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(57) ABSTRACT

An ultrasonic measurement apparatus includes a reception
processing unit, a harmonic processing unit, a signal process-
ing unit and an image generation unit. The reception process-
ing unit is configured to receive, as a received signal, an
ultrasonic echo corresponding to an ultrasonic wave transmit-
ted toward a subject. The harmonic processing unit is config-
ured to extract a harmonic component of the ultrasonic echo
from the received signal. The signal processing unit is con-
figured to add a weighting to the harmonic component by
using a weight that varies depending on a value of the har-
monic component. The image generation unit is configured to
generate an image based on a signal to which the weighting
has been added.
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ULTRASONIC MEASUREMENT APPARATUS,
ULTRASONIC IMAGE APPARATUS, AND
ULTRASONIC MEASUREMENT METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Japanese Patent
Application No. 2013-187152 filed on Sep. 10, 2013, and
Japanese Patent Application No. 2014-137454 filed on Jul. 3,
2014. The entire disclosures of Japanese Patent Application
Nos. 2013-187152 and 2014-137454 are hereby incorporated
herein by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] The present invention relates to an ultrasonic mea-

surement apparatus, an ultrasonic image apparatus, and an
ultrasonic measurement method.

[0004] 2. Related Art

[0005] A known feature in an ultrasonic measurement
apparatus is one where a component of a transmitted funda-
mental frequency is extracted from an ultrasonic echo for
ultrasonic waves of the fundamental frequency, and the
extracted component is subjected to adaptive beamforming.
Adaptive beamforming is able to maximize the sensitivity of
received waves coming from a desired direction, or to mini-
mize the sensitivity of unneeded waves coming from a direc-
tion other than a desired direction, and therefore has been put
to practical use in, for example, radar systems and submarine
sonar systems.

[0006] As one example of adaptive beamforming, Japanese
laid-open patent publication 2012-170826 discloses an ultra-
sonic beamforming method for splitting an inputted ultra-
sonic signal into a plurality of regions over an observation
space, calculating a weighting value by region, calculating a
pixel weighting value for each pixel, and calculating a beam-
forming value.

SUMMARY

[0007] However, practical problems still emerge when the
adaptive beamforming described above is directly applied
without alteration to such an ultrasonic measurement appa-
ratus as would be for capturing biological images.

[0008] For example, in the case of radar systems, even
though there are distant aircraft and mountains, there are no
objects such as would reflect large amounts of radio waves in
the midway spaces. In submarine sonar apparatuses, as well,
the ultrasonic waves are being propagated through seawater
and therefore no strong reflectors are found there. In the case
of an ultrasonic measurement apparatus, however, though an
attempt may be being made to acquire an ultrasonic echo
coming from a specific organ, tumor, or the like inside the
body, there are numerous other organs, fat, muscle, blood
vessel walls, and the like present as reflectors of ultrasonic
waves in the periphery of that specific organ or the like and in
the space from the probe to that specific organ or the like.
Therefore, an image with high resolution can only be
obtained when the acoustic impedance of each of the reflec-
tors is identified and imaged. Other problems specific to an
ultrasonic measurement apparatus include artifacts, which
are virtual images caused by multiple reflection and diffrac-
tion of the ultrasonic waves inside the body.
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[0009] As such, even when the adaptive beamforming tech-
nique described above is applied to an ultrasonic measure-
ment apparatus, not only are there the concerns that it could
become extremely difficult to differentiate the unneeded
waves and that calculation processes could become more
complex, but also the calculations themselves might no
longer converge. As a result, it becomes impossible to obtain
an image with high resolution.

[0010] Thepresentinvention has been made in view of such
circumstances, and has the purpose of providing a feature
whereby an image with higher resolution is obtained even
while adaptive beamforming is being applied to an ultrasonic
measurement apparatus.

[0011] An ultrasonic measurement apparatus according to
one aspect includes a reception processing unit, a harmonic
processing unit, a signal processing unit and an image gen-
eration unit. The reception processing unit is configured to
receive, as a received signal, an ultrasonic echo correspond-
ing to an ultrasonic wave transmitted toward a subject. The
harmonic processing unit is configured to extract a harmonic
component of the ultrasonic echo from the received signal.
The signal processing unit is configured to add a weighting to
the harmonic component by using a weight that varies
depending on a value of the harmonic component. The image
generation unit is configured to generate an image based on a
signal to which the weighting has been added. According to
this aspect, a weighting addition process is applied, which
uses different weights depending on a value of the harmonic
component that has been extracted in the harmonic process-
ing to add a weighting to the harmonic component that has
been extracted in the harmonic processing. This makes it
possible to obtain an image with enhanced azimuth (lateral)
resolution.

[0012] In the ultrasonic measurement apparatus according
to the above aspect, the reception processing unit is prefer-
ably configured to receive the ultrasonic echo via an ultra-
sonic element array having a plurality of channels, as the
received signal of each of the channels, the harmonic process-
ing unit is preferably configured to extract the harmonic com-
ponent from the received signal of each of channels, and the
signal processing unit is preferably configured to cause the
weight for each ofthe channels to vary depending on the value
of the harmonic component of each ofthe channels and to add
the weighting to the harmonic component of each of the
channels using the weight. This makes it possible to obtain an
image with more enhanced azimuth resolution.

[0013] In the ultrasonic measurement apparatus according
to the above aspect, the signal processing unit is preferably
configured to perform a delay process corresponding to each
of the channels on the harmonic component of each of the
channels, and to cause the weight of each of the channels to
vary depending on the value of the harmonic component of
each of the channels after the delay processing. This makes it
possible to align the phases of the harmonic components of
each of the channels and therefore makes it possible to obtain
an image with enhanced accuracy of the calculation of weight
and the weighting addition as well as further enhanced azi-
muth resolution.

[0014] In the ultrasonic measurement apparatus according
to the above aspect, the signal processing unit is preferably
configured to perform a spatial averaging process by taking a
plurality of sub-apertures out from a plurality of apertures
constituted of the channels to determine the weight of each of
the channels used to add the weighting to the harmonic com-
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ponent of each of the channels after the delay processing. This
makes it possible to obtain an image with improved azimuth
estimation accuracy and more enhanced azimuth resolution.
[0015] Theultrasonic measurement apparatus according to
the above aspect preferably further includes a filter process-
ing unit configured to remove noise by performing a filter
process on one of the received signal of each of the channels
and the harmonic component of each of the channels. This
makes it possible to obtain an image from which noise has
been removed and resolution has been enhanced more.
[0016] In the ultrasonic measurement apparatus according
to the above aspect, the reception processing unit is prefer-
ably configured to receive, as received signals, the ultrasonic
echo corresponding to two ultrasonic waves transmitted
toward the subject with the two ultrasonic waves having a
phase difference of 180° at a predetermined frequency, and
the harmonic processing unit is preferably configured to
extract the harmonic component by adding the received sig-
nals ofthe ultrasonic echo corresponding to the two ultrasonic
waves. This further reduces any overlap between the har-
monic component and other components such as the funda-
mental wave component, and therefore makes broadband
receiving possible and makes it possible to improve the dis-
tance resolution.

[0017] In the ultrasonic measurement apparatus according
to the above aspect, the harmonic processing unit is prefer-
ably configured to extract the harmonic component by pet-
forming a filter process. This makes it possible to reduce the
number of iterations of receiving the ultrasonic waves for the
purpose of extracting the harmonic component and to
enhance the time resolution (frame rate).

[0018] An ultrasonic image apparatus according to another
aspect includes a reception processing unit, a harmonic pro-
cessing unit, a signal processing unit, an image generation
unit and a display unit. The reception processing unit is con-
figured to receive, as a received signal, an ultrasonic echo
corresponding to an ultrasonic wave transmitted toward a
subject. The harmonic processing unit is configured to extract
a harmonic component of the ultrasonic echo from the
received signal. The signal processing unit is configured to
add a weighting to the harmonic component by using a weight
that varies depending on a value of the harmonic component.
The image generation unit is configured to generate an image
based on a signal to which the weighting has been added. The
display unit is configured to display the image that has been
generated. This makes it possible to obtain an image with
more enhanced azimuth resolution.

[0019] An ultrasonic measurement method according to
another aspect includes: receiving, as a received signal, an
ultrasonic echo corresponding to an ultrasonic wave transmit-
ted toward a subject; extracting a harmonic component of the
ultrasonic echo from the received signal; adding a weighting
to the harmonic component by using a weight that varies
depending on a value of the harmonic component; and gen-
erating an image based on a signal to which the weighting has
been added. This makes it possible to obtain an image with
more enhanced azimuth resolution.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Referring now to the attached drawings which form
a part of this original disclosure:

[0021] FIG. 1 is a drawing illustrating one example of the
outer appearance of an ultrasonic image apparatus as in an
embodiment of the present invention;
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[0022] FIGS. 2A to 2C are drawings illustrating one
example of the configuration of an ultrasonic transducer ele-
ment;

[0023] FIG. 3 is a drawing illustrating one example of the
configuration of an ultrasonic transducer device (an element
chip);

[0024] FIGS. 4A and 4B are drawings illustrating one

example of the configuration of an ultrasonic transducer ele-
ment group UG (UG1 to UG64), where FIG. 4A illustrates a
case where there are four columns of elements and FIG. 4B
illustrates a case where there is one column of elements;
[0025] FIG. 5is ablock diagram illustrating one example of
a functional configuration of a control unit;

[0026] FIG. 6 is a drawing describing one example of the
structure of data of each channel stored in a memory;
[0027] FIG. 7 is a drawing illustrating one example of a
hardware configuration for implementing the functions of the
control unit;

[0028] FIG. 8 is a drawing describing one example of a
harmonic process performed by an ultrasonic image appara-
tus;

[0029] FIG. 91is a drawing describing the delay of a signal
arriving at each channel;

[0030] FIG. 10 is a drawing describing a sub-aperture in a
spatial averaging process;

[0031] FIG. 11 s a(first) flowchart illustrating one example
of a process implemented by an ultrasonic image apparatus;
[0032] FIG. 12 is a (second) flowchart illustrating one
example of a process implemented by an ultrasonic image
apparatus;

[0033] FIG. 13 is a (third) flowchart illustrating one
example of a process implemented by an ultrasonic image
apparatus;

[0034] FIG. 14 is a (fourth) flowchart illustrating one
example of a process implemented by an ultrasonic image
apparatus;

[0035] FIG. 15 is a drawing describing a simulation envi-
ronment relating to the display of a B-mode image;

[0036] FIGS.16A and 16B are drawings describing a (first)
result of a simulation relating to the display of a B-mode
image; and

[0037] FIGS.17A and 17B are drawings describing a (sec-
ond) result of a simulation relating to the display of a B-mode
image.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0038] An embodiment of the present invention shall be
described below with reference to the accompanying draw-
ings.

[0039] FIG. 1is a drawing illustrating one example of the

outer appearance of an ultrasonic image apparatus as in an
embodiment of the present invention. An ultrasonic image
apparatus 1 is, for example, a handheld apparatus, and has an
ultrasonic probe 10 and an ultrasonic image apparatus main
body 20. The ultrasonic probe 10 and the ultrasonic image
apparatus main body 20 are connected by a cable 15. The
ultrasonic image apparatus 1 is not, however, limited to being
handheld, but rather may be, for example, a stationary type or
an integral type, which is where the ultrasonic probe is built
into an apparatus main body.

[0040] Theultrasonic probe 10 has an ultrasonic transducer
device 11. The ultrasonic transducer device 11 both transmits
an ultrasonic beam at a subject and receives an ultrasonic
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echo created by the ultrasonic beam, while also scanning over
the subject along a scan plane.

[0041] Taking the example of a type where piezoelectric
elements are used, the ultrasonic transducer device 11 has a
plurality of ultrasonic transducer elements 12 (an ultrasonic
element array; see FIG. 2, etc.) and a substrate on which a
plurality of apertures are arranged in the form of an array.
[0042] FIG. 2 illustrates one example of the configuration
of an ultrasonic transducer element. In the present embodi-
ment, a monomorph (unimorph) with which a thin piezoelec-
tric element and a metal place (vibrating film) are bonded
together is employed as the ultrasonic transducer element 12.
[0043] FIG. 2A is a plan view, seen from a direction per-
pendicular to an element formation surface-side substrate
(silicon substrate) 60, of an ultrasonic transducer element 12
formed on the substrate 60. FIG. 2B is a cross-sectional view
taken along the A-A' line in FIG. 2A. FIG. 2C is a cross-
sectional view taken along the B-B' line in FIG. 2A.

[0044] The ultrasonic transducer element 12 has a piezo-
electric element section and a vibrating film (membrane, sup-
port member 50. The piezoelectric element section has a
piezoelectric layer (piezoelectric film) 30, a first electrode
layer (lower electrode) 31, and a second electrode layer (up-
per electrode) 32.

[0045] Thepiezoelectriclayer 30 is formed of, for example,
lead zirconium titanate (PZT), and is provided so as to cover
atleast apart ofthe firstelectrode layer 31. The material of the
piezoelectric layer 30 is not intended to be limited to being
PZT; rather, for example, lead titanate (PbTiO3), lead zircon-
ate (PbZr03), lead lanthanum titanate ((Ph,La)TiO3), or the
like may be used.

[0046] The first electrode layer 31 is formed of, for
example, a metal thin-film on an upper layer of the vibrating
film 50. This first electrode layer 31 may be a wiring that
extends to the outside of an element formation region and is
connected to an adjacent ultrasonic transducer element 12, as
illustrated in FIG. 2A.

[0047] The second electrode layer 32 is formed of, for
example, a metal thin-film and is provided so as to cover at
least a part of the piezoelectric layer 30. This second electrode
layer 32 may be a wiring that extends to the outside of the
element formation region and is connected to an adjacent
ultrasonic transducer element 12, as illustrated in FIG. 2A.
[0048] A lower electrode (first electrode) of the ultrasonic
transducer element 12 is formed of the first electrode layer 31,
and an upper electrode (second electrode) is formed of the
second electrode layer 32. More specifically, a portion of the
first electrode layer 31 that is covered by the piezoelectric
layer 30 forms the lower electrode, and a portion of the second
electrode layer 32 that covers the piezoelectric layer 30 forms
the upper electrode. That is to say, the piezoelectric layer 30
is provided so as to be sandwiched between the lower elec-
trode and the upper electrode.

[0049] An aperture 40 is formed by using a reactive ion
etching (RIE) or the like to etch from a reverse surface (sur-
face on which the elements are not formed) side of the sub-
strate 60 (silicon substrate). The resonant frequency of the
ultrasonic waves is determined by the size of this aperture 40,
and the ultrasonic waves thereof are emitted from the piezo-
electric layer 30 side (the front direction from the back of the
page in FIG. 2A).

[0050] The vibrating film (membrane) 50 is provided so
that the aperture 40 is covered by, for example, a double-
layered structure of an SiO2 thin-film and a ZrO2 thin-film.
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This vibrating film 50 supports the first and second electrode
layers 31, 32 of the piezoelectric layer 30, and vibrates and
generates ultrasonic waves in accordance with expansion and
contraction of the piezoelectric layer 30.

[0051] FIG. 3 illustrates one example of the configuration
of an ultrasonic transducer device (element chip). The ultra-
sonic transducer device 11 of the present configuration
example comprises pluralities of ultrasonic transducer ele-
ment groups UG1 to UG64, drive electrode lines DL1 to
DL64 (more broadly, a first through m-th drive electrode line,
wheren is an integer 2 or higher), and common electrode lines
CL1 to CL8 (more broadly, a first through n-th common
electrode line, where mis an integer 2 or higher). The number
(m) of drive electrode lines is not limited to the number
illustrated in FI1G. 3, nor is the number (n) of common elec-
trode lines.

[0052] The plurality of ultrasonic transducer element
groups UG1 to UG64 are arranged in 64 columns along a
second direction D2 (a scan direction). Each of the ultrasonic
transducer element groups in UG1 to UG64 has a plurality of
ultrasonic transducer elements, which are arranged along a
first direction D1 (slice direction).

[0053] FIG. 4A illustrates an example of an ultrasonic
transducer element group UG (UG1 to UG64). In FIG. 4A,
the ultrasonic transducer element group UG 1s constituted of
a first through fourth element column. The first element col-
umn is constituted of ultrasonic transducer elements UE11 to
UE18 arranged along the first direction D1, and the second
element column is constituted of ultrasonic transducer ele-
ments UE21 to U28 arranged along the first direction D1. The
same is true of the third element column (UE31 to UE38) and
the fourth element column (UE41 to UE48). The drive elec-
trode line DL (DL1 to DL64) has common connections to
these first through fourth element columns. Also, the common
electrode lines CL1 to CL8 are connected to the ultrasonic
transducer elements of the first through fourth element col-
umns.

[0054] Theultrasonic transducer element group UG in FIG.
4A constitutes one channel of the ultrasonic transducer
device. That is to say, the drive electrode line DL corresponds
to the drive electrode line of one channel, and a transmitted
signal of one channel from a transmission circuit is inputted to
the drive electrode line DL. A received signal of one channel
from the drive electrode line DL is outputted from the drive
electrode line DL. The number of element columns that con-
stitute one channel is not limited to being four columns, such
as is illustrated in FIG. 4A, but rather may be fewer than four
columns or may be more than four columns. For example, the
number of element columns may be one column, as illustrated
in FIG. 4B.

[0055] The description now relates again to FIG. 3. The
drive electrode lines DL1 to DL64 (first through m-th drive
electrode lines) are wired along the first direction D1. Ani-th
(where iis an integer 1<i<m) drive electrode line DLi (an i-th
channel) out of the drive electrode lines DL1 to DL64 is wired
to the first electrodes (for example, the lower electrodes) of
the ultrasonic transducer elements of the i-th ultrasonic trans-
ducer element group UGi.

[0056] During a transmission period where ultrasonic
waves are emitted, transmitted signals VT1 to V64 are sup-
plied to the ultrasonic transducer elements via the drive elec-
trode lines DL1 to DL64. During a reception period where an
ultrasonic echo signals are received, received signals VR1 to
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VR64 from the ultrasonic transducer elements are outputted
via the drive electrode lines DL1 to DL64.

[0057] The common electrode lines CL1 to CL8 (first
through n-th common electrode lines) are wired along the
second direction D2. The second electrodes of the ultrasonic
transducer elements are connected to one of the common
electrode lines CL1 to CL8. More specifically, as per the
example illustrated in FIG. 3, a j-th (where j is an integer
1=j=n) common electrode line CL;j out of the common elec-
trode lines CL.1 to CL8 is connected to the second electrodes
(for example, the upper electrodes) of the ultrasonic trans-
ducer elements arranged in a j-th row.

[0058] A common voltage VCOM is supplied to the com-
mon electrode lines CL1 to CL8. The common voltage
VCOM should be a constant direct current voltage, and need
notbe 0V, i.e., a ground potential.

[0059] In the transmission period, a voltage that is the dif-
ference between a transmitted signal voltage and the common
voltage is applied to the ultrasonic transducer elements, and
ultrasonic waves of a predetermined frequency are emitted.
[0060] The arrangement of the ultrasonic transducer ele-
ments, however, is not limited to being the matrix arrange-
ment illustrated in FIG. 3, but rather may be, inter alia, a
so-called staggered arrangement where the elements of two
adjacent columns are arranged in an alternately zigzagging
manner. Furthermore, though FIGS. 4A and 4B illustrate a
case where one transducer element is used both as a transmit-
ter element and a receiver element, the present embodiment is
not limited thereto. For example, ultrasonic transducer ele-
ments for transmitter elements and ultrasonic transducer ele-
ments for receiver elements may be separated provided and
arranged in an array.

[0061] The ultrasonic transducer elements 12 also are not
limited to being a form where piezoelectric elements are used.
For example, transducers using capacitive elements such as
capacitive micro-machined ultrasonic transducers (c-MUTs)
may be employed, or bulk-type transducers may be
employed.

[0062] The description now relates again to FIG. 1. Pro-
vided to the ultrasonic image apparatus main body 20 is a
display unit 21. The display unit 21 displays displayed image
data generated by a control unit 22 (see FIG. 5) provided to
inside the ultrasonic image apparatus main body 20. For
example, a display apparatus such as a liquid crystal display,
an organic EL display, or an electronic paper could be used for
the display unit 21.

[0063] FIG.5isablockdiagramillustrating one example of
the functional configuration of the control unit 22. The con-
trol unit 22 has a transmission process unit 110, a reception
processing unit 120, an image processing unit 130, a trans-
mission/reception changeover switch 140, a digital scan con-
verter (DSC) 150, and a control circuit 160. In the present
embodiment, the control unit 22 is provided to the ultrasonic
image apparatus main body 20, but at least a part of the
configuration of the control unit 22 may also be provided to
inside the ultrasonic probe 10.

[0064] The transmission processing unit 110 performs a
process for transmitting ultrasonic waves at a subject. The
transmission processing unit 110 has a transmission pulse
generator 111 and a transmission delay circuit 113.

[0065] The transmission pulse generator 111 applies a
transmission pulse voltage and drives the ultrasonic probe 10.
[0066] The transmission delay circuit 113 performs a wave
transmission focusing control, and causes the ultrasonic
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probe 10 to emit, at the subject, an ultrasonic beam corre-
sponding to the pulse voltage generated. To that end, the
transmission delay circuit 113 creates a time difference
between channels with respect to the timing of application of
the transmission pulse voltage, and focuses the ultrasonic
waves generated from the plurality of vibration elements. In
this manner, changing the delay time makes it possible to
change the focal length as desired.

[0067] In the case of linear scanning, all apertures (refer-
ring to the 64 channels in the example illustrated in F1G. 3) are
split; transmission and reception are performed at split aper-
tures (usage apertures), and respective lines continue being
generated while the usage apertures are being shifted. The
usage apertures can be, for example, eight channels. The
larger the usage apertures, the narrower the beam width and
the greater the azimuth (lateral) resolution. In the case of
sector scanning, all apertures are used as usage apertures, and
the respective lines continue being generated as the direction
of the beam is being varied.

[0068] The transmission/reception changeover switch 140
performs a process for switching between transmitting and
receiving ultrasonic waves. The transmission/reception
changeover switch 140 protects so as to prevent the amplitude
pulses for during transmission from being inputted to the
reception processing unit 120, and causes the signals for
during reception to pass through the reception processing unit
120.

[0069] The reception processing unit 120 performs a pro-
cess for receiving received waves (called “received waves”
hereinbelow) of an ultrasonic echo relative to the ultrasonic
waves transmitted. The reception processing unit 120 has a
reception circuit 121, a filter circuit 123, and a memory 125.

[0070] The reception circuit 121 converts the received
waves (analog signals) for every channel into digital received
signals and outputs the received signals to the filter circuit
123. The focusing control for the received waves is carried out
at the image processing unit 130 (described below).

[0071] The filter circuit 123 performs filter processing by
band pass filter or the like on the received signals for every
channel outputted from the reception circuit 121, to remove
noise. Then, the received signals for every channel to which
the filter processing has been applied are outputted by the
filter circuit 123 to the memory 125.

[0072] The memory 125 stores for every channel the
received signals of every channel outputted from the filter
circuit 123. The function of the memory 125 can be realized
by making use of a storage apparatus such as a random access
memory (RAM).

[0073] FIG. 6 is a drawing for describing one example of
the structure of the data for each of the channels that is stored
in the memory. The memory 125 stores one round of trans-
mission of ultrasonic waves and the received waves of the
ultrasonic echo in response thereto as waveform data of a
number N of sample received signals with respect to a number
M of channels. M is the total number of channels of the usage
apertures, and N is the total number of samples. The total
number of samples is determined, for example, by a sampling
frequency (for example, 50 MHz) prescribed for the ultra-
sonic image apparatus 1 and the observation time for one
round of received waves.

[0074] The description now relates again to FIG. 5. The
function of the reception processing unit 120 can be realized
by, for example, an analog front end (AFC) constituted of a
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low noise amplifier (LNA), a programmable gain amplifier
(PGA), a filter circuit, an analog/digital (A/D) converter, and
the like.

[0075] The configuration of the reception processing unit
120 is not limited to the example depicted. For example, the
filter circuit 123 may be provided between a harmonic pro-
cessing unit 131 and a minimum variance beamforming
(MVB) processing unit 132 and subject the harmonic com-
ponent of every channel to the filter processing. In such a case,
the function of the filter circuit may be implemented with
software.

[0076] Theimage processing unit 130 acquires the received
signals stored in the memory 125 of the reception processing
unit 120 and carries out a variety of image processes. The
image processing unit 130 has the harmonic processing unit
131, the MVB processing unit 132, a wave detection process-
ing unit 133, a logarithmic conversion processing unit 135, a
gain/dynamic range adjustment unit 137, and a sensitivity
time control (STC) 139. The MVB processing unit may also
be called a signal processing unit. Those functions out of the
functions of the image processing unit 130 that relate to image
generation (realized by the wave detection processing unit
133, the logarithmic conversion processing unit 135, the gain/
dynamic range adjustment unit 137, and the STC 139) may
also be called an image generation unit.

[0077] The harmonic processing unit 131 extracts a har-
monic component for every channel based on the received
signals for every channel stored in the memory 125. The
harmonic processing shall be described in greater detail
below.

[0078] The MVB processing unit 132 performs an MVB
process, which is adaptive beamforming where the direction
has been constrained, based on the harmonic components of
every channel extracted by the harmonic processing unit 131.
To that end, the MVB processing unit 132 has a reception
focus processing unit 1321, a spatial averaging processing
unit 1322, a weight calculation unit 1323, and a weighting
addition unit 1324. The MVB process shall be described in
greater detail below.

[0079] The wave detection processing unit 133 carries out
an absolute value (rectification) process on the MVB-pro-
cessed received signals, and thereafter applies a low-pass
filter and extracts unmodulated signals.

[0080] Thelogarithmic conversion processing unit 135 per-
forms a log compression on the extracted unmodulated sig-
nals and converts the format of representation so as to facili-
tation confirming the portions of maximum signal intensity
and portions of minimum signal intensity in the received
signals at the same time.

[0081] Thegain/dynamic range adjustmentunit 137 adjusts
the signal intensity and a region of interest. For example, in a
gain adjustment process, a direct current component is added
to log-compressed input signals. In a dynamic range adjust-
ment process, the log-compressed input signals are multi-
plied by any desired number.

[0082] The STC 139 corrects the degree of amplification
(brightness) in accordance with the depth and acquires an
image of uniform brightness over the entire screen.

[0083] The function of the image processing unit 130 can
be realized by a variety of processors (a CPU or the like),
hardware such as an ASIC (agate array or the like), programs,
or the like.

[0084] The DSC 150 performs a scan conversion process
on B-mode image data. For example, the DSC 150 converts
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line signals to image signals by a bilinear or other interpola-
tion process. Then, the DSC 150 outputs the image signals to
the display unit 21. An image is thereby displayed on the
display unit 21.

[0085] The control circuit 160 controls the transmission
pulse generator 111, the transmission delay circuit 113, the
transmission/reception changeover switch 140, the reception
circuit 121, the memory 125, the harmonic processing umt
131, and the like.

[0086] The configuration of the ultrasonic image apparatus
1above is where the main components are described when the
features of the present embodiment are being described, and
is not limited to being the configuration described above. The
present invention is in no way limited by the approaches to
and names of the classifications of the constituent elements.
The configuration of the ultrasonic image apparatus 1 could
also be further classified into many constituent elements,
depending on the processing content. A single constituent
element could also be further classified so as to execute many
processes. The processes of each of the constituent elements
may be executed with one piece of hardware or may be
executed with a plurality of pieces of hardware.

[0087] FIG. 7 is a drawing illustrating one example of a
hardware configuration for implementing the functions of the
control unit. As illustrated in FIG. 7, the control unit 22 can be
implemented by a computer provided with, for example: a
central processing unit (CPU) 221, which is a computation
apparatus; a random access memory (RAM) 222, which is a
volatile storage apparatus; a read-only memory (ROM) 223,
which is a non-volatile storage apparatus; a hard disk drive
(HDD) 224, an interface (I/F) circuit 225 for connecting the
control unit 22 with another unit; a communication apparatus
226 for communicating with an external apparatus; and a bus
227 for connecting these elements to one another.

[0088] At least a part of the functions of the control unit 22
described above are realized by when, for example, the CPU
221 reads out to the RAM 222 and executes a predetermined
program stored in the ROM 223 or the HDD 224. The prede-
termined program may be, for example, installed in advance
on the ROM 223 or the HDD 224, or may be downloaded
from a network via the communication apparatus 226 and
then installed or updated.

[0089] Next, the harmonic processing shall be described in
greater detail. In the present embodiment, the “harmonic
processing” refers to a process for extracting a harmonic
component in harmonic imaging for the purpose of realizing
high resolution in images of ultrasonic echoes.

[0090] “Harmonic imaging” refers to a technique for visu-
alizing a harmonic component. Here, the nature of ultrasonic
waves (compressional waves) propagating through a medium
is such thata portion having high sound pressure moves faster
and a portion having low sound pressure moves slower. As
such, even with a simple sine wave, distortion is produced in
the course of propagation and the waveform changes, and
there comes to be included a harmonic component (also
called a non-linear component) of an integer multiple of a
fundamental frequency that was not included in the funda-
mental waves (a non-linear effect). This non-linear effect
increases in proportion to the square of the sound pressure of
the fundamental wave component of the ultrasonic waves,
and also accumulates in proportion to the propagation dis-
tance.

[0091] Harmonic imaging is broadly divided into tissue
harmonic imaging, which visualizes the harmonic compo-
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nent that is generated from tissue itself when the ultrasonic
waves propagate through the tissue, and contrast harmonic
imaging, which visualizes the harmonic component that is
generated when microbubbles of an ultrasonic contrast agent
resonate and collapse. In the present embodiment, tissue har-
monic imaging is used.

[0092] There are two advantages to harmonic imaging. A
feature of the harmonic component is that the amplitude is
proportional to the square of the amplitude of the transmitted
ultrasonic waves, and therefore the amplitude of the harmonic
component is strong in the middle of the transmitted beam,
where the sound pressure is high, but rapidly weakens
approaching the ends from the middle of the beam. As a
result, in harmonic imaging, the range where the non-linear
effect takes place is limited to the middle of the beam, and
consequently the azimuth solution is enhanced over other
techniques. This is the first advantage.

[0093] The main causes of noise that appears in ultrasonic
images include noise from multiple reflection and noise from
side lobes. Here, the ultrasonic echo that is reflected has a low
sound pressure, and the harmonic component itself does not
occur. Therefore, noise from multiple reflection is reduced.
The side lobes have low sound pressure, and the harmonic
component itself does not occur at the side lobes, either.
Therefore, noise from the side lobes is also reduced. In this
manner, harmonic imaging makes it possible to reduce both
noise from multiple reflection and noise from the side lobes.
This is the second advantage.

[0094] A filter process and/or a phase inversion process is
used to extract the harmonic component.

[0095] A filter process refers to a technique where a funda-
mental wave component and a harmonic component are sepa-
rated by a frequency filter (high-pass filter) and, for example,
only a second-order harmonic component is extracted and
visualized. A case where the second-order harmonic compo-
nent is separated and extracted shall now be described by way
of example. Where the center frequency of the fundamental
wave band is f0 and the center frequency of the second-order
harmonic band is 2f0, then the received fundamental wave
component and second-order harmonic component each have
a respective given bandwidth and therefore the fundamental
wave component and the second-order harmonic component
overlap and the two can no longer be separated. As a result,
the image is degraded. Reducing the overlap between the
fundamental wave component and the second-order har-
monic component necessitates lengthening the pulse width.
When the pulse width is longer, however, then the distance
resolution is reduced.

[0096] A phase inversion process is a technique developed
in order to mitigate the drawbacks of the filter process. This
technique comprises twice transmitting ultrasonic waves
continuing in the same direction. The second round of trans-
mitted waves has the feature of having a 180° difference in
phase relative to the first round of transmitted waves. The
received waves that come back after being reflected from a
body or contrast agent comprise a harmonic component due
to the non-linear propagation properties thereof'and therefore
become a distorted waveform. Because the transmitted waves
are reflected with the first round and with the second round,
there is a relationship where the fundamental wave compo-
nent (first-order) is reflected by the second-order harmonic
component is not reflected (in-phase). As a result, when the
two rounds of received waves are added, the fundamental
wave component is removed and the second-order harmonic
component remains, but with a doubled amplitude, and there-
fore it becomes possible to visualize only the second-order
harmonic component. Because it is possible to extract only
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the second-order harmonic component, broadband transmis-
sion becomes possible, and the decline in distance resolution
that is a drawback of the filter process is also mitigated.
[0097] Now, where even orders of received wave compo-
nents are represented with 24 (a being a natural number 1 or
higher) and odd orders are represented with 2a-11, then in the
first round of received waves and second order of received
waves, the components of an order 2« are in an in-phase
relationship and components of an order 2¢-1 are in areverse-
phase relationship. That is to say, a component of an order 2a
remains when a process of adding the first round of received
waves and the second round of received waves is performed.
[0098] The present embodiment shall be described under-
standing the phase inversion process to be used. FIG. 8 is a
drawing describing one example of the harmonic processing
performed by an ultrasonic image apparatus. As illustrated in
FIG. 8, the ultrasonic image apparatus 1 transmits a first
ultrasonic pulse of a frequency 1f and a second ultrasonic
pulse with which the frequency is 1f and a phase difference
with respect to the first ultrasonic pulse is 180° (with which
the phase has been inverted), and performs an addition pro-
cess with the received signals of the first ultrasonic pulse and
the received signals of the second ultrasonic pulse, thereby
extracting a harmonic of an order 2a.

[0099] Here, as was described with FIG. 6, the total number
of channels is understood to be M and the total number of
samples is understood to be N. The received signals of an m-th
(Ist through M-th) channel is represented by xm, and the
received signals at a sampling point n (1 through N) in the
channel m is represented by xm([n]. The data of the received
signals of the first ultrasonic pulse (positive phase) is repre-
sented by x_posm[n] and the data of the received signals of
the second ultrasonic pulse (reverse phase) is represented
with x_negm[n].

[0100] The harmonic processing unit 131 adds the data for
the received signals of the first ultrasonic pulse and the data
for the received signals of the second ultrasonic pulse for
every channel to cancel out components of an order 2a-1
(fundamental waves, third-order harmonic, etc.) and extract
components of an order 2a (second-order harmonic, fourth-
order harmonic, etc.). The harmonic processing unit 131 can
use the following formula (1) to find the harmonic component
x_Harmonicm[n] of each of the sampling points of each of the
channels.

Formula (1)
x_Harmonic,, /n]=x_pos,,/n/+x_neg,, /n] o))
[0101] In a case where the filter process is used, then the

harmonic component is found by the following formula (2).
“filter” represents the filter component.

Formula (2)
x_Harmonic,, /u]=filter*x,, /] 9)
[0102] Below, for the sake of ease of understanding, the

data of each of the channels where the harmonic components
have been extracted is represented in a simplified manner, as
illustrated by the formula (3).

Formula (3)

X,,=x_Harmonic,, (3)

[0103]
detail.
[0104] First, a conventional beamforming process shall be
described for the purpose of comparison with the MVB pro-
cess. Conventional beamforming is a process for aligning and

Next, the MVB process shall be described in greater
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adding phases of signals of each channel (phasing addition)
and amplifying the signals. Only signals with matching
phases can be amplified, so the waves that come from a
desired direction can be extracted. This is a process equiva-
lent to the Fourier transform.

[0105] Here, with conventional beamforming, a weighting
addition has been performed using a weight of a fixed value
for the signals of each of the channels. For example, a window
function such as a rectangular window or Hanning window is
used for the weight. A window function changes the shapes of
the main lobe and side lobes of the spectrum of the received
waves, but the receiving directivity is fixed. The “main lobe”
namely refers to the sensitivity to waves in the desired direc-
tion, while the “side lobes” refer to the sensitivity to waves
coming from elsewhere other than the desired direction. The
narrower the main lobe and lower the level of the side lobes,
the better the azimuth resolution.

[0106] The shapes of the main lobe and the side lobes is
determined by the apertures and frequency. When the aper-
tures are infinitely large, then the sensitivity property
becomes a delta function, and reception becomes possible
only from a specific angle. In practice, finite apertures are
used and therefore the occurrence of side lobes is inevitable.
When the apertures are the same, then a higher frequency
means a narrower main lobe.

[0107] Nonetheless, there is still sensitivity to elsewhere
other than the desired direction, and waves end up being
received, which is a problem. That is to say that the side lobes
or alternatively the breadth of the main lobe ends up causing
waves from elsewhere other than the desired direction to be
received.

[0108] For example, with a linear scan, one line image is
generated with respect to the perpendicular direction from the
apertures. This results in the desire to acquire the reflected
signals coming from an object that is present only in front as
much as possible (i.e., where the desired direction=0°).
Therefore, at the time of transmission, each of the channels is
given a delay time, and a transmission beam is transmitted so
that the frontal sound pressure is stronger. Ultrasonic waves,
however, have the property of spreading out over a sphere,
and therefore end up reaching and being reflected at reflectors
that are at an angle other than frontal. Therefore, the received
signals end up also including unneeded waves from else-
where other than the desired direction. As stated above, con-
ventional beamforming has reception sensitivity also to
unneeded waves that come from elsewhere other than the
desired direction, and therefore the azimuth resolution is
worsened.

[0109] Therefore, in the present embodiment, the MVB
process is used. “Adaptive beamforming” refers to a process
of dynamically changing the sensitivity characteristic and
removing sensitivity to unneeded waves by changing the
weights of each ofthe channels in accordance with the incom-
ing waves. Adaptive beamforming puts a constraint on direc-
tion and removes sensitivity to unneeded waves, and there-
fore makes it possible to mitigate the problem of the decrease
in azimuth resolution caused by the unneeded waves. As
stated above, the MVB processing unit 132 executes the
MVB process on the harmonic components of each of the
channels extracted by the harmonic processing unit 131.

[0110] More specifically, the reception focus processing
unit 1321 applies a delay, of a delay duration Dm defined in
advance for each of the channels, to the received signals
(harmonic components) of each of the channels so that the
signals of each of the channels have aligned phases. Then, the
output signal xm of the m-th channel is found with the for-
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mula (4). The output signals of each of the channels can also
be expressed as in the formula (5).

Formula (4)
X0 1 = D) n(?) 4
Formula (5)

xDn-Di@nd & ®

x@n-D:@ @ @

X[n] =

xM®n—DM@ m@@

@ indicates text missingor illegiblewhen filed

[0111] As illustrated in FIG. 9, ultrasonic waves that have
been reflected from reflectors that are in a depth direction Z
from an ultrasonic transducer device become spherical waves
and arrive at the elements of each of the channels. As such, the
duration for when the reflected signals arrive at the elements
of each of the channels is determined by the linear distance
qm from the reflector to the elements of each of the channels;
the farther the element is from the reflector, the greater the
delay for the ultrasonic waves to arrive. The delay duration
Dm is found geometrically as illustrated in the formula (6),
and is determined by the position pm of the channel and the
depth distance 7. ¢ is the sound velocity (a fixed value).

Formula (6)

0=V P+ 22

D,=q,/c (6)
[0112] Thereception focus processingis essentially similar

to the phase-adjusting process in conventional beamforming.
[0113] The output signals calculated with the reception
focus processing unit 1321 are outputted to the spatial aver-
aging processing unit 1322 in a case where a spatial averaging
process is set to be used. In a case where the spatial averaging
process has not been set to be used, then the output signals are
outputted to the weight calculation unit 1323 and the weight-
ing addition unit 1324. For the sake of ease of understanding,
a case where the spatial averaging process is not used shall be
described first.

[0114] The weight calculation unit 1323 calculates the
weight to be applied to the received signals of each of the
channels.

[0115] The method of calculating the weight shall now be
described. Where “wm” is the weight for each of the chan-
nels, then the output z outputted by the weighting addition
unit 1324 is the result of multiplying the weight wm of each
of the channels and the delay-processed signal xm of each of
the channels outputted from the reception focus processing
unit 1321 and then the resulting values derived for each chan-
nel are added together, and is represented by the formula (7).

Formula (7)

M
D@ =) wn® @ 1@ n-Dp@n® @
m=1
@ indicates text missing or illegiblewhen filed

[0116] Expressing this formula in vector notation gives the
equations (8) and (9). H is the complex conjugate transpose,
and * is the complex conjugate.
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Formula (8)

@ =@ n® X D ®)
Formula (9)
W
wi

WD) =

n] ®
n]

wilr]

(?) indicates text missin gor illegiblewhen filed

[0117] The correlation matrix R is given by the equations
(10) and (11).

Formula (10)

R(n=E[X[n]Xn]"] (10)

Formula (11)

El 2]’} =win] 'R nwfr] (an
[0118] Theequations (10) and (11) are for calculating such

aweightas will minimize the dispersion of z[n], and therefore
the weight is found as illustrated in the equation (14) when a
conditional minimization problem such as is illustrated in
equations (12) and (13) is solved.

Formula (12)

@ w@® n@D R n@w@ n® (12)
Formula (13)
subject to W@ nPa=1 13
Formula (14)

_ ra 14

(7} indicatestext missing or illegiblewhen filed

[0119] Here, a is a steering vector. In the present embodi-
ment, phasing has already been performed, so the direction is
0°. As such, a should be 1.

[0120] The weighting addition unit 1324 performs a
weighting addition using the weights of each of the channels
calculated with the weight calculation unit 1323 and the
received signals of each of the channels calculated with the
reception focus processing unit 1321. That is to say, a com-
putation according to formula (7) is performed to obtain an
output z. The signals calculated with the weighting addition
unit 1324 are outputted to the wave detection processing unit
133.

[0121] A case where the spatial averaging process is used
shall now be described. The spatial averaging processing unit
1322 performs a process called a spatial averaging process,
which is processing for taking a plurality of sub-apertures out
from the apertures constituted of the M channels and taking
the averages respectively. The spatial averaging process is a
process that is performed in order to prevent the impact of
correlated interference waves from adversely affecting the
azimuth estimation accuracy when the values of each of the
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channels are used directly and without alteration. In place of
the spatial averaging process, a process called a time averag-
ing process for taking the average in the time direction of each
of the channels may also be performed. The signals having
been processed by the spatial averaging processing unit 1322
are outputted to the weight calculation unit 1323 and the
weighting addition unit 1324.

[0122] A case where a number K of sub-apertures where
the number of channels is S (K=M-S+1) are taken out from
apertures where the total number of channels is M, as illus-
trated in FIG. 10, shall now be considered by way of example.
In this case, the input vectors of each s-th sub-aperture can be
expressed as in the formula (15).

Formula (15)

x@n-D@nH® 13
O2n-@@DY
X[n] = .

@@n-DDrRD®
@ indicates text missingor illegiblewhen filed

[0123] The correlation matrix can be expressed as in the
formula (16).

Formula (16)

1 H
= —( (7 DI Dn?
T e GIGIGYIGER QLG

@ indicates text missingor illegiblewhen filed

Rl (16)

[0124] At this time, the optimal weight is found by the
formula (17).

Formula (17)

R[ﬂ]ila an

[0125] The weighting addition unit 1324 performs the
weighting addition using the weights of each of the channels
calculated with the weight calculation unit 1323 and the
received signals of each of the channels calculated with the
spatial averaging processing unit 1322. Namely, a computa-
tion according to the formula (18) is performed and an output
z1s obtained. The signals calculated with the weighting addi-
tion unit 1324 are outputted to the wave detection processing
unit 133.

Formula (18)
1 (18)

D = 7O QO

@ indicates text missingor illegiblewhen filed

[0126] Next, the flow of the operation implemented by the
ultrasonic image apparatus shall be described.



US 2015/0073277 Al

[0127] FIGS.11to 14 are flowcharts (a first through fourth)
illustrating one example of the processing implemented by
the ultrasonic image apparatus. The flowcharts in FIGS. 11 to
14 illustrate the flow by which an image amounting to one
frame is generated.

[0128] First, the control circuit 160 initializes a scan line
number 1, which is an ordinal number indicative of the line at
which an image is generated, to 1 (1=1) (step S100). The scan
line number 1is an ordinal number indicative of which one is
the element group out of the ultrasonic transducer element
groups UG1 to UG64 that constitute the ultrasonic transducer
device such as is illustrated in FIG. 3. For example, “1” is the
scan line number 1 for the element group provided to any end,
referring here to the ultrasonic transducer element group
UG1.“27, then, is the scan line number 1 for the element group
adjacent to the element group of the scan line number “17,
referring here to the ultrasonic transducer element group
UG2. Scan line numbers | are allocated to all of the element
groups in this manner. The relationships between the ultra-
sonic transducer element groups UG1 to UG64 and the scan
line numbers I should be stored in a memory such as a ROM.
[0129] Next, the control circuit 160 performs transmission
and reception of an ultrasonic pulse with a frequency 1f and
phase 0° via all of the channels of the usage apertures corre-
sponding to the scan line number 1 initialized in step S100 or
a scan line number 1 that has been updated in a step S128
described below (steps S101 to S106). For example, the chan-
nels of the usage apertures for when the scan line number is
“1” are the ultrasonic transducer element groups UGI to
UGS, and the channels of the usage apertures for when the
scan line number is “2” are the ultrasonic transducer element
groups UG2 to UGY. The relationships between the scan line
numbers and the channels of the corresponding usage aper-
tures should be stored in a memory such as a ROM.

[0130] The transmission pulse generator 111 generates a
pulse voltage for transmitting the ultrasonic pulse with a
frequency 1f and a pulse 0° (step S101). The transmission
delay circuit 113 performs the wave transmission focusing
control (step S102), and the vltrasonic probe 10 emits at a
subject an ultrasonic beam corresponding to the pulse voltage
generated in step S101 (step S103).

[0131] The control circuit 160 performs a changeover
between transmission and reception via the transmission/
reception changeover switch 140. The ultrasonic probe 10
receives at all of the channels of the usage apertures the
received waves that come back after the emitted ultrasonic
beam is reflected at the subject, and the signals received are
passed to the reception processing unit 120. The reception
circuit 121 converts the received waves (analog signals) of
every channel of the usage apertures to digital received sig-
nals, and the digital received signals are outputted to the filter
circuit 123 (step S104).

[0132] The filter circuit 123 performs a bandpass filter pro-
cess on the received signals of every channel of the usage
apertures (step S105). The control circuit 160 saves the
received signals of every channel of the usage apertures that
are outputted from the filter circuit 123 into the memory 125
(step S106).

[0133] Next, the control circuit 160 performs transmission
and reception of an ultrasonic pulse with a frequency 1f and
phase 180° via all of the channels of the usage apertures
corresponding to the scan line number 1 initialized in step
S100 or a scan line number 1 that has been updated in a step
S128 described below (steps S111 to S116; see FIG. 9). That
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is to say, in the steps S111 to S116, the control circuit 160
transmits and receives an ultrasonic pulse with a phase dif-
ference of 180° (inverted phase) with respect to the ultrasonic
pulse that was transmitted and received in the steps S101 to
S106.

[0134] The transmission pulse generator 111 generates a
pulse voltage for transmitting the ultrasonic pulse with a
frequency 1fand a phase 180° (step S111). The transmission
delay circuit 113 performs the wave transmission focusing
control (step S112), and the ultrasonic probe 10 emits at the
subject an ultrasonic beam corresponding to the pulse voltage
generated in step S111 (step S113). The process in step S114
is the same as in step S104, the process in step S115 is the
same as in step S105, and the process in step S116 is the same
as in step S106, and therefore a description thereof is omitted.
[0135] Next, the control circuit 160 issues an instruction to
the harmonic processing unit 131, and the harmonic process-
ing unit 131 acquires the positive-phase received signals
saved in the memory 125 in step S106 and the reverse-phase
received signals saved in the memory 125 in step S116 for
every channel of the usage apertures, and extracts the har-
monic components by running the addition processing on
these acquired received signals (step S121). The details
therein are as is described above.

[0136] Next, the MVB processing unit 132 performs the
MVB processing, which is adaptive beamforming that puts a
constraint on direction, based on the harmonic components of
every channel of the usage apertures extracted by the har-
monic processing unit 131 in step S121 (step S122). The
details therein are as is described above. That is to say, the
reception focus processing unit 1321 runs the delay process-
ing defined in advance for each of the channels on the har-
monic components of each of the channels, and the spatial
averaging processing unit 1322 performs the spatial averag-
ing process on the signals on which the reception focus pro-
cessing unit 1321 has run the delay processing. The weight
calculation unit 1323 calculates the weight for each of the
channels and the weighting addition unit 1324 uses the cal-
culated weights to add the weightings to the signals of each of
the channels.

[0137] Next, the wave detection processing unit 133
applies the low-pass filter after the absolute value (rectifica-
tion) processing to the harmonic components for the scan line
number | outputted by the MVB processing unit 132 in step
S122, to extract the unmodulated signals (i.e., performs an
envelope detection) (step S123). Then, the logarithmic con-
version processing unit 135 performs the logarithmic conver-
sion processing (step S124).

[0138] Then, the gain/dynamic range adjustment unit 137
adjusts the signal intensity and region of interest (step S125).
Then, the STC 139 corrects the degree of amplification
(brightness) in accordance with the depth (step S126).
[0139] Next, the control circuit 160 determines whether or
not the scan line number 1, which is the ordinal number
indicative of the line at which the image is generated, is
smaller than a number of scan lines L (step S127). The num-
ber of scan lines L is the number of ultrasonic transducer
element groups UGI to UG64 in the case of the ultrasonic
transducer device such as is illustrated in FIG. 3.

[0140] Inacase wherethe scanline number1is smaller than
the number of scan lines L (YES in step S127), then the
control circuit 160 adds “1” to the scan line number 1 to update
the scan line number 1 (step S128). Then, the processing
returns to step S101 (FIG. 11).
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[0141] Inacase where the scanlinelis not smaller than the
number of scan lines L (NO in step S127) (i.e., a case where
the scan line number 1 matches the number of scan lines L),
however, then: the control circuit 160 issues an instruction to
the image processing unit 130; the image processing unit 130
generates a frame image from the signals of all of the scan
lines processed in steps S121 to step S126; and the processing
is advanced to step S131.

[0142] The DSC 150 performs a scan conversion process
based on the signals (frame image) of all of the scan lines
generated by the image processing unit 130, and generates
B-mode image data (display image data) that is outputted to
the display unit 21 (step S131). The display unit 21 displays
the display image data thus generated (step S132). This com-
pletes the processing of the flowcharts illustrated in FIGS. 11
to 14.

[0143] Finally, the B-mode image that is displayed by an
ultrasonic image apparatus to which the present embodiment
has been applied and the B-mode image that is displayed by
an ultrasonic image apparatus shall be compared.

[0144] Ultrasonic image apparatuses having the following
functions (A) to (D) were run through a simulation in the
same environment. (A) to (C) correspond to the prior art and
(D) corresponds to the present embodiment.

[0145] (A) The fundamental wave component is acquired
from received waves of an ultrasonic echo with regard to an
ultrasonic wave of a predetermined frequency transmitted at
atest subject, and the B-mode image is generated based on the
acquired fundamental wave component. (B) The harmonic
components are acquired from received waves of an ultra-
sonic echo with regard to an ultrasonic wave of a predeter-
mined frequency transmitted at a test subject, and the B-mode
image is generated based on the acquired harmonic compo-
nents. (C) The fundamental wave component is acquired from
received waves of an ultrasonic echo with regard to an ultra-
sonic wave of a predetermined frequency transmitted at a test
subject, and the acquired fundamental wave component is
subjected to adaptive beamforming to generate the B-mode
image.

[0146] (D) The harmonic components are acquired from
received waves of an ultrasonic echo with regard to an ultra-
sonic wave of a predetermined frequency transmitted at a test
subject, and the acquired harmonic components are subjected
to adaptive beamforming to generate the B-mode image.
[0147] FIG.151s a drawing describing the simulation envi-
ronment relating to the display of the B-mode images. As
illustrated in FIG. 15, the test subject has been examined by
an ultrasonic probe. Arranged in the interior of the test subject
are two reflectors, spaced apart by a 5-mm gap at positions 30
mm deep from the surface thereof.

[0148] FIGS. 16A and 16B are drawings describing the
(first) results of a simulation relating to the displaying of the
B-mode images. FIGS. 17A and 17B are drawings describing
the (second) results of a simulation relating to the displaying
of the B-mode images. FIG. 16A is the simulations results for
the conventional ultrasonic image apparatus (A). FIG. 16B is
the simulation results for the conventional ultrasonic image
apparatus (B). FIG. 17C is the simulation results for the
conventional ultrasonic image apparatus (C). FIG. 17D is the
simulation results for the ultrasonic image apparatus (D) cor-
responding to the present embodiment.

[0149] The conventional ultrasonic image apparatus (C)
has an improvement in the azimuth resolution compared to
the conventional ultrasonic image apparatus (A) and the con-

Mar. 12,2015

ventional ultrasonic image apparatus (B), as is clear from the
displayed examples of B-mode images and luminance value
graphs illustrated in FIGS. 16 to 17. Then, the ultrasonic
image apparatus (D) has further improvement in the azimuth
resolution compared to the conventional ultrasonic image
apparatus (C).

[0150] An embodiment of the present invention has been
described above. According to the present embodiment, an
image with higher resolution can be obtained while adaptive
beamforming is being applied to an ultrasonic image appara-
tus.

[0151] That is to say. in the present embodiment, adaptive
beamforming was applied to harmonic components extracted
with harmonic processing. This makes it possible to obtain an
image with enhanced azimuth resolution. As a result, adaptive
beamforming can be applied to an ultrasonic image apparatus
so as to be able to meet the needs of practical use. Because a
harmonic is a small signal that occurs in the course of propa-
gation of ultrasound, the S/N ratio is poor, but noise can be
suppressed by adaptive beamforming. When the harmonics
are being taken out, false signals sometimes occur due to
phase shift or the like, but can be suppressed by adaptive
beamforming.

[0152] The present invention has been described above
using the embodiment, but the technical scope of the present
invention is not limited to being the scope set forth in the
embodiment described above. It shall be readily understood
by a person skilled in the art that a variety of modifications or
improvements could be added to the embodiment described
above. The claims also make it clear that a mode where such
a modification or improvement has been added could also be
included within the technical scope of the present invention.
The present invention is not limited to be an ultrasonic image
apparatus, but could also be provided in a variety of different
modes such as amethod of image processing for an ultrasonic
image apparatus, a program for an ultrasonic image appara-
tus, or a storage medium storing this program. The present
invention could also be provided as an ultrasonic measure-
ment apparatus with which the ultrasonic image apparatus
main body 20 and the display image data generated is output-
ted to an external display unit. The present invention could
furthermore be provided in a variety of modes such as a
method of image processing for an ultrasonic measurement
apparatus, a program for an ultrasonic measurement appara-
tus, or a storage medium storing this program. In the present
invention, without including the ultrasonic probe, the ultra-
sonic image apparatus main body may also be called the
ultrasonic image apparatus and the ultrasonic measurement
apparatus main body may be called the ultrasonic measure-
ment apparatus.

[0153] The present invention can also be applied to any
format of scanning, such as linear scanning where the apet-
tures of a probe are split and lines are generated by the
sub-apertures, sector scanning where an ultrasonic beam is
angled by adjusting the delay duration of each of the chan-
nels, or offset sector scanning that is used for convex-shaped
probes. The present invention could also be applied even with
a format of scanning where transmission and reception are
not performed for every line, called aperture synthesis.

GENERAL INTERPRETATION OF TERMS

[0154] Inunderstanding the scope of the present invention,
the term “comprising” and its derivatives, as used herein, are
intended to be open ended terms that specify the presence of
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the stated features, elements, components, groups, integers,
and/or steps, but do not exclude the presence of other unstated
features, elements, components, groups, integers and/or
steps. The foregoing also applies to words having similar
meanings such as the terms, “including”, “having” and their
derivatives. Also, the terms “part,” “section,” “portion,”
“member” or “element” when used in the singular can have
the dual meaning of a single part or a plurality of parts.
Finally, terms of degree such as “substantially”, “about” and
“approximately” as used herein mean a reasonable amount of
deviation of the modified term such that the end result is not
significantly changed. For example, these terms can be con-
strued as including a deviation of at least +5% of the modified
term if this deviation would not negate the meaning of the
word it modifies.

[0155] Whileonly selected embodiments have been chosen
to illustrate the present invention, it will be apparent to those
skilled in the art from this disclosure that various changes and
modifications can be made herein without departing from the
scope of the invention as defined in the appended claims.
Furthermore, the foregoing descriptions of the embodiments
according to the present invention are provided for illustra-
tion only, and not for the purpose of limiting the invention as
defined by the appended claims and their equivalents.

What is claimed is:

1. An ultrasonic measurement apparatus comprising:

a reception processing unit configured to receive, as a
received signal, an ultrasonic echo corresponding to an
ultrasonic wave transmitted toward a subject;

a harmonic processing unit configured to extract a har-
monic component of the ultrasonic echo from the
received signal;

a signal processing unit configured to add a weighting to
the harmonic component by using a weight that varies
depending on a value of the harmonic component; and

an image generation unit configured to generate an image
based on a signal to which the weighting has been added.

2. The ultrasonic measurement apparatus as set forth in

claim 1, wherein

the reception processing unit is configured to receive the
ultrasonic echo via an ultrasonic element array having a
plurality of channels, as the received signal of each of the
channels,

the harmonic processing unit is configured to extract the
harmonic component from the received signal of each of
channels, and

the signal processing unit is configured to cause the weight
for each of the channels to vary depending on the value
of the harmonic component of each of the channels and
to add the weighting to the harmonic component of each
of the channels using the weight.

3. The ultrasonic measurement apparatus as set forth in

claim 2, wherein

the signal processing unit is configured to perform a delay
process corresponding to each of the channels on the
harmonic component of each of the channels, and to
cause the weight of each of the channels to vary depend-
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ing on the value of the harmonic component of each of
the channels after the delay processing.

4. The ultrasonic measurement apparatus as set forth in

claim 3, wherein

the signal processing unit is configured to perform a spatial
averaging process by taking a plurality of sub-apertures
out from a plurality of apertures constituted of the chan-
nels to determine the weight of each of the channels used
to add the weighting to the harmonic component of each
of the channels after the delay processing.

5. The ultrasonic measurement apparatus as set forth in

claim 2, further comprising:

a filter processing unit configured to remove noise by per-
forming a filter process on one of the received signal of
each of the channels and the harmonic component of
each of the channels.

6. The ultrasonic measurement apparatus as set forth in

claim 1, wherein

the reception processing unit is configured to receive, as
received signals, the ultrasonic echo corresponding to
two ultrasonic waves transmitted toward the subject
with the two ultrasonic waves having a phase difference
of 180° at a predetermined frequency, and

the harmonic processing unit is configured to extract the
harmonic component by adding the received signals of
the ultrasonic echo corresponding to the two ultrasonic
waves.

7. The ultrasonic measurement apparatus as set forth in

claim 1, wherein

the harmonic processing unit is configured to extract the
harmonic component by performing a filter process.

8. An ultrasonic image apparatus comprising:

a reception processing unit configured to receive, as a
received signal, an ultrasonic echo corresponding to an
ultrasonic wave transmitted toward a subject;

a harmonic processing unit configured to extract a har-
monic component of the ultrasonic echo from the
received signal;

a signal processing unit configured to add a weighting to
the harmonic component by using a weight that varies
depending on a value of the harmonic component;

an image generation unit configured to generate an image
based on a signal to which the weighting has been added;
and

adisplay unit configured to display the image that has been
generated.

9. An ultrasonic measurement method comprising:

receiving, as a received signal, an ultrasonic echo corre-
sponding to an ultrasonic wave transmitted toward a
subject;

extracting a harmonic component of the ultrasonic echo
from the received signal;

adding a weighting to the harmonic component by using a
weight that varies depending on a value of the harmonic
component; and

generating an image based on a signal to which the weight-
ing has been added.
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