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(7) ABSTRACT

An ultrasonic measurement apparatus includes a transmis-
sion processing unit that performs processing for transmitting
an ultrasonic wave with respect to a target object, a reception
processing unit that performs reception processing of an
ultrasonic echo with respect to the transmitted ultrasonic
wave, and a processing unit that performs processing with
respect to a reception signal from the reception processing
unit. The processing unit performs coupling coefficient speci-
fication processing of a plurality of first basis waves which
configure the reception signal, with respect to the reception
signal corresponding to a transmission pulse signal which is
transmitted by the transmission processing unit. The process-
ing unit performs conversion processing for converting the
reception signal into a reconfiguration signal based on a plu-
rality of coupling coefficients which are specified through the
coupling coefficient specification processing, and a second
basis wave having a wavenumber less than that of the first
basis wave.
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ULTRASONIC MEASUREMENT APPARATUS,
ULTRASONIC IMAGING APPARATUS, AND
ULTRASONIC MEASUREMENT METHOD

BACKGROUND
[0001] 1. Technical Field
[0002] The present invention relates to an ultrasonic mea-

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

[0003] 2. Related Art

[0004] As an apparatus used for examining the inside of a
human body which is a test object, an ultrasonic measurement
apparatus which emits ultrasonic waves toward a target object
and receives reflected waves from interfaces having acoustic
impedance different from each other inside the target object is
gathering attention. Moreover, the ultrasonic measurement
apparatus is also applied to image diagnoses of a surface layer
of the test object, such as measurement of visceral fat, and
measurement of a volume of blood.

[0005] When performing the image diagnosis by using
such an ultrasonic measurement apparatus, there is a need to
achieve high resolving power in image processing of an ultra-
sonic echo. For example, harmonic imaging (a harmonic
imaging method) is utilized.

[0006] Here, in the harmonic imaging, a harmonic compo-
nent of the ultrasonic echo needs to be sampled. However, as
a harmonic component sampling method thereof, there are a
filtering method and a phase inversion method which is dis-
closed in JP-A-2002-360569. JP-A-2002-360569 discloses
an ultrasonic imaging apparatus that performs the phase
inversion method by using high harmonic waves equal to or
higher than tertiary harmonic waves.

[0007] In B-mode image generation processing in the
related art, since distance resolving power and azimuthal
resolving power are substantially the same as each other,
improvement of the distance resolving power is not consid-
ered as a challenge. However, when harmonic imaging or
adaptive-type beam forming is adapted, the azimuthal resolv-
ing power becomes higher than the distance resolving power,
and thus, anisotropy of resolving power newly occurs in a
generated image. For example, in JP-A-2002-360569
described above, the distance resolving power is relatively
degraded with respect to the azimuthal resolving power as
well. Therefore, the distance resolving power needs to be
improved.

SUMMARY

[0008] An advantage of some aspects of the invention is to
provide an ultrasonic measurement apparatus, an ultrasonic
imaging apparatus, and an ultrasonic measurement method in
which not only azimuthal resolving power but also distance
resolving power in a measurement result of a target object
obtained by using an ultrasonic wave can be improved.

[0009] An aspect of the invention relates to an ultrasonic
measurement apparatus including a transmission processing
unit that performs processing for transmitting an ultrasonic
wave with respect to a target object, a reception processing
unit that performs reception processing of an ultrasonic echo
with respect to the transmitted ultrasonic wave, and a pro-
cessing unit that performs processing with respect to a recep-
tion signal from the reception processing unit. The processing
unit performs coupling coefficient specification processing of
a plurality of first basis waves which configure the reception
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signal, with respect to the reception signal corresponding to a
transmission pulse signal which is transmitted by the trans-
mission processing unit. The processing unit performs con-
version processing for converting the reception signal into a
reconfiguration signal based on a plurality of coupling coef-
ficients which are specified through the coupling coefficient
specification processing, and a second basis wave having a
wavenumber less than that of the first basis wave.

[0010] According to the aspect of the invention, the cou-
pling coefficient specification processing of the plurality of
first basis waves which configure the reception signal is per-
formed with respect to the reception signal corresponding to
the transmission pulse signal which is transmitted. The con-
version processing for converting the reception signal into the
reconfiguration signal is performed based on the plurality of
specified coupling coefficients and the second basis wave
having the wavenumber less than that of the first basis wave.
Therefore, it is possible to improve not only the azimuthal
resolving power but also the distance resolving power in a
measurement result of the target object obtained by using an
ultrasonic wave.

[0011] In the aspect of the invention, the processing unit
may perform the conversion processing after performing the
coupling coefficient specification processing of the first basis
wave with respect to a high harmonic wave corresponding to
the reception signal, and may generate a reconfiguration wave
obtained by the second basis wave as the reconfiguration
signal.

[0012] With this configuration, the reception wave is con-
verted into the reconfiguration wave which is configured to
include the second basis wave having the wavenumber less
than that of the first basis wave, and thus, it is possible to
improve the distance resolving power in the measurement
result of the target object.

[0013] In the aspect of the invention, the plurality of first
basis waves may amount to M (M is an integer equal to or
greater than 2) first basis waves. An ith (i is an integer of
1=i1=M) first basis wave among the M first basis waves may be
a high harmonic wave corresponding to the reception signal
of the ultrasonic wave from an ith point scatterer which is
arranged at an ith measurement point. An (i+1)th first basis
wave among the M first basis waves may be the high harmonic
wave corresponding to the reception signal of the ultrasonic
wave from an (i+1)th point scatterer which is arranged at an
(i+1)th measurement point at a position farther than the ith
measurement point from a transmission point of the ultra-
sonic wave.

[0014] With this configuration, it is possible to sample the
first basis wave component from the reception wave with the
distance resolving power corresponding to a gap between
each of the set measurement points.

[0015] In the aspect of the invention, the first basis wave
may be a high harmonic wave which can be sampled from the
reception signal.

[0016] With this configuration, it is possible to resolve the
reception signal into the plurality of first basis waves.
[0017] Inthe aspect of the invention, the transmission pro-
cessing unit may transmit two pulse signals having phases
mutually inverted to the target object. The processing unit
may perform subtraction processing based on two reception
signals corresponding to the two transmitted pulse signals,
may obtain one differential signal, may perform first filtering
processing with respect to the obtained differential signal,
may perform sampling of a high harmonic wave component,
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and may obtain a high harmonic wave as the first basis wave
corresponding to a reflected wave component from a point
scatterer which is arranged at a given measurement point,
based on the sampled high harmonic wave component.
[0018] With this configuration, it is possible to specify the
first basis wave corresponding to the reflected wave compo-
nent from the point scatterer at the given measurement point
inside the target object.

[0019] In the aspect of the invention, the plurality of first
basis waves may amount to M (M is an integer equal to or
greater than 2) first basis waves. An ith (i is an integer of
1=i=M) first basis wave among the M first basis waves and the
(i+1)th first basis wave may be shifted from each other in
phase by a phase difference shorter than the phase difference
corresponding to a pulse width of the transmission pulse
signal or a pulse width of the reception signal.

[0020] With this configuration, it is possible to measure the
target object with the distance resolving power having a dis-
tance shorter than the phase difference corresponding to the
pulse width of the transmission pulse signal or the pulse width
of the reception signal.

[0021] In the aspect of the invention, the processing unit
may perform the conversion processing based on the plurality
of the second basis waves. The plurality of the second basis
waves may amount to N (N is an integer equal to or greater
than 2) second basis waves. A jth (j is an integer of 1<j<N)
second basis wave among the N second basis waves may be a
high harmonic wave corresponding to the reception signal of
the ultrasonic wave from a jth point scatterer which is
arranged at a jth measurement point. A (j+1)th second basis
wave among the N second basis waves may be the high
harmonic wave corresponding to the reception signal of the
ultrasonic wave from a (j+1)th point scatterer which is
arranged at a (j+1)th measurement point at a position farther
than the jth measurement point from a transmission point of
the ultrasonic wave.

[0022] With this configuration, it is possible to improve the
distance resolving power in the measurement result of the
target object obtained by using an ultrasonic wave to corre-
spond to the gap between each ofthe set measurement points.
[0023] Intheaspect of the invention, the second basis wave
may be able to be obtained by performing compression pro-
cessing of a time component with respect to a fundamental
wave which can be sampled from the reception signal.
[0024] With this configuration, it is possible to specify the
second basis wave through simple processing such as the
subtraction processing, the filtering processing, and the com-
pression processing of the time component.

[0025] 1In the aspect of the invention, the transmission pro-
cessing unit may transmit two pulse signals having phases
mutually inverted to the target object. The processing unit
may perform subtraction processing based on two reception
signals corresponding to the two transmitted pulse signals,
may obtain one differential signal, may perform second fil-
tering processing with respect to the obtained differential
signal, may perform sampling of a fundamental wave com-
ponent, may obtain a fundamental wave corresponding to a
reflected wave component from a point scatterer which is
arranged at a given measurement point, based on the sampled
fundamental wave component, may perform compression
processing of a time component with respect to the obtained
fundamental wave, and may obtain the second basis wave.
[0026] With this configuration, it is possible to specify the
second basis wave which is obtained by shorten the wave-
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length of the first basis wave corresponding to the reflected
wave component from the point scatterer at the given mea-
surement point inside the target object.

[0027] Inthe aspect of the invention, the second basis wave
may have a same phase difference as that of the first basis
wave and may have the wavenumber less than thereof.
[0028] With this configuration, it is possible to shorten the
pulse width of the basis wave configuring the reception wave.
[0029] In the aspect of the invention, the processing unit
may perform envelope detection processing with respect to
the reconfiguration signal which is obtained after the conver-
sion processing.

[0030] With this configuration, it is possible to cause the
display unit to display waveform data by which a user can
easily discriminate a measurement result.

[0031] In the aspect of the invention, the processing unit
may perform deconvolution processing of the reception sig-
nal as the coupling coefficient specification processing.
[0032] With this configuration, it is possible to specify the
coupling coefficient of the first basis wave configuring the
reception wave.

[0033] In the aspect of the invention, the processing unit
may perform convolution processing of the second basis
wave as the conversion processing of the reconfiguration
signal.

[0034] With this configuration, it is possible to generate the
reconfiguration wave by using the second basis wave which is
obtained by reducing the wavenumber of the first basis wave
configuring the reception wave or the high harmonic wave
that can be sampled from the reception wave.

[0035] Another aspect of the invention relates to an ultra-
sonic imaging apparatus including an ultrasonic measure-
ment apparatus and a display unit that displays image data for
displaying generated based on a reconfiguration signal.
[0036] Still another aspect of the invention relates to an
ultrasonic measurement method including transmitting an
ultrasonic wave with respect to a target object; receiving an
ultrasonic echo performed with respect to the transmitted
ultrasonic wave; performing coupling coefficient specifica-
tion processing of a plurality of first basis waves which con-
figure a reception signal with respect to the reception signal
corresponding to a transmitted transmission pulse signal; and
converting the reception signal into a reconfiguration signal
based on a plurality of coupling coefficients which are speci-
fied through the coupling coefficient specification processing,
and a second basis wave having a wavenumber less than that
of the first basis wave.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] Theinvention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

[0038] FIG. 1is an explanatory diagram of a filter method.
[0039] FIGS.2A to 2C are explanatory diagrams of a phase
inversion method.

[0040] FIGS. 3A and 3B are explanatory diagrams of pro-
cessing in which the phase inversion method and filtering
processing are used together.

[0041] FIGS. 4A and 4B are explanatory diagrams regard-
ing a relationship between distance resolving power and a
pulse width.

[0042] FIG. 5isanexample ofa system configuration of an
embodiment.
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[0043] FIG. 6 is an example of a detailed system configu-
ration of an ultrasonic imaging apparatus of the embodiment.
[0044] FIGS. 7A to 7C are examples of a specific instru-
ment configuration of an ultrasonic measurement apparatus.
[0045] FIGS. 8A to 8D are explanatory diagrams of gen-
eration processing of a reconfiguration wave.

[0046] FIG. 9 is a flow chart illustrating a flow of overall
processing of the embodiment.

[0047] FIG. 10 is a flow chart illustrating a flow of the
generation processing of the reconfiguration wave.

[0048] FIG. 11 is a flow chart illustrating a flow of the
generation processing of a first basis wave and a second basis
wave.

[0049] FIGS. 12A to 12C are detailed explanatory dia-
grams of the generation processing of the second basis wave.
[0050] FIGS. 13A to 13C are explanatory diagrams of a
correspondence relationship of the point scatterer with
respect to the first basis wave and the second basis wave.
[0051] FIGS. 14A and 14B are explanatory diagrams of a
measurement result.

[0052] FIGS. 15A to 15C are configuration examples of an
ultrasonic transducer element.

[0053] FIG. 16 is a configuration example of an ultrasonic
transducer device.

[0054] FIGS. 17A and 17B are configuration examples of
an ultrasonic transducer element group each of which is pro-
vided while being corresponding to each of channels.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0055] Hereinafter, an embodiment will be described. The
below-described embodiment does not unjustly limit the con-
tents of the invention disclosed in aspects of the invention. All
the configurations described in the embodiment are not nec-
essarily the essential configuration element of the invention.

1. Overview

[0056] As an apparatus used for examining the inside of a
human body which is a test object, there is a known ultrasonic
measurement apparatus which emits ultrasonic waves toward
a target object and receives reflected waves from interfaces
having acoustic impedance different from each other inside
the target object. Moreover, as an application example of the
ultrasonic measurement apparatus, there are a pocket-sized
ultrasonic viewer and the like which perform image diag-
noses of a surface layer of the test object, such as measure-
ment of visceral fat, and measurement of a volume of blood,
and are expected to spread out in the field of health care.
[0057] As described above, when performing image diag-
noses by using such an ultrasonic measurement apparatus,
there is a need to achieve high resolving power in image
processing of an ultrasonic echo. As technique of the image
processing for realizing the high resolving power, there is
harmonic imaging (a harmonic imaging method).

[0058] The harmonic imaging denotes the technique of
imaging a harmonic component described below. Here, a
speed ofan ultrasonic wave (a compression wave) propagated
in a medium has properties of being fast in a portion where
sound pressure is high and being slow in a portion where the
same is low. Therefore, even in a simple sine wave, distortion
is gradually generated in a propagation process and the wave-
form varies, thereby including a high harmonic wave compo-
nent (also referred to as a harmonic component or a nonlinear
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component) which is the integer multiple of a fundamental
frequency not included in a fundamental wave. Such a non-
linear effect increases in proportion to the square of the sound
pressure of the ultrasonic wave, and is accumulated in pro-
portion to a propagation distance.

[0059] The harmonic imaging is broadly divided into two
types such as tissue harmonic imaging in which a harmonic
component generated by the tissue itself when ultrasonic
waves are propagated in the tissues is imaged, and contrast
harmonic imaging in which a harmonic component generated
when micro bubbles of an ultrasonic contrast agent resonate
or burst is imaged. The tissue harmonic imaging is used in the
embodiment.

[0060] There are two advantages in the harmonic imaging.
First, since the amplitude of the harmonic component has
characteristics of being proportional to the square of the
amplitude of a transmitted ultrasonic wave, the amplitude of
the harmonic component becomes strong at the center of a
transmission beam where the sound pressure is high and
becomes weak rapidly as being away from the center of the
beam to the edge. Accordingly, in the harmonic imaging, the
range in which the nonlinear effect occurs is limited to the
center of the beam. As a result, azimuthal resolving power is
improved compared to other types of technique. This is the
first advantage thereof.

[0061] Asmajor noise appears in an ultrasonic image, there
are noise caused by multiple reflections and noise caused by
a side lobe. Here, a reflected ultrasonic echo has low sound
pressure so that there is no generation of the harmonic com-
ponent itself. Therefore, the noise caused by the multiple
reflections is reduced. Moreover, the side lobe has low sound
pressure, and there is no generation of the harmonic compo-
nent itself even in the side lobe. Therefore, the noise caused
by the side lobe is also reduced. In this manner, in the har-
monic imaging, it is possible to reduce the noise caused by the
multiple reflections, and the noise caused by the side lobe as
well. This is the second advantage thereof.

[0062] According to the embodiment, tertiary harmonic
imaging for imaging a tertiary high harmonic wave compo-
nent is performed among the types of the harmonic imaging.
Since the beam width becomes thin in the tertiary harmonic
imaging with respect to the technique of imaging a secondary
high harmonic wave component, it is possible to improve the
azimuthal resolving power further.

[0063] Here, in the tertiary harmonic imaging, there is a
need to perform sampling of the tertiary high harmonic wave
component of the ultrasonic echo. As methods of sampling
thereof, there are a filtering method and a phase inversion
method.

[0064] First, the filtering method is technique in which a
fundamental wave component, the secondary high harmonic
wave component, and the tertiary high harmonic wave com-
ponent are separated from one another by using a frequency
filter (a high-pass filter), and only the tertiary high harmonic
wave component is sampled and imaged. For example, as a
diagram illustrating the filtering method, the graph in FI1G. 1
illustrates a reception signal of which the center frequency of
a fundamental wave band is f,, the center frequency of a
secondary high harmonic wave band is 2f,,, and the center
frequency of a tertiary high harmonic wave band is 3f,, while
having the vertical axis as the signal intensity and the hori-
zontal axis as the frequency. As illustrated in FIG. 1, since
each of the fundamental wave component, the secondary high
harmonic wave component, and the tertiary high harmonic
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wave component to be received has a certain bandwidth, the
secondary high harmonic wave component and the tertiary
high harmonic wave component overlap with each other so
that both thereof cannot be separated from each other, thereby
leading to a cause of image deterioration. There is a need to
lengthen the pulse width in order to minimize the overlap-
ping. However, when the pulse width is lengthened, distance
resolving power is degraded.

[0065] Meanwhile, the phase inversion method is tech-
nique which is developed so as to improve weak points of the
filtering method. The technique performs transmission of
ultrasonic waves twice in a row in the same direction. As
illustrated in FIG. 2A, the second transmission wave has the
phase which is different from that of the first transmission
wave by 180 degrees.

[0066] A returned reception wave which is reflected by a
living body or a contrast agent includes a harmonic compo-
nent due to nonlinear propagation characteristics thereof,
thereby having a distorted waveform. FIG. 2B illustrates a
case where a reception wave with respect to a transmission
wave for each time is resolved into a fundamental wave, a
secondary high harmonic wave, and a tertiary high harmonic
wave. As illustrated in FIG. 2B, since the first and second
transmission waves are inverted for the reception waves from
two times of transmissions, there exists a relationship in
which the fundamental wave component and the odd-ordered
high harmonic wave component (the tertiary high harmonic
wave component) are inverted, but the even-ordered high
harmonic wave component (the secondary high harmonic
wave component) is not inverted. In other words, in the recep-
tion waves from two times of receptions with respect to the
transmission waves from two times of transmissions, the
fundamental wave component and the odd-ordered high har-
monic wave component are mutually inverted in phase, but
the even-ordered high harmonic wave component retains the
same phase.

[0067] Therefore, when subtraction is performed for the
reception waves from two times of receptions, the secondary
high harmonic wave component is eliminated as illustrated in
FIG. 2C, and the fundamental wave component and the ter-
tiary high harmonic wave component remain while having
the amplitudes increased twice. Accordingly, the fundamen-
tal wave component and the tertiary high harmonic wave
component can be sampled.

[0068] Moreover, when performing sampling of only an
N-ordered high harmonic wave component which is targeted
among the fundamental wave component, the odd-ordered
high harmonic wave component, and the even-ordered high
harmonic wave component which are sampled by the phase
inversion method (N is an integer equal to or greater than 2),
the phase inversion method needs to be combined with the
above-described filtering method. According to the embodi-
ment, the fundamental wave component and the tertiary high
harmonic wave component are separated by using the fre-
quency filter (the high-pass filter or a band-pass filter) from
the fundamental wave component and the tertiary high har-
monic wave component which are sampled by the phase
inversion method as illustrated in FIG. 3A, and only the
tertiary high harmonic wave component is sampled and
imaged as illustrated in FIG. 3B.

[0069] In this manner, as the phase inversion method and
the filtering method are used together, it is possible to gener-
ate a high-quality B-mode image having less artifacts caused
by the side lobe or multiple reflections and having the
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improved azimuthal resolving power compared to the tech-
nique of generating the B-mode image from only the funda-
mental wave component in the related art.

[0070] However, even when the B-mode image is generated
by the above-described method, the distance resolving power
is not improved. A distance resolving power Ax is decided
depending on the pulse width and is obtained by the following
Expression 1. In the following Expression 1, the factor nis a
wavenumber and the factor A is the wavelength.

_ nA 6))
=g
[0071] For example, in the reception wave with respect to

the transmission wave illustrated in FIG. 4A, a wavelength A3
of a tertiary high harmonic wave component PS3 becomes '3
compared to a wavelength A1 of a fundamental wave compo-
nent PS1. However, a wavenumber n3 of the tertiary high
harmonic wave component PS3 becomes three times a wave-
number nl of the fundamental wave component PS1. There-
fore, even though an image is generated by using the tertiary
high harmonic wave component, there is no change in the
distance resolving power Ax compared to a case of using the
fundamental wave component. As illustrated in FIG. 4B, if a
wave which is smaller than the fundamental wave component
in both wavelength and wavenumber can be used, it is pos-
sible to improve the distance resolving power.

[0072] According to the embodiment described below, cou-
pling coefficient specification processing of a plurality of first
basis waves which configure the reception signal is per-
formed with respect to the reception signal of the ultrasonic
wave, and conversion processing for converting the reception
signal into a reconfiguration signal is performed based on a
plurality of specified coupling coefficients, and a second basis
wave having the wavenumber less than that of the first basis
wave. In other words, according to the embodiment, a recep-
tion wave X illustrated in the below-described FIG. 8A is
reconfigured so as to generate a reconfiguration wave X'
illustrated in FIG. 8D. The reconfiguration wave X' is config-
ured to include the second basis wave illustrated in FIG. 8C.
The second basis wave has the same wavelength and has the
less wavenumber compared to the first basis wave in FIG. 8B
configuring the original reception wave X. Therefore, it is
possible to improve the distance resolving power.

2. Example of System Configuration

[0073] Subsequently. FIG. 5 illustrates a configuration
example of the ultrasonic measurement apparatus of the
embodiment. An ultrasonic measurement apparatus 100
includes a transmission processing unit 110, a reception pro-
cessing unit 120, and a processing unit 130.

[0074] Moreover, FIG. 6 illustrates a specific configuration
example of an ultrasonic imaging apparatus of the embodi-
ment. The ultrasonic imaging apparatus includes the ultra-
sonic measurement apparatus 100, an ultrasonic probe 200,
and a display unit 300. The ultrasonic measurement apparatus
100 illustrated in FIG. 6 includes the transmission processing
unit 110, the reception processing unit 120, the processing
unit 130, a transmission and reception switch 140, a digital
scan convertor (DSC) 150, and a control circuit 160.

[0075] The ultrasonic measurement apparatus 100 and the
ultrasonic imaging apparatus including thereof are not lim-
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ited to the configurations in FIGS. 5 and 6, and various modi-
fications can be executed by omitting a portion of the con-
figuration elements thereof or adding other configuration
elements thereto. In addition, a portion or all of the functions
of the ultrasonic measurement apparatus 100 of the embodi-
ment and the ultrasonic imaging apparatus including thereof
may be realized by a server which is connected through
communication.

[0076] Subsequently, descriptions will be given regarding
processing performed by each of units.

[0077] The ultrasonic probe 200 includes an ultrasonic
transducer device.

[0078] The ultrasonic transducer device transmits an ultra-
sonic beam to a target object while scanning the target object
along a scanning surface and receives an ultrasonic echo of
the ultrasonic beam. In an example of a type thereof using a
piezoelectric element, the ultrasonic transducer device
includes the plurality of ultrasonic transducer elements (an
ultrasonic element array), and a substrate in which a plurality
of the apertures are arranged in an array shape. An element
having a monomorph (unimorph) structure in which a thin
piezoelectric element and a metal plate (a vibration film) are
pasted together is used as the ultrasonic transducer element.
The ultrasonic transducer element (a vibration element) con-
verts electrical vibration into mechanical vibration. However,
in this case, when the piezoelectric element expands and
contracts within the surface, since the measurements of the
pasted metal plate (the vibration film) do not change, there is
an occurrence of a warp.

[0079] Inthe ultrasonic transducer device, one channel may
be configured to include several ultrasonic transducer ele-
ments which are arranged to be adjacent to one another, and
an ultrasonic beam may be sequentially moved while driving
a plurality of the channels at a time.

[0080] A transducer in a type using the piezoelectric ele-
ment (a thin film piezoelectric element) can be employed as
the ultrasonic transducer device. However, the embodiment is
not limited thereto. For example, a transducer in a type using
a capacitive element such as a capacitive micro-machined
ultrasonic transducer (c-MUT) may be employed, or a bulk-
type transducer may be employed. The ultrasonic transducer
element and the ultrasonic transducer device will be
described later further in detail.

[0081] Thetransmission processing unit 110 performs pro-
cessing for transmitting an ultrasonic wave to a target object.
For example, the transmission processing unit 110 illustrated
in FIG. 6 includes a transmission pulse generator 111 and a
transmission delay circuit 113.

[0082] Specifically, the transmission pulse generator 111
applies a transmission pulse voltage and drives the ultrasonic
probe 200.

[0083] The transmission delay circuit 113 performs focus-
ing of a transmission beam. Therefore, the transmission delay
circuit 113 applies a differential time between channels
regarding the timing of applying the transmission pulse volt-
age, thereby focusing the ultrasonic waves generated by a
plurality of vibration elements. In this manner, it is possible to
arbitrarily change the focal distance by varying the delay
time.

[0084] The transmission and reception switch 140 per-
forms switching processing for transmitting and receiving an
ultrasonic wave. The transmission and reception switch 140
protects amplitude pulses during a transmission from being
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input to a reception circuit, and allows a signal during a
reception to pass through the reception circuit.

[0085] Meanwhile, the reception processing unit 120 per-
forms reception processing of an ultrasonic echo with respect
to a transmitted ultrasonic wave. For example, the reception
processing unit 120 illustrated in FIG. 6 includes a reception
delay circuit 121, a filter circuit 123, and a memory 125.
[0086] The reception delay circuit 121 performs focusing
of a reception beam. Since a reflected wave from a certain
reflector spreads on a spherical surface, the reception delay
circuit 121 applies the delay time so as to cause the times
taken for arriving at each of the vibrators to be the same,
thereby adding the reflected wave inconsideration of the
delay time.

[0087] The filter circuit 123 performs filtering processing
with respect to the reception signal by using the band-pass
filter, thereby eliminating the noise.

[0088] The memory 125 stores the reception signal output
from the filter circuit 123, and the function thereof can be
realized by using a memory, for example, RAM, or HDD.
[0089] The processing unit 130 performs processing with
respect to the reception signal from the reception processing
unit 120. For example, the processing unit 130 illustrated in
FIG. 6 includes a harmonic processing unit 131, a reconfigu-
ration wave generation unit 132, a wave detection processing
unit 133, a logarithmic conversion processing unit 135, a gain
dynamic range adjustment unit 137, and a sensitivity time
control (STC) 139.

[0090] Specifically, as described above, the harmonic pro-
cessing unit 131 performs sampling processing of the har-
monic component (mainly, the tertiary high harmonic wave
component).

[0091] As described below, the reconfiguration wave gen-
eration unit 132 performs the conversion processing for con-
verting the reception signal into the reconfiguration signal
based on the sampled harmonic component (mainly, the ter-
tiary high harmonic wave component).

[0092] The wave detection processing unit 133 sets a low-
pass filter after performing absolute value (rectification) pro-
cessing, thereby sampling an unmodulated signal.

[0093] Moreover, the logarithmic conversion processing
unit 135 performs compression of log, thereby converting the
form of expression so as to cause the maximum portion and
the minimum portion of the signal intensity of the reception
signal can be easily checked at the same time.

[0094] The gain dynamic range adjustmentunit 137 adjusts
the signal intensity and the region of interest. Specifically, in
gain adjustment processing, a direct-current component is
added to an input signal after being subjected to the compres-
sion of log. In dynamic range adjustment processing, the
input signal after being subjected to the compression of log is
multiplied by an arbitrary number.

[0095] The STC 139 corrects an amplification degree
(brightness) in accordance with the depth, thereby acquiting
an image having uniform brightness throughout an image in
the entirety thereof.

[0096] The functions of the processing unit 130 can be
realized by using hardware such as various processors (CPU
and the like) and ASIC (a gate array and the like), or a
program.

[0097] The DSC 150 performs scanning conversion pro-
cessing with respect to B-mode image data. For example, the
DSC 150 converts a line signal into an image signal through
interpolation processing such as a bilinear method.
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[0098] The control circuit 160 controls the transmission
pulse generator 111, the transmission delay circuit 113, the
reception delay circuit 121, the transmission and reception
switch 140, and the harmonic processing unit 131.

[0099] The display unit 300 displays image data for dis-
playing generated based on the reconfiguration signal. For
example, the display unit 300 may be realized by a liquid
crystal display, an organic EL display, an electronic paper, or
the like.

[0100] Here, FIGS. 7A to 7C illustrate specific examples of
configurations of the instruments in the ultrasonic imaging
apparatus (in a broad sense, an electronic instrument) of the
embodiment. FIG. 7A is an example of a portable ultrasonic
imaging apparatus, and FIG. 7B is an example of a stationary
ultrasonic imaging apparatus. FIG. 7C is an example of an
integrated ultrasonic imaging apparatus equipped with the
built-in ultrasonic probe 200.

[0101] The ultrasonic imaging apparatus in FIGS. 7A and
7B includes the ultrasonic probe 200 and the ultrasonic mea-
surement apparatus 100. The ultrasonic probe 200 and the
ultrasonic measurement apparatus 100 are connected to each
other by a cable 210. A probe head 220 is provided at the tip
end portion of the ultrasonic probe 200, and the display unit
300 for displaying an image is provided in an ultrasonic
measurement apparatus main body 101. In FIG. 7C, the ultra-
sonic probe 200 is built in the ultrasonic imaging apparatus
having the display unit 300. In a case of FIG. 7C, the ultra-
sonic imaging apparatus can be realized by a general-purpose
portable information terminal, for example, a smartphone.

3. Details of Processing

3.1. Generation Processing of Reconfiguration Wave

[0102] The processing unit 130 of the embodiment per-
forms the coupling coefficient specification processing of the
plurality of first basis waves which configure the reception
signal, with respect to the reception signal corresponding to
the transmission pulse signal which is transmitted by the
transmission processing unit 110. The processing unit 130
performs the conversion processing for converting the recep-
tion signal into the reconfiguration signal based on the plu-
rality of coupling coefficients specified through the coupling
coefficient specification processing, and the second basis
wave having the wavenumber less than that of the first basis
wave.

[0103] Accordingly, the inside of the target object can be
measured based on the generated reconfiguration signal. The
reconfiguration signal is configured to include the second
basis wave having the wavenumber less than that of the first
basis wave. The wavenumbers of the first basis wave and the
second basis wave are not necessarily natural numbers, and
may be 1.5 waves, for example.

[0104] Here, the reconfiguration signal (the reconfiguration
wave) is a signal obtained by causing each of the reflected
signal components (the reflected wave components) from
each of point scatterers inside the target object while being
included in the reception signal (the reception wave) to be
replaced with the signal (the waveform) having the pulse
width shorter than that of the original reflected signal com-
ponent, and causing the signal (the waveform) after the
replacement to overlap again with the original reflected signal
component at the same timing as the reception timing thereof.
For example, the reconfiguration signal is the reconfiguration
wave illustrated in FIG. 8D described below. In other words,
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the above-described first basis wave corresponds to each of
the reflected signal components (the reflected wave compo-
nents) from each of the point scatterers, and the second basis
wave corresponds to the signal (the waveform) having the
pulse width shorter than the original reflected signal compo-
nent which replaces the first basis wave.

[0105] The first basis wave is a wave corresponding to the
reflected wave component from the point scatterer which
exists at the given depth inside the target object, among the
reception signals. For example, the first basis wave is a wave
illustrated in FIG. 8B described below. As described below, it
is possible to determine whether or not the point scatterer
corresponding to the first basis wave thereof is included in the
target object by determining whether or not the first basis
wave component is included in the reception signal. When it
can be determined that the point scatterer corresponding to
the first basis wave thereof is included in the target object,
reflection characteristics such as the point scatterer can be
specified based on the signal intensity (reflection intensity) of
the first basis wave component included in the reception
signal. The processing of specifying the reflection intensity is
the coupling coefficient specification processing. The second
basis wave will be described later.

[0106] In this manner, according to the embodiment, since
each of the reflected wave components of the reception wave
is replaced with the second basis wave having the shorter
pulse width and the reception wave is reconfigured, it is
possible to improve the distance resolving power in the mea-
surement result of the target object based on the reconfigura-
tion signal. Therefore, it is possible to improve not only the
azimuthal resolving power but also the distance resolving
power ina measurement result of the target object obtained by
using an ultrasonic wave.

[0107] Specifically, after performing the coupling coeffi-
cient specification processing of a first basis wave (S,) as
illustrated in FIG. 8B with respect to the high harmonic wave
(the reception wave X)) corresponding to the reception signal
as illustrated in F1G. 8A for example, the processing unit 130
performs the conversion processing for converting the first
basis wave (S,) into a second basis wave (S';) which config-
ures the reception wave X as illustrated in FIG. 8C, thereby
generating the reconfiguration wave X' based on the second
basis wave (S',) as the reconfiguration signal as illustrated in
FIG. 8D. The high harmonic wave X illustrated in FIG. 8A
may be the high harmonic wave and the like which are
sampled by performing the filtering processing with respect
to the original reception wave.

[0108] Accordingly, it is possible to convert the reception
wave into the reconfiguration wave which is configured to
include the second basis wave having the wavenumber less
than that of the first basis wave, and thus, the distance resolv-
ing power in the measurement result of the target object can
be improved.

[0109] Here, the first basis wave is a high harmonic wave
which can be sampled from the reception signal. Accordingly,
it is possible to resolve the reception signal into the plurality
of first basis waves.

[0110] For example, according to the example in FIG. 8B,
the first basis wave is a wave represented by a basis function
S;. According to the embodiment, the first basis wave is not
one but a plurality of waves. For example, according to the
example in FIG. 8B, the plurality of first basis waves are
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considered to amount M first basis waves. The factor M is an
integer equal to or greater than 2, and the factor i is an integer
of 1=i=sM.

[0111] Anith first basis wave among the M first basis waves
and an (i+1)th first basis wave are shifted from each other in
phase by a phase difference shorter than the phase difference
corresponding to the pulse width of the transmission pulse
signal or the pulse width of the reception signal.

[0112] Accordingly, it is possible to measure the target
object with the distance resolving power at a distance shorter
than the phase difference corresponding to the pulse width of
the transmission pulse signal or the pulse width of the recep-
tion signal.

[0113] Moreover, when the coupling coefficient specifica-
tion processing of the plurality of first basis waves which
configure the reception wave X is performed, as illustrated in
FIG. 8B, each of coupling coefficients a, can be obtained with
respect to each of the first basis waves S,. The coupling
coefficient a, is a value for deciding the ratio of the corre-
sponding first basis wave S, included in the reception wave X.
In other words, as shown in the following Expression 2, the
reception wave X is presented by the sum of the products
between each of the first basis waves and each of the coupling
coefficients.

(si-ai)

=
=

[0114] The second basis wave is a wave which has the same
phase difference and has the less wavenumber compared to
the first basis wave. The phase difference denotes a phase
difference between the ith first basis wave and the (i+1)th first
basis wave.

[0115] Each of the coupling coefficients a, obtained when
the reception wave X is resolved into the plurality of first basis
waves S, (the coupling coefficient specification processing) is
caused to correspond to each of the second basis waves S',.
Accordingly, the reception wave X is presented by the fol-
lowing Expression 3.

M
X'=) (s}ah)

i=1

[0116] Accordingly, itis possibleto shorten the pulse width
of the basis wave configuring the reception wave.

[0117] Subsequently, a flow of processing of the embodi-
ment will be described with reference to the flow chart of FIG.
9.

[0118] First, the initial value of a scanning line number n is
setto 1 (S101).

[0119] Subsequently, the transmission pulse generator 111
generates a pulse voltage of phase 0° (S102).

[0120] The transmission delay circuit 113 performs trans-
mission focus controlling (S103), and the ultrasonic probe
200 emits an ultrasonic beam corresponding to the generated
pulse voltage with respect to the target object (S104). More-
over, the ultrasonic probe 200 receives an ultrasonic echo
which is generated when the emitted ultrasonic beam is
reflected by the target object and returns (S104).
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[0121] Incontrast, the reception delay circuit 121 performs
reception focus controlling (S105). The filter circuit 123 per-
forms band-pass filter (BPF) processing with respect to the
reception signal after the reception focus controlling is per-
formed (S106), and the reception signal after being subjected
to the BPF processing is retained in the memory 125 (8107).

[0122] Subsequently. the transmission pulse generator 111
generates a pulse voltage of phase 180° (S108). The steps of
processing similar to those from Steps S102 to S107
described above are performed with respect to the pulse after
being subjected to the phase inversion (S109 to S113).

[0123] Thereafter, it is determined whether or not the pro-
cessing from Steps S102 to S113 is performed throughout all
of the scanning lines (S114). Specifically, it is determined
whether or not the current scanning line number n is smaller
than all of the scanning line numbers N.

[0124] When it is determined that the processing from
Steps S102 to S113 is not performed throughout all of the
scanning lines, that is, when it is determined that the current
scanning line number n is smaller than all of the scanning line
numbers N, 1 is added to the current scanning line number n
(S115), and the processing from Steps S102 to S114 is per-
formed again.

[0125] Meanwhile, in Step S115, when itis determined that
the processing from Steps S102 to S114 is performed
throughout all of the scanning lines, that is, when it is deter-
mined that the current scanning line number n is equivalent to
all of the scanning line numbers N, the harmonic processing
unit 131 performs the sampling processing of the high har-
monic wave component (the harmonic component) (8116).
Specifically, in the sampling processing, as described in
FIGS. 2A to 2C, subtraction processing is performed with
respect to the reception wave corresponding to the transmis-
sion wave of phase 0° and the reception wave corresponding
to the transmission wave of phase 180°, thereby sampling the
fundamental wave and the tertiary high harmonic wave.
Thereafter, as illustrated in FIGS. 3A and 3B, the high-pass
filtering processing is performed with respect to the funda-
mental wave and the tertiary high harmonic wave which are
sampled, thereby sampling only the tertiary high harmonic
wave.

[0126] Subsequently, the reconfiguration wave generation
unit 132 generates the reconfiguration wave based on the
sampled tertiary high harmonic wave (S117). Here, a flow of
generation processing of the reconfiguration wave according
to the embodiment is illustrated in the flow chart of FIG. 10.

[0127] First, the reconfiguration wave generation unit 132
reads the basis functions (the first basis wave and the second
basis wave) from the memory (not illustrated) (S201). Sub-
sequently, the reconfiguration wave generation unit 132 per-
forms frequency filtering processing (BPF), thereby sam-
pling the first basis wave component in the tertiary high
harmonic wave based on the first basis wave read out from the
memory as illustrated in FIG. 8B described above (S202).

[0128] The reconfiguration wave generation unit 132 per-
forms specification processing of the coupling coefficient of
the first basis wave which configures the tertiary high har-
monic wave, based on the sampling result (S203).

[0129] Specifically, the reconfiguration wave generation
unit 132 (the processing unit 130) performs deconvolution
processing of the reception signal, as the coupling coefficient
specification processing.
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[0130] Accordingly, it is possible to specify the coupling
coefficient of the first basis wave which configures the recep-
tion wave.

[0131] Thereafter, the reconfiguration wave generation unit
132 replaces each of the first basis waves with the second
basis wave having the same phase, thereby generating the
reconfiguration wave based on the coupling coefficient and
the second basis wave which are specified (S204). In other
words, the conversion processing for converting the reception
signal into the reconfiguration signal is performed.

[0132] Specifically, the processing unit 130 performs con-
volution processing of the second basis wave, as the conver-
sion processing of the reconfiguration signal.

[0133] Accordingly, itis possibleto generate the reconfigu-
ration wave based on the second basis wave obtained by
reducing the wavenumber of the first basis wave configuring
the high harmonic wave which can be sampled from the
reception wave or the reception wave.

[0134] After the wave detection processing unit 133 per-
forms the absolute value (rectification) processing with
respect to the generated reconfiguration wave, the low-pass
filter is set, the unmodulated signal is sampled (S118), and the
logarithmic conversion processing unit 135 performs loga-
rithmic conversion processing (S119).

[0135] The gain dynamic range adjustment unit 137 adjusts
signal intensity and the region of interest (§120), and the STC
139 corrects the amplification degree (brightness) in accor-
dance with the depth thereof (5121).

[0136] Moreover, the DSC 150 performs the scanning con-
version processing and generates B-mode image data (image
data for displaying) (S122). The display unit 300 displays the
generated image data for displaying (S123), and then, the
processing ends.

3.2. Generation Processing of First Basis Wave and Second
Basis Wave

[0137] The first basis wave and the second basis wave used
in the processing in the flow chart of FIGS. 9 and 10 need to
be generated and to be stored in the memory (not illustrated)
in advance before the steps of the processing are performed
(preprocessing). Hereinafter, a flow of the generation pro-
cessing of the first basis wave and the second basis wave will
be described with reference to the flow chart of FIG. 11.
[0138] First, an initial position P of a wire of an ultrasonic
phantom is set ($301). In this case, the initial position P is set
to aposition P, which is closest to the measurement surface
of the ultrasonic probe in the ultrasonic measurement appa-
ratus. The position of the wire denotes a position of the point
scatterer.

[0139] The transmission processing unit 110 transmits two
pulse signals having phases mutually inverted to the target
object (the ultrasonic phantom), and the reception processing
unit 120 receives each of the two reception signals (RF data)
respectively corresponding to the two transmitted pulse sig-
nals (8302).

[0140] As described in FIGS. 2B and 2C, the processing
unit 130 performs the subtraction processing based on the two
reception signals respectively corresponding to the two trans-
mitted pulse signals, thereby obtaining one differential sig-
nal. As described in FIGS. 3A and 3B, the first filtering
processing is performed with respect to the obtained differ-
ential signal, thereby sampling the high harmonic wave com-
ponent (the tertiary high harmonic wave component). Here,
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the first filtering processing denotes the high-pass filtering
processing or the band-pass filtering processing, for example.
[0141] Moreover, the processing unit 130 obtains the high
harmonic wave corresponding to the reflected wave compo-
nent from the point scatterer which is arranged at the given
measurement point based on the sampled high harmonic
wave compouent, as the first basis wave (S303).

[0142] In the examples of FIGS. 8A and 8B described
above, the reception wave (the high harmonic wave) X
includes the reflected wave components from the various
point scatterers inside the target object. Therefore, unless the
comparison is performed with respect to the first basis wave
which is specified in advance, it is not possible to specify the
first basis wave component from the given measurement point
which is included in the reception wave X. In contrast, in the
processing, the high harmonic wave component after being
subjected to the first filtering processing includes only the
reflected wave component from the point scatterer which is
arranged at the given measurement point inside the ultrasonic
phantom. Even though the high harmonic wave component
includes noise and the like, it is possible to be easily isolated
from the noise component.

[0143] Therefore, it is possible to specify the first basis
wave corresponding to the reflected wave component from
the point scatterer at the given measurement point inside the
target object. The processing unit 130 retains the specified
first basis wave in the memory (S304).

[0144] Moreover, the processing unit 130 performs the sec-
ond filtering processing with respect to the differential signal
which is obtained through the subtraction processing illus-
trated in FIG. 12A, thereby sampling the fundamental wave
component as illustrated in FIG. 12B (S305). The processing
unit 130 obtains the fundamental wave corresponding to the
reflected wave component from the point scatterer which is
arranged at the given measurement point based on the
sampled fundamental wave component. The processing unit
130 performs the compression processing of the time com-
ponent with respect to the obtained fundamental wave as
illustrated in FIG. 12C, thereby obtaining the second basis
wave (S306). When processing of compressing the time com-
ponent to 1/y is performed, the wavelength A3 of the second
basis wave in FIG. 12C becomes 1/y (y is a positive number)
of the wavelength A1 of the fundamental wave in FIG. 12B.

[0145] 1In this manner, it is possible to specify the second
basis wave which is obtained by shortening the wavelength of
the first basis wave corresponding to the reflected wave com-
ponent from the point scatterer at the given measurement
point inside the target object.

[0146] The second basis wave can be obtained by perform-
ing the compression processing of the time component with
respect to the fundamental wave which can be sampled from
the reception signal.

[0147] Accordingly, it is possible to specify the second
basis wave through simple steps of processing such as the
subtraction processing, the filtering processing, and the com-
pression processing of the time component. The processing
unit 130 retains the specified second basis wave in the
memory (S307).

[0148] Thereafter, the processing unit 130 determines
whether or not the position P of the wire is greater than the
maximum value P, within the measurement range (S308),
and when it is determined that the position P of the wire is
equal to or less than the maximum value P, . within the
measurement range, the position P of the wire is updated
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based on the following Expression 4 (S309), thereby return-
ing to Step S302. In Expression 4, the factor K is a given
constant, and the factor A is a wavelength.

P=P, . +(UK): 4)
[0149] Meanwhile, when it is determined that the position P
of the wire is greater than the maximum value P, , within the
measurement range, the processing unit 130 ends the process-
ing.

[0150] In brief, as illustrated in FIGS. 13A and 13B for
example, the ith first basis wave s, among the M first basis
waves is the high harmonic wave corresponding to the recep-
tion signal of the ultrasonic wave from an ith point scatterer
SPiwhich is arranged at the ith measurement point. The factor
M s an integer equal to or greater than 2. and the factoriis an
integer of 1=i=M.

[0151] Moreover, an (i+1)th first basis wave s, ,, among
the M first basis waves is the high harmonic wave correspond-
ing to the reception signal of the ultrasonic wave from an
(i+1)th point scatterer SP(i+1) arranged at the (i+1)th mea-
surement point which is a position farther than the ith mea-
surement point, from a transmission point TP of the ultrasonic
wave.

[0152] Accordingly, it is possible to perform sampling of
the first basis wave component from the reception wave with
the distance resolving power corresponding to the gap of each
of the set measurement points.

[0153] Forexample, as illustrated in FIGS. 13A and 13C, a
jth second basis wave s'; among the N second basis waves is
the high harmonic wave corresponding to the reception signal
of the ultrasonic wave from a jth point scatterer SPj which is
arranged at the jth measurement point. The factor N is an
integer equal to or greater than 2, and the factor j is an integer
of 1<j<N. In the example, there is a relationship of M=N.
However, there may be a relationship of M=N.

[0154] Moreover, a (j+1)th second basis wave s';, ;) among
the N second basis waves is the high harmonic wave corre-
sponding to the reception signal of the ultrasonic wave from
the (j+1)th point scatterer SP(j+1) arranged at the (j+1)th
measurement point which is the position farther than the jth
measurement point, from the transmission point TP of the
ultrasonic wave.

[0155]  Accordingly, it is possible to improve the distance
resolving power in the measurement result of the target object
obtained by using an ultrasonic wave to correspond to the gap
between each of the set measurement points.

[0156] However, the generation processing of the first basis
wave and the second basis wave of the embodiment is not
limited to the processing described above. For example, each
of the second basis waves may be generated by reducing the
wavenumber of each of the corresponding first basis wave.
Moreover, without performing the generation processing of
the first basis wave and the second basis wave, the first basis
wave and the second basis wave stored in the memory in
advance may be used. The ultrasonic probe and the measure-
ment point may be obtained through simulation.

3.3. Measurement Result

[0157] FIGS. 14A and 14B illustrate an example of the
measurement result of the embodiment. In the example, as
illustrated in FIG. 14A, the ultrasonic pulse transmitted to the
target object is exemplified under the conditions of the wave-
length A=0.44 mm, the wavenumber of 1, and the frequency
of 3.5 MHz.
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[0158] 1Inthe example of FIG. 14A, it is considered that the
upper direction of the diagram is the depth direction of the
target object, and there exist three point scatterers (SP1 to
SP3) inside the target object. It is considered that the ultra-
sonic transducer element and the point scatterer SP1 are sepa-
rated from each other by 30 mm. the point scatterer SP1 and
the point scatterer SP2 are separated from each other by
(4/10)A, and the point scatterer SP2 and the point scatterer
SP3 are separated from each other by (5/10)A. Moreover, it is
considered that the reflection intensity from the point scat-
terer SP1 is 0.5, the reflection intensity from the point scat-
terer SP2 is 1.0, and the reflection intensity from the point
scatterer SP3is 0.7.

[0159] In this case, when a B-mode image is generated by
using only the phase inversion method and the filtering
method, an image BIM1 shown in FIG. 14A is generated. In
the image BIMI, since the reflected waves from each of the
point scatterers overlap with one another, the overall tone of
the image is unlikely to vary, and thus, it is difficult to specify
the positions of three point scatterers in detail.

[0160] Meanwhile, when a B-mode image is generated
based on the reconfiguration wave according to the above-
described embodiment, an image BIM2 shown in FIG. 14A is
generated. As is clear in the image BIM2, a color layer L1
corresponds to the reflection from a point scatterer SP1, a
color layer L2 corresponds to the reflection from a point
scatterer SP2, and a color layer L3 corresponds to the reflec-
tion from a point scatterer SP3. In other words, the distance
resolving power is improved compared to the technique using
only the phase inversion method and the filtering method.
[0161] The processing unit 130 may perform the envelope
detection processing with respect to the reconfiguration sig-
nal which is obtained after being subjected to the conversion
processing.

[0162] For example, as illustrated in FIG. 14B, when the
envelope detection processing is performed with respect to
the waveform after the processing using the phase inversion
method and the filtering method is performed with respect to
the reception signal RS, a waveform AS1 can be obtained. In
the waveform AS1, two significant mountainous curves can
be checked. However, it is difficult to determine that three
point scatterers are included in the target object, based on the
mountainous curves.

[0163] In contrast, as the processing of the embodiment is
performed with respect to the reception signal RS, the wave-
form ARS is obtained, and as the envelope detection process-
ing is performed with respect to the waveform ARS, a wave-
form AS2 can be obtained. In the waveform AS2, three
mountainous curves can be checked, and it is possible to
easily determine that the mountainous curves are the curves
corresponding to the reflection from the point scatterers. The
positions of the mountainous curves in the waveform AS2
exhibit a state closer to the distribution of the point scatterers
in the actual target object, compared to the waveform AS1.
[0164] Inthis manner,itis possible to cause the display unit
300 to display the waveform data so that a user can easily
discriminate the measurement result.

4. Ultrasonic Transducer Element

[0165] FIGS.15A to 15C illustrate a configuration example
of an ultrasonic transducer element 10 of the ultrasonic trans-
ducer device. The ultrasonic transducer element 10 includes a
vibration film (a membrane and a support member) 50 and a
piezoelectric element portion. The piezoelectric element por-
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tion includes a first electrode layer (a lower electrode) 21, a
piezoelectric layer (a piezoelectric film) 30, and a second
electrode layer (an upper electrode) 22.

[0166] FIG. 15A is a plan view of the ultrasonic transducer
element 10 which is formed in a substrate (a silicon substrate)
60 seen in a direction vertical to the substrate 60 on the
element forming surface side. FIG. 15B is a cross-sectional
view illustrating a cross section taken along line A-A' in FIG.
15A. FIG. 15C is a cross-sectional view illustrating a cross
section taken along line B-B' in FIG. 15A.

[0167] Thefirst electrode layer 21 is formed with a metallic
thin film, for example, on an upper layer of the vibration film
50. The first electrode layer 21 may be a wire which extends
to the outside of an element forming region as illustrated in
FIG. 15A and is connected to the adjacent ultrasonic trans-
ducer element 10.

[0168] For example, the piezoelectric layer 30 is formed
with a lead zirconate titanate (PZT) thin film and is provided
s0 as to cover at least a portion of the first electrode layer 21.
The material of the piezoelectric layer 30 is not limited to
PZT. For example, lead titanate (PbTiO3), lead zirconate
(PbZrO3), titanate lead lanthanum ((Pb, La)TiO3), and the
like may be used.

[0169] For example, the second electrode layer 22 is
formed with a metallic thin film and is provided so as to cover
at least a portion of the piezoelectric layer 30. The second
electrode layer 22 may be a wire which extends to the outside
of an element forming region as illustrated in FIG. 15A and is
connected to the adjacent ultrasonic transducer element 10.
[0170] For example, the vibration film (the membrane) 50
is provided so as to block an aperture 40 with a two-layer
structure of a SiO2 thin film and a ZrO2 thin film. The vibra-
tion film 50 supports the piezoelectric layer 30, and first and
second electrode layers 21 and 22. The vibration film 50
vibrates in accordance with expansion and contraction of the
piezoelectric layer 30 and can generate ultrasonic waves.
[0171] The aperture 40 is formed by performing etching
such as reactive ion etching (RIE) from a rear surface (a
surface with no element formed thereon) side of the substrate
60 (the silicon substrate). The resonance frequency of the
ultrasonic wave is decided in accordance with the size of an
aperture portion 45 of the aperture 40, and the ultrasonic wave
is emitted to the piezoelectric layer 30 side (in the front
direction from the back on the sheet surface in FIG. 15A).
[0172] The lower electrode (a first electrode) of the ultra-
sonic transducer element 10 is formed by the first electrode
layer 21, and the upper electrode (a second electrode) is
formed by the second electrode layer 22. Specifically, a por-
tion of the first electrode layer 21 covered with the piezoelec-
tric layer 30 forms the lower electrode, and a portion of the
second electrode layer 22 covering the piezoelectric layer 30
forms the upper electrode. In other words, the piezoelectric
layer 30 is provided so as to be interposed between the lower
electrode and the upper electrode.

5. Ultrasonic Transducer Device

[0173] FIG. 16 illustrates a configuration example of the
ultrasonic transducer device (an element chip). The ultrasonic
transducer device in this configuration example includes the
plurality of ultrasonic transducer element groups UG1 to
UG64, drive electrode lines DL1 to D164 (in a broad sense,
first to nth drive electrode lines. The factor n is an integer
equal to or greater than 2), and common electrode lines CL1
to CL8 (in a broad sense, the first to mth common electrode
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lines. The factor m is an integer equal to or greater than 2). The
number (n) of the drive electrode lines and the number (m) of
the common electrode lines are not limited to the numbers
illustrated in FIG. 16.

[0174] The plurality of ultrasonic transducer element
groups UG1 to UG64 are arranged in 64 columns along a
second direction D2 (a scan direction). Each of the ultrasonic
transducer element groups UG1 to UG64 has the plurality of
ultrasonic transducer elements which are arranged along a
first direction D1 (a slice direction).

[0175] FIG. 17A illustrates an example of the ultrasonic
transducer element group UG (UG1 to UG64). In FIG. 17A,
the ultrasonic transducer element group UG is configured to
have first to fourth element columns. The first element col-
umn is configured to have ultrasonic transducer elements
UE11 to UE18 which are arranged along the first direction
D1, and the second element column is configured to have
ultrasonic transducer elements UE21 to UE28 which are
arranged along the first direction D1. The third element col-
umn (UE31 to UE38) and the fourth element column (UE41
to UE48) are similar thereto as well. The drive electrode lines
DL (DL1 to DL64) are commonly connected to the first to
fourth element columns, and the common electrode lines CL.1
to CL8 are connected to the ultrasonic transducer elements of
the first to fourth element columns.

[0176] Theultrasonic transducer element group UG in FIG.
17A is configured to be one channel of the ultrasonic trans-
ducer device. In other words, the drive electrode line DL
corresponds to the drive electrode line in one channel and a
transmission signal of one channel from a transmission cir-
cuit is input to the drive electrode line DL. The reception
signal of one channel from the drive electrode line DL is
output from the drive electrode line DL. The number of ele-
ment columns configuring one channel is not limited to four
as described in FIG. 17A. The column may be fewer than four
columns or more than four columns. For example, as illus-
trated in FIG. 17B, the number of the element columns may
be one.

[0177] As illustrated in FIG. 16, the drive electrode lines
DL1 to DL64 (the first to nth drive electrode lines) are wired
along the first direction D1. A jth (j is an integer of 1<j<n)
drive electrode line DILj (a jth channel) among the drive
electrode lines DL1 to D164 is connected to the first electrode
(for example, the lower electrode) included in the ultrasonic
transducer element of a jth ultrasonic transducer element
group UG;j.

[0178] During a transmission period in which ultrasonic
waves are emitted, transmission signals VT1 to V164 are
supplied to the ultrasonic transducer element via the drive
electrode lines DL1 to DL64. During a reception period in
which ultrasonic echo signals are received, reception signals
VRI1 to VR64 are output from the ultrasonic transducer ele-
ment to the drive electrode lines DL1 to DL64.

[0179] Thecommon electrode lines CL1 to CL8 (the first to
mth common electrode lines) are wired along the second
direction D2. The second electrode included in the ultrasonic
transducer element is connected to any one among the com-
mon electrode lines CL1 to CL8. Specifically, for example, as
illustrated in FIG. 16, an ith (i is an integer of 1=i=m) common
electrode line CLi among the common electrode lines CL1 to
CL8 is connected to the second electrode (for example, the
upper electrode) included in the ultrasonic transducer ele-
ment which is arranged in an ith row.
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[0180] A common voltage VCOM is supplied to the com-
mon electrode lines CL1 to CL8. The common voltage
VCOM may be a constant direct current voltage and is not
need to be 0V, that is, ground potential.

[0181] During the transmission period, a differential volt-
age between the transmission signal voltage and the common
voltage is applied to the ultrasonic transducer element, and
the ultrasonic wave at a predetermined frequency is emitted.
[0182] The arrangement of the ultrasonic transducer ele-
ments is not limited to the matrix arrangement illustrated in
FIG. 16 and may be a so-called zig-zag arrangement or the
like.

[0183] FIGS.17A and 17B illustrate cases where one ultra-
sonic transducer element serves as both a transmission ele-
ment and a reception element. However, the embodiment is
not limited thereto. For example, the ultrasonic transducer
element for a transmission element and the ultrasonic trans-
ducer element for a reception element may be separately
provided in an array shape.

[0184] In the ultrasonic measurement apparatus, the ultra-
sonic imaging apparatus, and the like according to the
embodiment, a portion or the majority of the processing may
be realized by a program. In this case, as a processor such as
aCPU executes a program, the ultrasonic measurement appa-
ratus, the ultrasonic imaging apparatus, and the like accord-
ing to the embodiment are realized. Specifically, a program
stored in a non-temporary information storage device is read
out, and the read out program is executed by the processor
such as a CPU. Here, the information storage device (a com-
puter readable device) stores a program, data, and the like.
The function thereof can be realized by an optical disk (DVD,
CD, and the like), a hard disk drive (HDD), a memory (a
card-type memory, ROM, and the like), and the like. The
processor such as a CPU performs various types of processing
of the embodiment based on the program (data) stored in the
information storage device. In other words, the information
storage device stores a program for causing a computer (the
apparatus including an operation unit, a processing unit, a
storage unit, an output unit) to function as each unit of the
embodiment (a program for causing a computer to execute the
processing of each unit).

[0185] The ultrasonic measurement apparatus, the ultra-
sonic imaging apparatus, and the like according to the
embodiment may include a processor and a memory. In this
case, the processor may be a central processing unit (CPU),
for example. However, the processor is not limited to the
CPU, and various processors such as a graphics processing
unit (GPU) and a digital signal processor (DSP) can be
applied thereto. The processor may be a hardware circuit
configured to be an application specific integrated circuit
(ASIC). The memory stores commands readable by a com-
puter. As the commands are executed by the processor, each
unit of the ultrasonic measurement apparatus, the ultrasonic
imaging apparatus, and the like according to the embodiment
is realized. In this case, the memory may be semiconductor
memory such as a static random access memory (SRAM) and
a dynamic random access memory (DRAM), or may be a
register, a hard disk, or the like. In this case, the commands
may be a set of commands configuring a program, or may be
commands for issuing instructions of manipulation with
respect to the hardware circuit of the processor.

[0186] Hereinbefore, the embodiment is described in
detail. However, it is possible for those skilled in the art to
easily understand that new additions and various modifica-
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tions without substantially departing from the invention can
be made. Therefore, all the modification examples are con-
sidered to be included in the scope of the invention. For
example, a term which has been disclosed at least once
together with alternative term used in a wider sense or similar
sense in this Specification and the drawings can be replaced
with the alternative term at any place in this Specification and
the drawings. The configurations and operations of the ultra-
sonic measurement apparatus, the ultrasonic imaging appa-
ratus, and the ultrasonic measurement method are not also
limited to those described in the embodiment. Therefore,
various modifications can be executed.

[0187] Theentire disclosure of Japanese Patent Application
No. 2014-222474 filed on Oct. 31, 2014 is expressly incor-
porated by reference herein.

What is claimed is:

1. An ultrasonic measurement apparatus comprising:

atransmission processing unit that performs processing for
transmitting an ultrasonic wave;

a reception processing unit that performs reception pro-
cessing of an ultrasonic echo with respect to the trans-
mitted ultrasonic wave; and

a processing unit that performs processing with respect to
a reception signal from the reception processing unit,

wherein the processing unit performs coupling coefficient
specification processing of a plurality of first basis
waves which configure the reception signal, with respect
to the reception signal corresponding to a transmission
pulse signal which is transmitted by the transmission
processing unit, and

wherein the processing unit performs conversion process-
ing for converting the reception signal into a reconfigu-
ration signal based on a plurality of coupling coefficients
which are specified through the coupling coefficient
specification processing, and a second basis wave hav-
ing a wavenumber less than that of the first basis wave.

2. The ultrasonic measurement apparatus according to

claim 1,

wherein the processing unit performs the conversion pro-
cessing after performing the coupling coefficient speci-
fication processing of the first basis wave with respect to
a high harmonic wave corresponding to the reception
signal, and generates a reconfiguration wave obtained by
the second basis wave as the reconfiguration signal.

3. The ultrasonic measurement apparatus according to

claim 1,

wherein the plurality of first basis waves amount to M (M
is an integer equal to or greater than 2) first basis waves,

wherein an ith (i is an integer of 1=i<M) first basis wave
among the M first basis waves is a high harmonic wave
corresponding to the reception signal of the ultrasonic
wave from an ith point scatterer which is arranged at an
ith measurement point, and

wherein an (i+1)th first basis wave among the M first basis
waves is the high harmonic wave corresponding to the
reception signal of the ultrasonic wave from an (i+1)th
point scatterer which is arranged at an (i+1)th measure-
ment point at a position farther than the ith measurement
point from a transmission point of the ultrasonic wave.

4. The ultrasonic measurement apparatus according to

claim 1,

wherein the first basis wave is a high harmonic wave which

can be sampled from the reception signal.
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5. The ultrasonic measurement apparatus according to
claim 1,
wherein the transmission processing unit transmits two
pulse signals having phases mutually inverted, and
wherein the processing unit performs subtraction process-
ing based on two reception signals corresponding to the
two transmitted pulse signals, obtains one differential
signal, performs first filtering processing with respect to
the obtained differential signal, performs sampling of a
high harmonic wave component, and obtains a high
harmonic wave as the first basis wave corresponding to
areflected wave component from a point scatterer which
is arranged at a given measurement point, based on the
sampled high harmonic wave component.
6. The ultrasonic measurement apparatus according to
claim 1,
wherein the plurality of first basis waves amount to M (M
is an integer equal to or greater than 2) first basis waves,
wherein an ith (i is an integer of 1<i<M) first basis wave
among the M first basis waves and the (i+1)th first basis
wave are shifted from each other in phase by a phase
difference shorter than the phase difference correspond-
ing to a pulse width of the transmission pulse signal or a
pulse width of the reception signal.
7. The ultrasonic measurement apparatus according to
claim 1,
wherein the processing unit performs the conversion pro-
cessing based on the plurality of the second basis waves,
wherein the plurality of the second basis waves amount to
N (N is an integer equal to or greater than 2) second basis
waves,
wherein a jth (j is an integer of 1<j<N) second basis wave
among the N second basis waves is a high harmonic
wave corresponding to the reception signal of the ultra-
sonic wave from a jth point scatterer which s arranged at
a jth measurement point, and
wherein a (j+1)th second basis wave among the N second
basis waves is the high harmonic wave corresponding to
the reception signal of the ultrasonic wave from a (j+1)th
point scatterer which is arranged at a (j+1)th measure-
ment point at a position farther than the jth measurement
point from a transmission point of the ultrasonic wave.
8. The ultrasonic measurement apparatus according to
claim 1,
wherein the second basis wave can be obtained by perform-
ing compression processing of a time component with
respect to a fundamental wave which can be sampled
from the reception signal.
9. The ultrasonic measurement apparatus according to
claim 1,
wherein the transmission processing unit transmits two
pulse signals having phases mutually inverted, and
wherein the processing unit performs subtraction process-
ing based on two reception signals corresponding to the
two transmitted pulse signals, obtains one differential
signal, performs second filtering processing with respect
to the obtained differential signal, performs sampling of
a fundamental wave component, obtains a fundamental
wave corresponding to a reflected wave component from
a point scatterer which is arranged at a given measure-
ment point, based on the sampled fundamental wave
component, performs compression processing of a time
component with respect to the obtained fundamental
wave, and obtains the second basis wave.
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10. The ultrasonic measurement apparatus according to
claim 1,

wherein the second basis wave has a same phase difference
as that of the first basis wave and has the wavenumber
less than thereof.

11. The ultrasonic measurement apparatus according to
claim 1,

wherein the processing unit performs envelope detection
processing with respect to the reconfiguration signal
which is obtained after the conversion processing.

12. The ultrasonic measurement apparatus according to
claim1,

wherein the processing unit performs deconvolution pro-
cessing of the reception signal as the coupling coeffi-
cient specification processing.

13. The ultrasonic measurement apparatus according to
claim 1,

wherein the processing unit performs convolution process-
ing of the second basis wave as the conversion process-
ing of the reconfiguration signal.

14. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
1; and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

15. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
2; and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

16. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
3; and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

17. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
4; and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

18. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
5, and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

19. An ultrasonic imaging apparatus comprising:

the ultrasonic measurement apparatus according to claim
6; and

a display unit that displays image data for displaying gen-
erated based on a reconfiguration signal.

20. An ultrasonic measurement method comprising:

transmitting an ultrasonic wave;,

receiving an ultrasonic echo performed with respect to the
transmitted ultrasonic wave;

performing coupling coefficient specification processing
of a plurality of first basis waves which configure a
reception signal with respect to the reception signal cor-
responding to a transmitted transmission pulse signal;
and
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converting the reception signal into a reconfiguration sig-
nal based on a plurality of coupling coefficients which
are specified through the coupling coefficient specifica-
tion processing, and a second basis wave having a wave-
number less than that of the first basis wave.
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