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(57) ABSTRACT

An ultrasonic diagnostic imaging system produces an image
with an extended focal range by transmitting a plurality of
beams spaced along an array for multiline reception. The
receive multilines of a plurality of transmit beams are spa-
tially aligned and are combined with phase adjustment
between the respective receive multilines to prevent undes-
ired phase cancellation. The combined multilines produce the
effect of an extended transmit focus so that an image pro-
duced using the combined multilines exhibits an extended
focal range. To prevent motion artifacts the multiline order is
adjustable as a function of image motion.
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1
ULTRASONIC SYNTHETIC TRANSMIT
FOCUSING WITH A MULTILINE
BEAMFORMER

This invention relates to medical diagnostic ultrasound
systems and, in particular, to ultrasound systems which
extend the focal region using a multiline receive beamformer.

The principles of synthetic focusing, by which an ultra-
sound image is focused at every point in the image field, have
been the subject of considerable investigation. For instance,
U.S. Pat. No. 4,604,697 (Luthra et al.) describes a synthetic
focus technique in which an ultrasound pulse is sequentially
transmitted from each element of an ultrasonic transducer
array. The echo signals received from each transmission is
received by all of the elements of the array and are stored.
After all of the signals have been received a focused echo
signal can be formed at each point in the image field from the
knowledge of the location of each transducer element relative
to each point in the image and the time of flight of an ultra-
sound signal to and from each point. The appropriate received
signals are combined to form a coherent echo signal for each
point in the image. The selection of the stored data values
used to form each point provides the beamformation for each
point in the image. While this method will produce a focused
signal at every point in the image field, it has several draw-
backs. One is that the r.f. signals from the entire image field
must be stored for processing. This requires a significant
amount of information storage. A second drawback is that a
significant amount of processing is required to select and
weight the data for each point in the image, then combine the
appropriately weighted data to compute the image data
points. A third drawback is that this approach is effective for
only a shallow penetration depth, since the energy transmitted
by a single transducer element is limited.

A specific application which employs the basic principles
of synthetic focusing is the traditional delay-and-sum receive
beamformer, in which the delays applied to the signals from
each receiving element are the equivalent of data selection in
the synthetic focus technique. The traditional beamformer is
a limited application of these principles as it transmits a
transmit beam focused at a specific focal region and dynami-
cally focuses echoes only along this single transmit beam.
Multiple transmissions are thus required to scan the entire
image field. A resulting efficiency is that data does not need to
be stored for all transmissions to every point in the image; the
data received from a transmission is immediately processed
to form coherent echo signals along the beam direction. A
limitation is that each received beam is focused on transmit to
only the selected focal region. But the signal-to-noise ratio at
greater depths is improved because multiple transducer ele-
ments are actuated to transmit a beam, enabling a reasonable
penetration to be obtained.

U.S. Pat. No. 6,231,511 (Bae et al.) and a subsequent paper
entitled “A Study of Synthetic-Aperture Imaging with Virtual
Source Elements in B-Mode Ultrasound Imaging Systems”
by Baeetal., IEEE Trans. UFFC, vol. 47, no. 6 (2000) at 1510
et seq. propose to combine aspects of the standard focused
beamformer and synthetic focusing to improve lateral reso-
lution outside of the conventional focal region and thus
achieve the effect of transmit focusing at all points in the
image field. This approach is premised upon the assumption
of a “virtual source element” at the focal point of a standard
transmitted beam which radiates energy both outward and
inward from this “virtual source.” Following transmission of
a standard transmit focused beam, energy is received by the
transducer elements of the receive aperture and stored. After
the entire image field has been scanned, an echo signal at each

40

45

2

point is computed from the signals received by elements of
each virtual source field which encompassed the point in the
field. Image points at the focal point will be imaged from only
one beam, as the virtual source model is an hourglass-shaped
field about the transmit focal point, but points further
removed in depth from the focal point are computed from the
received signals of many scanlines. The result is said to be an
image which shows improved lateral resolution at points out-
ward and inward from the transmit focal point. But like the
basic synthetic aperture approach described above, a signifi-
cant amount of data must be stored for processing, the r.f.
signals from every element in each receive aperture. In addi-
tion the resultant image is said to appear darker around the
focal point, since only one transmission and reception con-
tributes to this image point and its resolution, whereas mul-
tiple transmissions and receptions contribute to points
removed from the transmit focal point. Accordingly it is desir-
able to effect transmit focusing over at least a significant
portion of an image but without the need to store vast amounts
of r.f. data.

In accordance with the principles of the present invention,
a diagnostic ultrasound system and method are described
which effect transmit focus over a significant depth of field
without the need to store r.f. signal data. An ultrasound beam
is transmitted which insonifies at least portions of multiple
scanline locations and receive beams are concurrently pro-
cessed along the multiple scanlines, e.g., in parallel or by time
multiplexing. A succession of such transmissions produces
multiple scanlines related to a common scanline location.
Preferably, the related scanlines are concentrically aligned.
The related scanline data is beamformed to produce echo data
which is effectively transmit focused over a significant depth
of field. In an example described below, an ultrasound system
receives the simultaneous beams with a multiline beam-
former. An implementation of the present invention can
improve the frame rate of ultrasound imaging by reducing the
need to resort to multizone focusing in some clinical appli-
cations.

In the drawings:

FIGS. 1a-1c¢ illustrate beam profiles of a three-beam
example of the present invention.

FIGS. 2a-2d illustrate beam profiles of a six-beam example
of the present invention.

FIGS. 3a-3d illustrate a four-beam example of the present
invention in which the first four beam patterns are offset for
clarity of illustration.

FIGS. 4a-4d illustrate a continuation of the four-beam
example of FIG. 3 showing the alignment of the receive
beams.

FIG. 5 illustrates in block diagram form an ultrasound
system constructed in accordance with the principles of the
present invention.

FIGS. 6a and 65 illustrate the delay and weighting charac-
teristics of two different beams of the four-beam example of
the present invention.

FIG. 7 illustrates in block diagram form an ultrasound
system which adaptively responds to motion to adjust the
number of multilines being combined in an implementation
of the present invention.

Referring first to FIGS. 1a-1¢, overlapping beam profiles
are shown for the transmission of three transmit beams fol-
lowed in each case by the reception of three beams from each
transmit beam. FIG. 1a shows the transmit beam profile 10 at
a constant level below the intensity peak at the center of the
beam, transmitted by and extending from a transducer array 8
that transmitted the beam. The transmit beam profile level is
chosen by the designer and may be 3 dB, 6 dB, 20 dB, or some
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other level below the maximum intensity at the center of the
beam. The beam profile is seen to be focused about a focal
point 12 at the narrowest width of the beam profile by con-
ventional transmit focusing. An orthogonal view of the beam
20 is shown below the transducer array 8 which is seen to
comprise a center lobe 20a and side lobes on either side of the
main lobe 20a. The transmitted beam reaches its tightest
focus at the focal region 12 and diverges thereafter. In other
implementations a diverging transmit beam may be used.
Focusing at a considerable depth has also been found to be
effective.

The transmit beam 10, 20 is transmitted with a width that
encompasses multiple receive lines 14, 16, and 18. Generally
a wider beam is produced by transmitting from a smaller
transmit aperture. That is, a lesser number of elements of the
array 8 are actuated to transmit the beam than the total number
of elements across the array. Following transmission echoes
are received and focused along three receive line locations 14,
16 and 18. As discussed below, the echoes received by the
transducer elements of the receive aperture are delayed and
summed in three different ways to form multiple lines at
different line locations 14, 16, and 18 in response to one
transmit beam. In this example receive line 14 is received
down the center of the transmit beam 10, 20 and receive lines
14 and 18 are laterally steered and focused to be received on
either side of the center line. In this example only the near
field and far field portions of the outer lines 14 and 18 are
within the transmit beam profile 10. In these regions the outer
lines 14 and 18 are received from transmit energy on either
side of the center line position thereby sampling targets in the
image field on both sides of the center line position, thereby
efficiently using the laterally spread energy of the transmit
beam in the near and far fields for image reception and reso-
lution.

In FIG. 15 a second beam has been transmitted by shifting
the transmit aperture to the right by the spacing of one receive
line. The second transmit beam has the same beam profile as
the first transmit beam and is outlined by beam profile curves
10'. As in the case of the first beam, three receive lines are
simultaneously received and beamformed in response to the
second transmission at receive line locations 16', 18' and 22.
As a result, receive line 16 is aligned with receive line 16
from the first transmission, receive line 18' is aligned with
receive line 18 from the first transmission and receive line 22
is located to the right of the center line 18' of the second
transmission. Like the first set of receive lines, the second set
of receive multilines 16', 18', and 22 is saved for subsequent
processing.

In FIG. 1¢ a third beam has been transmitted from a center
aperture location which is again shifted to the right by one
receive line. This transmit beam is outlined by beam profile
10" and the transmission is followed by the simultaneous
reception of three receive lines 18", 22' and 24. These three
receive lines, like the previous receive lines, are wholly or
partially within the beam profile of their transmit beam with
the same spacing as the lines of the preceding beams. As a
result, receive line 18" is axially aligned with receive line 18'
of the second transmission and receive line 18 of the first
transmission, and receive line 22' is axially aligned with
receive line 22 of the second transmission. The targets in the
path of receive lines 18, 18' and 18" have now been sampled
by three receive lines, each by a respectively different trans-
mit beam. These co-aligned beams are combined as described
below to produce a line of image data along the line which are
focused over a greater depth of field than is the case of any
individual line, creating an extended transmit focus effect.
The focusing will be effective over a greater depth of field as
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4

the echo energy from three beam transmissions is combined
to produce the resultant image data.

Transmission and reception continues across the image
field in this manner until the full image field has been
scanned. Each time the maximum number of receive lines for
a given line location has been acquired, three in this example,
the receive lines are processed together to produce a line of
image data at that location. There is thus no need to store
pre-summed r.f. data from any transmission as the received
r.f. signals are beamformed into multiple lines as they are
received, and there is only a limited need to store previous
lines at a line location until all of the receive lines at the
location have been acquired, at which time they can be pro-
cessed and the line storage freed up for storage of subsequent
lines.

FIGS. 2a-2d give another example of the present invention
in which the transmit beam profile 30 includes all or portions
of receive lines at six receive line locations, identified at 31-36
in FIG. 2a. In this example, unlike the first, there is no receive
line at the center of the transmit beam. Instead, central receive
lines 33 and 34 are spaced one-half of a receive line spacing
on either side of the center of the transmit beam. The outer
receive lines 32 and 35 are within the beam profile 30 in the
near and far fields, and only near field portions of the outer-
most receive lines 31 and 36 are within the transmit beam
profile. It may be decided not to use these near field line
portions 31 and 36 in image data formation as explained
below.

The next transmit beam is transmitted to the right of the
first transmit beam by one receive line spacing as shown by
the profile 30' of the second transmit beam in FIG. 25. Six
receive lines are again received and beamformed simulta-
neously at receive line locations 32', 33', 34", 35', 36' and 37.
The first five of these receive lines are seen to be aligned with
receive lines 32, 33, 34, 35 and 36 of the first transmit beam,
thus providing a second receive line for processing at each of
these line locations. FIG. 2¢ shows the results following
transmission of a third transmit beam and reception of six
receive lines within that beam profile 30". There now have
been all or parts of three receive lines received at line loca-
tions 33", 34", 35" and 36", two receive lines at location 37',
and a portion of one receive line at location 38. Following a
fourth transmission, indicated by beam profile 30" in FIG.
2d, there have been all or portions of four receive lines
received at line locations 34™, 35™ and 36", three receive
lines received at line location 37", two receive lines received
at line location 38' and a portion of one receive line received
at line location 39. It can be seen that, when scanning contin-
ues in this manner, there will be all or portions of six receive
lines received at the line locations across most of the aperture,
except at the extremes where fewer lines will have been
received as shown in this example. The greater number of
samplings of each receive line location results in better effec-
tive transmit focusing when the receive line data is combined
to form the image data.

Higher numbers of simultaneously received lines may be
used, such as eight, twelve or sixteen spaced apart, simulta-
neously received lines, for which a lower F number on trans-
mit should be used to insonify the greater expanse of receive
line locations.

FIGS. 3 and 4 illustrate another example of the present
invention using four receive lines from every transmit beam.
In these drawings the successive beam and receive line groups
are not overlapping but are vertically aligned for clarity of
illustration. Each transmit beam 40-1, 40-2, 40-3, etc. is indi-
cated by a dashed arrow pointing downward, and the receive
lines from each transmit beam are shown as solid line arrows
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on either side of the respective transmit beam. FIGS. 3a-3d
illustrate the first four transmit-receive sequences, with the
transmit beam 40-n being shifted to the right by one receive
line spacing for each successive transmit interval. At the end
of this transmit-receive sequence it is seen that four receive
lines have been received which are aligned with receive line
44: receive line 44-1 from the second beam, receive line 44-2
from the third beam, and receive line 44-3 from the fourth
beam. These four receive lines are combined to produce a line
ofimage data at the location of these receive lines in the image
field.

FIGS. 4a-4d show a continuation of the previous transmit-
receive sequence with four more transmit-receive intervals of
four simultaneously received lines for each transmit beam.
The next four transmit beams are identified as 40-5, 40-6,
40-7, and 40-8 in these drawings. As these drawings illustrate,
there now have been four receive lines received at line loca-
tions 44, 45, 46, 47 and 48. After the four receive lines at each
of these locations has been received the four lines can be
combined to form one line of image data and the stored
receive lines deleted so that subsequent lines can be stored in
the same storage locations. Each time another fourth line of'a
group of four aligned lines has been received, the four lines of
the group can be combined to form the line of image data at
that location and the storage used for subsequent lines. The
sequence continues in this manner, receiving four receive
lines for each transmitted beam across the image field so that
four receive lines may be combined at each line location over
all but the lateral extremities of the image field.

FIG. 5 illustrates in block diagram form an ultrasonic
imaging system constructed in accordance with the principles
of the present invention. An ultrasonic probe 102 includes a
transducer array 104 of transducer elements. Selected groups
of the transducer elements are actuated at respectively
delayed times by the transmit beamformer 106 to transmit
beams focused at selected focal regions in the desired direc-
tions and from the desired origin(s) along the array. The
transmit beamformer is coupled to the transducer elements by
a transmit/receive switch which may comprise a crosspoint
switch that protects the receiver inputs from the high voltage
transmit pulses applied. The echoes received by each trans-
ducer element of the array 104 in response to each transmit
beam are applied to the inputs of multiline processors 110a-
110%. Each multiline processor comprises a receive beam-
former which applies its own set of delays and, if desired,
apodization weights to weight the received echoes from the
array elements to form a differently steered receive beam
from the same transmit beam. Suitable multiline beamform-
ers for the multiline processors 110a-110z may be found, for
instance, in U.S. Pat. No. 6,695,783 (Henderson et al.) and
U.S. Pat. No. 5,318,033 (Savord). The outputs of the multiline
processors 110a-110» are coupled to a line store 112 which
stores the received multilines at least until all of the multilines
needed to form a line of display data have been acquired. The
group of multilines used to form a particular line of display
data are applied to respective ones of multipliers 116a-1167
to produce the display data for the corresponding line loca-
tion. The echo data from each line may, if desired be weighted
by apodization weights 114a-114x. In general, these weights
will weight each line as a function of its round-trip impulse
response. A suitable weighting algorithni can be derived by
letting the term amplitude(x,z) be the insonification ampli-
tude of a point at location (x,z) in the image field by the
transmit wave-front, the azimuth position x=0 corresponding
to the center axis of the transmit beam. Let X be the azimuth
of the received multiline with respect to the transmit beam
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axis. The weight applied to this received multiline to form a
point of the image at depth Z is:

Weight(X, Z)=amplitude(X, Z)

For determination of an appropriate delay characteristic,
let propagation_time(x,z) be the propagation time needed by
the transmit wavefront to reach a point at location (x,z), the
azimuth x=0 corresponding again to the center axis of the
transmit beam. Let X be the azimuth of the receive line with
respect to the transmit beam axis. The delay applied to this
received multiline to form a point of the image at depth Z is:

Delay(X,Z) =propagation_time(X,Z)-propagation_
time(0, Z)

where propagation_time(0,7) is the time to reach a point at
the same depth but on-axis.

The functions amplitude(X,Z) and propagation_time(X,7)
may, for example, be obtained from a simulation of the trans-
mit field. An appropriate way to compute the propagation
time is to use the phase delay of the field from monochromatic
simulation at several frequencies. The amplitude may be
computed by averaging the amplitude of the field at several
frequencies. In addition, a depth-dependent normalization
can be applied to the weights. This multiplies all the weights
at a given depth by a common factor. For example, the nor-
malization can be chosen so that speckle regions have uni-
form brightness with depth. By varying the weights as a
function of depth, it is possible to vary the size and shape
(apodization) of the aperture dynamically with depth.

The amplitude and propagation time do not need to be
derived from a simulation of the exact transmit characteristics
used in the system. The designer may choose to use a different
aperture size or a different apodization for example.

The echoes from each line are weighted by the multipliers
116a-1167 and delayed by delay lines 118a-118x. In general,
these delays will be related to the location of the transmit
beam center to the receive line location as shown above. The
delays are used to equalize the phase shift variance that exists
from line to line for the multilines with differing transmit-
receive beam location combinations, so that signal cancella-
tion will not be caused by phase differences of the combined
signals.

It will be appreciated that in a digital system the delay lines
may be effected by storing the weighted multiline echo datain
memory and reading the data out at later times which effect
the necessary delay. Shift registers of differing lengths and
clock signals may also be used to effect a digital delay, or an
interpolating beamformer such as that described in the afore-
mentioned U.S. Pat. No. 6,695,783 may be used. The delayed
signals are combined by a summer 120 and the resultant
signals are coupled to an image processor 122. The image
processor may perform scan conversion or other processing
to improve the displayed image. The resultant image is dis-
played on an image display 124.

In the system of FIG. 5 the delay lines 118 and summer 120
effect a refocusing of the signals received from the several
receive multilines which are co-aligned in a given direction.
The refocusing adjusts for the phase differences resulting
from the use of different transmit beam locations for each
multiline, preventing undesired phase cancellation in the
combined signals. The weights 114 weight the contributions
of the multilines in relation to the proximity of the transmit
beam to the multiline location, giving higher weight to
receive beams with higher signal-to-noise ratios. This results
in an extended depth of field along each receive line and an
enhanced penetration (improved signal-to-noise ratio) due to
the combination of multiple samplings in each receive line
direction.
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In the example of FIGS. 4a-44 it is seen that each received
multiline is only used once in combination with other co-
aligned multilines. This means that an implementation of the
present invention does not require the second set of weights
114 multipliers 116 and delays 118, because these weighting
and delay effects can be implemented with the weights and
delays of the multiline processors 110, which can focus the
multiline in the proper receive direction and account for phase
and transmit beam variation with respect to the multilines
with which it is to be combined, all in one process step. After
all the multilines for a given line location have been received
they are simply summed to provide the display line data.
Alternatively each received multiline for a given line location
is stored in a line accumulator for that line. Each subsequently
received multiline at that line location is added to the contents
of the accumulator until the full complement of multilines at
that location has been combined in the accumulator. The
accumulator contents are then forwarded to the image pro-
cessor, freeing the accumulator for use for another line loca-
tion.

FIGS. 6a and 65 illustrate examples of the weighting and
delay characteristics that may be used in combining the
received multilines for a given display line location. FIG. 6a
illustrates example weighting and delay characteristics for a
received multiline that is relatively distant from the transmit
beam center such as received multiline 33' of FIG. 2b. The
received multiline 33' is shown extending in the z direction
from the face of the transducer array at z=0 to the maximum
scan depth on the right side of the drawing. The center of the
multiline is drawn as dotted where that portion of the multi-
line 33' is outside of the selected beam profile 30' and its
response is below that which the designer has deemed to be
acceptable. The weighting characteristic 82 thus weights this
multiline with a weight which is at a minimum where it is
beyond the beam profile and at nonzero levels where the
multiline is to be used for refocusing. In other implementa-
tions the weighting characteristic 82 may drop to zero in the
near field. This is because the echoes may be too close to or
behind the array after the necessary delay has been applied
and thus not susceptible to accurate reception. Thus the mul-
tilines from laterally distant multilines are not used in the
multiline combination in the very near field.

The phase characteristic 84 is seen to cross through a zero
phase adjustment at the focal point of the transmit beam,
staying nearly constant in the near field and gradually
decreasing in the far field.

FIG. 65 illustrates exemplary weighting and delay charac-
teristics for a received multiline 33 that is closer to the center
of its transmit beam. Due to this closer proximity the multi-
line is given greater overall weighting in the combination as
shown by the weighting characteristic 86. The weighting
increases in the vicinity of the focal region to balance the
falloff of the weighting of the more remote multilines such as
33" in this region. The phase adjustment characteristic 88 is
drawn as a straight line because the delay characteristic 84 for
the more laterally remote multiline is calculated from the
phase of the more central multiline 33. In this example the
multiline 33 is used for refocusing over the full image depth,
although in a given implementation the designer may elect to
use the echoes of a single line from a transmit beam in close
proximity to the line location in the very near field.

An implementation of the present invention can be used
with a variety of receive functions. For instance an implemen-
tation can operate on signals from focused sub-apertures. In
another variation, instead of forming receive beams per se, a
limited number of orthogonal functions such as Fourier com-
ponents can be used. It is then possible to combine the differ-
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ent transmits in Fourier space. The signals being combined do
not correspond exactly to received image lines. Thereafter
receive beams are formed by combining the Fourier compo-
nents or sub-apertures. Various combinations of several
beams and functions derived from a beam by a change of
apodization are also within the scope of the present invention.
In other implementations a small number of received multi-
lines can be increased by interpolating additional intermedi-
ate multilines, then performing the inventive processing with
the increased number of multilines.

FIG. 7 illustrates a variation of the ultrasound system of
FIG. 5 in which the effects of motion are addressed. The
example shown in FIG. 5 combines the r.f. signals received
from a number of co-aligned multilines of different transmit-
receive intervals. Since itis r.f. signals and not detected signal
envelopes which are being combined, it is important that there
be little motion in the image over the period that the multilines
which are to be combined are received. Significant motion,
either of materials in the image field or of the probe with
respect to the image field, can cause r.f. signal differences
which result in cancellation rather than the desired signal
reinforcement when the signals from the different multilines
are combined. This problem is more acute with longer acqui-
sition intervals during which greater numbers of multilines
are acquired for combining. The example of FIG. 7 addresses
this problem by detecting relative image motion and adjusting
the multiline order in response to the presence of motion. A
motion detector 130 receives consecutive image frames from
the image processor 122 and compares the image content for
differences which are indicative of motion. A suitable tech-
nique for doing this is a correlation technique which corre-
lates the image pixel values in the same area or areas of
consecutive images. This can be done by calculating the
zero-lag normalized cross-correlation between the data of the
two images. If the correlation factor is high (i.e., the images
are nearly identical), a larger number of multilines, requiring
a greater number of transmit-receive intervals, are used to
improve the depth of field. When the correlation factor is low
(the images are different), which can be due to motion within
the image field or by the probe, a lesser number of multilines
are combined. A suitable correlation technique is the mini-
mum sum of absolute differences (MSAD) technique
described in U.S. Pat. No. 6,126,598 (Entrekin et al.) which is
incorporated herein by reference. As described in this patent,
the data which undergoes MSAD processing for motion
detection can be areas of images or reference lines transmitted
during or between image frames. Doppler techniques can also
be used to detect motion as described in U.S. Pat. No. 5,127,
409 (Daigle).

The result of motion detection is coupled to a multiline
controller 132 which adjusts the transmission and reception
of multilines as a function of motion, with lower order mul-
tiline used when motion is present. The adjustments made in
this example are in control of the transmit beamformer to
transmit a larger F number beam which laterally encompasses
fewer multilines when motion is present so that the multilines
which are combined span a shorter period of transmit times.
Smaller transmit apertures can be used with broader focal
regions which are more uniform over a larger range of depths,
requiring fewer transmit beams to cover the field of view. On
reception the multiline controller 132 controls the number of
multiline processors employed, with fewer needed for the
reception of fewer multilines in the presence of motion. The
multiline controller 132 is also coupled to the line store 112 to
command the refocusing of the fewer number of multilines by
the weights 114, delay lines 118 and summer 120 when
motion is present. The result of these adjustments are that a
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shorter time is needed to acquire the multilines which are to
be combined, the shorter time period being less affected by
motion than would a longer acquisition interval. Correspond-
ingly, when the motion detector detects a stationary image
field when motional effects are low, the multiline order is
increased by the multiline controller. An exemplary adjust-
ment range is to use 16x multiline (receiving sixteen multi-
lines in response to a transmit beam and combining multilines
from sixteen transmit beams) when the image field is station-
ary, and decreasing the multiline order to 8x, 4x, 2x and 1x
(single line transmit and receive) as the amount of motion
increases. For instance, when the probe is being moved over
the body of a subject in a search for certain anatomy or a good
viewing perspective, standard single line imaging would be
used. The multiline order can also be automatically changed
as a function of the imaging mode of the ultrasound system.
For instance, when the system is changed from B mode imag-
ing to Doppler imaging, multiline acquisition can be discon-
tinued by the multiline controller. The degree of multiline can
be automatically set during imaging by the multiline control-
ler, and/or the user can be provided a manual control to set the
degree of multiline.

Variations of the examples above will readily occur to
those skilled in the art and are within the scope of the present
invention. For example, instead of transmitting along succes-
sive line locations, transmission can skip lines (multiplex)
between multiline transmission. Transmission can be done
along every other line position, every fourth line position, or
other intervals of multi-line spacing, thus reducing the num-
ber of transmit events needed to form the image and increas-
ing the acquisition rate. This is also a way to reduce motion
artifacts. Receiving multilines at more widely spaced line
intervals with a fewer number of transmit beams is another
way to address the problem of motion. This approach can be
augmented with interpolated lines as mentioned above to
increase the number of lines which are combined. This will
also increase the depth of field improvement for a given
number of multilines. The sampling used is generally a func-
tion of the F number of the transmit aperture, which deter-
mines the Nyquist sampling requirement. Scanning does not
have to be done sequentially across the image; other trans-
mission sequences can be used, which will have different
responses in the presence of motion. While the examples
above are shown with apodization, it is not necessary to
apodize on transmission, reception, or multiline combination.
It is not necessary that the multilines to be combined all be
precisely axially aligned. Multilines which are to be com-
bined can be offset laterally from each other, effecting an
interpolation when the multilines are combined. The prin-
ciples of the present invention are also applicable to three
dimensional imaging by performing the processing in both
the elevation and azimuth dimensions, and to phased array
(sector scan) imaging as well as linear array (orthogonal scan)
imaging and by use of curved arrays.

What is claimed is:

1. An ultrasonic diagnostic imaging system which pro-
duces synthetic transmit focusing of a plurality of received
lines received for a common line position comprising:

a probe including an array of transducer elements;

a transmit beamformer, coupled to the array of transducer
elements, and operable to transmit a beam from a plu-
rality of transmit beam locations, each beam exhibiting
a focal region and encompassing a plurality of laterally
spaced line positions;

a multiline receive beamformer, coupled to the array of
transducer elements, which is operable to produce a
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plurality of receive lines at a plurality of corresponding
line positions in response to one transmit beam at each of
different beam locations;

a multiline combining circuit, responsive to the plurality of
receive lines, each of which relates to a common line
position produced by the multiline receive beamformer
in response to the plurality of transmit beams, and
including a plurality of delays which equalize the phase
shift variance among the receive lines from different
transmit beams at each of the common line positions, the
combining circuit being operable to combine the plural-
ity of receive lines at the common line position to pro-
duce image data; and

a display which produces an image utilizing the image
data.

2. The ultrasonic diagnostic imaging system of claim 1,
wherein the multiline combining circuit includes a summer
which is operable to combine data from different multilines.

3. The ultrasonic diagnostic imaging system of claim 2,
wherein the multiline combining circuit further includes a
plurality of weighting circuits which are operable to weight
multiline data.

4. The ultrasonic diagnostic imaging system of claim 1,
wherein the probe comprises a linear array probe.

5. The ultrasonic diagnostic imaging system of claim 1,
wherein the probe comprises a phased array probe.

6. The ultrasonic diagnostic imaging system of claim 1,
wherein the transmit beamformer is further variable to trans-
mit a beam from a selected transmit aperture.

7. The ultrasonic diagnostic imaging system of claim 6,
wherein the transmit beamformer is operable to transmit a
sequence of beams from a sequence of different apertures
along the transducer array.

8. The ultrasonic diagnostic imaging system of claim 7,
wherein the transmit beamformer is further operable to trans-
mit a sequence of beams from a sequence of different aper-
tures selected such that at least some of the laterally spaced
line positions of one beam are aligned with at least some of
the laterally spaced line positions of another beam.

9. The ultrasonic diagnostic imaging system of claim 8,
wherein the transmit beamformer is further operable such that
at least some of the laterally spaced line positions of one beam
are coaxially aligned with at least some of the laterally spaced
line positions of another beam.

10. The ultrasonic diagnostic imaging system of claim 1,
wherein the multiline receive beamformer includes a plurality
of multiline processors, each of which applies a set of delays
to signals received from a plurality of transducer elements to
focus a receive multiline in a selected line direction.

11. The ultrasonic diagnostic imaging system of claim 10,
wherein the multiline receive beamformer exhibits a variable
multiline order.

12. The ultrasonic diagnostic imaging system of claim 1,
further including a line store coupled to the multiline receive
beamformer and operable to store receive lines produced in
response to a plurality of transmit beams.

13. A method for producing an ultrasound image with an
extended focal range, comprising:

transmitting a plurality of transmit beams from an array
transducer, each transmit beam being centered at a dif-
ferent position along the array and each transmit beam
encompassing a plurality of laterally spaced line posi-
tions which are spatially related to laterally spaced line
positions of another beam;
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receiving echo signals with the array transducer; combining echo signals of receive lines from different
transmit beams which are spatially related to a common
line position to produce image data; and
producing an image using the image data.
5 14. The method of claim 13, wherein equalizing further

concurrently processing the echo signals received in
response to one transmit beam to produce a plurality of
receive lines of echo signals at the laterally spaced line

positions of the beam; comprises relatively delaying the signals of receive lines from
repeating the concurrently processing for additional trans- different transmit beams prior to combining.
mit beams; 15. The method of claim 14, further comprising relatively

weighting the signals of receive lines from different transmit

equalizing the phase shift variance among receive lines at a beams prior to combining

common line position resulting from transmit beams of 10
different transmit beam positions; R T
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