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(57) ABSTRACT

An ultrasonic diagnostic apparatus according to an embodi-
ment includes transmission circuitry, receiving circuitry and
extracting circuitry. The transmission circuitry cause an ultra-
sonic probe to perform three or more times of ultrasonic wave
transmissions, an ultrasonic wave to be transmitted including
a center frequency component, a phase of the center fre-
quency component being different in each transmission. The
receiving circuitry generates three or more reception signals
corresponding to a common reception scanning line based on
a plurality of reflected wave signals, the plurality of reflected
wave signals being obtained through the three or more times
of ultrasonic wave transmissions. The extracting circuitry
extracts a nonlinear component included in the three or more
reception signals by adding up the three or more reception
signals after performing a processing including phase rota-
tion processing on two or more reception signals among the
three or more reception signals.
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ULTRASONIC DIAGNOSTIC APPARATUS
AND IMAGE PROCESSING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2014-
253530, filed on Dec. 15, 2014; and Japanese Patent Appli-
cation No. 2015-209169, filed on Oct. 23, 2015, the entire
contents of all of which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to
an ultrasonic diagnostic apparatus and an image processing
apparatus.

BACKGROUND

[0003] Ultrasonic diagnostic apparatuses are medical
image equipment for non-invasively obtaining a tomogram of
soft tissue within a living body from the surface of the body
using an ultrasonic pulse reflection method. As compared
with other medical image equipment, the ultrasonic diagnos-
tic apparatuses have advantages such as a small size, a low
price, high safety without being exposed to X-rays and the
like, being capable of performing blood flow imaging, and the
like, and are widely used for a heart, an abdominal region,
urinary organs, and the obstetrics and gynecology depart-
ment.

[0004] Inrecent years, harmonic imaging has been used in
diagnosis such as tissue harmonic imaging (THI) for visual-
izing a harmonic component generated due to a nonlinear
phenomenon in ultrasonic wave propagation within the living
body. A side lobe level of harmonics is smaller than that of
fundamental waves, so that image quality of an ultrasonic
image can be improved as compared with the related art using
the fundamental waves. With the THI, for example, obtained
is an image excellent in lateral resolution and contrast reso-
lution in which a blood vessel and the like are rarely missed.
[0005] However, in the harmonic imaging in the related art,
a harmonic component of a desired order cannot be separated
and extracted without increasing the number of times oftrans-
missions and receptions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG.1isablockdiagram illustrating a configuration
example of an ultrasonic diagnostic apparatus according to a
first embodiment;

[0007] FIG. 2 is a diagram for explaining phase rotation
processing performed by the ultrasonic diagnostic apparatus
according to the first embodiment;

[0008] FIG. 3 is a flowchart for explaining a processing
procedure performed by the ultrasonic diagnostic apparatus
according to the first embodiment;

[0009] FIGS. 4A and 4B are diagrams for explaining
extraction processing performed by the ultrasonic diagnostic
apparatus according to the first embodiment;

[0010] FIG. 5 a flowchart for explaining a processing pro-
cedure performed by an ultrasonic diagnostic apparatus
according to a second embodiment;

[0011] FIG. 61is a diagram for explaining synthesis process-
ing med by the ultrasonic diagnostic apparatus according to
the second embodiment;
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[0012] FIGS. 7 and 8 are diagrams for explaining an image
generated by the ultrasonic diagnostic apparatus according to
the second embodiment;

[0013] FIG. 9 is a flowchart for explaining a processing
procedure performed by an ultrasonic diagnostic apparatus
according to a third embodiment;

[0014] FIG. 10 is a diagram for explaining a processing
procedure performed by the ultrasonic diagnostic apparatus
according to the third embodiment;

[0015] FIGS. 11A and 11B are diagrams for explaining a
signal processed by the ultrasonic diagnostic apparatus
according to the third embodiment;

[0016] FIG. 12 is a diagram for explaining a processing
procedure performed by an ultrasonic diagnostic apparatus
according to a modification of the third embodiment;

[0017] FIGS. 13 and 14 are flowcharts for explaining a
processing procedure performed by an ultrasonic diagnostic
apparatus according to a fourth embodiment;

[0018] FIG. 15is atable for explaining characteristics of an
ultrasonic wave transmission sequence according to the
fourth embodiment;

[0019] FIG. 16A is a diagram for explaining extraction of a
high-order harmonic in a case in which ultrasonic wave trans-
missions are performed with a single frequency component;
[0020] FIG. 16B is a diagram for explaining extraction of
the high-order harmonic in a case in which ultrasonic wave
transmissions are performed with plurality of frequency com-
ponents;

[0021] FIG. 17A is a diagram for explaining a temporal
change of ultrasonic waves in a case in which ultrasonic wave
transmissions are performed with a single frequency compo-
nent;

[0022] FIG. 17B is a diagram for explaining a temporal
change of ultrasonic waves in a case in which ultrasonic wave
transmissions are performed with a plurality of frequency
components;

[0023] FIG. 17C is a diagram for explaining frequency
characteristics in a case in which ultrasonic wave transmis-
sions are performed with a single frequency component;
[0024] FIG. 17D is a diagram for explaining frequency
dependence in a case in which ultrasonic wave transmissions
are performed with a plurality of frequency components;
[0025] FIG. 18A is a diagram for explaining extraction of a
third-order harmonic component in a case in which ultrasonic
wave transmissions are performed with a single frequency
component;

[0026] FIG. 18B is a diagram for explaining extraction of
the third-order harmonic component in a case in which ultra-
sonic wave transmissions are performed with a plurality of
frequency components;

[0027] FIG. 19 is a diagram for explaining extraction of a
second-order harmonic component in a case in which ultra-
sonic wave transmissions are performed with a plurality of
frequency components;

[0028] FIG. 20 is a diagram for explaining a method of
determining a plurality of frequency values to be used in the
ultrasonic diagnostic apparatus according to the fourth
embodiment;

[0029] FIG. 21 is a table for explaining ultrasonic wave
transmissions in an ultrasonic diagnostic apparatus according
to a fifth embodiment;

[0030] FIG. 22 is a diagram for explaining ultrasonic wave
transmissions in the ultrasonic diagnostic apparatus accord-
ing to the fifth embodiment;
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[0031] FIG. 23 is a table for explaining ultrasonic wave
transmissions in the ultrasonic diagnostic apparatus accord-
ing to the fifth embodiment;

[0032] FIG. 24A is a diagram for explaining a signal pro-
cessed by the ultrasonic diagnostic apparatus according to the
fifth embodiment;

[0033] FIG. 24B is a diagram for explaining the signal
processed by the ultrasonic diagnostic apparatus according to
the fifth embodiment;

[0034] FIG. 25A is a diagram for explaining a first ultra-
sonic wave transmission sequence according to a sixth
embodiment;

[0035] FIG.25B is a diagram for explaining a second ultra-
sonic wave transmission sequence according to the sixth
embodiment;

[0036] FIG. 26A is a diagram for explaining a third ultra-
sonic wave transmission sequence according to the sixth
embodiment;

[0037] FIG. 26B is a diagram for explaining a fourth ultra-
sonic wave transmission sequence according to the sixth
embodiment; and

[0038] FIGS.27A,27B, and 27C are diagrams for explain-
ing an ultrasonic wave transmission sequence according to
other embodiments.

DETAILED DESCRIPTION

[0039] An ultrasonic diagnostic apparatus according an
embodiment includes transmission circuitry, receiving cit-
cuitry and extracting circuitry. The transmission circuitry
cause an ultrasonic probe to perform three or more times of
ultrasonic wave transmissions, an ultrasonic wave to be trans-
mitted including a center frequency component, a phase of
the center frequency component being different in each trans-
mission. The receiving circuitry generates three or more
reception signals corresponding to a common reception scan-
ning line based on a plurality of reflected wave signals, the
plurality of reflected wave signals being obtained through the
three or more times of ultrasonic wave transmissions. The
extracting circuitry extracts a nonlinear component included
in the three or more reception signals by adding up the three
or more reception signals after performing a processing
including phase rotation processing on two or more reception
signals among the three or more reception signals.

[0040] The following describes the ultrasonic apparatus
according to the embodiment with reference to the attached
drawings.

First Embodiment

[0041] First, the following describes a configuration of an
ultrasonic diagnostic apparatus according to a first embodi-
ment. FIG. 1 is a block diagram illustrating a configuration
example of the ultrasonic diagnostic apparatus according to
the first embodiment. As exemplified in FIG. 1, the ultrasonic
diagnostic apparatus according to the first embodiment
includes an ultrasonic probe 1, a monitor 2, an input device 3,
and an apparatus main body 10.

[0042] Theultrasonic probe 1 includes a plurality of piezo-
electric transducer elements. These piezoelectric transducer
elements generate ultrasonic waves based on a drive signal
supplied from a transmission unit 9 included in the apparatus
main body 10 described later. The piezoelectric transducer
elements included in the ultrasonic probe 1 receive reflected
waves from a subject P and convert the reflected waves into
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electric signals (reflected wave signals). The ultrasonic probe
1 also includes a matching layer provided to the piezoelectric
transducer element, a backing material for preventing the
ultrasonic waves from being propagated backward from the
piezoelectric transducer element, and the like. The ultrasonic
probe 1 is detachably connected to the apparatus main body
10.

[0043] When the ultrasonic waves are transmitted from the
ultrasonic probe 1 to the subject P, the transmitted ultrasonic
waves are successively reflected by a discontinuous surface of
acoustic impedance in body tissues of the subject P, received
by the piezoelectric transducer elements included in the ultra-
sonic probe 1 as the reflected waves, and converted into the
reflected wave signals. Amplitude of the reflected wave signal
depends or a difference in the acoustic impedance on the
discontinuous surface by which the ultrasonic waves are
reflected. When a transmitted ultrasonic pulse is reflected by
amoving blood flow, a surface of a cardiac wall, and the like,
the reflected wave signal is subjected to a frequency shift due
to the Doppler effect depending on a velocity component of a
mobile object with respect to an ultrasonic wave transmitting
direction.

[0044] The first embodiment can be applied even when the
ultrasonic probe 1is a 1D array probe for two-dimensionally
scanning the subject P, or a mechanical 4D probe ora 2D array
probe for three-dimensionally scanning the subject P.

[0045] The input device 3 includes a mouse, a keyboard, a
button, a panel switch, a touch command screen, a foot
switch, a trackball, a joystick, and the like. The input device 3
receives various setting requests from an operator of the ultra-
sonic diagnostic apparatus, and transfers the received various
setting requests to the apparatus main body 10.

[0046] The monitor 2 displays a graphical user interface
(GUI) through which the operator of the ultrasonic diagnostic
apparatus inputs various setting requests using the input
device 3, or displays ultrasonic image data generated in the
apparatus main body 10 and other data.

[0047] The apparatus main body 10 is an apparatus that
generates the ultrasonic image data based on the reflected
wave signal received from the ultrasonic probe 1. The appa-
ratus main body 10 illustrated in FIG. 1 is an apparatus that
can generate two-dimensional ultrasonic image data based on
a two-dimensional reflected wave signal, and can generate
three-dimensional ultrasonic image data based on a three-
dimensional reflected wave signal. However, the first
embodiment can be applied even when the apparatus main
body 10 is an apparatus dedicated to two-dimensional data.
[0048] The apparatus main body 10 includes, as exempli-
fied in FIG. 1, the transmission unit 9, a receiving unit 11, an
extracting unit 20, a signal processing unit 12, an image
generation unit 13, an image memory 14, an internal storage
unit 15, and a control unit 16.

[0049] The transmission unit 9 and the receiving unit 11
control transmissions and receptions of the ultrasonic waves
performed by the ultrasonic probe 1 based on an instruction
from the control unit 16 described later. The transmission unit
9 includes a pulse generator, a transmission delay unit, a
pulser, and the like, and supplies the drive signal to the ultra-
sonic probe 1. The pulse generator repeatedly generates a rate
pulse for forming transmission ultrasonic waves at a prede-
termined pulse repetition frequency (PRE). The transmission
delay unit focuses the ultrasonic waves generated from the
ultrasonic probe 1 into a beam, and gives a delay time for each
piezoelectric transducer element required for determining
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transmission directivity to each rate pulse generated by the
pulse generator. The pulser applies the drive signal (drive
pulse) to the ultrasonic probe 1 at a timing based on the rate
pulse.

[0050] That is, the transmission delay unit arbitrarily
adjusts the transmitting direction of the ultrasonic waves
transmitted from the surface of the piezoelectric transducer
element by changing the delay time to be given to each rate
pulse. The transmission delay unit also controls a position of
a focusing point (transmission focus) in a depth direction of
ultrasonic wave transmission by changing the delay time to be
given to each rate pulse.

[0051] The transmission unit 9 has a function for immedi-
ately changing a transmission frequency, a transmission driv-
ing voltage, and the like to perform a predetermined scanning
sequence based on an instruction from the control unit 16
described later. Specifically, the transmission driving voltage
can be changed with a linear amplifier type oscillation circuit
that can immediately switch a value thereof, or a mechanism
that electrically switches a plurality of power supply units.

[0052] The receiving unit 11 includes an amplifier circuit,
an analog/digital (A/D) converter, a reception delay circuit,
an adder, a quadrature detection circuit, and the like, and
performs various types of processing on the reflected wave
signal received from the ultrasonic probe 1 to generate the
reception signal (reflected wave data). The amplifier circuit
amplifies the reflected wave signal for each channel, and
performs gain correction processing. The A/D converter A/D
converts the gain-corrected reflected wave signal. The recep-
tion delay circuit gives a reception delay time required for
determining reception directivity to digital data. The adder
performs addition processing of the reflected wave signal to
which the reception delay time is given by the reception delay
circuit. The addition processing by the adder emphasizes a
reflection component from a direction corresponding to the
reception directivity of the reflected wave signal. The quadra-
ture detection circuit converts an output signal from the adder
into an in-phasesignal (I signal, I: in-phase) and a quadrature-
phase signal (Q signal, Q: quadrature-phase) in a baseband.
The quadrature detection circuit then transmits the I signal
and the Q signal (hereinafier, referred to as an IQ signal) to the
extracting unit 20 or the signal processing unit 12 as the
reception signal (reflected wave data). Alternatively, the
quadrature detection circuit may convert the output signal
from the adder into a radio frequency (RF) signal before
transmitting the output signal to the extracting unit 20 or the
signal processing unit 12. The 1Q signal and the RE signal are
reception signals each including phase information.

[0053] To scan a two-dimensional region in the subject P,
the transmission unit 9 causes the ultrasonic probe 1 to trans-
mit an ultrasonic beam for scanning the two-dimensional
region. The receiving unit 11 generates a two-dimensional
reception signal from the two-dimensional reflected wave
signal received from the ultrasonic probe 1. To scan a three-
dimensional region in the subject P, the transmission unit 9
causes the ultrasonic probe 1 to transmit the ultrasonic beam
for scanning the three-dimensional region. The receiving unit
11 then generates a three-dimensional reception signal from
the three-dimensional reflected wave signal received from the
ultrasonic probe 1. The receiving unit 11 generates a recep-
tion signal based on the reflected wave signal, and transmits
the generated reception signal to the extracting unit 20 or the
signal processing unit 12.
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[0054] The transmission unit 9 causes the ultrasonic probe
1 to transmit the ultrasonic beam from a predetermined trans-
mitting position (transmission scanning line). The receiving
unit 11 receives, from the ultrasonic probe 1, a signal of a
reflected wave of the ultrasonic beam transmitted by the
transmission unit 9 at a predetermined receiving position
(reception scanning line). When parallel simultaneous recep-
tion is not performed, the transmission scanning line and the
reception scanning line are the same scanning line. By con-
trast, in a case in which the parallel simultaneous reception is
performed, when the transmission unit 9 causes the ultrasonic
probe 1 to transmit one ultrasonic beam via one transmission
scanning line, the receiving unit 11 simultaneously receives,
through the ultrasonic probe 1, the signal of the reflected wave
derived from the ultrasonic beam transmitted by the transmis-
sion unit 9 using the ultrasonic probe 1 as a plurality of
reception beams at a plurality of predetermined receiving
positions (reception scanning lines).

[0055] The extracting unit 20 is a processing unit provided
for harmonic imaging. The extracting unit 20 performs vari-
ous types of processing on a plurality of reception signals of
the same scanning line generated by the receiving unit 11
through a scanning sequence for harmonic imaging, extracts
aharmonic component of a desired order or a combination of
predetermined harmonic components, and passes extracted
data to the signal processing unit 12. Processing performed by
the extracting unit 20 will be described later in detail.

[0056] The signal processing unit 12 is a processing unit
that performs various types of signal processing on the recep-
tion signal generated by the receiving unit 11 or the data
extracted by the extracting unit 20. As illustrated in FIG. 1, the
signal processing unit 12 includes a B-mode processing unit
121 and a Doppler processing unit 122. The B-mode process-
ing unit 121 receives data from the receiving unit 11 or the
extracting unit 20, performs logarithmic amplification pro-
cessing, envelope detection processing, logarithmic com-
pression processing, and the like, and generates data (B-mode
data) in which signal intensity is represented by brightness.
The Doppler processing unit 122 performs frequency analy-
sis of velocity information based on the reception signal
(reflected wave data) received from the receiving unit 11, and
generates data (Doppler data) by extracting, for multiple
points, mobile object information such as velocity, distribu-
tion, and power due to the Doppler effect. In this case,
examples of the mobile object include a blood flow, tissues
such as a cardiac wall, and a contrast medium. The B-mode
processing unit 121 and the Doppler processing unit 122
acquire the reception signal (reflected wave data) via the
frame buffer.

[0057] The B-mode processing unit 121 and the Doppler
processing unit 122 exemplified in FIG. 1 can process both of
two-dimensional reflected wave data and three-dimensional
reflected wave data. That is, the B-mode processing unit 121
generates two-dimensional B-mode data from the two-di-
mensional reflected wave data, and generates three-dimen-
sional B-mode data from the three-dimensional reflected
wave data. The Doppler processing unit 122 generates two-
dimensional Doppler data from the two-dimensional
reflected wave data, and generates three-dimensional Dop-
pler data from the three-dimensional reflected wave data.
[0058] The image generation unit 13 generates ultrasonic
image data from the data generated by the signal processing
unit 12 (the B-mode processing unit 121 and the Doppler
processing unit 122). The image generation unit 13 generates
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two-dimensional B-modeimage data in which intensity of the
reflected wave is represented by the brightness from the two-
dimensional B-mode data generated by the B-mode process-
ing unit 121. The image generation unit 13 generates two-
dimensional Doppler image data representing the mobile
object information from the two-dimensional Doppler data
generated by the Doppler processing unit 122. The two-di-
mensional Doppler image data is velocity image data, distri-
bution image data, power image data, or a combination
thereof. Typically, the image generation unit 13 converts
(scan-converts) a scanning line signal string of ultrasonic
scanning into a scanning line signal string of a video format
represented by a television, for example, and generates ultra-
sonic image data for display. Specifically, the image genera-
tion unit 13 performs coordinate transformation according to
a scanning mode of the ultrasonic waves by the ultrasonic
probe 1 to generate the ultrasonic image data for display.

[0059] In addition to the scan-converting, the image gen-
eration unit 13 performs, as various types of image process-
ing, image processing (smoothing processing) for regenerat-
ing an average value image of brightness using a plurality of
scan-converted image frames, or image processing (edge
emphasis processing) using a differential filter within the
image, for example. The image generation unit 13 synthesizes
the ultrasonic image data with character information of vari-
ous parameters, a scale, a body mark, and the like.

[0060] The B-mode data and the Doppler data are ultra-
sonic image data before scan-conversion processing, and the
data generated by the image generation unit 13 is ultrasonic
image data for display after the scan-conversion processing.
The image generation unit 13 generates two-dimensional
ultrasonic image data for display from the two-dimensional
ultrasonic image data before the scan-conversion processing.

[0061] The image generation unit 13 also generates three-
dimensional B-mode image data by performing coordinate
transformation on the three-dimensional B-mode data gener-
ated by the B-mode processing unit 121. The image genera-
tion unit 13 also generates three-dimensional Doppler image
data by performing coordinate transformation on the three-
dimensional Doppler data generated by the Doppler process-
ing unit 122. The image generation unit 13 generates “the
three-dimensional B-mode image data or the three-dimen-
sional Doppler image data” as “three-dimensional ultrasonic
image data (volume data)”.

[0062] The image generation unit 13 performs various
types of rendering processing on the volume data to generate
two-dimensional image data for the monitor 2 to display the
volume data. Examples of the rendering processing pet-
formed by the image generation unit 13 include processing of
performing multi planer reconstruction (MPR) to generate
MPR image data from the volume data. Examples of the
rendering processing performed by the image generation unit
13 also include volume rendering (VR) processing of gener-
ating two-dimensional image data in which three-dimen-
sional information is reflected.

[0063] The image memory 14 is a memory for storing the
image data for display generated by the image generation unit
13. The image memory 14 can store the data generated by the
B-mode processing unit 121 and the Doppler processing unit
122. The B-mode data and the Doppler data stored in the
image memory 14 can be called by the operator after diagno-
sis, for example, and are caused to be the ultrasonic image
data for display via the image generation unit 13. The image
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memory 14 can also store the reception signal (reflected wave
data) output from the receiving unit 11.

[0064] The internal storage unit 15 stores various pieces of
data such as a control program for performing transmission
and reception of the ultrasonic waves, image processing, and
display processing, diagnostic information (for example, a
patient ID and findings ofa doctor), adiagnostic protocol, and
various body marks. The internal storage unit 15 is also used,
for example, for keeping the image data to be stored in the
image memory 14 as needed. The data stored in the internal
storage unit 15 can be transferred to an external device via an
interface (not illustrated). The internal storage unit 15 can
also store the data transferred from the external device via the
interface (not illustrated).

[0065] The control unit 16 controls the entire processing of
the ultrasonic diagnostic apparatus. Specifically, the control
unit 16 controls the processing performed by the transmission
unit 9, the receiving unit 11, the signal processing unit 12 (the
B-mode processing unit 121 and the Doppler processing unit
122), and the image generation unit 13 based on various
setting requests input by the operator via the input device 3
and various control programs and various pieces of data read
from the internal storage unit 15. The control unit 16 controls
the monitor 2 to display the ultrasonic image data for display
stored in the image memory 14 and the internal storage unit
15.

[0066] The transmission unit 9, the receiving unit 11, and
the like incorporated in the apparatus main body 10 may be
configured as hardware such as an integrated circuit, or may
be a modularized program as software.

[0067] The entire structure of the ultrasonic diagnostic
apparatus according to the first embodiment has been
described above. With such a configuration, the transmission
unit 9, the receiving unit 11, and the extracting unit 20 accord-
ing to the first embodiment perform the following processing.
In the first embodiment, the ultrasonic wave to be transmitted
has a single center frequency component. The transmission
unit 9 causes the ultrasonic probe 1 to perform ultrasonic
wave transmissions three or more times in which the phase of
the center frequency component included in the ultrasonic
wave 10 be transmitted is different for each transmission. The
receiving unit 11 generates three or more reception signals
corresponding to a common reception scanning line based on
a plurality of reflected wave signals obtained through the
three or more times of ultrasonic wave transmissions. By
performing processing including phase rotation processing
on two or more reception signals among the three or more
reception signals, the extracting unit 20 extracts a harmonic
component of a predetermined order (more generally, a first
nonlinear component) included in the reception signal.
[0068] Specifically, the transmission unit9 causes the ultra-
sonic probe to perform three or more times of ultrasonic wave
transmissions in which the phase of the ultrasonic wave to be
transmitted (the phase of the single center frequency included
in the ultrasonic waves) is different in each transmission by an
equal angle. The extracting unit 20 performs phase rotation
processing on two or more reception signals among the three
or more reception signals of rotating the phase by an angle
that is an integral multiple of the equal angle to extract the
harmonic component of the predetermined order. For
example, the transmission unit 9 causes the ultrasonic probe
1 to perform ultrasonic wave transmissions three or more
times with a common envelope. For example, the transmis-
sion unit 9 modulates the phase of the ultrasonic wave for
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each transmission, and causes the ultrasonic probe 1 to per-
form ultrasonic wave transmissions three or more times.
[0069] The extracting unit 20 further uses the three or more
reception signals to extract a second nonlinear component,
the second nonlinear component being included in the three
or more reception signals and being of a different type from
the nonlinear component. More specifically, the extracting
unit 20 also performs processing not including the phase
rotation processing on the three or more reception signals to
extract the harmonic component of an order different from the
predetermined order (more typically, a second nonlinear
component the type of which is different from that of the first
nonlinear component). That is, the extracting unit 20 extracts
a second-order harmonic component as the harmonic com-
ponent of the predetermined order, and extracts a third-order
harmonic component as the harmonic component of an order
different from the predetermined order.

[0070] As an example of such a configuration, in the first
embodiment, the transmission unit 9 causes the ultrasonic
probe to perform three times of ultrasonic wave transmission
in which the phase of the ultrasonic wave to be transmitted
(the phase of the center frequency component included in the
ultrasonic wave to be transmitted) is different by 120 degrees
in each transmission, and the receiving unit 11 generates three
reception signals related to the common reception scanning
line based on the reflected wave signals obtained through
three times of ultrasonic wave transmissions. The extracting
unit 20 performs processing including the phase rotation pro-
cessing on two or more reception signals among the three
reception signals to extract the second-order harmonic com-
ponent, and adds up the three reception signals to extract the
third-order harmonic component. For example, the transmis-
sion unit 9 causes the ultrasonic probe to perform ultrasonic
wave transmission in a first phase, ultrasonic wave transmis-
sion in a second phase that is advanced from the first phase by
120 degrees, and ultrasonic wave transmission in a third
phase that is advanced from the first phase by 240 degrees.
[0071] The transmission unit 9 causes the ultrasonic probe
1 to perform a transmission of a first ultrasonic wave includ-
ing the single center frequency component having a first
phase, a transmission of a second ultrasonic wave including
the single center frequency component having a second
phase, and a transmission of a third ultrasonic wave including
the single center frequency component having a third phase,
the second phase substantially advancing by 120 degrees
from the first phase, the third phase substantially advancing
by 240 degrees from the first phase.

[0072] Here, by “substantially”, we mean to include any of
the followings: (1) allowing an error to a certain extent (2)
allowing phases to be advanced in the negative direction (for
example, including a case where the transmission unit 9
causes the ultrasonic probe 1 to perform a transmission of a
first ultrasonic wave in a first phase, a transmission of a
second ultrasonic wave in a second phase, and a transmission
of a third ultrasonic wave in a third phase, the second phase
being retarded by 120 degrees from the first phase, the third
phase being retarded by 2400 degrees from the first phase.)
(3) allowing of equating a phase rotation of N degrees with a
phase rotation of N+360 degrees (for example, allowing of
equating a phase rotation of 120 degrees with a phase rotation
of 480 degrees, or with a phase rotation of —240 degrees).
[0073] For example, the receiving unit 11 generates a first
reception signal corresponding to the ultrasonic wave trans-
mission in the first phase, a second reception signal corre-
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sponding to the ultrasonic wave transmission in the second
phase, and a third reception signal corresponding the ultra-
sonic wave transmission in the third phase. To put it another
way, the extracting unit 20 adds up the first reception signal,
the second reception signal and the third reception signal.
Phases of second order harmonic components in the first
reception signal, the second reception signal and the third
reception signal are substantially aligned. In this way, the
extracting unit 20 extracts a second order harmonic compo-
nent. The extracting unit 20 adds up the first reception signal,
the second reception signal and the third reception signal.
Phases of third order harmonic components in the first recep-
tion signal, the second reception signal and the third reception
signal are substantially aligned. In this way, the extracting
unit 20 extracts a third order harmonics component.

[0074] The image generation unit 13 according to the first
embodiment generates ultrasonic image data on the basis of
ultrasonic image data based on the harmonic component of
the predetermined order (first nonlinear component) ultra-
sonic image data based on the harmonic component of an
order different from the predetermined order (second nonlin-
ear component).

[0075] First, the following simply describes a procedure
from when the transmission unit 9 transmits a plurality of
ultrasonic waves until the receiving unit 11 receives a plural-
ity of reflected wave signals to generate reception signals
therefrom.

[0076] Inthe first embodiment, the transmission unit 9 sets
the phase to be 0 degrees in performing first transmission, for
example. The transmission unit 9 sets the phase to be 120
degrees in performing second transmission. The transmission
unit 9 sets the phase to be 240 degrees in performing third
transmission.

[0077] For example, assuming that amplitude is A, a fre-
quency is f, time is t, and the phase is 6, when a waveform y
of a transmission wave is represented as y=Axsin(2mnft+0),
the waveform of the transmission wave in the first transmis-
sion is represented as y=Axsin(2mft), the waveform of the
transmission wave in the second transmission is represented
as y=Axsin(2ft+2/3xm), and the waveform of the transmis-
sion wave in the third transmission is represented as y=Axsin
(2mft+4/3xm).

[0078] For example, when the waveform y of the transmis-
sion wave is represented y=Axcos(2nft+0), the waveform of
the transmission wave in the first transmission is represented
as y=Axcos(2xft), the waveform of the transmission wave in
the second transmission is represented as y=Axcos(2mft+2/
3xm), and the waveform of the transmission wave in the third
transmission is represented as y=Axcos(2mft+4/3xm).
Throughout the embodiments, important are a difference
between the phase in the second transmission and the phase in
the first transmission, and a difference between the phase in
the third transmission and the phase in the second transmis-
sion. Accordingly, an initial phase in the first transmission is
not important, so that the initial phase may be appropriately
determined, such as whether the waveform of the transmis-
sion wave is “sin” or “cos”.

[0079] As wellknown in the art, an alternating current (AC)
signal that periodically and sinusoidally varies with time can
be represented by a complex number that performs phase
rotation about an origin on a complex plane. For example, by
performing a predetermined operation known as analytic
continuation on a function y=Axcos(2nft+0) that is defined
on the real number and takes a real value, the transmission
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wave can be converted into a function y=Axexp(jx(27ft+8))
that is defined on a complex plane assuming that j is an
imaginary unit and taking a complex value. Through this
procedure, the waveform of the transmission wave in the first
transmission can be represented as y=Axexp(jx(2xfl)), the
waveform of the transmission wave in the second transmis-
sion can be represented as y=Axexp(jx(2ft+2/3x)), and the
waveform of the transmission wave in the third transmission
can be represented as y=Axexp(jx(2nft+2/37x2), where j is
the imaginary unit.

[0080] When such complex number representation is
employed, an absolute value of the complex number corre-
sponds to the amplitude of the transmission wave, that is, a
maximum value that can be taken as a displacement of the
transmission wave. An argument of the complex number cor-
responds to the phase of the transmission wave. The real part
of the complex number corresponds to an original waveform
y of the transmission wave. The imaginary part of the com-
plex number takes the maximum value at a point where the
original waveform of the transmission wave becomes 0, and
takes the minimum value at a point where the waveform of the
transmission wave becomes the maximum, so that the imagi-
nary part can be interpreted as momentum or velocity of the
transmission wave.

[0081] In representation using the real number, an opera-
tion of advancing the phase by o means an operation of
converting in 0 into sin(6+c.), and converting cos 6 into cos
(6+0a). In representation using the complex number, the
operation of advancing the phase by o means an operation of
multiplying exp(jxc) as the complex number, that is, an
operation of converting exp(jx0) into exp(jx(6+c.)).

[0082] For convenience of description, whether the wave-
form of the transmission wave is represented by a real number
function “Axsin(2wft+0)” or “Axcos(2ztft+6)”, or is repre-
sented by the complex number such as “Axexp(jx(2nfi+6))”
is appropriately determined according to a purpose. However,
itis merely a difference between representation methods. The
waveform can be suitably represented with any of the repre-
sentation methods.

[0083] When the transmitted ultrasonic wave nonlinearly
interacts with a medium while passing through the medium, a
high-order harmonic component such as a second harmonic
wave, a third harmonic wave, a fourth harmonic wave . . . is
generated from the ultrasonic wave at a transmitted frequency
(fundamental wave component). The reflected wave thus
includes a high-order harmonic component in addition to the
transmitted frequency (fundamental wave component). The
high-order harmonic component has higher directivity
(smaller side lobe level) than that of the fundamental wave
component, so that a spatial resolution can be improved as
compared with the related art using only the fundamental
wave. As aresult, image quality of the ultrasonic image can be
improved.

[0084] Assuming that the waveform of the fundamental
wave component is a sinusoidal wave the amplitude of which
is A, the frequency is f, and the phase is 8, and y=Axsin(2mftx
0), the waveform of a component of a second-order nonlinear
effect is known to be proportional to y*. Accordingly, as is
clear from a specific calculation, the waveform of the com-
ponent of the second-order nonlinear effect includes a sec-
ond-order harmonic component of “frequency 2f, phase 20”
and a component of “frequency 0 (direct current (DC) com-
ponent), phase 0”. Similarly, the waveform of a component of
a third-order nonlinear effect is known to be proportional to
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y?, and the waveform of the component of the third-order
nonlinear effect includes a third-order harmonic component
of “frequency 3f, phase 36" and a component of “frequency f,
phase 6”.

[0085] In this way, the reflected wave includes the second-
order harmonic component (frequency component 2f, phase
26)and the third-order harmonic component (frequency com-
ponent 3f, phase 36) in addition to the fundamental wave
component (frequency component f, phase 6). Assuming that
the transmission unit 9 transmits the ultrasonic wave three
times via the ultrasonic probe 1 at the frequency f while
changing the phases, for example, setting the phase to be 6, in
the first transmission, setting the phase to be 8, in the second
transmission, and setting the phase to be 0, in the third trans-
mission, the reception signal corresponding to the first trans-
mission includes the second-order harmonic component (fre-
quency 2f, phase 20,) and the third-order harmonic
component (frequency 3f, phase 36,) in addition to the fun-
damental wave component (frequency f, phase 0,). The
reflected wave corresponding to the second transmission
includes the second-order harmonic component (frequency
2f, phase 26,) and the third-order harmonic component (fre-
quency 3f, phase 30,) in addition to the fundamental wave
component (frequency f, phase 8,). The reflected wave cor-
responding to the third transmission includes the second-
order harmonic component (frequency 2f, phase 20,) and the
third-order harmonic component (frequency 3f, phase 30;) in
addition to the fundamental wave component (frequency f,
phase 05).

[0086] The IQ signal generated the reception signal by the
receiving unit 11 is a signal representing a value of the com-
plex number, the absolute value of which represents the
amplitude of the signal and the argument thereof represents
the phase of the signal, for each frequency component. For
example, when quadrature detection is performed on a signal
of Axcos (27f,t+0,), a complex number of Axexp (jx(2nf;t+
0,)) 1s acquired a the reception signal. Hereinafter, the portion
proportional to the time t among the exponent is appropriately
omitted, and the description will be provided such that “com-
plex number Axexp(jx0,) is acquired”.

[0087] FIG.2isa diagram for explaining the phase rotation
processing performed by the ultrasonic diagnostic apparatus
according to the first embodiment. The transmission umt
transmits the ultrasonic waves multiple times via the ultra-
sonic probe 1 while shifting the phases by equal angles using
a common envelope. For example, as illustrated in the left
figure in FIG. 2, the transmission unit 9 sets the phase to be 0
degrees (0) and transmits the ultrasonic waves via the ultra-
sonic probe 1 in the first transmission. The transmission unit
9 sets the phase to be 120 degrees (2/3w) and transmits the
ultrasonic waves via the ultrasonic probe 1 in the second
transmission. The transmission unit 9 sets the phase to be 240
degrees (4/37) and causes the ultrasonic probe 1 to transmit
the ultrasonic waves in the third transmission. That is, a
transmission sequence of the ultrasonic waves transmitted by
the transmission unit9 is 0 degrees, 120 degrees, 240 degrees.
Hereinafter, the amplitude of the transmission wave is
assumed to be “1” for simplification.

[0088] The receiving unit 11 generate a plurality of recep-
tion signals based on the reflected wave signals correspond-
ing to the respective ultrasonic waves. Signals 50 to 52 are the
reception signals corresponding to the first transmission. Sig-
nals 53 to 55 are the reception signals corresponding to the
second transmission. Signals 56 to 58 are the reception sig-
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nals corresponding to the third transmission. The signals 50,
51, and 52 obtained in the first transmission are the reception
signals corresponding to the fundamental wave component,
the second-order harmonic component, and the third-order
harmonic component, respectively. The signal 53, 54, and 55
obtained in the second transmission are the reception signals
corresponding to the fundamental wave component, the sec-
ond-order harmonic component, and the third-order har-
monic component, respectively. The signals 56, 57, and 58
obtained in the third transmission are the reception signals
corresponding to the fundamental wave component, the sec-
ond-order harmonic component, and the third-order har-
monic component, respectively.

[0089] The phase of the signal 50 is O degrees (0) and a
signal value thereof is exp(jx0) because the phase of the
fundamental wave is set to be 0 degrees (0) in the first trans-
mission. The signal 51 is the second-order harmonic compo-
nent, so that the phase thereof is two times that of the funda-
mental wave component, that is, 0 degreesx2=0 degrees (0),
and the signal value thereof is exp(jx0). Similarly, the signal
52 is the third-order harmonic component, so that the phase
thereof is three times that of the fundamental wave compo-
nent, that is, 0 degreesx3=0 degrees (0), and the signal value
thereof is exp(jx0).

[0090] The phase of the signal 53 is 120 degrees (2/3w) and
the signal value thereof is exp(jx2x) because the phase of h
fundamental wave is set to be 120 degrees (2/3m) in the
second transmission. The signal 54 is the second-order har-
monic component, so that the phase thereof is two times that
of the fundamental wave component, that is, 120 degreesx
2=240 degrees (4/3m), and the signal value thereof is exp(jx
4/3x). The signal 55 the third-order harmonic component, so
that the phase thereof is three times that of the fundamental
wave component, that is, 120 degreesx3=360 degrees (2m),
and the signal value thereof is exp(jm2m).

[0091] The phase of the signal 56 is 240 degrees (4/3w) and
the signal value thereof is exp(jx4/3rw) because the phase of
the fundamental wave is set to be 240 degrees (4/3x) in the
third transmission. The signal 57 is the second-order har-
monic component, that the phase thereof is two times that of
the fundamental wave component, that is, 240 degreesx
2=480 degrees (8/3m), and the signal value thereof is exp(jx
8/3m). The signal 55 is the third-order harmonic component,
so that the phase thereof is three times that of the fundamental
wave component, that is, 240 degreesx3=720 degrees (4m),
and the signal value thereof is exp(jx4m).

[0092] In this case, when the first reception signal, the
second reception signal, and the third reception signal are
simply added up, the following result is obtained.

[0093] Regarding the fundamental wave component, a
value obtained by simply adding up the first reception signal,
the second reception signal, and the third reception signal is
the sum of the signal 50, the signal 53, and the signal 56, so
that the value is calculated to be “0”. The fundamental wave
component is “0” as a result.

[0094] Regarding the second-order harmonic component,
the value obtained by simply adding up the first reception
signal, the second reception signal, and the third reception
signal is the sum of the signal 51, the signal 54, and the signal
57, so that the value is calculated to be “0”. The second-order
harmonic component is “0” as a result.

[0095] Regarding the third-order harmonic component, the
value obtained by simply adding up the first reception signal,
the second reception signal, and the third reception signal is
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the sum of the signal 52, the signal 55, and the signal 58, that
the value is calculated to be “3”. The third-order harmonic
component has a value other than 0 as a result.

[0096] Accordingly, when the extracting unit 20 simply
adds up the first reception signal, the second reception signal,
the third reception signal, the extracting unit 20 can extract a
signal obtained by extracting only the third-order harmonic
component while removing the fundamental wave compo-
nent and the second-order harmonic component therefrom.
[0097] Next, when the first reception signal, the second
reception signal, and the third reception signal are added up
after processing including the phase rotation processing is
performed., the following result is obtained. For example, the
extracting unit 20 performs phase rotation processing on the
first reception signal by 0 degrees (0). That is, the extracting
unit 20 does not perform phase rotation processing on the first
reception signal. Forexample, the extracting unit 20 performs
phase rotation processing on the second reception signal by
120 degrees(2/3xm), and performs phase rotation processing
on the third reception signal by 240 degrees (4/3xm). That is,
the extracting unit 20 performs phase rotation processing
with a combination of rotation phase angles of 0 degrees (0),
120 degrees (2/3xm), 240 degrees (4/3xm).

[0098] The signals 50 to 52, the signals 60 to 62, and the
signals 63 to 65 in a lower part of FIG. 2 represent the
reception signals obtained by performing phase rotation pro-
cessing on the signals 50 to 52, the signals 53 to 55, and the
signals 56 to 58 in an upper part of FIG. 2. That is, the signals
50, 51, and 52 in the lower part of FIG. 2 are the reception
signals of the fundamental wave, a second-order harmonic,
and a third-order harmonic after the phase rotation processing
in the first transmission, respectively, the signals 60, 61, and
62 are the reception signals of the fundamental wave, the
second-order harmonic, and the third-order harmonic after
the phase rotation processing in the second transmission,
respectively, and the signals 63, 64, and 65 are the reception
signals of the fundamental wave, the second-order harmonic,
and the third-order harmonic after the phase rotation process-
ing in the third transmission, respectively.

[0099] Regarding the first transmission, the phase rotation
angle is 0 degrees (0), so that the phase is not rotated. The
signals 50 to 52 in the lower part of FIG. 2 are thus the same
as the signals 50 to 52 in the upper part of FIG. 2.

[0100] Next, regarding the second transmission, the phase
rotation angle is 12 degrees (2/3xm), so that the phase of the
signal 60 of the fundamental wave after the phase rotation
presented as 120 degrees+120 degrees=240 degrees (4/3x).
The value of the signal 60 of the fundamental wave after the
phase rotation is thus represented as exp(jx(4/3xm)). The
phase of the signal 61 of the second-order harmonic after the
phase rotation is represented as 240 degrees+120
degrees=360 degrees (2m). The value of the signal 61 of the
second-order harmonic after the phase rotation is thus repre-
sented as exp(jxm). The phase of the third-order harmonic 62
after the phase rotation is represented as 360 degrees+
120=480 degrees (8/3x). The value of the signal 62 of the
third-order harmonic after the phase rotation is thus repre-
sented as exp(jx(8/3m)).

[0101] Next, regarding the third transmission, the phase
rotation angle 240 degrees (4/3xm), so that the phase of the
signal 63 of the fundamental wave after the phase rotation is
represented as 240 degrees+240 degrees=480 degrees (8/3m).
The value of the signal 63 of the fundamental wave after the
phase rotation is thus represented as exp(jx(8/3xm)). The
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phase of the signal 64 of the second-order harmonic after the
phase rotation is represented as 480 degrees+240
degrees=720 degrees (4m). The value of the signal 65 of the
second-order harmonic after the phase rotation is thus repre-
sented as exp(jx4m). The phase of the signal 65 (third-order
harmonic) after the phase rotation is represented as 720
degrees+240 degrees=960 degrees (16/3). The value of the
signal 65 of the third-order harmonic after the phase rotation
thus represented as exp(jx(16/37)).

[0102] The extracting unit 20 then adds up the first recep-
tion signal after the phase rotation, the second reception sig-
nal after the phase rotation, and the third reception signal after
the phase rotation.

[0103] Regarding the fundamental wave component, an
added value of the first reception signal after the phase rota-
tion, the second reception signal after the phase rotation, and
the third reception signal after the phase rotation is the sum of
the signal 50 “exp(j=0)”, the signal 60 “exp(jx(4/3xm))”, and
the signal 63 “exp(jx(8/3xm))”, which is calculated to be “0”.
The fundamental wave component is “0” as a result.

[0104] Regarding the second-order harmonic component,
the added value of the first reception signal after the phase
rotation, the second reception signal after the phase rotation,
and the third reception signal after the phase rotation is the
sum of the signal 51 “exp(jx0)”, the signal 61 “exp(jx2mw)”,
and the signal 64 “exp(jx(4xm))”, which is calculated to be
“3”, The second-order harmonic component has a value other
than 0 as a result.

[0105] Regarding the third-order harmonic component, the
added value of the first reception signal after the phase rota-
tion, the second reception signal after the phase rotation, and
the third reception signal after the phase rotation is the sum of
the signal 52 “exp(jx0)”, the signal 62 “exp(jx(8/3m))”, and
the signal 65 “exp(jx(16/37))”, which is calculated to be “0”.
The third-order harmonic component ft “0” as a result.
[0106] Accordingly, the extracting unit 20 can remove the
fundamental wave component and the third-order harmonic
component, and extract only the second-order harmonic com-
ponent.

[0107] That is, when the first reception signal after the
phase rotation, the second reception signal after the phase
rotation, and the third reception signal after the phase rotation
are directly added up, each of the fundamental wave compo-
nent and the third-order harmonic component is 0, and only
the second-order harmonic component has a value other than
0, so that the extracting unit 20 can extract only the second-
order harmonic component.

[0108] A similar calculation is performed on a direct cur-
rent (DC) harmonic component. Regarding the DC harmonic
component, when the first reception signal, the second recep-
tion signal, and the third reception signal are simply added up,
a value other than O remains. However, when the phase rota-
tion processing is performed with a combination of angles of
0 degrees (0), 120 degrees (2/3xm), 240 degrees (4/3xm),
regarding the DC harmonic component, the added value of
the first reception signal after the phase rotation, the second
reception signal after the phase rotation, and the third recep-
tion signal after the phase rotation is “0”. Accordingly, by
performing phase rotation processing with the combination
of angles of 0 degrees (0), 120 degrees (2/3xm), 240 degrees
(4/3xm), the extracting unit 20 can remove the DC harmonic
component.

[0109] The case in which the phase rotation angle is 120
degrees has been described above, that is, described is a case
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in which the extracting unit 20 performs phase rotation pro-
cessing on the first reception signal by 0 degrees (0), performs
phase rotation processing on the second reception signal by
120 degrees (2/3xm), and performs phase rotation processing
on the third reception signal by 240 degrees (4/3xm). How-
ever, the embodiment is not limited thereto. For example, the
phase rotation angle may be 240 degrees.

[0110] That is, the extracting unit 20 may perform phase
rotation processing on the first reception signal by 0 degrees
(0), perform phase rotation processing on the second recep-
tion signal by 240 degrees (4/3xm), and perform phase rota-
tion processing on the third reception signal by 480 degrees
(8/3xm). Thereafter, the first reception signal, the second
reception signal, and the third reception signal after the phase
rotation processing are added up. In this case, each of the
second-order harmonic component and the third-order har-
monic component is 0, and only the fundamental wave com-
ponent has a value other than 0, so that the extracting unit 20
can extract only a first-order harmonic component (funda-
mental wave component).

[0111] FIG. 3 is a flowchart for explaining a processing
procedure performed by the ultrasonic diagnostic apparatus
according to the first embodiment. Upon receiving, from the
control unit 16, a parameter related to the ultrasonic wave to
be transmitted, the transmission unit 9 transmits the ultra-
sonic wave multiple times via the ultrasonic probe 1 while
modulating the phase using a common envelope (Step $100).
The receiving unit 11 generates the reception signals corre-
sponding to the multiple times of ultrasonic wave transmis-
sions, and transmits the generated reception signals to the
extracting unit 20. Due to this, the extracting unit 20 receives
the reception signals (Step S101), and performs phase rota-
tion processing on some of the reception signals to generate
the reception signals on which phase rotation processing is
performed (Step S102).

[0112] The extracting unit 20 performs beam addition pro-
cessing on each of the reception signals on which phase
rotation processing is performed (including the reception sig-
nal the phase rotation angle of which is 0 degrees), and
extracts the second-order harmonic component (more typi-
cally, the first nonlinear component) (Step S103). The extract-
ing unit 20 applies a band-pass filter to the signal from which
the second-order harmonic component is extracted to remove
noise (Step S104). The signal processing unit 12 receives the
signal from which noise is removed from the extracting unit
20, and generates the B-mode data based on the signal. The
image generation unit 13 receives the B-mode data from the
signal processing unit 12, generates an image from the
B-mode data, and outputs the generated image to the monitor
2 (Step S300).

[0113] The extracting unit 20 may further perform, at Step
S103, beam addition processing on the reception signal on
which phase rotation processing is not performed in parallel
with the extraction processing of the second-order harmonic
component (first nonlinear component), extract the third-or-
der harmonic component (more typically, the second nonlin-
ear component), and applies, at Step S104, the band-pass
filter to the signal from which the third-order harmonic com-
ponent is extracted to remove noise. In this case, at Step S300,
the signal processing unit 12 generates the B-mode data from
the extracting unit 20 based on the signal from which noise is
removed and the third-order harmonic component (second
nonlinear component) is extracted. The image processing unit
13 generates both of an image of the third-order harmonic
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component (second nonlinear component) and an image of
the second-order harmonic component (first nonlinear com-
ponent) from the B-mode data generated based on the signal
from which the second-order harmonic component (first non-
linear component) is extracted and the B-mode data gener-
ated based on the signal from which the third-order harmonic
component (second nonlinear component) is extracted, and
outputs the images to the monitor 2. Step S104 for applying
the band-pass filter can be appropriately omitted as needed.

[0114] FIGS. 4A and 4B are diagrams for explaining an
example of extracting the second-order harmonic component
(first nonlinear component) and the third-order harmonic
component (second nonlinear component) using the ultra-
sonic diagnostic apparatus according to the first embodiment.
In this case, the transmission unit 9 uses an ultrasonic wave
transmission sequence of 0 degrees, 120 degrees, 240
degrees. F1G. 4A is a diagram for explaining extraction of the
third-order harmonic component. The first, the second, and
the third reception signals in the ultrasonic wave transmission
sequence are plotted as a signal 201, a signal 202, and a signal
203 assuming that the vertical axis indicates signal intensity
in units of decibel (dB) (an amount proportional to a logarith-
mic value of the signal intensity), and the horizontal axis
indicates units of frequency (MHz). The signal 201, the signal
202, and the signal 203 are signals transmitted three times
while modulating only the phase using a common envelope,
so that these signals have substantially the same signal inten-
sity. The signal intensity is the largest at the frequency corre-
sponding to the frequency of 1.8 MHz of the fundamental
wave component of the transmitted signal, the next peak of
the signal intensity is present around the frequency of 3.6
MHz of the second harmonic wave, and the next peak thereof
is present around the frequency of 5.4 MHz of the third
harmonic wave.

[0115] The extracting unit 20 simply adds up the first, the
second, and the third reception signals without performing
phase rotation processing on the first, the second, and the third
reception signals. As a result, as described above, the funda-
mental wave component and the second-order harmonic com-
ponent are removed and the third-order harmonic component
is extracted. The signal extracted by the extracting unit 20 in
this way by performing addition processing on the first, the
second, and the third reception signals is plotted as a signal
204. The signal 204 has the highest peak around the frequency
of 5.4 MHz of the third harmonic wave. Noting that the
vertical axis indicates the unit of decibel (an amount propor-
tional to the logarithmic value of the signal intensity), the
signal 204 does not have noticeable intensity at the frequency
of 1.8 MHz of the fundamental wave and at the frequency of
3.6 MHz of the second harmonic wave. Accordingly, it can be
seen that the extracting unit 20 extracts the third-order har-
monic component (second nonlinear component).

[0116] Next, the following describes extraction of the sec-
ond-order harmonic (first nonlinear component). FIG. 4B is a
diagram for explaining extraction of the second-order har-
monic (first nonlinear component). Similarly to FIG. 4A, the
transmission unit 9 uses the ultrasonic wave transmission
sequence of 0 degrees, 120 degrees, 240 degrees. Similarly to
FIG. 4A, the first, the second, and the third reception signals
in the ultrasonic wave transmission sequence are plotted as a
signal 205, a signal 206, and a signal 207, respectively,
assuming that the vertical axis indicates the signal intensity in
units of decibel (dB) (an amount proportional to the logarith-
mic value of the signal intensity), and the horizontal axis
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indicates units of frequency (MHz). These signals are the
same as those illustrated in FIG. 4A, so that detailed descrip-
tion thereof will not be repeated.

[0117] The extracting unit 20 performs phase rotation pro-
cessing on the first, the second, and the third reception signals
with a combination of rotation phase angles of 0 degrees, 120
degrees, 240 degrees. As a result, as described above, the
fundamental wave component and the third-order harmonic
component are removed and the second-order harmonic com-
ponent is extracted. The signal extracted by the extracting unit
20 in this way by performing phase rotation processing on the
first, the second, and the third reception signals is plotted as a
signal 208. The signal 208 has the highest peak around the
frequency of 3.6 MHz of the second harmonic wave. Noting
that the vertical axis indicates the unit of decibel (an amount
proportional to the logarithmic value of the signal intensity),
the signal 208 does not have noticeable intensity at the fre-
quency of 1.8 MHz of the fundamental wave and at the
frequency of 5.4 MHz of the harmonic wave. Accordingly, it
can be seen that the extracting unit 20 extracts the second-
order harmonic component (first nonlinear component).

[0118] The case in which the transmission unit 9 transmits
a plurality of signals while modulating the phases using a
common envelope has been described above. However, the
embodiment is not limited thereto. For example, when the
transmission unit 9 transmits a plurality of signals while
modulating the phases, the transmission unit 9 may transmit
a plurality of the signals while modulating the phases and
amplitude. As processing of the extracting unit 20, amplitude
conversion processing may be performed in addition to the
phase rotation processing to perform weighting with complex
number coefficients.

[0119] As described above, in the ultrasonic diagnostic
apparatus according to the first embodiment, the transmission
unit 9 transmits the ultrasonic waves multiple times while
modulating the phases using a common envelope, and the
extracting unit 20 performs processing including the phase
rotation processing on the reception signals generated based
on the reflected waves of the transmitted ultrasonic waves to
extract the harmonic component of a desired order. As a
result, the harmonic component of a desired order can be
separated and extracted without increasing the number of
times of transmissions, and an ultrasonic image having high
image quality can be generated.

[0120] For example, in the related art, as a sequence of
extracting the second-order harmonic component and the
third-order harmonic component, considered is a method of
extracting the second-order harmonic by adding up two sig-
nals different from each other by 180 degrees, and extracting
the third-order harmonic by adding up three signals different
from each other by 120 degrees, out of six times of transmis-
sions in which the phases of the ultrasonic waves to be trans-
mitted are shifted from each other by 60 degrees. In this case,
the number of times of transmissions needs to be six. With a
method of extracting the second-order harmonic component
and the third-order harmonic component by incoherently
adding up five signals in five times of transmissions pet-
formed while shifting the phases of the ultrasonic waves to be
transmitted from each other by 72 degrees, the second-order
harmonic component and the third-order harmonic compo-
nent cannot be separated and extracted. According to the
embodiment, with three times of ultrasonic wave transmis-
sions, the third-order harmonic component can be extracted,
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and the second-order harmonic component can also be
extracted in a manner separated from the third-order har-
monic component.

[0121] The extracting unit 20 may extract the harmonic
component of a predetermined order by performing predetet-
mined phase rotation processing on two or more reception
signals among three or more reception signals, and may
extract the harmonic component of an order different from the
predetermined order by performing processing including
phase rotation processing in which the phase rotation angle
with respect to at least one reception signal is different from
that in the predetermined phase rotation processing on two or
more reception signals among three or more reception sig-
nals. In this case, the transmission unit 9 causes the ultrasonic
probe 1 to perform three or more times of ultrasonic wave
transmissions in which the phase of the ultrasonic wave to be
transmitted (the phase of the center frequency component
included in the ultrasonic wave to be transmitted) is different
in each transmission by an equal angle. The extracting unit 20
performs phase rotation processing on two or more reception
signals among three or more reception signals of rotating the
phase by an angle that is an integral multiple of the equal
angle to extract the harmonic component of a predetermined
order. The extracting unit 20 performs phase rotation process-
ing of rotating the phase by an angle that is an integral mul-
tiple of the equal angle on two or more reception signals
among three or more reception signals in which the phase
rotation angle with respect to at least one reception signal is
different from that in the predetermined phase rotation pro-
cessing to extract the harmonic component of an order differ-
ent from the predetermined order.

[0122] As a specific example, the transmission unit 9
causes the ultrasonic probe 1 to perform three times of ultra-
sonic wave transmissions in which the phases of the ultra-
sonic waves to be transmitted are different from each other by
120 degrees. As described later, the extracting unit 20 per-
forms, as the predetermined phase rotation processing, phase
rotation processing of rotating the phase by angles of 0
degrees, 120 degrees, 240 degrees on three reception signals
corresponding to the three times of ultrasonic wave transmis-
sion to extract the second-order harmonic component. The
extracting unit 20 performs phase rotation processing of
rotating the phases by angles of 0 degrees, 240 degrees, 120
degrees in which the phase rotation angle with respect to at
least one reception signal is different from that in the prede-
termined phase rotation processing to extract the first-order
harmonic component (fundamental wave component) that is
different from that in the case of the predetermined phase
rotation processing.

[0123] For example, the transmission unit 9 causes the
ultrasonic probe 1 to perform four times of ultrasonic wave
transmissions in which the phases of the ultrasonic waves to
be transmitted are different from each other by 90 degrees.
The extracting unit 20 performs, the predetermined phase
rotation processing, phase rotation processing of rotating the
phases by angles of 0 degrees. 90 degrees, 180 degrees, 270
degrees on four reception signals corresponding to the four
times of ultrasonic wave transmissions to extract the third-
order harmonic component. The extracting unit 20 performs,
as phase rotation processing different from the predetermined
phase rotation processing, phase rotation processing of rotat-
ing the phases by angles of 0 degrees, 180 degrees, 360
degrees (0 degrees), 540 degrees (180 degrees) in which the
phase rotation angle with respect to at least one reception
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signal is different from that in the predetermined phase rota-
tion processing to extract the second-order harmonic compo-
nent thatis different from that in the case of the predetermined
phase rotation processing.

[0124] The example has been described in which the
extracting unit 20 performs processing not including the
phase rotation processing on three or more reception signals
to extract the harmonic component of an order different from
the predetermined order. However, the embodiment is not
limited thereto. The extracting unit 20 may extract the har-
monic component of an order different from the predeter-
mined order, for example, the third-order harmonic compo-
nent by performing phase rotation processing of rotating the
phase by the same phase rotation angle on each of the three or
more reception signals. That is, the extracting unit 20 may
extract the second nonlinear component the type of which is
different from that of the first nonlinear component. For
example, the extracting unit 20 may perform phase rotation
processing of rotating each of the three reception signals by
45 degrees, and adds up the results thereof to extract the
third-order harmonic component.

Second Embodiment

[0125] In the first embodiment, described is a case of out-
putting, for display, the ultrasonic image data based on the
harmonic component of a predetermined order extracted by
performing processing including the phase rotation process-
ing and the ultrasonic image data based on the harmonic
component of an order different from the predetermined order
extracted by performing processing not including the phase
rotation processing. A second embodiment describes a case of
outputting, for display, ultrasonic image data based on a com-
ponent obtained by synthesizing the harmonic component of
the predetermined order and the harmonic component of an
order different from the predetermined order. Specifically, the
image generation unit 13 according to the second embodi-
ment generates the ultrasonic image data based on the com-
ponent obtained by synthesizing the harmonic component of
the predetermined order (first nonlinear component) and the
harmonic component of an order different from the predeter-
mined order (second nonlinear component). By way of
example, the extracting unit 20 extracts the second-order
harmonic component as the harmonic component of the pre-
determined order (first nonlinear component), and extracts
the third-order harmonic component as the harmonic compo-
nent of an order different from the predetermined order (sec-
ond nonlinear component). The image generation unit 13 then
generates the ultrasonic image data based on the compornent
obtained by synthesizing the second-order harmonic compo-
nent and the third-order harmonic component.

[0126] FIG. 5 is a flowchart for explaining a processing
procedure performed by the ultrasonic diagnostic apparatus
according to the second embodiment. Upon receiving, from
the control unit 16, the parameter related to the ultrasonic
wave 10 be transmitted, the transmission unit 9 transmits the
ultrasonic wave multiple times via the ultrasonic probe 1
while modulating the phase using a common envelope (Step
S100). The receiving unit 11 generates the reception signals
corresponding to the multiple times of ultrasonic wave trans-
missions, and transmits the generated reception signals to the
extracting unit 20. Due to this, the extracting unit 20 receives
a plurality of reception signals (Step S101).

[0127] The extracting unit 20 performs processing for add-
ing up the plurality of reception signals generated by the
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receiving unit 11 (beam addition processing), and generates
the signal from which the third-order harmonic component
(more generally, the second nonlinear component) is
extracted (Step S110). The extracting unit 20 applies the
band-pass filter to the signal from which the third-order har-
monic component is extracted to remove noise (Step S111).
[0128] The extracting unit 20 also performs phase rotation
processing on some of the plurality of reception signals gen-
erated by the receiving unit 11 to generate the reception
signals on which phase rotation processing a performed (Step
S102). The extracting unit 20 performs beam addition pro-
cessing on each of the reception signals on which phase
rotation processing is performed (including the reception sig-
nal the phase rotation angle of which is 0 degrees), and
generates the signal from which the second-order harmonic
component (more generally, the first nonlinear component)
extracted (Step S103). The extracting unit 20 applies the
band-pass filter to the signal from which the second-order
harmonic component is extracted to remove noise (Step
S104).

[0129] Steps S110 to S111 and Steps S102 to S104 may be
concurrently executed or sequentially executed. If the steps
are sequentially executed, for example, Steps S102 to S104
may be executed after Steps S110 to S111 are executed, or
Steps S110 to S111 may be executed after Steps S102 to S104
are executed.

[0130] The processing at Steps S111 and S104 of applying
the band-pass filter can be omitted as needed.

[0131] When the extracting unit 20 completes the process-
ing at Step S111 and the processing at Step S104, the extract-
ing unit 20 serving as a synthesizing unit synthesizes the
second-order harmonic component (first nonlinear compo-
nent) extracted at Step S104 and the third-order harmonic
component (second nonlinear component) extracted at Step
S111 (Step S200). Details of the synthesis processing will be
described later. The data synthesized by the extracting unit 20
is caused to be the B-mode data by the B-mode processing
unit 121. The image generation unit 13 generates an image
from the B-mode data, and output the generated image to the
monitor (Step S300).

[0132] The synthesis processing of the second-order har-
monic component (first nonlinear component) and the third-
order harmonic component (second nonlinear component)
may be performed by a processing unit other than the extract-
ing unit 20. For example, the synthesizing unit included in the
B-mode processing unit 121 may synthesize the B-mode data
generated from the third-order harmonic component and the
B-mode data generated from the second-order harmonic
component, and the image generation unit 13 may generate
the ultrasonic image data from the synthesized B-mode data
generated by the B-mode processing unit 121. Alternatively,
for example, the synthesizing unit included in the image
generation unit 13 may synthesize image data of the third-
order harmonic component (second nonlinear component)
generated from the B-mode data based on the third-order
harmonic component (second nonlinear component) and
image data of the second-order harmonic component (first
nonlinear component) generated from the B-mode data based
on the second-order harmonic component (first nonlinear
component).

[0133] FIG. 6 is a diagram for explaining the synthesis
processing performed by the ultrasonic diagnostic apparatus
according to the second embodiment. Hereinafter, the image
generation unit 13 is assumed to include the synthesizing unit.
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The synthesizing unit weights the image of the second-order
harmonic component and the image of the third-order har-
monic component to perform synthesis processing, and gen-
erates the ultrasonic image. For example, when the weight of
the image of the second-order harmonic component is 1 and
the weight of the image of the third-order harmonic compo-
nent is 0, the generated ultrasonic image is equal to the image
of the second-order harmonic component. For example, when
the weight of the image of the second-order harmonic com-
ponent is 0 and the weight of the image of the third-order
harmonic component is 1, the generated ultrasonic image is
equal to the image of the third-order harmonic component.
When the weight of the image of the second-order harmonic
component is 0.5 and the weight of the image of the third-
order harmonic component is 0.5, the generated ultrasonic
image is an image obtained by adding up the image of the
third-order harmonic component and the image of the sec-
ond-order harmonic component in the ratio of 1:1.

[0134] Anupperdiagram in FIG. 6 is a diagram forexplain-
ing a first synthesizing method. A graph 80 depicts the weight
of the second-order harmonic component in the first synthe-
sizing method as a function of a distance (depth) from the
ultrasonic probe 1. A graph 81 depicts the weight of the
third-order harmonic component in the first synthesizing
method as a function of the distance from the ultrasonic probe
1. The directivity of the third-order harmonic component is
higher than that of the second-order harmonic component
(less affected by a side Iobe), so that higher image quality
(resolution) can be obtained using the third-order harmonic
component rather than the second-order harmonic compo-
nent. When the distance (depth) from the ultrasonic probe 1 is
large, the third-order harmonic component travels a distance
longer than that in a case in which the depth is small, so that
the intensity of the reflected wave is attenuated. A degree of
the attenuation is more severe than that of the second-order
harmonic component. Due to this, in the first synthesizing
method, as illustrated in the upper diagram in FIG. 6, the
weight of the third-order harmonic component is increased
when the distance (depth) from the ultrasonic probe 1 is
small, and the weight of the third-order harmonic component
is reduced when the distance (depth) from the ultrasonic
probe 1 is large, to perform synthesis.

[0135] A lower diagram in FIG. 6 is a diagram for explain-
ing a second synthesizing method. A graph 82 depicts the
weight of the second-order harmonic component in the sec-
ond synthesizing method as a function of the distance (depth)
from the ultrasonic probe 1. A graph 83 depicts the weight of
the third-order harmonic component in the second synthesiz-
ing method as a function of the distance from the ultrasonic
probe 1. Similarly to the upper diagram in FIG. 6, in the
second synthesizing method, the weight of the third-order
harmonic component is increased to perform synthesis when
the distance (depth) from the ultrasonic probe 1 is small, and
the weight of the third-order harmonic component is reduced
to perform synthesis when the distance (depth) from the ultra-
sonic probe 1 is large.

[0136] At apoint where the distance (depth) from the ultra-
sonic probe 1 is very small, the ultrasonic waves pass through
the medium by a very small distance, so that the third-order
harmonic component is not sufficiently generated. When the
image is generated using the third-order harmonic component
the signal intensity of which is small, signal-to-noise ratio is
lowered. Due to this, in the second synthesizing method, as
illustrated in the lower diagram in FIG. 6, the weight of the
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third-order harmonic component is reduced when the dis-
tance (depth) from the ultrasonic probe 1 is very small.
[0137] FIG.7isa diagram for explaining an example of the
image generated when a phantom for the ultrasonic wave is
used in the ultrasonic diagnostic apparatus according to the
second embodiment. When round dots the material of which
different from other portions are arranged at spatially regular
intervals as the phantom for the ultrasonic wave, holes corre-
sponding to the round dots emerge at regular intervals on the
generated image. With this configuration, the apparatus can
be calibrated. In FIG. 7, the horizontal direction corresponds
to a lateral direction, and the vertical direction corresponds to
a depth direction.

[0138] An image 210 is an example of an image when the
image generation unit 13 generates the image using only the
third-order harmonic component. An image 211 is an
example of an image when the image generation unit 13
generates the image using only the second-order harmonic
component. In the image 210 generated from the third-order
harmonic component, a fine structure can be seen as com-
pared with the image 211 generated from the second-order
harmonic component up to a medium depth, and an image
having high image quality can be obtained. When the depth is
increased, the signal of the third-order harmonic component
is attenuated in the image 210 as compared with the image
211, so that the image quality is deteriorated.

[0139] By contrast, in the image 211, the image quality is
lowered as compared with the image 210 up to the medium
depth, but the signal is not attenuated e compared with the
image 210 when the depth is increased, so that the image
quality is relatively not deteriorated even when the depth is
large.

[0140] An image 212 is an example of an image generated
by performing synthesis processing of the second-order har-
monic component and the third-order harmonic component.
The first synthesizing method is used as a synthesizing
method. When the depth is small, the image generation unit
13 increases the weight of the third-order harmonic to gener-
ate the image. When the depth is large, the image generation
unit 13 increases the weight of the second-order harmonic to
generate the image. By mainly using the harmonic of a suit-
able order depending on the depth to generate the image, the
image generation unit 13 can generate the image 212 the
image quality of which is not deteriorated even when the
depth is small or large.

[0141] FIG. 8is a diagram for explaining an example of a
case of scanning a liver by the ultrasonic diagnostic apparatus
according to the second embodiment. Similarly to FIG. 7, the
horizontal direction corresponds to the lateral direction, and
the vertical direction corresponds to the depth direction. An
image 220 is ultrasonic image data generated by the image
generation unit 13 using only the third-order harmonic com-
ponent, an image 221 is ultrasonic image data generated by
the image generation unit 13 using only the second-order
harmonic component, and an image 222 is ultrasonic image
data generated by the image generation unit 13 by performing
synthesis processing of the second-order harmonic compo-
nent and the third-order harmonic component.

[0142] When only the third-order harmonic component is
used as in the image 220, the image having high image quality
can be obtained up to the medium depth. However, the image
quality is deteriorated when the depth is increased. When
only the second-order harmonic component is used as in the
image 221, the image is relatively not deteriorated even when
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the depth is increased. However, the image quality thereof is
lower than that of the image using the third-order harmonic
component up to the medium depth.

[0143] Accordingly, as in the image 222, by synthesizing
the second-order harmonic component and the third-order
harmonic component and mainly using the harmonic of a
suitable order depending on the depth to generate the image,
the image generation unit 13 can generate the ultrasonic
image the image quality of which is not deteriorated even
when the depth is small or large.

[0144] As described above, in the second embodiment, the
harmonic component of a desired order and the harmonic
component of an order different therefrom are synthesized to
generate the ultrasonic image data. With the harmonic com-
ponent of a different order, the ultrasonic image having rela-
tively high image quality can be generated at a different
distance (depth) from the ultrasonic probe 1. Because the
image is generated by separating and extracting the harmonic
component of the different order and increasing the weight of
the harmonic component of the order by which the ultrasonic
image having the highest image duality can be obtained, the
ultrasonic image having high image quality can be generated
without being affected by the distance (depth) from the ultra-
sonic probe 1.

Third Embodiment

[0145] In the second embodiment, described is a case in
which the extracting unit 20 directly synthesizes the first
nonlinear component (for example, the second-order har-
monic component) and the second nonlinear component (for
example, the third-order harmonic component). In a third
embodiment, the extracting unit 20 performs synthesis pro-
cessing after performing phase conversion processing to align
the phase of the first nonlinear component and the phase of the
second nonlinear component instead of directly synthesizing
the first nonlinear component and the second nonlinear com-
ponent.

[0146] With reference to FIGS. 9 to 12, the following
describes the ultrasonic diagnostic apparatus according to the
third embodiment. FIG. 9 is a flowchart for explaining a
processing procedure performed by the ultrasonic diagnostic
apparatus according to the third embodiment. FIG. 10 is a
diagram for explaining a processing procedure performed by
the ultrasonic diagnostic apparatus according to the third
embodiment. FIGS. 11A and 11B are diagrams for explaining
a signal processed by the ultrasonic diagnostic apparatus
according to the third embodiment. FIG. 12 is a diagram for
explaining a processing procedure performed by the ultra-
sonic diagnostic apparatus according to a modification of the
third embodiment.

[0147] As illustrated in FIG. 9, the ultrasonic diagnostic
apparatus according to the third embodiment performs the
same processing as that in the second embodiment except for
the process at Step S150 as compared with FIG. 5, for
example. Hereinafter, the same processing as that in the sec-
ond embodiment will not be repeated in detail.

[0148] The transmission unit 9 transmits the ultrasonic
wave multiple times via the ultrasonic probe 1 while modu-
lating the phase using a common envelope (Step S100). The
receiving unit 11 generates the reception signals correspond-
ing to the multiple times of ultrasonic wave transmissions,
and transmits the generated reception signals to the extracting
unit 20. The extracting unit 20 receives a plurality of reception
signals (Step S101). For example, in the example of FIG. 10,
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the extracting unit 20 receives a reception signal 401 corre-
sponding to the ultrasonic wave transmitted at the phase of 0
degrees, a reception signal 402 corresponding to the ultra-
sonic wave transmitted at the phase of 120 degrees, and a
reception signal 403 corresponding to the ultrasonic wave
transmitted at the phase of 240 degrees.

[0149] The extracting unit 20 performs phase rotation pro-
cessing on some of the plurality of received reception signals
to generate the reception signals on which phase rotation
processing is performed (Step S102). For example, in the
example of FIG. 10, the extracting unit 20 applies a down
mixer 405 to the reception signal 401, and passes a signal in
a frequency band appropriate for performing signal process-
ing of the reception signal 401. The extracting unit 20 also
applies down mixers 406 and 407 to the reception signals 402
and 403, respectively, and passes the signal in a frequency
band appropriate for performing signal processing of the
reception signals 402 and 403. Subsequently, the extracting
unit 20 performs, using a phase rotation processing unit 410,
phase rotation processing of 0 degrees (multiplies exp(j*0
deg), that is, does not perform phase rotation processing) on
the reception signal 401 that has passed through the down
mixer 405, and generates the reception signal on which phase
rotation processing is performed. The extracting unit 20 per-
forms, using a phase rotation processing unit 411, phase
rotation processing of 120 degrees (multiplies exp(j*120
deg)) on the reception signal 402 that has passed through the
down mixer 406, and generates the reception signal on which
phase rotation processing is performed. The extracting unit
20 performs, using a phase rotation processing unit 412,
phase rotation processing of 240 degrees (multiplies exp
(7*¥240 deg)) on the reception signal 403 that has passed
through the down mixer 407, and generates the reception
signal on which phase rotation processing is performed.
[0150] Subsequently, at Step S103, the extracting unit 20
performs beam addition processing (for example, coherent
addition processing) on each of the reception signals on
which phase rotation processing is performed, and extracts a
first signal as a signal corresponding to the first nonlinear
component (second-order harmonic component) (Step
S103). In the example of FIG. 10, the extracting unit 20
performs beam addition processing on the reception signal
that has passed through the phase rotation processing unit
410, the reception signal on which phase rotation processing
is performed by the phase rotation processing unit 411, and
the reception signal on which phase rotation processing is
performed by the phase rotation processing unit 412 to gen-
erate the first signal. As needed, the extracting unit 20 applies
the band-pass filter to the first signal from which the first
nonlinear component is extracted to remove noise (Step
S104).

[0151] At Step S110, the extracting unit 20 performs beam
addition processing (for example, coherent addition process-
ing) on each of the received reception signals, and extracts a
second signal as a signal corresponding to the second nonlin-
ear component (for example, the third-order harmonic com-
ponent) (Step S110). In the example of FIG. 10, the extracting
unit 20 performs beam addition processing on the reception
signal 401, the reception signal 402, and the reception signal
403, and extracts a second signal 404 as a signal correspond-
ing to the second nonlinear component.

[0152] The extracting unit 20 performs, using a phase rota-
tion processing unit 413, processing including second phase
rotation processing, which is phase rotation processing for
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aligning the phases between the first nonlinear component
and the second nonlinear component on the second signal 404
extracted at Step S110 (Step S150). For example, the extract-
ing unit 20 performs processing of rotating the phase of the
second signal 404 by 90 degrees (for example, adds 90
degrees) as the second phase rotation processing on the sec-
ond signal 404 extracted at Step S110. (More generally, in a
case where the first signal and the second signal are a com-
bination of consecutive higher order nonlinear components
such as N-th orderand the N+1-th order, the extracting unit 20
performs a processing of rotating one of the phase by 90
degrees.)

[0153] As needed, the extracting unit 20 applies the band-
pass filter to the signal from which the second nonlinear
component is extracted to remove noise (Step S111). After
such processing, the extracting unit 20 synthesizes the first
signal that has passed through the band-pass filter at Step
S104 and the second signal 404 after the second phase rota-
tion processing that has passed through the band-pass filter at
Step S111 to generate a synthesized signal 414 (Step S200).
The data synthesized by the extracting unit 20 is caused to be
the B-mode data by the B-mode processing unit 121. The
image generation unit 13 generates an image from the
B-mode data, and outputs the generated image to the monitor
2 (Step S300).

[0154] A difference between the ultrasonic diagnostic
apparatus according to the third embodiment and the ultra-
sonic diagnostic apparatus according to the first and the sec-
ond embodiments is Step S150 in FIG. 9, in other words, the
second phase rotation processing performed by the phase
rotation processing unit 413. The difference will be described
with reference to FIGS. 11A and 11B.

[0155] 1In FIG. 11A, a graph 430A, a graph 430B, and a
graph 420C represent the signal intensity of the reception
signals corresponding to the first transmission, the second
transmission, and the third transmission, respectively, as a
function of the frequency. For example, the graph 430A, the
graph 430B, and the graph 430C correspond to the signal
intensity of the reception signal 401, the reception signal 402,
and the reception signal 403 in FIG. 10, respectively. A graph
431 represents the signal intensity of the synthesized signal
414 as a function of the frequency assuming that the second
phase rotation processing is not performed by the phase rota-
tion processing unit 413. The graph 431 corresponds to the
signal intensity of the synthesized signal 414 assuming that
the second phase rotation processing is not performed by the
phase rotation processing unit 413. The graph 431 has a valley
where the signal intensity is weakened between the peak
around 3.8 MHz and the peak around 5 MHz, for example.
That is, assuming that the second phase rotation processing is
not performed by the phase rotation processing unit 413 the
signal intensity of the synthesized signal 414 is reduced in a
frequency region of the valley.

[0156] By contrast, the FIG. 11B illustrates a situation in
which the second phase rotation processing is performed by
the phase rotation processing unit 413. A graph 432A, a graph
432B, and a graph 432C represent the signal intensity of the
reception signals corresponding to the first transmission, the
second transmission, and the third transmission, respectively,
as a function of the frequency. For example, the graph 4324,
the graph 432B, and the graph 432C correspond to the signal
intensity of the reception signal 401, the reception signal 402,
and the reception signal 403 in FIG. 10, respectively. A graph
433 represents the signal intensity of the synthesized signal
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414 as a function of the frequency in a case in which the
second phase rotation processing is performed by the phase
rotation processing unit 413. The graph 433 maintains high
signal intensity in a wide frequency band, for example, from
3 MHz to 5 MHz.

[0157] The high signal intensity can be maintained in the
wide frequency band when the phase rotation processing is
performed by the phase rotation processing unit 413 for the
reason as follows. That s, in general, the phase of the second-
order harmonic component is shifted from that of the third-
order harmonic component by 90 degrees. For example, the
signal of the second-order harmonic component is repre-
sented with a function shape such as cos x, the signal of the
third-order harmonic component is represented with a func-
tion shape such as sin x. In this case, when the signal of the
second-order harmonic component and the signal of the third-
order harmonic component are simply added up, the phase of
the second-order harmonic component is not aligned with the
phase of the third-order harmonic component, which reduces
the signal intensity of the synthesized signal. For example, by
performing processing for advancing the phase of the signal
of the third-order harmonic component by 90 degrees, the
phase of'the first nonlinear component can be aligned with the
phase of the second nonlinear component. As a result, the
signal intensity of the synthesized signal can be prevented
from being reduced. The extracting unit 20 thus can maintain
high signal intensity in a wide frequency region.

Modification of Third Embodiment

[0158] The case in which the extracting unit 20 advances
the phase of the second nonlinear component (second signal)
by 90 degrees using the phase rotation processing unit 413 has
been described. However, the embodiment is not limited
thereto. In a modification of the third embodiment, the
extracting unit 20 delays the phase of the first nonlinear
component (first signal) by 90 degrees. FIG. 12 illustrates
such a situation.

[0159] In the example of FIG. 12, similarly to FIG. 10, the
extracting unit 20 receives the reception signal 401 corre-
sponding to the ultrasonic wave transmitted at the phase of 0
degrees, the reception signal 402 corresponding to the ultra-
sonic wave transmitted at the phase of 120 degrees, and the
reception signal 403 corresponding to the ultrasonic wave
transmitted at the phase 0of 240 degrees. The extracting unit 20
applies the down mixers 405, 406, and 407 to the reception
signals 401, 402, and 403, respectively, and passes the signal
in a frequency band appropriate for performing signal pro-
cessing of the reception signals 401, 402, and 403. Subse-
quently, the extracting unit 20 performs, on each of the recep-
tion signal 401, 402, and 403, first phase rotation processing
extracting the first nonlinear component and the second phase
rotation processing, which is phase rotation processing for
aligning the phases between the first nonlinear component
and the second nonlinear component. For example, the
extracting unit 20 performs processing of rotating the chase
by 90 degrees (for example, subtracting 90 degrees from the
phase) as the second phase rotation processing. (More gen-
erally, ina case where the first signal and the second signal are
a combination of consecutive higher order nonlinear compo-
nents such as N-th order and the N+1-th order, the extracting
unit 20 performs a processing of rotating one of the phase by
90 degrees.) Specifically, the extracting unit 20 subtracts 90
degrees from the phase after performing, using a phase rota-
tion processing unit 420, phase rotation of 0 degrees on the
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reception signal 401 that has passed through the down mixer
405 (that is, subtracts 90 degrees from the phase in total), and
generates the reception signal on which phase rotation pro-
cessing is performed. The extracting unit 20 subtracts 90
degrees from the phase after performing, using a phase rota-
tion processing unit 421, phase rotation of 120 degrees on the
reception signal 402 that has passed through the down mixer
406 (that is, adds 30 degrees to the phase in total), and gen-
erates the reception signal on which phase rotation processing
is performed. The extracting unit 20 subtracts 90 degrees
from the phase after performing, using a phase rotation pro-
cessing unit 422, phase rotation of 240 degrees on the recep-
tion signal 403 that has passed through the down mixer 407
(that is, adds 150 degrees to the phase in total), and generates
the reception signal on which phase rotation processing is
performed.

[0160] Subsequently, the extracting unit 20 performs beam
addition processing on each of the reception signals on which
the first phase rotation processing and the second phase rota-
tion processing have been performed, thereby extracting the
first signal as the signal corresponding to the first nonlinear
component (second-order harmonic component).

[0161] The extracting unit 20 performs beam addition pro-
cessing on each of'the received reception signals, and extracts
the second signal 404 as the signal corresponding to the
second nonlinear component (third-order harmonic compo-
nent). In the example of FIG. 10, the extracting unit 20 per-
forms beam addition processing on the reception signal 401,
the reception signal 402, and the reception signal 403, and
extracts the second signal 404 as the signal corresponding to
the second nonlinear component. The extracting unit 20 does
not perform phase rotation processing with a phase rotation
processing unit 423.

[0162] After such processing, the extracting unit 20 synthe-
sizes the first signal and the second signal 404 to generate a
synthesized signal 424. The data synthesized by the extract-
ing unit 20 is caused to be the B-mode data by the B-mode
processing unit 121. The image generation unit 13 generates
an image from the B-mode data, and outputs the generated
image to the monitor 2.

[0163] However, the embodiment is not limited thereto.
Described is a case in which the extracting unit 20 performs
beam addition processing on each of the reception signals
401, 402, and 403 on which the first phase rotation processing
and the second phase rotation processing are performed, and
extracts the first signal as the signal corresponding to the first
nonlinear component. Alternatively, for example, the extract-
ing unit 20 may perform beam addition processing on each of
the reception signals 401,402, and 403 after performing only
the first phase rotation processing thereon, extract the first
signal as the signal corresponding to the first nonlinear com-
ponent (second-order harmonic component), and perform
processing including the second phase rotation processing on
the extracted first signal. After the processing, the extracting
unit 20 synthesizes the first signal on which the second phase
rotation processing is performed and the second signal.
[0164] Described is a case in which the extracting unit 20
advances the phase of the second signal 404 by 90 degrees, or
delays the phase of the first signal by 90 degrees. However,
the embodiment is not limited thereto. For example, the
extracting unit 20 may delay the phase of the first signal by 45
degrees, and advance the phase of the second signal 404 by 45
degrees. The extracting unit 20 may delay the phase of the
first signal by 120 degrees, and delay the phase of the second



US 2016/0166237 A1l

signal 404 by 30 degrees. Depending on properties of the first
nonlinear component and the second nonlinear component,
the extracting unit 20 may use an angle other than 90 degrees
as the phase rotation angle for the second phase rotation
processing.

[0165] A timing at which the extracting unit 20 performs
phase rotation processing is not limited to the timing that has
been described above. For example, in FIG. 10, described is a
case in which the extracting unit 20 performs the second
phase rotation processing on the second signal 404 with the
phase rotation processing unit 413. However, the embodi-
ment is not limited thereto. For example, the extracting unit
20 may perform beam addition processing after performing
the second phase rotation processing on each of the reception
signal 401, the reception signal 402, and the reception signal
403 to extractthe second signal 404. In this case, for example,
the extracting unit 20 does not perform the second phase
rotation processing with the phase rotation processing unit
413.

[0166] In FIG. 10, when the extracting unit 20 performs
beam addition processing after performing the second phase
rotation processing on each of the reception signal 401, the
reception signal 402, and the reception signal 403 to generate
the second signal 404, the signal input to the down mixer 405
may be the reception signal 401 or the reception signal 401 on
which the second phase rotation processing is performed.
[0167] Described is a case in which the extracting unit 20
performs coherent addition processing before Log detection
to synthesize the signals. However, the embodiment is not
limited thereto. For example, the extracting unit 20 may pet-
form incoherent addition processing in addition to the cohet-
ent addition processing to synthesize the signals.

[0168] Theultrasonic diagnostic apparatus according to the
embodiment may store various pieces of data in a predeter-
mined storage medium, or may read various pieces of data
from the apparatus. Examples of the predetermined storage
medium include the image generation unit 13, the image
memory 14, or a storage device external to the ultrasonic
diagnostic apparatus. Examples of the data that is stored or
read by the ultrasonic diagnostic apparatus according to the
embodiment include data close to raw data such as the recep-
tion signals 401, 402, and 403 in FIG. 10, the second signal
404 as a signal on which beam addition processing is pet-
formed, the synthesized signal 414, data immediately before
phase rotation processing is performed by the phase rotation
processing unit 410, data immediately after phase rotation
processing is performed by the phase rotation processing unit
410, and data of a final diagnostic image.

[0169] The signal processing method described in the
above embodiment may be performed by an image process-
ing apparatus that is arranged independently of the ultrasonic
diagnostic apparatus.

[0170] Such an image processing apparatus includes, for
example, an acquisition unit that acquires a group of recep-
tion signal generated by the receiving unit 11 from the ultra-
sonic diagnostic apparatus, the storage medium, and the like,
and a processing unit having functions equivalent to the
extracting unit 20, the signal processing unit 12, and the
image generation unit 13. The image processing apparatus
then performs the signal processing method described in the
above embodiment with the processing unit serving as the
extracting unit 20 and the like.

[0171] Theimage processing apparatus cooperates with the
storage medium and the like described above to perform the
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signal processing method described in the above embodi-
ment. In this case, by storing data in the storage medium and
the like or reading data from the storage medium and the like,
the image processing apparatus can suspend the processing at
an arbitrary step in a procedure of the signal processing
method described in the above embodiment, or resume the
processing from an arbitrary step.

[0172] As described above, in the third embodiment, the
extracting unit 20 further performs phase rotation processing
for aligning the phases between the first nonlinear component
and the second nonlinear component. Accordingly, a wide-
band signal can be extracted.

Fourth Embodiment

[0173] In the above embodiments, described is a case of
transmitting the ultrasonic wave having a single frequency
component via the ultrasonic probe 1. A fourth embodiment
describes a case of transmitting the ultrasonic wave having a
plurality of frequency components via the ultrasonic probe 1
to widen the band of the high-order harmonic component
such as the third-order harmonic component.

[0174] In the fourth embodiment, the transmission unit 9,
the receiving unit 11, and the extracting unit 20 perform the
following processing. In the fourth embodiment, the ultra-
sonic wave to be transmitted has a plurality of center fre-
quency components. The transmission unit 9 causes the ultra-
sonic probe 1 to perform ultrasonic wave transmissions three
or more times in which the phase of at least one of the center
frequency components (or the phase of each of the center
frequency components) included in the ultrasonic wave to be
transmitted is different for each transmission. The receiving
unit 11 generates three or more reception signals related to a
common reception scanning line based on a plurality of
reflected wave signals obtained through the three or more
times of ultrasonic wave transmissions. By performing pro-
cessing including the phase rotation processing on two or
more reception signals among the three or more reception
signals, the extracting umt 20 extracts a combination of pre-
determined harmonic components (that is, different types of
nonlinear components included in the three or more reception
signals). Specifically, the transmission unit 9 causes the ultra-
sonic probe to perform three or more times of ultrasonic wave
transmissions while shifting the phases of the frequency com-
ponents from each other by an equal angle. The extracting
unit 20 performs phase rotation processing on two or more
reception signals among three or more reception signals of
rotating the phase by an angle that is an integral multiple of
the equal angle to extract a combination of predetermined
harmonic components (a plurality of nonlinear components).
For example, the extracting unit 20 according to the fourth
embodiment extracts a combination including the second-
order harmonic component (a plurality of nonlinear compo-
nents) as the combination of predetermined harmonic com-
ponents and performs processing not including the phase
rotation processing to extract a combination including the
third-order harmonic component (a plurality of nonlinear
components).

[0175] The control unit 16 according the fourth embodi-
ment controls the frequency, the amplitude, and the phase of
the ultrasonic wave so that, for example, the hand of the
combination of predetermined harmonic components is
wider than the band of the fundamental wave component of
the ultrasonic wave. With such control by the control unit 16,
for example, the transmission unit 9 causes the ultrasonic



US 2016/0166237 A1l

probe 1 to perform ultrasonic wave transmissions three or
more times in which the ultrasonic wave to be transmitted
includes two frequency components, that is, a first frequency
and a second frequency component that is less than four times
the first frequency, and the phase of the ultrasonic wave to be
transmitted is different in each transmission. With such con-
trol by the control unit 16, for example, the transmission unit
9 causes the ultrasonic probe to perform ultrasonic wave
transmissions three or more times in which the ultrasonic
wave to be transmitted includes two frequency components,
that s, a first frequency (f, ) and a second frequency (f,) larger
than the first frequency, and the phase of the ultrasonic wave
to be transmitted is different in each transmission.

[0176] For example, the extracting unit 20 adds up three or
more reception signals to extract a combination of a signal
(2F,+f,) of a frequency obtained by adding a frequency two
times the first frequency to the second frequency and a signal
(3f)) of a frequency three times the first frequency as a com-
bination including the third-order harmonic component, per-
forms phase rotation processing on two or more reception
signals among three or more reception signals, an extracts a
combination of a signal corresponding to a frequency (f,+15)
obtained by adding the first frequency to the second fre-
quency and a frequency (2f,) two times the first frequency as
a combination including the second-order harmonic compo-
nent.

[0177] First, the following describes widening of the band
of the high-order harmonic component utilizing a plurality of
frequency components. The transmission unit 9 can transmit
the ultrasonic wave including a plurality of frequency com-
ponents, which can widen a frequency band that can be uti-
lized to generate an image. For example, by transmitting the
wave including two types of frequency components, that is,
the first frequency component the frequency of which is f1
and the second frequency component the frequency of which
is 12, a harmonic component derived from the frequency
component the frequency of which is 1 and a harmonic
component derived from the frequency component the fre-
quency of which is 2 can be used to generate an image.
[0178] However, in image formation using the high-order
harmonic such as image formation using the third-order har-
monic component, the frequency band is difficult to widen
with a simple ultrasonic wave transmission sequence because
a harmonic component of an order lower than the order of the
harmonic component to be imaged (for example, the second-
order harmonic component) cannot be easily excluded. The
signal intensity of the second-order harmonic component is
higher than that of the third-order harmonic component, so
that, when the band of the third-order harmonic component to
be imaged is overlapped with the band of the second-order
harmonic component having higher signal intensity, the sig-
nal of the third-order harmonic component is lost in the signal
of the second-order harmonic component. As a result, image
quality is deteriorated in the image using the third-order har-
monic component. For example, when the ultrasonic wave
including two types of frequency components, that is, the
frequency f, and the frequency £, is transmitted, the presence
of the second-order harmonic component the frequency of
which is “2f,”, “f,+£,”, “21,”, or the like obstructs utilizing
the third-order harmonic component the frequency of which
is “3f,” and “2f +£,”.

[0179] In the fourth embodiment, the transmission unit 9
transmits the ultrasonic wave including a plurality of fre-
quency components while modulating the phase with the
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ultrasonic wave transmission sequence according to the first
embodiment. In the first embodiment, the transmission unit 9
transmits the ultrasonic wave with an ultrasonic wave trans-
mission sequence including a single frequency component
and having high symmetry. In the first embodiment, the
extracting unit 20 simply adds (coherently adds)up a plurality
of reception signals, or simply adds (coherently adds) up the
reception signals after performing phase rotation to extract
the harmonic component of a desired order and remove har-
monic components of the other orders. For example, in the
first embodiment, the extracting unit 20 extracts the third-
order harmonic component and removes the second-order
harmonic component. Conversely, the extracting unit 20
extracts the second-order harmonic component and removes
the third-order harmonic component.

[0180] Such a property of the ultrasonic wave transmission
sequence according to the first embodiment, that is, a prop-
erty thata component having a specific symmetry is extracted
and a component having a specific symmetry is removed is
maintaired even when the component of the ultrasonic wave
to be transmitted is expanded from a single frequency com-
ponent to a plurality of frequency components. For example,
the extracting unit 20 can perform processing so that the
third-order harmonic component of “3f,, 2f,+£,” is extracted,
and the second-order harmonic component “2f,, f, +f,, 2f,” 1s
“0” due to the symmetry. As a result, the signal-to-noise ratio
is prevented from being lowered due to mixing of the second-
order harmonic component in the third-order harmonic com-
ponent of “3f; and 2f,+{,”, so that a wide-band frequency
region can be utilized to generate an image.

[0181] For example, the extracting unit 20 can perform
processing so that the third-order harmonic component of
“3f,, 2f,+1,” 15 “0” due to the symmetry, and the second-order
harmonic component of “2f), f, +f,.” is extracted. As a result,
the signal-to-noise ratio is prevented from being lowered due
to mixing of the third-order harmonic component in the sec-
ond-order harmonic component of “2f,, f,+f,, 2,”, so that a
wide-band frequency region can be utilized to generate an
image.

[0182] The following describes a case of transmitting the
ultrasonic wave including two frequency components, that s,
the first frequency component the frequency of whichis f; and
the second frequency component the frequency of which is
frequency f. In this case, assuming that the amplitude of the
first frequency component is A, the amplitude of the second
frequency component is B, an initial phase of the first fre-
quency comporent is 0, the initial phase of the second fre-
quency component is 0,, and a time is t, a displacement x(t) of
the ultrasonic wave (fundamental wave component) to be
transmitted is represented by the expression (1).

*(t)=4 sin(2xnf 140 )+B sin (2a/51+405) H

[0183] The componentofthe second-order nonlinear effect
is proportional to the square of the fundamental wave com-
ponent, that is, proportional to x(t)*, which is represented by
the expression (2).

A? B
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[0184] Thecomponent ofthe third-order nonlinear effect is
proportional to the cube of the fundamental wave component,
that is, proportional to x(t)?, which is represented by the
expression (3).

)C(l‘)3 = 3

353 ). 35 3,3,
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[0185] The first term of the expression (2) is a frequency
component the frequency of which is 0, that is, a zero-order
harmonic component (DC component). The second and the
third terms of the expression (2) are second-order harmonic
components that are frequency components the frequencies
of which are 2f| and 2f,, respectively. The fourth and the fifth
terms of the expression (2) are second-order nonlinear com-
ponents the frequencies of which are f,-f, and f,+£.

[0186] The first and the second terms of the expression (3)
are third-order nonlinear components the frequencies of
which are f; and f, respectively. The third and the fifth terms
of the expression (3) are third-order nonlinear components
that are frequency components the frequencies of which are
2f, +f, and f, +2£,, respectively. The fourth and the sixth terns
of the expression (3) are third-order harmonic components
that are frequency components the frequencies of which are
f,-2f), f,-2f,, respectively. The first and the second terms of
the expression (3) are third-order harmonic components that
are frequency components the frequencies of which are 3f;
and 31,, respectively.

[0187] FIGS. 13 and 14 are flowcharts for explaining a
processing procedure performed by the ultrasonic diagnostic
apparatus according to the fourth embodiment. FIG. 13 illus-
trates processing not including the phase rotation processing,
and FIG. 14 illustrates processing including the phase rota-
tion processing.

[0188] First, with reference to FIG. 13, the following
describes the processing procedure performed by the ultra-
sonic diagnostic apparatus according to the fourth embodi-
ment not including the phase rotation processing.

[0189] The transmission unit 9 transmits the ultrasonic
wave multiple times via the ultrasonic probe 1 while modu-
lating the phase using a common envelope (Step S400).
[0190] As a first example, the transmission unit 9 modu-
lates the phase with the ultrasonic wave transmission
sequence of 0 degrees, 120 degrees, 240 degrees. In this case,
in the first transmission, the transmission unit 9 transmits the
ultrasonic wave while setting the phases of the first frequency
component and the second frequency component to be 0
degrees. In the second transmission, the transmission unit 9
transmits the ultrasonic wave while setting the phases of the
first frequency component and the second frequency compo-
nent to be 120 degrees. In the third transmission, the trans-
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mission unit 9 transmits the ultrasonic wave while setting the
phases of the first frequency component and the second fre-
quency component to be 240 degrees.

[0191] Asasecond example, the transmission unit9 modu-
lates the phase with the ultrasonic wave sequence of 0
degrees, 120 degrees; 120 degrees, 240 degrees; 240 degrees,
360 degrees. In this case, in the first transmission, the trans-
mission unit 9 transmits the ultrasonic wave while setting the
phase of the first frequency component to be 0 degrees, and
setting the phase of the second frequency component to be
120 degrees. In the second transmission, the transmission unit
9 transmits the ultrasonic wave while setting the phase of the
first frequency component to be 120 degrees, and setting the
phase of the second frequency component to be 240 degrees.
In the third transmission, the transmission unit 9 transmits the
ultrasonic wave while setting the phase of the first frequency
component to be 240 degrees, and setting the phase of the
second frequency component to be 360 degrees.

[0192] As a third example, the transmission unit 9 modu-
lates the phase with the ultrasonic wave sequence of 0
degrees, 0 degrees; 120 degrees, —120 degrees; 240 degrees,
-240 degrees. In this case, in the first transmission, the trans-
mission unit 9 transmits the ultrasonic wave while setting the
phase of the first frequency component to be 0 degrees, and
setting the phase of the second frequency component to be
120 degrees. In the second transmission, the transmission unit
9 transmits the ultrasonic wave while setting the phase of the
first frequency component to be 120 degrees, and setting the
phase of the second frequency component to be =120 degrees.
In the third transmission, the transmission unit 9 transmits the
ultrasonic wave while setting the phase of'the first frequency
component to be 240 degrees, and setting the phase of the
second frequency component to be 240 degrees.

[0193] The receiving unit 11 generates the reception sig-
nals corresponding to the multiple time of ultrasonic wave
transmissions, and transmits the generated reception signals
to the extracting unit 20. Due to this, the extracting unit 20
receives the reception signals (Step S401).

[0194] The extracting unit 20 performs beam addition pro-
cessing on each of the received reception signals, and extracts
a combination of third-order nonlinear components (Step
S402). For example, when the transmission unit 9 transmits
the ultrasonic wave three times, the extracting unit 20 adds up
the first reception signal generated from the reflected wave of
the transmission wave in the first transmission, the second
reception signal generated from the reflected wave the trans-
mission wave in the second transmission, and the third recep-
tion signal generated from the reflected wave of the transmis-
sion wave in the third transmission.

[0195] As described later, in the signal obtained by per-
forming addition processing on the reception signals corre-
sponding to the multiple times of ultrasonic wave transmis-
sion, contributions of the frequency components other than
the combination of predetermined harmonic components are
canceled with each other to be “0” due to high symmetry of
the ultrasonic wave transmission sequence. For example,
when the first reception signal, the second reception signal,
and the third reception signal obtained with the ultrasonic
wave transmission sequence of 0 degrees, 120 degrees, 240
degrees as the first example are added up, the frequency
components of “f,, f,, 2f,, 2f,, f +f,, f,-2f,, {,-21" are
canceled to be “0” due to the symmetry, and only the fre-
quency components of “f,-f}, 3f,, 2f +f,, f;+2f,, 3f,” are
extracted as values other than 0.
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[0196] When the ultrasonic wave transmission sequence
transmitted by the transmission unit 9 has high symmetry, the
extracting unit 20 can extract acombination of predetermined
harmonic components from which an “obstructive” fre-
quency component is removed accordingly. For example,
considered is a case in which the frequency components of
f,+2f, and 31, are set outside a probe band, and the frequency
component of f,—f, can be separated with the band-pass filter
because the frequency thereof is largely different from 3f, and
2f, +f,, for example. In this case, the extracting unit 20 an
obtaina wide frequency band of 3f, and 2f, +£, from which the
frequency components such as 2f,, f,-f,, and f,-2f, are
removed, the frequency components being mixed with the
frequency components of 3f;, and 2f +f, in a normal
sequence. The obstructive frequency component a removed
from the combination of predetermined harmonic compo-
nents extracted as described above, so that the combination
can be utilized generate an ultrasonic diagnostic image hav-
ing high image quality over a wide band.

[0197] The extracting unit 20 applies the band-pass filter to
the extracted data for causing the data to pass through a
desired frequency band (Step S500) to remove noise. The
extracting unit 20 transmits the data from which the noise is
removed to the B-mode processing unit 121.

[0198] The processing at Step S500 may be performed by a
unit other than the extracting unit 20, for example, the
B-mode processing unit 121. The processing at Step S500
may be appropriately omitted as needed.

[0199] The image generation unit 13 generates an image
from the B-mode data generated by the B-mode processing
unit 121 based on the data received from the extracting unit
20, outputs the generated image to the monitor 2 (Step S600),
and completes a series of processing.

[0200] Next, with reference to FIG. 14, the following
describes the processing procedure performed by the ultra-
sonic diagnostic apparatus according to the fourth embodi-
ment in a case in which the extracting unit 20 performs phase
rotation processing.

[0201] Steps S400, S401, S402, and S500 are the same as
those described with reference to FIG. 13, so that description
thereof will not be repeated.

[0202] When the receiving unit 11 generates the reception
signal to be transmitted to the extracting unit 20 at Step S401,
the extracting unit 20 performs phase rotation processing on
the received reception signal (Step S403).

[0203] The phase rotation processing is performed by the
extracting unit 20 using a combination of rotation phase
angles of 0 degrees, 120 degrees, 240 degrees, for example. In
this case, the extracting unit 20 performs phase rotation pro-
cessing on all of the frequency components of the first recep-
tion signal by the angle of 0 degrees. That is, the extracting
unit 20 does not perform phase rotation processing for the first
reception signal. The extracting unit 20 performs phase rota-
tion processing on all of the frequency components of the
second reception signal by the angle of 120 degrees. The
extracting unit 20 performs phase rotation processingon all of
the frequency components of the third reception signal by the
angle of 240 degrees.

[0204] The extracting unit 20 then performs beam audition
processing on each of the reception signals on which phase
rotation processing is performed (including the reception sig-
nal the phase rotation angle of which is 0 degrees), and
extracts a combination of second-order harmonic compo-
nents (Step S404). For example, the extracting unit 20 adds up
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the first reception signal, the second reception signal on
which phase rotation processing is performed, and the third
reception signal on which the phase rotation processing is
performed for each frequency component.

[0205] As described later, in the signal obtained by per-
forming addition processing on each of the reception signals
on which phase rotation processing is performed, contribu-
tions of the frequency components other than the combina-
tion of predetermined harmonic components are canceled
with each other to be “0” due to high symmetry of the ultra-
sonic wave transmission sequence and the combination of
phase rotation angles. For example, when the phase is modu-
lated with the ultrasonic wave transmission sequence of 0
degrees, 120 degrees, 240 degrees as the first example and the
combination of phase rotation angles are set to be 0 degrees,
120 degrees, 240 degrees, the ultrasonic wave transmission
sequence and the phase rotation angle rotating processing
have three-fold rotational symmetry (rotational symmetry of
120 degrees) on a complex plane.

[0206] As aresult, when the first reception signal, the sec-
ond reception signal after the phase rotation, and the third
reception signal after the phase rotation are added up, the
frequency components of 3f), 3f,, 2f,+f,, and f,+2f, are
caused to be “0” due to the three-fold rotational symmetry,
and only the frequency components of 21, f, -2f,, and {,-21,
are extracted as values other than 0.

[0207] In this way, when the ultrasonic wave transmission
sequence has high symmetry, the extracting unit 20 can
extract the combination of predetermined harmonic compo-
nents from which the “obstructive” frequency component is
removed by performing phase rotation processing and addi-
tion processing according to the high symmetry. For example,
considered is a case in which the frequency components of
£,-2f) and f;-2f, can be separated because the frequency
thereof is largely different from 2f;, f,+f,, and 2f,. In this
case, the ultrasonic diagnostic apparatus according to the
fourth embodiment can obtain a wide frequency band.

[0208] Theextracting unit 20 applies the band-pass filter to
the signal extracted by performing phase rotation processing
as described above to extract the signal in a specific frequency
band, and remove noise from the signal (Step S501). When
the extracting unit 20 completes the processing at Step S500
and the processing at Step S501, the extracting unit 20 serving
as the synthesizing unit synthesizes the third-order harmonic
component extracted at Step S500 and the second-order har-
monic component extracted at Step S104 Step S510). The
data synthesized by the extracting unit 20 is caused to be the
B-mode data by the B-mode processing unit 121. The image
generation unit 13 generates an image from the B-mode data,
and outputs the generated image to the monitor 2 (Step S600).

[0209] Step S402 in FIG. 13 and Step S403 in FIG. 14 are
described again. FIG. 15 is a diagram for explaining an
example in which a combination of predetermined harmonic
components is removed (canceled), and a combination of
predetermined harmonic components is extracted in the ultra-
sonic diagnostic apparatus according to the fourth embodi-
ment.

[0210] The upper diagram in FIG. 15 is a diagram for
explaining a combination of harmonic components that are
extracted and removed through simple addition processing in
a case in which the ultrasonic wave transmission sequence
transmitted by the transmission unit 9 is 0 degrees, 120
degrees, 240 degrees.
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[0211] The frequency of the ultrasonic wave to be transmit-
ted includes the first frequency component f,=1.5 MHz and
the second frequency component f,=3 MHz. Considered is a
case in which the amplitude A of the first frequency compo-
nent is 1 and the amplitude B of the second frequency com-
ponent is 0.7. The phase of the first frequency component is
represented as 6,, and the phase of the second frequency
component is represented as 8.

[0212] In the first transmission (ratel), the transmission
unit 9 transmits the ultrasonic wave at the phase of 0 degrees.
That is, each of the phase 0, of the first frequency component
and the phase T, of the second frequency component is 0
degrees. In the second transmission (rate2), the transmission
unit 9 transmits the ultrasonic wave at the phase of 120
degrees. That is, each of the phase 0, of the first frequency
component and the phase 0, of the second frequency compo-
nent is 120 degrees in the second transmission. In the third
transmission (rate3), the transmission unit 9 transmits the
ultrasonic wave at the phase of -120 degrees (240 degrees).
That is, in the second transmission, each of the phase 8, of the
first frequency component and the phase 0, of the second
frequency component is —120 degrees.

[0213] The second-order harmonic (“second harmonic™)
includes the frequency component the frequency of which is
f,—1}, the frequency component the frequency of which is 2},
the frequency component the frequency of which is f, +1,, and
the like. The frequency of the frequency component {,31 f; is
3.0--1.5=1.5. The frequency of the frequency component 2f;
is 2x1.5=3.0. The frequency of the frequency component
f,+f; 15 3.0+1.5=4.5. The amplitude of the frequency compo-
nent f,—f; is represented as AxB=1x0.7=0.7 with reference to
the fourth term of the expression (2). The amplitude of the
frequency component 2f, is represented as A%/2=1.0%/2=0.5
with reference to the second term of the expression (2). Simi-
larly, the amplitude of the frequency component f, +f, is rep-
resented as AxB=1.0x0.7=0.7 with reference to the fifth term
of the expression (2).

[0214] Next, the phase of each of the frequency compo-
nents is calculated for each transmission, the first reception
signal (ratel), the phase 0, of the first frequency component is
0, and the phase 0, of the second frequency component is 0.
The phase of the frequency component the frequency of
which is f,—1] is thus represented as 0,-0,=0. Similarly, the
phase of the frequency component the frequency of which is
2f) is represented as 20,=2x0=0, and the phase of the fre-
quency component the frequency of which is f; +f, is repre-
sented as 0,+0,=0+0=0.

[0215] In the second reception signal (rate2), the phase 6,
of the first frequency component is 120 degrees and the phase
8, of the second frequency component is 120 degrees, so that
the phase of the frequency component the frequency of which
is f,~f, is represented as 6,-6,=120-120=0 degrees. Simi-
larly, the phase of the frequency component the frequency of
which is 2f, represented as 26,=2x120=240 degrees (-120
degrees), and the phase of the frequency component the fre-
quency of which f, +f; is represented as 8, +6,=120+120=240
degrees (-120 degrees).

[0216] Similarly, in the third reception signal (rate3), the
phase 0, of the first frequency component is 120 degrees and
the phase 0, of the second frequency component is —120
degrees, so that the phase of the frequency component the
frequency of which is f,—1) is represented as 6,-6,=120-(-
120)=0 degrees. Similarly, the phase of the frequency com-
ponent the frequency of which is 2f, represented as 20,=2x
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(=120)==240 degrees (120 degrees), and the phase of the
frequency component the frequency of which is f, +1; is rep-
resented as 0, +6,=-120-120=240 degrees (120 degrees).

[0217] The extracting unit 20 adds up the first reception
signal, the second reception signal, and the third reception
signal. As a result, a combination of predetermined harmonic
component is extracted, and a combination other than the
combination of the predetermined harmonic components is
canceled.

[0218] For example, considered a case of the frequency
component the frequency of which is f; . In the first reception
signal, the phase of the frequency component the frequency
of which is 1] 1s O degrees, so that the signal value thereof is
cos 0°. In the second reception signal, the phase of the fre-
quency component the frequency of which is f; is 120
degrees, so that the signal value thereof is cos 120°. In the
third reception signal, the phase of the frequency component
the frequency of which f, is ~120 degrees, so that the signal
value thereofis cos(-120°). When the extracting unit 20 adds
up the first reception signal, the second reception signal, and
the third reception signal, the calculation is represented cos
0°+cos 120°+cos(-120°), which is calculated to be “0”.
Accordingly, in the ultrasonic wave transmission sequence of
0 degree, 120 degrees, 240 degrees (-120 degrees), the fre-
quency component of f; is removed (canceled) due to the
symmetry of the ultrasonic wave transmission sequence, so
that “cancel” results in “Yes”. Similarly, in a case of the
frequency component the frequency of which is f,, “cancel”
results in “Yes”.

[0219] Next, considered is a case of the frequency compo-
nent the frequency of which is f,-f;. In the first reception
signal, the phase of the frequency component the frequency
of which is f,~f, of 0 degrees, so that the signal value thereof
is cos 0°. In the second reception signal, the phase of the
frequency component the frequency of which is f,-f, is 0
degrees, so that the signal value thereof'is cos 0°. In the third
reception signal, the phase of the frequency component the
frequency of which is f,-f, is 0 degrees, so that the signal
value thereof is cos 0°. When the extracting unit 20 adds up
the first reception signal, the second reception signal, and the
third reception signal, the calculation is represented as cos
0°+cos 0°+¢os 0°, which is calculated to be “3” instead of 0.
Accordingly, in the ultrasonic wave transmission sequence of
0 degrees, 120 degrees, 240 degrees (120 degrees), the fre-
quency component of f,—f, is not removed (canceled) due to
the symmetry of the ultrasonic wave transmission sequence,
so that “cancel” results in “No”.

[0220] Similarly, considered is a case of the frequency
component the frequency of which is f, +f5. In the first recep-
tion signal, the phase of the frequency component the fre-
quency of which is f,+1, is 0 degrees, so that the signal value
thereof is cos 0°. In the second reception signal, the phase of
the frequency component the frequency of which is f,+1f, is
-120 degrees, so that the signal value thereof is cos(-120°).
In the third reception signal, the phase of the frequency com-
ponent the frequency of which f, -f, is 120 degrees, so that the
signal value thereof is cos 120°.

[0221] When the extracting unit 20 adds up the first recep-
tion signal, the second reception signal, and the third recep-
tion signal, the calculation is represented as cos 0°+cos
-120°+cos 120°, which is calculated to be “0”. Accordingly,
in the ultrasonic wave transmission sequence of 0 degrees,
120 degrees, 240 degrees (-120 degrees), the frequency com-
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ponent of f, +f, is removed (canceled) due to the symmetry of
the ultrasonic wave transmission sequence, so that “cancel”
results in “Yes”.

[0222] Similarly, when the extracting unit 20 adds up the
first reception signal, the second reception signal, and the
third reception signal for the frequency component the fre-
quency of which is 21, the calculation is represented as cos
0°+cos -120°+cos 120°, which is calculated to be “0”.
Accordingly, in the ultrasonic wave transmission sequence of
0 degrees, 120 degrees, 240 degrees (120 degrees), the fre-
quency component of 2f, is removed (canceled) due to the
symmetry of the ultrasonic wave transmission sequence, so
that “cancel” results in “Yes”.

[0223] Similarly, the third-order harmonic component “3rd
harmonic” can be calculated using the same method. As a
result, “cancel” results in “Yes” for the frequency component
the frequency of which is f,-2f, and 2f,-f,, and “cancel”
result in “No” for the frequency component the frequency
which is 2f; -f, and 31].

[0224] That is, when the transmission unit 9 transmits the
ultrasonic wave three times while modulating the phase with
the ultrasonic wave transmission sequence of 0 degrees, 120
degrees, 240 degrees, and the extracting unit 20 adds up the
first reception signal, the second reception signal, and the
third reception signal, the frequency components of f, £, 21,
2f,, L,+21, £,-21}, and 2f,+f, are removed due to the sym-
metry because “cancel” results in “Yes”. Regarding the fre-
quency components of f,—f}, 3f,, 2f +f,, {;+2f,, and 3f,
“cancel” results in “No”, and these harmonic components are
extracted accordingly.

[0225] Similar calculation can be performed also in a case
in which the transmission unit 9 transmits the ultrasonic wave
three times while modulating the phase with the ultrasonic
wave transmission sequence of 0 degrees, 120 degrees, 240
degrees, and the extracting unit 20 performs phase rotation
processing with a combination of phase rotation angles of 0
degrees, 120 degrees, 240 degrees (-120degrees) and adds up
the first reception signal after the phase rotation processing of
0 degrees (the first reception signal on which phase rotation
processing is not performed), the second reception signal
after the phase rotation processing of 120 degrees, and the
third reception signal after the phase rotation processing of
240 degrees (-120 degrees). In this case, the frequency com-
ponents of f, £, £,-f,, 31, 21, +f,, f;+2f,, 31, and 2f,-f, are
removed due to the symmetry because “cancel” results in
“Yes”. Regarding the frequency components of 21, f; +1,, 21,,
and f,-2f,, “cancel” results in “No”, and these harmonic
components are extracted accordingly.

[0226] In a case in which the transmission unit 9 transmits
the ultrasonic wave three times while modulating the phase
with the ultrasonic wave transmission sequence of 0 degrees,
120 degrees, 240 degrees, and the extracting unit 20 performs
phase rotation processing with a combination of phase rota-
tion angles of 0 degrees, 240 degrees, 480 degrees (120
degrees) and adds up the first reception signal aft the phase
rotation processing of 0 degrees (the first reception signal on
which phase rotation processing is not performed), the second
reception signal after the phase rotation processing of 240
degrees, and the third reception signal after the phase rotation
processing of 480 degrees (-120 degrees), “cancel” results in
“No” for the frequency components of f}, f,, and 2f,-f}, and
these harmonic components (fundamental wave components)
are extracted. The other frequency components are removed
because “cancel” results in “Yes”. In this way, different fre-
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quency components are extracted by changing the angle of
phase rotation. For each frequency component, there is only
one angle of phase rotation at which the frequency component
is extracted.

[0227] With reference to the upper diagram in FIG. 15,
described 1s a case in which the phases modulated by the
transmission unit 9 are the same among a plurality frequency
components. However, the embodiment is not limited thereto.
With reference to the lower diagram in FIG. 15, the following
describes a case in which the phases modulated by the trans-
mission unit 9 are different among a plurality of frequency
components. For example, polarity of the phase modulated by
the transmission unit 9 may be inverted between two fre-
quency components.

[0228] Ina caseof the lower diagram in FIG. 15, the trans-
mission unit 9 transmits the ultrasonic wave three times while
modulating the phase with the ultrasonic wave transmission
sequence of O degrees, 0 degrees; 120 degrees, —120 degrees;
-120 degrees, 120 degrees as the third example. That s, in the
first reception signal, the phase of the frequency component
the frequency of which is f; is O degrees, and the phase of the
frequency component the frequency of which is f, is also 0
degrees. In the second reception signal, the phase of the
frequency component the frequency of which is f; is 120
degrees, and the phase of the frequency component the fre-
quency of which is f, is —120 degrees. In the third reception
signal, the phase of the frequency component the frequency
of which is f, is —120 degrees, and the phase of the frequency
component the frequency of which is f, is 120 degree
[0229] Under such conditions, when calculation is per-
formed similarly to the above cases, the frequency compo-
nents of f}, f;, f,-f}, 2f}, and 2f,+f, are removed because
“cancel” results in “Yes”. The frequency components of
f,+f,, £,-2f,, 2f,~1,, and 3f, are extracted because “cancel”
results in “No”.

[0230] The extracting unit 20 performs phase rotation pro-
cessing with a combination of phase rotation angles of 0
degrees, 120 degrees, 240 degrees, and performs beam addi-
tion processing on each of the reception signals on which
phase rotation processing is performed (including the recep-
tion signal the phase rotation angle of which is 0 degrees) to
extract a combination of second-order harmonic components.
Under such conditions, the frequency components of f),
f,-f,, £,-1}, 2f,, 3f,, 2f,+f,, 3f,, 2f,-f,, and f,-2f, are
removed because “cancel” results in “Yes”. The frequency
components of f;, 2f, and f, +2f, are extracted because “can-
cel” results in “No”. The extracting unit performs phase rota-
tion processing with a combination of phase rotation angles
of 0 degrees, 240 degrees, 480 degrees, and performs beam
addition processing on each of the reception signals on which
phase rotation processing is performed (including the recep-
tion signal the phase rotation angle of which is 0 degrees) to
extract a combination f second-order harmonic components.
Under such conditions, the frequency components of f,, 21,
1,45, 31, 1, +21,, 31, £, -21f,, and £, -2f, are removed because
“cancel” results in “Yes”. The frequency components of f),
f,—f,,21,, and 2f, +f, are extracted because “cancel” results in
“No”.

[0231] As described above, even when the phases modu-
lated by the transmission unit 9 are different among a plurality
of frequency components, only a specific frequency compo-
nent is extracted when a combination of the phases to be
modulated has symmetry, and the other frequency compo-
nents are “0” due to the symmetry. When the phases modu-
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lated by the transmission unit 9 are the same among a plurality
of frequency components, the frequency components are
symmetrically extracted between f, and f,. For example,
when f] is extracted, T, is also extract aat the same time. When
f, is removed, f, is also removed at the same time. When the
phases modulated by the transmission unit 9 are different
among a plurality of frequency components, the frequency
components are asymmetrically extracted between f; and f,.
[0232] Forexample, in the above case, when f| is extracted,
f, is removed. When f] 1s removed, {, is extracted. In this way,
by changing the phases modulated by the transmission unit 9
among a plurality of frequency components, a frequency
component derived from a specific frequency component can
be extracted from among a plurality of frequency compo-
nents. By changing the angle of phase rotation, it is possible
to control extraction of the frequency component derived
from any one of the frequency components.

[0233] FIG. 16A is a diagram for explaining the frequency
in a case of transmitting the ultrasonic wave having a single
frequency component. FIG. 16A illustrates a case in which
the transmission unit 9 transmits the ultrasonic wave the
frequency of which f,=2.0 MHz three times while modulating
the phase with the ultrasonic wave transmission sequence of
0 degrees, 120 degrees, 240 degree). As represented by the
uppermost graph, the fundamental wave component has a
peak of signal intensity at {,=2.0 MHz. As described in the
first embodiment, the extracting unit 20 simply adds up the
reception signals to extract the third-order harmonic compo-
nent (3f,=6.0 MHz). The extracting unit 20 performs phase
rotation processing in which the phase rotation angle are 0
degrees, 120 degrees, 240 degrees on the respective reception
signals to extract the second-order harmonic component
(2f,=4.0 MHz).

[0234] FIG. 16B is a diagram for explaining the frequency
band in a case of transmitting the ultrasonic wave using a
plurality of frequency components. FIG. 16B illustrates a
case in which the transmission unit 9 transmits the first fre-
quency component the frequency of which is f,=1.3 MHz and
the ultrasonic wave the frequency of which is £,=3 MHz three
times while modulating the phase with the ultrasonic wave
transmission sequence of 0 degrees, 120 degree, 240 degrees.
Fach of the reception signals includes various frequency
components such as f,-2f, (0.4 MHz), f; (1.3 MHz), {,-f,
(1.7 MHz), 2f, (2.6 MHz), {, (3 MHz), 3f, (3.9 MHz), f,+{,
(4.3 MHz), 2f,-f, (4.7 MHz), 2f,+f, (5.6 MHz), 2f, (6.0
MHz), f,+2f, (7.3 MHz), and 3f, (9 MHz).

[0235] The extracting unit 20 then simply adds up the
reception signal (extracts the third-order harmonic compo-
nent). As a result, as described above, the frequency compo-
nents of f,-f, 3f,, 2f +f,, f;42f,, and 31] are extracted
because “cancel” result in “No”, and the frequency compo-
nents of f, £, 21}, 2f,, f+f;, £,-2f, and 2f, +f, are removed
because “cancel” results in “Yes”. In a region of the frequency
components from 3f, (3.9 MHz) to 3f, (9 MHz), “cancel” thus
results in “Yes” for both of the fundamental wave component
and the second-order harmonic component, so that the region
is not affected by these components and can be utilized as the
frequency band for generating an image using the third-order
harmonic component. Accordingly, the frequency band is
widened as compared with the case of using a single fre-
quency (FIG. 12).

[0236] The extracting unit 20 performs phase rotation pro-
cessing with a combination of phase rotation angles of 0
degrees, 120 degrees, 240 degrees (—120 degrees) on each of
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the reception signals, and adds up the first reception signal
after the phase rotation processing of 0 degrees (the first
reception signal on which phase rotation processing is not
performed), the second reception signal after the phase rota-
tion processing of 120 degrees, and the third reception signal
after the phase rotation processing of 240 degrees (-120
degrees) (second-order components extraction). As a result,
as described above, the frequency components of 21, f,+1,,
2f,,and f,-2f, are extracted because “cancel” results in “No”,
and the frequency components of f,, f,, £,-1,, 3f}, 2f,+1,,
f +2f,, 2f,-f,, and 3f, are removed because “cancel” results
in “Yes”, so that the region is not affected by these compo-
nents and can be utilized as the frequency band for generating
an image using the second-order harmonic component.
Accordingly, the frequency band is widened as compared
with the case of using a single frequency (FIG. 16A).

[0237] FIGS. 17A to 17D illustrate simulation data for
widening the band of the third-order harmonic component in
a case in which the transmission unit 9 performs ultrasonic
wave transmissions using a plurality of frequency compo-
nents.

[0238] FIG. 17A Tllustrates a temporal waveform of the
ultrasonic wave in a case in which the transmission unit 9
transmits the ultrasonic wave at a single frequency of f,=1.7
MHz using the same envelope while modulating the phase by
0 degrees, 120 degrees, 240 degrees.

[0239] A graph 230, a graph 231, and a graph 232 plot a
transmission waveform of the first transmission, the transmis-
sion waveform of the second transmission, and the transmis-
sion waveform of the third transmission, respectively, as a
function of the time. The three graphs constitute a common
envelope because transmissions are performed multiple times
using the common envelope while modulating the phase.
FIG. 17B illustrates the temporal waveform of the ultrasonic
wave in a case in which the ultrasonic wave having two
frequency components, that is, the first frequency f,;=1.3
MHz and the second frequency £,=3 MHz, is transmitted
using the same envelope while modulating the phase by 0
degrees, 120 degrees, 240 degrees.

[0240] A graph 233, a graph 234, and a graph 235 plot the
waveform of the first reception signal, the waveform of the
second reception signal, and the waveform of the third recep-
tion signal, respectively, as a function of the time. The three
graphs each represent the waveform including two frequency
components, so that the shape thereof is slightly deformed.
However, the three graphs constitute the common envelope,
and the amplitude thereof is substantially the same as that in
the case of single frequency (FIG. 17A).

[0241] FIG. 17C plots each of frequency characteristics of
the ultrasonic wave transmitted by the transmission unit 9 in
a case of a single frequency (f,=1.7 MHz) based on the
frequency the frequency characteristic of which is the maxi-
mum. A graph 236 plots the frequency characteristic of the
fundamental wave component in the first transmission. The
signal intensity ofthe fundamental wave component becomes
the maximum around f,=1.7 MHz, and is attenuated as get-
ting away from f,. A graph 239 plots a value of the funda-
mental wave component in a case in which the extracting unit
20 simply adds up the first reception signal, the second recep-
tion signal, and the third reception signal. Similarly. a graph
237 and a graph 238 plot the second-order component and the
third-order harmonic component in a case in which the
extracting unit 20 simply adds up the first reception signal, the
second reception signal, and the third reception signal.
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[0242] The graph 239 (fundamental wave component) is 0
irrespective of the frequency due to the symmetry. Regarding
the graph 237 (second-order component), the signal intensity
is the highest at the frequency of 0 (DC component) and is
attenuated as the frequency moves away from 0 because the
second-order harmonic component in the second-order com-
ponent is 0 and a zero-order harmonic part (DC component)
in the second-order component has a value. Regarding the
graph 238 (third-order component), the signal intensity
becomes the maximum around 5 MHz because the third-
order harmonic component (3f,=5.1 MHz) is extracted.
[0243] FIG.17D plots each of the frequency characteristics
of the transmission waveforms in a case of transmitting the
ultrasonic wave including two frequency components, that s,
the first frequency f,=1.3 MHz and the second frequency £,=3
MHz, based on the frequency the frequency characteristic of
which is the maximum. A graph 240 plots the frequency
characteristic of the fundamental wave component in the first
transmission. The fundamental wave component has a peak
of signal intensity around f,=1.3 MHz and ;=3 MHz. A
graph 243 plots a value of the fundamental wave component
in a case in which the extracting unit 20 simply add up the first
reception signal, the second reception signal, and the third
reception signal.

[0244] Similarly, a graph 241 and a graph 242 plot h sec-
ond-order component and the third-order harmonic compo-
nent in a case in which the extracting unit simply adds up the
first reception signal, the second reception signal, and the
third reception signal. The graph 243 (fundamental wave
component) is 0 irrespective of the frequency due to the
symmetry. Regarding the graph 241 (second-order compo-
nent), the frequency component of f,-f; remains without
being canceled through the simple addition in addition to the
zero-order harmonic part (DC component) in the second-
order component, and a shoulder of signal intensity is present
around f,-f,=1.7 MHz. Regarding the graph 238 (third-order
component), the third-order harmonic component (3f,=3.9
MHz, 2f,+f,=5.6 MHz, f,+2f,=7.3 MHz, 3f,=9 MHz) is
considered to be extracted. Consequently, it can be consid-
ered that the graph 238 has a band from 3.9 MHz to 9.0 MHz.
However, as is clear from the frequency characteristic of the
fundamental wave component, magnitude of the frequency
component of 3 MHz is smaller than that of the frequency
component of 1.3 MHz by about 10 dB.

[0245] Accordingly, it can be seen that the band of the
third-order component in FIG. 17D is widened by the fre-
quency component of 3f; to 3f,.

[0246] The intensity seems to be increased only in the fre-
quency region from 3f, to 2f,+f, due to an amplitude ratio
between the frequency components of f; and f,. By changing
the amplitude ratio between the frequency components of f;
and f,, a profile of a different frequency band can be gener-
ated. For example, by causing the amplitude of the frequency
component of f, to be larger than that of f, a position of a
main peak of the signal intensity of the third-order harmonic
can be caused to be in the frequency band from f, +2f, to 3f,.
[0247] FIGS. 18A and 18B illustrate data in a case of per-
forming third-order components extraction based on a phan-
tom reception signal using an abdominal convex probe.
[0248] FIG. 18A illustrates a case of a normal waveform
(2.0 MHz) with a single frequency. A graph 250, a graph 251,
and a graph 252 represent frequency dependence of the first
reception signal, the second reception signal, and the third
reception signal, respectively. The reception signals show
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substantially the same frequency dependence because only
the phase is modulated using a common envelope. The inten-
sity of the fundamental wave component (around 2 MHz) is
95 dB, and the intensity of the second-order harmonic com-
ponent (around 4 MHz) is 90 dB. By contrast, the intensity of
the third-order harmonic component (around 6 MHz) about
75 dB, which is lower than the intensity of the fundamental
wave component by 20 dB (one-tenth).

[0249] Theextracting unit 20 simply adds up the first recep-
tion signal, the second reception signal, and the third recep-
tion signal to extract the third-order harmonic component. A
graph 253 represents a signal extracted in this manner. The
extracting unit 20 amplifies the third-order harmonic compo-
nent by 9 dB (three times) to be extracted. That is, by adding
up the three reception signals, the extracting unit 20 can
cancel the fundamental wave component and amplify the
third-order harmonic component three times.

[0250] FIG. 18B illustrates a case of including two fre-
quency components (f,=1.3 MHz, {,=3 MHz). A graph 254, a
graph 255, and a graph 256 represent the frequency depen-
dence of the first reception signal, the second reception sig-
nal, and the third reception signal, respectively. The intensity
of these signals becomes the maximum around 3 MHz. The
extracting unit 20 simply adds up the first reception signal, the
second reception signal, and the third reception signal to
extract the third-order harmonic component. A graph 257
represents a signal extracted in this manner. In this case, the
frequency components for which “cancel” results in “No” are
considered to be f,-f, (1.7 MHz), 3f, (3.9 MHz), 21 +f, (5.6
MHz), f,+21, (, ; MHz), and 3f, (9 MHz). However, the fre-
quency components f; +2f, and 3, are considered to have no
signal intensity because they are frequencies outside the band
of the ultrasonic probe 1. As a result, signals of the frequency
components of f,—f}, 3f;, and 21, ++f, are extracted.

[0251] In FIG. 18A, the signal intensity on which third-
order components extraction is performed is stronger than the
signal intensity of the first to the third reception signal within
arange from S MHzto 7 MHz. Consequently, a bandwidth of
the signal intensity on which third-order components extrac-
tion is performed is considered to be about 7-5=2 MHz. By
contrast, in FIG. 18B, the signal intensity on which third-
order components extraction is performed is stronger than the
signalintensity of the first to the third reception signals within
a range from 4 MHz to 7 MHz. Consequently, the bandwidth
of the signal intensity on which third-order component
extraction is performed is considered to be about 7-4=3
MHz. Accordingly, it can be seen that the band of the third-
order component is widened by using the ultrasonic wave
transmission including two frequency components.

[0252] FIG. 19 illustrates data of the signal intensity when
third-order component extraction and second-order compo-
nents extraction are performed in a case of transmission
waveform including a plurality of frequencies. Graphs 271,
272, and 273 represent the first reception signal, the second
reception signal, and the third reception signal, respectively.
A graph 274 represents a signal of second-order component
extraction. A graph 275 represents a signal of third-order
components extraction. The signal intensity of the signal of
second-order components extraction is larger than that of the
reception signals within a range from 3.5 MHz to 7 MHz, and
it can be seen that signals are extracted in this frequency band.
The signal intensity of the signal of the third-order compo-
nents extraction is larger than that of the reception signals
within a range from 4 MHz to 7 MHz, and it can be seen that
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the signals are extracted in this frequency band. By perform-
ing such processing, the extracting unit 20 can extract the
signal in such a wide frequency band, and improve image
quality of the ultrasonic diagnostic apparatus.

[0253] Next, with reference to FIG. 20, examined are pref-
erable values of f; and f, to widen the band of the high-order
harmonic component.

[0254] First, desired values are examined assuming that a
ratio of the second frequency 1, to the first frequency f; is
o=tH/f,.

[0255] If o4, then f,>4f] is satisfied, so that f,-f,>3f is
satisfied. In this case, the frequency band of the second-order
harmonic f,—f; is overlapped with the frequency band of the
third-order harmonic 3f,, and image quality is deteriorated.
Accordingly, o is preferably less than 4.

[0256] For example, a difference between the frequencies
of 3f, and 21, +f, is f,—f, and the bandwidth is considered to
be correlated with that value, that is, f,—f,. The value of . is
preferably large to increase the bandwidth because f,-f, =(c—
Df,.

[0257] Next, examined is a method of setting the value of
the first frequency f; while fixing the value of .. For example,
the value of the first frequency f; can be determined so that the
maximum frequency component among the frequency com-
ponents that are pertinent to the imaging is equal to a probe
band upper limit D.

[0258] For example, when the maximum frequency com-
ponent among the frequency components that are pertinent to
the imaging is “2f, +f,”, f; can be determined so that 2f, +f,=D
is satisfied. When f, and f, are calculated from this expres-
sion, f,=D/(2+c.) and f,=aD/(2+c) are obtained.

[0259] For example, when the maximum frequency com-
ponent among the frequency components that are pertinent to
the imaging is “f, +2£,”, f; can be determined so that f, +2f,=D
is satisfied. When f, and f, are calculated from this expres-
sion, f;=D/(1+2c) and f,=aD/(1+20) are obtained.

[0260] For example, when the maximum frequency com-
ponent among the frequency components that are pertinent to
the imaging is “3f,”, f; can be determined so that 3f, D is
satisfied. When f, and £, are calculated from this expression,
f,=D/(3c.) and £,-D/3 are obtained.

[0261] FIG. 20 is a diagram for explaining a method of
selecting f, and f, in a case of changing a combination of the
third-order harmonic components as the extraction targets of
imaging. The first frequency f, and the second frequency f; in
FIG. 20 are selected so that a=about 2.5 and D=about 5.5
MHz, for example.

[0262] The upper diagram in FIG. 20 is a diagram for
explaining a case in which 3f| and f, +f, are extraction targets
of the third-order harmonic components (f;=1.3 MHz, £,=3.0
MHz). In this case, f,-f, <31 is satisfied because f,<4f|, and
3f,=3.9 MHz is larger enough than the second-order har-
monic component f,—-f,=1.7 MHz. Then 2f +f,=5.6 MHz is
satisfied to be close to the probe band upper limit D=5.5 MHz.
Accordingly, the third-order harmonic component has the
frequency band from 3f; to 21, +£,.

[0263] The middle diagram in FIG. 20 is a diagram for
explaining a case in which 3f, 2f| +f,, and f +2f, are the
extraction targets of the third-order harmonic component
(f,=0.9 MHz, £,=2.3 MHz). In this case, f,~f,<3f] is satisfied
because f,<4f,, and 3f,=2.7 MHz is larger enough than the
second-order harmonic component f,-f,=1.4 MHz. Then
f,+2£,=5.5 MHz 1s satisfied to be close to the probe band
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upper limit D=5.5 MHz. Accordingly, the third-order har-
monic component has the frequency band from 3f, to f,=2f,.
[0264] The lower diagram in FIG. 20 is a diagram for
explaining a case in which 3f}, f,+f,, f,+2f,, and 3f, are the
extraction targets of the third-order harmonic component
(f;=0.8 MHz, f,=1.8 MHz). In this case, f,~f,<3f] is satisfied
because f,<4f|, and 3f,=2.4 MHz is larger enough than the
second-order harmonic component f,-f,=1.0 MHz. Then
3f,=5.4 MHz is satisfied to be close to the probe band upper
limit D=5.5 MHz. Accordingly, the third-order harmonic
component has the frequency band from 3f; to 3f,.

[0265] The same applies to a case in which the ultrasonic
wave transmitted by the transmission unit 9 has three or more
frequency components. For example, examined is a case in
which the ultrasonic wave transmitted by the transmission
unit 9 includes the first frequency component f;, the fre-
quency component f, larger than the first frequency compo-
nent, and the frequency component f; larger than the second
frequency component f,. The extracting unit 20 simply adds
up the first reception signal, the second reception signal, and
the third reception signal to extract the third-order harmonic
component. In this case, “cancel” results in “Yes” for a large
number of frequency components, thereby being removed
due to high symmetry. The frequency components for which
“cancel” results in “No” are the third-order harmonic com-
ponents interest, that is, 31}, 2f +5,, 2, +f;, {;+2L,, 1 +5,+1;,
f+2f;, £,42L;, 26+f;, 3L, 315, and the second-order har-
monic components, that is, f,-f,, f,—f,, and f5-f,.

[0266] The following describes a case in which the highest
frequency component f; does notexceed four times the lowest
frequency component f,. In this case, f,-f,<3f, is satisfied
because f;<4f, . The frequency component f;~f, has the high-
est frequency among the second-order harmonic components
for which “cancel” results in “No”, and the frequency com-
ponent 3f; has the lowest frequency among the third-order
harmonic components for which “cancel” results in “Yes”.
Accordingly, in this case, the lowest frequency of the fre-
quency component among the extracted third-order harmonic
components is larger than the highest frequency of the fre-
quency component among the extracted second-order har-
monic components, so that the second-order harmonic com-
ponent is not included in the frequency band of the third-order
harmonic component. The frequency band from 3f, to 31,
thus can be widened. Also in a case of four or more frequency
components, when the frequency component f, ,, -having the
highest frequency among the frequency components does not
exceed four times the frequency component f, ;,, having the
lowest frequency among the frequency components, f,
Fy 3L 18 satisfied, so that the second-order harmonic
component is not included in the band of the third-order
harmonic component. The frequency band from 3f,;, to
3f,,.x thus can be widened.

[0267] When the extracting unit 20 performs phase rotation
processing of 0 degrees, 120 degrees, 240 degrees on the
respective reception signal and performs beam addition pro-
cessing on respective reception signals on which phase rota-
tion processing is performed to extract a combination of the
second-order harmonic components, the frequency compo-
nents 2f, f,+f,, 2f,, and {,-2f, for which “cancel” results in
“No” are extracted. The other frequency components, for
example, the fundamental wave components f; and f,, or the
third-order harmonic components other than f,-2f, are
removed. As described above, the value of a is preferably
large for widening the band, so that a case of o>2 is consid-
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ered. In this case, f,-2f,>0 is satisfied. When f, does not
exceed four times f, (f,<4f), f,-2f, <2f, is satisfied. The third-
order harmonic component 2f,-f, is lower than the lowest
frequency component 2f, among the second-order harmonic
components, so that the fundamental wave component and
the second-order harmonic component are not included in the
second-order harmonic component. The fundamental wave
component and the second-order harmonic component are
notincluded in the third-order harmonic component. Accord-
ingly, the second-order frequency band from 2f; to 2f; is
widened. Then image quality of a third-order frequency band
f,-2f) 1 improved. Similarly, also in a case of three or more
frequency components, when the frequency component f, -
having the highest frequency among the frequency compo-
nents does not exceed four times the frequency component
1, ;- having the lowest frequency among the frequency com-
ponents (fy,,<4Fy7x) T10s5-2 50 <21y v 18 satisfied, and the
third-order harmonic component is not included in the band
of the second-order harmonic component. The frequency
band from 2f, ,,, to £, thus can be widened.

[0268] As described above, in the fourth embodiment, the
transmission unit 9 transmits the ultrasonic wave including a
plurality of frequency components multiple times. Accord-
ingly, a wide-band high-order harmonic component can be
extracted.

[0269] The extracting unit 20 performs predetermined
phase rotation processing on two or more reception signals
among the three or more reception signals to extract a com-
bination of predetermined harmonic components (a plurality
of first nonlinear components). The extracting unit 20 may
perform processing including phase rotation processing in
which the phase rotation angle with respect to at least one
reception signal is different from that in the predetermined
phase rotation processing on the two or more reception sig-
nals among the three or more reception signals to extract a
combination different from the combination of predeter-
mined harmonic components (a plurality of second nonlinear
components the type of which is different from that of the first
nonlinear components). Specifically, the transmission unit 9
causes the ultrasonic probe to perform three or more times of
ultrasonic wave transmissions while shifting the phases of the
frequency components from each other by an equal angle.
The extracting unit 20 performs, as the first phase rotation
processing, phase rotation processing on two or more recep-
tion signals among three or more reception signals of rotating
the phase by an angle that is an integral multiple of the equal
angle to extract a combination of predetermined harmonic
components. The extracting unit may perform phase rotation
processing, on two or more reception signals among three or
more reception signals, in which the phase rotation angle with
respect to at least one reception signal is different from that in
the predetermined phase rotation processing of rotating the
phase by an angle that is an integral multiple of the equal
angle to extract a different combination.

[0270] Described is an example in which the extracting unit
20 performs processing not including the phase rotation pro-
cessing to extract the third-order harmonic component. How-
ever, the embodiment is not limited thereto. For example, the
extracting unit 20 may extract a combination including the
second-order harmonic component as the combination of
predetermined harmonic components and perform phase
rotation processing of rotating three or more reception signals
by the same phase rotation angle to extract a combination
including the third-order harmonic component.
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Fifth Embodiment

[0271] In the fourth embodiment, described is an example
in which the transmission unit 9 causes the ultrasonic probe 1
to transmit the ultrasonic wave including a plurality of center
frequency components. A fifth embodiment specifically
describes a sequence of extracting the second-order harmonic
component and a difference tone component in phase through
three times of ultrasonic wave transmissions while removing
the DC harmonic component that deteriorates image quality
of a deep part. Due to this, the extracting unit 20 can utilize a
wide range of frequency band in the probe band in generating
the image.

[0272] With reference to FIGS. 21 to 24B, the following
describes the ultrasonic diagnostic apparat according to the
fifth embodiment. FIGS. 21 and 23 are tables for explaining
ultrasonic wave transmissions in the ultrasonic diagnostic
apparatus according to the fifth embodiment. FIG. 22 is a
diagram for explaining ultrasonic wave transmissions in the
ultrasonic diagnostic apparatus according to the fifth embodi-
ment. FIGS. 24A and 24B are diagrams for explaining the
signal processed by the ultrasonic diagnostic apparatus
according to the fifth embodiment.

[0273] The upper diagram in FIG. 21 explains an example
of performing 4-rate transmissions for transmitting the ultra-
sonic wave four times. In this case, the transmission unit 9
causes the ultrasonic probe 1 to perform four times of ultra-
sonic wave transmissions in which the phases of a first center
frequency component f; and a second center frequency com-
ponent £, included in the ultrasonic wave to be transmitted are
different from each other. For example, the transmission unit
9 causes the ultrasonic probe 1 to perform four times of
ultrasonic wave transmissions as follows. Regarding the first
center frequency component ), the phase is 90 degrees in the
first transmission, the phase is —90 degrees in the second
transmission, the phase is 0 degrees in the third transmission,
and the phase is 180 degrees in the fourth transmission.
Regarding the second center frequency component f,, the
phase is 90 degrees in the first transmission, the phase is =90
degrees in the second transmission, the phase is 180 degrees
in the third transmission, and the phase is 0 degrees in the
fourth transmission.

[0274] The receiving unit 11 generates four reception sig-
nals related to a common reception scanning line based on
four reflected wave signals obtained through four times of
ultrasonic wave transmissions. The extracting unit 20 gener-
ates a synthesized signal by multiplying the reception signals
by predetermined reception weighting factors and summing
up resulting values. For example, the extracting unit 20 mul-
tiplies a first reception signal corresponding to the first trans-
mission by the reception weighting factor “17, multiplies a
second reception signal corresponding to the second trans-
mission by the reception weighting factor “1”, multiplies a
third reception signal corresponding to the third transmission
by the reception weighting factor “~1”, multiplies a fourth
reception signal corresponding to the fourth transmission by
the reception weighting factor “~1”, and thereafter, sums up
the resulting values to generate the synthesized signal.
Through this processing, the extracting unit 20 extracts com-
ponents of f,—f}, 2f,, an 2f,. The DC harmonic component is
removed through such processing.

[0275] However, in the example of the upper diagram in
FIG. 21, four times of transmissions is required, so that a
frame rate is lowered.
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[0276] Under such a situation, in the ultrasonic diagnostic
apparatus according to the fifth embodiment, the transmis-
sion unit 9 causes the ultrasonic probe 1 to perform ultrasonic
wave transmissions three or more times in which the phase of
at least one of a plurality of center frequency components
included in the ultrasonic wave to be transmitted is different
for each transmission. For example, the transmission unit 9
causes the ultrasonic probe to perform ultrasonic wave trans-
missions three or more times with a plurality of center fre-
quency components including the first center frequency com-
ponent f, that is transmitted at different phases (for example,
different from each other by 120 degrees) for each transmis-
sion and the second center frequency component f, that is
transmitted at the same phase for each transmission. For
example, the second center frequency component f, is larger
than the first center frequency component f;.

[0277] Forexample, in the example of the lower diagram in
FIG. 21, the transmission unit 9 causes the ultrasonic probe 1
to perform three times of ultrasonic wave transmissions each
including two frequency components, that is, the first center
frequency component f; and the second center frequency
component f,. In this case, the transmission unit 9 causes the
ultrasonic probe 1 to perform three times of ultrasonic wave
transmissions as follows. Regarding the first center frequency
component f,, the phase is 0 degrees in the first transmission,
the phase is 120 degrees in the second transmission, and the
phase is 240 degrees in the third transmission. Regarding the
second center frequency component f,, the phase is 0 degrees
in the first transmission, the phase is 0 degrees in the second
transmission, and the phase is 0 degrees in the third transmis-
sion.

[0278] Thereceiving unit 11 generates three or more recep-
tion signals related to a common reception scanning line
based on a plurality of reflected wave signals obtained
through the three or more times of ultrasonic wave transmis-
sions. The extracting unit 20 performs phase rotation process-
ing on two or more reception signals among the three or more
reception signals generated by the receiving unit 11. For
example, the extracting unit 20 performs phase rotation pro-
cessing on the respective three or more reception signals
using the phase rotation angles different from each other by
120 degrees.

[0279] In the example of the lower diagram in FIG. 1, the
extracting unit 20 performs phase rotation by 0 degrees on the
first reception signal corresponding to the first transmission.
That is, the extracting unit 20 multiplies the first reception
signal corresponding to the first transmission by the reception
weighting factor “1”. The extracting unit 20 also performs
phase rotation by 120 degrees on the second reception signal
corresponding to the second transmission. That is, the extract-
ing unit 20 multiplies the second reception signal correspond-
ing to the second transmission by the reception weighting
factor “exp(j*120 deg)”. The extracting unit 20 further per-
forms phase rotation by 240 degrees on the third reception
signal corresponding to the third transmission. That is, the
extracting unit 20 multiplies the third reception signal corre-
sponding to the third transmission by the reception weighting
factor “exp(—j*120 deg)”.

[0280] Through such processing, by way of example, the
extracting unit 20 extracts, as a plurality of nonlinear compo-
nents, a combination of a signal (2f)) corresponding to the
frequency two times the first center frequency f, and a signal
(f,-f)) corresponding to a difference between the second
center frequency f, and the first center frequency f;.
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[0281] The above points will be described below using the
examples of FIGS. 22 and 23. In the example of the upper
diagram in FIG. 22, the phase of the ultrasonic wave trans-
mitted in each transmission illustrated for each frequency
component. In the first transmission (Rate1), the transmission
unit 9 causes the ultrasonic probe 1 to perform ultrasonic
wave transmission such that the phase of the first center
frequency component f; is 0 degrees and the phase of the
second center frequency component f, is 0 degrees. In the
second transmission (Rate2), the transmission unit 9 causes
the ultrasonic probe 1 to perform ultrasonic wave transmis-
sion such that the phase of the first center frequency compo-
nent f, is 120 degrees and the phase of the second center
frequency component f; is Odegrees. In the third transmission
(Rate3), the transmission unit 9 causes the ultrasonic probe 1
to perform ultrasonic wave transmission such that the phase
of the first center frequency component f; is 240 degrees and
the phase of the second center frequency component £, is 0
degrees.

[0282] The middle diagram in FIG. 22 illustrates the phase
of nonlinear propagation in each transmission. In the first
transmission, the phase of the frequency component 2f; gen-
erated by the nonlinear propagation is represented as 2x0
degrees=0 degrees because the phase of f; is 0 degrees. The
phase of the frequency component f,-f, generated by the
nonlinear propagation is represented as 0 degrees-0
degrees=0degrees because the phase of f; is 2 degrees and the
phase of f, is 0 degrees. In the second transmission, the phase
of the frequency component 2f, is represented as 2x120
degrees=240 degrees because the phase of f] is 120 degrees.
The phase of the frequency component f,-{, is represented as
0 degrees—120 degrees=—120 degrees (240 degrees) because
the phase of f; is 120 degrees and the phase of I, is O degrees.
In the third transmission, the phase of the frequency compo-
nent 2f; is represented as 2x240 degrees=460 degrees (120
degrees) because the phase of | 1s 240 degrees. The phase of
the frequency component f,-f, represented as 0 degrees—240
degrees=—240 degrees (120 degrees) because the phase of f;
is 240 degrees and the phase of f, is 0 degrees.

[0283] The extracting unit 20 performs phase rotation pro-
cessing the phase rotation angle of which is 0 degrees, 120
degrees, 240 degrees on the reception signal. As a result, as
illustrated in the lower diagram in FIG. 22, the phase rotation
angle is 0 degrees in the first transmission, so that each of the
phase of the frequency component 2f; and the phase of the
frequency component f,-f; is 0 degrees similarly to the phase
before the phase rotation processing. In the second transmis-
sion, the phase rotation angle is 120 degrees and the phase
before phase rotation is 240 degrees, so that each of the phase
of the frequency component 2f; and the phase of the fre-
quency component f,-f, is represented as 240+120=360
degrees (0 degrees). In the third transmission, the phase rota-
tion angle is 240 degrees and the phase before phase rotation
is 120 degrees, so that each of the phase of the frequency
component 2f, and the phase of the frequency component
f,—f, isrepresented as 120+240-360 degrees (0 degrees). The
phases are aligned after the phase rotation processing, so that
the extracting unit 20 can extract the frequency component
2f, and the frequency component f,-f,.

[0284] Similarly to FIG. 15, FIG. 23 illustrates whether
various modes of the frequency components are extracted (or
canceled). The transmission unit 9 causes the ultrasonic probe
1 to perform ultrasonic wave transmissions as follows.
Regarding the first center frequency f, (f;=1.5 MHz), the
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phase is 0 degrees in the first transmission (ratel), the phase
is 120 degrees in the second transmission (rate2), and the
phaseis 240 degrees in the third transmission (rate3). Regard-
ing the second center frequency f, (f,—-4 MHz), the phaseis 0
degrees in the first transmission (ratel), the phase is 0 degrees
in the second transmission (rate2), and the phase is 0 degrees
in the third transmission (rate3). The lower column indicates
whether the frequency component in a case in which the
extracting unit 20 performs third-order components extrac-
tion with the phase rotation angle of 0 degrees, 0 degrees, 0
degrees and the frequency component in a case in which the
extracting unit 20 performs second-order components extrac-
tion with the phase rotation angle of 0 degrees, 120 degrees,
240 degrees are canceled by addition processing. Details of
such calculation have been described with reference to FIGS.
15 and 22, so that redundant description will not be repeated.

[0285] With reference to the lowermost column in F1G. 23,
“cancel” results in “No” in the modes of the frequency com-
ponents 2f,, f,-f,, 2f,+f,, and 2f,~f,. Accordingly, when
performing extraction with the phase rotation angle of 0
degrees, 120 degrees, 240 degrees, the extracting unit 20 an
extract the modes of the frequency components 2f,, f,-1,,
2f, +f,, and 2f,-f,. Regarding the other modes, for example,
the components of f}, f,, f;+f,, 2f,, 31, f;+2f,, 3f,, and
f,-2f}, “cancel” results in “Yes”. When performing extrac-
tion with the phase rotation angle of 0 degrees, 120 degrees,
240 degrees, the extracting unit 20 can remove the compo-
nents of f}, f,, fj+f,, 2f,, 3f}, f,+42f,, 3f,, and £,-2f,. As
already described in the first embodiment. The extracting unit
20 can remove the DC harmonic component by performing
phase rotation processing with a combination of angles of 0
degrees, 120 degrees, 240 degrees. Thus, “cancel” results in
“Yes” for the DC harmonic component.

[0286] In a case in which the probe band upper limit is 6
MHz, for example, when performing extraction with the
phase rotation angle of 0 degrees, 120 degrees, 240 degrees,
the extracting unit 20 can extract the modes of the frequency
components 2f; (3 MHz) and f,-f, (2.5 MHz), and can
remove all the signals caused by the modes in the probe band
f, (1.5 MHz), {, (4 MHz), f,+1, (5.5 MHz), 2, (8 MHz), 31|
(4.5 MHz), £,-2f, (1 MHz), and the DC harmonic component
(0MHz). Accordingly, for example, the extracting unit 20 can
extract the signals from which various noises are removed.

[0287] Specifically, first of all, the extracting unit 20 can
remove the DC harmonic component by performing such
phase rotation processing. It is known that the DC harmonic
component deteriorates the image quality of a deep part when
the signal is largely attenuated. The extracting unit 20 can
thus improve the image quality of a deep part by removing the
DC harmonic component through three times of transmis-
sions. Secondly, the extracting unit 20 extracts a difference
tone instead of a sum tone. The difference tone can more
efficiently utilize the probe band than the sum tone, so that the
extracting unit 20 can efficiently utilize the probe band.

[0288] In FIG. 24A, a graph 442A and a graph 442B rep-
resent the frequency dependence of the signal intensity of the
reception signal corresponding to the first transmission and
the reception signal corresponding to the second transmis-
sion, respectively, in a phase modulation method (PM
method) as a comparison method. A graph 443 represents the
frequency dependence of the signal intensity of a synthesized
signal output using the comparison method. The DC har-
monic component is not removed enough in FIG. 24A.
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[0289] 1In FIG. 24B, a graph 440A, a graph 440B, and a
graph 440C represent the frequency dependence of the signal
intensity of the reception signal corresponding to the first
transmission, the reception signal corresponding to the sec-
ond transmission, and the reception signal corresponding to
the third transmission, respectively, in the method according
to the fifth embodiment. A graph 441 represents the frequency
dependence of the signal intensity of the synthesized signal in
the method according to the fifth embodiment. The DC har-
monic component is sufficiently removed in FIG. 24B, so that
the image quality of a deep part can be prevented from being
deteriorated due to the DC harmonic component.

[0290] The embodiment is not limited thereto. For
example, described is a case in which the frequency of the
second center frequency component f, is larger than the fre-
quency of the first center frequency component f,, but the
frequency of the first center frequency component f; may be
larger than the frequency of the second center frequency
component f,.

[0291] Also described is a case in which the ultrasonic
wave 1s transmitted with the second center frequency compo-
nent f, at the same phase in each transmission, but the ultra-
sonic wave may be transmitted at a different phase in each
transmission regarding the first center frequency component
f,.
[0292] The number of times of ultrasonic wave transmis-
sion is not limited to three, and the phase rotation angle is not
limited to a multiple of 120 degrees. For example, the trans-
mission unit 9 causes the ultrasonic probe 1 to perform ultra-
sonic wave transmissions three or more tines with a plurality
of center frequency components including the first center
frequency component f; transmitted at the came phase in each
transmission and the second center frequency component £,
transmitted at a phase different in each transmission by an
equal angle. The extracting unit 20 performs phase rotation
processing on the respective three or more reception signals
using the phase rotation angles different from each other by
the equal angle to extract a nonlinear component.

[0293] Theultrasonic diagnostic apparatus according to the
fifth embodiment may reflect a phase characteristic of the
probe in phase modulation of the transmission waveform.
That is, impedance of the probe varies depending on the
frequency, that the signal input to the probe is subjected to
phase modulation the magnitude of which varies depending
on the frequency. The transmission unit 9 may reflect the
phase characteristic of the probe in phase modulation of a
transmission wave system. For example, assuming that the
phase characteristic of the probe is reflected in degrees of 8,
and 0,, the transmission unit 9 may transmit the first center
frequency component f; at the phase of §, degrees in the first
transmission, at the phase of 120+0, degrees in the second
transmission, and at the phase of 240+, degrees in the third
transmission, and may transmit the second center frequency
component f, at the phase of §, degrees in the first transmis-
sion, at the phase of 8, degrees in the second transmission,
and at the phase of 9, degrees in the third transmission.
[0294] As described above, in the fifth embodiment, the
transmission unit 9 transmits the waveform including the first
center frequency component f; on which phase modulation is
performed and the second center frequency component £, on
which phase modulation is not performed. The extracting unit
20 performs processing including the phase rotation process-
ing on the reception signal, for example, removes the DC
harmonic component and a sum tone component, and extracts
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the difference tone and the second-order harmonic compo-
nent at the same time. The DC harmonic component can thus
be removed using the difference tone through three times of
fransmissions.

Sixth Embodiment

[0295] The above embodiments have mainly described a
case of performing ultrasonic wave transmissions three or
more times while shifting the phase on the same scanning
line. However, the embodiment is not limited thereto. A sixth
embodiment describes an example of combining parallel
simultaneous reception for obtaining a plurality of reception
signals in one time of transmission/reception with the ultra-
sonic wave sequence according to the first embodiment. Due
to this, the frame rate can be prevented from being lowered
through multiple times of transmissions.

[0296] In the ultrasonic diagnostic apparatus according to
the sixth embodiment, the transmission unit 9 causes the
ultrasonic probe 1 to perform three or more times of ultra-
sonic wave transmissions for obtaining reception signals cor-
responding to a plurality of reception scanning lines through
one time of transmission, and the receiving unit 11 generates
three or more reception signals for each reception scanning
line based on a plurality of reflected wave signal obtained
through three or more times of ultrasonic wave transmissions.
[0297] First, the following describes the parallel simulta-
neous reception. The parallel simultaneous reception in the
ultrasonic diagnostic apparatus means a method of transmit-
ting/receiving ultrasonic waves for obtaining reception signal
corresponding to a plurality of reception scanning lines in one
time of transmission/reception. For example, in the ultrasonic
diagnostic apparatus according to the sixth embodiment,
when the transmission unit 9 causes the ultrasonic probe 1 to
transmit one transmission beam, the receiving unit 11
receives a reflected wave signal derived from the transmission
beam, which is transmitted by the transmission unit 9 using
the ultrasonic probe 1, as a plurality of reception beams at the
time. For example if the number of parallel simultaneous
reception is “8”, when the transmission unit 9 causes the
ultrasonic probe 1 to transmit one transmission beam at a
certain transmitting position (transmission scanning line), the
receiving unit 11 receives the reflected wave signal as eight
reception beams at the same time.

[0298] In this way, by using the parallel simultaneous
reception, the frame rate can be prevented from being lowered
due to multiple times of transmissions. This will be simply
described below. For example, when ultrasonic wave trans-
missions are performed assuming three times of transmis-
sions as a set for one scanning line, the frame rate, that is, the
number of scanning lines that can be scanned per unit time
becomes one third of that in a case in which ultrasonic wave
transmission is performed once for one scanning line, and the
frame rate is lowered. For example, the parallel simultaneous
reception in which the number of parallel simultaneous
reception is “3” is performed, the reception signal can be
obtained via three reception scanning lines for one time of
transmission (one transmission scanning line), so that the
frame rat so increased three times compared with a case in
which parallel simultaneous reception is not performed.
Accordingly, by using the parallel simultaneous reception,
the frame rat can be prevented from being lowered due to
multiple times of transmissions.

[0299] FIG. 25A is a diagram for explaining a first ultra-
sonic wave transmission sequence according to the sixth
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embodiment. As illustrated in FIG. 25A, the transmission unit
9 causes the ultrasonic probe 1 to transmit ultrasonic waves
while modulating the phases thereof to be 0 degrees (0 deg),
120 degrees (120 deg), 240 degrees (240 deg) assuming three
times of ultrasonic wave transmission as a set in which the
envelope of the ultrasonic waves to be transmitted is common.
The transmission unit 9 causes the ultrasonic probe 1 to
transmit the ultrasonic waves while changing the transmitting
position (transmission scanning line) at which ultrasonic
wave transmissions are performed. Specifically, in the first
transmission, the second transmission, and the third transmis-
sion, the transmission unit 9 causes the ultrasonic probe 1 to
transmit the ultrasonic wave at the transmitting position
(transmission scanning line) such that a scanning line B is a
center axis of the ultrasonic wave to be transmitted. In the
fourth transmission, fifth transmission, and a sixth transmis-
sion, the transmission unit 9 causes the ultrasonic probe 1 to
transmit the ultrasonic wave at the transmitting position
(transmission scanning line) such that a scanning line E is the
center axis of the ultrasonic wave to be transmitted. In this
case, the phase of the ultrasonic wave to be transmitted is 0
degrees in the first transmission and the fourth transmission,
the phase of the ultrasonic wave to be transmitted is 120
degrees in the second and the fifth transmission, and the phase
of the ultrasonic wave to be transmitted is 240 degrees in the
third and the sixth transmission.

[0300] A caseinwhich the number of parallel simultaneous
reception is “3” is considered below. In this case, the receiv-
ing unit 11 generates reception signals on three scanning lines
around the scanning line to be the center axis of the ultrasonic
wave transmitted by the transmission unit 9. For example,
when the transmission unit 9 transmits the ultrasonic wave so
that the scanning line B is the center axis of the transmitted
ultrasonic wave in the first transmission, the receiving unit 11
generates the reception signals corresponding thereto on
three scanning lines (reception scanning lines) including
scanning lines A, B, and C. Similarly, when the transmission
unit 9 transmits the ultrasonic wave so that the scanning line
B is the center axis of the transmitted ultrasonic wave in the
second transmission and the third transmission, the receiving
unit 11 generates the reception signals corresponding thereto
on the three scanning lines (reception scanning lines) includ-
ing the scanning lines A, B, and C. Similarly, in the fourth, the
fifth, and the sixth transmission, the receiving unit 11 genet-
ates the reception signals on the three scanning lines (recep-
tion scanning lines) including scanning lines D, E, and F.

[0301] The receiving unit 11 generates the reception signal
for each reception scanning line. For example, the receiving
unit 11 generates the reception signal corresponding to the
first transmission, the reception signal corresponding to the
second transmission, and the reception signal corresponding
to the third transmission at the position of the scanning line A.
The receiving unit 11 generates the reception signal corre-
sponding to the first transmission, the reception signal corre-
sponding to the second transmission, and the reception signal
corresponding to the third transmission at the position of the
scanning line B. The same applies to the other scanning lines.

[0302] The extracting unit 20 performs processing includ-
ing the phase rotation processing described in the above
embodiment on the reception signal generated for each recep-
tion scanning line, and extracts the harmonic component of a
predetermined order, for example, the second-order harmonic
component. The extracting unit 20 performs processing not
including the phase rotation processing described in the
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above embodiments on the reception signal generated for
each reception scanning line, and extracts the harmonic com-
ponent of an order different from the predetermined order, for
example, the third-order harmonic component. A subsequent
operations, as described in the second embodiment, the ultra-
sonic image data based on the component obtained by syn-
thesizing the harmonic component of a predetermined order
and the harmonic component of an order different from the
predetermined order may be output for display to a display
device such as the monitor 2 as needed. As described in the
third embodiment, the ultrasonic wave including plurality of
frequency components may be used as the ultrasonic wave to
be transmitted.

[0303] The reception scanning line is not necessarily
arranged in a sequential manner. FIG. 25B is a second ultra-
sonic wave transmission sequence according to the sixth
embodiment.

[0304] In this example, in the first, the third, and the fifth
transmission, the transmission unit 9 causes the ultrasonic
probe 1 to transmit the ultrasonic wave at the transmitting
position such that the scanning line C is the center axis of the
ultrasonic wave to be transmitted. In the second, the fourth,
and the sixth transmission, the transmission unit 9 causes the
ultrasonic probe 1 to transmit the ultrasonic wave at the trans-
mitting position such that the scanning line D is the center
axis of the ultrasonic wave to be transmitted. In this case, the
phase of the ultrasonic wave to be transmitted is 0 degrees in
the first and the second transmission, the phase of the ultra-
sonic wave to be transmitted is 120 degrees in the third trans-
mission and the fourth transmission, and the phase of the
ultrasonic wave to be transmitted is 240 degrees in the fifth
and the sixth transmission.

[0305] The receiving unit 11 generates the reception sig-
nals corresponding to the first, the third, and the fifth trans-
mission at the positions of the scanning lines A, C, and E
(reception scanning lines), and generates the reception sig-
nals corresponding to the second, the fourth, and the sixth
transmission at the positions of the scanning lines B, D, and F
(reception scanning lines). The extracting unit 20 performs
processing including the phase rotation processing for each
reception scanning line, and extracts the harmonic compo-
nent of a predetermined order, for example, the second-order
harmonic component. The extracting unit 20 performs pro-
cessing not including the phase rotation processing for each
reception scanning line, and extracts the harmonic compo-
nent of an order different from the predetermined order, for
example, the third-order harmonic component.

[0306] The envelopes of the ultrasonic waves is not neces-
sarily common to all the transmission. For example, each of
the envelopes of the ultrasonic waves corresponding to the
first, the third, and the fifth transmission may be a first enve-
lope common to the first, the third, and the fifth transmission,
and each of the envelopes of the ultrasonic waves correspond-
ing to the second, the fourth, and the sixth transmission may
be a second envelope that is different from the first envelope
and common to the second, the fourth, and the sixth transmis-
sion. By way of example, the first envelope may be an enve-
lope being the waveform of the ultrasonic wave suitable for a
shallow position in the depth direction, and the second enve-
lope may be an envelope being the waveform of the ultrasonic
wave suitable for a deep position in the depth direction.
[0307] Described is a case in which the transmission unit 9
fixes the transmitting position (transmission scanning line)
for a set of ultrasonic wave transmission, and the receiving
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unit 11 simply performs parallel simultaneous reception.
However, the embodiment is not limited thereto. For
example, the transmission unit 9 may perform ultrasonic
wave transmissions while shifting the transmitting position
for each transmission. That is, the transmission unit may
cause the ultrasonic probe 1 to perform three or more times of
ultrasonic wave transmissions at different transmitting posi-
tions. FIG. 26A is a diagram for explaining a third ultrasonic
wave transmission sequence according to the sixth embodi-
ment.

[0308] The transmission unit 9 performs ultrasonic wave
transmissions while shifting the transmitting position for
each transmission. For example, in the first transmission, the
transmission unit 9 causes the ultrasonic probe 1 to transmit
the ultrasonic wave at the transmitting position such that the
scanning line B is the center axis of the ultrasonic wave to be
transmitted. In the second transmission, the transmission unit
9 causes the ultrasonic probe 1 to transmit the ultrasonic wave
t the transmitting position such that the scanning line C is the
center axis the ultrasonic wave to be transmitted. Similarly, in
each of the third, the fourth, the fifth, and the sixth transmis-
sion, the transmission unit 9 causes the ultrasonic probe 1 to
transmit the ultrasonic wave at the transmitting position such
that each of the scanning lines D, E, F, and G is the center axis
of the ultrasonic wave to be transmitted. In this case, the phase
of the ultrasonic wave transmitted in the first transmission is
0 degrees (0 deg). The phase of the ultrasonic wave transmit-
ted in the second transmission is 120 degrees (120 deg).
Similarly, in the third, the fourth, the fifth, and the sixth
transmission, the phases of the ultrasonic waves to be trans-
mitted are 240 degrees (240 deg). 0 degrees, 120 degrees, and
240 degrees, respectively.

[0309] The receiving unit 11 generates the reception sig-
nals corresponding to the first transmission on three scanning
lines including the scanning line A, the scanning line B, and
the scanning line C. The receiving unit 11 generates the
reception signals corresponding to the second transmission
on three scanning lines including the scanning line B, the
scanning line C, and the scanning line D. The receiving unit
11 generates the reception signals corresponding to the third
transmission on three scanning lines including the scanning
line C, the scanning line D, and the scanning line E. The same
applies to the other transmissions.

[0310] The receiving unit 11 generates the reception signal
for each reception scanning line. For example, as illustrated
as a box 300 regarding the scanning line C, the receiving unit
11 generates the reception signal corresponding to the first
transmission, the reception signal corresponding to the sec-
ond transmission, and the reception signal corresponding to
the third transmission at the position of the scanning line C.
For example, as illustrated as a box 301 regarding the scan-
ning line D, the receiving unit 11 generates the reception
signal corresponding to the second transmission, the recep-
tion signal corresponding to the third transmission, and the
reception signal corresponding to the fourth transmission at
the position of the scanning line D. The same applies to the
other scanning lines (for example, refer to a box 302).
[0311] The extracting unit 20 performs processing includ-
ing the phase rotation processing described in the above
embodiments on the reception signal generated for each
reception scanning line, and extracts the harmonic compo-
nent of a predetermined order, for example, the second-order
harmonic component. The extracting unit 20 performs pro-
cessing not including the phase rotation processing described
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in the above embodiments on the reception signal generated
for each reception scanning line, and extracts the harmonic
component of an order different from the predetermined
order, for example, the third-order harmonic component.
[0312] On the scanning line C, the phases of the three
reception signals are 0 degrees, 120 degrees, and 240 degrees,
respectively, so that phase rotation processing is performed
with a combination of values of the rotation phase angles of 0
degrees, 120 degrees, 240 degrees to extract the second-order
harmonic component. The three reception signals are simply
added up to extract the third-order harmonic component.
[0313] On the scanning line D, the phases of the three
reception signals are 120 degrees, 240 degrees, and 0 degrees,
which are different from those on the scanning line C. How-
ever, also in this case, the second-order harmonic component
can be extracted by performing phase rotation processing
with a combination of the values of the rotation phase angles
of 0 degrees, 120 degrees, 240 degrees. Typically, if the
phases of the three reception signals are a combination of 0
degrees, 0+120 degrees, and 6+240 degrees, the second-order
harmonic component can be extracted by performing phase
rotation processing with a combination of the values of the
rotation phase angles of 0 degrees, 120 degrees, 240 degrees
irrespective of a value of 6 (scanning line C: 6=0 degrees,
scanning line D: 6=120 degrees, scanning line E: 6=240
degrees). Similarly, the third-order harmonic component can
be extracted by simply adding up the three reception signals
irrespective of the value of 8. In this case, the third-order
harmonic component can be extracted by imply adding up the
three reception signals even on the scanning line D.

[0314] Similarly, on the scanning line E, the phases of the
three reception signals are 240 degrees, O degrees, and 120
degrees, which are different from those on the scanning line
C. However, also in this case, the second-order harmonic
component can be extracted by performing phase rotation
processing with a combination of the values of the rotation
phase angles of 0 degrees, 120 degrees, 240 degrees. Even on
the scanning line D, the third-order harmonic component can
be extracted by simply adding up the three reception recep-
tion signals. Even in cases of the scanning lines F, G, H . . .,
the phases of the reception signals may be different from
those on the scanning line C. Even in such a case, the second-
order harmonic component can be extracted by performing
phase rotation processing with a combination of the values of
the rotation phase angles of 0 degrees, 120 degrees, 240
degrees, and the third-order harmonic component can be
extracted by simply adding up the three reception signals.
[0315] FIG. 268 is a diagram for explaining a fourth ultra-
sonic wave transmission sequence according to the sixth
embodiment. Although similar to FIG. 26A, FIG. 26B is
different from FIG. 26A in a certain point. The following
describes the point in which the number of parallel simulta-
neous reception is assumed to be “6” and the number of
shifting of the beam is assumed to be “2 beam shifting”.
[0316] The transmission unit 9 performs ultrasonic wave
transmissions while shifting the transmitting position for
each transmission. For example, in the first transmission, the
transmission unit 9 causes the ultrasonic probe 1 to transmit
the ultrasonic wave at the transmitting position such that a
middle point between the scanning line C and the scanning
line D is the center axis of the ultrasonic wave to be transmit-
ted. In the second transmission, the transmission unit 9 trans-
mits the ultrasonic wave while shifting the position of the
scanning line to be transmitted by an amount corresponding
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to two beams due to *“2 beam shifting”. That is, in the second
transmission, the transmission unit 9 causes the ultrasonic
probe 1 to transmit the ultrasonic wave at the transmitting
position such that the middle point between the scanning line
E and the scanning line F is the center axis of the ultrasonic
wave to be transmitted. The same applies hereinafter. In this
case, the phase of the ultrasonic wave transmitted in the first
transmission is 0 degrees (0 deg). The phase of the ultrasonic
wave transmitted in the second transmission is 120 degrees
(120 deg). Similarly, in the third, the fourth, the fifth, and the
sixth transmission, the phases of the ultrasonic waves to be
transmitted are 240 degrees (240 deg), 0 degrees, 120
degrees, and 240 degrees, respectively.

[0317] The number of parallel simultaneous reception is
“6”, so that the receiving unit 11 generates the reception
signals corresponding to the first transmission on six scan-
ning lines. Specifically, the receiving unit 11 generates the
reception signals corresponding to the first transmission on
six scanning lines including the scanning lines A, B,C, D, E,
and F. The receiving unit 11 generates the reception signals
corresponding to the second transmission on six scanning
lines including the scanning lines C, D, E, F, G, and H. The
same applies to other transmissions.

[0318] Thereceiving unit 11 generates the reception signal
for each reception scanning line. For example, as illustrated
as a box 310 regarding the scanning lines E and F, the receiv-
ing unit 11 generates the reception signal corresponding to
the first transmission, the reception signal corresponding to
the second transmission, and the reception signal correspond-
ing to the third transmission the positions of the scanning
lines E and F. For example, as illustrated as box 311 regarding
the scanning lines GG and H, the receiving unit 11 generates the
reception signal corresponding to the second transmission,
the reception signal corresponding to the third transmission,
and the reception signal corresponding to the fourth transmis-
sion at the positions of the scanning lines G and H. As illus-
trated as a box 312 regarding the scanning lines I and J, the
receiving unit 11 similarly generates the reception signals.
The same applies to the other scanning lines.

[0319] The extracting unit 20 performs processing includ-
ing the phase rotation processing described in the above
embodiments on the reception signal generated for each
reception scanning line, and extracts the harmonic compo-
nent of a predetermined order, for example, the second-order
harmonic component. The extracting unit 20 performs pro-
cessing not including the phase rotation processing described
in the above embodiments on the reception signal generated
for each reception scanning line, and extracts the harmonic
component of an order different from the predetermined
order, for example, the third-order harmonic component.
[0320] Onthescanning lines E and F, the phases of the three
reception signals are O degrees, 120 degrees, and 240 degrees,
respectively, so that phase rotation processing is performed
with a combination of the values of the rotation phase angles
of 0 degrees, 120 degrees, 240 degrees to extract the second-
order harmonic component. The three reception signals are
simply added up to extract the third-order harmonic compo-
nent.

[0321] On the scanning lines G and H, the phases of the
three reception signals are 120 degrees, 240 degrees, and 0
degrees, which are different from those on the scanning lines
E and F. However, from the reason described above, also in
this case, the second-order harmonic component can be
extracted by performing phase rotation processing with a
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combination of the values of the rotation phase angles of 0
degrees, 120 degrees, 240 degrees. The third-order harmonic
component can be extracted by simply adding up the three
reception signals.

[0322] Similarly, on the scanning lines Tand J, the phases of
the three reception signals are 240 degrees, 0 degrees, and 120
degrees, which are different from those on the scanning lines
E and F. However, from the reason described above, also in
this case, the second-order harmonic component can be
extracted by performing phase rotation processing with a
combination of the values of the rotation phase angles of 0
degrees, 120 degrees, 240 degrees. The third-order harmonic
component can be extracted by simply adding up the three
reception signals.

[0323] As described above, by adopting the shifting trans-
mission, the ultrasonic diagnostic apparatus according to the
sixth embodiment can prevent the frame rate from being
lowered by using multiple times of transmissions as a set.
When the shifting transmission is compared with a simple
parallel simultaneous reception, for example, the positions of
the reception scanning lines of the scanning in A and the
scanning line C in FIG. 25A in a case of the simple parallel
simultaneous reception are shifted from the scanning line B
as the transmission scanning line, that is, the center axis of the
ultrasonic wave transmission, so that accuracy of the image is
lowered as compared with that of the reception scanning line
ofthe scanning line B. In a case of the shifting transmission as
illustrated in FIG. 18A, for example, there is at least one time
of transmission in which the reception scanning line matches
the transmission scanning line for all of the reception scan-
ning lines. Accordingly, the shifting transmission can sup-
press variation in the image for each reception scanning line.

Other Embodiments

[0324] The firstembodiment has mainly described a case in
which the ultrasonic wave transmission sequence is 0
degrees, 120 degrees, 240 degrees. Other examples will be
described hereinbelow, FIGS. 27A, 27B, and 27C illustrate
specific examples of such an ultrasonic wave transmission
sequence and a combination of the phase rotation angles.
[0325] FIG. 27A illustrates a specific example of the ultra-
sonic wave transmission sequence and the combination the
phase rotation angles in a case in which the number of times
of transmission is four. For example, the ultrasonic wave
transmission sequence is 0 degrees, 90 degrees, 180 degrees,
270 degrees. When operations are performed with combina-
tions of the phase rotation angles of 0 degrees, 0 degrees, 0
degrees, 0 degrees; 0 degrees, 90 degrees, 180 degrees, 270
degrees; 0 degrees, 180 degrees, 360 degrees, 540 degrees;
and 0 degrees, 270 degrees, 540 degrees, 810 degrees; only
the fourth-order harmonic component, the third-order har-
monic component, the second-order harmonic component,
and the first-order harmonic component can be extracted,
respectively. Although not illustrated, as a modification, the
ultrasonic wave transmission sequence may be 0 degrees, 180
degrees, 360 degrees, 540 degrees; 0 degrees, 270 degrees,
540 degrees, 810 degrees; and the like, and the initial phase
may be shifted by a certain angle. In the case in which the
number of times of transmission is four, 360 degrees+4=90
degrees a basic unit of the angle, and extraction can be pet-
formed by performing phase rotation processing by an angle
that is an integral multiple of this angle.

[0326] FIG. 278 illustrates a specific example of the ultra-
sonic wave transmission sequence and the combination of the
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phase rotation angles in a case in which the number of times
of transmission is five. For example, the ultrasonic wave
transmission sequence is 0 degrees, 72 degrees, 144 degrees,
216 degrees, 288 degrees. When operations are performed
with combinations of the phase rotation angles of 0 degrees,
0 degrees, 0 degrees, 0 degrees, 0 degrees; 0 degrees, 72
degrees, 144 degrees, 216 degrees, 288 degrees; 0 degrees,
144 degrees, 288 degrees, 432 degrees, 576 degrees; 0
degrees, 216 degrees, 432 degrees, 648 degrees, 864 degrees;
and 0 degrees, 288 degrees, 576 degrees, 864 degrees, 1152
degrees; only the fifth-order harmonic component, the fourth-
order harmonic component, the third-order harmonic compo-
nent, the second-order harmonic component, and the first-
order harmonic component can be extracted, respectively.
Although not illustrated, the ultrasonic wave transmission
sequence may be 0 degrees, 144 degrees, 288 degrees, 432
degrees, 576 degrees; 0 degrees, 216 degrees, 432 degrees,
648 degrees, 864 degrees; 0 degrees, 288 degrees, 576
degrees, 864 degrees, 1152 degrees; and the like, and the
initial phase may be shifted by a certain angle. In the case in
which the number of time of transmission is five, 360
degrees+5=72 degrees is the basic unit of the angle, and
extraction can be performed by performing phase rotation
processing by an angle that is an integral multiple of this
angle.

[0327] FIG. 27C illustrates a specific example of the ultra-
sonic wave transmission sequence and the combination of the
phase rotation angle: in a case in which the number of times
of transmission is six. For example, the ultrasonic wave trans-
mission sequence is 0 degrees, 60 degrees, 120 degrees, 180
degrees, 240 degrees, 300 degrees. When operations are pet-
formed with combination of the phase rotation angles of 0
degrees, 0 degrees, 0 degrees, 0 degrees, 0 degrees, 0 degrees;
0degrees, 60 degrees, 120 degrees, 180 degrees, 240 degrees,
300 degrees; 0 degrees, 120 degrees, 240 degrees, 360
degrees, 480 degrees, 600 degrees; 0 degrees, 180 degrees,
360 degrees, 540 degrees, 7*° degrees, 900 degrees; Odegrees,
240 degrees, 480 degrees, 720 degrees, 960 degrees, 1200
degrees; and 0 degrees, 300 degrees, 600 degrees, 900
degrees, 1200 degrees, 1500 degrees; only the sixth-order
harmonic component, the fifth-order harmonic component,
the fourth-order harmonic component, the third-order har-
monic component, the second-order harmonic component,
and the first-order harmonic component can be extracted,
respectively. Although not illustrated, the initial phase of the
ultrasonic wave transmission sequence may be shifted by a
certain angle. In the case in which the number of times of
transmission is six, 360 degrees+6=60 degrees is the basic
unit of the angle, and extraction can be performed by per-
forming phase rotation processing by an angle that is an
integral multiple of this angle.

[0328] In general, if the number of times of transmission is
n, when 360+n (degrees) is assumed to be the basic unit of the
angle for the ultrasonic wave transmission sequence and the
phase rotation angle and phase rotation processing is per-
formed by an angle that is an integral multiple of this angle, all
of the first to the n-th order harmonic components are
extracted by using these n different phase rotation angles.

[0329] The phrase “integral multiple of the angle” includes
an angle obtained by appropriately adding or subtracting 360
degrees. That is, in a case of the integral multiple of the angle
of 144 degrees, 144x3=432 degrees is equivalent to 432-
360=72 degrees, so that 72 degrees is also included in the
integral multiple of 144 degrees. For example, in a case of 0



US 2016/0166237 A1l

degrees, 180 degrees, 360 degrees, 540 degrees, 720 degrees,
900 degrees, the ultrasonic waves are substantially transmit-
ted at 0 degrees and 180 degrees repeatedly. In this case,
360+6=60 degrees is the basic unit of the angle for the phase
rotation angle when transmissions are performed six times, so
that 60 degrees can be selected as the phase rotation angle, for
example.

[0330] Obviously, important is a combination of the angles
in each transmission in the ultrasonic wave transmission
sequence, and an order of transmission may be appropriately
changed. For example, when the ultrasonic wave sequence is
0 degrees, 72 degrees, 144 degrees, 216 degrees, 288 degrees
and the phase rotation angle O degrees, 72 degrees, 144
degrees, 216 degrees, 288 degrees, the third and the fourth
transmissions may be replaced with each other such that the
ultrasonic wave transmission sequence is 0 degrees, 72
degrees, 216 degrees, 144 degrees, 288 degrees and the phase
rotation angle is 0 degrees, 72 degrees, 216 degrees, 144
degrees, 288 degrees. Transmissions with redundancy may be
arbitrarily added to the ultrasonic wave transmission
sequence according to the present application.

[0331] The same phase rotation angle may be arbitrarily
added or subtracted to/from all of the reception signals. For
example, instead of using the ultrasonic wave sequence in
which the phase rotation angles are 0 degrees, 120 degrees,
240 degrees, when the ultrasonic wave sequence of 6 degrees,
0 degrees+120 degrees, 6 degrees+240 degrees is used by
adding 6 degrees to all of the phase rotation angles, each
reception signal is merely simply multiplied by an additional
complex number exp(jxn(6/180)). Accordingly, the types of
the extracted high-order harmonics are the same, and the
sequence is substantially equivalent to the original ultrasonic
wave sequence. Such equivalent ultrasonic wave sequence
may be arbitrarily used in place of the ultrasonic wave
sequence described in the embodiments. That is, the trans-
mission unit 9 causes the ultrasonic probe to perform three or
more times of ultrasonic wave transmissions in which the
phases of the ultrasonic waves to be transmitted (the phases of
the center frequency components included in the ultrasonic
waves to be transmitted) are different from each other by an
equal angle. The extracting unit 20 performs phase rotation
processing on each of the three or more reception signals
using the phase rotation angles the difference therebetween is
equal to each other, in which the difference corresponds to the
angle that is an integral multiple of the smallest angle other
than 0 among angles corresponding to the difference between
the phases the ultrasonic waves in the three or more times of
ultrasonic wave transmissions, and extracts the harmonic
component of a predetermined order.

[0332] For example, the transmission unit 9 causes the
ultrasonic probe 1 to perform three or more times of ultra-
sonic wave transmissions in which the phases of the ultra-
sonic waves to be transmitted are different from each other by
an equal angle “120 degrees” such as 0 degrees, 120 degrees,
240 degrees. In this case, the smallest angle other than 0 is
“120 degrees” among the angles corresponding to the differ-
ence between the phases of the ultrasonic waves in the ultra-
sonic wave transmissions. The extracting unit 20 performs
phase rotation processing on each of the reception signals
using the phase rotation angles the difference therebetween is
an integral multiple of “120 degrees”. For example, the
extracting unit 20 performs phase rotation processing using
the phase rotation angle of 20 degrees, 140 degrees, 260
degrees.
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[0333] For example, the transmission unit 9 causes the
ultrasonic probe 1 to perform three or more times of ultra-
sonic wave transmissions in which the phases of the ultra-
sonic waves to be transmitted are different from each other by
an equal angle “216 degrees” such as 0 degrees, 216 degrees,
432 degrees (72 degrees), 648 degrees (288 degrees), 864
degrees (144 degrees). In this case, the smallest angle other
than 01is 72 degrees” among the angles corresponding to the
differences between the phases of the ultrasonic waves in the
ultrasonic wave transmissions. The extracting unit 20 per-
forms phase rotation processing on each of the reception
signals using the phase rotation angles the difference therebe-
tween is an integral multiple of 72 degrees”. For example,
the extracting unit 20 performs phase rotation processing
using the phase rotation angles of 1 degree, 145 degrees, 289
degrees, 433 degrees (73 degrees), 579 degrees (219 degrees),
and extracts the harmonic component of a predetermined
order.

[0334] The transmission unit 9 and the extracting unit 20
may perform similar processing also in a case in which the
ultrasonic wave to be transmitted includes a plurality of fre-
quency components.

[0335] Inthe ultrasonic wave sequence, transmissions may
be performed by modulating not only the phase but also the
amplitude, or processing including amplitude modulation
processing may be performed as the processing including the
phase rotation processing performed by the extracting unit
20. That is, the extracting unit can perform weighting pro-
cessing including an arbitrary complex number the absolute
value of which is other than 1.

[0336] Considering a case where the ultrasonic wave
includes a plurality of frequency components, when the num-
ber of times of transmission is n, a combination of predeter-
mined harmonic components characterized by numbers from
1 to n can be extracted by using these n different phase
rotation angles. For example, four types of frequency com-
ponents f}, f,, f;, and f, are assumed to be mixed and trans-
mitted, and the number oftimes of transmission is assumed to
be five, that is, the ultrasonic wave sequence of O degrees, 72
degrees, 144 degrees, 216 degrees, 288 degrees is assumed to
be transmitted. The frequency components having various
symmetries such as 4f, f;-2f,+f;, and 2f, +£,-f; emerge as
the high-order harmonic components. Each of these arbitrary
frequency components is associated with only one integer m
that can extract the corresponding component, and the phase
rotation anglein this case is given as 0 degrees, 72 degreesxm,
144 degreesxm, 216 degreesxm, 288 degreesxm. That is, an
arbitrary frequency component can he extracted. Due to a
degree of freedom of these parameters, a desired frequency
component can be extracted.

[0337] In the above embodiments, expression such as
“common reception scanning line” or “common envelope”
has been used. However, the expression “common” does not
mean “exactly the same”, and a slight error may be allowed.
The angle of delaying/advancing the phase, the phase rotation
angle, and the like also does not mean, for example, exactly
120 degrees, and a slight error may be allowed.

[0338] The transmission unit 9 may change the transmis-
sion scanning line for each ultrasonic wave transmission. In
this case, hanging of the transmission scanning line includes,
for example, a case of changing a transmission delay pattern
while fixing a transmission opening, a case of changing the
transmission opening while fixing the transmission delay pat-
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tern, and a case in which the transmission delay pattern and
the transmission opening are changed.
[0339] The signal processing method described in the
above embodiments may be applied riot only to the THI but
also to a contrast harmonic imaging (CHI) as another example
of the harmonic imaging.
[0340] The third embodiment has described the example in
which image processing apparatus arranged independently of
the ultrasonic diagnostic apparatus performs the signal pro-
cessing method described in the embodiments, but such an
example of the image processing apparatus is not limited to
the third embodiment.
[0341] Such an image processing apparatus includes, for
example, an acquisition unit that acquires a group of recep-
tion signals generated by the receiving unit 11 from the ultra-
sonic diagnostic apparatus, the storage medium, and the like,
and processing units having functions equivalent to the
extracting unit 20, the signal processing unit 12, and the
image generation unit 13. The image processing apparatus
then performs the signal processing method described in the
above embodiments with these processing units. Accord-
ingly, a predetermined harmonic component can be extracted
without increasing the number of times of transmission.
[0342] The components of the apparatus illustrated in the
drawings are merely conceptual, and it is not necessarily
required that it is physically configured as illustrated. That is,
specific forms of distribution and integration of the appara-
tuses are not limited to those illustrated in the drawings. All or
part thereof may be functionally of physically distributed/
integrated in arbitrary units depending on various loads or
usage states. All or some of processing functions executed by
the apparatuses may be implemented by a central processing
unit (CPU) and a computer program analyzed and executed
by the CPU, or implemented as hardware using wired logic.
[0343] The signal processing method described in the
above embodiments can be performed by executing a signal
processing program prepared in advance with a computer
such as a personal computer or a workstation. The signal
processing program can be distributed via a network such as
the Internet. The signal processing program may be recorded
in a computer-readable non-transitory recording medium
such as a hard disk, a flexible disk (FD), a compact disc read
only memory (CD-ROM), a magneto optical disk (MO), and
a digital versatile disc (DVD), and may be read by the com-
puter from the recording medium to be executed.
[0344] With at least one ultrasonic diagnostic apparatus
described above, a predetermined harmonic component can
be extracted without increasing the number of times of trans-
mission and reception.
[0345] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalent are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. An ultrasonic diagnostic apparatus comprising:

transmission circuitry configured to cause an ultrasonic

probe to perform three or more times of ultrasonic wave
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transmissions, an ultrasonic wave to be transmitted
including a center frequency component, a phase of the
center frequency component being different in each
transmission;

receiving circuitry configured to generate three or more

reception signals corresponding to a common reception
scanning line based on a plurality of reflected wave
signals, the plurality of reflected wave signals being
obtained through the three or more times of ultrasonic
wave transmissions; and

extracting circuitry configured to extract a nonlinear com-

pornent included in the three or more reception signals by
adding up the three or more reception signals after per-
forming a processing including phase rotation process-
ing on two or more reception signals among the three or
more reception signals.

2. The ultrasonic diagnostic apparatus according to claim
1, wherein

the ultrasonic wave to be transmitted includes a single

center frequency component,

the transmission circuitry is configured to cause the ultra-

sonic probe to perform three or more times of ultrasonic
wave transmissions, an ultrasonic wave to be transmitted
including the single center frequency component, a
phase of the single center frequency component being
different in each transmission,

the extracting circuitry is configured to extract a harmonic

component included in the three or more reception sig-
nals, the harmonic component being of a predetermined
order.

3. The ultrasonic diagnostic apparatus according to claim
1, wherein

the ultrasonic wave to be transmitted includes a plurality of

center frequency components,

the transmission circuitry is configured to cause the ultra-

sonic probe to perform three or more times of ultrasonic
wave transmissions, a phase of at least one center fre-
quency component included in the plurality of center
frequency components being different in each transmis-
sion, and

the extracting circuitry is configured to extract a plurality

of nonlinear components of different types included in
the three or more reception signals.

4. The ultrasonic diagnostic apparatus according to claim
3, wherein the transmission circuitry is configured to cause
the ultrasonic probe to perform three or more times of ultra-
sonic wave transmissions, a phase of a center frequency com-
ponent of the plurality of center frequency components being
different in each transmission for every center frequency
component.

5. The ultrasonic diagnostic apparatus according to claim
3, wherein the transmission circuitry is configured to cause
the ultrasonic probe to perform three or more times of ultra-
sonic wave transmissions, a phase of one center frequency
component of the plurality of center frequency components
being different in each transmission.

6. The ultrasonic diagnostic apparatus according to claim
1, wherein the extracting circuitry is further configured use
the three or more reception signals to extract a second non-
linear component, the second nonlinear component being
included in the three or more reception signals and being ofa
different type from the nonlinear component.

7. The ultrasonic diagnostic apparatus according to claim
further comprising:
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image generation circuitry configured to generate at least
one [ ultrasonic image data based on the nonlinear com-
ponent, ultrasonic image data based on the second non-
linear component, or ultrasonic image data based on a
component obtained by synthesizing the nonlinear com-
ponent and the second nonlinear component.
8. The ultrasonic diagnostic apparatus according to claim
6, wherein the extracting circuitry configured to extract a
second-order harmonic component as the nonlinear compo-
nent, and is configured to extract a third-order harmonic com-
ponent as the second nonlinear harmonic component.
9. The ultrasonic diagnostic apparatus according to claim
2, wherein
the transmission circuitry is configured to cause the ultra-
sonic probe to perform three or more times of ultrasonic
wave transmissions, an ultrasonic wave to be transmitted
including the single center frequency component, a
phase of the single center frequency component differ-
ing by an equal angle in each transmission and
the extracting circuitry is configured to perform the phase
rotation processing on two or more reception signals
among the three or more reception signals, thereby
extracting a harmonic component of the predetermined
order, the phase rotation processing being processing of
rotating a phase by an integral multiple of the equal
angle.
10. The ultrasonic diagnostic apparatus according to claim
2, wherein
the transmission circuitry is configured to cause ultrasonic
probe to perform a transmission of a first ultrasonic wave
including the single center frequency component having
a first phase, a transmission of a second ultrasonic wave
including the single center frequency component having
a second phase, and a transmission of a third ultrasonic
wave including the single center frequency component
having a third phase, the second phase substantially
advancing by 120 degrees from the first phase, the third
phase substantially advancing by 240 degrees from the
first phase,
the receiving circuitry is configured to generate a first
reception signal corresponding to the first ultrasonic
wave, a second reception signal corresponding to the
second ultrasonic wave, and a third reception signal
corresponding to the third ultrasonic wave, and
the extracting circuitry is configured to add up the first
reception signal, the second reception signal and the
third reception signal in which phases of second order
harmonic components are substantially aligned, thereby
extracting a second order harmonic component, and is
configured to add up the first reception signal, the second
reception signal and the third reception signal in which
phases of third order harmonic components are substan-
tially aligned, thereby extracting a third order harmonic
component.
11. The ultrasonic diagnostic apparatus according to claim
3, wherein
the transmission circuitry is configured to cause the ultra-
sonic probe to perform the ultrasonic wave transmission
three or more times, a phase of a center frequency com-
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ponent of the plurality of center frequency components
differing by an equal angle in each transmission, and
the extracting circuitry performs, on two or more reception
signals among the three or more reception signals, the
phase rotation processing of rotating phases by an inte-
gral multiple of the equal angle, thereby extracting the
plurality of nonlinear components.
12. The ultrasonic diagnostic apparatus according to claim
3, further comprising:
control circuitry configured to control a frequency, an
amplitude, and a phase of the ultrasonic wave so that a
band of the plurality of nonlinear components is wider
than a band of a fundamental wave component of the
ultrasonic wave.
13. The ultrasonic diagnostic apparatus according to claim
3, wherein the transmission circuitry causes the ultrasonic
probe to perform three or more times of ultrasonic wave
transmissions including two frequency components of a first
frequency component and a second frequency compornent
whose frequency being not larger than four time of the first
frequency, a phase of at least one of the first frequency com-
ponent and the second frequency component differing in each
transmission.
14. The ultrasonic diagnostic apparatus according to claim
1, wherein the transmission circuitry is configured to cause
the ultrasonic probe to perform the three or more times of
ultrasonic wave transmissions using a common envelope.
15. The ultrasonic diagnostic apparatus according to claim
6, wherein the extracting circuitry is configured to perform
processing including second phase rotation processing or at
least one of a first signal corresponding to the nonlinear
component or a second signal corresponding to the second
nonlinear component, and thereafter synthesize the first sig-
nal and the second signal.
16. The ultrasonic diagnostic apparatus according to claim
8, wherein the extracting circuitry is configured to perform
processing including second phase rotation processing on at
least one of a first signal corresponding to the nonlinear
component or a second signal corresponding to the second
nonlinear component, and thereafter synthesize the first sig-
nal and the second signal.
17. An ultrasonic diagnostic apparatus comprising:
processing circuitry configured to
synthesize a plurality of signals obtained through mul-
tiple times of transmissions and receptions of ultra-
sonic waves to acquire a first signal corresponding to
a first nonlinear component,
synthesize a plurality of signals obtained through mul-
tiple times of transmissions and receptions of the
ultrasonic waves to acquire a second signal corre-
sponding to a second nonlinear component having a
frequency band that is different from that of the first
nonlinear component,
perform processing including phase rotation processing
on at least one of the first signal or the second signal,
and
synthesize the first signal and the second signal after the
processing.
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