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ULTRASONIC DIAGNOSTIC APPARATUS,
IMAGE PROCESSING APPARATUS, AND
IMAGE PROCESSING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2013-
239077, filed on Nov. 19, 2013; the entire contents of which
are incorporated herein by reference.

FIELD

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

BACKGROUND

[0003] Conventionally, the tissue harmonic imaging (THI)
method has been widely known as a method for obtaining a
B-mode image with a higher spatial resolution than that
obtained in usual B-mode imaging. The THI is an imaging
method using a nonlinear component (e.g., a harmonic com-
ponent such as a second-order harmonic component)
included in a reception signal.

[0004] In the THI method, various types of signal process-
ing are performed such as a phase modulation (PM) method,
an amplitude modulation (AM) method, and an AM-PM
method in which the AM method and the PM method are
combined together, for example. In the PM method, the ultra-
sonic wave with inverted phases having an identical ampli-
tude 1s transmitted twice on each scanning line and the result-
ing two reception signals are added up. Through the addition
processing, a signal is obtained in which a fundamental wave
component is cancelled and the second-order harmonic com-
ponent generated by a second-order nonlinear phenomenon
mainly remains. In the PM method, this signal is used for
imaging the second-order harmonic component to obtain an
image.

[0005] The THI method has been put into use in which
imaging is performed by using a harmonic component having
a broad bandwidth including the second-order harmonic
component and a difference frequency component in the
reception signal. In an imaging method utilizing the differ-
ence frequency component, the ultrasonic wave in which two
frequency waves are combined, that is, a composite wave-
form in which two fundamental waves with different center
frequencies are combined, is transmitted twice on each scan-
ning line with inverted phases. The resulting two reception
signals are then combined. The composite signal is a com-
posite harmonic signal including the second-order harmonic
component on the lower frequency side and the difference
frequency component generated by a second-order nonlinear
phenomenon. The composite signal is the harmonic echo
having a broader bandwidth than the signal obtained in the
above-described THI method.

[0006] The harmonic component generated by the second-
order nonlinear phenomenon includes a low-frequency com-
ponent mainly including a direct current (DC) in addition to
the harmonic component targeted for imaging (e.g., the sec-
ond-order harmonic component). The low-frequency compo-
nent is also called a zeroth-order harmonic component or a
DCharmonic component. If the transmission ultrasonic wave
has a broad bandwidth, for example, the zeroth-order har-
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monic component may overlap with the second-order har-
monic component. Alternatively, if the transmission ultra-
sonic wave has a broad bandwidth, for example, the zeroth-
order harmonic component may overlap with the difference
frequency component.

[0007] Inthat case, the center frequency becomes lowered
as depth (distance) from the transmission position is
increased due to the attenuation of the frequency dependence.
This causes the zeroth-order harmonic component to affect at
a non-negligible level in a deep part, leading to deterioration
in the image resolution at a deep part. If the zeroth-order
harmonic component is reduced through filtering processing,
however, the second-order harmonic component on the lower
side or the difference frequency component on the lower side
are also reduced. This generates an uneven image in the depth
direction due to insufficient penetration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1isa block diagram illustrating the configura-
tion of an ultrasonic diagnostic apparatus according to a first
embodiment;

[0009] FIG. 2isa block diagram illustrating the configura-
tion of a B-mode processor illustrated in FIG. 1;

[0010] FIG. 3A and FIG. 3B are diagrams for explaining a
tissue harmonic imaging (THI) method,;

[0011] FIG. 4 is a diagram illustrating the spectrum of a
reception signal obtained in a first transmission in the first
embodiment;

[0012] FIG. 5is a diagram illustrating the spectrum of an
addition signal obtained by adding a reception signal
obtained in the first transmission to a reception signal
obtained in a second transmission in the first embodiment;

[0013] FIG. 6 is a diagram illustrating the spectrum of a
composite signal obtained in the first embodiment;

[0014] FIG. 7is a diagram for explaining the advantageous
effects in the first embodiment; and FIG. 8 is a diagram for
explaining the fourth embodiment.

DETAILED DESCRIPTION

[0015] An ultrasonic diagnostic apparatus according to an
embodiment includes a transmitter/receiver, a signal proces-
sor, and an image generator. The transmitter/receiver causes
an ultrasonic probe to transmit on each scanning line at least
three ultrasonic pulses, the three ultrasonic pulses being: a
first ultrasonic pulse including at least one frequency compo-
nent and being transmitted with a first phase; a second ultra-
sonic pulse including the frequency component and being
transmitted with a second phase different from the first phase
by 180 degrees; and a third ultrasonic pulse including the
frequency component and being transmitted with a third
phase different from the first phase and the second phase by
90 degrees, and the transmitter/receiver generates a plurality
of reception signals corresponding to the respective ultra-
sonic pulses. The signal processor combines the plurality of
the reception signals and that generates a composite signal.
The image generator generates ultrasonic image data based
on the composite signal.

[0016] Exemplary embodiments of an ultrasonic diagnos-
tic apparatus are described below in detail with reference to
the accompanying drawings.
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First Embodiment

[0017] Firstly, a configuration of an ultrasonic diagnostic
apparatus according to the first embodiment will be
described. FIG. 1 is a block diagram illustrating the configu-
ration of the ultrasonic diagnostic apparatus according to the
first embodiment. As illustrated 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.

[0018] Theultrasonic probe 1 includes a plurality of piezo-
electric transducer elements that generate ultrasonic waves
based on driving signals provided by a later-described trans-
mitter/receiver 11 included in the apparatus main body 10.
The plurality of the piezoelectric transducer elements
included in the ultrasonic probe 1 receive a reflected wave
from a subject P and converts it to an electrical signal (a
reflected wave signal). The ultrasonic probe 1 includes a
matching layer provided on the piezoelectric transducer ele-
ments and a backing material preventing backward propaga-
tion of ultrasonic waves from the piezoelectric transducer
elements. The ultrasonic probe 1 is detachably coupled to the
apparatus main body 10.

[0019] When the ultrasonic probe 1 transmits ultrasonic
waves to the subject P, the ultrasonic waves thus transmitted
are reflected one after another on a discontinuity surface of
acoustic impedance in a tissue of the subject P, and received
by the piezoelectric transducer elements included in the ultra-
sonic probe 1as reflected waves. The received reflected waves
are converted into reflected wave signals. The amplitude of
the reflected wave signals depends on a difference of acoustic
impedance on the discontinuity surface where the ultrasonic
waves are reflected. If the transmitted ultrasonic pulses are
reflected on a surface of a moving object such as bloodstream
and cardiac walls, the reflected wave signals receive fre-
quency shift due to the Doppler effect. The extent of the shift
depends on an amount of velocity component of the moving
object relative to the transmitting direction of the ultrasonic
waves.

[0020] Theultrasonic probe 1 according to the first embodi-
ment may be a 1D array probe that scans the subject P in two
dimensions, a 2D array probe or a mechanical 4D probe that
scans the subject P in three dimensions.

[0021] The input device 3 has a mouse, a keyboard, a but-
ton, a panel switch, a touch command screen, a foot switch, a
trackball, a joy stick, or the like. The input device 3 receives
various types of setting demands from an operator of the
ultrasonic diagnostic apparatus and then transfers the various
types of setting demands thus received to the apparatus main
body 10.

[0022] The monitor 2 displays a graphical user interface
(GUI) for enabling the operator of the ultrasonic diagnostic
apparatus to input various types of setting demands using the
input device 3, or displays, for example, an ultrasonic image
data generated in the apparatus main body 10.

[0023] The apparatus main body 10 is an apparatus that
generates ultrasonic image data according to reflected wave
signals received by the ultrasonic probe 1. The apparatus
main body 10 illustrated in FIG. 1 is an apparatus that can
generate two-dimensional ultrasonic image data according to
two-dimensional reflected wave signals and three-dimen-
sional ultrasonic image data according to three-dimensional
reflected wave signals. The apparatus main body 10 accord-
ing to the first embodiment may be an apparatus that can
generate only two-dimensional data.
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[0024] Asillustrated in FIG. 1, the apparatus main body 10
includes the transmitter/receiver 11, a signal processor 12, an
image generator 13, an image memory 14, an internal storage
unit 15, and a controller 16.

[0025] The transmitter/receiver 11 controls the ultrasonic
probe 1 to transmit and receive ultrasonic waves under later-
described instructions of the controller 16. The transmitter/
receiver 11 includes a pulse generator, a transmission delay
unit, and a pulser and provides driving signals to the ultra-
sonic probe 1. The pulse generator repeatedly generates a rate
pulse at a certain pulse repetition frequency (PRF) to form
ultrasonic waves to be transmitted. The transmission delay
unit focuses ultrasonic waves generated from the ultrasonic
probe 1 into a beam and provides a delay time for each of the
piezoelectric transducer elements necessary for determining
transmitting directivity to the corresponding rate pulse gen-
erated by the pulse generator. The pulser applies a driving
signal (driving pulse) to the ultrasonic probe 1 at a timing
based on the rate pulse.

[0026] That is, the transmission delay unit varies the delay
time to be provided to each rate pulse, thereby arbitrarily
adjusting the transmitting direction of an ultrasonic wave
transmitted from the surface of the piezoelectric transducer
elements. The transmission delay unit varies the delay time to
be provided to each rate pulse, thereby also controlling the
position of the converging point (transmission focus) in the
depth direction in an ultrasonic wave transmission.

[0027] The transmitter/receiver 11 has the function of
changing instantly a transmission frequency, a transmission
driving voltage, and the like according to instructions of the
controller 16 described later, in order to execute a certain scan
sequence. The changing of a transmission driving voltage can
be achieved by a linear amplifier oscillating circuit that can
switch values instantly, or a mechanism of electrically
switching a plurality of power units.

[0028] The transmitter/receiver 11 has an amplifier circuit,
an analog-to-digital (A/D) converter, a reception delay cir-
cuit, an adder, a quadrature detection circuit, and the like. The
transmitter/receiver 11 performs various types of processing
on reflected wave signals received by the ultrasonic probe 1,
thereby generating reception signals (reflected wave data).
The amplifier circuit performs gain correction processing by
amplifying the reflected wave signals for each channel. The
A/D converter converts the reflected wave signals that have
been gain-corrected from analog to digital. The reception
delay circuit provides a reception delay time necessary for
determining transmitting directivity to digital data. The adder
performs addition processing of the reflected wave signals to
which the reception delay time is provided by the reception
delay circuit. Addition processing by the adder emphasizes a
reflected component from a direction corresponding to the
receiving directivity of the reflected wave signal. The quadra-
ture detection circuit converts the output signals of the adder
into an in-phase (1) signal and a quadrature-phase (Q) signal
in a baseband. The quadrature detection circuit stores the I
signal and the Q signal (hereinafter referred to as 1Q signals)
as the reception signal (reflected wave data) in a not-illus-
trated frame buffer. The quadrature detection circuit may
convert the output signals of the adder into a radio frequency
(RF) signal and store them in a not-illustrated frame buffer.
The IQ signals and the RF signal serve as the reception signal
having the phase information.

[0029] When the subject P is two-dimensionally scanned,
the transmitter/receiver 11 causes the ultrasonic probe 1 to
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transmit a two-dimensional ultrasonic beam. The transmitter/
receiver 11 then generates two-dimensional reflected wave
data from the two-dimensional reflected wave signal received
by the ultrasonic probe 1. When the subject P is three-dimen-
sionally scanned, the transmitter/receiver 11 causes the ultra-
sonic probe 1 to transmit a three-dimensional ultrasonic
beam. The transmitter/receiver 11 then generates three-di-
mensional reflected wave data from the three-dimensional
reflected wave signal received by the ultrasonic probe 1.

[0030] The signal processor 12 performs various types of
signal processing on the reception signal (reflected wave
data) generated by the transmitter/receiver 11 based on the
reflected wave signal. The signal processor 12 includes, as
illustrated in FIG. 1, a B-mode processor 121 and a Doppler
processor 122. The B-mode processor 121 receives the recep-
tion signal (reflected wave data) from the transmitter/receiver
11 to perform logarithm amplification processing, envelope
detection processing, and logarithmic compression process-
ing, for example, thereby generating data whose signal inten-
sity is expressed by a degree of brightness (B-mode data). The
Doppler processor 122 performs frequency analysis of veloc-
ity information from the reception signal (reflected wave
data) received from the transmitter/receiver 11 and generates
data (Doppler data) obtained by extracting moving object
information such as the velocity, dispersion, and power
obtained by the Doppler effect for multiple points. Examples
of the moving object include bloodstream, a tissue in a car-
diac wall, and a contrast agent. The B-mode processor 121
and the Doppler processor 122 obtain the reception signal
(reflected wave data) through the above-described frame
buffer.

[0031] The B-mode processor 121 and the Doppler proces-
sor 122 illustrated in F1G. 1 can process both the two-dimen-
sional reflected wave data and the three-dimensional reflected
wave data. That is, the B-mode processor 121 generates two-
dimensional B-mode data from the two-dimensional reflected
wave data, and three-dimensional B-mode data from the
three-dimensional reflected wave data. The Doppler proces-
sor 122 generates two-dimensional Doppler data from the
two-dimensional reflected wave data, and three-dimensional
Doppler data from the three-dimensional reflected wave data.
FIG. 2 is a block diagram illustrating the configuration of the
B-mode processor illustrated in FIG. 1.

[0032] As illustrated in FIG. 2, the B-mode processor 121
includes a combining unit 121a and a B-mode data generator
1215. The B-mode data generator 1215 performs the loga-
rithmic amplification processing, the envelope detection pro-
cessing, and the logarithmic compression processing, for
example, on the reception signal (reflected wave data) and
generates the B-mode data. If usual B-mode imaging is per-
formed, the processing by the combining unit 121a is not
performed and the B-mode data generator 1215 generates the
B-mode data based on the reception signal (reflected wave
data) received by the transmitter/receiver 11.

[0033] By contrast, if the processing performed is the har-
monic imaging through the phase modulation (PM), the
amplitude modulation (AM), the phase modulation and
amplitude modulation (AMPM), or the harmonic imaging
through an imaging method utilizing difference frequency
component, the B-mode data generator 1215 generates the
B-mode data based on the data (a composite signal) output by
the combining unit 121a. The processing performed by the
combining unit 121a will be described later in detail.
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[0034] The image generator 13 generates the ultrasonic
image data from the data generated by the signal processor 12
(the B-mode processor 121 and the Doppler processor 122).
The image generator 13 generates two-dimensional B-mode
image data in which the intensity of a reflected wave is
expressed by a degree of brightness from the two-dimen-
sional B-mode data generated by the B-mode processor 121.
The image generator 13 also generates two-dimensional Dop-
pler image data that represents the information of a moving
object from the two-dimensional Doppler data generated by
the Doppler processor 122. The two-dimensional Doppler
image data is velocity image data, dispersion image data,
power image data, or the combination image data thereof.
[0035] The image generator 13 converts signal columns of
scanning lines in ultrasonic scanning into signal columns of
scanning lines in video format that is typical in a television,
(scan conversion), thereby generating ultrasonic image data
for display. Specifically, the image generator 13 performs
coordinates transformation according to the scan mode of
ultrasonic waves by the ultrasonic probe 1, thereby generat-
ing the ultrasonic image data for display. The image generator
13 performs various types of image processing in addition to
the scan conversion. For example, the image generator 13
performs image processing using a plurality of image frames
after the scan conversion to regenerate the image of averaged
brightness values (smoothing processing). For another
example, the image generator 13 performs image processing
using a differential filter in the image (edge enhancement
processing). The image generator 13 superimposes the char-
acter information of various parameters, a scale, a body mark,
for example, onto the ultrasonic image data.

[0036] TheB-mode data and the Doppler data are the ultra-
sonic image data before the scan conversion. The data the
image generator 13 generates is the ultrasonic image data for
display after the scan conversion. The B-mode data and Dop-
pler data are also called raw data. The image generator 13
generates two-dimensional ultrasonic image data for display
based on the two-dimensional ultrasonic image data before
the scan conversion.

[0037] Theimage generator 13 performs coordinates trans-
formation on the three-dimensional B-mode data generated
by the B-mode processor 121, thereby generating three-di-
mensional B-mode image data. The image generator 13 pet-
forms coordinates transformation on the three-dimensional
Doppler data generated by the Doppler processor 122,
thereby generating three-dimensional Doppler image data.
The image generator 13 generates “three-dimensional
B-mode image data and three-dimensional Doppler image
data” as “three-dimensional ultrasonic image data (volume
data)”.

[0038] Furthermore, the image generator 13 performs vari-
ous types of rendering processing on the volume datain order
to generate two-dimensional image data for displaying the
volume data on the monitor 2. Examples of rendering pro-
cessing performed by the image generator 13 include pro-
cessing in which the multi planer reconstruction (MPR) is
performed to generate MPR image data from the volume data.
Examples of rendering processing performed by the image
generator 13 also include volume rendering (VR) processing
that generates the two-dimensional image data reflecting
three-dimensional information.

[0039] The image memory 14 is a memory that stores
therein the image data for display generated by the image
generator 13. The image memory 14 can also store therein the
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data generated by the B-mode processor 121 or the Doppler
processor 122. The B-mode data and the Doppler data stored
in the image memory 14 can be retrieved by an operator after
the diagnosis, for example, and serve as the ultrasonic image
data for display through the image generator 13. The image
memory 14 can also store the reception signal (reflected wave
data) output by the transmitter/receiver 11.

[0040] The internal storage unit 15 stores therein a control
program for performing ultrasonic transmission/reception,
image processing, or display processing, and various types of
data such as diagnostic information (e.g., a patient ID, doc-
tor’s findings), diagnostic protocols, and various body marks.
The internal storage unit 15 is used for storing the image data
in the image memory 14, as necessary. The data stored in the
internal storage unit 15 may be transferred to an external
device through a not-illustrated interface. The internal stor-
age unit 15 can store therein the data transferred from an
external device through a not-illustrated interface.

[0041] The controller 16 controls processing of the ultra-
sonic diagnostic apparatus totally. Specifically, the controller
16 controls processing of the transmitter/receiver 11, the sig-
nal processor 12 (B-mode processor 121 and the Doppler
processor 122), and the image generator 13 according to
various types of setting demands input from the operator
through the input device 3 or various types of control pro-
grams and various types of data read from the internal storage
unit 15. The controller 16 controls the monitor 2 to display the
ultrasonic image data for display stored in the image memory
14 or the internal storage unit 15.

[0042] TItshould be noted that the transmitter/receiver 11 or
the like incorporated in the apparatus main body 10 may also
be configured by hardware such as integrated circuits, or may
be a computer program that is modularized software.

[0043] The whole configuration of the ultrasonic diagnos-
tic apparatus according to the first embodiment has been
described. With the configuration, the ultrasonic diagnostic
apparatus according to the first embodiment performs the
tissue harmonic imaging (THI) through the phase modulation
(PM) that is also called pulse inversion, for example. The
ultrasonic diagnostic apparatus according to the first embodi-
ment also performs the THI through an imaging method
utilizing the difference frequency component. FIGS. 3A and
3B are diagrams for explaining the THI method. In FIGS. 3A
and 3B, the horizontal axis indicates the frequency (unit:
MHz) and the vertical axis indicates the intensity of the recep-
tion signal (unit: dB).

[0044] For example, the transmitter/receiver 11 causes the
ultrasonic probe 1 to transmit the ultrasonic pulse of the
fundamental wave having the center frequency “f1” twice on
each scanning line with inverted phases through the scan
sequence set by the controller 16. That is, when the transmit-
ter/receiver 11 causes the ultrasonic probe 1 to transmit the
ultrasonic wave having the center frequency “f1” twice on a
scanning line, the transmitter/receiver 11 inverts the phase
polarity of the first transmission ultrasonic wave to obtain the
second transmission ultrasonic wave. This enables the trans-
mitter/receiver 11 to generate two reception signals on a
single scanning line. The reception signal obtained in the first
transmission “+1” is denoted as “r (+1)” and the reception
signal obtained in the second transmission “~1”is denoted as
“r (-1)".

[0045] In that case, the polarity of the fundamental wave
component originated from the fundamental wave are
inverted between “r (+1)” and “r (-1)”. By contrast, the polar-
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ity of the second-order harmonic component originated from
the second-order harmonic wave having the center frequency
“2f” are identical between “r (+1)” and “r (~1)”. The com-
bining unit 121a therefore adds up “r (+1)” and “r (-1)” to
generate a composite signal. Because the signals “r (+1)”” and
“r (=1)” are the IQ signals or the RF signal having phase
information, the addition processing performed by the com-
bining unit 121a is coherent addition processing.

[0046] The addition processing offsets the fundamental
wave component originated from the fundamental wave hav-
ing the center frequency “f1” (refer to “f1” illustrated in FIG.
3A) and doubles the second-order harmonic component
originated from the second-order harmonic wave having the
center frequency “2f1” (refer to “2f1” illustrated in FIG. 3A).
That is, the composite signal is a harmonic signal in which the
fundamental wave component is removed and the second-
order harmonic component mainly remains. The B-mode data
generator 1215 generates the B-mode data from the compos-
ite signal generated by the combining unit 121 and the image
generator 13 generates the ultrasonic image data (the B-mode
image data) from the B-mode data. Imaging utilizing a har-
monic component is imaging utilizing the center portion of
the beam of ultrasonic wave. Compared to the main beam,
less harmonic waves occur on the side lobe where the sound
pressure is lower. For this reason, the lateral resolution of the
B-mode image data obtained by the above-described method
is higher than that of usual B-mode image data.

[0047] In the above-described method, however, the axial
resolution may not be improved because the bandwidth of the
harmonic component is narrow or “penetration” in the deep
part region is insufficient due to the harmonic wave reception.
To cope with this, an imaging method using the second-order
harmonic component and the difference frequency compo-
nent included in the reception signal has been put into use as
a THI method to obtain the B-mode image data having a
higher lateral resolution and a higher axial resolution. In an
imaging method utilizing the difference frequency compo-
nent, the ultrasonic pulse having the composite waveform
obtained by mixing and compositing two fundamental waves
with different center frequencies is transmitted a plurality of
times on each scanning line with inverted phases and the
resulting reception signals are combined.

[0048] The two fundamental waves used for the imaging
method utilizing the difference frequency component are, for
example, a first fundamental wave having the center fre-
quency “f1” and a second fundamental wave having the cen-
ter frequency “f2”, that is larger than “f1”. The transmitter/
receiver 11 causes the ultrasonic probe 1 to transmit the
ultrasonic pulse of the composite waveform obtained by com-
bining the waveforms of the first fundamental wave and the
second fundamental wave. The composite waveform is a
waveform obtained by combining the waveforms of the first
fundamental wave and the second fundamental wave with the
adjusted phases such that the difference frequency compo-
nent having the identical polarity as that of the second-order
harmonic component is generated. The phase condition is
adjusted by the controller 16. The phase condition for gener-
ating the difference frequency component having the identi-
cal polarity as that of the second-order harmonic component
is hereafter referred to as an identical polarity phase condi-
tion.

[0049] The reception signal obtained from the transmission
ultrasonic wave having the composite waveform of the first
fundamental wave and the second fundamental wave, as illus-
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trated in FIG. 3B, includes a first fundamental wave compo-
nent originated from the first fundamental wave having the
center frequency “f1”” and a second fundamental wave com-
ponent originated from the second fundamental wave having
the center frequency “f2”. The reception signal includes, as
illustrated in FIG. 3B, a second-order harmonic component
originated from the second-order harmonic wave having the
center frequency *“2f1” and a second-order harmonic compo-
nent originated from the second-order harmonic wave having
the center frequency “22”. If two fundamental waves with
different center frequencies are used, the reception signal
includes, as illustrated in FIG. 3B, the difference frequency
component originated from the difference frequency“f2-f1”
of the second fundamental wave and the first fundamental
wave. The reception signal also includes the sum frequency
component originated from the sum frequency “f1+£2” of the
second fundamental wave and the first fundamental wave,
which is not illustrated in FIG. 3B.

[0050] The transmitter/receiver 11 causes the ultrasonic
probe 1 to transmit the transmission ultrasonic wave having
the composite waveform with inverted phases a plurality of
times (e.g., twice). That is, when the transmitter/receiver 11
causes the ultrasonic probe 1 to transmit the transmission
ultrasonic wave of composite waveform twice on a scanning
line, the transmitter/receiver 11 inverts the phase polarity of
the first transmission ultrasonic to obtain the phase polarity of
the second transmission ultrasonic wave. This enables the
transmitter/receiver 11 to generate two pieces of reflected
wave data on a single scanning line. The reflected wave data
obtained in the first transmission “+1” is denoted as “R (+1)”
and the reflected wave data obtained in the second transmis-
sion “~1” is denoted as “R (-1)".

[0051] In that case, the polarities of the first fundamental
wave component and the second fundamental wave compo-
nent are inverted between “R (+1)” and “R (-1)”. By contrast,
the polarity of the second-order harmonic component origi-
nated from the second-order harmonic wave “2{1”, the polar-
ity of the second-order harmonic component originated from
the second-order harmonic wave “2{2”, and the polarity of the
difference frequency component originated from the differ-
ence frequency “f2—f1” are identical between “R (+1)” and
“R (-1)”. The combining unit 121a therefore adds up “R
(+1)” and “R (-1)” (coherent addition) to generate a compos-
ite signal. The composite signal is a harmonic signal in which
the fundamental wave component is removed and the differ-
ence frequency component and the second-order harmonic
component mainly remain.

[0052] The combining unit 121a removes the second-order
harmonic component originated from the second-order har-
monic wave “2{2” through filtering processing from the com-
posite signal (composite data). Alternatively, for example, the
controller 16 sets the frequency band of the second-order
harmonic component originated from the second-order har-
monic wave “2f2” so as to be excluded from the frequency
band where the ultrasonic probe 1 can receive signals. This
enables the combining unit 121« to generate the composite
signal (the composite harmonic signal) in which the differ-
ence frequency component of “2-f1” and the second-order
harmonic component of “2f1” are extracted.

[0053] The B-mode data generator 1214 generates the
B-mode data from the composite data generated by the com-
bining unit 121a and the image generator 13 generates the
ultrasonic image data (the B-mode image data) from the
B-mode data. The composite data output by the combining
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unit 121a is the composite harmonic signal including the
second-order harmonic component on the lower frequency
side and the difference frequency component, that is, a har-
monic echo signal having a broader bandwidth than that of the
signal obtained through the conventional THI method. With
the imaging method utilizing the difference frequency com-
ponent, the B-mode image data having the higher spatial
resolution (the lateral resolution and the axial resolution) can
be obtained by imaging using the composite harmonic signal.
[0054] With the imaging method utilizing the difference
frequency component, the values of “f1” and “f2” are
adjusted by the controller 16 in accordance with the fre-
quency bandwidth targeted for imaging. If imaging is per-
formed in a broad frequency band centered about the fre-
quency “2f”, for example, where “f1=f”, the value of “f2” is
adjusted to “f2=3xf". If imaging is performed in the broad
frequency band centered about the frequency on the higher
frequency side than “2f”, for example, where “f1=f”, the
value of “f2” is adjusted to a value larger than “3x{™, specifi-
cally, “f2=3.5xf”, for example. If imaging is performed in the
broad frequency band centered about the frequency on the
lower frequency side than “2f”, for example, where “f1=f",
the value of “f2” is adjusted to a value smaller than “3x{”,
specifically, “f2=2.5x{”, for example.

[0055] The harmonic components generated by a second-
order nonlinear phenomenon include a zeroth-order har-
monic component in addition to the harmonic component
targeted for imaging (e.g., the second-order harmonic com-
ponent). The zeroth-order harmonic component is a harmonic
component in a low-frequency area mainly including a direct
current (DC), which is also called a DC harmonic component.
In other words, the zeroth-order harmonic component is a
low-frequency component generated by a second-order non-
linear phenomenon. FIGS. 3A and 3B schematically illustrate
the zeroth-order harmonic component as “DC”. “DC” illus-
trated in FIG. 3A and 3B is a component corresponding to the
“zeroth-order” term in the nonlinear component (the har-
monic component) of the reception signal.

[0056] If the transmission ultrasonic wave has a broad
bandwidth, for example, the zeroth-order harmonic compo-
nent may overlap with the second-order harmonic compo-
nent. Alternatively, if the transmission ultrasonic wave has a
broad bandwidth, the zeroth-order harmonic component may
overlap with the difference frequency component.

[0057] In that case, the center frequency lowers with
increasing depth (distance) from the transmission position
due to the attenuation of the frequency dependence. This
causes the zeroth-order harmonic component to affect at a
non-negligible level in a deep part, leading to deterioration in
the image resolution at a deep part. The combining unit 121a
can remove the low-frequency component corresponding to
the zeroth-order harmonic component through filtering pro-
cessing. If the zeroth-order harmonic component is decreased
through filtering processing and the like, however, the sec-
ond-order harmonic component on the lower side or the dif-
ference frequency component on the lower side is also
decreased. This generates a non-uniform image due to insuf-
ficient penetration along the depth direction.

[0058] To cope with this, in the ultrasonic diagnostic appa-
ratus according to the first embodiment, the transmitter/re-
ceiver 11 and the signal processor 12 (the combining unit
121a) perform the following processing to prevent the reso-
lution at a deep part from deteriorating under the control of
the controller 16.
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[0059] That is, the transmitter/receiver 11 causes the ultra-
sonic probe 1 to transmit a plurality of ultrasonic pulses under
different transmission conditions on each scanning line and
generates a plurality of reception signals corresponding to the
respective ultrasonic pulses. The signal processor 12 (the
combining unit 121a) generates a composite signal from the
plurality of the reception signals through composite process-
ing in which the fundamental wave conponent and the low-
frequency component generated by a second-order nonlinear
phenomenon are removed. Specifically, the transmitter/re-
ceiver 11 causes the ultrasonic probe 1 to transmit at least
three ultrasonic pulses on each scanning line. The three ultra-
sonic pulses include a first ultrasonic pulse including at least
one frequency component and being transmitted with a first
phase, a second ultrasonic pulse including the frequency
component and being transmitted with a second phase differ-
ent from the first phase by 180 degrees, and a third ultrasonic
pulse including the frequency component and being transmit-
ted with a third phase different from the first phase and the
second phase by 90 degrees. The transmitter/receiver 11 gen-
erates a plurality of reception signals corresponding at least to
the three respective ultrasonic pulses. The combining unit
121a of the signal processor 12 then combines the plurality of
the reception signals to generate a composite signal. Specifi-
cally, the combining unit 121« performs the composite pro-
cessing in which the fundamental wave component and the
zeroth-order harmonic component that is a low-frequency
component are removed from the plurality of the reception
signals obtained from the respective transmissions of at least
the three ultrasonic pulses. The image generator 13 generates
ultrasound image data based on the composite signal. Spe-
cifically, the image generator 13 generates the B-mode image
data from the B-mode data generated by the B-mode data
generator 1215 using the composite signals obtained on the
scanning lines.

[0060] Inthe first embodiment, a processing method will be
described in which the resolution at a deep part is prevented
from deteriorating in the B-mode image data generated
through the PM method that has been explained with refer-
ence to FIG. 3A, for example.

[0061] The transmitter/receiver 11 according to the first
embodiment causes the ultrasonic probe 1 to transmit the
ultrasonic pulse having an identical frequency four times or
more on the each scanning line. On this occasion, the trans-
mitter/receiver 11 performs at least one set of transmissions
including the first transmission at the first phase, the second
transmission at the second phase different from the first phase
by 180 degrees, a third transmission at a third phase different
from the first phase by 90 degrees, and a fourth transmission
at a fourth phase different from the first phase by 270 degrees
on each scanning line in any order.

[0062] The combining unit 121a according to the first
embodiment generates a subtraction signal of two addition
signals as a composite signal in the composite processing of
the four reception signals obtained in the one set of transmis-
sions. One of the two addition signals is obtained by adding
up the reception signal in the first transmission and the recep-
tion signal in the second transmission. The other addition
signal is obtained by adding up the reception signal in the
third transmission and the reception signal in the fourth trans-
mission.

[0063] An example of the above-described processing will
be described below using some equations and the like. In the
following example, one set of transmission of the ultrasonic
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wave is performed in the order of the first transmission, the
second transmission, the third transmission, and the fourth
transmission on an identical scanning line. After that, the four
reception signals obtained in the one set of transmissions are
subjected to addition and subtraction processing, thereby a
reception beam (a composite signal) is formed. The initial
phase in the first transmission is hereinafter denoted by “¢”.
In that case, the initial phase in the second transmission is
“p+7, the initial phase in the third transmission is “¢+7m/2”,
and the initial phase in the fourth transmission is “¢p-m/2".

[0064] That is, the phase polarity of the ultrasonic pulse
transmitted in the first transmission is inverted to obtain the
phase polarity of the ultrasonic pulse transmitted in the sec-
ond transmission. The phase polarity of the ultrasonic pulse
transmitted in the third transmission is inverted to obtain the
phase polarity of the ultrasonic pulse transmitted in the fourth
transmission. The phase of the ultrasonic pulse transmitted in
the third transmission advances from the phase of the ultra-
sonic pulse transmitted in the first transmission by 90 degrees.
The phase of the ultrasonic pulse transmitted in the fourth
transmission advances from the phase of the ultrasonic pulse
transmitted in the second transmission by 90 degrees.

[0065] Ifthe ultrasonic pulsein the first transmission is “sin
67, the ultrasonic pulse in the second transmission is “~sin 6”,
the ultrasonic pulse in the third transmission is “cos 8”, and
the ultrasonic pulse in the fourth transmission is “~cos 8”.

[0066] Where the time is “t”, an envelope signal represent-
ing the amplitude is “p(t)”, and the angular frequency that is
the center frequency is “w”, “Sp{(t)=p(t)cos(wt+¢)” that is
the transmission signal (the ultrasonic pulse) is expressed by

the following Equation (1) using the Euler’s formula. “j” in
Equation (1) denotes the imaginary unit.

Srx(t) = plo)eos(wt +¢) M)

1
= 5 pexp(jor + fg) + exp(-jor - jo)}

[0067] The second-order harmonic component “S.(1)
=S (= (t)cos*(wt+¢)” that is a second-order nonlinear
component generated when “S(t)” shown in Equation (1) is
propagating in the tissue can be expressed as the following
Equation (2) using the Euler’s formula:

Su(t) =St (0) @)

= pz(l)cos2 (I +¢)
1, , , . .
= g P N2+ expiut + j2¢) + exp(=jlwt = 2¢)}

1 1
=570+ sz (Dlexp(j2ewi + j2¢) + exp(— j2wi - j2¢)}

[0068] The signal in which the second-order non-linear
component shown in Equation (2) is added to the fundamental
wave shown in Equation (1) reaches the target of the subject
P and is reflected. If the ratio of “the second nonlinear term”
to “the fundamental wave” is denoted by “c.”, the addition
signal in which the fundamental wave and the second-order
nonlinear component are added up is expressed by the fol-
lowing Equation (3):
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[0069] Upon the instruction of the controller 16, the trans-
mitter/receiver 11 executes a first transmission with the first
initial phase “¢”. The transmitter/receiver 11 then performs
the amplification processing or the reception delay addition
processing and the like on the reflected wave signal in the first
transmission, thereby generating a reception signal “S1”” and
outputting the generated signal. A reception signal “S1(t)”
having the time “t” indicating the depth direction as a param-
eteris represented by the following Equation (4). In Equation
(4), it is assumed that the harmonic wave generated by the
propagation on the transmission path almost does not attenu-
ate along the reception path and is equivalent to Equation (3).

1 3
S = 3 p(tiexp(jwi + ji) + exp(— jw - jio)} + ®

& 5 & 5 ; . . ;
PO+ 7P ({explj2wt + j2¢) + exp(— j20i - j20)}

[0070] The signal processor 12 (the combining unit 121a)
stores the reception signal “S1” obtained in the reception
delay addition processing in the memory in the apparatus.
FIG. 4 is a diagram illustrating the spectrum of the reception
signal obtained in the first transmission in the first embodi-
ment. In FIG. 4, the horizontal axis indicates the frequency
(unit: MHz) and the vertical axis indicates the intensity of the
reception signal (unit: dB). As illustrated in FIG. 4, the fre-
quency characteristic of the reception signal “S1” is
expressed by the spectrum in which the fundamental wave
component dominates.

[0071] Subsequently, upon instruction of the controller 16,
the transmitter/receiver 11 performs the second transmission
with the second initial phase “¢p+7”. The transmitter/receiver
11 then performs the amplification processing or the recep-
tion delay addition processing on the reflected wave signal in
the second transmission, thereby generating a reception sig-
nal “S2” and outputting the generated signal. A reception
signal “S2(t)” is expressed by the following Equation (5).

1
S2(0) = -5 ptexpljot + j¢) +exp(=jwl = jo)} +

& 5 @ 5 . . L .
5P 0+ ri4 (D{explj2wt + j2¢) + exp(— j20i — j20)}

[0072] The signal processor 12 (the combining unit 121a)
retrieves the reception signal “S1” from the memory and adds
it to the reception signal “S2”. The combining unit 121a then
stores the addition signal “S1+S2” in the memory. The addi-
tion signal “S1(t)+S2(t)” is expressed by the following Equa-
tion (6):

S0+ 520 =@ A0 + 2 p? Dot + j - ey ©
=e-p 0+ 5 p (lexp(201 + j2¢) + exp(- 2wl - j2¢)}
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[0073] On the right-hand side in Equation (4) and the right-
hand side in Equation (5), the first term stands for the funda-
mental wave component, the second term stands for the
zeroth-order harmonic component (a low-frequency compo-
nent generated by a second-order nonlinear phenomenon),
the third term stands for the second-order harmonic compo-
nent. The zeroth-order harmonic component is expressed by

[Tt}

only “a” and “p(t)” as in Equation (4) and Equation (5).

[0074] The signs of the first term on the right-hand side in
Equation (4) and the first term on the right-hand side in
Equation (5) each have the opposite signs. The signs of the
second term on the right-hand side in Equation (4) and the
second term on the right-hand side in Equation (5) are iden-
tical. The signs of the third term on the right-hand side in
Equation (4) and the third term on the right-hand side in
Equation (5) are identical. Accordingly, the addition signal
“S1(0)+S2(1)” is a signal in which the fundamental wave
component is offset and the zeroth-order harmonic compo-
nent and the second-order harmonic component are doubled,
as in BEquation (6).

[0075] FIG. 5 is a diagram illustrating the spectrum of an
addition signal obtained by adding up the reception signal
obtained in the first transmission and the reception signal
obtained in the second transmission in the first embodiment.
In FIG. 5, the horizontal axis indicates the frequency (unit:
MHz) and the vertical axis indicates the intensity of the recep-
tion signal (unit: dB). As illustrated in FIG. 5, the frequency
characteristic of the addition signal “S1+32” is expressed by
the spectrum in which the fundamental wave component is
removed and the zeroth-order harmonic component and the
second-order harmonic component emerge.

[0076] Subsequently, upon the instruction of the controller
16, the transmitter/receiver 11 performs the third transmis-
sion with the third initial phase “¢p+m/2”. The transmitter/
receiver 11 then performs the amplification processing or the
reception delay addition processing on the reflected wave
signal in the third transmission, thereby generating a recep-
tion signal “S3” and outputting the generated signal. A recep-
tion signal ““S3(t)” is expressed by the following Equation (7).

i 7
530) = 4 pfespljor + jo) - expljor ~ i) + @

[e3 2 o 2 . . P B
FP0=-Zp (Dfexp(j2wt + j2¢) + exp(— j2ui — j2¢)}

[0077] The signal processor 12 (the combining unit 121a)
retrieves the addition signal “S1+S2” from the memory and
adds it to the signal obtained by multiplying the reception
signal “S3” by -1. In other words, the combining unit 121a
subtracts “S3” from “S1+S2”. The combining unit 121a then
stores the signal “S1+S2-S3” in the memory.

[0078] Finally, upon the instruction of the controller 16, the
transmitter/receiver 11 performs the fourth transmission with
the fourth initial phase “¢p-n/2”. The transmitter/receiver 11
then performs the amplification processing or the reception
delay addition processing on the reflected wave signal in the
fourth transmission, thereby generating a reception signal
“S4” and outputting the generated signal. A reception signal
“S4(t)” 1s expressed by the following Equation (8).
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[0079] The signal processor 12 (the combining unit 1214)
retrieves the signal “S1+S2-S3” from the memory and adds it
to the signal obtained by multiplying the reception signal
“S4” by -1. In other words, the combining unit 1214 subtracts
“S4” from “S1+S2”. The combining unit 121a then deter-
mines the signal “S1+S2-S3-S4”, that is, the signal “S1+S2-
(S3+S4)” as acomposite signal. A signal “S1(t)+S2(t)-S3(1)-
S4(1)” is expressed by the following Equation (9) using the
time “t” indicating the depth direction:

S1() +82() - $3(1) — S4() = @~ p (pfexp(j2wr + j20) + ©)
exp(-j2wi - j2¢)}

=2a- p2 (Dcos(2wt + 2¢)

[0080] On the right-hand side in Equation (7) and the right-
hand side in Equation (8), the first term stands for the funda-
mental wave component, the second term stands for the
zeroth-order harmonic component, the third term stands for
the second-order harmonic component. The signs of the first
term on the right-hand side in Equation (7) and the first term
on the right-hand side in Equation (8) have the opposite signs.
The signs of the second term on the right-hand side in Equa-
tion (7) and the second term on the right-hand side in Equa-
tion (8) are identical. The signs of the third term on the
right-hand side in Equation (7) and the third term on the
right-hand side in Equation (8) are identical. Accordingly, the
addition signal “S3(t)+S4(t)” is a signal in which the funda-
mental wave component is offset and the zeroth-order har-
monic component and the second-order harmonic component
are doubled.

[0081] The signs of the zeroth-order harmonic component
of “S1+S2” and the zeroth-order harmonic component of
“S3+84” are identical. By contrast, the signs of the second-
order harmonic component of “S1+S2” and the second-order
harmonic component of “S3+34” have the opposite signs.
Accordingly, if the composite processing “S1+S2-(S3+S4)”
is performed, as in Equation (9), the zeroth-order harmonic
component is offset in addition to the fundamental wave
component, whereby only the second-order harmonic com-
ponent is extracted. In other words, “S1+S2-(S3+S4)” is the
signal obtained by adding up the second-order harmonic
components included in the four reception signals. For
example, “S1+52-(S3+54)” is a signal obtained by amplify-
ing the second-order harmonic component included in “S1”
to an intensity of four times.

[0082] FIG. 6 is a diagram illustrating the spectrum of a
composite signal obtained in the first embodiment. In FIG. 6,
the horizontal axis indicates the frequency (unit: MHz) and
the vertical axis indicates the intensity of the reception signal
(unit: dB). As illustrated in FIG. 6, the frequency character-
istic of the signal “S1+S2-S3-S4” is expressed by the spec-
trum in which the zeroth-order harmonic component is
removed and the second-order harmonic component is ampli-
fied.
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[0083] The transmitter/receiver 11 performs the above-de-
scribed one set of four transmissions on each scanning line
included in the scanning range of one frame (or one volume).
The combining unit 121a generates the composite signal
“S14+S2-S3-S4” of the four reception signals (S1, S2, S3,
and S4) generated and output by the transmitter/receiver 11
on each scanning line. The B-mode data generator 1215 per-
forms the envelope detection processing or the logarithmic
compression processing on the composite signal “S1+S2-
S3-54” on each scanning line output by the combining unit
121a, thereby generating the B-mode data for one frame (or
for one volume).

[0084] The image generator 13 generates the B-mode
image data from the B-mode data, and the monitor 2 displays
the B-mode image data under the control of the controller 16.
As a result, an image is obtained by the signal in which the
fundamental wave component and the zeroth-order harmonic
component are offset and only the second-order harmonic
component is amplified. FIG. 7 is a diagram for explaining the
advantageous effects in the first embodiment.

[0085] Theimage data 100 on the left-hand in FIG. 7 illus-
trates a B-mode image data generated through the conven-
tional PM method. For example, the image data 100 shown in
the left figure in FIG. 7 illustrates the B-mode image data
generated by performing the above-described first and second
transmissions on each scanning line. The image data 200
shown in the left figure in FIG. 7 illustrates B-mode image
data generated through the above-described four transmis-
sions. As illustrated in FIG. 7, at the deep part in the image
data 100, an artifact appears due to the zeroth-order harmonic
component that is a low-frequency component generated by a
second-order nonlinear phenomenon, whereby the resolution
atadeep part is deteriorated. By contrast, as illustrated in FIG.
7, in the image data 200, an artifact at the deep part disap-
pears, whereby the resolution at a deep part is increased.
[0086] As described above, in the first embodiment, when
the THI method utilizing the PM method is performed, imag-
ing is achieved on a scanning line using the composite signal
obtained by obtaining the difference between two addition
signals, for example. One of the addition signals is obtained,
for example, by adding up the reception signals obtained by
transmitting a sine-wave ultrasonic pulse twice with inverted
phases. The other addition signal is obtained, for example, by
adding up the reception signals obtained by transmitting a
cosine-wave ultrasonic pulse twice with inverted phases.
Through the control of the above-described transmission
waveforms, the resulting composite signal is a signal in which
the fundamental wave component and the zeroth-order har-
monic component that is a low-frequency component gener-
ated by a second-order nonlinear phenomenon are offset and
only the second-order harmonic component is amplified. This
prevents, in the first embodiment. the image data resolution at
adeep partobtained through the THI method utilizing the PM
method from being deteriorated.

[0087] Inthe descriptionabove, the initial phases in the first
to fourth transmissions were “¢, o+, ¢+7/2, $p—m/2”, respec-
tively. The order of the transmissions is not limited to this
example and can be changed if the relation between the
phases and the relation between the addition processing and
the subtraction processing are observed. In the description
above, one set of transmissions including the first to fourth
transmissions is performed once on each scanning line. This
is provided merely for exemplary purpose and not limiting.
The one set of transmissions including the first to fourth
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transmission may be performed for a plurality of sets on each
scanning line in the present embodiment. If the one set of
transmissions including the first to fourth transmissions is
performed for a plurality of sets on each scanning line, in the
first embodiment, the image data resolution at a deep part
obtained through the THI method utilizing the PM method
can be prevented from deteriorating.

Second Embodiment

[0088] In a second embodiment, the processing will be
explained in which the resolution at a deep part of the image
data obtained in the THI method utilizing the difference fre-
quency component is prevented from deteriorating.

[0089] The configuration of an ultrasonic diagnostic appa-
ratus according to the second embodiment is the same as that
of the ultrasonic diagnostic apparatus according to the first
embodiment illustrated in FIGS. 1 and 2. Also in the second
embodiment, the transmitter/receiver 11 causes the ultrasonic
probe 1 to transmit a plurality of ultrasonic pulses under
different transmission conditions on each scanning line and
generates a plurality of reception signals corresponding to the
respective ultrasonic pulses. The signal processor 12 (the
combining unit 121a) generates a composite signal from the
reception signals through composite processing in which the
fundamental wave component and the low-frequency com-
ponent generated by a second-order nonlinear phenomenon
are removed. In the second embodiment, the transmitter/re-
ceiver 11 and the signal processor 12 perform the following
processing.

[0090] That is, the transmitter/receiver 11 according to the
second embodiment causes the ultrasonic probe 1 to transmit
a composite pulse four times or more on each scanning line.
The composite pulse is obtained by combining two frequency
waves of a first frequency component (a first ultrasonic pulse
with a first frequency) and a second frequency component (a
second ultrasonic pulse with a second frequency). On this
occasion, the transmitter/receiver 11 performs later-de-
scribed “one set of transmissions including first to fourth
transmissions” at least once on each scanning line in any
order.

[0091] The first transmission according to the second
embodiment is a transmission of a composite pulse being a
composition of a pulse having the first frequency component
with a first phase and a pulse having the second frequency
component with a second phase. The second transmission
according to the second embodiment is a transmission of a
composite pulse, being a composition of a pulse having the
first frequency component with a phase different from the first
phase by 180 degrees and a pulse having the second frequency
component with a phase different from the second phase by
180 degrees.

[0092] The third transmission according to the second
embodiment is a transmission of a composite pulse being a
composition of a pulse having the first frequency component
with a phase different from the first phase by 90 degrees and
a pulse having the second frequency component with a phase
different from the second phase by 270 degrees. The fourth
transmission according to the second embodiment is a trans-
mission of a composite pulse being a composition of a pulse
having the first frequency component with a phase different
from the first phase by 270 degrees and a pulse having the
second frequency component with a phase different from the
second phase by 90 degrees.
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[0093] The signal processor 12 (the combining unit 121a)
according to the second embodiment generates a subtraction
signal of two addition signals as the composite signal in
composite processing of four reception signals obtained in
the above-mentioned one set of transmissions, the two addi-
tion signals being: an addition signal obtained by adding up a
reception signal in the first transmission and a reception sig-
nal in the second transmission; and an addition signal
obtained by adding up a reception signal in the third trans-
mission and a reception signal in the fourth transmission. In
the composite processing, the fundamental wave component
and the zeroth-order harmonic component that is a low-fre-
quency component generated by a second-order nonlinear
phenomenon are removed. The image generator 13 generates
ultrasonic image data using the composite signals obtained on
the scanning lines. Specifically, the image generator 13 gen-
erates B-mode image data from the B-mode data generated by
the B-mode data generator 1215 using the composite signals
obtained on the scanning lines.

[0094] The following describes an example of the above-
described processing using some Equations. In the following
example, one set of transmissions of the ultrasonic wave of
the ultrasonic pulse in which two frequency waves are com-
bined (a single frequency wave with the angular frequency
“m,” and a frequency wave with the angular frequency “w,”
is executed in the order of the first transmission, the second
transmission, the third transmission, and the fourth transmis-
sion on an identical scanning line. After that, the four recep-
tion signals obtained in the one set of transmissions are sub-
jected to addition and subtraction processing, thereby
forming a reception beam (a composite signal). For example,
the initial phase of the first transmission signal set with “w,”
is hereinafter denoted by “¢,”, and the initial phase of the
second transmission signal set with “w;” is hereinafter
denoted by “¢,”. (¢, ¢,) is set under the phase condition to
generate a difference frequency component having the same
polarity as the second-order harmonic component.

[0095] In that case, in the first transmission, an ultrasonic
pulse being a composite pulse of two pulses is transmitted, the
two pulses having (m,, w, ) with the initial phases (¢, ¢,). In
the second transmission, an ultrasonic pulse being a compos-
ite pulse of two pulses is transmitted, the two pulses having
(g, ®,) with the initial phases (¢p,+m, ¢;+m). In the third
transmission, a composite ultrasonic pulse being a composite
pulse of two pulses is transmitted, the two pulses having the
angular frequencies (w,, ,) and the initial phases (¢,+m/2,
¢, -m/2). In the fourth transmission, an ultrasonic pulse being
a composite pulse of two pulses is transmitted, the two pulses
having (wg, o, ) with the phases (¢,—-7/2, ¢, +m/2).
[0096] When the time is “t”, the envelope signal represent-
ing the amplitude of the single frequency wave with the
angular frequency “w,” that is the center frequency is “py(t)”,
and the envelope signal representing the amplitude of the
single frequency wave with the angular frequency “w,” that is
the center frequency is “p,(t)”, the transmission signal “S (t)
in which the two single-frequency wave signals are additively
combined at their initial phases (¢,, ¢,) is expressed by the
following Equation (10):

SeAD)=po(Deos(@l+po)+p, (1)cos(w, 1+¢,) (10
[0097] InEquation (10), if we denote “wgt+¢,” by “0,” and
“w,t+¢,” by “8,”, the transmission waveform of the ultra-

sonic pulse in the first transmission is “py(t) cos 0,+p,(t)cos
0,”. The transmission waveform of the ultrasonic pulse in the
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second transmission, where the initial phase is (¢, +7, ¢,+7),
1s “~(py(t)cos B+p, (t)cos 0,) . The transmission waveform
of the ultrasonic pulse in the third transmission, where the
initial phase is (¢po+m/2, §,-1/2), is “=py(t) sin B,+p,(t)sin
0,”. The transmission waveform of the ultrasonic pulse in the
fourth transmission, where the initial phase is (¢p,=m/2, ¢, +7/
2), 18 “po(t)sin B,—p,(t) sin B,"(="-(-p(t)sin Oy+p,(t)sin
8,)”). Thatis, the ultrasonic pulse in the first transmission and
the ultrasonic pulse in the second transmission have the same
transmission waveform and inverted phase polarities. In the
same manner, the ultrasonic pulse in the third transmission
and the ultrasonic pulse in the fourth transmission have the
same transmission waveform and inverted phase polarities.

[0098] The second-order harmonic component “S,(t)
=S,,~()”, that is second-order nonlinear component gener-
ated when “S(t)” expressed in Equation (10) is propagating
in tissues, is expressed by the following Equation (11) using

[31I

the Euler’s formula. “j” in Equation (11) is the imaginary unit.

Suit) = Sk () an

= {po(D)cos(wol + ¢o) + p1()cos(en T + @1

— 2] =

1
PH)+ ZPOHexp(2w0t + [2g0) + exp(= 2nt - [2g4)} +
2 ! 2 . . . . \
FPI0+ g profexp(f2oit + j20)) +exp(= w1t - 2 )} +

1
5 PO PLHexp( 2001 + j20) +exp(— 200t = 244}

{exp(j2wot + j2¢,) + exp(— j2wol — j20,)}

1 1

5 PO+ 7 POONXD( 201 + [290) + eXpl= 2t = 20} +
L, 1, , , .
71 0+ 7P (I{exp(j2w11 + j2¢,) + exp(= j2w11 = j2¢,)} +

1 _ )
zpé(t) PHOfeRp(f2(w; + wo)t + j2ey + o)) +

exp(—j(w; +o)2 - j2{p1 + o))t +

1
3P0 PR (Dfexp(2wn ~ wo)t + 1291~ 90)) +

exp(—j(wy — wo)2 — j2(p1 — o))}

[0099] On the right-hand side in Equation (11), the first
term stands for the zeroth-order harmonic component with
“m,” and the second term stands for the second-order hat-
monic component with “w,”. Also on the right-hand side in
Equation (11), the third term stands for the zeroth-order har-
monic component with “w,” and the fourth term stands for
the second-order harmonic component with “w,”. Further-
more, on the right-hand side in Equation (11), the fifth term
stands for the sum frequency component of “w,” and “n,”
and the sixth term stands for the difference frequency com-
ponent of “o,” and “w,”

[0100] The addition signal in which the fundamental wave
shown in Equation (10) and the second-order nonlinear com-
ponent shown in Equation (11) are added up reaches the target
of the subject P and is reflected. If the ratio of “the second-
order nonlinear term” to “the fundamental wave” is denoted
by “a”, the addition signal in which the fundamental wave
and the second-order nonlinear component are added up is
expressed by the following Equation (12):
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1

S =5 po (D{exp(jwl + joy) +exp(= jwyl = jipy)} +
1 . . . . . @ 5
EPI([HeXP(ﬂUl[ +Jjo) +exp(=jo - jo )t + EPO([) +

P . . . [¢3
PR(Dfexp(j2wor + j2¢,) + exp(- jQwol — j2¢0)} + 3 P+

e

&
1 plOexp(j2w1t + j20,) +exp(— 2wt — 20} +

S PROROIexp(ier + o0t + g + o) +
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& 202 o — ol —
zpo(t,)pl(t){exp(ﬁ(wl wo)t + j(g1 — o)) +

exp(—j(w; — o)t = jlor — @o))}

[0101] Upon the instruction of the controller 16, the trans-
mitter/receiver 11 executes the first transmission in which the
initial phase of (wg, ®,) 18 (¢, ¢, ). The transmitter/receiver 11
then performs the amplification processing or the reception
delay addition processing on the reflected wave signal in the
first transmission, thereby generating a reception signal “S1”
and outputting the generated signal. A reception signal “S1
(t)” having the time “t” indicating the depth direction as a
parameter is expressed by the following Equation (13):

1 y ) ) .

Sl = 3P0 (tHexpljwyt + joo) + expl—jwyl — joo)t +
Lo o @,
EPI([){eXP(I‘Ult + o) + exp(—jo = jo )} + Z Pl +

a , , . - . @ 5

77 ({explj2wot + j2¢,) + exp(= j2wol — j200)} + P 0+
& .
TPLOXD(2017 + j29,) + exp(=j2011 - [20,)} +

@ o2 , ,
7 PoPID) lexpljlwy +wo)t + jlg1 + o)t +
expi—j{w; +wo)t = j{e1 + o)} +

& 202 (o — (o —
Zpo(t,)pl(t)[exm(wl wo)t + j(g1 —polt +

expi—j(w; - wo)t = jler — ¢o)l]

[0102] Inthe same manner, upon instruction of the control-
ler 16, the transmitter/receiver 11 executes the second trans-
mission in which the initial phase of (w,, ®,)is (¢,+m, 9,+7).
The transmitter/receiver 11 then generates a reception signal
“S2” and outputs the generated signal. The transmitter/re-
ceiver 11 executes the third transmission in which the initial
phase of (g, ®;) 18 (Po+m/2, ¢;-m/2). The transmitter/re-
ceiver 11 then generates a reception signal “S3” and outputs
the generated signal. The transmitter/receiver 11 executes the
fourth transmission in which the initial phase of (wg, ;) 1s
(po-m/2, ¢,+m/2). The transmitter/receiver 11 then generates
a reception signal “S4” and outputs the generated signal.

[0103] A reception signal “S2(t)” is expressed by the fol-
lowing Equation (14). A reception signal “S3(t)” is expressed
by the following Equation (15). A reception signal “S4(t)” is
expressed by the following Equation (16).
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[0104] The signal processor 12 (the combining unit 121a)
performs arithmetic processing of “S1+32-S3-S4" to gener-
ate a composite signal. That is, the combining unit 121a
performs arithmetic processing of “S1+S2-(83+S4)”. A
composite signal “S1(t)+S2(t)-S3(t)-S4(t)”” having the time
“t” indicating the depth direction as a parameter is expressed
by the following Equation (17):

S1() +82(1) - $3(1) - $4(1) = (rn
a/p%(t){exp(jlwot + j2¢0) + exp(— 2wyt — j200)} +
a/p%(t){exp(ﬁwot + j2¢0) + exp(— 2wt — j200)} +

2apyOpinlesplitr - wolt + (g - ¢t +
- expl=jlor = 0o = jlgr - o}l =
pr% (Dcos2wgt + @) + prf(t)cos(lwl t+e)+

daphpteos{iw; — wo)t + (91 — ¢o)}

[0105] Inthe composite signal in Equation (17), the funda-
mental wave component, the zeroth-order harmonic compo-
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nent, and the sum frequency component of “w,” and “w,”
have been removed. Also in the composite signal in Equation
(17), the second-order harmonic component with “w,” (a first
term), the second-order harmonic component with “w,” (a
second term), and the difference frequency component of the
frequency components of “w,” and “w,” (a third term) are
amplified and remaining. In the case of “wy<w,”, the second-
order harmonic component of “w,” may be set outside of the
frequency band where the ultrasonic probe 1 can receive
signals. Alternatively, the second-order harmonic component
of “w,” may be removed through the filtering processing.

[0106] The transmitter/receiver 11 performs the above-de-
scribed one set of four transmissions once on each scanning
line included in the scanning range of one frame (or one
volume). The combining unit 121a generates the composite
signal “S1+S2-S3-S4” of the four reception signals (S1, S2,
S3, and S4) generated and output by the transmitter/receiver
11 on each scanning line. The B-mode data generator 1215
performs the envelope detection processing or the logarith-
mic compression processing on the composite signal “S1+
S2-53-S4” on each scanning line output by the combining
unit 121a, thereby generating the B-mode data for one frame
(or for one volume). The image generator 13 generates the
B-mode image data from the B-mode data, and the monitor 2
displays the B-mode image data under the control of the
controller 16.

[0107] As aresult, the B-mode image data is generated and
displayed formed by the signal in which the fundamental
wave component and the zeroth-order harmonic component
are offset and the second-order harmonic component and the
difference frequency component are amplified.

[0108] As described above, in the second embodiment,
when the THI method utilizing the difference frequency com-
ponent is performed, the ultrasonic pulse obtained by com-
bining two frequency waves is transmitted four times with the
adjusted phases such that the signal is obtained in which the
fundamental wave component and the zeroth-order harmonic
component that is a low-frequency component generated by a
second-order nonlinear phenomenon are removed and the
second-order harmonic component and the difference fre-
quency component are amplified through the composite pro-
cessing. This prevents, in the second embodiment, the reso-
lution at a deep part of the image data obtained through the
THI method utilizing the difference frequency component
from deteriorating.

[0109] Inthe descriptionabove, the initial phases in the first
to fourth transmissions were “(§g, ¢, ), (Go+T, ¢, +7), (Go+7/2,
¢, -/2), (¢-m/2, ¢,+m/2)”, respectively. The order of these
transmissions is not limited to this example and can be
changed if the relation between the phases and the relation
between the addition/subtraction processes are observed. In
the description above, one set of transmissions including the
first to fourth transmissions is performed once on each scan-
ning line. The one set of transmissions including the first to
fourth transmission may be performed a plurality of times on
each scanning linein the present embodiment. Ifthe one set of
transmissions including the first to fourth transmissions is
performed a plurality of times on each scanning line, in the
second embodiment, the resolution at a deep part of the image
data obtained through the THI method utilizing the difference
frequency component can be prevented from deteriorating.
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Third Embodiment

[0110] In a third embodiment, the method different from
the one explained in the first embodiment will be explained in
which the resolution at a deep part of the image data of the
image data obtained through the THI method utilizing the PM
method can be prevented from deteriorating.

[0111] In the first embodiment, in order to maintain the
resolution at a deep part of the image data obtained through
the THI method utilizing the PM method, one set of trans-
missions/receptions in which the ultrasonic pulse having an
identical frequency is transmitted four times on an identical
scanning line under different phase conditions is performed at
least once. In the first embodiment, however, the frame rate
may be reduced because a transmission/reception needs to be
performed four times to obtain a reception beam on a scan-
ning line, for example. In addition, motion of the subject’s
body in the period of the four transmissions/receptions may
generate a motion artifact.

[0112] To cope with this, in the third embodiment, the
method with less number of transmissions/receptions than the
first embodiment will be described in which the resolution at
a deep part of the image data of the image data obtained
through the THI method utilizing the PM method can be
prevented from deteriorating.

[0113] The configuration of an ultrasonic diagnostic appa-
ratus according to the third embodiment is similar to that of
the ultrasonic diagnostic apparatus according to the first
embodiment illustrated in FIGS. 1 and 2. Also in the third
embodiment, the transmitter/receiver 11 causes the ultrasonic
probe 1 to transmit a plurality of ultrasonic pulses under
different transmission conditions on each scanning line and
generates a plurality of reception signals corresponding to
each of the plurality of the ultrasonic pulses. The signal pro-
cessor 12 (the combining unit 121a) generates a composite
signal from the reception signals through composite process-
ing in which a fundamental wave component and a low-
frequency component generated by a second-order nonlinear
phenomenon are removed. In the third embodiment, the trans-
mitter/receiver 11 and the signal processor 12 perform the
following processing.

[0114] That is, the transmitter/receiver 11 according to the
third embodiment causes an ultrasonic probe 1 to transmit the
ultrasonic pulse having an identical frequency three times or
more on each scanning line. On this occasion, the transmitter/
receiver 11 performs “one set of transmissions including the
first, the second and the third transmissions” at least once on
each scanning line in arbitrary order.

[0115] The transmitter/receiver 11 according to the third
embodiment causes the ultrasonic probe 1 to execute a first
transmission with a first phase, a second transmission with a
second phase different from the first phase by 90 degrees, and
a third transmission with a third phase different from the first
phase by 180 degrees as one set of transmissions.

[0116] The signal processor 12 (the combining unit 121a)
according to the third embodiment subtracts the reception
signal in the second transmission from the reception signal in
the first transmission in composite processing of the three
reception signals obtained through the above-described one
set of transmissions. The combining unit 1214 adds the signal
obtained by rotating the phase of the reception signal in the
second transmission by 90 degrees to the resulting signal
obtained by the above-described subtraction. The combining
unit 121a generates a composite signal by subtracting the
signal obtained by rotating the phase of the reception signal in
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the third transmission by 90 degrees from the resulting signal
obtained by the above-described addition. In the composite
processing, the fundamental wave component and the zeroth-
order harmonic component that is a low-frequency compo-
nent generated by a second-order nonlinear phenomenon are
removed. The image generator 13 generates the ultrasonic
image data using the composite signals obtained on the scan-
ning lines. Specifically, the image generator 13 generates the
B-mode image data from the B-mode data generated by the
B-mode data generator 1215 using the composite signals
obtained on the scanning lines.

[0117] The following describes an example of the above-
described processing using some equations. In the following
example, one set of transmissions of the ultrasonic wave of
the ultrasonic pulse with the angular frequency “w” is
executed in the order of the first transmission, the second
transmission, and the third transmission on an identical scan-
ning line. After that, the three reception signals obtained in the
one set of transmissions are subjected to addition and sub-
traction processing, thereby forming a reception beam (a

composite signal).

[0118] If the ratio of “the second-order nonlinear term” to
“the fundamental wave” is denoted by “a”, the reception
signal obtained by the reflection of an addition signal of the
fundamental wave and the second-order nonlinear compo-
nent after the signal has reached the target is expressed by the
following Equation (18):

1 . . . . (18)
NOES zp(t){m(]wt + j¢) + exp(= jwi — jo)t +

@ @ , p . . s
7P+ 7P Olexp( 20t + 29) + exp(= 20t = 2¢)}

[0119] Iftheinitial phaseinthe first transmission is denoted
by “¢”, then the initial phase in the second transmission will
be “¢p+m/2” and the initial phase in the third transmission will
be “¢+r”. In that case, the reception signal “S1” obtained in
the first transmission is expressed by the following Equation
(19) using “t”, the reception signal “S2” obtained in the
second transmission is expressed by the following Equation
(20) using “t”, and the reception signal “S3” obtained in the
third transmission is expressed by the following Equation
(21) using “t”.
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[0120] The combining unit 121a subtracts the reception
signal “S2” from the reception signal “S1”. That is, the com-
bining unit 1214 obtains “S1-S2”. The combining unit 1214
rotates the phase of the reception signal “S2” by 90 degrees to
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obtain “jS2”, and adds up “S1-S2” and “jS2”. That is, the
combining unit 121a obtains “S1-(1-j)S2”.

[0121] The combining unit 121a rotates the phase of the
reception signal “S3” by 90 degrees to obtain “jS3”, and
subtracts “jS3” from “S1-(1-j)S2”. The combining unit 1214
outputs “S1-(1-})S2-jS3” as a composite signal (a reception
beam) of the corresponding scanning line.

[0122] “S1-(1-j)S2-jS3”, that is, “S1+)S2-(S2+4j83)” is
expressed by the following Equation (22) using the time “t”.

S1®) - (1 - j)S20) - jS30 = 22
avﬂ pR(Oexp(j2ut + j2p) + exp(— 2w - j2p)} =

ap?(r)cos(2wt + 2p) + ap*(1)sin(2wr + 2¢)

[0123] The above-described “S1” is identical to “S1”
described in the first embodiment and the above-described
“182” corresponds to “S2” described in the first embodiment.
The above-described “S2” is identical to “S3” described in
the first embodiment and the above-described “jS3” corre-
sponds to “S4” described in the first embodiment. As a result,
in the composite signal shown in Equation (22), the funda-
mental wave component and the zeroth-order harmonic com-
ponent that is a low-frequency component generated by a
second-order nonlinear phenomenon are removed and the
second-order harmonic component is amplified.

[0124] The transmitter/receiver 11 performs the above-de-
scribed one set of three transmissions on each scanning line
included in the scanning range of one frame (or one volume).
The combining unit 121a generates the composite signal
“S1-(1-)S2-jS3” of the three reception signals (81, S2, and
S3) generated and output by the transmitter/receiver 11 on
each scanning line. The B-mode data generator 1215 per-
forms the envelope detection processing or the logarithmic
compression processing on the composite signal “S1-(1-})
S2-jS3” on each scanning line output by the combining unit
121a, thereby generating the B-mode data for one frame (or
for one volume). The image generator 13 generates the
B-mode image data from the B-mode data, and the monitor 2
displays the B-mode image data under the control of the
controller 16.

[0125] As aresult, the B-mode image data is generated and
displayed formed by the signal in which the fundamental
wave component and the zeroth-order harmonic component
are offset and only the second-order harmonic component is
amplified.

[0126] As described above, in the third embodiment, by
rotating the phases of some of the reception signals obtained
in the three transmissions, the signals are converted into four
reception signals in which the fundamental wave component
and the zeroth-order harmonic component can be removed.
As a result, composite processing is performed to remove the
fundamental wave component and the zeroth-order harmonic
component. This prevents, in the third embodiment, the reso-
lution at a deep part of the image data obtained through the
THI method utilizing the PM method from deteriorating. In
addition, the frame rate is improved and the possibility of
occurrence of motion artifact can be reduced compared to the
first embodiment.

[0127] Inthedescription above, the initial phases in the first
to third transmissions were “¢, ¢+m/2, ¢p+n”, respectively.
However, the order of the transmissions is not limited to this
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example and can be changed arbitrarily so long as the relation
between the phases and the relation between the addition/
subtraction processes are observed. In the description above,
one set of transmissions including the first to third transmis-
sions is performed once on each scanning line. The one set of
transmissions including the first to third transmission may be
performed a plurality of times on each scanning line in the
present embodiment. Ifthe one set of transmissions including
the first to third transmissions is performed a plurality of
times on each scanning line in the third embodiment, the
resolution at a deep part of the image data can be prevented
from deteriorating.

Fourth Embodiment

[0128] In the fourth embodiment, a modification of the
method described in the first embodiment will be explained.
In the modification, imaging is achieved using a harmonic
component with a broader bandwidth than that in the first
embodiment.

[0129] An ultrasonic diagnostic apparatus according to the
fourth embodiment is configured similarly to the ultrasonic
diagnostic apparatus according to the first embodiment that is
illustrated in FIGS. 1 and 2. Also in the fourth embodiment,
the transmitter/receiver 11 causes the ultrasonic probe 1 to
transmit a plurality of ultrasonic pulses under different trans-
mission conditions on each scanning line and generates a
plurality of reception signals corresponding to each of the
plurality of the ultrasonic pulses. The signal processor 12 (the
combining unit 121a) generates a composite signal from the
plurality of reception signals through composite processing
in which the fundamental wave component and the low-
frequency component generated by a second-order nonlinear
phenomenon are removed. In the fourth embodiment, the
transmitter/receiver 11 and the signal processor 12 perform
the following processing.

[0130] The transmitter/receiver 11 according to the fourth
embodiment causes the ultrasonic probe 1 to transmit at least
four ultrasonic pulses on each scanning line. The four ultra-
sonic pulses include a first ultrasonic pulse including a first
frequency component and being transmitted with a first
phase, a second ultrasonic pulse including the first frequency
component and being transmitted with a second phase differ-
ent from the first phase by 180 degrees, a third ultrasonic
pulse including a second frequency component and being
transmitted with a third phase different from the first phase
and the second phase by 90 degrees, and a fourth ultrasonic
pulse including the second frequency component and being
transmitted with a fourth phase different from the third phase
by 180 degrees. The transmitter/receiver 11 generates a plu-
rality of reception signals corresponding to at least the four
respective ultrasonic pulses. In other words, the transmitter/
receiver 11 according to the fourth embodiment causes the
ultrasonic probe 1 to transmit, at least four times on each
scanning line, the ultrasonic pulse having different frequency
components and having different phases, the difference ofthe
different phases being multiples of 90 degrees. Specifically,
the transmitter/receiver 11 according to the fourth embodi-
ment transmits the ultrasonic pulse of the first frequency
component (e.g., the angular frequency “w,”) and the ultra-
sonic pulse of the second frequency component (e.g., the
angular frequency “w,”) four times or more on each scanning
line. On this occasion, the transmitter/receiver 11 performs
“one set of transmissions including the first, the second, the
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third and the fourth transmissions™ at least once on each
scanning line in arbitrary order.

[0131] In the first transmission according to the fourth
embodiment, as the first ultrasonic pulse, the ultrasonic pulse
having the first frequency component is transmitted with a
first initial phase (e.g., the initial phase ¢). In the second
transmission according to the fourth embodiment, as the sec-
ond ultrasonic pulse, the ultrasonic pulse having the first
frequency component is transmitted with a second initial
phase “¢+x” that is different from the first phase by 180
degrees. In the third transmission according to the fourth
embodiment, as the third ultrasonic pulse, the ultrasonic pulse
having the second frequency component is transmitted with a
third initial phase “¢+m/2” that is different from the first phase
by 90 degrees. In the fourth transmission according to the
fourth embodiment, as the fourth ultrasonic pulse, the ultra-
sonic pulse having the second frequency component is trans-
mitted with a fourth initial phase “¢-m/2” that is different
from the third phase by 180 degrees. The fourth initial phase
is different from the first phase by 270 degrees.

[0132] The signal processor 12 (the combining unit 121a)
according to the fourth embodiment generates a composite
signal by combining a plurality of reception signals. Specifi-
cally, the combining unit 121a generates a subtraction signal
of two addition signals as a composite signal in the composite
processing of the four reception signals obtained in the above-
described one set of transmissions. One of the two addition
signals is obtained by adding up the reception signal in the
first transmission and the reception signal in the second trans-
mission. The other addition signal is obtained by adding up
the reception signal in the third transmission and the recep-
tion signal in the fourth transmission. This composite pro-
cessing is a composite processing in which the fundamental
wave component and the zeroth-order harmonic component
that is a low-frequency component are removed. The image
generator 13 generates ultrasonic image data using the com-
posite signals obtained on the scanning lines. Specifically, the
image generator 13 generates B-mode image data from the
B-mode data generated by the B-mode data generator 1215
using the composite signals obtained on the scanning lines.
[0133] That is, as described in the first embodiment, the
fundamental wave component is removed by adding up the
reception signal in the first transmission and the reception
signal in the second transmission and is also removed by
adding up the reception signal in the third transmission and
the reception signal in the fourth transmission. In other words,
the removal of fundamental wave component is possible if the
first transmission and the second transmission have an iden-
tical center frequency and the third transmission and the
fourth transmission have an identical center frequency. Fur-
thermore, in the first embodiment, the zeroth-order harmonic
component is removed by subtracting the addition signal of
the reception signal in the third transmission and the recep-
tion signal in the fourth transmission from the addition signal
of the reception signal in the first transmission and the recep-
tion signal in the second transmission. The zeroth-order har-
monic component that is a low-frequency component gener-
ated by a second-order nonlinear phenomenon does not
depend on the center frequency.

[0134] Accordingly, if the relation between the phases and
the relation between the addition/subtraction processes are
observed, that is, the first transmission with the first phase and
the second transmission with the second phase have an iden-
tical center frequency and the third transmission with the third
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phase and the fourth transmission with the fourth phase have
an identical center frequency, the fundamental wave compo-
nent and the zeroth-order harmonic component can be
removed. For this reason, in the fourth embodiment, the first
transmission and the second transmission are performed with
the first frequency component, and the third transmission and
the fourth transmission are performed with the second fre-
quency component. This obtains a composite signal having a
broader bandwidth of the second-order harmonic wave than
that in the first embodiment.

[0135] If the above-described one set of ultrasonic wave
transmissions is performed on an identical scanning line in
the order of the first transmission, the second transmission,
the third transmission, and the fourth transmission, a recep-
tion beam (a composite signal) is formed through addition
and subtraction processing on the four reception signals
obtained in the one set of transmissions. The reception beam
(the composite signal) is expressed by the following Equation
(23):

&
S = Epz(t){exp(ﬂwot + j2¢) + exp(— j2wyt = j2@)} +

@
3 pz(l){exp(ﬁw1 1+ j20) + exp(—j2w, 1 — j2¢)}

[0136] Inthe composite signal shown in Equation (23), the
fundamental wave component and the zeroth-order harmonic
component that is a low-frequency component generated by a
second-order nonlinear phenomenon are removed, and only
the second-order harmonic components having respective
different center frequencies remain. FIG. 8 is a diagram for
explaining the fourth embodiment. In FIG. 8, the dotted line
represents the fundamental wave component, the alternate
long and short dash line represents the zeroth-order harmonic
component, and the solid line represents the second-order
harmonic component. The upper left-hand diagram in FIG. 8
illustrates the spectrum of the reception signal with “w,”, the
upper right-hand diagram in FIG. 8 illustrates the spectrum of
the reception signal with “w,”, and the lower diagram in FIG.
8 illustrates the spectrum of the above-described composite
signal.

[0137] Inthe fourth embodiment, the composite processing
“(the reception signal in the first transmission+the reception
signalin the second transmission)—(the reception signal inthe
third transmission+the reception signal in the fourth trans-
mission)” obtains, as illustrated in FIG. 8, the composite
signal with the spectrum of two second-order harmonic
waves having respective different center frequencies with a
broad bandwidth. As a result, in the fourth embodiment, the
B-mode image data formed by a second-order harmonic
waves component with a broad bandwidth, with the funda-
mental wave component and the zeroth-order harmonic com-
ponent ,which is a low-frequency component generated by
the second-order nonlinear phenomenon, being offset, can be
generated and displayed.

[0138] As described above, in the fourth embodiment,
imaging is achieved using a harmonic component having a
broader bandwidth than that in the first embodiment with the
similar frame rate to that in the first embodiment. That is, in
the fourth embodiment, the B-mode image data is generated
and displayed with a higher image quality than that in the first
embodiment.



US 2015/0141829 Al

[0139] The order of the transmissions is not limited to this
example and can be changed arbitrary if the relation between
the center frequencies of each ultrasonic pulses, the relation
between the phases of each ultrasonic pulses, and the relation
between the addition/subtraction processes are observed. In
the description above, one set of transmissions including the
first to fourth transmissions is performed once on each scan-
ning line. This is provided merely for exemplary purpose and
not limiting. The one set of transmissions including the first to
fourth transmission may be performed a plurality of times on
each scanning linein the present embodiment. Ifthe one set of
transmissions including the first to fourth transmissions is
performed a plurality of times on each scanning line, in the
fourth embodiment, the above-described advantageous
effects can be also obtained.

[0140] Furthermore, in the fourth embodiment, when the
above-described one set of ultrasonic wave transmissions/
receptions is performed a plurality of times on a scanning
line, values of the two center frequencies may be varied
depending on the set. For example, in the fourth embodiment
the first set may be performed with “o,, ®,”, the second set
may be performed with “n,, w;” and the composite signal in
which the harmonic components having the doubled frequen-
cies of the four center frequencies are combined may be
obtained. In that case, the B-mode image data is generated
and displayed with a still higher image quality than the above-
described example.

[0141] From the viewpoint of obtaining a harmonic com-
ponent having a broad bandwidth, the one set of ultrasonic
wave transmissions/receptions of the three transmissions
described in the third embodiment may be performed a plu-
rality of times with varied center frequencies. In the modifi-
cation of the third embodiment, three transmissions with the
center frequency “w,” is performed as a first set and three
transmissions with the center frequency “w,” is performed as
a second set, for example. In the modification of the third
embodiment, the composite processing described in the third
embodiment is performed in the first set and the second set,
respectively. The resulting two composite signals are added to
obtain the final composite signal having only second-order
harmonic components with a broad bandwidth. Although the
frame rate becomes lowered, this generates and displays the
B-mode image data with a higher image quality than in the
third embodiment.

Fifth Embodiment

[0142] Inthe fifth embodiment, in order to obtain the signal
in which the fundamental wave component and the zeroth-
order harmonic component that is a low-frequency compo-
nent generated by a second-order nonlinear phenomenon
have been removed, ultrasonic pulses with different phases
whose differences in phases are multiples of 90 degrees are
transmitted at least three times on each scanning lines
between each sets, thereby the reception signals of the respec-
tive ultrasonic pulses being generated.

[0143] Also in the fifth embodiment, the transmitter/re-
ceiver 11 causes the ultrasonic probe 1 to transmit a plurality
of ultrasonic pulses under different transmission conditions
on each scanning line and generates a plurality of reception
signals corresponding to each of the plurality of the ultrasonic
pulses. The signal processor 12 (the combining unit 121a)
generates a composite signal from the plurality of the recep-
tion signals through composite processing in which the fun-
damental wave component and the low-frequency component
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generated by a second-order nonlinear phenomenon are
removed. In the fifth embodiment, the transmitter/receiver 11
and the signal processor 12 perform the following processing.

[0144] The transmitter/receiver 11 according to the fifth
embodiment causes an ultrasonic probe 2 to transmit at least
six ultrasonic pulses on each scanning line. The six ultrasonic
pulses include a first ultrasonic pulse including at least one
frequency component and being transmitted with a first
phase, a second ultrasonic pulse including the frequency
component and being transmitted with a second phase differ-
ent from the first phase, a third ultrasonic pulse including the
frequency component and being transmitted with a third
phase different from the first phase and the second phase, a
fourth ultrasonic pulse including the frequency component
and being transmitted with a fourth phase different from the
first phase by 90 degrees, a fifth ultrasonic pulse including the
frequency component and being transmitted with a fifth phase
different from the second phase by 90 degrees, and a sixth
ultrasonic pulse including the frequency component and
being transmitted with a sixth phase different from the third
phase by 90 degrees. The transmitter/receiver 11 generates a
plurality of reception signals corresponding to at least six
respective ultrasonic pulses. The combining unit 1214 then
combines the plurality of reception signals to generate a com-
posite signal. The image generator 13 generates ultrasonic
image data based on the composite signal.

[0145] That is, the transmitter/receiver 11 according to the
fifth embodiment transmits the ultrasonic pulse having an
identical frequency six times or more on each scanning line.
On this occasion, the transmitter/receiver 11 performs two
sets of transmissions including a first set of transmissions and
a second set of transmissions at least once on each scanning
line in arbitrary order. The above-described first set of trans-
missions includes three transmissions, that is, a first transmis-
sion with the first phase (transmission of a first ultrasonic
pulse), the second transmission with the second phase differ-
ent from the first phase by 120 degrees (transmission of the
second ultrasonic pulse), a third transmission with the third
phase different from the first phase by 240 degrees (transmis-
sion of the third ultrasonic pulse). The above-described sec-
ond set of transmissions includes three transmissions, that is,
a fourth transmission with the fourth phase different from the
first phase by 90 degrees (transmission of the fourth ultra-
sonic pulse), a fifth transmission with the fifth phase different
from the second phase by 90 degrees (transmission of the fifth
ultrasonic pulse), a sixth transmission with the sixth phase
different from the third phase by 90 degrees (transmission of
the sixth ultrasonic pulse). That is, each of the phases of the
fourth to sixth transmissions in the second set of transmis-
sions has a phase advance of 90 degrees from each of the
phase of the first to third transmissions in the first set of
transmissions.

[0146] The combining unit 121e according to the fifth
embodiment generates a subtraction signal of two addition
signals as a composite signal in the composite processing of
the six reception signals obtained in the two sets of transmis-
sions. One of the two addition signals is obtained by adding
up the reception signal in the first transmission, the reception
signal in the second transmission, and the reception signal in
the third transmission. The other addition signal is obtained
by adding up the reception signal in the fourth transmission,
the reception signal in the fifth transmission, and the recep-
tion signal in the sixth transmission.
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[0147] The following describes an example of the above-
described processing using some equations. In the following
example, the first set of transmission of the ultrasonic wave is
executed once in the order of the first transmission, the second
transmission, and the third transmission. After that, the sec-
ond set of transmission of the ultrasonic wave is executed
once in the order of the fourth transmission, the fifth trans-
mission, and the sixth transmission. The resulting six recep-
tion signals obtained on a scanning line are subjected to
addition and subtraction processing, thereby forming a recep-
tion beam (a composite signal). The initial phase in the first
transmission is hereinafter referred to “¢”. In that case, the
initial phase in the second transmission is “¢+27/3”, the ini-
tial phase in the third transmission is “¢p+4/3”. The initial
phase in the fourth transmission is “p+m/2”, and the initial
phase in the fifth transmission is “(¢+27/3)+n/2=¢+77/6”,
and the initial phase in the sixth transmission is “(¢+47/3)+
n/2=p+117/6”.

[0148] Denoting the time by “t”, an envelope signal repre-
senting the amplitude by “p(t)”, and the angular frequency
that is the center frequency by “w,”, “Sv()=p(t)cos(wyt+
¢)” that is the fundamental wave of the transmission signal
(the ultrasonic pulse) can be expressed by the following
Equation (24) using the Euler’s formula. “j” in Equation (24)
stands for an imaginary unit.

s
1

Stxc(1) = plo)cos(wol + ¢) (24)

1
= 5 pOtexpljwgt + jig) +exp(—jent ~ jg)}

[0149] S 2 (H)=p*(t)cos®(w,t+¢)”, that is a second-order
nonlinear component (the zeroth-order harmonic component
and the second-order harmonic component) generated when
“Sxc(t)” shown in Equation (24) is propagating in the tissue,
can be expressed by the following Equation (25) using the
Euler’s formula.

Shye(n) = Prcos {wol +¢) 5

p2 (D42 + exp(j2wot + j2¢) + exp(—j2wot = j2¢)}

Ol — B —

1
PO+ i PR(eHexp(j2wot + j2¢) + exp(— jluwor — j2¢)}

[0150] Furthermore, “S v (1)=p°(t)cos’ (myt+$)”, that is a
third-order nonlinear component (a third harmonic compo-
nent) generated when “S;y(t)”” shown in Equation (24) is
propagating in the tissue, can be expressed by the following
Equation (26) using the Euler’s formula.

Sheld) = p(cos’ (wot +¢) (26)
Iy ) ) ) )
= gP DR +exp(jdeot + j2g) + exp(= j2! ~ j20)}
{expljwgl + j¢) + exp(— jool - jo)}
1, ) ) ) )
= g P Dlexp(fB3oor + j3¢) + exp(~Buwor — j3¢) +

3expljwol + jo) + 3exp(— jwyl — je)}
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[0151] The addition signal in which the fundamental wave
shown in Equation (24), the second-order nonlinear compo-
nent shown in Equation (25), and the third-order nonlinear
component shown in Equation (26) are added up, reaches the
target of the subject P and is reflected. If the ratio of “the
second-order nonlinear term” to “the fundamental wave” is
denoted by “«” and the ratio of “the third nonlinear term” to
“the fundamental wave” is “B”, the addition signal “S,(t)” in
which the fundamental wave, the second-order nonlinear
component, and the third-order nonlinear component are
added up is expressed by the following Equation (27):

@n

[¢4
Sri(D) = 5 plofexpljogt + ji) + exp(= jeyt = jg)) 3 p' (D) +

e ol —

PHOfexp(j2ent + j2¢) + exp(— j2wnt - j20)} +

§P3 (Dexp(Beyt + j3¢) + exp(— Byt - j3)} +

3B 5 . . . .
3P (IHexp(jwyt + jo) +exp(— jwot — jgl}

ool R ool —

{4p(0) +3Bp* (OHexpljwyt + jio) + exp(— jwot — jio)} +
PO+ PP Dlexp(2a0r + [29) + expi- et - 20} +

P (Dfexp(fBint + j3¢) + exp(= jBwnt - j3¢)}

[0152] Ifthe harmonic wave generated on the transmission
path during the propagation seldom attenuates, the reception
signal obtained from the signal that has reached the target of
the subject P can be also expressed as “S;{t)” in Equation
(27). In that case, the fundamental wave component of the
reception signal “S,(1)” is the first term on the right-hand
side in Equation (27), the zeroth-order harmonic component
of the reception signal “S,(t)” is the second term on the
right-hand side in Equation (27). In addition, the second-
order harmonic component of the reception signal “S {(t)” is
the third term on the right-hand side in Equation (27), and the
third-order harmonic component of the reception signal “S ;.-
(1) is the fourth term on the right-hand side in Equation (27).

[0153] In the first set of transmissions in which the phases
are shifted in increments of 120 degrees, the first initial phase
can now be set as “¢p=—2m/3”, then the second initial phase is
expressed by “¢=0", and the third initial phase is expressed by
“¢p=2m/3”. Using these expressions and Equation (27), the
reception signal ““S (1) obtained in the first transmission is
expressed by the following Equation (28), the reception sig-
nal “Sy, (1) obtained in the second transmission is expressed
by the following Equation (29), and the reception signal
“Srya(t)” obtained in the third transmission is expressed by
the following Equation (30).

Srxo(t) = (28)
Lo ; o o
ghpn+3pp° (1)}{6XP(I‘”0’ - 17] + exp(-l%f - 17]} +

@, @, 5 An 5 4n

PO+ 7P (t){eXp(j wot—jg] +eXP(—1 wot—jgl} +

§p3(r){exp([/3a)ot) +exp(—j3wor}
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-continued
1 3 ) ) 29)
Srxa(0) = g 44p(0) +3Fp” D}lexp(jwyt) +expl-jeoD)} +
a , @ , . i
7P 0+ 77 (Hexp(j2w01) + exp(= j2wor)} +
§p3<r){exp<j3won +exp(- f3wor}}
Stx2() = (30)
1 : ) o ) n
s lapto+ 3 {exe{ e 45 |+ exef o — i3 )} +
@, @, 5 A 5 Ar
EP n+ Zp (t){exp(] wot+]?] +exp(—] wot—]?]} +

§ p*(0)exp(fBwot) + exp(i3wot))

[0154] The transmitter/receiver 11 generates the reception
signal “S (1), thereception signal “S ;- (t)”, and the recep-
tion signal “S;4(1)” . The combining unit 121a adds up the
three reception signals. The addition signal “S - (D+S 7, (1) +
S(1)” is expressed by the following Equation (31) :

B1)

3, 3B 5 o
Stxo(D) +Sx1 (D) + Stx2 (1) = TP @+ <7 (Dexp(j3wot)

[0155] As shown in the right-hand side in Equation (31),
adding up the three reception signals obtained in the first set
of transmissions offsets the fundamental wave component
and the second-order harmonic component included in the
three reception signals. As a result, the addition signal is
obtained in which the zeroth-order harmonic component and
the third harmonic component are amplified.

[0156] In the second set of transmissions in which the
phases are shifted in increments of 90 degrees from the first
set of transmissions, by using the above-described equations,
the fourth initial phase is expressed by “p=-m/6". In the same
manner, the fifth initial phase is expressed by “¢=n/2" and the
sixth initial phase is expressed by “¢p=-5n/6".

[0157] Using these equations and Equation (27), the recep-
tion signal “S;.5(1)” obtained in the fourth transmission is
expressed by the following Equation (32), the reception sig-
nal “S;,(t)” obtained in the fifth transmission is expressed
by the following Equation (33), and the reception signal
“Sxs(1)” obtained in the sixth transmission is expressed by
the following Equation (34).

1 \ 32
Srs() = 44p() + 36p* (OHexpl jwy + 1@ +exp(—jw,l + j%)} %
%pz(t) + %pz(t){exp(ﬂwot + ];) + exp(—ﬁw(,t —jg)} +
§p3(t){exp(j3wot —j%) + exp(—ﬁwol + jg]}
(33)

1 3 . F3 . F3
Stxa(t) = §{4p(r) +3fp 1[)}{exp(]wol+ E) + exp(—]w01+ E)} +

@

S0+ 2P KR 200t + )+ expl= [2out =) +

§p3([){exp(j3wol —jg) + exp(— 3wyl + jg)}
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-continued
Sris (1) = é{ztp(r) + 37 O expl ot + )+ expl—jot - g )} + o
%pz([) + CZkpz(t){e}q;(ﬂwot + ]g) +exp(- 2ot — ]g)} +
§P3(l){exp(j3wof —jg) +exp(~ 3wyl + J/g’}
[0158] The transmitter/receiver 11 generates the reception

signal “S;(1)”, the reception signal “S ;.,(t)”, and the recep-
tion signal “S;4=(t)”. The combining unit 1214 adds up the
three reception signals. The addition signal S 75 (D)+S 74 (D) +
Srvs(1)” 1s expressed by the following Equation (35):

Stx3 (1) + Srxalr) + Srxs(2) = (33)

3o, 3Bj
8

5 P0- P (IHexp(jBuwot) + exp(— jBwor)}

[0159] As shown in the right-hand side in Equation (35),
adding up the three reception signals obtained in the second
set of transmissions offsets the fundamental wave component
and the second-order harmonic component included in the
three reception signals. As a result, the addition signal is
obtained in which the zeroth-order harmonic component and
the third harmonic component are amplified.

[0160] The combining unit 121a generates a composite
signal by subtracting the addition signal “S ;3 (1)+S (1) +
Syxs(1)” from the addition signal ““S ;4o (D)+S 4 (D+S 74 (1)
In that case, the composite signal “S ;3o (0)+S 7 (D+S (1) -
S-S ()-S5 (1) is expressed by the following Equa-
tion (36):

Stxo(0) + Srx1 (1) + Srx2(t) — S7x3(2) — S7xa (1) = S5 (1) = (36)

3
jB (L + pp’ (exp(Bewon) +exp(=Bwpt)}

[0161] The signs of the zeroth-order harmonic component
in Equation (31) and the zeroth-order harmonic component in
Equation (35) are identical. By contrast, the signs of the third
harmonic component in Equation (31) and the third harmonic
component in Equation (35) have the opposite signs. Accord-
ingly, the composite signal generated in the fifth embodiment
is a signal in which, as shown on the right-hand side in
Equation (36), the zeroth-order harmonic components
included in the addition signal in the first set and the addition
signal in the second set are offset and the third harmonic
components included in the first set and the addition signal in
the second set are amplified and extracted.

[0162] The transmitter/receiver 11 performs the above-de-
scribed two sets of six transmissions once on each scanning
line included in the scanning range of one frame (or one
volume). The combining unit 121a generates the composite
signal of the six reception signals generated and output by the
transmitter/receiver 11 on each scanning line. The B-mode
data generator 1215 performs the envelope detection process-
ing or the logarithmic compression processing on the com-
posite signal on each scanning line output by the combining
unit 1214, thereby generating B-mode data for one frame (or
for one volume).
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[0163] The image generator 13 generates B-mode image
data from the B-mode data, and the monitor 2 displays the
B-mode image data under the control of the controller 16. As
a result, an image is obtained by the signal in which the
fundamental wave component and the zeroth-order harmonic
component that is a low-frequency generated by a second-
order nonlinear phenomenon and the second-order harmonic
component have been offset and only the third harmonic
component is amplified and extracted.

[0164] As described above, in the fifth embodiment, when
the THI method for imaging the third harmonic component is
performed, the two sets of transmissions are executed on a
scanning line. The two sets of transmissions include the first
set of three transmissions in which the respective phases are
shifted in increments of 120 degrees and a second set of three
transmissions in which the respective phases are shifted from
the three transmissions in the first set in increments of 90
degrees. In the fifth embodiment, imaging is achieved using
the composite signal obtained by obtaining the difference
between two addition signals. One of the addition signals is
obtained by adding up the reception signals obtained in the
first set of transmissions. The other addition signal is obtained
by adding up the reception signals obtained in the second set
of transmissions. Through the control of the above-described
transmission waveforms, the resulting composite signal is a
signal in which the fundamental wave component and the
zeroth-order harmonic component that is a low-frequency
component and the second-order harmonic component are
offset and only the third harmonic component is amplified.
This prevents, in the fifth embodiment, the resolution at a
deep part of the image data obtained through the THI method
for imaging the third harmonic component from deteriorat-
ing.

[0165] Inthedescription above, the initial phases in the first
to sixth transmissions were “¢, p+27t/3, ¢+4m/3, p+m/2, p+7n/
6, o+117/6” or “-2x/3, 0, 2n/3, /6, /2, -57/6”, respec-
tively. The order of the transmissions is not limited to this
example and can be changed if the relation between the
phases and the relation between the addition processing and
the subtraction processing are observed. In the description
above, two sets of transmissions including the first set and the
second set are performed once on each scanning line. The two
sets of transmissions including the first set and the second set
may be performed a plurality of times on each scanning line
in the present embodiment. If the two sets of transmissions
including the first set and the second set are performed a
plurality of times on each scanning line, the resolution at a
deep part of the image data obtained through the THI method
for imaging the third harmonic component can be prevented
from deteriorating in the fifth embodiment.

[0166] In the fifth embodiment, in order to obtain the har-
monic component having a broad bandwidth, in the same
manner as the concept described in the fourth embodiment,
the two sets of transmissions including the first set and the
second set may be executed a plurality of times on each
scanning line with varied center frequencies.

[0167] Theimage generator 13 may generate the ultrasonic
image data using the signal obtained by performing filtering
processing on the composite signals obtained in the above-
described first to fifth embodiments. For example, the com-
bining unit 1214 or the B-mode data generator 1215 perform
filtering processing for extracting a fourth harmonic compo-
nent or a fifth harmonic component, for example, on the
composite signals according to the targeted band for imaging
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set by the operator. The B-mode data generator 1215 gener-
ates the B-mode data from the composite signal after the
filtering processing and the image generator 13 generates the
B-mode image data from the B-mode data. Through the
above-described processing, the B-mode image data is gen-
erated and displayed in which the resolution at a deep part is
preferably maintained using the targeted band for imaging
intended by the operator.

[0168] In the above-described first to fifth embodiments,
the case of performing, from the plurality of reception signals
generated by transmitting, a plurality of times in each scan-
ning line, ultrasonic pulses, whose phases of at least one pair
of the frequency components differ by multiples of 90
degrees, a composite processing removing both the funda-
mental wave component and the low frequency component
that is generated during the second-order nonlinear phenom-
enon, has been explained. However, if the composite process-
ing is possible in which the fundamental wave component and
the low-frequency component are removed, the phases of the
plurality of the ultrasonic pulses may differ by multiple of 45
degrees.

[0169] Theimage processing methods described in the first
to fifth embodiments may be applied to a contrast harmonic
imaging (CHI) method that is another example of harmonic
imaging. The image processing methods described in the first
to fifth embodiments may be performed in parallel with par-
allel simultaneous reception in order to prevent the frame rate
from decreasing.

[0170] Theimage processing methods described in the first
to fifth embodiments may be executed by an image process-
ing apparatus provided independent from the ultrasonic diag-
nostic apparatus. The image processing apparatus includes an
obtaining unit and a processor, for example. The obtaining
unit obtains a plurality of reception signals generated by the
transmitter/receiver 11 from the ultrasonic diagnostic appa-
ratus or a recording medium. The processor has the function
(s) equivalent to the signal processor 12 and the image gen-
erator 13. The image processing apparatus executes the image
processing methods described in the first to fifth embodi-
ments using the processor(s). This also prevents the resolu-
tion at a deep part of the image data obtained through har-
monic imaging from deteriorating.

[0171] In the above-described first to fifth embodiments,
the resolution at a deep part is prevented from deteriorating,
through the composite processing in which the fundamental
wave component and the zeroth-order harmonic component
are removed in the reception signals obtained through the
scan sequences including phase rotation. This is provided
merely for exemplary purpose and is not limited to these
examples. The reception signals group obtained through the
various scan sequences described above may be subject to
other composite processing according to the purpose of
observation by the user in order to prevent the resolution at a
deep part from deteriorating. Examples of other composite
processing include, conversely speaking, the composite pro-
cessing to highlight the zeroth-order harmonic component.
[0172] Furthermore, the devices illustrated in the drawings
according to the first to fifth embodiments are merely a depic-
tion of concepts or functionality, and is not necessarily con-
figured physically in the manner illustrated in the drawings.
In other words, specific configurations in which each of the
devices is divided or integrated are not limited to those illus-
trated in the drawings. More specifically, the whole or a part
of the devices may be divided or integrated functionally or
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physically in any units depending on various loads or utiliza-
tion. The whole or a part of the processing functions executed
in each of the devices may be implemented by a CPU and a
computer program parsed and executed by the CPU, or imple-
mented as hardware using wired logics.

[0173] The image processing method explained in the first
to fifth embodiments can be implemented by causing a com-
puter, such as a personal computer or a workstation, to
execute an image processing program prepared in advance.
The image processing program may be distributed over a
network such as the Internet. Furthermore, the image process-
ing program may also be provided in a manner recorded on a
non-transitory computer-readable recording medium, such as
a hard disk, a flexible disk (FD), a compact disc read-only
memory (CD-ROM), a magneto-optical disc (MO), and a
digital versatile disc (DVD), and be executed by causing a
computer to read the program from the recording medium.
[0174] As described above, according to the first to fifth
embodiments, the resolution at a deep part is prevented from
deteriorating.

[0175] 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 equivalents 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:

a transmitter/receiver that causes an ultrasonic probe to
transmit on each scanning line at least three ultrasonic
pulses, the three ultrasonic pulses being:

a first ultrasonic pulse including at least one frequency
component and being transmitted with a first phase;

a second ultrasonic pulse including the frequency com-
ponent and being transmitted with a second phase
different from the first phase by 180 degrees; and

a third ultrasonic pulse including the frequency compo-
nent and being transmitted with a third phase different
from the first phase and the second phase by 90
degrees,

and that generates a plurality of reception signals corre-
sponding to the respective ultrasonic pulses;

a signal processor that combines the plurality of the recep-
tion signals and that generates a composite signal; and

an image generator that generates ultrasonic image data
based on the composite signal.

2. An ultrasonic diagnostic apparatus comprising;

a transmitter/receiver that causes an ultrasonic probe to
transmit at least four ultrasonic pulses on each scanning
line, the four ultrasonic pulses being:

a first ultrasonic pulse including a first frequency com-
ponent and being transmitted with a first phase;

a second ultrasonic pulse including the first frequency
component and being transmitted with a second phase
different from the first phase by 180 degrees;

a third ultrasonic pulse including a second frequency
component and being transmitted with a third phase
different from the first phase and the second phase by
90 degrees; and
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a fourth ultrasonic pulse including the second frequency
component and being transmitted with a fourth phase
different from the third phase by 180 degrees,

and that generates a plurality of reception signals corre-
sponding to the respective ultrasonic pulses;

a signal processor that combines the plurality of the recep-
tion signals and that generates a composite signal; and

an image generator that generates ultrasonic image data
based on the composite signal.

3. An ultrasonic diagnostic apparatus comprising:

a transmitter/receiver that causes an ultrasonic probe to
transmit on each scanning line at least six ultrasonic
pulses, the six ultrasonic pulses being:

a first ultrasonic pulse including at least one frequency
component and being transmitted with a first phase;

a second ultrasonic pulse including the frequency com-
ponent and being transmitted with a second phase
different from the first phase;

a third ultrasonic pulse including the frequency compo-
nent and being transmitted with a third phase different
from the first phase and the second phase;

a fourth ultrasonic pulse including the frequency com-
ponent and being transmitted with a fourth phase dif-
ferent from the first phase by 90 degrees;

a fifth ultrasonic pulse including the frequency compo-
nent and being transmitted with a fifth phase different
from the second phase by 90 degrees; and

a sixth ultrasonic pulse including the frequency compo-
nent and being transmitted with a sixth phase different
from the third phase by 90 degrees,

and that generates a plurality of reception signals corre-
sponding to the respective ultrasonic pulses;

a signal processor that combines the plurality of reception
signals and that generates a composite signal; and

an image generator that generates ultrasonic image data
based on the composite signal.

4. The ultrasonic diagnostic apparatus according to claim

1, wherein the signal processor performs composite process-
ing in which a fundamental wave component and a low-
frequency component generated by a second-order nonlinear
phenomenon are removed from the plurality of the reception
signals.

5. The ultrasonic diagnostic apparatus according to claim
2, wherein the signal processor performs composite process-
ing in which a fundamental wave component and a low-
frequency component generated by a second-order nonlinear
phenomenon are removed from the plurality of the reception
signals.

6. The ultrasonic diagnostic apparatus according to claim
3, wherein the signal processor performs composite process-
ing in which a fundamental wave component and a low-
frequency component generated by a second-order nonlinear
phenomenon are removed from the plurality of the reception
signals.

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

in the case of transmitting ultrasonic pulses each having an
identical frequency four times or more on each scanning
line, the transmitter/receiver performs on the each scan-
ning line at least one set of transmissions in any order,
the one set of transmissions comprising:

a first transmission with a first phase;

a second transmission with a second phase different
from the first phase by 180 degrees;



US 2015/0141829 Al

athird transmission with a third phase different from the
first phase by 90 degrees; and

a fourth transmission with a fourth phase different from
the first phase by 270 degrees, and

the signal processor generates a subtraction signal of two
addition signals as the composite signal in composite
processing of four reception signals obtained in the one
set of transmissions, the two addition signals being:

an addition signal obtained by adding up a reception signal
in the first transmission and a reception signal in the
second transmission; and

an addition signal obtained by adding up a reception signal
in the third transmission and a reception signal in the
fourth transmission.

8. The ultrasonic diagnostic apparatus according to claim

1, wherein

in the case of transmitting a composite pulse obtained by
combining two frequency waves of a first frequency
component and a second frequency component four
times or more on the each scanning line, the transmitter/
receiver performs one set of transmissions at least once
on the each scanning line in any order, the one set of
transmissions comprising:

a first transmission of a composite pulse, being a compo-
sition of a pulse having the first frequency component
with a first phase and a pulse having the second fre-
quency component with a second phase;

a second transmission of a composite pulse, being a com-
position of a pulse having the first frequency component
with a phase different from the first phase by 180 degrees
and a pulse having the second frequency component
with a phase different from the second phase by 180
degrees;

a third transmission of a composite pulse, being a compo-
sition of a pulse having the first frequency component
with a phase different from the first phase by 90 degrees
and a pulse having the second frequency component
with a phase different from the second phase by 270
degrees; and

a fourth transmission of a composite pulse, being a com-
position of a pulse having the first frequency component
with a phase different from the first phase by 270 degrees
and a pulse having the second frequency component
with a phase different from the second phase by 90
degrees, and

the signal processor that generates a subtraction signal of
two addition signals as the composite signal in compos-
ite processing of four reception signals obtained in the
one set of transmissions, the two addition signals being:

an addition signal obtained by adding up a reception signal
in the first transmission and a reception signal in the
second transmission; and

an addition signal obtained by adding up a reception signal
in the third transmission and a reception signal in the
fourth transmission.

9. The ultrasonic diagnostic apparatus according to claim

1, wherein

in the case of transmitting ultrasonic pulses each having an
identical frequency three times or more on each scan-
ning line, the transmitter/receiver performs on each
scanning line at least one set of transmissions in any
order, the one set of transmissions comprising:

20

May 21,2015

a first transmission with a first phase;

a second transmission with a second phase different
from the first phase by 90 degrees; and

athird transmission with a third phase different from the
first phase by 180 degrees, and

the signal processor, in composite processing of three
reception signals obtained through the one set of trans-
missions, subtracts a reception signal in the second
transmission from a reception signal in the first trans-
missionand adds the signal obtained by rotating a phase
of a reception signal in the second transmission by 90
degrees to the subtracted signal, and generates the com-
posite signal by subtracting a signal obtained by rotating
a phase of a reception signal in the third transmission by
90 degrees from the added signal.

10. The ultrasonic diagnostic apparatus according to claim

1, wherein the image generator generates the ultrasonic image
data using a signal obtained by performing filtering process-
ing on the composite signal.

11. The ultrasonic diagnostic apparatus according to claim

2, wherein the image generator generates the ultrasonic image
data using a signal obtained by performing filtering process-
ing on the composite signal.

12. The ultrasonic diagnostic apparatus according to claim

3, wherein the image generator generates the ultrasonic image
data using a signal obtained by performing filtering process-
ing on the composite signal.

13. An ultrasonic diagnostic apparatus comprising:

a transmitter/receiver that causes an ultrasonic probe to
transmit a plurality of ultrasonic pulses under different
transmission conditions on each scanning line and that
generates a plurality of reception signals corresponding
to each of the plurality of the ultrasonic pulses; and

a signal processor that generates a composite signal from
the plurality of the reception signals through composite
processing in which a fundamental wave component and
a low-frequency component generated by a second-or-
der nonlinear phenomenon are removed.

14. An image processing apparatus coniprising;

an obtaining unit that obtains a plurality of reception sig-
nals corresponding to each of a plurality of ultrasonic
pulses under different transmission conditions gener-
ated by being transmitted on each scanning line; and

a signal processor that generates a composite signal from
the plurality of the reception signals through composite
processing in which a fundamental wave component and
a low-frequency component generated by a second-or-
der nonlinear phenomenon are removed.

15. An image processing method including:

by a transmitter/receiver, causing an ultrasonic probe to
transmit a plurality of ultrasonic pulses under different
transmission conditions on each scanning line and gen-
erating a plurality of reception signals corresponding to
each of the plurality of ultrasonic pulses; and

by a signal processor, generating a composite signal from
the plurality of the reception signals through composite
processing in which a fundamental wave component and
a low-frequency component generated by a second-or-
der nonlinear phenomenon are removed.
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