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FIG. 11
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FIG. 13
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ULTRASONIC DIAGNOSTIC APPARATUS
AND BEAMFORMING METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation application of PCT Interna-
tional Application No. PCT/TP2013/003461 filed on May 31,
2013, designating the United States of America, which is
based on and claims priority of Japanese Patent Application
No.2012-126768 filed on Jun. 4, 2012. The entire disclosures
of the above-identified applications, including the specifica-
tions, drawings and claims are incorporated herein by refer-
ence in their entirety.

FIELD

[0002] One or more exemplary embodiments disclosed
herein relate generally to an ultrasonic diagnostic apparatus
and, more particularly, to a beamforming method thereof.

BACKGROUND

[0003] Delay-and-sum (DAS) beamforming is a typical
beamforming technique used for ultrasonic diagnostic appa-
ratuses in order to process received ultrasound signals (see
NPL ).

CITATION LIST
Non Patent Literature
[0004] [NPL 1]
[0005] ““Cho-ompa shindan souchi (ultrasonic diagnostic

device)”, Masayasu Ito, Takashi Mochizuki, CORONA
PUBLISHING CO., LTD. Aug. 26, 2002, pp. 42-45)

SUMMARY

Technical Problem

[0006] An ultrasonic diagnostic apparatus usually executes
a DAS operation once to generate an ultrasound image for one
scan line. A possible technique to improve the resolution of
the image involves executing multiple DAS operations for the
one scan line and a scan line neighboring the one scan line.
[0007] The DAS operation, however, involves processing
many signals. A question which comes with multiple DAS
operations is how to reduce the amount of the calculations to
decrease the loads of the signal processing.

[0008] One non-limiting and exemplary embodiment pro-
vides an ultrasonic diagnostic apparatus which is capable of
reducing signal processing loads as well as improving the
resolution of images.

Solution to Problem

[0009] Inone general aspect, the techniques disclosed here
feature an ultrasonic diagnostic apparatus. The ultrasonic
diagnostic apparatus includes a beamformer which generates
beamfommed signals, each corresponding to one of scan lines
for generating an ultrasound image, from echo signals gen-
erated from ultrasound signals bounced off a subject and
received by receiving elements. The beamformer includes: a
delay-and-sum (DAS) unit configured, for each of frames, to
(1) determine one of the scan lines, in a sorting order deter-
mined in a given direction, as a target scan line for the frame
and select 2k+1 scan lines (k is a positive integer) included in
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the scan lines and aligned in a row with the target scan line
positioned in a middle, and (ii) perform a DAS operation on
each of the echo signals to calculate a first DAS signal which
is a DAS signal for the target scan line and second DAS
signals which are DAS signals each for one of the selected
2k+1 scan lines other than the target scan line; a first reference
beam generating unit which generates a first reference beam
from the first DAS signal and the second DAS signals all of
which are calculated in an N-th frame of the frames; a second
reference beam generating unit which generates a second
reference beam from (i) one of the second DAS signals which
is calculated in an (N-1)-th frame of the frames immediately
preceding the N-th frame and is generated for one of the scan
lines which has an earliest number in the sorting order, (ii) the
first DAS signal which is calculated in the N-th frame and (iii)
another one of the second DAS signals which is calculated in
an (N+1)-th frame of the frames immediately succeeding the
N-th frame and is generated for another one of the scan lines
which has a latest number in the sorting order; an attenuation
coefficient calculating unit which calculates, based on the
first reference beam and the second reference beam, an
attenuation coefficient for forming narrower a profile of the
first DAS signal calculated in the N-th frame; and a beam-
forming unit which generates and provide a beamformed
signal included in the beamformed signals and generated for
the target scan line in the N-th frame, by multiplying the first
DAS signal calculated in the N-th frame by the attenuation
coefficient.

[0010] General and specific aspects disclosed above may
be implemented using a system, a method, an integrated
circuit, a computer program, or a computer-readable record-
ing medium such as a CD-ROM, or any combination of
systems, methods, integrated circuits, computer programs, or
computer-readable recording media.

[0011] Additional benefits and advantages of the disclosed
embodiments will be apparent from the Specification and
Drawings. The benefits and/or advantages may be individu-
ally obtained by the various embodiments and features of the
Specification and Drawings, which need not all be provided
in order to obtain one or more of such benefits and/or advan-
tages.

Advantageous Effects

[0012] An ultrasonic diagnostic apparatus according to one
or more exemplary embodiments or features disclosed herein
reduces an amount of the calculations as well as improving
the resolution of an image.

BRIEF DESCRIPTION OF DRAWINGS

[0013] These and other advantages and features will
become apparent from the following description thereof
taken in conjunction with the accompanying Drawings by
way of non-limiting examples of embodiments disclosed
herein.

[0014] FIG. 1 schematically shows the DAS beamforming.

[0015] FIG. 2 illustrates how to obtain DAS signals for
multiple scan lines.

[0016] FIG. 3 depicts a block diagram showing how to
generate a beamformed signal using three neighboring DAS
signals.

[0017] FIG. 4 depicts a first drawing showing the beam
profiles of beamformed signals.
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[0018] FIG. 5 depicts a second drawing showing the beam
profiles of beamformed signals.

[0019] FIG. 6 depicts a second drawing showing the beam
profiles of beamformed signals

[0020] FIG. 7 depicts a block diagram showing a structure
of an ultrasonic diagnostic apparatus according to Embodi-
ment 1.

[0021] FIG. 8 schematically illustrates a relationship
between receiving elements and scan lines according to
Embodiment 1

[0022] FIG.9 depicts a first block diagram showing a struc-
ture of a conventional beamforming unit.

[0023] FIG. 10 depicts a first block diagram showing a
structure of a conventional beamforming unit.

[0024] FIG. 11 briefly shows how a beamforming unit
according to Embodiment 1 generates a beamformed signal.
[0025] FIG. 12 depicts a block diagram showing a structure
of the beamforming unit according to Embodiment 1.
[0026] FIG. 13 depicts a flowchart showing operations of
the beamforming unit according to Embodiment 1.

[0027] FIG. 14 depicts a block diagram showing how a
beamforming unit according to Embodiment 1 generates a
beamformed signal.

[0028] FIG. 15 depicts the beam profiles of beamformed
signals generated by the beamforming unit according to
Embodiment 1.

[0029] FIG. 16 depicts a block diagram showing a structure
of a beamforming unit according to Embodiment 2.

DESCRIPTION OF EMBODIMENTS

Underlying Knowledge Forming Basis of the Present
Disclosure

[0030] Detailed first is the DAS beamforming described in
the Background section.

[0031] FIG. 1 schematically shows the DAS beamforming.
[0032] An ultrasonic diagnostic apparatus shown in FIG. 1
includes: multiple receiving elements 201 receiving ultra-
sound signals; delaying units 202 each provided to a corre-
sponding one of the receiving elements 201 and delaying the
ultrasound signals; and an adding unit 203 adding one another
output signals from the delaying units.

[0033] In FIG. 1, for example, a not-shown transmitting
unit is to emit (focus) ultrasound waves to a focal point S in a
subject. The ultrasound waves emitted from the transmitting
unit bounce off the subject and arrive at each of the receiving
elements 201.

[0034] When the signals are bounced off the focal point S,
for example, a bounced signal arrives at a receiving element ¢
in the delay time dc and another bounced signal arrives at a
receiving element m in the delay time dm.

[0035] Inorder to achieve phase matching between the two
signals in the DAS beamforming, the signal received by the
receiving element c is time-delayed by the subtraction of the
delay time dc from the delay time dm. Then, in the DAS
beamforming, the time-delayed signal (the signal received by
the receiving element ¢) is added to the signal received by the
receiving element m, and the signals are amplified.

[0036] In other words, the DAS beamforming involves
time-delaying the signals received by the receiving elements
201 for each element, adding the time-delayed signals, and
outputting the result of the addition from the adding unit 203.
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[0037] A question which ultrasonic diagnostic apparatuses
face is how to obtain ultrasound images in higher image
quality in order to improve the accuracy of ultrasonic diag-
noses.

[0038] An ultrasonic diagnostic apparatus usually executes
aDAS operation once to generate an ultrasound image for one
scan line. A possible technique to improve the resolution of
the image involves executing multiple DAS operations for the
one scan line and a scan line neighboring the one scan line.

[0039] FIG. 2 illustrates how to obtain DA signals for mul-
tiple scan lines.
[0040] When generated is an ultrasound image for a scan

line corresponding to the fifth receiving element 201 shown in
the illustration (a) in FIG. 2, ultrasound waves are emitted
(transmitted) such that the fifth receiving element 201 is
positioned in the middle. Then, as shown in the illustration (a)
in FIG. 2, the first to ninth receiving elements 201 are used to
perform DAS operations and a DAS signal for the fifth scan
line is obtained with the fifth receiving element 201 posi-
tioned in the middle.

[0041] Similarly, as shown in the illustration (b) in FIG. 2,
the second to tenth receiving elements 201 are used to obtain
a DAS signal for the sixth scan line with the sixth receiving
element 201 positioned in the middle. Furthermore, as shown
in the illustration (c) in FIG. 2, the third to eleventh receiving
elements 201 are used to obtain a DAS signal for the seventh
scan line with the seventh receiving element 201 positioned in
the middle. Hence, the DAS signals for the three neighboring
scan lines can be generated in a single transmission of the
ultrasound waves.

[0042] Described hereinafter with reference to FIG. 3 is
how to improve the resolution of an ultrasound image, using
the DAS signals for the three scan lines.

[0043] FIG. 3 depicts a block diagram showing how to
generate a beamformed signal using three neighboring DAS
signals.

[0044] InFIG.3,aDAS signal 401 denoted by DAS (m-1)
is, forexample, the DAS signal for the fifth scan line as shown
in the illustration (a) in FIG. 2. Here, a DAS signal 402
denoted by DAS (m) in FIG. 3 is the DAS signal for the sixth
scan line as shown in the illustration (b) in FIG. 2. Similarly,
aDAS signal 403 denoted by DAS (m+1)in FIG. 3 is the DAS
signal for the seventh scan line as shown in the illustration (C)
in FIG. 2.

[0045] It is noted that in FIG. 3, signals are denoted in a
manner similar to A (m, n). Here, the sign m represents a
position of an ultrasound image in a horizontal direction
(lateral direction, or the direction in which the receiving ele-
ments 201 are aligned). In other words, m represents a scan
line number (number of the scan line to be scanned at the end).
The sign n represents a position of the ultrasound image in a
vertical direction (longitudinal direction, or the depth direc-
tion of a target to be observed).

[0046] InFIG. 3, the signal A (m, n) is the DAS signal 402
for the th scan line (the m-th scan line positioned in the
middle).

[0047] Asignal B (m, n) is obtained by subtracting the DAS
signal 401 for the (m-1)-th scan line from the DAS signal 403
for the (m+1)-th scan line.

[0048] Asignal C (m, n) is the product of the signal A (m n),
the signal B (m, n), and a predetermined coefficient c.. In other
words, the signal C (m, n) is obtained from the Expression 1
below. It is noted that the predetermined coefficient ¢ is used
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to adjust narrowness of a beam profile, so that the beam
profile of the signal C (m, n) matches that of the signal A (m,
n).

[Math. 1]

C(m,my=a-A(m,n)-B(m,n)

[0049] An attenuation coefficient calculating unit 50a cal-
culates an amplification factor (attenuation, attenuation coef-
ficient) G (m, n) for reducing a noise component, based on the
power signal of the signal A (m, n) and the absolute value of
the signal C (m, n). In other words, the attenuation coefficient
calculating unit 50¢ calculates an attenuation coefficient
based on Expression 2 below.

Expression 1

[Math. 2]
Gl = |A(m, W = |Clm, )| Expression 2
|AGn, m)?
[0050] It is noted that the signal C (m, n) is the product of

the signal A (m, n) and the signal B (m, n), and the dimension
ofthe signal C (mn) is power. In Expression 2, the attenuation
coeflicient is calculated by matching the dimensions of both
the signal A (m, n) and the signal C (m, n) to each other, using
the absolute value of the signal C (m, n) and the power of the
signal A (m, n).

[0051] Finally, the signal A (m, n) is multiplied by the
amplification factor G (m, n), and a beamformed signal F (1,
n) is generated.

[Math. 3]

F(mn=A4(m,n)G(mn)

[0052] Using the above expressions, the beam profile of the
beamformed signal for the m-th scan line is formed narrower.
[0053] FIGS. 4 to 6 show the beam profiles of beamformer
signals. It is noted that in FIGS. 4 to 6, the beam profiles are
calculated under the following conditions: the depth n of 30
mm, the aperture size L of 64 elements, the interval between
elements Ad of 0.3 mm, and the transmit frequency f of 5
MHz. Each beam profile shows a level characteristic to sen-
sitivity for the scan line m in a depth n.

[0054] The signal A (m, n)—that is the DAS signal 402—
has the beam profile illustrated in a solid line in FIG. 4. The
signal B (m, n)}—that is the difference between the DAS
signal 403 and the DAS signal 401—has the beam profile
illustrated in a dashed line in FIG. 4.

[0055] The signal B (m, n) is obtained as the difference
between two DAS signals. One of the DAS signal corre-
sponds to the (m-1)-th scan line and the other one of the DAS
signal corresponds to the (m+1)-th scan line, and each of the
scan lines is symmetrically positioned distance-wise with
respect to the m-th scan line m. Hence, the phase and level
match between the two DAS signals on the focal point of the
m-th scan line, and a blind spot of sensitivity appears.
[0056] The signal B (m, n) is calculated based on the DAS
signals for the (m-1)-th scan line and the (m+1)-th scan line,
and both the DAS signals have their focal points in a region
other than the m-th scan line. Thus, the position where the
highest sensitivity is obtained in beam profile is a margin of
plus or minus 0.3 mm as shown in FIG. 5—that is as wide as
apitch of an element (width of a scan line). In order to make

Expression 3
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the signal A (m, n) narrower in beam profile, the maximum
sensitivity position of the signal B (m, n) has to be closer to 0
mm. The signal C (m, n) is calculated to obtain such a narrow
signal.

[0057] In other words, the signal C (m, n) is obtained
through matching of the stop band of the signal B (m, n) to the
profile of the signal A (m, n). The beam profile of the signal C
(m, n) is shown in the dashed line in FIG. 5. In FIG. 5, the
beam profile of the sqrt (C(m, 1)) is shown as the beam profile
of the signal C, such that the signals A and B have the same
power.

[0058] The amplification factor G (m, n) is obtained with
Expression 2, using the signal C (m, n). The obtained ampli-
fication factor G (m, n) is multiplied by the signal A (m, n),
and the beamformed signal F (m, n) is generated. The beam
profile of the beamformed signal F (m, n) is shown in the
dashed line in FIG. 6.

[0059] AsshowninFIG. 6, the beamformed signal F (1, n)
generated of the three DAS signals is formed sharper than the
beamformed signal A (m, n) conventionally generated of one
DAS signal. In other words, the beamformed signal F (m, n)
in FIG. 6 is higher in directionality and resolution than the
beamformed signal A (m, n).

[0060] Intheabove example, three DAS signals are used to
form a sharp beamformed signal. More than three DAS sig-
nals would achieve an even further improvement in image
quality.

[0061] The delay-and-sum operation, however, involves
processing many signals. When multiple delay-and-sum
operations are executed, a question is how to reduce an
amount of the calculations to lower the signal processing
load. In particular, it is difficult to execute four or more DAS
operations since such operations could pose a significantly
heavy signal processing load.

[0062] According to an exemplary embodiment disclosed
herein, an ultrasonic diagnostic apparatus includes a beam-
former which generates beamformed signals, each corre-
sponding to one of scan lines for generating an ultrasound
image, from echo signals generated from ultrasound signals
bounced off asubject and received by receiving elements. The
beamformer includes: a delay-and-sum (DAS) unit config-
ured, for each of frames, to (i) determine one of the scan lines,
in a sorting order determined in a given direction, as a target
scan line for the frame and select 2k+1 scan lines (k is a
positive integer) included in the scan lines and aligned in a
row with the target scan line positioned in a middle, and (ii)
perform a DAS operation on each of the echo signals to
calculate a first DAS signal which is a DAS signal for the
target scan line and second DAS signals which are DAS
signals each for one of the selected 2k+1 scan lines other than
the target scan line; a first reference beam generating unit
which generates a first reference beam from the first DAS
signal and the second DAS signals all of which are calculated
in an N-th frame of the frames; a second reference beam
generating unit which generates a second reference beam
from (1) one of the second DAS signals which is calculated in
an (N-1)-th frame of the frames immediately preceding the
N-th frame and is generated for one of the scan lines which
has an earliest number in the sorting order, (ii) the first DAS
signal which is calculated in the N-th frame and (iii) another
one of the second DAS signals which is calculated in an
(N+1)-th frame of the frames immediately succeeding the
N-th frame and is generated for another one of the scan lines
which has a latest number in the sorting order; an attenuation
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coefficient calculating unit which calculates, based on the
first reference beam and the second reference beam, an
attenuation coefficient for forming narrower a profile of the
first DAS signal calculated in the N-th frame; and a beam-
forming unit which generates and provide a beamformed
signal included in the beamformed signals and generated for
the target scan line in the N-th frame, by multiplying the first
DAS signal calculated in the N-th frame by the attenuation
coefficient.

[0063] The above features make it possible to reduce the
number of DAS operations to be simultaneously executed to
decrease an amount of calculations, as well as improve the
resolution of an image.

[0064] For each of the frames, the DAS unit may select
three scan lines included in the scan lines and aligned in a row
with the target scan line positioned in a middle of the selected
three scan lines, and calculate the first DAS signal and the
second DAS signals, the second DAS signals each being
generated for one of two scan lines included in the three scan
lines, and the two scan lines each neighboring the target scan
line. The first reference beam generating unit may generate
the first reference beam from the first DAS signal and two
second DAS signals all of which are calculated in the N-th
frame, the two second DAS signals being the second DAS
signals each generated for one of the two scan lines.

[0065] The above feature makes it possible to generate an
image whose resolution is as high as one generated with five
DAS operations even though only three DAS operations are
executed for one frame.

[0066] In the case where the target scan line in the N-th
frame is either an endmost scan line among the scan lines or
asecond scan line from the endmost scan line among the scan
lines, the beamforming unit may provide the first DAS signal
calculated in the N-th frame as the beamformed signal for the
target scan line in the N-th frame.

[0067] Theabove feature makes it possible to appropriately
generate a beamformed signal for the endmost scan line.

[0068] In the case where the target scan line in the N-th
frame is a second scan line from an endmost scan line among
the scan lines, the attenuation coefficient calculating unit may
calculate the attenuation coefficient determined based only
on the first reference beam of the first reference beam and the
second reference beam, and the beamforming unit may gen-
erate and provide the beamformed signal for the target scan
line in the N-th frame, by multiplying the first DAS signal
calculated in the N-th frame by the attenuation coefficient
determined based only on the first reference beam.

[0069] Theabove feature makes it possible to appropriately
generate a beamformed signal for the second scan line from
the endmost scan line.

[0070] The first reference beam generating unit may gen-
erate the first reference beam by multiplying the first DAS
signal calculated in the N-th frame by a difference between
the two second DAS signals calculated in the N-th frame, and
the second reference beam generating unit may generate the
second reference beam by multiplying the first DAS signal
calculated in the N-th frame by a difference between the one
second DAS signal and the other second DAS signal, the one
second DAS signal being calculated in the (N-1)-th frame
and generated for the one scan line having the earliest number
in the sorting order and the other second DAS signal being
calculated in the (N+1)-th frame and generated for the other
scan line having the latest number in the sorting order.
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[0071] The first reference beam generating unit may gen-
erate the first reference beam by multiplying the first DAS
signal calculated in the N-th frame by a difference between
the two second DAS signals calculated in the N-th frame, and
the second reference beam generating unit may generate the
second reference beam by multiplying the first DAS signal
calculated in the N-th frame by a difference between the one
second DAS signal and the other second DAS signal, the one
second DAS signal being calculated in the (N=1)-th frame
and generated for the one scan line having the earliest number
in the sorting order and the other second DAS signal being
calculated in the (N+1)-th frame and generated for the other
scan line having the latest number in the sorting order.
[0072] Theattenvation coefficient calculating unit may cal-
culate G which is the attenuation coefficient, using after-
described Expression 5, where A is the first DAS signal cal-
culated in the N-th frame, C is the first reference beam, and E
is the second reference beam.

[0073] The attenuation coefficient calculating unit may,
based on a distance between positions of the receiving ele-
ments and a point where the ultrasound signals start to bounce
off, selectively execute (i) calculation of the attenuation coef-
ficient based on both the first reference beam and the second
reference beam, (ii) calculation of the attenuation coefficient
based only on the first reference beam of the first reference
beam and the second reference beam, and (iii) calculation of
the attenuation coefficient to be 1.

[0074] The above features make it possible to execute con-
trol, directed to a target scan line in which a beam profile tends
to be wide—that is a target scan line whose depth is great—,
to increase the number of DAS signals to be used for the
calculation of an attenuation coefficient. In other words, the
above features make it possible to improve the resolution of
an ultrasound image, depending on the depth.

[0075] The attenuation coefficient calculating unit may,
based on a number of the target scan line in the sorting order
in the N-th frame, selectively execute (i) calculation of the
attenuation coefficient based on both the first reference beam
and the second reference beam, (ii) calculation of the attenu-
ation coefficient based only on the first reference beam of the
first reference beam and the second reference beam, and (iii)
calculation of the attenuation coefficient to be 1.

[0076] The above feature makes it possible to change the
number of the DAS signals to be used for the calculation of an
attenuation coefficient depending on positions of a target scan
line, such as the endmost of an image where the number of the
DAS signals is limited and the middle of an image where there
is no limitation on the number of the DAS signals.

[0077] These general and specific aspects may be imple-
mented using a system, a method, an integrated circuit, a
computer program, or a computer-readable recording
medium such as a CD-ROM, or any combination of systems,
methods, integrated circuits, computer programs, or com-
puter-readable recording media.

[0078] Hereinafter, certain exemplary embodiments are
described in greater detail with reference to the accompany-
ing Drawings. Each of the exemplary embodiments described
below shows a general or specific example. The numerical
values, shapes, materials, structural elements, the arrange-
ment and connection of the structural elements, steps, the
processing order of the steps etc. shown in the following
exemplary embodiments are mere examples, and therefore do
not limit the scope of the appended Claims and their equiva-
lents. Therefore, among the structural elements in the follow-
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ing exemplary embodiments, structural elements not recited
in any one of the independent claims are described as arbi-
trary structural elements. In addition, the same constituent
elements have the same reference numerals, and the details
thereof may be omitted.

Embodiment 1

[0079] Described first is an overall structure of an ultra-
sonic diagnostic apparatus according to Embodiment 1.
[0080] FIG. 7 depicts a block diagram showing a structure
of the ultrasonic diagnostic apparatus according to Embodi-
ment 1.

[0081] An ultrasonic diagnostic apparatus 100 includes: a
probe unit 501, a transmission/reception (T/R) switch unit
502, a puller unit 503, an AFE (analogue front end) unit 504,
a beamforming unit 505 (beamformer), an imaging unit 506,
a display unit 507, and an operating unit 508.

[0082] The probe unit 501 transmits ultrasound waves to a
sample (also referred to as subject. A body, for example.), and
receives the ultrasound waves bounced off the sample to
generate echo signals.

[0083] The T/R switch unit 502 electrically switches
between a transmission signal to be transmitted to the probe
unit 501 and an echo signal to be received from the probe unit
501 in view of circuit protection.

[0084] The puller unit 503 generates an electric signal
which prompts the transmission of the ultrasound waves.
[0085] The AFE unit 504 receives the echo signals gener-
ated by the probe unit 501 from reflected waves—in other
words, the reflected waves are the ultrasound waves transmit-
ted by the probe unit 501 and reflected off the sample. The
AFE unit 504 then amplifies the echo signals and performs
analogue-digital conversion on the echo signals to convert the
echo signals into a sequence of digital signals. The AFE unit
504 operates as so-called an analogue front end.

[0086] The beamforming unit 505 performs beamforming
by array signal processing on the digital signal sequence
generated by the AFE unit 504. The beamforming corre-
sponds to focusing processing performed on a region to be
visible.

[0087] The imaging unit 506 generates a display image
(ultrasound image) from the signals obtained by the beam-
forming unit 505.

[0088] The display unit 507 displays the display image
generated by the imaging unit 506. For example, the display
unit 507 may include a liquid crystal display and an organic
electro luminescence (EL) display.

[0089] The operating unit 508 operates the above func-
tional blocks as well as controls the processing performed by
each of the functional blocks. Furthermore, the operating unit
508 may receive operations by a user and perform the control
and operations.

[0090] Inparticular, afeature of the present disclosure is the
beamforming unit 505 for generating a beam signal used for
generating an ultrasound image through calculation of echo
signals of ultrasound waves. It is noted that the constituent
elements other than the features of the present disclosure may
be substituted in ones for a conventional ultrasonic diagnostic
apparatus. Hence, the beamforming unit 505 may be intro-
duced inthe present disclosure instead of a beamforming unit
for a conventional ultrasonic diagnostic apparatus.

[0091] It is noted that the ultrasonic diagnostic apparatus
100 shall not be limited to the ultrasonic diagnostic apparatus
shown in FIG. 7. For example, the T/R switch unit 502 may be
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omitted in the case where different elements are used for
transmission and for reception. Furthermore, the probe unit
501 may include the pulser unit 503. The probe unit 501 may
include the pulser unit 503 and the AFE unit 504. In addition,
the probe unit 501 may include all the other functional blocks.
[0092] The relationship between multiple receiving ele-
ments 201 and scan lines in the probe unit 501 in Embodiment
1 is illustrated in FIG. 8.

[0093] FIG. 8 schematically illustrates a relationship
between receiving elements and scan lines according to
Embodiment 1. It is noted that in FIG. 8 the illustration on the
top shows an appearance of the display unit 507, and the
illustration on the bottom shows a cross-sectional view when
the probe, unit 501 is applied to a subject 204.

[0094] As shown in FIG. 8, the subject 204 is partitioned
into n scan lines (regions) each corresponding to one of the n
receiving elements 201 arranged in a row. In addition, as
shown in FIG. 8, the depth direction is defined to be the one
approximately vertical to the probe unit 501°s surface applied
to the subject 204.

[0095] Here, as shown in FIG. 8, the display unit 507 of the
ultrasonic diagnostic apparatus 100 displays, based on a
beamformed signal generated for each frame, one scan line
for each frame. In other words, in Embodiment 1, a frame is
a unit of time for generating one scan line. In the description
below, each ultrasound image for one scan line is generated in
order (inthe orderof1, 2, .. .n) from the end of the ultrasound
image along with frame progress.

[0096] The transmission of the ultrasound waves is
executed by a not-shown transmitting unit included in the
probe unit 501. The transmitting unit transmits (emits) ultra-
sound wave toward the subject from positions each corre-
sponding one of the receiving elements 201. The receiving
elements 201 receive bounced signals and generate echo sig-
nals.

[0097] 1t is noted that when the display unit 507 actually
displays an ultrasound image, the n scan lines are not suffi-
cient in the number of scan lines for display. Here, for dis-
playing the ultrasound image, the number of scan lines may
be increased to 2n by, for example, interpolation processing.
[0098] Described next is the beamforming unit 505—that is
a feature of the ultrasonic diagnostic apparatus 100—in a
comparison with a conventional beamforming unit.

[0099] Described first is the conventional beamforming
unit.

[0100] FIG. 9 depicts a structure of the conventional beam-
forming unit.

[0101] A beamforming unit 5054 shown in FIG. 9 includes

a DAS unit 10a including three DAS circuits 11a to 13a, a
reference beam generating unit 21a, the attenuation coeffi-
cient calculating unit 50a, and a beamforming unit 60a.
[0102] The DAS unit 10a obtains three DAS signals from
an echo signal generated when the receiving elements 201
receives ultrasound signals bounced off the subject 204. Inthe
three DAS signals, the DAS signal positioned in the middle is
atatransmission position (position of any one ofthe receiving
elements 201) where the ultrasound waves are transmitted for
generating the echo signal.

[0103] Specifically, when the scan line corresponding to
the transmission position is deemed as a target scan line, a
DAS signal for the target scan line is calculated (generated)
by the DAS circuit 12a. The DAS signals on the both sides of
the target scan line are generated by the DAS circuits 11a and
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13a. The DAS signals generated by the DAS circuits 11a to
13a are provided to the reference beam generating unit 21a.
[0104] As detailed with FIG. 3, the reference beam gener-
ating unit 21« generates the signal C using each of the DAS
signals generated by the DAS circuits 11a to 13a. The signal
C is obtained through matching of the stop band of the signal
B to the profile of the signal A. The signal C is an output from
the reference beam generating unit 21a. It is noted that the
reference beam generating unit 21a may generate the refer-
ence beam by a technique other than the one shown in FIG. 3.
[0105] According to Expression 2, the attenuation coeffi-
cient calculating unit 50a calculates an attenuvation coefli-
cient.

[0106] Thebeamforming unit 60a generates a beamformed
signal for the target scan line by multiplying the attenuation
coefficient calculated by the attenuation coefficient calculat-
ing unit 50a with the DAS signal, for the target scan line,
provided from the DAS circuit 12a.

[0107] The beamforming unit 505a can form a beam-
formed signal sharp, using the three DAS signals (see FIG. 6).
Here, more than three DAS signals, for example five DAS
signals, allow a beamforming unit to generate an image hav-
ing even higher quality.

[0108] FIG.10 depicts a block diagram showing a structure
of a conventional beamforming unit for calculating five DAS
signals.

[0109] A beamforming unit 5055 shown in FIG. 10
includes a DAS unit 105 including five DAS circuits 115 to
154, a reference beam generating unit 215, an attenuation
coefficient calculating unit 505, and a beamforming unit 605.
[0110] The DAS unit 105 obtains five DAS signals from an
echo signal, using the DAS circuits 115 to 155. The calculated
five DAS signals are provided to the reference beam gener-
ating unit 215. The succeeding processing is almost similar to
the one performed by the beamforming unit 505a.

[0111] The DAS operations, however, inevitably require a
significantly large amount of calculations. This is because the
DAS operations handle significantly large amount of data to
generate DAS signals from an echo signal. Hence, in reality,
it is difficult to simultaneously calculate four or more DAS
signals.

[0112] The beamforming unit 505 according to Embodi-
ment 1 then generates the beamformed signal for a target scan
line, using a DAS signal calculated in the current frame, a
DAS signal calculated in one frame before the current frame,
and a DAS signal calculated in one frame after the current
frame.

[0113] Consequently, the generated beamformed signal is
formed narrow using five DAS signals even though only three
DAS signals are calculated in one frame.

[0114] FIG. 11 briefly shows how the beamforming unit
505 according to Embodiment 1 generates a beamformed
signal.

[0115] InFIG. 11, the processing is executed in the order of
frames 1t0 3. Inthe frame 1, a scan line 2 is the target scan line
(scan line positioned in the middle). In the frame 2, a scan line
3 is the target scan line. In the frame 3, a scan line 4 is the
target scan line.

[0116] Inthe frame 1 (time of the frame 1) on the far left in
FIG. 11, an ultrasound wave is transmitted at a transmission
position corresponding to the scan line 2 (position ofa receiv-
ing element 201 corresponding to the scan line 2). In the
frame 1, a DAS unit calculates the following DAS signals
from an echo signal obtained through the transmission: a
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DAS 2 which is a DAS signal for the scan line 2, a DAS 1
whichis a DAS signal for the scan line 1 neighboring the scan
line 2, and a DAS 3 which is a DAS signal for the scan line 3
adjacent to the scan line 2.

[0117] In the frame 2 following the frame 1 and shown in
the middle in FIG. 11, an ultrasound wave is transmitted at a
transmission position corresponding to the scan line 3. In the
frame 2, the DAS unit calculates the following DAS signals
from an echo signal obtained through the transmission: the
DAS 3 which is a DAS signal for the scan line 3, the DAS 2
which is a DAS signal for the scan line 2, and a DAS 4 which
is a DAS signal for a scan line 4.

[0118] In the frame 3 following the frame 2 and shown in
the right of FIG. 11, an ultrasound wave is transmitted at a
transmission position corresponding to the scan line 4. In the
frame 3, the DAS unit calculates the following DAS signals
from an echo signal obtained through the transmission: the
DAS 4 which is a DAS signal for the scan line 4, the DAS 3
which is a DAS signal for the scan line 3, and a DAS 5 which
is a DAS signal for a scan line 5.

[0119] DAS data calculated in the frames 1 and 2 is stored
in a buffer. Using the DAS 1 calculated in the frame 1, the
DAS 2 to DAS 4 calculated in the frame 2, and the DAS 5
calculated in the frame 3, a beamformed signal for the scan
line 3 is generated.

[0120] Utilizing the above technique, the beamforming unit
505 according to Embodiment 1 can generate, after the frame
3, abeamformed signal for the scan line 3—that is the target
scan line in the frame 2—from DAS signals for five scan lines
aligned in a row.

[0121] According to the structure of the beamforming unit
505, three DAS signals are calculated per frame; however, the
structure makes it possible to generate an image whose reso-
lution is as high as the resolution to be obtained based on five
DAS signals per frame.

[0122] Described hereinafter is a structure and operations
of the beamforming unit 505 according to Embodiment 1
[0123] FIG. 12 depicts a block diagram showing the struc-
ture of the beamforming unit 505 according to Embodiment
1.

[0124] FIG. 13 depicts a flowchart showing the operations
of the beamforming unit 505 according to Embodiment 1.
[0125] As shown in FIG. 12, the beamforming unit 505
according to Embodiment 1 includes a DAS unit 10 including
three DAS circuits 11 to 13, a first reference beam generating
unit 21, a second reference beam generating unit 22, an
attenuation coefficient calculating unit 50, a beamforming
unit 60, a reference beam buffer 30, and input data delaying
buffers 41 and 42.

[0126] As described above, the beamforming unit 505 gen-
erates beamformed signals, each corresponding to one of the
scan lines aligned in order for generating an ultrasound
image, from echo signals generated from ultrasound signals
bounced off the subject 204 and received by the receiving
elements 201.

[0127] The DAS unit 10 calculates three DAS signals from
n echo signal for each frame (5101 in FIG. 13).

[0128] Specifically, for each frame, the DAS unit 10 first
determines, in the sorting order of the scan lines, one of the
scan lines as the target scan line for the frame, and selects
three scan lines aligned in a row with the target scan line
positioned in the middle of the three scan lines.

[0129] As an example of the frame 1 in FIG. 11, the DAS
unit 10 determines the scan line 2 as the target scan line, and
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selects three scan lines 1 to 3 aligned in a row with the scan
line 2 in the middle. In frame 2, the DAS unit 10 determines
the scan line 3 as the target scan line, and selects three scan
lines 2 to 4 aligned in a row with the scan line 3 in the middle.

[0130] Moreover, foreach frame, the DAS unit 10 performs
a DAS operation on each of echo signals to calculate a first
DAS signal which is a DAS signal for the target scan line and
second DAS signals which are DAS signals for two of the
three scan lines other than the target scan line.

[0131] As an example of the frame 1 in FIG. 11, the DAS
unit 10 calculates the first DAS signal which is a DAS signal
for the scan line 2 and the second DAS signals which are DAS
signals each for one of two scan lines—the scan lines 1 and 3.

[0132] The DAS circuit 12 calculates the first DAS signal.
The DAS circuit 11 calculates a DAS signal for one of the two
scan lines neighboring the target scan line, the one scan line
having the later number of the two scan lines in a sorting
order. The DAS circuit 13 calculates a DAS signal for another
one of the two scan lines neighboring the target scan line, the
other one scan line having the earlier number of the two scan
lines in the sorting order.

[0133] It is noted that the first DAS signal is stored in the
input data delaying buffer 41, and available in the immedi-
ately subsequent frame. Hence, in the current frame, the
second reference beam generating unit 22 can use the first
DAS signal calculated in the immediately preceding frame.

[0134] Similarly, one of the second DAS signals which is
for the scan line having the earlier number of the scan lines in
the sorting order (the second DAS signal calculated by the
DAS circuit 13) is stored in the input data delaying buffer 41
and then in the input data delaying buffer 42. Hence, in the
current frame, the second reference beam generating unit 22
can use the second DAS signal calculated in the frame two
frames before.

[0135] As an example of the frame 3 in FIG. 11, the input
data delaying buffer 42 stores the signal (the DAS 1) calcu-
lated by the DAS circuit 13 in a frame two frames before—
that is, the frame 1. Similarly, the input data delaying buffer
41 stores the signals (the DAS 2 and the DAS 3) calculated by
the DAS circuits 12 and 13 in the immediately preceding
frame—that is, the frame 2.

[0136] Moreover, the first DAS signal and the second DAS
signals calculated by the DAS unit 10 (the DAS circuits 11 to
13) are provided to the first reference beam generating unit
21, and the first reference beam generating unit 21 generates
a first reference beam.

[0137] The first reference beam generating unit 21 gener-
ates the first reference beam from the first DAS signal and the
two second DAS signals all of which are calculated in the
N-th frame (5102 in FIG. 13).

[0138] Inthe above example of FIG. 11, the first reference
beam generating unit 21 generates the first reference beam,
using the first DAS signal (the DAS 3) which is a DAS signal
for the scan line 3 calculated in the frame 2 and the second
DAS signals (the DAS 2 and the DAS 4) which are DAS
signals each for one of the scan lines 2 and 4 calculated in the
frame 2. Details of how to generate the first reference beam
shall be described later.

[0139] Itis noted that the first reference beam generated by
the first reference beam generating unit 21 is stored in the
reference beam buffer 30 and then provided to the attenuation
coefficient calculating unit 50. Such a feature allows the
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attenuation coefficient calculating unit 50 to use in the current
frame the first reference beam generated in the immediately
preceding frame.

[0140] The second reference beam generating unit 22 gen-
erates a second reference beam from (i) one of the second
DAS signals which is calculated in the (N-1)-th frame imme-
diately preceding the N-th frame, and is generated for one of
the scan lines which has an earliest number in the sorting
order, (ii) the first DAS signal which is calculated in the N-th
frame, and (iii) another one of the second DAS signals which
is calculated in an (N+1)-th frame of the frames immediately
succeeding the N-th frame and 1s generated for another one of
the scan lines which has a latest number in the sorting order
(5103 in FIG. 13). Details of how to generate the second
reference beams shall be described later.

[0141] In the above example of FIG. 11, the second refer-
ence beam generating unit 22 generates the second reference
beam, using one second DAS signal (the DAS 1) for the scan
line 1 calculated in the frame 1, the first DAS signal (the DAS
3) for the scan line 3 calculated in the frame 2, and another
second DAS signal (a DAS 5) for the scan line 5 calculated in
the frame 3.

[0142] Here, the second DAS signal for the scan line 1
calculated in the frame 1 is one of the second DAS signals
calculated in the (N-1)-th frame and having the scan line with
the earliest number in the sorting order. The first DAS signal
for the scan line 3 calculated in the frame 2 is the one calcu-
lated in the N-th frame. The second DAS signal for the scan
line 5 calculated in the frame 3 is one of the second DAS
signals calculated in the (N+1)-th frame and having the scan
line with the latest number in the sorting order.

[0143] The attenuation coefficient calculating unit 50 cal-
culates an attenuation coefficient (S104 in FIG. 13). The
attenuation coefficient is determined based on the first and the
second reference beams and used for forming narrower the
profile of the first DAS signal calculated in the N-th frame.
The details of how to calculate the attenuation coefficient
shall be described later.

[0144] The beamforming unit 60 generates and provides a
beamformed signal for the target scan line in the N-th frame,
by multiplying the first DAS signal calculated in the N-th
frame by the attenuation coefficient calculated by the attenu-
ation coefficient calculating unit 50 (S105 in FIG. 13).
[0145] Thanks to the above features, the beamforming unit
505 can generate a beamformed signal using DAS signals for
five scan lines while the DAS signals to be calculated are still
for three scan lines for each frame.

[0146] It is noted that the beamforming unit 505 executes
the processing in Step S102 in the N-th frame and the pro-
cessing in Steps S103 to S105 in the (N+1)-th frame; how-
ever, the processing timing shall not be defined as it is. The
processing in Step S102 may be executed ina frame following
the N-th frame. The processing in Steps S103 to S105 may be
executed in a frame following the (N+1)-th frame.

[0147] Described next in detail are how to generate the first
and the second reference beams and how to calculate an
attenuation coefficient (how to generate a beamformed sig-
nal) based on the first and the second reference beams.
[0148] FIG. 14 depicts a block diagram showing a structure
of the beamforming unit 505 according to Embodiment 1. Itis
noted that in FIG. 14, the DAS signal denoted as DAS(m) is
the DAS signal for the m-th scan line.

[0149] The first reference beam generating unit 21 gener-
ates the first reference beam from the following three DAS
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signals calculated in the N-th frame: a first DAS signal 402
(DAS(m)), a second DAS signal 401 (DAS(m-1)), and a
second DAS signal 403 (DAS(m+1)). The first reference
beam corresponds to C (m, n) calculated with Expression 1
where A (m, n) is the first DAS signal 402 and B (m, n) is a
signal obtained by subtracting the second DAS signal 401
from the second DAS signal 403.

[0150] The second reference beam generating unit 22 gen-
erates the second reference beam from the following three
DAS signals: the first DAS signal 402 (DAS(m)) calculated in
the N-th frame, a second DAS signal 404 (DAS(m-2)) cal-
culated in the (N-1)-th frame, and a second DAS signal 405
(DAS(m+2)) calculated in the (N+1)-th frame.

[0151] Here, the second reference beam corresponds to E
(m, n) obtained with Expression 4 below where A (m, n)is the
first DAS signal 402 and D (m, n) is a signal obtained by
subtracting the second DAS signal 404 from the second DAS
signal 405.

[Math, 4]

E(mn)=p-A(m,n)-D(m,n) Expression 4

[0152] In other words, the signal E (m, n) is the product of
the signal A (m, n), the signal D (m, n), and a predetermined
coefficient . The signal E (m, n) is obtained through match-
ing of the stop band of the signal D to the profile of the signal
A. The predetermined coefficient {3 is used to adjust narrow-
ness of a beam profile, so that the beam profile of the signal E
(m, n) matches that of the signal A (m, n).

[0153] The attenuation coefficient calculating unit 50 cal-
culates an amplification factor G (m, n) based on the power
signal of the signal A (m, n), the absolute value of the signal
C (m, n), and the absolute value of the signal E (m, n). In other
words, the attenuation coefficient calculating unit 50 calcu-
lates an attenuation coefficient based on Expression 5 below,

[Math. 5]
|A@m, ) = |Cen, m)| = |EGm, n)| Expression 5

G(m, n) = >

|AGm, n)|
[0154] Finally, the beamforming unit 60 generates the

beamformed signal F (m, n) by multiplying the signal A (m, n)
and the amplification factor G (m, n).

[Math. 6]

F(mn=A(mn)G(mn) Expression 6
[0155] The above features make it possible to generate a
beamformed signal using five DAS signals even though only
three DAS signal are calculated in a single frame (at one time
point). The beamformed signal generated of the five DAS
signals achieves a further improvement in the image quality
of an ultrasound image than a beamformed signal generated
of three DAS signals does.

[0156] FIG. 15 depicts the beam profiles of beamformed
signals generated by the beamforming unit 505 according to
Embodiment 1.

[0157] The illustration (a) in FIG. 15 shows in a solid line
the beam profile of a beamformed signal generated from one
conventional DAS signal. The illustration (a) in FIG. 15 also
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shows in a dashed line the beam profile of a beamformed
signal generated using three DAS signals by the beamforming
unit 5054 in FIG. 9.

[0158] The illustration (b) in FIG. 15 shows in a solid line
the beam profile of a beamformed signal generated from one
conventional DAS signal. The illustration (b) in FIG. 15 also
shows in a dashed line the beam profile of a beamformed
signal generated by the beamforming unit 505 in FIG. 12
using five DAS signals.

[0159] A comparison between the beam profile in the
dashed line in the illustration (a) in FIG. 15 and the beam
profile in the dashed line in the illustration (b) in FIG. 15
shows that, in the latter beam profile, unnecessary signal
components, especially the ones found at the points of a
margin of plus or minus 0.7 mm, have been removed. In other
words, the beamforming unit 505 can achieve a further
improvement in the image quality of an ultrasound image
than the beamforming unit 505a does.

[0160] Itis noted that the beamforming unit 505 generates
more reference beams; however; the amount of calculations
for generating the reference beams is significantly smaller
than the amount of DAS operations. Hence, the beamforming
unit 505 requires just a small amount of calculations in addi-
tion to three DAS operations in order to generate a beam-
formed signal which is as effective as one generated through
five DAS operations.

[0161] Itisnoted that, in Embodiment 1, Expressions 1 and
4 show that the first and the second reference beams are the
signals obtained by multiplication of the predetermined coef-
ficients o and 8. Instead, the predetermined coefficients o and
[ do not have to be multiplied in Expressions 1 and 4. Here,
the predetermined coefficients o and f may respectively be
multiplied by the signal C (m, n) of the first reference beam
and the signal E (m, n) of the second reference beam.

[0162] Itisnoted that, at the scan lines on the both end in an
ultrasound image, a beamformed signal might not be gener-
ated using three or five DAS signals.

[0163] In the ultrasound image in FIG. 8, for example, the
first and the n-th scan lines are on both ends. Thus, it is
impossible to generate a beamformed signal from three DAS
signals.

[0164] Insuch acase, that is the case where the target scan
line in the N-th frame is the endmost scan line among the
multiple scan lines, the beamforming unit 60 may provide, as
the beamformed signal for the target scan line, the first DAS
signal for the endmost scan line calculated by the DAS unit 10
in the N-th frame. Such a feature prevents the endmost image
of an ultrasound image from missing.

[0165] Similarly, in the ultrasound image shown in FIG. 8,
a beamforming signal can be generated from three DAS sig-
nal for the second and the (N-1)-th scan lines. However, it is
impossible to generate a beamforming signal from five DAS
signals.

[0166] Insuch acase, that is the case where the target scan
line in the N-th frame is the second scan line from the endmost
scan line among the multiple scan lines, the attenuation coef-
ficient calculating unit 50 may calculate an attenuation coef-
ficient determined based only on the first reference beam of
the first and the second reference beams. The beamforming
unit 60 may generate and provide the beamformed signal for
the target scan line in the N-th frame, by multiplying the first
DAS signal calculated in the N-th frame by the attenuation
coefficient determined based only on the first reference beam.
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[0167] Moreover, when the target scan line in the N-th
frame is the second scan line from the endmost scan line
among the multiple scan lines, the beamforming unit 60 may
directly provide, as the beamformed signal for the target scan
line, the first DAS signal calculated by the DAS unit 10 in the
N-th frame for the second scan line from the endmost scan
line.

[0168] Such a feature prevents the endmost image of an
ultrasound image from missing.

[0169] Thanks to the above features, the beamforming unit
505 in Embodiment 1 can generate a beamformed signal
using DAS signals for five scan lines while the DAS signals to
be calculated are still for three scan lines for each frame. The
beamforming unit 505 sees an increase in the amount of
operations due to generation of a reference beam; however,
the amount of the calculations is significantly smaller than the
amount of DAS operations. Hence, the beamforming unit 505
allows the ultrasonic diagnostic apparatus 100 to achieve a
reduction in the load of signal processing and an improve-
ment in the resolution of an image.

Embodiment 2

[0170] In Embodiment 1, the beamforming unit 505 gener-
ates a beamformed signal using DAS signals for five scan
lines while the DAS signals to be calculated are still for three
scan lines for each frame. The beamforming unit, however,
selectively executes a technique to generate a beamformed
signal. Embodiment 2 describes an example of a beamform-
ing unit which is capable of selectively executing a technique
to generate a beamformed signal.

[0171] FIG.16 depicts a block diagram showing a structure
of a beamforming unit according to Embodiment 2. In FIG.
16, the same constituent elements as the ones in FIG. 12 have
the same reference signs, and the details thereof shall be
omitted.

[0172] A beamforming unit 505¢ in FIG. 16 differs from
the beamforming unit 505 in FIG. 12 in that the former
includes a control unit 80 and multiplying circuits 71to 73. In
FIG. 16, the control unit 80 and the multiplying circuits 71 to
73 are provided separately from the attenuation coefficient
calculating unit 50; instead, the control unit 80 and the mul-
tiplying circuits 71 to 73 may be implemented as a function of
the attenuation coefficient calculating unit 50.

[0173] The control unit 80 sets a coefficient for the multi-
plying circuits 71 to 73.

[0174] The multiplying circuit 71 multiplies the first refer-
ence beam stored in the reference beam buffer 30 by a coef-
ficient, and provides the product to the attenuation coefficient
calculating unit 50. Here, the coefficient that multiplied by the
multiplying circuit 71 is the predetermined coefficient ct.
[0175] The multiplying circuit 72 multiplies the second
reference beam generated by the second reference beam gen-
erating unit 22 by a coefficient, and provides the product to
the attenuation coefficient calculating unit 50. Here, the coef-
ficient that multiplied by the multiplying circuit 72 is the
predetermined coefficient f.

[0176] The multiplying circuit 73 multiplies the first DAS
signal stored in the input data delaying buffer 41 by a coeffi-
cient, and provides the product to the attenuation coefficient
calculating unit 50. In other words, a coefficient (hereinafter
referred to as a predetermined coefficient y) may be multi-
plied by the signal A (m, n) in Expression 5.

[0177] The control unit 80 sets each of the predetermined
coefficients a, [, and y based on, for example, the number of
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target scan line. In the case where the target scan line is the
endmost scan line, the control unit 80 sets a=p=0 and y=1.
Hence, the attenuation coefficient to be calculated by the
attenuation coefficient calculating unit 50 is 1, and the beam-
forming unit 60 directly provides the first DAS signal for the
target scan line as the beamformed signal for the target scan
line. It is noted that the attenuation coefficient is 1 means that
the attenuation coefficient is the one that leaves the first DAS
signal unchanged.

[0178] In the case where the target scan line is the second
scan line from the endmost, for example, the control unit 80
sets a0, f=0, and y=0. Hence, the attenuation coefficient to
be calculated by the attenuation coefficient calculating unit 50
is the one obtained with Expression 2. In other words, the
beamforming unit 60 generates a beamformed signal based
on the attenuation coefficient calculated using three DAS
signals.

[0179] As described above, the control unit 80 and the
multiplying circuits 71 to 73 make it possible to adjust, for
each of the target scan lines, the number of the DAS signals to
be used for calculating the attenuation coefficients.

[0180] In other words, when the control unit 80 and the
multiplying circuits 71 to 73 are implemented as a function of
the attenuation coefficient calculating unit 50, the attenuation
coefficient calculating unit 50 can selectively execute, based
on the number of target scan line in the N-th frame, (i) calcu-
lation of an attenuation coefficient based on both the first and
the second reference beams, (ii) calculation of the attenuation
coefficient based only on the first reference beam of the first
and the second reference beams, and (iii) calculation of the
attenuation coefficient to be 1.

[0181] Itisnoted thatthe control unit 80 may seteach ofthe
predetermined coefficients a, 8, and y based on the “depth”
that is the distance found in a target scan line and stretching
between the surface of the subject 204 and the focal point of
an ultrasound wave transmitted by the transmitting unit (the
length in the “depth” direction illustrated in FIG. 8). In other
words, the “depth” is the distance between the positions of the
multiple receiving elements and the point included in the
subject 204 and where ultrasound signals (reflective waves)
start to bounce off the subject 204.

[0182] In general, when the depth is great (far), the fre-
quency of the ultrasound waves transmitted by the transmit-
ting unit needs to be set lower. Thus, the beamformed signal
tends to be wider in beam profile. Hence, when the depth is
great, it is desirable to generate the beamformed signal using
five DAS signals. In other words, it is desirable for the attenu-
ation coefficient calculating unit 50 to calculate an attenua-
tion coefficient based on both the first and the second refer-
ence beams.

[0183] In contrast, when the depth is small (short), the
frequency of the ultrasound waves transmitted by the trans-
mitting unit is set higher so that the beam profile of the
beamformed signal is formed narrower.

[0184] Insuchacase, itis desirable from a standpoint of an
amount of calculations to use one or three DAS signals to
generate the beamformed signal. In other words, it is desir-
able for the attenuation coefficient calculating unit 50 to
either calculate an attenuation coefficient based only on the
first reference beam of the first and the second reference
beams or calculate the attenuation coefficient to be 1.

[0185] As described above, the control unit 80 and the
multiplying circuits 71 to 73 make it possible to adjust the
number of the DAS signals to be used for calculation of an
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attenuation coefficient, depending on the “depth” of a target
scan line. Specifically, a greater depth of the target scan line
makes it possible to execute control for generating a beam-
formed signal using more DAS signals.

[0186] Tt is noted that a technique to calculate an attenua-
tion coefficient can be selectively executed based on whether
or not the depth is greater than or equal to a threshold.
[0187] Here, when the control unit 80 and the multiplying
circuits 71 to 73 are implemented as a function of the attenu-
ation coefficient calculating unit 50, the attenuation coeffi-
cient calculating unit 50 calculates an attenuation coefficient
based on both the first and the second reference beams in the
case where the depth of the target scan line is greater than or
equal to a first threshold. The attenuation coefficient calcu-
lating unit 50 calculates the attenuation coefficient based only
on the first reference beam of the first and the second refer-
ence beams in the case where the depth of the target scan line
is smaller than the first threshold and greater than or equal to
a second threshold which is smaller than the first threshold.
Furthermore, the attenuation coefficient calculating unit 50
calculates the attenuation coeflicient to be 1 when the depth of
the target scan line is smaller than the second threshold.
[0188] As described above, the beamforming unit 505¢
according to Embodiment 2 can adaptively select a technique
to calculate an attenuation coefficient, based on the position
and the depth of a target scan line.

Other Embodiment

[0189] The present disclosure has been described based on
the above exemplary embodiments; however, the present dis-
closure also encompasses the embodiments. The cases below
are also regarded as a scope of the present disclosure.
[0190] In the embodiments, the DAS unit 10 generates
three DAS signals for each frame, and the attenuation coef-
ficient calculating unit 50 calculates an attenuation coeffi-
cient from five DAS signals. However, for example, the DAS
unit 10 may generate five DAS signals for each frame, and the
attenuation coefficient calculating unit 50 may calculate an
attenuation coefficient from seven DAS signals. In other
words, the present disclosure can be implemented when the
DAS unit 10 generates 2k+1 DAS signals where k is apositive
integer or an integer of 1 or greater, and the attenuation
coefficient calculating unit 50 calculates an attenuation coef-
ficient from the 2k+1 DAS signals.

[0191] Each of the constituent elements in the above-de-
scribed embodiments may be configured in the form of an
exclusive hardware product, or may be realized by executing
a software program suitable for the structural element. Fach
of the structural elements may be realized by means of a
program executing unit, such as a CPU and a processor,
reading and executing the software program recorded on a
recording medium such as a hard disk or a semiconductor
memory. Here, the software program for implementing the
ultrasonic diagnostic apparatus (beamformer) according to
each of the embodiments is a program described below.
[0192] The program causes a computer to execute a beam-
forming method for generating beamformed signals, each
corresponding to one of scan lines for generating an ultra-
sound image, from echo signals generated from ultrasound
signals bounced off a subject and received by receiving ele-
ments. The beamforming method includes: determining, for
each of frames, one of the scan lines, in a sorting order
determined in a given direction, as a target scan line for the
frame and select 2k+1 scan lines (k is a positive integer)
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included in the scan lines and aligned in a row with the target
scan line positioned in a middle, and performing, for each of
the frames, a DAS operation on each of the echo signals to
calculate a first DAS signal which is a DAS signal for the
target scan line and second DAS signals which are DAS
signals each for one of the selected 2k+1 scan lines other than
the target scan line; generating a first reference beam from the
first DAS signal and the second DAS signals all of which are
calculated in an N-th frame of the frames; generating a second
reference beam from (i) one of the second DAS signals which
is calculated in an (N-1)-th frame of the frames immediately
preceding the N-th frame and is generated for one of the scan
lines which has an earliest number in the sorting order, (ii) the
first DAS signal which is calculated in the N-th frame and (iii)
another one of the second DAS signals which is calculated in
an (N+1)-th frame of the frames immediately succeeding the
N-th frame and is generated for another one of the scan lines
which has a latest number in the sorting order; calculating,
based on the first reference beam and the second reference
beam, an attenuation coefficient for forming narrower a pro-
file of the first DAS signal calculated in the N-th frame; and
generating and providing a beamformed signal included in
the beamformed signals and generated for the target scan line
in the N-th frame, by multiplying the first DAS signal calcu-
lated in the N-th frame by the attenuation coeficient.

[0193] The herein disclosed subject matter is to be consid-
ered descriptive and illustrative only, and the appended
Claims are of a scope intended to cover and encompass not
only the particular embodiments disclosed, but also equiva-
lent structures, methods, and/or uses.

INDUSTRIAL APPLICABILITY

[0194] One or more exemplary embodiments disclosed
herein are applicable to an ultrasonic diagnostic apparatus
which performs beamforming using many DAS signals to
achieve high resolution and improves the image duality of an
ultrasound image.

1. An ultrasonic diagnostic apparatus comprising

a beamformer which generates beamformed signals, each
corresponding to one of scan lines for generating an
ultrasound image, from echo signals generated from
ultrasound signals bounced off a subject and received by
receiving elements,

wherein the beamformer includes:

a delay-and-sum (DAS) unit configured, for each of
frames, to (i) determine one of the scan lines, in a sorting
order determined in a given direction, as a target scan
line for the frame and select 2k+1 scan lines (k is a
positive integer) included in the scan lines and aligned in
a row with the target scan line positioned in a middle of
the scan lines, and (ii) perform a DAS operation on each
of the echo signals to calculate a first DAS signal which
is a DAS signal for the target scan line and second DAS
signals which are DAS signals each for one of the
selected 2k+1 scan lines other than the target scan line;

a first reference beam generating unit configured to gener-
ate a first reference beam from the first DAS signal and
the second DAS signals all of which are calculated in an
N-th frame of the frames;

a second reference beam generating unit configured to
generate a second reference beam from (i) one of the
second DAS signals which is calculated in an (N-1)-th
frame of the frames immediately preceding the N-th
frame and is generated for one of the scan lines which
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has an earliest number in the sorting order, (ii) the first
DAS signal which is calculated in the N-th frame and
(iii) another one of the second DAS signals which is
calculated in an (N+1)-th frame of the frames immedi-
ately succeeding the N-th frame and is generated for
another one of the scan lines which has a latest number
in the sorting order;
an attenuation coefficient calculating unit configured to
calculate, based on the first reference beam and the
second reference beam, an attenuation coefficient for
forming narrower a profile of the first DAS signal cal-
culated in the N-th frame; and
a beamforming unit configured to generate and provide a
beamformed signal included in the beamformed signals
and generated for the target scan line in the N-th frame,
by multiplying the first DAS signal calculated in the
N-th frame by the attenuation coefficient.
2. The ultrasonic diagnostic apparatus according to claim
15
wherein, for each of the frames, the DAS unit is configured
to select three scan lines included in the scan lines and
aligned in a row with the target scan line positioned in a
middle of the selected three scan lines, and calculate the
first DAS signal and the second DAS signals, the second
DAS signals each being generated for one of two scan
lines included in the three scan lines, and the two scan
lines each neighboring the target scan line, and
the first reference beam generating unit is configured to
generate the first reference beam from the first DAS
signal and two second DAS signals all of which are
calculated in the N-th frame, the two second DAS sig-
nals being the second DAS signals each generated for
one of the two scan lines.
3. The ultrasonic diagnostic apparatus according to claim
17
wherein, in the case where the target scan line in the N-th
frameis either an endmost scan line among the scan lines
or a second scan line from the endmost scan line among
the scan lines,
the beamforming unit is configured to provide the first
DAS signal calculated in the N-th frame as the beam-
formed signal for the target scan line in the N-th frame.
4. The ultrasonic diagnostic apparatus according to claim
1!
wherein, in the case where the target scan line in the N-th
frame is a second scan line from an, endmost scan line
among the scan lines,
the attenuation coefficient calculating unit is configured to
calculate the attenuvation coefficient determined based
only on the first reference beam of the first reference
beam and the second reference beam, and
the beamforming unit is configured to generate and provide
the beamformed signal for the target scan line in the N-th
frame, by multiplying the first DAS signal calculated in
the N-th frame by the attenuation coefficient determined
based only on the first reference beam.
5. The ultrasonic diagnostic apparatus according to claim
2,
wherein the first reference beam generating unit is config-
ured to generate the first reference beam by multiplying
the first DAS signal calculated in the N-th frame by a
difference between the two second DAS signals calcu-
lated in the N-th frame, and
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the second reference beam generating unit is configured to
generate the second reference beam by multiplying the
first DAS signal calculated in the N-th frame by a dif-
ference between the one second DAS signal and the
other second DAS signal, the one second DAS signal
being calculated in the (N-1)-th frame and generated for
the one scan line having the earliest number in the sort-
ing order and the other second DAS signal being calcu-
lated in the (N+1)-th frame and generated for the other
scan line having the latest number in the sorting order.

6. The ultrasonic diagnostic apparatus according to claim

25

wherein the first reference beam generating unit is config-
ured to generate the first reference beam as a product of
a difference between the two second DAS signals cal-
culated in the N-th frame, the first DAS signal calculated
in the N-th frame, and a predetermined coefficient o, and

the second reference beam generating unit is configured to
generate the second reference beam as a product of a
difference between the one second DAS signal and the
other second DAS signal, the first DAS signal calculated
in the N-th frame, and a predetermined coefficient 3, the
one second DAS signal being calculated in the (N-1)-th
frame and generated for the one scan line having the
earliest number in the sorting order and the other second
DAS signal being calculated in the (N+1)-th frame and
generated for the other scan line having the latest num-
ber in the sorting order.

7. The ultrasonic diagnostic apparatus according to claim

65

wherein the attenuation coefficient calculating unit config-
ured to calculate G which is the attenuation coefficient,
using an expression below, where A is the first DAS
signal calculated in the N-th frame, C is the first refer-
ence beam, and E is the second reference beam:

_ AP -1CI- 12 Math. 1]

G{m, n) = e

8. The ultrasonic diagnostic apparatus according to claim
15

wherein the attenuation coefficient calculating unit is con-
figured to, based on a distance between positions of the
receiving elements and a point where the ultrasound
signals start to bounce off, selectively execute (i) calcu-
lation of the attenuation coeflicient based on both the
first reference beam and the second reference beam, (i)
calculation of the attenuation coefficient based only on
the first reference beam of the first reference beam and
the second reference beam, and (iii) calculation of the
attenuation coefficient to be 1.

9. The ultrasonic diagnostic apparatus according to claim

1,

wherein, the attenuation coefficient calculating unit is con-
figured to, based on a number of the target scan line in
the sorting order in the N-th frame, selectively execute
(i) calculation of the attenuation coefficient based on
both the first reference beam and the second reference
beam, (ii) calculation of the attenuation coefficient
based only on the first reference beam of the first refer-
ence beam and the second reference beam, and (iii)
calculation of the attenuation coefficient to be 1.
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10. A beamforming method for generating beamformed
signals, each corresponding to one of scan lines for generat-
ing an ultrasound image, from echo signals generated from
ultrasound signals bounced off a subject and received by
receiving elements, the beamforming method comprising:
determining, for each of frames, one of the scan lines, in a
sorting order determined in a given direction, as a target
scan line for the frame and select 2k+1 scan lines (k is a
positive integer) included in the scan lines and aligned in
a row with the target scan line positioned in a middle,
and performing, for each of the frames, a DAS operation
on each of the echo signals to calculate a first DAS signal
which is a DAS signal for the target scan line and second
DAS signals which are DAS signals each for one of the
selected 2k+1 scan lines other than the target scan line;

generating a first reference beam from the first DAS signal
and the second DAS signals all of which are calculated
in an N-th frame of the frames;

generating a second reference beam from (i) one of the

second DAS signals which is calculated in an (N-1)-th
frame of the frames immediately preceding the N-th
frame and is generated for one of the scan lines which
has an earliest number in the sorting order, (ii) the first
DAS signal which is calculated in the N-th frame and
(i11) another one of the second DAS signals which is
calculated in an (N+1)-th frame of the frames immedi-
ately succeeding the N-th frame and is generated for
another one of the scan lines which has a latest number
in the sorting order;

calculating, based on the first reference beam and the sec-

ond reference beam, an attenuation coefficient for form-
ing narrower a profile of the first DAS signal calculated
in the N-th frame; and

generating and providing a beamformed signal included in

the beamformed signals and generated for the target
scan line in the N-th frame, by multiplying the first DAS
signal calculated in the N-th frame by the attenuation
coefficient.

11. A non-transitory computer-readable recording medium
for use in a computer, the recording medium having a com-
puter program recorded thereon for causing the computer to
execute the beamforming method according to claim 10.
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12. An integrated circuit which generates beamformed sig-
nals, each corresponding to one of scan lines for generating an
ultrasound image, from echo signals generated from ultra-
sound signals bounced off a subject and received by receiving
elements, the circuit comprising:

a DAS unit configured, for each of frames, to (i) determine
one of the scan lines, in a sorting order determined in a
given direction, as a target scan line for the frame and
select 2k+1 scan lines (k is a positive integer) included in
the scan lines and aligned in a row with the target scan
line positioned in a middle, and (ii) perform a DAS
operation on each of the echo signals to calculate a first
DAS signal whichis a DAS signal for the target scan line
and second DAS signals which are DAS signals each for
one of the selected 2k+1 scan lines other than the target
scan line;

a first reference beam generating unit configured to gener-
ate a first reference beam from the first DAS signal and
the second DAS signals all of which are calculated in an
N-th frame of the frames;

a second reference beam generating unit configured to
generate a second reference beam from (i) one of the
second DAS signals which is calculated in an (N-1)-th
frame of the frames immediately preceding the N-th
frame and is generated for one of the scan lines which
has an earliest number in the sorting order, (ii) the first
DAS signal which is calculated in the N-th frame and
(i11) another one of the second DAS signals which is
calculated in an (N+1)-th frame of the frames immedi-
ately succeeding the N-th frame and is generated for
another one of the scan lines which has a latest number
in the sorting order;

an attenuation coefficient calculating unit configured to
calculate, based on the first reference beam and the
second reference beam, an attenuation coefficient for
forming narrower a profile of the first DAS signal cal-
culated in the N-th frame; and

a beamforming unit configured to generate and provide a
beamformed signal included in the beamformed signals
and generated for the target scan line in the N-th frame,
by multiplying the first DAS signal calculated in the
N-th frame by the attenuation coefficient.
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