectively, or taken
together—the desired transmit point spread function, which
is the targeted response for the spatial diffraction transform. r
is evaluated at the image range coordinate r;;. If S e
. ) is that of a continuous focused transmit beam, then the
subsequent transmit synthesis filter coefficients derived
through error minimization or other means, will provide spa-
tial compression of the transmit beam away from the focus, in
addition to the spatial shifting property. Multiple image range
locations r,, can also be used in evaluating §,.,( . .. ), S, ..
.), and e7®A5m i equation (52), as well as p®7¢4( .. .)in
forming the error function. Other error functions are possible.
Fvaluation of the receive pulse waveform(s) (. . . ), trans-
mit beampatterns_,, (. .. ), desired pulse response p?=( .
.. ) and beampattern S_“*%(. . . ) and transmit differential
time delay AT, (... ) in the error minimization can be
performed either through experimental measurement, simu-
lation, or a combination thereof, provided they are suffi-
ciently predictable. Applying the optimized transmit synthe-
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sis filter coefficients to the receive area formed output
produces the round-trip point spread function

Sy =1, Xy = X, Fy, X)) & (54

2r 2r;—r)
e i
e Pm{ P AT e [x3; = x0(x35)], X = Xo(x;), 1, rxmt}'

n
Semi(% = X, Fipy Ty Famts 0)Syen (5 = X, Py F, 0)

which contains an approximate range displacement error of

c

3 AT [x55 = x0(x;5)],

the round-trip point spread function’s parameters are meant to
indicate that it is in the form of a convolution kernel which
could vary slowly throughout the imaging region, and where
the synthesized transmit beampattern is given by

n 5
SO = Xy Py s s @) =Y R = X s ) 63

n=Noy ;)

—FUAT s (=X, 11
& WA T (= X"”)SX,,,,(X—X”, Py Fants W)

Note that the synthesized transmit beampattern is now cen-
tered over the image coordinate location x,; as described pre-
viously.

[0092] Substitution of the second form of

c
SN _ LSyn I -
= 1y = 4 s O]+ 5 AT (5 = 3 7 )|

2

into the transmit synthesis output given by equation (40),
using the area formed outputs given by equation (47), and
along with equation (15) yields

(56)

2
s
S(ry, by Xy, x) =€ M

- L [0
{h- (= X, Tigs Femt) Proy| ———— X = Xs 1, Faame |*
n=ly i)
EHEETt S (X=X 1y e, )
c
Srcv[x_xija ry+ EATxmr(xn = s Tijs Tt )y T wc]}
[0093] Note that while the range displacement error has

been corrected—the transmit differential delay term no
longer appears in the receive pulse response, the dependence
of the synthesized round-trip point spread function §( . .. ) on
the receive beampattern is now transmit beam index n depen-
dent due to the range displacement term

C
= AT (X, = Xis Fij» Tamt)

2
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and introduces a receive focusing error given a sufficiently
large differential transmit delay AT, (X, X, 1;;; t',,)- This
can seen by evaluating the receive beampattern S,_ (. . .)
given by equation (50) at

[
Tij+ 5 AT (%50 = Xijs Ty o)

Evaluating r=r,, it produces the phase error term
2
e r 1 ! S

C
r
Yoot EATxmr(xn_xijs Fijs Fxmt)

[0094] If sufficiently large, this quadratic phase error term
will lead to receive defocusing, which will also introduce a
gain and phase modification of the receive beampattern con-
tribution to equation (56). Whether or not the receive beam-
pattern dependence needs to be included within the transmit
synthesis coefficient solution depends upon whether the time
shifts introduced by the differential transmit delay satisfy the
following relationship.

Rioe ~ BAF. 4< B <8 ©8)
¢ RrCV
EATxmt(xn = Xijs Fij» Famt)| S %

where the choice of)f depends upon what phase error is
assumed at the end elements of the receive aperture in the
depth of field (DOF) derivation. If the inequality in equation
(58) is satisfied for image locations (r;;, x) and transmit beam
locationx,, over transmit synthesis filters N, (r,, X)), thenthe
receive beampattern can be rearranged within the round-trip
point spread function and is given by

N w2 (59)
S(rija ) xij) ~e e Srcv[x_xija Fijs 1y W]
- _ [2ri-n
Z I (X0 = Xijs iy Fomt)P ey JX = Xy Vs Pt
n=N o)
e e S (= X0, P, oy @)
from which the error function can be written as
(©60)
2 ) -
e (B (% = Xijo Ty T B0 X = s Py Frmg)
| n=Ng i)

— 3 ATt (X=X, Pt | -
e AT IS L (5= i Py ) =

desired ired
esired (0, X — Xijo F)SDST (X, iy Femis @)

xmi

P

wherer is evaluated at the image range coordinate r,; Note that
since the differential transmit delay AT _,,( . .. ) has been
corrected, there is no range displacement errors. As before,

multiple image range locations r,; can be used in the error
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minimization. If the inequality in equation (58) is not satis-
fied, then the receive beampattern should be included in the
transmit synthesis coefficient calculation procedure and/or
error minimization. Applying the optimized transmit synthe-
sis filter coefficients to the receive area formed output pro-
duces a round-trip point spread function given by

3ry— 1, 1 Xy — X, By, Xy) 5 ©D

2y =)

S
el TP,

SYn
2 X=X By Feme | Smt (X = Xijs Fijo T Femgs Wc)

Srcv(x_xijv Fijs 1y W)

where the synthesized transmit beampattern is given by

yn 62
SO =X Ty o @)= D B = Xy i, o) ©2)

n=Ny (1)

AT ), (6= o, @)
Substitution of the third form of

C
SV LSyn .
B = B = X, Py = AT (X = X, B Fome)s rxm,]

2

into the transmit synthesis output given by equation (44),
using the area formed outputs given by equation (47), and
along with equation (15) yields

3(ry o x, X) = (63)

2r
M Syn J
e E E {h’ (= Xy 7 = T T T

=Ny ) | 7

;
Ar; -1

» X=X, ¥y rxmr]'

Pro|

C
J J
Sm[x =X, 1y + EATxmr(xn = X, Tijs emt )5 T wc]}

o HwehTnt S (% — X P, Pt W)

where the extrar,; dependence inh®”( ... ) is meant to indicate
that the filter’s range convolution kernel may change with
image range r,; to compensate for the slow range dependence
inherent in p,,[ . . ., 1, 1,,,J]. Note that while the range
displacement error has been corrected—the transmit differ-
ential delay term no longer appears in the receive pulse
response, the dependence of the synthesized round-trip point
spread function §( . . . ) on the receive beampattern is now
transmit beam index n dependent due to the range displace-
ment term
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C
= AT (X0 = Xij» Fij» )

2

and introduces a receive focusing error given a sufficiently
large differential transmit delay AT, (s,X;, t;, t,,,) as
discussed previously. If the inequality in equation (58) is
satisfied for image locations (r,, ,;) and transmit beam loca-
tion x,, over transmit synthesis filters N, (r;; ;). and the
range variation r,; of the receive beam pattem 8,,( . . . ) is slow

compared with the time/range variation of

)

0|
c

which is generally the case unless long pulses combined with
low receive F-numbers are used, then the receive beampattern
can be rearranged within the synthesized round-trip point
spread function and is given by

(64)

5
2

-~ N — Mo —

Sy, ry X, X) = €70 T S lx = xy, 1y, 1L @]

A

z z : 2(r;=r)
Syn / ~ i

{hy (%, = Xy, 1y = Fijs Fijs Pont )P ey -

n=Ngy, ;) ’{'j

—Jjew ATy, -
X=X, rxm,]}e HCATSNES (6= T . oy )

[0095] Solving for the transmit synthesis filter coefficients
assuming a finite number of range samples r,, m=[0, 1, . ..
M-1], evaluated around the nominal receive range r. The
following error equation needs to be minimized, for each
image location (r,;, x,;), over point scatterer lateral locations x
and fast range/time f,,.

&= (65)

=

-1
s N = ’
{h’ (% = Xyjs Fij =T rxszpm[ JE=

22

g
X Nt 0

Xns Fijs rxmr]}
J

— f AT e x5 755, 7
¢ R Ty o) (6 1 Ve, wc)}—

2R )
desired| i desired -
p [—C X=X, i S X = Xy Fifs Faes ©c)

[0096] Note that since the differential transmit delay AT, (
... Yhas been corrected, there is no range displacement errors.
Inaddition, the range/time dependence of the desired transmit
pulse response
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desired Z?U
P o XA

appears in the error minimization function. A set of simulta-
neous linear equations are created from the error function,
and the unknown coefficients h,, ,*”=h*"(m,n) are solved. If
the inequality in equation (58) is not satisfied, or if long pulses
are used in combination with low receive F-numbers, then the
receive beampattern should be included in the transmit syn-
thesis coefficient calculation procedure and/or error minimi-
zation. Applying the optimized transmit synthesis filter coef-
ficients to the receive area formed output produces a
synthesized round-trip point spread function given by

2ry =1 (66)

s
W p s X = Xijs Tij

S(rij =1, Xij — X, Fij, X)) = € .

"
SemX = Xy, Pty T Famgs 0S5 (X = X7, Py 1y 00)

where the synthesized transmit point spread function is given
by

o[ 2= 1) s N 67
P Xy St (X = X Fif Fs Pomes W) =

M-1

25
S s D kil
DN L T LA

=Ny (t5) m’ =0

—JWAT X=Xy 11
ATt I ) g (— xF Pty ©00)

[0097] In the preceding analysis for both Image/Volume
Reconstruction I and II, after obtaining the round-trip point
spread functions( . . . ), assuming that linearity holds through-
out the transmission, propagation, reception process, the pre-
detected output s, ( . .. ) can be found through the convolu-
tion of the round-trip point spread function with the region of
interest scatterer density given by

Soud L) TSty )y (68)

where p(r) is the scatterer density.

Image/Volume Reconstruction I & 1T Hybrid

[0098] Inboth Image/Volume Reconstruction I & II archi-
tectures, additional information is being extracted from mul-
tiple channel data sets about the transmit beam’s temporal and
spatial properties, from the evolution of the transmit beam as
it is swept through the region of interest, which provides the
opportunity to refocus the transmit beam at all spatial loca-
tions, compensating for diffraction effects. Depending upon
the particular implementation and desired requirements,
either type I or I1, or a hybrid of types 1 and II may be more
suitable. For example, to avoid potential receive focusing
errors as described in Image/Volume Reconstruction II, rep-
resented by FIG. 8, the receive dynamic delay term can
include a transmit beam n and image coordinate dependent
differential transmit delay correction in the Area/Volume For-
mation block directly. This creates a hybrid between the two
architectures described, and may have other advantages in a
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particular implementation. Other rearrangements between
the Transmit Synthesis and Area/Volume Formation blocks
are possible.

Non-Linear Imaging Modes

[0099] Both Image/Volume Reconstruction architectures
and techniques developed are able to synthesize a transmit
beam of desired temporal and spatial characteristics, from a
collection of actual transmit beams which possess potentially
different temporal and spatial characteristics, thereby pre-
serving the beneficial effects the actual transmit beams may
have had in generating desirable imaging characteristics,
while at the same time correcting for the undesirable charac-
teristics after the fact on receive. This is especially important
for non-linear imaging modes such as 2”4 harmonic imaging
where the beneficial effects of clutter reduction come about
due to the effective “squaring” of the transmit beam pattern
which provides reduction of the transmit mainlobe width,
lowering of the transmit beam clutter level, etc., subsequent to
body aberrations. As stated previously, other techniques
which seek to break up the transmit beam/aperture into sev-
eral, or many, sequential components degrade this ability.
While the examples provided assumed linearity throughout
the analysis, non-linear imaging modes such as 2" harmonic
imaging, etc., can be handled in a similar manner assuming
that the scattering process is approximately linear. Since the
transmit synthesis process occurs on the receive side follow-
ing any non-linear transmit propagation, all that is required is
an expression appropriate for describing the transmit pulse
wavefront as it impinges upon the scatterer for the non-linear
imaging mode of interest and simply inserting it into equation
(17) instead of the one appropriate for linear, fundamental
imaging. Alternatively, the transmit pulse wavefront for the
non-linear imaging mode of interest can be expressed in terms
of the linear, fundamental transmit pulse wavefront, either
approximately or otherwise. For example, a reasonable
model for 2”¢ harmonic imaging might be

Sxml(l_ Txmt’x_xn’ 4 rxmt):

PP=T s XX F V@2 TTm)S 25 X 1F ) (69)
The evaluation of the non-linearly generated transmit beam
pattern and pulse response in the subsequent transmit synthe-
sis error minimization can be performed using measure-
ments, simulations, theoretical considerations, or any combi-
nation thereof.

Computation Efficiency

[0100] The computation efficiency of the transmit synthe-
sis technique described has advantages over other techniques
which seek to provide a dynamic transmit focus. Consider for
example, one of the techniques briefly described, namely
transmit sub-apertures which breaks up the transmit aperture
into many sub-apertures, which in the limit becomes that of a
single transmit element. For each image point, the resulting
receive channel signals are processed using delay, phase,
apodization, and summation across transmit channels or fir-
ings, prior to delay, phase, apodization, and summation
across receive channels. In general, to maintain constant reso-
lution either on transmit or receive, the transmit and receive
apertures need to increase as the focusing range increases.
This implies that the number of computations involved, using
operations such as delay, phase, and apodization in forming
an image point, increases with the aperture size. For the
sub-aperture technique, as shown in the left hand column of
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plots in FIG. 9, the transmit and receive aperture size increase
linearly with depth r, with the product of the two being pro-
portional to the number of operations needed to compute an
image point at a particular depth r, which is given by a qua-
dratic function.

[0101] The transmit synthesis technique described by the
present invention can synthesize a dynamic transmit focus
from a collection of conventionally focused transmit beams.
The amount of spatial compression and hence, number of
transmit synthesis filters N®” required to completely focus
the transmit beam, is proportional to the range dependent
width of the actual transmit beam. If the actual focus range is
located towards the lower portion of the region of interest,
which is typically the case, the number of transmit synthesis
filters required is larger in the near field due to the defocused
transmit beam width, decreasing with depth as the focus
range r., 1S approached. At the focus range r_, ., very few
transmit synthesis filters are required, 2 or 3 suffice since the
transmit beam is already focused, and the synthesis filters
essentially provide the required spatial shifting of the trans-
mit beam. Considering the spatial compression aspects only,
the right hand column of plots in FIG. 9 show the number of
computations involved in transmit synthesis and receive pro-
cessing, with the product of the two being proportional to the
number of operations needed to synthesize an image point at
a particular depth r, which is also given by a quadratic func-
tion of a different shape (in the planar array example, the
transmit synthesis filters used similar operations, namely
delay, phase, and amplitude).

[0102] Forthe transmit sub-aperture technique, the number
of operations continues to increase quadratically since the
number of operations needed on transmit and receive both
increase linearly with depth. In contrast, the transmit synthe-
sis technique ofthe present invention, which uses more opera-
tions to synthesize a focused transmit beam in the near field
and less operations to focus receive channels, and uses less
operations to synthesize a focused transmit beam in the far
field and more operations to focus receive channels, provides
abetter balancing of processing resources as shown in FIG. 9.
If the total number of operations is computed by integrating
the range dependent number of operations, shown by the
patterned areas in the lower plots of FIG. 9, and if the range
dependent transmit and receive apertures, along with the
range dependent number of transmit synthesis filters are
approximately given by
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-continued

Nab " N”‘blr)(dr = L ”»
i ] s 6FxmrFrcvd2 i

where d represents the transducer element spacing, then the
ratio of computation effort for the present invention versus the
sub-aperture technique is approximately given by

an
erFrCde er]

b
N2

N G
( xm,Fde’””’]

N

ops

N 2

ops

The transmit synthesis technique described by the present
invention needs approximately 50% fewer operations relative
to the number of operations for the transmit sub-aperture
technique.

Signal to Noise Ratio (SNR)

[0103] Since the transmit synthesis technique described by
the present invention combines multiple sets of signals, i.e.,
channel data, area/volume formed data, beamformed data,
etc., providing spatial compression to the diffracted transmit
beam signals forming a continuous focused transmit beam,
receive front-end random noise will be affected in a similar
manner as in pulse compression techniques. In pulse com-
pression techniques, the SNR is improved the most where the
pulse has been the most dispersed. This implies that where the
transmit beam is the most defocused, the greatest potential
gain in SNR can be achieved, which will occur at depths
shallow to and deeper than, the actual transmit focus. Around
the transmit focus, the transmit beam will be modified to a
much lesser degree, if at all, maintaining the SNR (dependent
upon the particular design of the transmit synthesis filters).
Thus, the SNR after transmit synthesis, whether performed
on channel data or area formed data, can display an improve-
ment as a function of depth as shown in FIG. 10. The SNR
improvement using transmit synthesis performed in three
dimensions, i.e., volume formation, should be even greater
due to the added spatial compression dimension, i.e., eleva-
tion.

Scan Formats, 3-D Imaging Modes

[0104] The Reconstruction topologies and techniques
developed by the present invention are able to synthesize a
transmit beam of desired temporal and spatial characteristics,
from a collection of actual transmit beams which possess
potentially different temporal and spatial characteristics,
where the collection of actual transmit beams { . . .n-1nn+1

. } are swept through the region of interest in an arbitrary
manner in 3-D space, either mechanically, electronically, or
any combination thereof, making it compatible with all forms
of scanning formats, i.e., linear, sector, curved, etc., employ-
ing transducers of arbitrary array geometries. The transducers
employed can be 1-D arrays, 1-%-D arrays, or 2-D arrays.
The transmit synthesis compression can occur in an arbitrary
2-D plane, or 3-D space. All the preceding analysis is still
valid—the image/volume coordinates used in the analysis are
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simply changed to ones appropriate for the describing spatial
locations in 3-D space. The transmit synthesis error minimi-
zation may now contain additional spatial dimensions for
optimization. For example, in the case of a linear scan format
in both azimuth x and elevation y directions, the error mini-
mization procedure to solve for the transmit synthesis filters
now contains the added evaluation of the elevation beampat-
tern along the y direction, in addition to the lateral x evalua-
tion of the azimuth transmit beampattern, etc.

Motion Effects

[0105] In general, whenever signals are combined from
multiple transmit firings, the potential exists for effects due to
motion to alter the resulting signal combination, whether the
signals are pre-detected or post-detected in origin. However,
typically it is the case that pre-detected, or coherent, combi-
nation of signals will display greater changes due to the
interference between the signals resulting from motion
induced phase shifts. Since the present invention using trans-
mit synthesis combines coherent signals from multiple trans-
mit firings, the resulting spatial compression can be influ-
enced by motion. Generally, the greater the number of signals
combined from multiple transmit firings, the greater the
potential sensitivity to motion. To the extent that motion
induced effects are undesirable in the spatial compression
process, which may not always be the case, several
approaches can be employed to address motion effects. One
approach is to change the amount of spatial compression
employed, which is proportional to the number of transmit
synthesis filters h,,,,( . .. ), which can be reduced accordingly,
whether a priori in the design, or adaptive to the motion itself.
A diagram of this process is shown in FIG. 11A where the
Motion Processor block detects the motion from firing to
firing employing channel data, and then computes appropri-
ate parameters for the Transmit Synthesis block in order to
reduce the sensitivity to motion such as through reduced
number of transmit synthesis filters N*”, filter definition h,, (
.. )yetc. The distinct advantage the present invention has over
some other techniques such as transmit sub-apertures, is that
the actual transmit beam used in data acquisition has already
been formed in space, unaltered due to motion. Many transmit
firings are not required to synthesize a transmit beam. The
transmit synthesis process of the present invention spatially
compresses the transmit beam away from the actual transmit
focus, as well as aligning the transmit beam over the imaging
point, to the extent that a) computational resources, i.e., num-
ber of transmit synthesis filters, are used to combine multiple
coherent datasets, and b) motion, permit.
[0106] A second approach to address motion effects is to
simply correct the data for motion induced spatial shifts in an
adaptive manner. This can be accomplished through a variety
of techniques well known in the field such as spatial correla-
tion, either in 2-D or 3-D space. The data samples, either
channel data or area/volume formed data, are spatially shifted
and/or interpolated in an image, or volume position depen-
dent manner, including any phase corrections for motion
induced phase shifts, etc., prior to transmit synthesis process-
ing. Thus any motion compensation processing would occur
prior to the Transmit Synthesis block, or prior to the Recon-
struction block, etc. This can also be represented by FIG. 11A
where in this case, the Motion Processor block passes on
motion corrected channel data to the Transmit Synthesis
block. Note that the Transmit Synthesis block and Area/Vol-
ume Formation blocks can be interchanged, or the combina-
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tion of the two modified as mentioned previously, in which
case the Motion Processor block in FIG. 11A may be placed
following the Area/Volume Formation block and prior to the
Transmit Synthesis block. Other rearrangements are possible.
[0107] A third approach to address motion effects, which is
also an adaptive technique, is to perform multiple transmit
synthesis processing in parallel, using different sets of trans-
mit synthesis filter designs h,¥”(.. . . ), and combining each of
the transmit synthesis outputs in a adaptive manner. For
example, FIG. 11B and FIG. 11C represent this approach
where multiple transmit synthesis outputs, either synthesized
channel data sets, or synthesized area/volume formed out-
puts, are computed and are input to the Motion Processor
block, which combines the multiple inputs in an adaptive
manner, i.e., responsive to signal level, etc., to form a motion
compensated output. Other rearrangements of the Transmit
Synthesis, Area/Volume Formation, and Motion Processor
blocks are possible as well as combining various aspects of
FIG. 11A with FIGS. 11B and 11C.

Compatibility with Other Techniques

[0108] The transmit synthesis technique described is com-
patible with many other techniques used in ultrasound imag-
ing.

[0109] (1) The transmit synthesis technique described by
the present invention may be used in conjunction with many
of the other techniques which seek to provide a dynamic
transmit focus. For example, the technique of compositing
multiple transmit foci in time along the same direction, how-
ever at different focal ranges, can be used with the transmit
synthesis technique by spatially compressing the actual trans-
mit beam around each transmit focal range using the receive
signals acquired from each sequential transmit firing. In fact,
if computational resources are limited, i.e., number of trans-
mit synthesis filters, this provides a way in which to extend
the transmit depth of field around each sequential transmit
focal range using the spatial compression aspect of transmit
synthesis of the present invention, and reduce the number of
sequential focal ranges required to cover a given display
depth. Transmit synthesis of the present invention also works
in conjunction with other types of transmit beams, not simply
those of a single fixed focus location. The actual transmit
beams used may be of any type, namely transmit beams
formed using composite transmit delay/phase/apodization
profiles computed for different focal ranges, transmit beams
formed by the linear superposition of transmit waveforms
each of which are computed using different delay/phase/
apodization profiles, different transmit waveforms for each
element, etc.

[0110] (2) The transmit synthesis technique described by
the present invention may be used in conjunction with trans-
mit temporal coding techniques such as linear FM chirp
waveforms, frequency/phase modulated waveforms, binary
type codes such as Barker, Golay, etc. In fact, the actual
decoding may be included within the transmit synthesis filters
directly and depending upon the actual transmit synthesis-
area/volume formation architecture, the decoding can operate
on individual channel data which may improve the perfor-
mance of the coding technique. Transmit synthesis of the
present invention can be thought of as a type of spatial decod-
ing where transmit diffraction away from the transmit focus
has left the transmit beam incompletely decoded in a spatial
sense. Thus, the addition of temporal decoding to the transmit
synthesis filters creates a multi-dimensional decoding filter
topology. In addition, orthogonal, or low cross-correlation
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codes may be employed for decoupling transmit beams fired
simultaneously, thus improving the echo acquisition rate even
further. The decoding may also be incorporated into the trans-
mit synthesis filter topology, or kept as a separate processing
step.

[0111] (3) The transmit synthesis technique described by
the present invention may be used in conjunction with various
forms of linear and non-linear imaging, with or without the
addition of contrast agents. Transmit synthesis of the present
invention can have distinct advantages in contrast agent imag-
ing since in many cases, minimal contrast agent bubble
destruction is desired. First, using the present invention of
transmit synthesis, a reduced number of transmit firings are
needed to adequately sample the image. Second, the temporal
and spatial characteristics of the transmit beam used for
acquisition can be suitably optimized for minimal bubble
destruction. Then on the receive side, the present invention
can synthesize a transmit beam of temporal and spatial char-
acteristics optimized for imaging, for example increasing
SNR in regions where the SNR resulting from the actual
transmit beam was deficient, in order to minimize bubble
destruction, etc.

[0112] (4) The transmit synthesis technique described by
the present invention may be used in conjunction with aber-
ration correction techniques which seek to correct the ele-
ment-to-element delay/phase/apodization errors across the
transducer array, on either transmit, receive, or both, associ-
ated with propagating through the layers of the body which
may be of variable sound speed. Transmit synthesis of the
present invention may improve the performance of the aber-
ration correction techniques which make use of temporal
cross correlations between receive channels by synthesizing a
more focused transmit beam throughout the region of interest,
which if performed prior to area/volume formation, will cre-
ate a higher SNR, more correlated receive channel dataset
from which to perform cross correlations. In addition, the
element-to-element delay/phase/apodization corrections pro-
vided by the aberration correction algorithm can then be used
to adapt the transmit synthesis filter values in order to improve
the synthesized transmit beam’s characteristics. This process
can be repeated in an iterative manner if desired, improving
both the transmit beam’s characteristics, and element-to-ele-
ment correlation, on each iteration.

[0113] (5) The transmit synthesis technique described by
the present invention may be used in conjunction with sound
speed correction techniques (see commonly assigned U.S.
patent application Ser. No. 11/492,557, filed Jul. 24, 2006,
entitted ABERRATION CORRECTION USING CHAN-
NEL DATA IN ULTRASOUND IMAGING SYSTEM,
which is incorporated herein by reference in its entirety)
which seek to correct for the average, or bulk, sound speed of
the body, i.e., the body sound speed may be lower or higher
than the industry assumed standard of 1540 my/s. These tech-
niques may generate multiple images assuming different
sound speeds, where the generation of transmit beams,
receive beams, or both, employ the assumed sound speeds. By
quantitatively selecting the image for best focusing a suitable
metric, an estimate of the body sound speed is obtained. The
transmit synthesis filter values can then be modified in an
adaptive manner making use of this estimated body sound
speed, in order to provide a synthesized transmit beam of
enhanced characteristics, 1.e., better focusing properties, etc.
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[0114] (6) The transmit synthesis technique described by
the presentinvention may be used in conjunction with various
forms of compounding, namely frequency compounding,
spatial compounding, etc.

[0115] For all these techniques, as long as the pre-detected,
1.e., coherent, temporal and spatial characteristics of the
transmit beam(s) swept through the region of interest are
sufficiently predictable, either through theory, measurement,
or any combination thereof, then they may work in conjunc-
tion with transmit synthesis of the present invention.

[0116] The figures and examples provide in this disclosure
are for illustrative purposes only and are not limited to the
examples shown. While linear transmit synthesis filters and
linear operations in area/volume formation were used in the
examples, they are not limited to being linear in nature. The
transmit synthesis filters and area/volume formation may
make use of non-linear, or adaptive elements in order to
enhance performance under various conditions.

[0117] Itis to be understood that the above description is
intended to be illustrative and not restrictive. Many embodi-
ments will be apparent to those of skill in the art upon review-
ing the above description. The scope of the invention should,
therefore, be determined not with reference to the above
description, but instead should be determined with reference
to the appended claims along with their full scope of equiva-
lents.

What is claimed is:

1. An ultrasound imaging method for achieving transmit
and receive focusing at every echo location within a region of
interest, the method comprising:

providing a probe that includes one or more transducer

elements for transmitting and receiving ultrasound
waves;
generating a sequence of spatially distinct transmit beams
which differ in one or more of origin and angle;

determining a transmit beam spacing substantially based
upon a combination of actual and desired transmit beam
characteristics, thereby achieving a faster echo acquisi-
tion rate compared to a transmit beam spacing based
upon round-trip transmit-receive beam sampling
requirements;
storing coherent receive echo data, from two or more trans-
mit beams of the spatially distinct transmit beams;

combining coherent receive echo data from at least two or
more transmit beams to achieve a substantially spatially
invariant synthesized transmit focus at each echo loca-
tion, i.e., to achieve transmit synthesis; and

combining coherent receive echo data from each transmit

firing to achieve dynamic receive focusing at each echo
location.

2. The method of claim 1, wherein the probe is a 1-D, 2-D
array with varying degrees of elevation beamforming control,
including aperture, delay, and phase, or a general 2-D scan-
ning array, or a sparse 1-D or 2-D array.

3. The method of claim 1, wherein the spatially distinct
transmit beams are generated electronically, mechameally, or
any combination thereof, to scan a 2-D plane or 3-D volume.

4. The method of claim 1, wherein coherent receive echo
data is receive channel data from different transducer ele-
ments.

5. The method of claim 1, wherein combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing is performed prior to combining
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coherent receive echo data from at least two or more transmit
beams to achieve transmit synthesis.

6. The method of claim 5, wherein combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing is performed prior to storing coher-
ent receive echo data.

7. The method of claim 1, wherein combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing is performed subsequent to com-
bining coherent receive echo data from at least two or more
transmit beams to achieve transmit synthesis.

8. The method of claim 1, wherein combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing and combining coherent receive
echo data from at least two or more transmit beams to achieve
transmit synthesis are performed in combination.

9. The method of claim 1, wherein combining coherent
receive echo data from each transmit firing to achieve
dynamic receive focusing and combining coherent receive
echo data from at least two or more transmit beams to achieve
transmit synthesis are performed at arbitrary echo locations,
i.e., area/volume formation, or along multiple ray-like paths,
i.e., parallel receive beamformation.

10. The method of claim 1, wherein one or more non-linear
components of the transmitted ultrasound waves are included
in the steps of storing coherent receive echo data, combining
coherent receive echo data from each transmit firing to
achieve dynamic receive focusing, and combining coherent
receive echo data from at least two or more transmit beams to
achieve transmit synthesis.

11. The method of claim 1, further comprising forming an
image with an imaging mode that includes one or more of B,
color Doppler (velocity, power), M, spectral Doppler (PW),
with or without using contrast agents.

12. The method of claim 11, wherein velocity imaging
modes including color velocity and spectral Doppler (PW)
are achieved using motion compensation in combining cohet-
entreceive echo data from at least two or more transmit beams
to achieve transmit synthesis.

13. The method of claim 11, wherein the spectral Doppler
(PW) mode involves processing one or more sample volumes
along an arbitrary path in 2-D or 3-D space.

14. The method of claim 1, wherein combining coherent
receive echo data from at least two or more transmit beams to
achieve transmit synthesis includes combining using one or
more of delay, phase, amplitude, and convolution.

15. The method of claim 1, wherein combining coherent
receive echo data from at least two or more transmit beams to
achieve transmit synthesis is responsive to echo location, as
well as to the spatial and temporal characteristics of the actual
and/or desired transmit beam characteristics, which includes
one or more non-linear components of the transmitted ultra-
sound waves.

16. The method of claim 15, wherein combining coherent
receive echo data from at least two or more transmit beams to
achieve transmit synthesis includes combining using one or
more of delay, phase, amplitude, and convolution.

17. The method of claim 1, wherein the spatially distinct
transmit beams differ in one or more of delay, phase, apodiza-
tion, amplitude, frequency, or coding.

18. The method of claim 1, wherein the spatially distinct
transmit beams have a single focus at a predetermined range,
with an F-number ranging from 0.5 to 10.
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19. The method of claim 1, wherein two or more of the
spatially distinct transmit beams are fired simultaneously, or
with atime gap less than a round-trip propagation time, for an
even faster echo acquisition.

20. An ultrasound imaging system for achieving transmit
and receive focusing at every echo location within a region of
interest, the system comprising:

a probe that includes one or more transducer elements for
transmitting and receiving ultrasound waves;

means for generating a sequence of spatially distinct trans-
mit beams which differ in one or more of origin and
angle;

means for determining a transmit beam spacing substan-
tially based upon a combination of actual and desired
transmit beam characteristics, thereby achieving a faster
echo acquisition rate compared to a transmit beam spac-
ing based upon round-trip transmit-receive beam sam-
pling requirements;

means for storing coherent receive echo data, from two or
more transmit beams of the spatially distinct transmit
beams;

means for combining coherent receive echo data from at
least two or more transmit beams to achieve a substan-
tially spatially invariant synthesized transmit focus at
each echo location, i.e., to achieve transmit synthesis;
and
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means for combining coherent receive echo data from each
transmit firing to achieve dynamic receive focusing at
each echo location.

21. An ultrasound imaging system for achieving transmit
and receive focusing at every echo location within a region of
interest, the system comprising:

a probe that includes one or more transducer elements for

transmitting and receiving ultrasound waves; and
a processor;
wherein the processor
generates a sequence of spatially distinct transmit beams
which differ in one or more of origin and angle;

determines a transmit beam spacing substantially based
upon a combination of actual and desired transmit beam
characteristics, thereby achieving a faster echo acquisi-
tion rate compared to a transmit beam spacing based
upon round-trip transmit-receive beam sampling
requirements;
stores coherent receive echo data, from two or more trans-
mit beams of the spatially distinct transmit beams;

combines coherent receive echo data from at least two or
more transmit beams to achieve a substantially spatially
invariant synthesized transmit focus at each echo loca-
tion, i.e., to achieve transmit synthesis; and

combines coherent receive echo data from each transmit

firing to achieve dynamic receive focusing at each echo
location.
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