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(57) ABSTRACT

A transmitting beamformer performs convergence transmis-
sion that forms a transmission focus of an ultrasonic beam in
a subject. A receiving beamformer comprises a virtual sound
source method-based delay amount calculation part that
obtains delay amount of a received signal with regarding the
transmission focus as a virtual sound source, and a correction
operation part that corrects the delay amount obtained by the
virtual sound source method-based delay amount calculation
part depending on position of imaging point. Delay amounts
can be thereby obtained with good accuracy for imaging
points in a wide area.
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ULTRASOUND IMAGE PICKUP APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic imag-
ing technique for imaging an internal structure in a subject, in
which a probe is applied to the subject, ultrasonic waves are
transmitted through it, and ultrasonic waves reflected in the
subject are received and used for imaging.

BACKGROUND ART

[0002] Ultrasonic imaging technique is a technique for
non-invasively imaging inside of a subject including human
body by using ultrasonic waves (sonic waves not intended to
be heard, generally sonic waves of high frequencies of 20 kHz
or higher). For example, ultrasonic imaging apparatuses for
medical use transmit ultrasonic beams to the inside of the
body of subject through an ultrasound probe, and receives
echo signals from the inside of the body. The received signals
are subjected to a phasing processing with a receiving beam-
former, and used by an image processing part to generate an
ultrasonogram.

[0003] There are two kinds of methods for transmitting
ultrasonic beams from an ultrasound probe to a subject, that
is, expansion transmission that transmits ultrasonic beams
spreading in a fan shape, and convergence transmission that
converges ultrasonic beams at a transmission focus provided
in a subject. Since the convergence transmission provides
high transmission sound pressure, it is suitable for a method
of imaging harmonic components (tissue harmonic imaging,
THI), etc. By using the THI imaging, artifacts generated by
side lobe or repeated reflection are reduced, and contrast is
improved.

[0004] For the convergence transmission, there is fre-
quently used the virtual sound source method, in which
receiving beamforming is performed by regarding the focus
as sound source. However, the virtual sound source method
suffers from a problem that delay amount cannot be accu-
rately obtained in the neighborhood of the transmission focus.
Patent document 1 discloses a technique of aperture synthesis
using an improved virtual sound source method in the ultra-
sonic imaging in which convergence transmission is per-
formed. Specifically, in a region in which energy of ultrasonic
beams converges on the focus (region A shown in FIG. 2 of
Patent document 1), aperture synthesis is performed with
regarding the focus as a virtual sound source, and in the
surrounding regions (regions B and C) in which ultrasonic
energy diffuses, aperture synthesis is performed with regard-
ing that spherical waves are emitted from the end of the probe.
Patent document 1 also describes that the aperture synthesis is
not performed in side lobe regions further outside the regions
Band C (regions D and E shown in FIG. 6 of Patent document

1.
PRIOR ART REFERENCES

Patent Document

[0005] Patent document 1: Japanese Patent Unexamined
Publication (KOKAI) No. 10-277042

SUMMARY OF THE INVENTION

Object to be Achieved by the Invention

[0006] All the aforementioned regions A, B, and C for
which delay amount is obtained in the technique of Patent
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document 1 are regions within the main lobe, and information
of the area outside the regions irradiated with the side lobe is
not used. Therefore, the area for which information is
obtained is narrow, and it is difficult to realize high-speed
imaging.

[0007] Hereafter, the reason why delay amount cannot be
accurately obtained by the virtual sound source method in the
neighborhood of the transmission focus will be explained
with reference to FIG. 1. In order to obtain delay amount by
the virtual sound source method, acoustic velocity and sonic
wave propagation time in the subject are required. The sonic
wave propagation time is divided into the outward propaga-
tion time from the start trigger of sonic wave transmission to
a certain imaging point, and the return propagation time from
the certain imaging point to each element of the probe array.
In order to obtain the outward propagation time for the imag-
ing point 200 shown in FIG. 1, propagation time from the
transmission caliber center point 202 to the transmission
focus 203 is obtained first, and from this propagation time,
propagation time from the transmission focus 203 to the
imaging point 200 is subtracted. In order to obtain the out-
ward propagation time for the imaging point 201, propagation
time from the transmission caliber center point 202 to the
transmission focus 203 is obtained first, and to this propaga-
tion time, propagation time from the transmission focus 203
to the imaging point 201 is added. Which one of subtraction
and addition is performed is determined depending on
whether the imaging point is on the side of the probe array 100
with respect to the transmission focus 203, and when the
imaging point locates on the side of the probe array 100, the
subtraction is performed, whereas when the imaging point
locates on the other side, the addition is performed.

[0008] Circles 204 and 205 passing the imaging point 200,
of which center is the transmission focus 203, each represent
a same phase surface, and the outward propagation times of
all the imaging points on these circles 204 and 205 have the
same value. In FIG. 1, the crossing broken lines 206 are lines
geometrically connecting the both ends of the line of a plu-
rality of elements in the probe array 100 and the transmission
focus 203 (transmitted sonic wave end 206), and indicate the
irradiation range of the transmitted beams defined without
taking diffraction and diffusion of ultrasonic beams into con-
sideration. When the imaging point locates in the region
between the transmitted sonic wave ends 206, delay amount
may be obtained with good accuracy by the virtual sound
source method.

[0009] However, if there are supposed imaging points
locating outside the region between the transmitted sonic
wave ends 206, and on the surface of the same phase, such as
imaging points 300 and 301 shown in FIG. 2, actual outward
propagation times for them are not substantially different, but
since the imaging point 300 is on the side where it is closer to
the probe array 100 compared with the transmission focus
203, and the imaging point 301 is on the side where it is
remoter from the probe array 100 compared with the trans-
mission focus 203, the delay amounts obtained for them by
the virtual sound source method should be significantly dif-
ferent. That is, the outward propagation time for the imaging
point 300 is calculated by subtracting the propagation time
from the transmission focus 203 to the imaging point 300
from the propagation time from the transmission caliber cen-
ter point to the transmission focus 203, whereas the outward
propagation time for the imaging point 301 is calculated by
adding the propagation time from the transmission focus 203
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to the imaging point 301 to the propagation time from the
transmission caliber center point to the transmission focus
203. Therefore, the outward propagation times for them
should significantly differ. Further, although the actual out-
ward propagation times for the imaging point 300 and the
imaging point 302 differ, they are calculated to be the same
value when they are calculated by using the virtual sound
source method. The same shall apply to the imaging point 301
and the imaging point 303.

[0010] As described above, by the virtual sound source
method, the sonic wave propagation time is not correctly
calculated for an imaging point locating near the transmission
focus, and outside the region between the transmitted sonic
wave ends 206, and therefore accuracy of the delay amount
calculation is degraded.

[0011] The present invention solves the aforementioned
problem, and an object of the present invention is to provide
an ultrasonic imaging apparatus that highly accurately
obtains delay amount for imaging points in a large area even
when the convergence transmission is performed.

Means for Achieving the Object

[0012] In order to achieve the aforementioned object, the
ultrasonic imaging apparatus of the present invention com-
prises an ultrasonic element array in which a plurality of
ultrasonic elements are arranged along a predetermined
direction, a transmitting beamformer that forms an ultrasonic
beam that is transmitted into a subject by the ultrasonic ele-
ment array, a receiving beamformer that performs phasing of
a plurality of received signals obtained by receiving the ultra-
sonic waves reflected in the subject with the ultrasonic ele-
ment array by delaying them, and an image processing part
that generates image data by using results outputted by the
receiving beamformer. The transmitting beamformer per-
forms convergence transmission, which forms a transmission
focus of ultrasonic beams in the subject. The receiving beam-
former comprises a virtual sound source method-based delay
amount calculation part that obtains delay amount of a
received signal with regarding the transmission focus as a
virtual sound source, and a correction operation part that
corrects the delay amount obtained by the virtual sound
source method-based delay amount calculation part depend-
ing on position of imaging point.

Effect of the Invention

[0013] With the ultrasonic imaging apparatus of the present
invention, delay amount obtained by the virtual sound source
method is corrected, and therefore highly accurate delay
amount is obtained for imaging points in a wide area even
when the convergence transmission is performed. Accord-
ingly, a highly precise ultrasonogram is obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG.11is a drawing for explaining the outline of the
delay amount calculation based on the virtual sound source
method.

[0015] FIG.2isadrawing for explaining the problem of the
virtual sound source method occurring at a position near the
transmission focus.

[0016] FIG.3isablockdiagram showing the configuration
of the ultrasonic diagnostic apparatus of the first embodiment.
[0017] FIG. 4 is a drawing for explaining the principle of
obtaining corrected delay amount in the first embodiment.
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[0018] FIG. 5 is a drawing for explaining the equation for
obtaining delay amount (D,) for a point 803 of the first
embodiment.

[0019] FIG. 6is an explanatory drawing showing the shape
of the wave face of the transmitted sonic waves at the depth of
the transmission focus.

[0020] FIG. 7 is a graph showing a function of the weight
value a of the first embodiment.

[0021] FIG. 8 is a drawing for explaining the principle of
obtaining corrected delay amounts for imaging points on a
scanning line 901 in the first embodiment

[0022] FIG. 9 is a flowchart showing operation of the
receiving beamformer of the first embodiment.

[0023] FIG. 10 is a block diagram showing the configura-
tion of the ultrasonic diagnostic apparatus of the second
embodiment.

[0024] FIG. 11 is a block diagram showing the configura-
tion of the ultrasonic diagnostic apparatus of the third
embodiment.

[0025] FIG. 12 is a block diagram showing the configura-
tion of the ultrasonic diagnostic apparatus of the fourth
embodiment.

[0026] FIG. 13 is a drawing for explaining the aperture
synthesis processing performed by the inter-transmission
synthesis part 1300 of the fourth embodiment.

[0027] FIG. 14 is a block diagram showing the configura-
tion of the ultrasonic diagnostic apparatus of the fifth embodi-
ment.

[0028] FIG. 15, () is an explanatory drawing showing the
phasing area 1054 of the conventional ultrasonic diagnostic
apparatus. FIG. 15, (b) is an explanatory drawing showing the
phasing area 1055 of the ultrasonic diagnostic apparatus of
the fifth embodiment.

[0029] FIG. 16, (a) is an explanatory drawing showing the
phasing area 1054 and an image generation area 501 of the
conventional usual imaging. FIG. 16, (b) is an explanatory
drawing showing the image generation area 501 in the case of
high-speed imaging performed with the conventional phasing
area 105a. FIG. 16, (¢) is an explanatory drawing showing the
phasing area 1054 and the image generation area 501 of the
fifth embodiment.

[0030] FIG. 17 is a block diagram showing the configura-
tion of the ultrasonic diagnostic apparatus of the sixth
embodiment.

MODES FOR CARRYING OUT THE INVENTION

[0031] Hereafter, embodiments of the present invention
will be explained with reference to the drawings. However,
the present invention is not limited to the following embodi-
ments.

First Embodiment

[0032] The ultrasonic imaging apparatus of the first
embodiment of the present invention comprises, as shown in
FIG. 3, for example, an ultrasonic element array (probe array)
100 in which a plurality of ultrasonic elements 600 are
arranged along a predetermined direction, a transmitting
beamformer 602, a receiving beamformer 603, and an image
processing part 605. The transmitting beamformer 602 forms
an ultrasonic beam 104 to be transmitted into a subject by the
ultrasonic element array 100. The receiving beamformer 603
performs phasing of a plurality of received signals obtained
by receiving ultrasonic waves reflected within the subject by
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the ultrasonic element array 100 by delaying them. The image
processing part 605 generates image data using results out-
putted by the receiving beamformer 603.

[0033] The transmitting beamformer 602 performs conver-
gence transmission that forms the transmission focus 203 of
the ultrasonic beam 104 in the subject. The receiving beam-
former 603 comprises a virtual sound source method-based
delay amount calculation part 609 that obtains delay amount
of areceived signal with regarding the transmission focus 203
as a virtual sound source, and a correction operation part 610
that corrects the delay amount obtained by the virtual sound
source method-based delay amount calculation part 609
depending on position of imaging point.

[0034] Forexample, when an imaging point locates outside
the region between transmitted sonic wave ends 206, which
are two lines connecting end ultrasonic elements 600a and
6005 at the both ends among ultrasonic elements 600 that
transmit the ultrasonic beam 104 into the subject, and the
transmission focus 203, respectively (for example, imaging
point 802 shown in FIG. 4), the correction operation part 610
corrects the delay amount (D, ) obtained by the virtual sound
source method-based delay amount calculation part 609 for
the imaging point 802.

[0035] Specifically, as shown in FIG. 4, when the imaging
point 802 locates outside the transmitted sonic wave end 206,
the correction operation part 610 corrects the delay amount
(D)) obtained by the virtual sound source method-based
delay amount calculation part 609 for the imaging point 802
using the delay amount (D,) obtained for the point 803
according to the virtual sound source method.

[0036] The point 803 is a point locating on the line of the
transmitted sonic wave end 206 or between two of the trans-
mitted sonic wave ends 206. The point 803 is preferably a
point obtained by projecting the imaging point 802 on the
nearest transmitted sonic wave end 206, because such a point
reduces calculation complexity. The imaging point 802 is
projected on the transmitted sonic wave end 206 by, for
example, moving the imaging point 802 along the direction
perpendicular to the sound axis 702 of the ultrasonic beam
104.

[0037] The correction operation part 610 obtains a cor-
rected delay amount D by, for example, weighting the afore-
mentioned delay amount (D, ) and the delay amount (D,), and
adding them. For obtaining weight values for the weighting,
there is used, for example, a function of the angle 8 formed by
the line connecting the imaging point 802 and the transmis-
sion focus 203, and the sound axis 702 of the ultrasonic beam
104 as a variable (FIG. 5).

[0038] Hereafter, still more specific explanation will be
made. As shown in FIG. 3, between the transmitting beam-
former 602 and the receiving beamformer 603, and the ultra-
sonic element array 100, a transmission/reception separation
circuit (T/R) 604 that separates transmission and reception
signals is disposed. To the image processing part 605, a con-
trol part 606 that controls the image processing part 605, and
an image display part 607 that displays image data are con-
nected. To the control part 606, a console 608 for setting
imaging conditions, image generation conditions etc. is con-
nected.

[0039] The virtual sound source method-based delay
amount calculation part 609 obtains delay amount (D,) of a
received signal by the virtual sound source method according
to the distance of a desired imaging point from the transmis-
sion focus 203 with supposing that the virtual sound source
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locates at the transmission focus 203. Since the calculation
method of the delay amount according to the virtual sound
source method is a widely known method, detailed explana-
tion thereof is omitted in this specification. But as explained
with reference to FIG. 1, the delay amount is calculated by
using the acoustic velocity and the sonic wave propagation
time in the subject. The sonic wave propagation time is
divided into the outward propagation time from the transmis-
sion start trigger of the ultrasonic beam 104 in the transmit-
ting beamformer 602 to the imaging point, and the return
propagation time from the imaging point to the ultrasonic
element 600 of the ultrasonic element array 100. In order to
obtain the outward propagation time, when the imaging point
is on the side of the ultrasonic element array 100 with respect
to the transmission focus 203 (for example, in the case of the
imaging point 200 shown in FIG. 1), the propagation time
from the transmission focus 203 to the imaging point 200 is
subtracted from the propagation time from the transmission
caliber center point 202 to the transmission focus 203. When
the imaging point is at a position remoter from the ultrasonic
element array 100 compared with the transmission focus 203
(for example, in the case of the imaging point 201), the
outward propagation time is obtained by adding the propaga-
tion time from the transmission focus 203 to the imaging
point 201 to the propagation time from the transmission cali-
ber center point 202 to the transmission focus 203. As
described above, according to the virtual sound source
method, the outward propagation time is determined accord-
ing to the distance from the transmission focus 203, and the
circle 204 as a concentric circle, of which center is at the
transmission focus 203, represents the same phase surface
(wave face of transmitted sonic waves).

[0040] However, if the actual wave face of transmitted
sonic waves is obtained by simulation, the wave face 700 of
transmitted sonic waves is substantially perpendicular to the
transmission sound axis 702 around the transmission focus
203, as shown in FIG. 6. In other words, it is substantially
parallel to the surface of the ultrasonic element array 100 (in
FIG. 6, the wave face of transmitted sonic waves 700 is
indicated as a region of sound intensities larger than a certain
value, and therefore the wave face 700 has a width for the
direction of the transmission sound axis). From the above
simulation result, it is estimated that the actual wave face of
transmitted sonic waves does not have a shape of concentric
circle having the center at the transmission focus 203, but the
curvature thereof becomes smaller at a position closer to the
transmission focus 203, and the wave face is substantially a
straight line at the transmission focus 203. Therefore, the
delay amount cannot be accurately obtained by the virtual
sound source method in the neighborhood of the transmission
focus 203.

[0041] Therefore, in this embodiment, the correction
operation part 610 obtains a delay amount (D) by correcting
the delay amount (D, ) obtained by the virtual sound source
method-based delay amount calculation part 609 for a desired
imaging point. The delay amount (D) for an imaging point in
the neighborhood of the transmission focus 203 may be
thereby obtained with good accuracy. Moreover, even if the
imaging point locates outside the transmitted sonic wave end
206, the delay amount (D) may be obtained with good accu-
racy.

[0042] The correction operation performed by the correc-
tion operation part 610 will be explained with reference to
FIG. 4. For example, the delay amount (D) for the imaging



US 2016/0174938 A1

point 802 is obtained by using a delay amount (D, ) obtained
by the virtual sound source method-based delay amount cal-
culation part 609, and a delay amount (D,) obtained by the
virtual sound source method for a point 803 obtained by
projecting the imaging point 802 on the line of the transmitted
sonic wave end 206, or between two of the transmitted sonic
wave ends 206. Specifically, the point 803 is a point obtained
by projecting the imaging point 802 on the sound axis 702, the
transmitted sonic wave end 206, or an arbitrary line prelimi-
narily defined in the region between the transmitted sonic
wave ends 206. The imaging point 802 is projected by moving
it to a position on such a line as mentioned above along the
direction perpendicular to the sound axis 702.

[0043] Thedelay amount (D,) obtained for the point 803 by
the virtual sound source method may also be obtained an
operation performed by the virtual sound source method-
based delay amount calculation part 609, or it may also be
obtained by calculation from the value of the delay amount
(D)) obtained for the imaging point 802. By calculating the
delay amount (D,) from the delay amount (D,), calculation
complexity imposed on the receiving beamformer 603 may
be reduced. Specifically, when the point 803 is a point on the
transmitted sonic wave end 206, the delay amount (D,) is
obtained from the value of the delay amount (D,) in accor-
dance with the equation (1).

(Several 1)
[0044]
Dy=(DIcos Ol)/cos 0, M

0, is the angle formed by the transmitted sonic wave end 206
and the sound axis 702, and 6 is the angle formed by a line
connecting the imaging point and the transmission focus 203,
and the sound axis 702.

[0045] The correction operation part 610 obtains a cor-
rected delay amount D of the imaging point 802 by weighting
the delay amount D, obtained for the imaging point 802 by the
virtual sound source method, and the delay amount (D,)
obtained for the point 803 by the virtual sound source method,
and adding them, as shown by the equation (2).

[Equation 2]

1 a-1 2)
D=-D/+——D;
a a

[0046] In the equation (2), a is a weight value, and is
obtained in accordance with the following equations (3).

[Equation 3]
o a-1 . ap—1 (3)
“= (1 sty ]Sm“(“" Y ]
[0047] As shown by the equation (3), the weight value a is

a function of the variable sin 6, and such a weight value as
drawn in the graph of FIG. 7 is used in this explanation. When
the absolute value of sin 0 is smaller than the absolute value of
sin 0, the imaging point 802¢ is in the region between the
transmitted sonic wave ends 206 as shown in FIG. 4. There-
fore, a is set to be 1, thus the weight for D, ((a-1)/a) men-
tioned in the equation (2) is 0, and the delay amount D is equal
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to D, . That is, when the imaging point 802a is in the region
between the transmitted sonic wave ends 206, the delay
amount (D) is equal to the delay amount (D, ) obtained by the
virtual sound source method-based delay amount calculation
part 609.

[0048] When the absolute value of sin 6 is 1, the imaging
point 802¢ is at a position on the same horizontal level as that
of the transmission focus 203. In such a case, a, is set as a (a,
is a constant larger than 1) as shown in FIG. 7, and the delay
amount D is set so that, in the right-hand side of the equation
(2), the weight of D, of the second member ((a—1)/a) is larger
than the weight of D, of the first member (1/a).

[0049] When the absolute value of sin 8 is not smaller than
the absolute value of sin 6, and smaller than 1, ais setto bea
value larger than 1 and smaller than a,, depending on the value
of sin 8 as shown in FIG. 7, and in the right-hand side of the
equation (2) representing the delay amount D, the weight of
D, ofthe second member is larger than that of the case where
the absolute value of sin 6 is the same as the absolute value of
sin 6, and the weight of D, is smaller than that of the case
where the absolute value of sin 6 is 1.

[0050] Thus, for the imaging points 802 and 802¢ locating
within the region between the transmitted sonic wave ends
206 among the imaging points locating on the scanning line
901 as shown in FI1G. 8, the delay amount (D, ) obtained by the
virtual sound source method is set. For the imaging points
8025, 802¢, and 802d locating outside the region between the
transmitted sonic wave ends 206, a delay amount (D) deter-
mined according to the angle 6 formed by the line connecting
each of these points and the transmitting focus 203, and the
sound axis 702 is set. Accordingly, the delay amount (D) can
be obtained with good accuracy even for an imaging point
locating near the transmission focus 203, or outside the region
between the transmitted sonic wave ends 206.

[0051] Operation of the whole receiving beamformer 603
mentioned above is explained with reference to FIG. 9. The
receiving beamformer 603 is constituted by, for example,
CPU and a memory storing programs, and CPU reads and
executes the programs to realize the operations of the virtual
sound source method-based delay amount calculation part
609 and the correction operation part 610.

[0052] First, in the step 1901 shown in FIG. 9, the virtual
sound source method-based delay amount calculation part
609 of the receiving beamformer 603 receives the position of
the transmission focus from the transmitting beamformer
602, and receives the position of the scanning line 901 from
the control part 606. The delay amount (D, ) is calculated by
the virtual sound source method for each of a plurality of
imaging points defined on the scanning line 901 with a pre-
determined interval.

[0053] Then, in the step 1902, the correction operation part
610 obtains the delay amount (D,) for a point obtained by
projecting each imaging point on the transmitted sonic wave
end 206 from the delay amount (D, ) for each imaging point
obtained in the step 1901 in accordance with the equation (1)
mentioned above. As 8, contained in the equation (1), a value
obtained by an operation from depth of the transmission focus
203 received from the transmitting beamformer 602 and the
positions of the both ends of the driven ultrasonic elements
600 is used. Alternatively, a value obtained beforehand for
each depth of the transmission focus 203 may also be used as
0, . As 0, a value obtained by an operation from the positions
of the imaging point on the scanning line 901 and the trans-
mission focus 203 is used. Alternatively, a value obtained
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beforehand for every combination of each imaging point and
the transmission focus 203 may be used as 8. Furthermore,
the correction operation part 610 substitutes such values as
mentioned above for 0, and 0 in the equation (3) to obtain
weight value a for each imaging point. The obtained values of
a, D,, and the delay amount D, obtained in the step 1901 are
substituted for those of the equation (2) to calculate the cor-
rected delay amount (D).

[0054] The process advances to the step 1903, and the cor-
rection operation part 610 receives signals received by each
ultrasonic element 600 via the transmission/reception sepa-
ration circuit (T/R) 604, and performs phasing of them by
delaying them by the corrected delay amount (D), and adding
them. By performing this operation for each imaging point on
the scanning line 901, phasing of the received signals is
carried out for every imaging point on the scanning line 901
to generate an image of one raster (phased output), and it is
delivered to the image processing part 605.

[0055] The image processing part 605 performs process-
ings for putting the phased outputs (rasters) of a plurality of
scanning lines 901 in order etc. to generate an ultrasonogram,
and displays it on the image display part 607.

[0056] As described above, according to the present inven-
tion, there may be obtained a delay amount (D) by correcting
the delay amount (D, ) obtained by the virtual sound source
method. Since the delay amount (D) may be obtained with
good accuracy irrespective of whether the imaging point
locates within the main lobe or not, sufficiently accurate
phased output (raster) is obtained even for the scanning line
901 at a position remote from the transmission focus 203.
Therefore, the area in which the scanning line 901 can be set
is wide, and a plurality of phased outputs (rasters) for a wide
area are generated by one time of transmission. A highly
precise image is thereby generated with a small number of
times of transmission.

[0057] Although FIG. 7 shows an example where the func-
tion of a is a function representing a straight line connecting
the point of sin 6=1 and a=a,,, and the point of sin 6=Isin 6, |
and a=1, this embodiment is not limited to the function shown
in FIG. 7. It may be a function representing an arbitrary curve
connecting the point of sin 6=1 and a=a,,, and the point of sin
0=Isin Q,| and a=1.

[0058] Although the weight value a is set on the basis of the
angle 0 in the aforementioned embodiment, there may also be
employed a configuration that the weight value a is set on the
basis of the distance from the transmission focus 203 to the
imaging point 802, or the like, or on the basis of both the angle
0 and the distance.

[0059] Further, although the method of moving the imaging
point 802 along the direction perpendicular to the sound axis
is explained as the projection method for obtaining the point
803, for which the delay amount D, is obtained, the method is
not limited to this method. It is of course also possible to
obtain a point 803 of at a position on a shape further closer to
the actual wave face, and obtain the delay amount D, for such
apoint §03.

Second Embodiment

[0060] The ultrasonic imaging apparatus of the second
embodiment of the present invention will be explained with
reference to FIG. 10.

[0061] As shown in FIG. 10, the ultrasonic imaging appa-
ratus of the second embodiment has the same configurations
as those of the ultrasonic diagnostic apparatus of the first
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embodiment (FIG. 3), but a storage part that stores weight
values for every imaging position (weight table 1100) is fur-
ther provided in the correction operation part 610. In the
weight table 1100, weight values a obtained beforehand for
all the combinations of the imaging points and transmission
focus 203 that can be set are stored. Since the weight value a
is a function of the angle 6 formed by the line connecting the
imaging point and the transmission focus, and the optical
axis, as explained for the first embodiment with reference to
the equation (3), it may be obtained beforehand for each of
combinations of supposed imaging points and transmission
focus.

[0062] Thus, the correction operation part 610 may read a
weight value from the weight table 1100, and used it in the
step 1902 shown in FIG. 9. Therefore, it is not necessary to
calculate the weight value for every imaging, and the compu-
tational complexity imposed on the correction operation part
610 can be reduced. Improvement in the operation speed and
smaller size of the receiving beamformer 603, as well as
lower cost of the ultrasonic imaging apparatus can be thereby
realized.

[0063] Theconfigurations and operation of the apparatus of
this embodiment other than those explained above are the
same as those of the first embodiment, and therefore expla-
nations thereof are omitted.

Third Embodiment

[0064] The ultrasonic imaging apparatus of the third
embodiment of the present invention will be explained with
reference to FIG. 11.

[0065] Although the ultrasonic imaging apparatus of the
third embodiment has the same configurations as those of the
ultrasonic imaging apparatus of the second embodiment
(FIG.10), a weight changing module 1200 is further disposed
in the receiving beamformer 603 as shown in FIG. 11.
According to this embodiment, the console 608 functions also
as areception part that receives the weight value a inputted by
an operator. Specifically, the weight changing module 1200 is
connected to the console 608 through an input/output port
1201 provided on a main body 50 of the ultrasonic imaging
apparatus.

[0066] The weight changing module 1200 receives each
value for weight value a, or the values for the whole table from
the operator through the console 608, and substitutes them for
values or table stored in the weight table 1100. The weight
values a may be thereby changed to appropriate values
depending on characteristics of a subject to be imaged, and
therefore a delay amount (D) suitable for the subject may be
obtained with the correction operation part 610. Since the
other configurations and operation are the same as those of the
second embodiment, explanations thereof are omitted.

[0067] Further, the weight changing module 1200 may also
be provided in the receiving beamformer 603 that is not
provided with the weight table 1100. In this case, the weight
changing module 1200 changes value of a parameter to be
used for the calculation of the weight value a by the correction
operation part 610 to a value received via the console 608. For
example, it changes value of the constant a, to be used for the
operation of the equation (3) to a value received via the
console 608. Since the value of a, may be thereby changed
depending on subject to a value suitable for the subject, a
delay amount (D) suitable for the subject can be obtained by
the correction operation part 610.
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[0068] Since other configurations and operation are the
same as those of the first and second embodiments, explana-
tions thereof are omitted.

Fourth Embodiment

[0069] The ultrasonic imaging apparatus of the fourth
embodiment of the present invention will be explained with
reference to FIG. 12.

[0070] The receiving beamformer 603 of the ultrasonic
imaging apparatus of the fourth embodiment performs beam-
forming according to the aperture synthesis method. As
shown in FIG. 12, the apparatus further comprises a phased
output storage part (beam memory 1301) that stores phased
output of the receiving beamformer 603. The receiving beam-
former 603 reads out a phased output obtained from a
received signal of the ultrasonic beam 104 of a certain trans-
mission from the phased output storage part, and synthesizes
it with a phased output obtained from a received signal of the
ultrasonic beam of another transmission. The above will be
further explained.

[0071] Inthe receiving beamformer 603, an inter-transmis-
sion synthesis part 1300 is disposed, and in the main body 50,
a frame memory 1302 is also disposed besides the beam
memory 1301. The other configurations are the same as those
of the third embodiment.

[0072] The receiving beamformer 603 sets a plurality of
scanning lines for each transmission, and carries out phasing
addition of the received signals for a plurality of imaging
points on each scanning line by using the delay amounts (D)
obtained by the virtual sound source method-based delay
amount calculation part 609 and the correction operation part
610. Phased outputs (rasters) are thereby obtained. A plurality
of the obtained phasing outputs (rasters) are sent to the beam
memory 1301 via the inter-transmission synthesis part 1300
and stored therein. The inter-transmission synthesis part 1300
reads out a plurality of phased results for a specific (the same)
imaging point from a plurality of phased outputs (rasters)
stored in the beam memory 1301, and synthesizes them (aper-
ture synthesis). For example, as shown in FIG. 13, when
phased outputs obtained by i-th transmission and j-th trans-
mission for scanning lines 131 and 132 at the same positions
as that of a scanning line 133, for which phased outputs are
obtained by the k-th transmission, are stored in the beam
memory 1301, the inter-transmission synthesis part 1300
reads out the phased outputs of the i-th transmission and the
j-th transmission for an imaging point 101 from the beam
memory 1301, and synthesizes them with the phased output
of the imaging point 101 of the k-th transmission (aperture
synthesis). Similarly, phased outputs are synthesized for
every imaging point such as the other imaging points 102 and
103. By performing the aperture synthesis as described
above, accuracy of the phased outputs for each imaging point
can be enhanced.

[0073] Theaperture synthesis image obtained from the syn-
thesis processing is stored in the frame memory 1302, sent to
the image processing part 605, and displayed on the image
display part 607. The image processing part 605 displays the
image obtained by the aperture synthesis on the image display
part 607.

[0074] Since the other configurations and operation such as
those of the weight changing module 1200 are the same as
those of the third embodiment and the first embodiment,
explanations thereof are omitted.
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[0075] Since the receiving beamformer 603 of the present
invention correct the delay amount (D) obtained by the vit-
tual sound source method to obtain the corrected delay
amount (D), a phased output (raster) is obtained with good
accuracy even for an imaging point at a position remote from
the transmission focus 203 (scanning line 901), irrespective
of whether the imaging point is inside the main beam or not.
Therefore, a plurality of rasters are obtained for a wide area
with one time of transmission. Accordingly, by storing them
in the beam memory 1301, and carrying out the aperture
synthesis with rasters obtained by another transmission, ras-
ters of higher accuracy are generated, and used to generate an
image.

Fifth Embodiment

[0076] The ultrasonic imaging apparatus of the fifth
embodiment of the present invention will be explained with
reference to FIGS. 14 to 16. The receiving beamformer 603 of
the ultrasonic imaging apparatus of the fifth embodiment
performs high frame rate imaging and beamforming by the
aperture synthesis method.

[0077] As shown in FIG. 14, a phasing area control part
1402 that defines an area of imaging points for which the
receiving beamformer 603 performs phasing processing is
further provided in the main body 50. The phasing area con-
trol part 1402 defines the phasing area by using an anglerange
larger than the transmission directional angle at the time of
transmission of the ultrasonic beam 104 by the transmitting
beamformer 602, and two lines of the transmitted sonic wave
ends 206. In the main body 50, a directional angle information
memory part 1400 and a transmission interval information
memory part 1401 are further provided. Since the other con-
figurations are the same as those of the ultrasonic imaging
apparatus of the fourth embodiment, explanations thereof are
omitted.

[0078] The directional angle information memory part
1400 receives transmission aperture P and transmission fre-
quency f among the set parameters from the transmitting
beamformer 602, obtains transmission directional angle 8, by
calculation in accordance with the equation (4), and memo-
rizes it.

[Equation 4]
Sin0,=v/(f-P) “4)

The svmbol v represents acoustic velocity in a subject, and it
is supposed that oscillators of the ultrasonic elements 600
have a rectangular shape.

[0079] The transmission interval information memory part
1401 receives information on transmission interval of the
transmission beam (ultrasonic beam) 104 in the direction
along the probe array 100 from the transmitting beamformer
602, and memorizes it. The phasing area control part 1402
receives the transmission directional angle 0, and the trans-
mission interval 5035 from the directional angle information
memory part 1400 and the transmission interval information
memory part 1401, respectively, determines a phasing area
1055 that defines area of imaging points on the basis of them,
and specifies it for the virtual sound source method-based
delay amount calculation part 609. The virtual sound source
method-based delay amount calculation part 609 calculates
delay amounts for imaging points in the specified phasing
area 105b.
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[0080] The operation of the phasing area control part 1402
will be further explained with reference to FIGS. 15, (a) and
(b). The phasing area 10556 may generally be obtained by a
simple transmission sound field drawing method. In the case
of the convergence transmission in which transmission beam
is focused with an electronic focus, acoustic lens, concave
surface oscillator, etc., intersecting lines (transmitted sonic
wave ends) 206 crossing at the transmission focus 203 are
first drawn from the ultrasonic elements 602 at the both ends
of the transmission caliber, as shown in FIG. 15, (a). Then,
two lines 207a forming a transmission directional angle 0, are
drawn on both sides of the transmission sound axis 702. The
area enclosed by the outside lines among the transmitted
sonic wave ends 206 and the lines 2074 is a general phasing
area 105a.

[0081] According to this embodiment, as shown in FIG. 15,
(b), the phasing area control part 1402 draws two lines 2075
using the value of transmission directional angle 0, obtained
by multiplying the transmission directional angle 0, by a
coefficient b as shown by the equation (5). The area enclosed
by the outside lines among the transmitted sonic wave ends
206 and the lines 2075 is set to be the phasing area 105b.

[Equation 5]
0,=b0, &)
[0082] The coefficient b is set by the phasing area control

part 1402 with reference to an equation or table defined
beforehand so that the minimum width 5024 of the phasing
area 1055 becomes larger than the transmission interval 5035
read from the transmission interval information memory part
1401, as shown in FIG. 16, (c).

[0083] Since the receiving beamformer 603 of the present
invention obtains the corrected delay amount (D) by correct-
ing the delay amount (D,) obtained by the virtual sound
source method, it obtains the delay amount (D) with good
accuracy even for an imaging point at a position remote from
the transmission focus 203. Therefore, phased output (raster)
is obtained with good accuracy by using the corrected delay
amount (D).

[0084] By extending the phasing area 1055 as shown in
FIG. 16, (c), there may be set the transmission interval 5035,
which cannot be set with the usual phasing area 105a,
because, with such a usual phasing area, the phasing areas
105a of the minimum width 502a do not overlap with each
other, and there remain omission regions 504, as shown in
FIG. 16, (b). Therefore, as shown in FIG. 16, (c), by setting a
transmission interval 5035 larger than the transmission intet-
val 503a required when the conventional phasing area 1054 is
used as shown in FIG. 16, (a), high frame rate imaging (high
speed imaging) can be performed.

[0085] Since a plurality of rasters in a wide area may be
obtained by one time of transmission by extending the phas-
ing area 1055, by storing these in the beam memory 1301, and
performing the aperture synthesis with them together with
rasters obtained by other transmissions, an ultrasonogram of
high precision can be generated for an area 501 (FIG. 16, (¢)).

[0086] Ifthe overlapping areas of the phasing areas 1055 of
a plurality of times of transmissions are small, block noises
are generated in an image obtained after the aperture synthe-
sis. Therefore, it is preferable to set the coefficient b so that the
phasing areas 1055 of at least three or more times of trans-
missions overlap with each other.
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[0087] Since the other configurations and operation are the
same as those of the fourth embodiment, explanations thereof
are omitted.

Sixth Embodiment

[0088] The ultrasonic imaging apparatus of the sixth
embodiment of the present invention will be explained with
reference to FIG. 17. Although the ultrasonic imaging appa-
ratus of the sixth embodiment has the same configurations as
those of the ultrasonic imaging apparatus of the fifth embodi-
ment (FIG. 14) as shown in FIG. 17, it is configured so that the
phasing area control part 1402 may be adjusted from the
outside. Specifically, the console 608 functions also as a
reception part that receives a coeflicient used for processing
of the phasing area control part 1402. An input-and-output
port 1600 is disposed in the main body 50, and the phasing
area control part 1402 is connected to the console 608. The
phasing area control part 1402 obtains an angle range (8,) by
multiplying the transmission directional angle 8,, by the coef-
ficient received by the reception part (console 608).

[0089] The operator manually sets the value of the coeffi-
cient b of the equation (5) explained for the fifth embodiment,
or finely tuning the coefficient b set by the phasing area
control part 1402, by using the console 608.

[0090] The value of the coefficient b is thereby appropri-
ately adjusted according to scattering state of sonic waves,
which varies depending on subjects, and therefore an appro-
priate phasing area 1055 can be set. Accordingly, even by high
frame rate imaging, an ultrasonogram of higher precision can
be generated.

DESCRIPTION OF NUMERICAL NOTATIONS

[0091] 100 Probe array

[0092] 104 Transmission beam (ultrasonic beam)

[0093] 105a and 1055 Phasing area

[0094] 202 Transmission caliber center point

[0095] 203 Transmission focus

[0096] 206 Transmitted sonic wave end

[0097] 501 Phasing area of aperture synthesis for a plurality

of times of transmission

[0098] 503a and 5035 Transmission interval

[0099] 504 Omission region where phasing areas do not
overlap

[0100] 609 Virtual sound source method-based delay

amount calculation part

[0101] 610 Correction operation part

[0102] 700 Transmitted sonic wave face at transmission
focus depth

[0103] 901 Virtual scanning line

[0104] 1100 Weight table

1. An ultrasonic imaging apparatus comprising an ultra-
sonic element array in which a plurality of ultrasonic ele-
ments are arranged along a predetermined direction, a trans-
mitting beamformer that forms an ultrasonic beam to be
transmitted into a subject by the ultrasonic element array, a
receiving beamformer that performs phasing of a plurality of
received signals obtained by receiving the ultrasonic waves
reflected in the subject with the ultrasonic element array by
delaying them, and an image processing part that generates
image data using results outputted by the receiving beam-
former, wherein:
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the transmitting beamformer performs convergence trans-
mission that forms a transmission focus of the ultrasonic
beam in the subject, and

the receiving beamformer comprises a virtual sound source

method-based delay amount calculation part that
obtains delay amounts of the received signals with
regarding the transmission focus as a virtual sound
source, and a correction operation part that corrects the
delay amounts obtained by the virtual sound source
method-based delay amount calculation part according
to position of imaging point.

2. The ultrasonic imaging apparatus according to claim 1,
wherein, when the imaging point locates outside the trans-
mitted sonic wave ends, which are two lines connecting ultra-
sonic elements at the both ends among the ultrasonic ele-
ments that transmit the ultrasonic beam into the subject, and
the transmission focus, the correction operation part corrects
the delay amount (D, ) obtained for the imaging point by the
virtual sound source method-based delay amount calculation
part.

3. The ultrasonic imaging apparatus according to claim 1,
wherein, when the imaging point locates outside transmitted
sonic wave ends, which are two lines connecting ultrasonic
elements at the both ends among the ultrasonic elements that
transmit the ultrasonic beam into the subject, and the trans-
mission focus, the correction operation part corrects the delay
amount (D)) obtained for the imaging point by the virtual
sound source method-based delay amount calculation part
using a delay amount (D,) obtained by the virtual sound
source method for a point locating on the line of the transmit-
ted sonic wave end or between the two lines of the transmitted
sonic wave ends.

4. The ultrasonic imaging apparatus according to claim 3,
wherein the point for which the delay amount (DD, ) is obtained
is a point obtained by projecting the imaging point on the
nearest transmitted sonic wave end.

5. The ultrasonic imaging apparatus according to claim 4,
wherein the point for which the delay amount (D, ) is obtained
locates at a position corresponding to the imaging point
moved along the direction perpendicularto a sound axis of the
ultrasonic beam.

6. The ultrasonic imaging apparatus according to claim 3,
wherein the delay amount (D,) is obtained by an operation
using the delay amount (D, ), and an angle 6 formed by a line
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connecting the imaging point and the transmission focus, and
a sound axis of the ultrasonic beam.

7. The ultrasonic imaging apparatus according to claim 3,
wherein the correction operation part obtains a corrected
delay amount (D) by weighting the delay amount (D, ) and the
delay amount (D,) with weight values and adding them.

8. The ultrasonic imaging apparatus according to claim 7,
wherein the weight values used for the weighting vary
depending on an angle 6 formed by a line connecting the
imaging point and the transmission focus, and a sound axis of
the ultrasonic beam.

9. The ultrasonic imaging apparatus according to claim 7,
which further comprises a storage part that stores the weight
values for every imaging position.

10. The ultrasonic imaging apparatus according to claim 7,
which further comprises areception part that receives input of
the weight values.

11. The ultrasonic imaging apparatus according to claim 1,
which further comprises a phased output storage part that
stores phased output of the receiving beamformer, and
wherein:

the receiving beamformer reads out a phased output

obtained from a received signal of the ultrasonic beam of
a certain transmission from the phased output storage
part, and synthesizes it with a phased output obtained
from a received signal of the ultrasonic beam of another
transmission.

12. The ultrasonic imaging apparatus according to claim 1,
which further comprises a phasing area control part that
defines an area of imaging points for which the receiving
beamformer performs phasing processing, and wherein

the phasing area control part defines the phasing area using

an anglerange larger than transmission directional angle
at the time of transmission of the ultrasonic beam by the
transmitting beamformer, and two lines of the transmit-
ted sonic wave ends.

13. The ultrasonic imaging apparatus according to claim
12, which further comprises a reception part that receives a
coefficient used for a processing of the phasing area control
part, and wherein

the phasing area control part obtains the angle range by

multiplying the transmission directional angle by the
coefficient received by the reception part.
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