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(57) ABSTRACT

An ultrasonic diagnostic apparatus that transmits/receives an
ultrasonic wave to/from a subject using an ultrasonic probe
and generates an image includes: a transmission unit that
converts a pulsed transmission signal including a fundamen-
tal wave component into a transmission ultrasonic wave and
transmits the transmission ultrasonic wave to the inside of
the subject; a receiving unit that generates a reception signal
based on a reflected ultrasonic wave from the subject; a
separation unit that separates the reception signal into first
and second components; a phase control unit that generates
a third component by controlling a phase of the second
component such that a time at which amplitude is maxi-
mized is the same between the first and second components;
a combining unit that combines the first and third compo-
nents to generate a composite reception signal; and an image

A61B 8/08 (2006.01) generation unit that generates an image based on the com-
A61B 8/00 (2006.01) posite reception signal.
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ULTRASONIC DIAGNOSTIC APPARATUS
AND ULTRASONIC SIGNAL PROCESSING
METHOD

[0001] The entire disclosure of Japanese Patent Applica-
tion No. 2016-019655 filed on Feb. 4, 2016 including
description, claims, drawings, and abstract are incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Field of the Invention

[0003] The present invention relates to an ultrasonic diag-
nostic apparatus and an ultrasonic signal processing method,
and in particular to a method of transmitting and receiving
ultrasonic waves.

[0004] Description of the Related Art

[0005] An ultrasonic diagnostic apparatus is a medical
imaging apparatus that acquires information of the inside of
the body using an ultrasonic pulse reflection method and
displays the information as a tomographic image. By taking
advantage of low cost, no risk of exposure to radiation, and
excellent real-time performance compared with other
modalities using X-rays, radiation, and the like, the use area
of the ultrasonic diagnostic apparatus is expanding.

[0006] Various studies for improving the image quality in
the ultrasonic diagnostic apparatus have been made. For
example, a technique called tissue harmonic imaging (THI)
is used. The THI is a technique of extracting and imaging
nonlinear components generated when ultrasonic waves
propagate through the body tissue, specifically, harmonic
components. In addition to being used for imaging of the
body tissue itself, the THI can also be used to generate a
contrast image in combination with an ultrasonic contrast
agent for generating strong harmonic components. Since
each harmonic component has a higher frequency than the
fundamental wave component, the harmonic component is
less susceptible to the influence of multiple reflection, low-
frequency noise, and the like. In addition, since the amount
of unnecessary side lobe components is small, it is possible
to obtain a signal with a high S/N ratio. In addition, for
example, as disclosed in JP 2004-298620 A or JP 2010-
42048 A, by using a plurality of harmonics having different
orders or by using a sum frequency or a difference frequency
corresponding to two fundamental waves having different
frequencies, signal quality has been improved due to an
increase in the band of a signal.

[0007] As another advantage of using a component having
a higher frequency than the fundamental wave component,
it is possible to improve the distance resolution by reducing
the time length of the pulse (hereinafter, abbreviated as a
pulse length) of the ultrasonic wave. However, since har-
monic components are generated when the fundamental
wave component propagates, there is almost no change in
the pulse length between the fundamental wave component
and the harmonic components. Therefore, in a method of
simply using harmonic components such as that disclosed in
JP 2004-298620 A, it is not possible to improve the distance
resolution since the time length of the pulse is not different
from that of the fandamental wave.

[0008] As a method of reducing the pulse length, as
disclosed in JP 2010-42048 A, there is a method in which a
signal (so-called “chirp signal”) whose frequency changes
(sweeps) with time is transmitted and received and pulse
compression using correlation processing is used. However,

Aug. 10,2017

in order to sweep the ultrasonic frequency, analog process-
ing is required. For this reason, there is a problem that the
circuit is complicated and the cost is increased.

SUMMARY OF THE INVENTION

[0009] The invention has been made in order to solve the
aforementioned problem, and it is an object of the invention
to provide an ultrasonic diagnostic apparatus and an ultra-
sonic signal processing method which can be realized by
simple processing and by which it is possible to achieve both
an increase in the band of a signal and an improvement in
distance resolution.

[0010] To achieve the abovementioned object, according
to an aspect, an ultrasonic diagnostic apparatus that trans-
mits and receives an ultrasonic wave to and from a subject
using an ultrasonic probe and generates an image based on
a reflected ultrasonic wave, reflecting one aspect of the
present invention comprises: a transmission unit that con-
verts a pulsed transmission signal including a fundamental
wave component into a transmission ultrasonic wave using
the ultrasonic probe and transmits the transmission ultra-
sonic wave to the inside of the subject; a receiving unit that
generates a reception signal based on a reflected ultrasonic
wave from the subject that has been received by the ultra-
sonic probe; a separation unit that separates the reception
signal into a first component including one or more fre-
quency components and a second component different from
the first component; a phase control unit that generates a
third component by controlling a phase of the second
component such that a time at which amplitude is maxi-
mized is the same between the first and second components;
a combining unit that combines the first and third compo-
nents to generate a composite reception signal; and an image
generation unit that generates an image based on the com-
posite reception signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The above and other objects, advantages and fea-
tures of the present invention will become more fully
understood from the detailed description given hereinbelow
and the appended drawings which are given by way of
illustration only, and thus are not intended as a definition of
the limits of the present invention, and wherein:

[0012] FIG. 1 is a block diagram of an ultrasonic diag-
nostic apparatus according to a first embodiment;

[0013] FIG. 2 is a flowchart showing the operation of the
ultrasonic diagnostic apparatus according to the first
embodiment;

[0014] FIG. 3 is a flowchart showing the operation of a
transmission and reception event according to the first
embodiment;

[0015] FIG. 4A shows an example of the waveform of a
transmission pulse according to the first embodiment;
[0016] FIG. 4B shows an example of the waveform of a
transmission pulse according to the first embodiment;
[0017] FIG. 5A shows an example of the waveform of a
composite reception signal according to the first embodi-
ment;

[0018] FIG. 5B shows an example of the waveform of a
composite reception signal according to the first embodi-
ment;

[0019] FIG. 6 is a block diagram of an ultrasonic diag-
nostic apparatus according to a first modification example;
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[0020] FIG. 7 is a flowchart showing the operation of the
ultrasonic diagnostic apparatus according to the first modi-
fication example;

[0021] FIG. 8A shows an example of the band of a
transmission signal pulse according to a second modification
example;

[0022] FIG. 8B shows an example of the band of a digital
reception signal according to the second modification
example;

[0023] FIG. 9A is a schematic diagram showing compo-
nents to be processed by a separation unit, a phase control
unit, and a combining unit according to the first embodi-
ment;

[0024] FIGS. 9B to 9D are schematic diagrams showing
components to be processed by a separation unit, a phase
control unit, and a combining unit according to a third
modification example;

[0025] FIG. 10 is a block diagram of an ultrasonic diag-
nostic apparatus according to a second embodiment;
[0026] FIG. 11 is a flowchart showing the operation of a
transmission and reception event according to the second
embodiment;

[0027] FIG. 12 shows examples of a reference signal
according to second and third embodiments;

[0028] FIG. 13 is a block diagram of an ultrasonic diag-
nostic apparatus according to the third embodiment;
[0029] FIG. 14 is a flowchart showing the operation of a
transmission and reception event according to the third
embodiment;

[0030] FIG. 15 is a block diagram of an ultrasonic diag-
nostic apparatus 6 according to a fourth embodiment;
[0031] FIG. 16 is a flowchart showing the operation of a
transmission and reception event according to the fourth
embodiment;

[0032] FIG. 17 is a schematic diagram of estimation
correction according to the fourth embodiment;

[0033] FIG. 18 is a block diagram of an ultrasonic diag-
nostic apparatus according to a fifth embodiment;

[0034] FIG. 19 is a flowchart showing the operation of a
transmission and reception event according to the fifth
embodiment;

[0035] FIG. 20A is a schematic diagram showing an
example of the combination ratio between a fundamental
wave component and a nonlinear component in a combining
unit;

[0036] FIG. 20B is a schematic diagram showing the
relationship between the depth in a subject and the genera-
tion level of a nonlinear component;

[0037] FIG. 20C is a schematic diagram showing the
relationship between the attenuation rate of each of a fun-
damental wave component and a nonlinear component and
the depth in a subject; and

[0038] FIG. 20D is a schematic diagram showing the
relationship between the signal level of each of a funda-
mental wave component and a nonlinear component and the
depth in a subject.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0039] Hereinafter, an embodiment of the present inven-
tion will be described with reference to the drawings.
However, the scope of the invention is not limited to the
illustrated examples.
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[0040] <<Circumstances that Led to Embodiments for
Carrying Out the Invention>>

[0041] The inventors have performed various studies to
achieve both an improvement in signal quality based on an
increase in the band of a signal due to the THI and an
improvement in distance resolution due to using a high-
frequency signal.

[0042] Inthe THI, harmonic components are extracted and
imaged. Since each harmonic component has a higher fre-
quency than the fundamental wave component, the har-
monic component is less susceptible to the influence of
multiple reflection, low-frequency noise, and the like. In
addition, since the amount of unnecessary side lobe com-
ponents is small, it is possible to obtain a signal with a high
S/N ratio. In addition, since the harmonic component has a
higher frequency than the fundamental wave component, the
transmission beam is easily narrowed. Accordingly. there is
a characteristic that the azimuth resolution is high.

[0043] On the other hand, the inventors have found a
problem that it is not possible to improve the distance
resolution just by using the harmonic components. This is
because the distance resolution depends on the pulse length
of the ultrasonic wave. In general, the distance resolution
improves as the frequency of the ultrasonic pulse increases.
This is because the pulse length becomes shorter as the
frequency becomes higher if the wave number is the same.
However, although the frequency of the harmonic compo-
nent is higher than the frequency of the corresponding
fundamental wave component, the pulse length itself of the
harmonic component is the same as the pulse length of the
fundamental wave component. For this reason, the distance
resolution in the THI is not improved more than the distance
resolution in the case of imaging the fundamental wave
component. Then, the inventors have studied techniques for
shortening the pulse length using the harmonic component.
[0044] As a known technique for shortening the pulse
length, for example, as disclosed in JP 2010-42048 A, a
pulse compression technique using correlation processing
can be mentioned. In the method disclosed in JP 2010-42048
A, harmonic components are separated for each order of the
harmonic, pulse compression of a second harmonic, a third
harmonic, a fourth harmonic, and a fifth harmonic is per-
formed, and the results are combined. In this technique,
however, a chirp signal is used as a transmission pulse. In
order to generate a chirp signal, analog processing for the
frequency sweep is required. For this reason, the method
disclosed in JP 2010-42048 A causes the complication of
circuits and a cost increase.

[0045] Then, the inventors have studied a method of
shortening the pulse length by making the peak steep by
combining a plurality of different frequency components in
a reception signal. For example, in the method disclosed in
JP 2004-298620 A, two fundamental waves having different
frequencies are used as transmission waves, and the phases
of fundamental waves in a transmission ultrasonic wave are
controlled. Accordingly, in the reflected ultrasonic wave, a
second harmonic corresponding to one of the fundamental
waves and a difference frequency component or a sum
frequency component between the fundamental waves are
combined so as to strengthen each other. In these techniques,
however, such combination cannot be performed, for
example, so that the fundamental wave component and the
second harmonic component strengthen each other or the
third harmonic and the component of the sum frequency



US 2017/0224310 Al

strengthen each other. This is because, in the phase control
of the transmission ultrasonic wave such as that performed
in JP 2004-298620 A, the phase of the component of the
difference frequency or the sum frequency can be made to
match the phase of each component of the even harmonics
group (a second harmonic, a fourth harmonic, and the like),
but the phase of each component of the even harmonics
group cannot be made to match the phase of the fundamental
wave component and each component of the odd harmonics
group (a third harmonic, a fifth harmonic, and the like). That
is, it is not possible to strengthen the fundamental wave
component and the second harmonic component each other.
Therefore, the inventors have obtained the idea of shorten-
ing the pulse length by making the peak steep by strength-
ening the respective components of the reception signal by
controlling the phase of each component of the reception
signal instead of the phase of the transmission signal.
[0046] Hereinafter, an ultrasonic diagnostic apparatus and
an ultrasonic signal processing method according to an
embodiment will be described in detail with reference to the
diagrams.

First Embodiment

[0047] FIG. 1 shows a block diagram of an ultrasonic
diagnostic apparatus 1 according to a first embodiment. The
ultrasonic diagnostic apparatus 1 includes a transmission
signal generation unit 10, a transmission unit 20, a switching
unit 30, a receiving unit 40, a separation unit 51, a phase
control unit 52, a combining unit 53, a phasing addition unit
60, an ultrasonic image generation unit 70, and a display
control unit 80. In addition, the transmission signal genera-
tion unit 10, the transmission unit 20, the switching unit 30,
the receiving unit 40, the separation unit 51, the phase
control unit 52, the combining unit 53, and the phasing
addition unit 60 form an ultrasonic signal processing circuit
50. In addition, an ultrasonic probe 2 is configured so as to
be connectable to the switching unit 30, and a display unit
3 is configured so as to be connectable to the display control
unit 80. FIG. 1 shows a state in which the ultrasonic probe
2 and the display unit 3 are connected to the ultrasonic
diagnostic apparatus 1.

[0048] The ultrasonic probe 2 has a plurality of transduc-
ers (not shown) arranged in a one-dimensional direction, for
example. Fach transducer is formed of, for example, PZT
(lead zirconate titanate). The ultrasonic probe 2 converts an
electrical signal (hereinafter, referred to as an “element
driving signal”) generated in the transmission unit 20 into an
ultrasonic wave. The ultrasonic probe 2 transmits an ultra-
sonic beam, which is formed by a plurality of ultrasonic
waves emitted from a plurality of transducers, to a measure-
ment target in a subject in a state in which the transducer-
side outer surface of the ultrasonic probe 2 is in contact with
a surface such as the skin surface of the subject. Then, the
ultrasonic probe 2 receives a plurality of reflected ultrasonic
waves from the measurement target, converts each of the
reflected ultrasonic waves into an electrical signal (herein-
after, referred to as an “element reception signal”) using the
plurality of transducers, and supplies the element reception
signal to the switching unit 30.

[0049] The transmission signal generation unit 10 is a
circuit for generating a transmission signal for generating an
element driving signal. The transmission signal generation
unit 10 generates a pulse signal having a frequency in a
predetermined frequency band that is a fundamental wave
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component, for example, a pulse signal having a center
frequency of 4 MHz. Here, the pulse signal is a sine wave
(cosine wave) in principle, and is not a continuous wave but
a signal having a finite length of about one to several
periods. In addition, the transmission signal generation unit
10 may further generate a pulse signal, which corresponds to
the harmonic component and has a frequency of integral
multiples of the fundamental wave component, combine the
pulse signal with a pulse signal of the fundamental wave
component, and output the resulting signal.

[0050] The transmission unit 20 is a circuit for performing
the focusing or steering of the ultrasonic beam based on the
transmission signal by setting the delay time for each
transducer. Specifically, for the transmission timing of the
ultrasonic beam, delay time is set for each transducer. Then,
by delaying the transmission signal generated by the trans-
mission signal generation unit 10 by the delay time, an
element driving signal is generated for each transducer. The
element driving signal is, for example, a pulsed electrical
signal of different timing for each transducer element, which
is generated such that transmission ultrasonic waves, which
are transmitted from the transducer elements that form the
ultrasonic probe 2, become focus waves that reach a trans-
mission focus point at the same time. Alternatively, the
element driving signal may be, for example, a pulsed
electrical signal which is generated such that the transmis-
sion ultrasonic waves, which are transmitted from the trans-
ducer elements that form the ultrasonic probe 2, become
plane waves traveling in a specific direction and which is
obtained by setting the same timing for each transducer
element or by shifting the operation timing stepwise at a
fixed pitch from one end to the other end of the transducer
column.

[0051] The switching unit 30 selects a transducer of the
ultrasonic probe 2 to be driven by the element driving signal,
and connects the selected transducer and the transmission
unit 20 to each other. In addition, the switching unit 30
selects a transducer of the ultrasonic probe 2 to generate an
element reception signal, and connects the selected trans-
ducer and the receiving unit 40 to each other.

[0052] The receiving unit 40 converts each element recep-
tion signal based on the reflected ultrasonic wave into a
digital reception signal by performing amplification and then
A/D conversion of the element reception signal.

[0053] The separation unit 51 is a circuit for separating the
digital reception signal for each frequency band and output-
ting a fundamental wave component to the combining unit
53 and outputting nonlinear components to the phase control
unit 52. Here, the nonlinear components refer to components
other than the fundamental wave component, specifically,
harmonic components. Alternatively, the separation unit 51
may output a component the timing of the peak of which is
the same as that of the fundamental wave component, among
the nonlinear components, to the combining unit 53 together
with the fundamental wave. Alternatively, for example, the
separation unit 51 may output the fundamental wave com-
ponent and a component the timing of the peak of which is
the same as that of the fundamental wave component, among
the nonlinear components, to the phase control unit 52, and
output the remaining components of the nonlinear compo-
nents to the combining unit 53. Separation for each fre-
quency band can be performed using a band pass filter, for
example. Alternatively, the separation for each frequency
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band may be performed using a band pass filter after using
a phase inversion method to be described later.

[0054] The phase control unit 52 is a circuit for controlling
one or both of the phase of the fundamental wave component
and the phase of the nonlinear component so that the timing
of the peak of the nonlinear component output from the
separation unit 51 is the same as that of the fundamental
wave component, that is, a phase indicating the peak is the
same as that of the fundamental wave component. The
details thereof will be described later. As used herein, “the
same” is intended to cover substantially the same in a scope
capable of providing an intended effect.

[0055] The combining unit 53 is a circuit for generating a
composite reception signal by combining the fundamental
wave component output from the separation unit 51 and the
nonlinear component output from the phase control unit 52
in a predetermined combination ratio so that the timings
match each other. The combining unit 53 amplifies one or
both of the fundamental wave component and the nonlinear
component according to the combination ratio, and adds the
fundamental wave component and the nonlinear component
after the amplification.

[0056] The phasing addition unit 60 is a circuit for per-
forming phasing addition for the composite reception signal
to generate an acoustic line signal. In a case where the
transmission ultrasonic wave is a focus wave, the acoustic
line signal based on the reflected ultrasonic wave is gener-
ated for regions obtained by dividing a region of interest,
which is a part of a region through which the transmission
ultrasonic wave has passed and which includes the trans-
mission focus point and the vicinity thereof, in the element
column direction. Accordingly, in a case where the trans-
mission ultrasonic wave is a focus wave, in order to obtain
the acoustic line signal of the entire region of interest,
transmission of the transmission ultrasonic wave and recep-
tion of the reflected ultrasonic wave are repeatedly per-
formed while moving the transmission focus point in the
element column direction. On the other hand, in a case
where the transmission ultrasonic wave is a plane wave, the
transmission ultrasonic wave is transmitted so as to spread
over the entire region of interest, and the acoustic line signal
of the entire region of interest is generated based on the
reflected ultrasonic wave.

[0057] The ultrasonic image generation unit 70 is a circuit
for generating a B-mode image signal by performing enve-
lope detection, brightness conversion using logarithmic
compression, and coordinate transformation to the orthogo-
nal coordinate system for a plurality of acoustic line signals
required when constructing one tomographic image.
[0058] The display control unit 80 is a circuit for display-
ing the B-mode image signal generated by the ultrasonic
image generation unit 70, as an image, on the display unit 3.
[0059] The display unit 3 is an image display device
connected to the display control unit 80. For example, the
display unit 3 is a liquid crystal display or an organic EL
display.

[0060] The transmission signal generation unit 10, the
transmission unit 20, the switching unit 30, the receiving
unit 40, the separation unit 51, the phase control unit 52, the
combining unit 53, the phasing addition unit 60, the ultra-
sonic image generation unit 70, and the display control unit
80 are realized by hardware, such as a field programmable
gate array (FPGA) and an application specific integrated
circuit (ASIC), for example. In addition, two or more of
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these may be configured as a single element. For example,
the ultrasonic signal processing circuit 50 may be configured
as a single FPGA. Tn addition, some or all of these may be
realized by a single FPGA or ASIC. In addition, these may
be realized separately or with two or more thereof as one
using a memory, a programmable device such as a central
processing unit (CPU) and a graphic processing unit (GPU),
and software.

[0061] <Operation>

[0062] The operation of the ultrasonic diagnostic appara-
tus 1 according to the first embodiment will be described.
FIG. 2 is a flowchart showing the operation of the ultrasonic
diagnostic apparatus 1.

[0063] First, the transmission signal generation unit 10
generates a transmission signal (step S10). FIG. 4A shows
an example of the waveform of a transmission pulse. A
transmission pulse 201 shown in FIG. 4A is configured to
include a fundamental wave component of one period. In
addition, as shown in FIG. 4B, the transmission pulse may
further include a pulse that has a frequency of integral
multiples of the frequency of the fundamental wave com-
ponent and that starts and ends simultaneously with the
fundamental wave component. For example, the transmis-
sion pulse may further include a double pulse 202 and a
triple pulse 203. In this case, it is preferable to generate a
pulse having a frequency of an odd multiple of the frequency
of the fundamental wave component so that the timing of the
peak of the pulse matches that of the fundamental wave. In
addition, the time length of the transmission pulse may not
be one period of the fundamental wave component. For
example, the time length of the transmission pulse may be
other lengths, such as two periods of the fundamental wave
component, and preferably one period or more of the fun-
damental wave component.

[0064] Then, a transmission and reception event is per-
formed (step S20). Here, the transmission and reception
event refers to a series of processing for transmitting ultra-
sonic waves to a subject based on the transmission signal
and performing signal processing based on the reflected
ultrasonic wave. FIG. 3 is a flowchart showing the details of
the transmission and reception event. Hereinafter, the opera-
tion of the ultrasonic diagnostic apparatus 1 according to the
transmission and reception event will be described with
reference to FIG. 3.

[0065] First, the transmission unit 20 performs transmis-
sion beamforming (step S21). Specifically, as described
above, an element driving signal is generated for each
transducer by setting the delay time for each transducer for
the transmission timing of the ultrasonic beam and delaying
the transmission signal by the delay time. The transmission
unit 20 transmits the generated element driving signal to
each relevant transducer of the ultrasonic probe 2 through
the switching unit 30.

[0066] Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
Specifically, as described above, since each transducer of the
ultrasonic probe 2 converts the element driving signal cor-
responding to itself into an ultrasonic wave, an ultrasonic
beam is transmitted to the inside of the subject so as to be
in focus at the transmission focus point.

[0067] Then, the transmitted ultrasonic beam propagates
through the subject. At this time, due to the nonlinearity of
a body tissue, harmonic components of different orders are
generated. In addition, in a case where pulses of the same
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frequency components as the harmonics are included in the
ultrasonic beam, the pulses and the harmonic components
strengthen each other. The ultrasonic beam and the harmonic
components generated within the subject are reflected by the
boundary of the acoustic impedance of the body tissue or the
like to reach the ultrasonic probe 2 as reflected ultrasonic
waves.

[0068] Then, the ultrasonic probe 2 converts the reflected
ultrasonic waves obtained from the inside of the subject into
an element reception signal (step S23). Specifically, as
described above, each transducer of the ultrasonic probe 2
converts the reflected ultrasonic wave into an electrical
signal, and transmits the electrical signal, as an element
reception signal, to the receiving unit 40 through the switch-
ing unit 30.

[0069] Then, the receiving unit 40 converts the element
reception signal into a digital reception signal (step S24).
Specifically, the receiving unit 40 converts the element
reception signal into a digital reception signal by performing
amplification and A/D conversion of the element reception
signal.

[0070] Then, the separation unit 51 separates the digital
reception signal into a fundamental wave component and
nonlinear components (step S25). Specifically, the digital
reception signal is separated into a fundamental wave com-
ponent, a second harmonic component, a third harmonic
component, and the like using a band pass filter. The
separation unit 51 outputs the fundamental wave component
to the combining unit 53, and outputs each harmonic com-
ponent forming the nonlinear component to the phase con-
trol unit 52.

[0071] Then, the phase control unit 52 performs phase
control for the nonlinear component (step S26). The phase
control unit 52 adjusts the phases of the second harmonic
component, the third harmonic component, and the like so
that the timing of the peak of each of the second harmonic
component, the third harmonic component, and the like
matches that of the fundamental wave component. Specifi-
cally, an odd harmonics group (the third harmonic compo-
nent, the fifth harmonic component, and the like) is output
as it is, and the phase of an even harmonics group (the
second harmonic component, the fourth harmonic compo-
nent, and the like) is delayed by m/2. In addition, here, as a
method of adjusting the phase, the phase is delayed by a time
corresponding to the phase to be delayed. For example, as a
method of delaying the phase of the harmonic component of
8 MHz by /2, the phase is delayed by {1/(8x10%)}x%4=31.
25x107°, that is, 31.25 ns.

[0072] Then, the combining unit 53 combines the nonlin-
ear component after the phase control with the fundamental
wave to generate a composite reception signal (step S27).
Specifically, the fundamental wave and the nonlinear com-
ponent are combined at a predetermined combination ratio.
Therefore, as shown in FIGS. 5A and 5B, since the funda-
mental wave and the nonlinear component timings of peaks
of which match each other are combined, peaks become
steep, and the substantial pulse width (for example, a full
width at half maximum) is reduced. FIG. SA shows a case
of combining the fundamental wave and the second har-
monic, and FIG. 5B shows a case of combining the funda-
mental wave and the second to fourth harmonics.

[0073] Then, the phasing addition unit 60 performs phas-
ing addition for the composite reception signal to convert the
composite reception signal into an acoustic line signal (step
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S28). The phasing addition unit 60 generates an acoustic line
signal by performing delay processing on each composite
reception signal so that the reception timing from the
observation point is the same and adding the composite
reception signals after the delay, for each observation point
in a region for which an acoustic line signal is to be
generated. Here, the observation point is a point, which is
different from the transmission focus point and the trans-
mission focus point only in depth, or the vicinity thereof.
[0074] As described above, one transmission and recep-
tion event is ended.

[0075] Referring back to FIG. 2, the explanation will be
continued. Then, it is determined whether or not an acoustic
line signal has been acquired for the entire region of interest
for which a B-mode image is to be generated (step S30). In
a case where there is a region for which an acoustic line
signal has not been acquired, a position where the ultrasonic
beam is transmitted is changed, and the transmission and
reception event in step S20 is performed again to generate an
acoustic line signal. On the other hand, in a case where an
acoustic line signal has been generated for the entire region
of interest for which a B-mode image is to be generated, the
process proceeds to step S40.

[0076] Then, the ultrasonic image generation unit 70 gen-
erates a B-mode image by performing envelope detection,
brightness conversion using logarithmic compression, and
coordinate transformation to the orthogonal coordinate sys-
tem for the acoustic line signal of the entire region of interest
(step S40).

[0077] Finally, the display control unit 80 displays the
B-mode image generated by the ultrasonic image generation
unit 70 on the display unit 3 (step S50).

[0078] <Summary>

[0079] Through the configuration described above, since it
is possible to make the peak of the composite reception
signal steep without performing pulse compression using
correlation processing, it is possible to substantially narrow
the pulse width. Therefore, it is possible to improve the
distance resolution of a B-mode image to be generated.
[0080] In addition, in a case where the nonlinear compo-
nent is so small that it is not possible to make the peak of the
composite reception signal steep, it is possible to generate a
B-mode image using only the fundamental wave component
even though it is not possible to take advantage of the THI,
such as an improvement in S/N ratio. That 1s, a region that
cannot be imaged by the THI can be imaged using the
fundamental wave component. Accordingly, it is possible to
obtain a so-called frequency compound effect of performing
switching between improvements in the S/N ratio and reso-
lution due to high-frequency ultrasonic waves and an
improvement in penetration performance due to low-fre-
quency ultrasonic waves appropriately according to the
conditions, such as the depth.

First Modification Example

[0081] In the first embodiment, the case of using a band
pass filter when extracting nonlinear components has been
described. In contrast, in this modification example, a case
of extracting nonlinear components using a phase inversion
method (hereinafter, also referred to as a “pulse inversion
method™) will be described.

[0082] <Configuration>

[0083] FIG. 6 shows a block diagram of an ultrasonic
diagnostic apparatus 1A according to a first modification
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example. In addition, the same components as in FIG. 1 are
denoted by the same reference numerals, and the explanation
thereof will be omitted.

[0084] The ultrasonic diagnostic apparatus 1A is charac-
terized in that a transmission signal generation unit 10A, a
signal storage unit 41, and a separation unit 51A for extract-
ing nonlinear components using the phase inversion method
are provided, and other configurations are the same as those
of the ultrasonic diagnostic apparatus 1. In addition, the
transmission signal generation unit 10A, the transmission
unit 20, the switching unit 30, the receiving unit 40, the
signal storage unit 41, the separation unit 51A, the phase
control unit 52, the combining unit 53, and the phasing
addition unit 60 form an ultrasonic signal processing circuit
S0A.

[0085] The signal storage unit 41 is a storage medium for
storing a plurality of digital reception signals according to
one transmission and reception event. Specifically, the signal
storage unit 41 is realized by a memory or the like.

[0086] The separation unit 51A is a circuit for separating
a digital reception signal into an even harmonics group, a
fundamental wave component, and an odd harmonics group
using the phase inversion method and then performing
separation into respective components. The details thereof
will be described later.

[0087]

[0088] The operation of the ultrasonic diagnostic appara-
tus according to the first modification example will be
described. FIG. 7 1s a flowchart showing the operation of the
ultrasonic diagnostic apparatus according to the first modi-
fication example. In addition, the same operations as in
FIGS. 2 and 3 are denoted by the same step numbers, and the
detailed explanation thereof will be omitted.

[0089] First, the transmission signal generation unit 10A
generates transmission signals (step S210). Here, the trans-
mission signal generation unit 10A generates two transmis-
sion signals. The first transmission signal is a transmission
pulse shown in FIG. 4A or 4B that has been described in the
first embodiment. On the other hand, the second transmis-
sion signal is a pulse obtained by inverting the phase of the
fundamental wave and the phase of a pulse having a fre-
quency of odd multiples of the frequency of the fundamental
wave. That is, the first transmission pulse shown in FIG. 4A
is a transmission pulse obtained by inverting the phase of the
transmission pulse 201. In addition, the first transmission
pulse shown in FIG. 4B is a transmission pulse obtained by
inverting the phases of the transmission pulse 201 and the
triple pulse 203. In this case, the phase of a pulse having a
frequency of even multiples of the frequency of the funda-
mental wave, for example, the phase of the double pulse 202
is not inverted.

[0090] Then, a transmission and reception event (step
S260) is performed.

[0091] First, ultrasonic waves are transmitted and received
using the first transmission pulse (step S220). Then, the
transmission unit 20 performs transmission beamforming
(step S21). Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
Then, the reflected ultrasonic waves obtained from the
inside of the subject by the ultrasonic probe 2 are converted
into an element reception signal (step S23). Then, the
receiving unit 40 converts each element reception signal into
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a digital reception signal (step S24). The generated digital
reception signal is stored in the signal storage unit 41 (step
S230).

[0092] Then, ultrasonic waves are transmitted and
received using the second transmission pulse (step S240).
First, the transmission unit 20 performs transmission beam-
forming (step S21). Then, an ultrasonic beam is transmitted
to the inside of the subject from the ultrasonic probe 2 (step
S22). Then, the reflected ultrasonic waves obtained from the
inside of the subject by the ultrasonic probe 2 are converted
into an element reception signal (step S23). Then, the
receiving unit 40 converts each element reception signal into
a digital reception signal (step S24). The generated digital
reception signal is output to the separation unit 51A.
[0093] After finishing the transmission and reception of
ultrasonic waves using both the first transmission pulse and
the second transmission pulse (Yes in step S25), the sepa-
ration unit 51A separates the digital reception signal into a
fundamental wave component and a nonlinear component
(step S250). First, the separation unit 51A reads the digital
reception signal obtained by the first transmission pulse
from the signal storage unit 41. Then, the separation umt
51A performs addition and subtraction between the digital
reception signal obtained by the first transmission pulse and
the digital reception signal obtained by the second transmis-
sion pulse, all of which have been obtained from the same
transducer. In a case where the phase of the fundamental
wave is inverted, the phases of the fundamental wave
component and the odd harmonics group are inverted, but
the phase of the even harmonics group is not inverted.
Accordingly, when the digital reception signal obtained by
the first transmission pulse and the digital reception signal
obtained by the second transmission pulse are added up, the
fundamental wave component and the odd harmonics group
are canceled out since the phases are inverted with respect
to each other. As a result, only the even harmonics group
having the same phase is obtained. In addition, when the
digital reception signal obtained by the second transmission
pulse is subtracted from the digital reception signal obtained
by the first transmission pulse, the even harmonics group is
canceled out since the phases match each other. As a result,
only the fundamental wave component and the odd harmon-
ics group with phases inverted with respect to each other are
obtained. By using a band pass filter for the even harmonics
group, the fundamental wave component, and the odd har-
monics group obtained as described above, the even har-
monics group can be separated into the second harmonic
component, the fourth harmonic component, and the like,
and the fundamental wave component and the odd-order
harmonic component can be separated into the fundamental
wave component, the third harmonic component, the fifth
harmonic component, and the like. The separation unit 51A
outputs the fundamental wave component to the combining
unit 53, and outputs each harmonic component to the phase
control unit 52 as a nonlinear component.

[0094] Then, the phase control unit 52 performs phase
control for the nonlinear component (step S26).

[0095] Then, the combining unit 53 combines the nonlin-
ear component after the phase control with the fundamental
wave to generate a composite reception signal (step S27).
[0096] Then, the phasing addition unit 60 performs phas-
ing addition for the composite reception signal to convert the
composite reception signal into an acoustic line signal (step
528).
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[0097] Then, it is determined whether or not an acoustic
line signal has been acquired for the entire region of interest
for which a B-mode image is to be generated (step S30). In
a case where there is a region for which an acoustic line
signal has not been acquired, a position where the ultrasonic
beam is transmitted is changed, and the transmission and
reception event in step S260 is repeated to generate an
acoustic line signal. On the other hand, in a case where an
acoustic line signal has been generated for the entire region
of interest for which a B-mode image is to be generated, the
process proceeds to step S40.

[0098] Then, the ultrasonic image generation unit 70 gen-
erates a B-mode image by performing envelope detection,
brightness conversion using logarithmic compression, and
coordinate transformation to the orthogonal coordinate sys-
tem for the acoustic line signal of the entire region of interest
(step S40).

[0099] Finally, the display control unit 80 displays the
B-mode image generated by the ultrasonic image generation
unit 70 on the display unit 3 (step S50).

[0100] <Summary>

[0101] Through the configuration described above, even if
there is an overlapping band between two components
having frequencies adjacent to each other, for example, the
fundamental wave component and the second harmonic
component, if one of the two components is the fundamental
wave component or belongs to the odd harmonics group and
the other one belongs to the even harmonics group, one
specific component can be separated without band loss and
without other remaining components. Therefore, even in a
state in which there is an overlapping band between a
fundamental wave component and the second harmonic
component and/or between the second harmonic component
and the third harmonic component, it is possible to extract
each component without band loss. As a result, it is possible
to obtain a high-quality composite reception signal.

Second Modification Example

[0102] In the first embodiment and the first modification
example, the case where only one fundamental wave com-
ponent is used has been described. In contrast, in this
modification example, a case where a plurality of funda-
mental wave components are used will be described.

[0103] FIGS. 8A and 8B show the bands of a transmission
ultrasonic pulse and a reception ultrasonic wave. As shown
in FIG. 8A, the transmission ultrasonic pulse includes a
fundamental wave 301 having a frequency f, and a funda-
mental wave 302 having a frequency f,. In addition, it is
preferable to transmit the transmission ultrasonic pulse so
that the timings of the peaks of the fundamental wave 301
and the fundamental wave 302 match each other. On the
other hand, as shown in FIG. 8B, the reception ultrasonic
wave includes not only a fundamental wave component 311
having a frequency f, and a fundamental wave component
321 having a frequency f, but also a second harmonic
component 312 having a frequency 2f;, a second harmonic
component 322 having a frequency 2f,, a difference fre-
quency component 331 having a frequency f,-f;, a sum
frequency component 332 having a frequency f, +f,, and the
like. In a case where the timings of the peaks of the
fundamental wave 301 and the fundamental wave 302 match
each other, the timings of the peaks of the fundamental wave
component 311 and the fundamental wave component 321
belonging to a fundamental wave group 340 match each
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other. In addition, the timings of the peaks of the second
harmonic component 312 and the second harmonic compo-
nent 322 belonging to an even harmonics group 350 match
each other. In addition, the timings of the peaks of the
difference frequency component 331 and the sum frequency
component 332 match the timings of the peaks of the second
harmonic component 312 and the second harmonic compo-
nent 322 belonging to the even harmonics group 350. That
is, it can be regarded that the difference frequency compo-
nent 331 and the sum frequency component 332 belong to
the even harmonics group 350. Therefore, in a case where
the timings of the peaks of the fundamental wave 301 and
the fundamental wave 302 match each other, in the differ-
ence frequency component 331, the second harmonic com-
ponent 322, and the fundamental wave component 321
frequency bands of which overlap each other, the difference
frequency component 331 and the second harmonic com-
ponent 322 strengthen each other. On the other hand, in the
fundamental wave group 340 and the even harmonics group
350, the timings of the peaks do not match each other.
Accordingly, since the phase of the fundamental wave
component 321 does not match any of the phases of the
difference frequency component 331 and the second har-
monic component 322, the fundamental wave component
321 and the difference frequency component 331 and the
second harmonic component 322 do not strengthen each
other.

[0104] Therefore, using the same configuration as in the
first embodiment or the first modification example, the
second harmonic component 312, the second harmonic
component 322, the difference frequency component 331,
and the sum frequency component 332 that belong to the
even harmonics group 350 are extracted by the separation
unit, and the phases of these components are controlled by
the phase control unit. Thus, since the timings of the peaks
can be made to match each other in the fundamental wave
group 340 and the even harmonics group 350, it is possible
to make the peak steep.

[0105] <Summary>

[0106] Through the configuration described above, since it
is possible to make a peak steep by making two arbitrary
components having different frequencies strengthen each
other, it is possible to achieve both an improvement in the
use efficiency of ultrasonic waves and an improvement in
signal quality.

Third Modification Example

[0107] In the first embodiment and the first and second
modification examples, the case has been described in which
the separation unit outputs a fundamental wave component
to the combining unit and outputs each component forming
nonlinear components to the phase control unit and the
phase control unit performs phase control only for even-
order harmonic components among the nonlinear compo-
nents. In contrast, in a third modification example, another
embodiment regarding components to be subjected to phase
control processing and its control method will be described.
[0108] FIGS. 9A to 9D are schematic diagrams showing
components to be subjected to frequency separation and
phase control processing. In addition, each component
shown in FIGS. 9A to 9D and the following explanation is
just an example, and even-order harmonic components and
odd-order harmonic components other than the described
frequency components may be further used, or only some of
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the described even-order harmonic components and odd-
order harmonic components may be used.

[0109] FIG. 9A shows a configuration for the separation
and the phase control described in the first embodiment and
the first and second modification examples. In this configu-
ration, the separation unit 51 outputs a fundamental wave
411 to the combining unit 53 as it is, and outputs a second
harmonic 412, a third harmonic 413, a fourth harmonic 414,
a fifth harmonic 415, a difference frequency component 416,
and a sum frequency component 417, which are nonlinear
components, to the phase control unit 52. The phase control
unit 52 allows the odd harmonics group to be transmitted as
it is, and performs phase control for the even harmonics
group. That is, the third harmonic 413 and the fifth harmonic
415 are transmitted through the phase control unit 52 as they
are. On the other hand, the phase control unit 52 controls the
phases of the second harmonic 412, the fourth harmonic
414, the difference frequency component 416, and the sum
frequency component 417, and outputs a second harmonic
422, a fourth harmonic 424, a difference frequency compo-
nent 426, and a sum frequency component 427 after the
phase control to the combining unit 53. The combining unit
53 generates a composite reception signal by combining the
respective components of the fundamental wave component,
the odd harmonics group, and the even harmonics group
after the phase control.

[0110] FIG. 9B shows a configuration for separation and
phase control according to another embodiment. In this
configuration, a separation unit 51B outputs the fundamental
wave 411 and the third harmonic 413 and the fifth harmonic
415, which belong to the odd harmonics group, to a com-
bining unit 53B as they are, and outputs the second harmonic
412 and the fourth harmonic 414 belonging to the even
harmonics group, the difference frequency component 416,
and the sum frequency component 417, among nonlinear
components, to a phase control unit 52B. That is, since the
timing of the peak of the fundamental wave component and
the timing of the peak of each component of the odd
harmonics group match each other, the fundamental wave
component and each component of the odd harmonics group
are directly output to the combining unit 53B. The phase
control unit 52B controls the phases of the second harmonic
412 and the fourth harmonic 414 belonging to the even
harmonics group, the difference frequency component 416,
and the sum frequency component 417, which have been
received, and outputs the second harmonic 422, the fourth
harmonic 424, the difference frequency component 426, and
the sum frequency component 427 after the phase control to
the combining unit 53B. The combining unit 53B generates
a composite reception signal by combining the respective
components of the fundamental wave component, the odd
harmonics group, and the even harmonics group after the
phase control. In this manner, the odd harmonics group for
which phase control is not required can be directly output
from the separation unit 51B. In addition, the separation unit
51B may output the fundamental wave component and the
odd harmonics group to the combining unit 53B in a state in
which the fundamental wave component and the odd har-
monics group are mixed, without separating the fundamental
wave component and the odd harmonics group into respec-
tive components, such as the fundamental wave component,
the third harmonic component, and the fifth harmonic com-
ponent. Through the configuration, the separation unit 51B
can output a signal, to which a filter that does not transmit
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only the even harmonics group has been applied, to the
combining unit 53B as it is. In particular, in a case where the
separation unit 51B uses the phase inversion method shown
in the first modification example, the fundamental wave
component and the odd harmonics group obtained by sub-
traction between the digital reception signal obtained by the
first transmission pulse and the digital reception signal
obtained by the second transmission pulse may be output to
the combining unit 53B as they are. In this case, since it is
not necessary to use a band pass filter by which a part of the
band of the fundamental wave component and the odd
harmonics group is lost, it is possible to eliminate the chance
of band loss.

[0111] FIG. 9C shows a configuration for separation and
phase control according to still another embodiment. In this
configuration, a separation unit 51C outputs the second
harmonic 412 and the fourth harmonic 414 belonging to the
even harmonics group, the difference frequency component
416, and the sum frequency component 417 to a combining
unit 53C as they are, and outputs the fundamental wave 411
and the third harmonic 413 and the fifth harmonic 415,
which belong to the odd harmonics group, to a phase control
unit 52C. That is, contrary to the configuration shown in
FIG. 9B, the phase of the even harmonics group is not
controlled, but the phase of each component belonging to the
fundamental wave component and the odd harmonics group
is controlled so that the timing of the peak matches that of
each component of the even harmonics group. Specifically,
for example, control to advance the phase of the fundamen-
tal wave component and the phase of each component
belonging to the odd harmonics group by 7/2 is performed.
The phase control unit 52C controls the phases of the
fundamental wave 411, the third harmonic 413, and the fifth
harmonic 415, which have been received, and outputs a
fundamental wave 431, a third harmonic 433, and a fifth
harmonic 435 after the phase control to the combining unit
53C. The combining unit 53C generates a composite recep-
tion signal by combining the respective components of the
even harmonics group and the fundamental wave component
and the odd harmonics group after the phase control. In this
manner, the even harmonics group for which phase control
is not required can be directly output from the separation
unit S1C. In this case, similar to the configuration shown in
FIG. 9B, the separation unit 51C may output the even
harmonics group to the combining unit 53C in a mixed state
without separating the even harmonics group into respective
components. Through the configuration, the separation unit
51C can output a signal, to which a filter that does not
transmit the fundamental wave component and the odd
harmonics group has been applied, to the combining unit
53C as it is. In particular, in a case where the separation unit
51C uses the phase inversion method shown in the first
modification example, the even harmonics group obtained
by addition between the digital reception signal obtained by
the first transmission pulse and the digital reception signal
obtained by the second transmission pulse may be output to
the combining unit 53C as it is. In this case, since it is not
necessary to use a band pass filter by which a part of the
band of the even harmonics group is lost, it is possible to
eliminate the chance of band loss.

[0112] FIG. 9D shows a configuration for separation and
phase control according to still another embodiment. In this
configuration, a separation unit 51D outputs the fundamental
wave 411 and the third harmonic 413 and the fifth harmonic
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415, which are odd-order harmonic components among the
nonlinear components, to a phase control unit 52D, and
outputs the second harmonic 412 and the fourth harmonic
414 that are even-order harmonic components among the
nonlinear components, the difference frequency component
416, and the sum frequency component 417 to the phase
control unit 52D. That is, all of the components are output
to the phase control unit. The phase control unit 52D
performs phase control for all of the received components.
Here, by adjusting the amount of control of the phases of the
fundamental wave component and the odd-order harmonic
component and the amount of control of the phase of the
even-order harmonic component, the timings of the peaks of
the fundamental wave component and the odd-order har-
monic component are made to match the timing of the peak
of the even-order harmonic component. For example, by
advancing the phases of the fundamental wave component
and the odd-order harmonic component by /4 and delaying
the phase of the even-order harmonic component by /4, it
is possible to match the timings of the peaks of the funda-
mental wave component and the odd-order harmonic com-
ponent with the timing of the peak of the even-order
harmonic component. In addition, the amount of control of
the phase is not limited to the example described above. For
example, the phases of the fundamental wave component
and the odd-order harmonic component may be advanced by
7/3 and the phase of the even-order harmonic component
may be delayed by 2:7w/3, or the phases of the fundamental
wave component and the odd-order harmonic component
may be advanced by /2 and the amount of control of the
phase of the even-order harmonic component may be set to
0 (that is, the even-order harmonic component is output as
it is without phase control). That is, the amount of control of
the phase may be arbitrarily selected as long as the timings
of the peaks of the fundamental wave component and the
odd-order harmonic component match the timing of the peak
of the even-order harmonic component. The phase control
unit 52D outputs the fundamental wave 411 that is a fun-
damental wave component after the phase control and the
odd-order harmonic component after the phase control, that
is, a fundamental wave 441, a third harmonic 443, a fifth
harmonic 445, even-order harmonic components after phase
control (that is, a second harmonic 442 and a fourth har-
monic 444), a difference frequency component 446, and a
sum frequency component 447 to a combining unit 53D. The
combining unit 53D generates a composite reception signal
by combining all of the components after the phase control.

Second Embodiment

[0113] In the first embodiment, the configuration of
improving the distance resolution by narrowing the pulse
has been described. In contrast, a second embodiment is
characterized in that the effect of improving the distance
resolution is enhanced by further performing pulse compres-
sion.

[0114] <Configuration>

[0115] FIG. 10 shows a block diagram of an ultrasonic
diagnostic apparatus 4 according to the second embodiment.
In addition, the same components as in FIG. 1 are denoted
by the same reference numerals, and the explanation thereof
will be omitted.

[0116] The ultrasonic diagnostic apparatus 4 includes a
pulse compression unit 90 that performs pulse compression
for a composite reception signal. The ultrasonic diagnostic

Aug. 10,2017

apparatus 4 is characterized in that pulse compression is
further performed for the composite reception signal, and
other configurations are the same as those of the ultrasonic
diagnostic apparatus 1. In addition, the transmission signal
generation unit 10, the transmission unit 20, the switching
unit 30, the receiving unit 40, the separation unit 51, the
phase control unit 52, the combining unit 53, the pulse
compression unit 90, and the phasing addition unit 60 form
an ultrasonic signal processing circuit 50E.

[0117] The pulse compression unit 90 is a circuit for
receiving a composite reception signal from the combining
unit, generating a time-series signal by performing correla-
tion processing between the composite reception signal and
the reference signal, and outputting the time-series signal to
the phasing addition unit 60. Here, the reference signal is
obtained by adding a component, which has a frequency of
an integral multiple of the frequency of a fundamental wave
component of the transmission pulse generated by the trans-
mission signal generation unit 10, to the fundamental wave
component so that the timings of the peaks match each other.
The pulse compression unit associates a time difference
between the composite reception signal and the reference
signal with a cross-correlation value between the composite
reception signal and the reference signal, and outputs the
result as a time-series signal.

[0118] <Operation>

[0119] The operation of the ultrasonic diagnostic appara-
tus 4 according to the second embodiment will be described.
The operation of ultrasonic diagnostic apparatus 4 is char-
acterized in that the contents of the transmission and recep-
tion event are different, and operations other than the trans-
mission and reception event are the same as those of the
ultrasonic diagnostic apparatus 1. Hereinafter, the transmis-
sion and reception event will be described. FIG. 11 is a
flowchart showing the operation of the transmission and
reception event in the ultrasonic diagnostic apparatus 4. In
addition, the same operations as in FIG. 3 are denoted by the
same step numbers, and the detailed explanation thereof will
be omitted.

[0120] First, the transmission unit 20 performs transmis-
sion beamforming (step S21).

[0121] Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
[0122] Then, the reflected ultrasonic waves obtained from
the inside of the subject by the ultrasonic probe 2 are
converted into an element reception signal (step S23).
[0123] Then, the receiving unit 40 converts each element
reception signal into a digital reception signal (step S24).
[0124] Then, the separation unit 51 separates the digital
reception signal into a fundamental wave component and
nonlinear components (step S25).

[0125] Then, the phase control unit 52 performs phase
control for the nonlinear component (step S26).

[0126] Then, the combining unit 53 combines the nonlin-
ear component after the phase control with the fundamental
wave to generate a composite reception signal (step S27).
[0127] Then, the pulse compression unit 90 generates a
time-series signal by performing correlation processing
between the composite reception signal and the reference
signal, and outputs the time-series signal to the phasing
addition unit 60 (step S310). As described above, the refer-
ence signal used in the correlation processing is obtained by
adding a component, which has a frequency of an integral
multiple of the frequency of a fundamental wave component
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of the transmission pulse generated by the transmission
signal generation unit 10, to the fundamental wave compo-
nent so that the timings of the peaks match each other.
Specifically, as shown in FIG. 12, the reference signal used
in the correlation processing is obtained by adding a double
pulse 402 and a triple pulse 403, each of which has a
frequency of an integral multiple of the frequency of the
same fundamental wave pulse 401 as a transmission signal,
to the fundamental wave pulse 401. In addition, the timings
of the peaks of the double pulse 402 and the triple pulse 403
are the same as the timing of the peak of the fundamental
wave pulse 401. In addition, the reference signal may further
include a quadruple pulse, a quintuple pulse, and the like.
The pulse compression unit 90 calculates a cross-correlation
value between the composite reception signal and the ref-
erence signal while changing the time difference between
the composite reception signal and the reference signal.
Finally, the pulse compression unit 90 generates a time-
series signal by associating the cross-correlation value with
the time difference between the composite reception signal
and the reference signal, and outputs the time-series signal
to the phasing addition unit 60.

[0128] Finally, the phasing addition unit 60 performs
phasing addition for the time-series signal to generate an
acoustic line signal (step S320).

[0129] In addition, although separation into respective
components and phase control are the same as those in the
first embodiment herein, the configurations of the first to
third modification examples may be applied. For example,
separation into respective components may be performed
using the phase inversion method, and odd-order harmonic
components may be directly output to the combining unit53.
In addition, only the fundamental wave component and the
odd harmonics group or both of the even harmonics group
and the fundamental wave component and the odd harmon-
ics group may be subjected to phase control processing.
[0130] <Summary>

[0131] Through the configuration described above, since
the pulse compression using correlation processing can be
further performed for the composite reception signal whose
substantial pulse length has been reduced by making the
pulse steep, it is possible to further enhance the pulse
compression effect. Therefore, it is possible to improve the
distance resolution more reliably.

Third Embodiment

[0132] In the second embodiment, a configuration has
been described in which the effect of improving the distance
resolution is further enhanced by narrowing the pulse by
combining a plurality of frequency components and then
performing pulse compression using correlation processing.
In contrast, in the third embodiment, a case of performing
pulse compression using correlation processing after phase
control and then performing combination will be described.
[0133] <Configuration>

[0134] FIG. 13 shows a block diagram of an ultrasonic
diagnostic apparatus 5 according to the third embodiment. In
addition, the same components as in FIG. 1 are denoted by
the same reference numerals, and the explanation thereof
will be omitted.

[0135] The ultrasonic diagnostic apparatus 5 is character-
ized in that a pulse compression unit 91, which performs
pulse compression for a fundamental wave component out-
put from the separation unit 51 and nonlinear components
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after phase control output from the phase control unit 52, is
provided and respective components after compression are
combined, and other configurations are the same as those of
the ultrasonic diagnostic apparatus 1. In addition, the trans-
mission signal generation unit 10, the transmission unit 20,
the switching unit 30, the receiving unit 40, the separation
unit 51, the phase control unit 52, the pulse compression unit
91, the combining unit 53, and the phasing addition unit 60
form an ultrasonic signal processing circuit 50F.

[0136] The pulse compression unit 91 is a circuit for
receiving a fundamental wave component from the separa-
tion unit 51 and receiving nonlinear components after phase
control from the phase control unit 52, generating a time-
series signal by performing correlation processing between
each of the fundamental wave component and the nonlinear
components and the reference signal, and outputting the
time-series signal to the combining unit 53. Here, the
reference signal is a fundamental wave component of the
transmission pulse generated by the transmission signal
generation unit 10 or a signal having the same frequency as
a component to be subjected to correlation processing
among components the timings of the peaks of which match
that of the fundamental wave component and each of which
has a frequency of an integral multiple of the frequency of
the fundamental wave component. That is, for the funda-
mental wave component, the fundamental wave component
of the transmission pulse generated by the transmission
signal generation unit 10 is used as a reference signal. For
the second harmonic component, a component, the timing of
the peak of which matches that of the transmission pulse
generated by the transmission signal generation unit 10 and
which has a frequency that is twice the frequency of the
fundamental wave component, is used as a reference signal.
The pulse compression unit outputs a time difference
between each component and the reference signal and a
cross-correlation value between the composite component
and the reference signal as a time-series component signal.

[0137]

[0138] The operation of the ultrasonic diagnostic appara-
tus 5 according to the third embodiment will be described.
The operation of ultrasonic diagnostic apparatus 5 is char-
acterized in that the contents of the transmission and recep-
tion event are different, and operations other than the trans-
mission and reception event are the same as those of the
ultrasonic diagnostic apparatus 1. Hereinafter, the transmis-
sion and reception event will be described. FIG. 14 is a
flowchart showing the operation of the transmission and
reception event in the ultrasonic diagnostic apparatus 5. In
addition, the same operations as in FIG. 3 are denoted by the
same step numbers, and the detailed explanation thereof will
be omitted.

[0139] First, the transmission unit 20 performs transmis-
sion beamforming (step S21).

[0140] Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
[0141] Then, the reflected ultrasonic waves obtained from
the inside of the subject by the ultrasonic probe 2 are
converted into an element reception signal (step S23).
[0142] Then, the receiving unit 40 converts each element
reception signal into a digital reception signal (step S24).
[0143] Then, the separation unit 51 separates the digital
reception signal into a fundamental wave component and
nonlinear components (step S25).

<Operation>
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[0144] Then, the phase control unit 52 performs phase
control for the nonlinear component (step S26).

[0145] Then, the pulse compression unit 91 generates a
time-series component signal by performing correlation
processing between the fundamental wave component and
the nonlinear component after the phase control, and outputs
the time-series component signal to the combining unit 53
(step S410). Here, as the reference signal, a fundamental
wave component of the transmission pulse generated by the
transmission signal generation unit 10 or a signal having the
same frequency as a component to be subjected to correla-
tion processing, among components the timings of the peaks
of which match that of the fundamental wave component
and each of which has a frequency of an integral multiple of
the frequency of the fundamental wave component, is used.
Specifically, for the fundamental wave component, as shown
in FIG. 12, the same fundamental wave pulse 401 as a
transmission signal is used. In addition, for the second
harmonic component, the double pulse 402 is used. Simi-
larly, for the third harmonic component, the triple pulse 403
is used. The pulse compression unit 91 calculates a cross-
correlation value while changing the time difference
between each of the fundamental wave component and the
nonlinear component after phase control and the correspond-
ing reference signal. Finally, the pulse compression unit 91
generates a time-series component signal by associating the
cross-correlation value with the time difference between the
composite reception signal and the reference signal for each
component, and outputs the time-series component signal to
the combining unit 53.

[0146] The combining unit 53 combines the time-series
component signals to generate a composite time-series sig-
nal (step S420).

[0147] Finally, the phasing addition unit 60 performs
phasing addition for the composite time-series signal to
generate an acoustic line signal (step S430).

[0148] In addition, although separation into respective
components and phase control are the same as those in the
first embodiment herein, the configurations of the first to
third modification examples may be applied. For example,
separation into respective components may be performed
using the phase inversion method, and odd-order harmonic
components may be directly output to the combining unit 53.
In addition, only the fundamental wave component and the
odd harmonics group or both of the even harmonics group
and the fundamental wave component and the odd harmon-
ics group may be subjected to phase control processing.
[0149] <Summary>

[0150] Through the configuration described above, since
the pulse compression of the fundamental wave component
and each harmonic component, the phases of which have
been controlled so that the timings of the peaks match each
other, is performed by correlation processing, the timings of
the peaks of time-series component signals generated from
the fundamental wave component and the respective har-
monic component signals match each other. For this reason,
the peak of the composite time-series signal becomes steep.
Therefore, since it is possible to greatly enhance the pulse
compression effect, it is possible to improve the distance
resolution more reliably.

Fourth Embodiment

[0151] The configuration of performing only phase control
for the nonlinear component has been described in the first
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embodiment, while the configuration of performing pulse
compression by performing correlation processing after
phase control has been described in the second and third
embodiments. In contrast, in a fourth embodiment, a case of
performing phase control after estimating and correcting the
waveform of the nonlinear component will be described.
[0152] <Configuration>

[0153] FIG. 15 shows a block diagram of an ultrasonic
diagnostic apparatus 6 according to the fourth embodiment.
In addition, the same components as in FIG. 1 are denoted
by the same reference numerals, and the explanation thereof
will be omitted.

[0154] The ultrasonic diagnostic apparatus 6 is character-
ized in that an estimation unit 100, which estimates and
corrects the waveform of the nonlinear component using a
fundamental wave component, is provided, and other con-
figurations are the same as those of the ultrasonic diagnostic
apparatus 1. In addition, the transmission signal generation
unit 10, the transmission unit 20, the switching unit 30, the
receiving unit 40, the separation unit 51, the estimation unit
100, the phase control unit 52, the combining unit 53, and
the phasing addition unit 60 form an ultrasonic signal
processing circuit 50G.

[0155] The estimation unit 100 is a circuit for receiving a
fundamental wave component and a nonlinear component
from the separation unit 51, estimating and correcting the
waveform of the nonlinear component using the fundamen-
tal wave component, and outputting the nonlinear compo-
nent after the correction to the phase control unit 52. The
estimation unit 100 performs, for example, estimation pro-
cessing using Bayesian statistics for each nonlinear compo-
nent. More specifically, a nonlinear component is estimated
and corrected based on the fundamental wave component
using an inverse filter of noise, such as a Wiener filter.
[0156] <Operation>

[0157] The operation of the ultrasonic diagnostic appara-
tus 6 according to the fourth embodiment will be described.
The operation of ultrasonic diagnostic apparatus 6 is char-
acterized in that the contents of the transmission and recep-
tion event are different, and operations other than the trans-
mission and reception event are the same as those of the
ultrasonic diagnostic apparatus 1. Hereinafter, the transmis-
sion and reception event will be described. FIG. 16 is a
flowchart showing the operation of the transmission and
reception event in the ultrasonic diagnostic apparatus 6. In
addition, the same operations as in FIG. 3 are denoted by the
same step numbers, and the detailed explanation thereof will
be omitted.

[0158] First, the transmission unit 20 performs transmis-
sion beamforming (step S21).

[0159] Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
[0160] Then, the reflected ultrasonic waves obtained from
the inside of the subject by the ultrasonic probe 2 are
converted into an element reception signal (step S23).
[0161] Then, the receiving unit 40 converts each element
reception signal into a digital reception signal (step S24).
[0162] Then, the separation unit 51 separates the digital
reception signal into a fundamental wave component and
nonlinear components (step S25).

[0163] Then, the estimation unit 100 receives the funda-
mental wave component and the nonlinear component from
the separation unit 51, estimates and corrects the waveform
of the nonlinear component using the fundamental wave
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component, and outputs the nonlinear component after the
correction to the phase control unit 52 (step S510). Estima-
tion correction is performed by applying an inverse filter to
the nonlinear component of the digital reception signal by
regarding degradation until the nonlinear component
reflected from the inside of the subject becomes a digital
reception signal as the application of a degradation filter.
FIG. 17 shows the schematic diagram. For example, it is
assumed that a virtual digital reception signal 501 corre-
sponding to the ultrasonic wave before degradation has
become a digital reception signal 511 due to a degradation
filter h. In this case, when a virtual frequency axis signal 502
and a frequency axis signal 512 obtained by performing a
Fourier transform of the virtual digital reception signal 501
and the digital reception signal 511 are assumed, it can be
assumed that the virtual frequency axis signal 502 has
become the frequency axis signal 512 due to the degradation
filter H. Therefore, if a Wiener filter M that is an inverse
filter of the degradation filter H is applied to the frequency
axis signal 512, the virtual frequency axis signal 502 is
obtained. Specifically, the estimation unit 100 performs a
Fourier transform of a composite signal of the fundamental
wave component and the nonlinear component, calculates
the Wiener filter M, which is an inverse filter of the
degradation filter H, from the degradation model of the
nonlinear component and applies the Wiener filter M, and
extracts only the band of the nonlinear component by
performing an inverse Fourier transform, thereby perform-
ing estimation reproduction.

[0164] Then, the phase control unit 52 performs phase
control for the nonlinear component after the estimation
correction (step S26).

[0165] Then, the combining unit 53 combines the nonlin-
ear component after the phase control with the fundamental
wave to generate a composite reception signal (step S27).

[0166] Finally, the phasing addition unit 60 performs
phasing addition for the composite reception signal to con-
vert the composite reception signal into an acoustic line
signal (step S28).

[0167] In addition, although separation into respective
components and phase control are the same as those in the
first embodiment herein, the configurations of the first to
third modification examples may be applied. For example,
separation into respective components may be performed
using the phase inversion method. In addition, odd-order
harmonic components, among the nonlinear components
estimated and corrected by the estimation unit 100, may be
directly output to the combining unit 53. In addition, among
the nonlinear components estimated and corrected by the
estimation unit 100, only the fundamental wave component
and the odd harmonics group or both of the even harmonics
group and the fundamental wave component and the odd
harmonics group may be subjected to phase control pro-
cessing. In a case where the fundamental wave component
and the odd harmonics group are phase control targets, the
separation unit 51 may output the fundamental wave com-
ponent to the estimation unit 100 and the phase control unit
52. Alternatively, the separation unit 51 may output the
fundamental wave component only to the estimation unit
100, and the estimation unit 100 may allow the transmission
of the fundamental wave component or may also perform an
inverse Fourier transform for the band of the fundamental
wave component at the time of estimation reproduction. In
addition, for the odd harmonics group or the even harmonics
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group estimated and corrected by the estimation unit 100
that is not a phase control target, the odd harmonics group
or the even harmonics group may be output to the combining
unit 53 in a state in which all components of the odd
harmonics group or all components of the even harmonics
group are combined.

[0168] In addition, pulse compression using correlation
processing may be performed for the composite reception
signal or each component after phase control (after estima-
tion reproduction for a component that is not a phase control
target) by applying the second or third embodiment.
[0169] <Summary>

[0170] Through the configuration described above, since
the nonlinear component is restored to the extent that the
signal quality is not degraded by the estimation reproduc-
tion, it is possible to amplify the nonlinear component while
maintaining the signal quality. Therefore, since it is possible
to greatly enhance the pulse compression effect without
amplifying noise, it is possible to greatly improve the
distance resolution without quality degradation.

Fifth Embodiment

[0171] In the first to fourth embodiments and each modi-
fication example, the case has been described in which the
composite reception signal or the composite time-series
signal is generated by performing component separation and
phase control for the digital reception signal and the acoustic
line signal is generated by performing phasing addition for
the composite reception signal or the composite time-series
signal. In contrast, in a fifth embodiment, a case will be
described in which an acoustic line signal is generated by
performing phasing addition for a digital reception signal
and then a composite reception signal is generated by
performing component separation and phase control for the
acoustic line signal.

[0172] <Configuration>

[0173] FIG. 18 shows a block diagram of an ultrasonic
diagnostic apparatus 7 according to the fifth embodiment. In
addition, the same components as in FIG. 1 are denoted by
the same reference numerals, and the explanation thereof
will be omitted.

[0174] The ultrasonic diagnostic apparatus 7 is character-
ized in that the phasing addition unit 60 is provided after the
receiving unit 40 and before a separation unit 51H, and other
configurations are the same as those of the ultrasonic diag-
nostic apparatus 1. In addition, the transmission signal
generation unit 10, the transmission unit 20, the switching
unit 30, the receiving unit 40, the phasing addition unit 60,
the separation unit 51H, a phase control unit 52H, and a
combining unit 53H form an ultrasonic signal processing
circuit 50H.

[0175] The separation unit 51H, the phase control unit
52H, and the combining unit 53H are characterized in that
the separation, phase control, and combination of the respec-
tive components of the acoustic line signal instead of the
respective components of the digital reception signal are
performed, and have the same configurations as the separa-
tion unit 51, the phase control unit 52, and the combining
unit 53 except for that described above.

[0176] <Operation>

[0177] The operation of the ultrasonic diagnostic appara-
tus 7 according to the fifth embodiment will be described.
The operation of ultrasonic diagnostic apparatus 7 is char-
acterized in that the contents of the transmission and recep-
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tion event are different, and operations other than the trans-
mission and reception event are the same as those of the
ultrasonic diagnostic apparatus 1. Hereinafter, the transmis-
sion and reception event will be described. FIG. 19 is a
flowchart showing the operation of the transmission and
reception event in the ultrasonic diagnostic apparatus 7. In
addition, the same operations as in FIG. 3 are denoted by the
same step numbers, and the detailed explanation thereof will
be omitted.

[0178] First, the transmission unit 20 performs transmis-
sion beamforming (step S21).

[0179] Then, an ultrasonic beam is transmitted to the
inside of the subject from the ultrasonic probe 2 (step S22).
[0180] Then, the reflected ultrasonic waves obtained from
the inside of the subject by the ultrasonic probe 2 are
converted into an element reception signal (step S23).
[0181] Then, the receiving unit 40 converts each element
reception signal into a digital reception signal (step S24).
[0182] Then, the phasing addition unit 60 performs phas-
ing addition for the digital reception signal to generate an
acoustic line signal (step S628).

[0183] Then, the separation unit 51H separates the acous-
tic line signal into the fundamental wave component and a
nonlinear component (step S625).

[0184] Then, the phase control unit 52H performs phase
control for the nonlinear component after estimation correc-
tion (step S626).

[0185] Finally, the combining unit 53H combines the
nonlinear component after the phase control with the fun-
damental wave to generate a composite acoustic line signal
(step S627). In addition, although separation into respective
components and phase control are the same as those in the
first embodiment herein, the configurations of the first to
third modification examples may be applied. For example,
separation into respective components may be performed
using the phase inversion method, and odd-order harmonic
components may be directly output to the combining umt
53H. In addition, only the fundamental wave component and
the odd harmonics group or both of the even harmonics
group and the fundamental wave component and the odd
harmonics group may be subjected to phase control pro-
cessing.

[0186] In addition, pulse compression using correlation
processing may be performed for the composite acoustic line
signal or each component after phase control (after separa-
tion for a component that is not a phase control target) by
applying the second or third embodiment.

[0187] In addition, estimation reproduction of the nonlin-
ear component may be performed by applying the fourth
embodiment.

[0188] <Summary>

[0189] Through the configuration described above, sepa-
ration of the fundamental wave component and the nonlinear
component, phase adjustment of the nonlinear component,
and combination of the fundamental wave component and
the nonlinear component after phase adjustment can be
performed for each acoustic line signal instead of each
digital reception signal. Therefore, it is possible to reduce
the amount of computation.

Other Modification Examples According to the
Embodiments

[0190] (1) In each of the above embodiments and modi-
fication examples, the case of performing focus type beam-
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forming in the transmitted ultrasonic beam has been
described. However, for example, a transmitted ultrasonic
beam may be transmitted as a plane wave, and an acoustic
line signal of the entire region of interest may be generated
for one transmission. In this case, it is possible to improve
the frame rate of a B-mode image by reducing the number
of times of the transmission and reception event required to
generate the data of one B-mode image. In addition, in
transmission beamforming and reception beamforming are
not limited to the case described above, and any beamform-
ing, such as a composite aperture method, may be used.
[0191] (2) In the second modification example, the case of
using two fundamental wave components having different
frequency bands has been described. However, for example,
three or more fundamental wave components having differ-
ent frequencies may be used.

[0192] In addition, in the second to fourth embodiments,
two or more fundamental wave components may be used as
in the second modification example. For example, pulse
compression of the difference frequency or the sum fre-
quency may be performed by correlation processing, or
estimation reproduction may be performed.

[0193] (3) In each of the above embodiments and modi-
fication examples, the ultrasonic diagnostic apparatus gen-
erates one B-mode image. However, for example, the ultra-
sonic diagnostic apparatus may generate a plurality of
B-mode images consecutively, and the plurality of B-mode
images may be displayed on a display unit as a moving
image. In addition, the generated B-mode image may be
output to a storage medium or other devices, or the acoustic
line signal may be output to a storage medium or other
devices.

[0194] (4) In each of the above first, second, and fourth
embodiments and modification examples, the combining
unit combines the fundamental wave component and the
nonlinear component in a composite predetermined ratio.
However, the combination ratio of the nonlinear component
and the fundamental wave component is not always fixed.
For example, the percentage of the nonlinear component
may be changed according to the conditions. Through the
configuration, it is possible to further enhance the effect of
pulse steepening. In this case, the combination ratio of the
nonlinear component and the fundamental wave component
may be simply set such that the percentage of the nonlinear
component increases as the depth increases. Through the
configuration, it is possible to obtain the effect of pulse
steepening at any depth. Alternatively, for example, the
combination ratio may be set such that the percentage of a
component having a higher frequency is higher. Through the
configuration, it is possible to enhance the effect of pulse
steepening. Alternatively, for example, a combination ratio
601 shown in FIG. 20A may be used. In the combination
ratio 601, the percentage of the nonlinear component is high
when the depth is a predetermined depth Ds, and the
percentage of the fundamental wave component is high
when the depth is smaller than the predetermined depth Ds
or when the depth is larger than the predetermined depth Ds.
This is based on the following reasons. FIG. 20B shows the
relationship between the generation level of the nonlinear
component and the depth. Nonlinear components are gen-
erated by the propagation of ultrasonic waves. Therefore, as
shown by a relationship 611, the generation level of the
nonlinear component increases as the depth increases. On
the other hand, FIG. 20C shows the relationship between the
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depth and the attenuation rate at the time of propagation. In
general, attenuation due to propagation becomes larger as
the frequency becomes higher. The nonlinear component has
a higher frequency than the fundamental wave component.
Accordingly, assuming that the relationship between the
depth and the attenuation rate in the fundamental wave
component is shown in a relationship 621, the nonlinear
component is attenuated more largely as the depth increases
as shown in a relationship 622. Due to these two factors, the
relationship between the signal level of each of the funda-
mental wave component and the nonlinear component and
the depth becomes a relationship shown in FIG. 20D. In
FIG. 20D, a relationship 631 shows a relationship between
the signal level of the fundamental wave component and the
depth, and a relationship 632 shows a relationship between
the signal level of the nonlinear component and the depth. A
fundamental wave component is generated by the reflection
of the fundamental wave component of the ultrasonic wave
transmitted from the ultrasonic probe 2. Accordingly, since
the fundamental wave component is not generated by propa-
gation, it is sufficient to consider only the attenuation due to
the propagation. That is, the signal level of the fundamental
wave component decreases as the depth of the reflection
point simply increases. On the other hand, the nonlinear
component shows the following tendencies. In a shallow
portion, since the generation level itself of the nonlinear
component is low even though the attenuation rate is low,
the signal level of the nonlinear component decreases as the
depth decreases. On the other hand, in a deep portion, since
the attenuation rate is high even though the generation level
of the nonlinear component is high, the signal level of the
nonlinear component decreases as the depth increases. Con-
trary to these, in the vicinity of the depth Ds, the signal level
of the nonlinear component is not too low and the attenu-
ation rate is not too high. Accordingly, the signal level of the
nonlinear component is maximized. Eventually, the signal
level of the nonlinear component increases as the depth
approaches the depth Ds and decreases as the depth becomes
away from the depth Ds. Therefore, the combination ratio of
the fundamental wave component and the nonlinear com-
ponent is set such that the percentage of the nonlinear
component is high in a case where the signal level of the
nonlinear component is high and the percentage of the
fundamental wave component is high in a case where the
signal level of the nonlinear component is low. This is
because the effect of pulse narrowing is further enhanced if
the percentage of the nonlinear component is increased in a
case where the signal level of the nonlinear component is
high while signal quality degradation due to noise mixing
may become noticeable if the percentage of the nonlinear
component is increased in a case where the signal level of
the nonlinear component is low. Therefore, it is preferable to
increase the percentage of the nonlinear component in the
vicinity of the predetermined depth Ds and to decrease the
percentage of the nonlinear component as the depth becomes
away from the predetermined depth Ds, and it is possible to
use the combination ratio 601 shown in FIG. 20A. In
addition, the combination ratio is not limited to the combi-
nation ratio 601 shown in FIG. 20A. For example, when the
depth is in the vicinity of the predetermined depth Ds, the
percentage of the nonlinear component with respect to the
fundamental wave component may be set to x. When the
depth is not in the vicinity of the predetermined depth Ds,
the percentage of the nonlinear component with respect to
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the fundamental wave component may be set to y (x>y). In
addition, y may be zero (y=0).

[0195] In addition, although the combining unit combines
time-series component signals in the third embodiment, a
weighting may be similarly given to each of the time-series
component signals, for example. In this case, the combina-
tion ratio of the fundamental wave component and the
nonlinear component described above can be applied to the
weighting coeflicient of each of the time-series component
signal obtained by compressing the fundamental wave com-
ponent and the time-series component signal obtained by
compressing the nonlinear component.

[0196] In addition, in the explanation of FIGS. 20A to
20D, the combination ratio of the fundamental wave com-
ponent and the nonlinear component is changed according to
the depth. However, the conditions for changing the com-
bination ratio are not limited only to the depth, and changing
the combination ratio may be changed according to a
diagnostic part or other factors.

[0197] (5) The case of performing pulse compression
using correlation processing for the composite reception
signal has been described in the second embodiment, and the
case of performing pulse compression using correlation
processing for the fundamental wave component and each
nonlinear component has been described in the third
embodiment. However, for example, the pulse compression
using correlation processing may be performed for each
component of the even harmonics group after phase control.
On the other hand, for the fundamental wave component and
the odd-order harmonic component, the pulse compression
using correlation processing may be performed in a state in
which the fundamental wave component and the odd-order
harmonic component are combined. Then, the results may
be combined. On the contrary, the pulse compression using
correlation processing may be performed for the fundamen-
tal wave component and each component of the odd-order
harmonic component after phase control. On the other hand,
for the even-order harmonic component, the pulse compres-
sion using correlation processing may be performed in a
state in which the even-order harmonic components are
combined. Then, the results may be combined. Alternatively,
components of the even harmonics group may be combined
after phase control, and the pulse compression using corre-
lation processing may be performed for the entire even
harmonics group after combination. On the other hand, for
the fundamental wave component and the odd harmonics
group, the pulse compression using correlation processing
may be performed in a state in which the fundamental wave
component and each component of the odd harmonics group
are combined. Then, the results may be combined (needless
to say, the even harmonics group may be replaced with the
fundamental wave component and the odd harmonics group,
and the fundamental wave component and the odd harmon-
ics group may be replaced with the even harmonics group).
[0198] (6) In each of the above embodiments and modi-
fication examples, the ultrasonic probe 2 includes a plurality
of transducers arranged in the one-dimensional direction.
However, for example, the ultrasonic probe 2 may be a
convex type probe, or transducers may be arranged in a
two-dimensional direction. In addition, the ultrasonic probe
2 may include all or some of the switching unit 30, the
transmission unit 20, and the receiving unit 40. In addition,
although the ultrasonic probe 2 and the display unit 3 are
configured so as to be connectable to the ultrasonic diag-
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nostic apparatus, the ultrasonic probe 2 and the display unit
3 may be built into the ultrasonic diagnostic apparatus.
[0199] (7) In each of the above embodiments and modi-
fication examples, an example of the configuration is shown.
However, the embodiments and the modification examples
may be combined freely. For example, in the second modi-
fication example or the second to fourth embodiments, the
separation unit 51 may separate the fundamental wave
component and the nonlinear component from each other
using the phase inversion method as in the first modification
example. In addition, in the second to fourth embodiments,
as in the second modification example, one or both of the
difference frequency and the sum frequency may be per-
formed in the same manner as for the nonlinear component
using two or more fundamental waves having different
frequencies. In addition, the fourth embodiment and the
second or third embodiment may be combined, so that pulse
comptression may be performed for the nonlinear component
estimated and reproduced by the estimation unit 100 or the
composite reception signal including the nonlinear compo-
nent.

[0200] (8) In the ultrasonic diagnostic apparatus according
to each of the above embodiments and modification
examples, all or some of the components may be imple-
mented as one chip or an integrated circuit of a plurality of
chips, or may be implemented as a computer program, or
may be implemented in any other forms. For example, the
separation unit, the phase control unit, and the combining
unit may be implemented as one chip, or only the transmis-
sion signal generation unit may be implemented as one chip
and an ultrasonic transducer unit and the like may be
implemented as another chip.

[0201] In the case of implementing the components in an
integrated circuit, the components are typically implemented
as a large scale integration (LSI). Although the integrated
circuit is an LSI herein, the integrated circuit may be called
an IC, a system LSI, a super LSI, and an ultra LSI depending
on the degree of integration.

[0202] In addition, the method of circuit integration may
be realized using a dedicated circuit or a general-purpose
processor without being limited to the LSI. After LSI
manufacture, a field programmable gate array (FPGA) that
can be programmed or a reconfigurable processor that can
reconfigure the connections or settings of circuit cells in the
LSI may be used.

[0203] In addition, if integrated circuit technology that
replaces the LSI appears with the progress of semiconductor
technology or other technologies, it is needless to say that
the functional blocks may be integrated using the technol-
ogy.

[0204] In addition, the ultrasonic diagnostic apparatus
according to each of the above embodiments and modifica-
tion examples may be implemented by a program written in
a storage medium and a computer that reads and executes the
program. The storage medium may be any recording
medium, such as a memory card and a CD-ROM. In
addition, the ultrasonic diagnostic apparatus according to the
invention may be implemented by a program downloaded
through a network or by a computer that downloads a
program through a network and executes the program.
[0205] (9) The embodiments described above show pref-
erable examples of the invention. Numeric values, shapes,
materials, components, and arrangement positions and con-
nected forms of components, steps, the order of steps, and
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the like described in the embodiments are just examples, and
are not intended to limit the invention. In addition, among
the components in the embodiments, a step that is not
described in the independent claim and indicates the topmost
concept of the invention is described as an optional com-
ponent that forms a more preferable embodiment.

[0206] In addition, for easy understanding of the inven-
tion, reduced scales of the components in the diagrams
mentioned in the above embodiments may be different from
actual ones. In addition, the invention is not limited by the
description of the above embodiments, and can be appro-
priately modified within the scope of the invention.

[0207] In addition, in the ultrasonic diagnostic apparatus,
members, such as circuit components and lead wires, are
also present on the substrate. For the electrical wires and
electrical circuits, various forms can be implemented based
on the ordinary knowledge in the art. Since these are not
directly related to the description of the invention, the
explanation has been omitted. In addition, each diagram
shown above is a schematic diagram, and is not necessarily
exactly shown.

[0208] <<Supplement>>

[0209] (1) An ultrasonic diagnostic apparatus according to
an embodiment is an ultrasonic diagnostic apparatus that
transmits and receives an ultrasonic wave to and from a
subject using an ultrasonic probe and generates an image
based on a reflected ultrasonic wave. The ultrasonic diag-
nostic apparatus includes: a transmission unit that converts
a pulsed transmission signal including a fundamental wave
component into a transmission ultrasonic wave using the
ultrasonic probe and transmits the transmission ultrasonic
wave to the inside of the subject; a receiving unit that
generates a reception signal based on a reflected ultrasonic
wave from the subject that has been received by the ultra-
sonic probe; a separation unit that separates the reception
signal into a first component including one or more fre-
quency components and a second component different from
the first component; a phase control unit that generates a
third component by controlling a phase of the second
component such that a time at which amplitude is maxi-
mized is the same between the first and second components;
a combining unit that combines the first and third compo-
nents to generate a composite reception signal; and an image
generation unit that generates an image based on the com-
posite reception signal.

[0210] In addition, an ultrasonic signal processing method
according to an embodiment includes: converting a pulsed
transmission signal including a fundamental wave compo-
nent into a transmission ultrasonic wave using an ultrasonic
probe and transmitting the transmission ultrasonic wave to
the inside of a subject; generating a reception signal based
on a reflected ultrasonic wave from the subject that has been
received by the ultrasonic probe; separating the reception
signal into a first component including one or more fre-
quency components and a second component different from
the first component; generating a third component by con-
trolling a phase of the second component such that a time at
which amplitude is maximized is the same between the first
and second components; combining the first and third com-
ponents to generate a composite reception signal.

[0211] Through the configuration described above, since
the first and second components are strengthened by inter-
action, the peak of the composite reception signal becomes
steep. As a result, it is possible to improve the distance
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resolution by shortening the substantial pulse length. In
addition, since the phases of the first and second components
do not need to match each other in the initial state of the
reception signal, a plurality of different frequency compo-
nents included in the reception signal can be used as the first
and second components. As a result, it is possible to widen
the band of the signal.

[0212] (2) In addition, in the ultrasonic diagnostic appa-
ratus described in (1) or the ultrasonic signal processing
method, one of the first and second components may be a
fourth component including a reflected fundamental wave
component having the same frequency band as the funda-
mental wave component, and the other one may be a fifth
component including even-order harmonic components of
the reflected fundamental wave component.

[0213] Through the configuration described above, one of
the reflected fundamental wave component and the even-
order harmonic component, which is a nonlinear component,
can be used as the first component, and the other one can be
used as the second component.

[0214] (3) In addition, in the ultrasonic diagnostic appa-
ratus described in (1) or (2) or the ultrasonic signal process-
ing method, the transmission signal may include the funda-
mental wave component and a component having a
frequency of M (M is an integer of 2 or more) times a
frequency of the fundamental wave component.

[0215] Through the configuration described above, since
the nonlinear component generated by the propagation of the
fundamental wave component and the reflected wave of the
component having a frequency of M times the frequency of
the fundamental wave component can be made to strengthen
each other, it is possible to improve the signal strength of the
nonlinear component.

[0216] (4) In addition, in the ultrasonic diagnostic appa-
ratus described in (2) or (3) or the ultrasonic signal process-
ing method, the fourth component may further include
odd-order harmonic components of the reflected fundamen-
tal wave component.

[0217] Through the configuration described above, the
odd-order harmonic component that is a nonlinear compo-
nent can be further used as the first component or the second
component that includes the reflected fundamental wave.

[0218] (5) In addition, in the ultrasonic diagnostic appa-
ratus described in any one of (2) to (4), the transmission
signal may further include a second fundamental wave
component having a different frequency from the fundamen-
tal wave component, and the fifth component may further
include one or both of a sum frequency component between
the fundamental wave component and the second funda-
mental wave component and a difference frequency com-
ponent between the fundamental wave component and the
second fundamental wave component.

[0219] Through the configuration described above, it is
possible to generate a composite reception signal configured
to include one of two fundamental wave components having
different frequencies and a sum frequency component and/or
a difference frequency component.

[0220] (6) In addition, in the ultrasonic diagnostic appa-
ratus described in (5), the fourth component may further
include one or both of a second reflected fundamental wave
component corresponding to the second fundamental wave
component and odd-order harmonic components of the
second reflected fundamental wave component, and the fifth
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component may further include even-order harmonic com-
ponents of the second reflected fundamental wave compo-
nent.

[0221] Through the configuration described above, any
one or more of the odd-order harmonic component and the
reflected fundamental wave component corresponding to
each of two fundamental wave components having different
frequencies and any one or more of the sum frequency
component, the difference frequency component, and the
even-order harmonic component corresponding to each fun-
damental wave component can be used as one and the other
of the first and second components, respectively.

[0222] (7) In addition, in the ultrasonic diagnostic appa-
ratus described in any one of (1) to (6), the phase control unit
may generate a sixth component by further controlling a
phase of the first component such that a time at which
amplitude is maximized is the same between the third and
sixth components, and the combining unit may generate the
composite reception signal using the sixth component
instead of the first component.

[0223] Through the configuration described above, more
suitable phase control can be performed by setting both the
first and second components as phase control targets.

[0224] (8) In addition, the ultrasonic diagnostic apparatus
described in anyone of (2) to (7) may further include an
estimation unit that estimates and generates restored har-
monic components, which are waveforms before degrada-
tion of harmonic components of the reflected fundamental
wave component, using the reflected fundamental wave
component. The phase control unit may generate the third
component by controlling a phase of a seventh component
obtained by replacing harmonic components of the reflected
fundamental wave component of the second component with
the restored harmonic components, and the combining unit
may generate the composite reception signal using an eighth
component, which is obtained by replacing harmonic com-
ponents of the reflected fundamental wave component of the
first component with the restored harmonic components,
instead of the first component.

[0225] Through the configuration described above, since it
is possible to increase the signal level of the harmonic
component while maintaining the quality of the harmonic
component, it is possible to make the peak of the composite
reception signal steeper. As a result, it is possible to improve
the distance resolution more reliably.

[0226] (9) In addition, in the ultrasonic diagnostic appa-
ratus described in any one of (2) to (8), the combining unit
may control a combination ratio between a ninth component
corresponding to the reflected fundamental wave component
and a tenth component corresponding to harmonic compo-
nents of the reflected fundamental wave component when
generating the composite reception signal.

[0227] Through the configuration described above, it is
possible to use harmonic components more appropriately.
As a result, it is possible to suppress the degradation of the
signal quality and to improve the distance resolution by
making the peak of the composite reception signal steeper.

[0228] (10) In addition, in the ultrasonic diagnostic appa-
ratus described in (9), the combining unit may change the
combination ratio of the tenth component to the ninth
component according to a depth of a generation source of the
reflected ultrasonic wave corresponding to the reception
signal.
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[0229] Through the configuration described above, it is
possible to make the peak of the composite reception signal
steep efliciently in consideration of the attenuation or the
signal level of the harmonic component. As a result, it is
possible to increase the distance resolution while maintain-
ing the quality of the harmonic component.

[0230] (11) In addition, in the ultrasonic diagnostic appa-
ratus described in (10), the combination ratio of the tenth
component to the ninth component may increase as a depth
of a generation source of the reflected ultrasonic wave
corresponding to the reception signal increases when the
depth of the generation source is smaller than a predeter-
mined depth, and may decrease as the depth of the genera-
tion source increases when the depth of the generation
source is larger than the predetermined depth.

[0231] Through the configuration described above, the
effect of peak steepening of the composite reception signal
can be enhanced by increasing the percentage of the har-
monic component in the vicinity of the predetermined depth
where the signal level of the harmonic component is high,
while quality degradation of the composite reception signal
due to noise included in the harmonic component can be
suppressed by reducing the percentage of the harmonic
component for a region away from the predetermined depth
where the signal level of the harmonic component is low.
[0232] (12) In addition, the ultrasonic diagnostic apparatus
described in any one of (1) to (11) may further include a
pulse compression unit that generates a pulse compression
signal by compressing the composite reception signal in a
time axis direction based on the transmission signal, and the
image generation unit may generate the image based on the
pulse compression signal instead of the composite reception
signal.

[0233] Through the configuration described above, since it
is possible to make the peak of the composite reception
signal steeper, it is possible to improve the distance resolu-
tion more reliably.

[0234] (13) In addition, the ultrasonic diagnostic apparatus
described in any one of (1) to (6) may further include a pulse
compression unit that generates a first pulse compression
signal and a second pulse compression signal by compress-
ing the first component and the third component in a time
axis direction based on the transmission signal, respectively,
and the combining unit may generate the composite recep-
tion signal by combining the first and second pulse com-
pression signals instead of the first and third components.
[0235] Through the configuration described above, since it
is possible to match the timings of the peaks of the first and
second pulse compression signals, it is possible to improve
the distance resolution more reliably.

[0236] (14) In addition, in the ultrasonic diagnostic appa-
ratus described in any one of (1) to (12), the phase control
unit may change a phase of each frequency component
included in the second component by /2.

[0237] Through the configuration described above, it is
possible to reduce the amount of computation for phase
control.

[0238] The ultrasonic diagnostic apparatus and the ultra-
sonic signal processing method according to an embodiment
of the invention do not require a complicated circuit, and it
is possible to improve the S/N ratio and the distance reso-
lution using nonlinear components. In addition, in a region
where it is not possible to receive nonlinear components,
imaging based on the fundamental wave component is
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possible. Accordingly, there is a high adaptability that is not
influenced by the conditions of use in a medical diagnostic
apparatus or the like.

[0239] Although the present invention has been described
and illustrated in detail, it is clearly understood that the same
is by way of illustrated and example only and is not to be
taken by way of limitation, the scope of the present inven-
tion being interpreted by terms of the appended claims.

What is claimed is:

1. An ultrasonic diagnostic apparatus that transmits and
receives an ultrasonic wave to and from a subject using an
ultrasonic probe and generates an image based on a reflected
ultrasonic wave, the ultrasonic diagnostic apparatus com-
prising:

a transmission unit that converts a pulsed transmission
signal including a fundamental wave component into a
transmission ultrasonic wave using the ultrasonic probe
and transmits the transmission ultrasonic wave to the
inside of the subject;

a receiving unit that generates a reception signal based on
a reflected ultrasonic wave from the subject that has
been received by the ultrasonic probe;

a separation unit that separates the reception signal into a
first component including one or more frequency com-
ponents and a second component different from the first
component;

a phase control unit that generates a third component by
controlling a phase of the second component such that
a time at which amplitude is maximized is the same
between the first and second components;

a combining unit that combines the first and third com-
ponents to generate a composite reception signal; and

an image generation unit that generates an image based on
the composite reception signal.

2. The ultrasonic diagnostic apparatus according to claim

1,

wherein one of the first and second components is a fourth
component including a reflected fundamental wave
component having the same frequency band as the
fundamental wave component, and the other one is a
fifth component including even-order harmonic com-
ponents of the reflected fundamental wave component.

3. The ultrasonic diagnostic apparatus according to claim
1,

wherein the transmission signal includes the fundamental
wave component and a component having a frequency
of M (M is an integer of 2 or more) times a frequency
of the fundamental wave component.

4. The ultrasonic diagnostic apparatus according to claim

2’

wherein the fourth component further includes odd-order
harmonic components of the reflected fundamental
wave component.

5. The ultrasonic diagnostic apparatus according to claim

2,

wherein the transmission signal further includes a second
fundamental wave component having a different fre-
quency from the fundamental wave component, and

the fifth component further includes one or both of a sum
frequency component between the fundamental wave
component and the second fundamental wave compo-
nent and a difference frequency component between the
fundamental wave component and the second funda-
mental wave component.
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6. The ultrasonic diagnostic apparatus according to claim
55
wherein the fourth component further includes one or
both of a second reflected fundamental wave compo-
nent corresponding to the second fundamental wave
component and odd-order harmonic components of the
second reflected fundamental wave component, and
the fifth component further includes even-order harmonic
components of the second reflected fundamental wave
component.
7. The ultrasonic diagnostic apparatus according to claim
13
wherein the phase control unit generates a sixth compo-
nent by further controlling a phase of the first compo-
nent such that a time at which amplitude is maximized
is the same between the third and sixth components,
and
the combining unit generates the composite reception
signal using the sixth component instead of the first
component.
8. The ultrasonic diagnostic apparatus according to claim
2, further comprising:
an estimation unit that estimates and generates restored
harmonic components, which are waveforms before
degradation of harmonic components of the reflected
fundamental wave component, using the reflected fun-
damental wave component,
wherein the phase control unit generates the third com-
ponent by controlling a phase of a seventh component
obtained by replacing harmonic components of the
reflected fundamental wave component of the second
component with the restored harmonic components,
and
the combining unit generates the composite reception
signal using an eighth component, which is obtained by
replacing harmonic components of the reflected funda-
mental wave component of the first component with the
restored harmonic components, instead of the first
component.
9. The ultrasonic diagnostic apparatus according to claim
2,
wherein the combining unit controls a combination ratio
between a ninth component corresponding to the
reflected fundamental wave component and a tenth
component corresponding to harmonic components of
the reflected fundamental wave component when gen-
erating the composite reception signal.
10. The ultrasonic diagnostic apparatus according to
claim 9,
wherein the combining unit changes the combination ratio
of the tenth component to the ninth component accord-
ing to a depth of a generation source of the reflected
ultrasonic wave corresponding to the reception signal.
11. The vltrasonic diagnostic apparatus according to claim
10,
wherein the combination ratio of the tenth component to
the ninth component increases as a depth of a genera-
tion source of the reflected ultrasonic wave correspond-
ing to the reception signal increases when the depth of
the generation source is smaller than a predetermined
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depth, and decreases as the depth of the generation
source increases when the depth of the generation
source is larger than the predetermined depth.

12. The ultrasonic diagnostic apparatus according to

claim 1, further comprising:

a pulse compression unit that generates a pulse compres-
sion signal by compressing the composite reception
signal in a time axis direction based on the transmission
signal,

wherein the image generation unit generates the image
based on the pulse compression signal instead of the
composite reception signal.

13. The ultrasonic diagnostic apparatus according to

claim 1, further comprising:

a pulse compression unit that generates a first pulse
compression signal and a second pulse compression
signal by compressing the first component and the third
component in a time axis direction based on the trans-
mission signal, respectively,

wherein the combining unit generates the composite
reception signal by combining the first and second
pulse compression signals instead of the first and third
components.

14. The ultrasonic diagnostic apparatus according to

claim 1,

wherein the phase control unit changes a phase of each
frequency component included in the second compo-
nent by /2.

15. An ultrasonic signal processing method, comprising:

converting a pulsed transmission signal including a fun-
damental wave component into a transmission ultra-
sonic wave using an ultrasonic probe and transmitting
the transmission ultrasonic wave to the inside of a
subject;

generating a reception signal based on a reflected ultra-
sonic wave from the subject that has been received by
the ultrasonic probe;

separating the reception signal into a first component
including one or more frequency components and a
second component different from the first component;

generating a third component by controlling a phase of the
second component such that a time at which amplitude
is maximized is the same between the first and second
components; and

combining the first and third components to generate a
composite reception signal.

16. The ultrasonic signal processing method according to

claim 15,

wherein one of the first and second components is a fourth
component including a reflected fundamental wave
component having the same frequency band as the
fundamental wave component, and the other one is a
fifth component including even-order harmonic com-
ponents of the reflected fundamental wave component.

17. The ultrasonic signal processing method according to

claim 16,

wherein the fourth component further includes odd-order
harmonic components of the fundamental wave com-
ponent.
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