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(2006.01) a region in contact with the acoustic lens of the subject, and
(2006.01) the reception time calculator calculates the reception time.
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ULTRASONIC SIGNAL PROCESSOR,
ULTRASONIC DIAGNOSTIC DEVICE, AND
ULTRASONIC SIGNAL PROCESSING
METHOD

[0001] The entire disclosure of Japanese patent Applica-
tion No. 2017-155946, filed on Aug. 10, 2017, is incorpo-
rated herein by reference in its entirety.

BACKGROUND

Technological Field

[0002] The present disclosure relates to an ultrasonic
signal processor and an ultrasonic diagnostic device includ-
ing the ultrasonic signal processor, and in particular, to a
reception beamforming processing method in the ultrasonic
signal processor.

Description of the Related Art

[0003] An ultrasonic diagnostic device transmits an ultra-
sonic wave to an inside of a subject by an ultrasonic probe
(hereinafter referred to as a “probe”) and receives an ultra-
sonic reflected wave (echo) caused by a difference in acous-
tic impedance of subject tissues. Further, the ultrasonic
diagnostic device generates an ultrasonic tomographic
image showing a structure of an internal tissue of the subject
on the basis of an electrical signal obtained by the reception
of echo and displays the ultrasonic tomographic image on a
monitor (hereinafter referred to as a “display”). The ultra-
sonic diagnostic device is widely used for morphological
diagnosis of a living body because the ultrasonic diagnostic
device is less invasive to the subject and can observe a state
of internal tissues in real time with the tomographic image
and the like.

[0004] 1In the ultrasonic diagnostic device, a method called
phasing addition method is typically used as reception
beamforming of a signal based on the received reflected
ultrasonic wave (for example, Masayasu Itoh and Tsuyoshi
Mochizuki, “Ultrasonic diagnostic device”, Corona Publish-
ing Co., Ltd., Aug. 26, 2002 (P42-P45)). More specifically,
the ultrasonic diagnostic device receives the reflected ultra-
sonic wave by a plurality of transducers, and performing
reception beamforming by delay processing taking account
of a propagation path of the reflected ultrasonic wave. With
the processing, a spatial resolution and a signal S/N ratio of
an obtained acoustic line signal can be improved.

[0005] Meanwhile, the ultrasonic probe is provided with
an acoustic lens between each transducer and the subject.
Since the acoustic lens has a different sound velocity from
the subject, refraction of the ultrasonic wave occurs at the
interface between the acoustic lens and the subject. There-
fore, it 1s necessary to specify the propagation path of the
reflected ultrasonic wave and to perform the reception
beamforming in consideration of the presence of the acous-
tic lens. Although the propagation path of the reflected
ultrasonic wave can be specified by using the Pythagorean
theorem and the Snell’s law, the operation amount is large
and thus a technique of applying a correction value by
preliminary calculation is conventionally used (see, for
example, IP 2017-547 A).

[0006] However, in the technique of applying the correc-
tion value by preliminary calculation to a delay amount
based on the assumption of no-presence of the acoustic lens,
the precision of the reception beamforming depends on the
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amount of correction value data. This is because the degree
of influence by an acoustic lens differs depending on a
relative positional relationship between an observation point
and a reception transducer, and thus one correction value
cannot be applied to all of observation points and reception
transducers. That is, to improve the density of the observa-
tion points and to improve the precision of the correction
value, a larger amount of correction value data correspond-
ing to the relative positional relationship between a larger
number of observation points and reception transducers is
required. Therefore, the precision of the reception beam-
forming is not improved in the case where the amount of
correction value data is small whereas a larger amount of
correction value data is required to improve the precision of
the reception beamforming. That is, the amount of correc-
tion value data and the precision of the reception beamform-
ing have a trade-off relationship.

SUMMARY

[0007] The present invention has been made in view of the
above problems, and an objective is to provide an ultrasonic
signal processor that performs reception beamforming
capable of performing acoustic lens correction with higher
precision, and an ultrasonic diagnostic device using the
ultrasonic signal processor.

[0008] To achieve the abovementioned object, according
to an aspect of the present invention, there is provided an
ultrasonic signal processor that transmits and receives an
ultrasonic wave to and from a subject by joining an ultra-
sonic probe including a plurality of transducers and an
acoustic lens to the subject and generates an acoustic line
signal on the basis of a reflected ultrasonic wave, and the
ultrasonic signal processor reflecting one aspect of the
present invention comprises: a transmitter that transmits a
transmission ultrasonic wave into the subject, using the
ultrasonic probe; a receiver that generates a reception signal
sequence corresponding to each transducer on the basis of
the reflected ultrasonic wave from the subject received by
the ultrasonic probe; and a phasing adder that phases and
adds, with respect to a plurality of observation points in the
subject, the reception signal sequences to generate an acous-
tic line signal, wherein the phasing adder includes a recep-
tion time calculator that calculates, for each observation
point and for each transducer, a reception time to when the
reflected ultrasonic wave reaches the transducer from the
observation point, an ultrasonic velocity in the acoustic lens
is slower than an ultrasonic velocity in a region of the
subject, the region being in contact with the acoustic lens,
and the reception time calculator calculates the reception
time to when the ultrasonic wave is propagated from the
observation point to the transducer, using a maximum
refraction point most adjacent to the transducer on a refrac-
tive surface that is a boundary surface between the acoustic
lens and the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The advantages and features provided by one or
more embodiments of the invention will become more fully
understood from the detailed description given hereinbelow
and the appended drawings which are given by way of
illustration only, and thus are not intended as a definition of
the limits of the present invention:
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[0010] FIG. 1 is a functional block diagram illustrating a
configuration of an ultrasonic diagnostic device according to
a first embodiment;

[0011] FIGS. 2A and 2B are schematic views of a probe
according to the first embodiment;

[0012] FIG. 3A is a schematic sectional diagram illustrat-
ing phasing addition processing;

[0013] FIG. 3B is a schematic sectional diagram illustrat-
ing an influence by an acoustic lens;

[0014] FIG. 4 is a functional block diagram illustrating a
configuration of a reception beamformer according to the
first embodiment;

[0015] FIG. 5 is a functional block diagram illustrating a
configuration of a phasing adder according to the first
embodiment;

[0016] FIGS. 6A and 6B are schematic diagrams illustrat-
ing a propagation path of a reflected ultrasonic wave accord-
ing to the first embodiment;

[0017] FIGS.7Ato 7D are schematic diagrams illustrating
processing of searching for a refraction point according to
the first embodiment;

[0018] FIG. 8 is a flowchart illustrating an acoustic line
signal generation operation of the reception beamformer
according to the first embodiment;

[0019] FIG. 9 is a flowchart illustrating a reception time
calculation operation of a reception time calculator accord-
ing to the first embodiment;

[0020] FIGS. 10A and 10B are schematic diagrams illus-
trating a propagation path of a reflected ultrasonic wave
according to a first modification:

[0021] FIG. 11 is a schematic diagram for describing
processing of searching for a refraction point according to a
second embodiment;

[0022] FIG. 12 is a flowchart illustrating a reception time
calculation operation of a reception time calculator accord-
ing to the second embodiment;

[0023] FIGS. 13A and 13B are schematic diagrams illus-
trating a propagation path of a reflected ultrasonic wave
according to a third embodiment; and

[0024] FIGS. 14A and 14B are ultrasonic images accord-
ing to an example and modifications.

DETAILED DESCRIPTION OF EMBODIMENTS

[0025] Hereinafter, one or more embodiments of the pres-
ent invention will be described with reference to the draw-
ings. However, the scope of the invention is not limited to
the disclosed embodiments.

[0026] <<Background to Reach Mode for Carrying Out
the Tnvention>>

[0027] The inventor has conducted various studies to
improve the precision of reception beamforming without
significantly increasing an operation amount.

[0028] In the phasing addition method, a reflected ultra-
sonic wave from an observation point P is received by a
plurality of reception transducers and a reception signal
sequence is generated, and delay processing is performed so
that phases of signals based on the reflected ultrasonic wave
from the observation point P are matched and synthesis is
performed, whereby an S/N ratio is improved. FIG. 3Ais a
schematic sectional diagram illustrating a principle of phas-
ing addition. As illustrated in FIG. 3A, the reflected ultra-
sonic wave from the observation point P is received by a
plurality of reception transducers. Then, addition is per-
formed after the delay processing is performed by a delayer,
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and an acoustic line signal is generated. Here, in the delay
processing, processing based on a distance between the
observation point and the reception transducer is performed.
For example, when the distance between the observation
point P and the reception transducer C is d_, the distance
between the observation point P and the reception transducer
M s d,,, and the ultrasonic velocity in a subject is v, the time
to when the reflected wave from the observation point P
reaches the reception transducer M is delayed by (d,-d_)v
from the time to when the reflected wave from the obser-
vation point P reaches the reception transducer C. Therefore,
the acoustic line signal based on the reflected wave from the
observation point P can be generated by performing the
delay processing of cancelling a difference in arrival time
between the reception transducers with respect to the
reflected wave from the same observation point P.

[0029] Meanwhile, as described above, since an acoustic
lens has a different sound velocity from the subject, it affects
a propagation path of the reflected ultrasonic wave. Typi-
cally, the acoustic lens is a cylindrical lens in which an
aligning direction of the transducers is an axial direction,
and has high refractive index (the sound velocity is slow)
with respect to the subject because the acoustic lens func-
tions as a lens. The acoustic lens is a plate with a constant
thickness in the alignment direction of the transducers.
Therefore, in a case where a propagation direction of the
ultrasonic wave is not orthogonal to a surface of the acoustic
lens, the propagation direction of the ultrasonic wave is
changed on an interface between the acoustic lens and the
subject by reflection. FIG. 3B is a schematic sectional
diagram illustrating the propagation path of the ultrasonic
wave in the case where the acoustic lens is present. As
illustrated in FIG. 3B, in the case where a path d,-along a
straight line connecting the observation point P and the
reception transducer m is not orthogonal to the surface of the
acoustic lens, the actual propagation path of the ultrasonic
wave travels along a path d,,,. Generally, since the sound
velocity in the acoustic lens is slower than the sound velocity
in the subject, the time required for the ultrasonic wave to
actually travel along the path d,, is slower than the time
required for the ultrasonic wave to travel along the path d,,-
in the subject at an ultrasonic velocity. Therefore, in the case
where the phasing addition is performed without considering
the acoustic lens, a calculated delay time and an actual
difference in arrival time of the ultrasonic wave between the
reception transducers do not coincide. Therefore, even if the
delay processing is performed for a plurality of signals based
on the reflected ultrasonic wave from the observation point
P, the reception times and the phases of the signals do not
sufficiently accord, and the S/N ratio is deteriorated and a
so-called “out-of-focus™ state occurs.

[0030] Meanwhile, calculation of the reception time in
consideration of the acoustic lens needs to be performed for
each observation point and for each transducer. Therefore,
there is a known problem that the operation amount is large.
In view of the above problem. JP 2017-547 A uses the
technique of applying a correction value by preliminary
calculation to a delay amount based on the assumption of
no-presence of the acoustic lens. However, since the influ-
ence by the acoustic lens differs depending on a relative
positional relationship between the observation point and the
reception transducer, a database of enormous correction
values is required to apply accurate correction values to all
the observation points and the transducers. That is, there is
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a trade-off relationship between the precision of acoustic
lens correction and a database capacity.

[0031] Therefore, the inventor has sought a method of
improving the precision of the reception beamforming with-
out significantly increasing the operation amount, has exam-
ined a method of calculating the reception time for each
observation point and for each transducer by a low-load
operation, and has reached the aspect of the present disclo-
sure.

[0032] Hereinafter, an ultrasonic image processing
method according to an embodiment and an ultrasonic
diagnostic device using the method will be described in
detail with reference to the drawings.

First Embodiment

[0033] Hereinafter, an ultrasonic diagnostic device 100
according to the first embodiment will be described with
reference to the drawings.

[0034] FIG.1 is a functional block diagram illustrating an
ultrasonic diagnostic system 1000 according to the first
embodiment. As illustrated in FIG. 1, the ultrasonic diag-
nostic system 1000 includes a probe 101 including a plu-
rality of transducers 101a that transmits an ultrasonic wave
toward a subject and receives a reflected wave, the ultrasonic
diagnostic device 100 that causes the probe 101 to transmit
and receive the ultrasonic wave and generates an ultrasonic
image on the basis of an output signal from the probe 101,
and a display 106 that displays the ultrasonic image on a
screen. The probe 101 and the display 106 are connectable
to the ultrasonic diagnostic device 100. FIG. 1 illustrates a
state in which the probe 101 and the display 106 are
connected to the ultrasonic diagnostic device 100. Note that
the probe 101 and the display 106 may be provided inside
the ultrasonic diagnostic device 100.

[0035] <Configuration of Ultrasonic Diagnostic Device
100>
[0036] The ultrasonic diagnostic device 100 includes a

multiplexer 102 that selects each transducer 101a, which is
used in transmission or reception, of the plurality of trans-
ducers 101a of the probe 101, and secures input and output
to the selected transducer 101a, a transmission beamformer
103 that controls timing to apply a high voltage to each
transducer 101a of the probe 101 in order to transmit the
ultrasonic wave, and a reception beamformer 104 that ampli-
fies electrical signals obtained in the plurality of transducers
101a, applies A/D conversion, and performs reception
beamforming to generate an acoustic line signal, on the basis
of the reflected wave of the ultrasonic wave received in the
probe 101. Further, the ultrasonic diagnostic device 100
includes an ultrasonic image generator 105 that generates an
ultrasonic image (B-mode image) on the basis of an output
signal from the reception beamformer 104, a data storage
107 that stores the acoustic line signal output by the recep-
tion beamformer 104 and the ultrasonic image output by the
ultrasonic image generator 105, and a controller 108 that
controls the constituent elements.

[0037] Among the aforementioned units, the multiplexer
102, the transmission beamformer 103, the reception beam-
former 104, and the ultrasonic image generator 105 consti-
tute an ultrasonic signal processor 150.

[0038] Each of the elements constituting the ultrasonic
diagnostic device 100, for example, the multiplexer 102, the
transmission beamformer 103, the reception beamformer
104, the ultrasonic image generator 105, or the controller
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108 is realized by a hardware circuit such as a field pro-
grammable gate array (FPGA) or an application specific
integrated circuit (ASIC). Alternatively, the constituent ele-
ments may be realized by software and a programmable
device such as a processor. As a processor, a central pro-
cessing unit (CPU) or a GPGPU can be used, and a con-
figuration using a GPU is called general-purpose computing
on graphics processing unit (GPGPU). These constituent
elements can be a single circuit part or an aggregate of a
plurality of circuit parts. Further, a plurality of constituent
elements can be combined into a single circuit part, or a
plurality of circuit parts can be formed as an aggregate.
[0039] The data storage 107 is a computer-readable
recording medium, and for example, a flexible disk, a hard
disk, an MO, a DVD, a DVD-RAM, a BD, a semiconductor
memory, or the like can be used. Further, the data storage
107 may be a storage device externally connected to the
ultrasonic diagnostic device 100.

[0040] Note that the ultrasonic diagnostic device 100
according to the present embodiment is not limited to the
ultrasonic diagnostic device having the configuration illus-
trated in FIG. 1. For example, there may be no multiplexer
102, and the transmission beamformer 103 and the reception
beamformer 104 may be directly connected to the transduc-
ers 101a of the probe 101. Further, the transmission beam-
former 103, the reception beamformer 104, or a part thereof
may be built in the probe 101. This is not limited to the
ultrasonic diagnostic device 100 according to the present
embodiment, and the same applies to other ultrasonic diag-
nostic devices according to other embodiments and modi-
fications described below.

[0041] <Configuration of Probe 101>

[0042] FIG. 2A is an external view of the probe 101. The
probe 101 includes the plurality of transducers 101a arrayed
in a one-dimensional direction (x direction in the drawing)
and an acoustic lens 1015. That is, the probe 101 is a linear
probe in which the plurality of transducers 1014 is linearly
arranged.

[0043] Each of the transducers 101a is a piezoelectric
element having a function to convert a drive signal supplied
from the transmission beamformer 103 via the multiplexer
102 into an ultrasonic wave, convert the received ultrasonic
wave into an electrical signal, and output the converted
signal to the reception beamformer 104 via the multiplexer
102.

[0044] The acoustic lens 1015 is a lens for performing
transmission and reception beamforming in a direction
orthogonal to the arrangement direction of the transducers
101a (z direction in the drawing). Specifically, the acoustic
lens 1015 is a cylindrical lens made of a material having a
smaller sound velocity than a sound velocity of a surface of
the subject (that is, a material having a high specific refrac-
tive index to the surface of the subject), and having an x axis
as an axial direction. With the configuration, as illustrated in
FIG. 2B, the ultrasonic wave transmitted from the transducer
101a is not diffused and becomes a beam that is focused to
some extent in a yz plane. Although not illustrated in FIG.
2B, in the reception beamforming, the reflected ultrasonic
wave from an observation point in an irradiation region of
the ultrasonic wave can be received on the yz plane.
[0045] <Configuration of Main Part of Ultrasonic Diag-
nostic Device 100>

[0046] The ultrasonic diagnostic device 100 according to
the first embodiment has characterized in the transmission
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beamformer 103 that causes the transducers 101a of the
probe 101 to transmit the ultrasonic wave and the reception
beamformer 104 that calculates the electrical signals
obtained from reception of the ultrasonic reflected wave in
the probe 101 to generate the acoustic line signal for
generating the ultrasonic image. Therefore, in the present
specification, configurations and functions of the transmis-
sion beamformer 103 and the reception beamformer 104 will
be mainly described. Note that configurations other than the
transmission beamformer 103 and the reception beamformer
104 can be the same as those used in known ultrasonic
diagnostic devices, and the beamformers according to the
present embodiment can be replaced with and used as
beamformers of a known ultrasonic diagnostic device.
[0047] Hereinafter, configurations of the transmission
beamformer 103 and the reception beamformer 104 will be
described.

[0048] 1. Transmission Beamformer 103

[0049] The transmission beamformer 103 is connected to
the probe 101 via the multiplexer 102, and controls timing
of application of a high voltage to each of the plurality of
transducers included in a transmission aperture Tx made of
a transmission transducer sequence corresponding to a part
or all of the plurality of transducers 101a present in the
probe 101 for transmitting the ultrasonic wave from the
probe 101. The transmission beamformer 103 is configured
by a transmitter 1031.

[0050] The transmitter 1031 performs transmission pro-
cessing of supplying a pulse-like transmission signal for
causing each transducer included in the transmission apet-
ture Tx to transmit an ultrasonic beam, of the plurality of
transducers 101a present in the probe 101, on the basis of a
transmission control signal from the controller 108. Specifi-
cally, the transmitter 1031 includes, for example, a clock
generation circuit, a pulse generation circuit, and a delay
circuit. The clock generation circuit is a circuit for gener-
ating a clock signal for determining transmission timing of
the ultrasonic beam. The pulse generation circuit is a circuit
for generating a pulse signal for driving each transducer. The
delay circuit is a circuit for setting a delay time of the
transmission timing of the ultrasonic beam for each trans-
ducer, and performing transmission beamforming of the
ultrasonic beam by delaying transmission of the ultrasonic
beam by the delay time to form a wavefront of a desired
shape. For example, as the number of transducers constitut-
ing the transmission aperture Tx, 20 to 100 can be selected
where the total number of transducers 101a present in the
probe 101 is 192.

[0051] The transmission beamformer 103 controls the
transmission timing of each transducer such that the trans-
mission timing is further delayed for the transducer located
closer to the center of the transmission aperture Tx. With the
control, the wavefront of the ultrasonic transmission wave
transmitted from the transducer sequence in the transmission
aperture Tx is focused at a certain point, that is, a transmis-
sion focal point F, in a certain focal depth of the subject. The
focal depth of the transmission focal point F can be arbi-
trarily set. The wavefront focused at the transmission focal
point F is diffused again, and the ultrasonic transmission
wave 1s propagated in an hourglass-shaped space sectioned
by two intersecting straight lines with the transmission
aperture Tx as a base and the transmission focal point F as
a constricted part. That is, the ultrasonic wave radiated at the
transmission aperture Tx gradually reduces the width (x
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direction) in the space, minimizes the width at the transmis-
sion focal point F, and is diffused and propagated while
increasing the width again as proceeding deeper (y direc-
tion) than the transmission focal point F. This hourglass-
shaped region is an ultrasonic main irradiation region.
[0052] Alternatively, for example, in the transmission
beamformer 103, the transmission timing of each transducer
may be controlled such that the transmission timings of all
the transducers in the transmission aperture Tx are caused to
accord with one another. Alternatively, for example, in the
transmission beamformer 103, the transmission timing of
each transducer may be controlled such that a difference in
the transmission timing between adjacent transducers
becomes constant, With the control, the ultrasonic transmis-
sion wave transmitted from the transducer in the transmis-
sion aperture Tx becomes a plane wave in which the
wavefront is a straight line with a fixed inclination angle
(may be 0 degrees) with respect to the x direction. Therefore,
the ultrasonic main irradiation region becomes a rectangular
or parallelogram region with the transmission aperture Tx as
one side.

[0053] 2. Configuration of Reception Beamformer 104
[0054] The reception beamformer 104 generates the
acoustic line signal from the electrical signal obtained from
the plurality of transducers 101a on the basis of the reflected
wave of the ultrasonic wave received in the probe 101. Note
that the “acoustic line signal” is a signal after phasing
addition processing has been performed for a certain obser-
vation point. The phasing addition processing will be
described below. FIG. 4 is a functional block diagram
illustrating a configuration of the reception beamformer 104.
As illustrated in FIG. 4, the reception beamformer 104
includes a receiver 1040 and a phasing adder 1041.

[0055] Hereinafter, a configuration of each unit constitut-
ing the reception beamformer 104 will be described.
[0056] (1) Receiver 1040

[0057] The receiver 1040 is a circuit connected with the
probe 101 via the multiplexer 102, which generates a
reception signal (RF signal) obtained by amplifying the
electrical signal obtained from the reception of the ultrasonic
reflected wave of the probe 101 and then applying AD
conversion to the signal in synchronization with a transmis-
sion event. The receiver 1040 chronologically generates the
reception signal in order of the transmission event, outputs
the reception signal to the data storage 107, and stores the
reception signal in the data storage 107.

[0058] Here, the reception signal (RF signal) is a digital
signal obtained by applying A/D conversion to the electrical
signal converted from the reflected ultrasonic wave received
in each transducer, and forms a sequence of signals con-
tinuing in the transmission direction of the ultrasonic wave
received in each transducer (in a depth direction of the
subject).

[0059] As described above, the transmitter 1031 causes
each of the plurality of transducers included in the trans-
mission aperture Tx, of the plurality of transducers 101a
present in the probe 101, to transmit the ultrasonic beam. In
contrast, the receiver 1040 generates a sequence of the
reception signals to each transducer on the basis of the
reflected ultrasonic waves obtained by respective transduc-
ers corresponding to a part or all of the plurality of trans-
ducers 101a present in the probe 101 in synchronization
with the transmission of the ultrasonic beam. Here, the
transducer that receives the reflected ultrasonic wave is
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called “reception wave transducer”. The number of the
reception wave transducers is favorably larger than the
number of transducers included in the transmission aperture
Tx. Further, the number of the reception wave transducers
may be the total number of the transducers 101a present in
the probe 101.

[0060] (2) Phasing Adder 1041

[0061] The phasing adder 1041 sets a plurality of obser-
vation points Pij for generating a subframe acoustic line
signal in the subject in synchronization with the transmis-
sion of the ultrasonic beam. Next, the phasing adder 1041
phases and adds, for each of the observation points Pij, the
reception signal sequence received by each reception trans-
ducer Rk from the observation point. Then, the phasing
adder 1041 generates the acoustic line signal in each obser-
vation point. FIG. 5 is a functional block diagram illustrating
a configuration of the phasing adder 1041. As illustrated in
FIG. 5, the phasing adder 1041 includes an observation point
setter 1042, a reception aperture setter 1043, a transmission
time calculator 1044, a reception time calculator 1045, a
delay amount calculator 1046, a delay processor 1047, a
weight calculator 1048, and an adder 1049.

[0062] Hereinafter, a configuration of each unit constitut-
ing the phasing adder 1041 will be described.

[0063] 1) Observation Point Setter 1042

[0064] The observation point setter 1042 sets the plurality
of observation points Pij that is targets for generating the
acoustic line signal in the subject. The observation point Pjj
is set for convenience of calculation in synchronization with
the transmission of the ultrasonic beam, as an observation
target point where generation of the acoustic line signal is
performed.

[0065] Here, an “acoustic line signal group” is a set of
acoustic line signals for all the observation points Pij set in
synchronization with the transmission of the ultrasonic
beam. That is, the acoustic line signal group is a unit to form
a group of signals corresponding 1o the observation points
Pij, which are obtained by one-time transmission of ultra-
sonic beam and reception processing accompanying the
transmission. Note that the acoustic line signals for one
frame of the ultrasonic diagnostic device 100 may be
composed of one acoustic line signal group or a plurality of
acoustic line signal groups.

[0066] The observation point setter 1042 sets a plurality of
observation points Pij on the basis of information indicating
the position of the transmission aperture Tx acquired from
the transmission beamformer 103 in synchronization with
the transmission of the ultrasonic beam. More specifically,
the observation point setter 1042 sets the plurality of obser-
vation points Pij in the ultrasonic main irradiation region
specified from the position of the transmission aperture Tx.
[0067] The set observation points Pij are output to the
transmission time calculator 1044, the reception time cal-
culator 1045, and the delay processor 1047.

[0068] 1ii) Reception Aperture Setter 1043

[0069] The reception aperture setter 1043 is a circuit for
setting a transducer sequence (reception transducer
sequence) of a part or all of the plurality of transducers
present in the probe 101 as reception transducers to set a
reception aperture Rx on the basis of the control signal from
the controller 108, and the information indicating the posi-
tion of the transmission aperture Tx from the transmission
beamformer 103.
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[0070] The reception aperture Rx can be selected such that
a sequence center coincides with the transducer spatially
most adjacent to the observation point Pij (observation point
synchronous type), for example. In this case, the reception
aperture Rx is set for each observation point Pij. Alterna-
tively, for example, the reception aperture Rx may be set
such that the sequence center of the transmission aperture Tx
and the sequence center of the reception aperture Rx coin-
cide with each other (transmission aperture synchronous
type). In this case, the reception aperture Rx is set in
synchronization with the transmission of the ultrasonic
beam.

[0071] In any case, to receive the reflected wave from the
entire ultrasonic main irradiation region, the number of
transducers included in the reception aperture Rx is favor-
ably set to be equal to or larger than the number of
transducers included in the transmission aperture Tx in the
corresponding transmission event. The number of transducer
sequences constituting the reception aperture Rx may be 32,
64, 96, 128, or 192, for example.

[0072] Information indicating the position of the selected
reception aperture Rx is output to the data storage 107 via
the controller 108.

[0073] The data storage 107 outputs the information indi-
cating the position of the reception aperture Rx and the
reception signal corresponding to the reception transducer to
the transmission time calculator 1044, the reception time
calculator 1045, the delay processor 1047, and the weight
calculator 1048.

[0074] 1iii) Transmission Time Calculator 1044

[0075] The transmission time calculator 1044 is a circuit
for calculating a transmission time to when the transmitted
ultrasonic wave reaches each of the observation points Pij in
the subject. The transmission time calculator 1044 calcu-
lates, for each of the observation points Pij, the transmission
time to when the transmitted ultrasonic wave reaches the
observation point Pij in the subject on the basis of the
information indicating the position of the transducer
included in the transmission aperture Tx acquired from the
data storage 107 and the information indicating the position
of the observation point Pij acquired from the observation
point setter 1042, The transmission time calculator 1044
calculates the transmission time on the basis of, for example,
a geometrically calculated distance between the transmis-
sion aperture Tx and the observation point Pjj.

[0076] The transmission time calculator 1044 calculates,
for all the observation points Pij, the transmission times to
when the transmitted ultrasonic wave reaches the observa-
tion points Pij in the subjects in synchronization with the
transmission of the ultrasonic beam, and outputs the calcu-
lated transmission times to the delay amount calculator
1046.

[0077] iv) Reception Time Calculator 1045

[0078] The reception time calculator 1045 is a circuit for
calculating a reception time to when the reflected wave from
the observation point Pij reaches each of the reception
transducers Rk included in the reception aperture Rx. The
reception time calculator 1045 calculates the reception time
to when the transmitted ultrasonic wave is reflected at the
observation point Pjj in the subject and reaches each recep-
tion transducer Rk of the reception aperture Rx on the basis
of the information indicating the position of the reception
transducer Rk acquired from the data storage 107 and the
information indicating the position of the observation point
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Pij acquired from the observation point setter 1042 in
synchronization with the transmission of the ultrasonic
beam. Details will be described below.

[0079] The reception time calculator 1045 calculates, for
all the observation points Pij, the reception times to when the
transmitted ultrasonic wave is reflected at the observation
points Pij and reaches each reception transducer Rk in
synchronization with the transmission of the ultrasonic
beam, and outputs the calculated reception times to the delay
amount calculator 1046.

[0080] v) Delay Amount Calculator 1046

[0081] The delay amount calculator 1046 is a circuit for
calculating a total propagation time to each reception trans-
ducer Ri in the reception aperture Rx from the transmission
time and the reception time, and calculating a delay amount
to be applied to the reception signal sequence for each
reception transducer Rk on the basis of the total propagation
time. The delay amount calculator 1046 acquires the trans-
mission time to when the ultrasonic wave transmitted from
the transmission time calculator 1044 reaches the observa-
tion point Pij, and the reception time to when the ultrasonic
wave 1s reflected at the observation point Pij and reaches
each reception transducer Rk. Then, the delay amount cal-
culator 1046 calculates the total propagation time to when
the transmitted ultrasonic wave reaches each reception trans-
ducer Rk, and calculates the delay amount for each reception
transducer Rk according to the difference in the total propa-
gation time for each reception transducer Rk. The delay
amount calculator 1046 calculates, for all the observation
points Pij, the delay amounts to be applied to the reception
signal sequence for each reception transducer Rk, and out-
puts the delay amounts to the delay processor 1047.
[0082] vi) Delay Processor 1047

[0083] The delay processor 1047 is a circuit for identify-
ing a reception signal corresponding to the delay amount for
each reception transducer Rk, from the reception signal
sequence for the reception transducers Rk in the reception
aperture Rx, as a reception signal corresponding to each
reception transducer Rk based on the reflected ultrasonic
wave from the observation point Pjj.

[0084] The delay processor 1047 acquires, as inputs, the
information indicating the position of the reception trans-
ducer Rk from the reception aperture setter 1043, the recep-
tion signal corresponding to the reception transducer Rk
from the data storage 107, the information indicating the
position of the observation point Pij acquired from the
observation point setter 1042, and the delay amount to be
applied to the reception signal sequence for each reception
transducer Rk from the delay amount calculator 1046, in
synchronization with the transmission of the ultrasonic
beam. Then, the delay processor 1047 identifies the recep-
tion signal corresponding to the time obtained by subtracting
the delay amount for each reception transducer Rk, from the
reception signal sequence corresponding to each reception
transducer Rk, as the reception signal based on the reflected
wave from the observation point Pij, and outputs the iden-
tified reception signal to the adder 1049.

[0085] vii) Weight Calculator 1048

[0086] The weight calculator 1048 is a circuit for calcu-
lating a weight numerical sequence (reception apodization)
for each reception transducer Rk such that the weight for the
transducer located in the center in the sequence direction of
the reception aperture Rx becomes maximum. The weight
numerical sequence is a numerical sequence of a weighting
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coeflicient to be applied to the reception signal correspond-
ing to each transducer in the reception aperture Rx. The
weight numerical sequence has symmetric distribution cen-
tered around the transmission focal point F. As the shape of
the distribution of the weight numerical sequence, a Ham-
ming window, a Hanning window, a rectangular window, or
the like can be used, and the shape of the distribution is not
particularly limited. The weight numerical sequence is set
suich that the weight for the transducer located in the center
of the reception aperture Rx in the sequence direction
becomes maximum, and a central axis of the weight distri-
bution coincides with a reception aperture central axis Rxo.
The weight calculator 1048 calculates the weight numerical
sequence for each reception transducer Rk, using the infor-
mation indicating the position of the reception transducer Rk
output from the reception aperture setter 1043 as an input,
and outputs the weight numerical sequence to the adder
1049.

[0087]

[0088] The adder 1049 is a circuit for adding the reception
signals identified corresponding to each reception transducer
Rk output from the delay processor 1047 as inputs to
generate a phased and added acoustic line signal for the
observation point Pij. Alternatively, the adder 1049 may
further amplify the reception signal identified corresponding
to each reception transducer Rk by the weight for each
reception transducer Rk, using the weight numerical
sequence for each reception transducer Rk output from the
weight calculator 1048 as an input, and add the reception
signals to generate the acoustic line signal for the observa-
tion point Pij. The delay processor 1047 adjusts phases of the
reception signals detected by each reception transducer Rk
located in the reception aperture Rx and the adder 1049 adds
the reception signals, whereby the reception signals received
in each reception transducer Rk are superimposed on the
basis of the reflected wave from the observation point Pijj
and the signal S/N ratio is increased, and the reception signal
from the observation point Pij can be extracted.

[0089] The acoustic line signals can be generated for all
the observation points Pij from the one-time transmission of
the ultrasonic beam and the processing accompanying the
transmission.

[0090]

[0091] Hereinafter, the processing of calculating the
reception time in the reception time calculator 1045 will be
described in more detail.

[0092] FIG. 6A is a schematic diagram illustrating a path
in which the reflected wave from the observation point Pijj
reaches the reception transducer Rk. Here, an intersection
point between a refractive surface 210, which is a boundary
surface between the subject and the acoustic lens 1015, and
the propagation path of the reflected ultrasonic wave is
defined as a via point Q. At this time, the following expres-
sion (1) is established from the Snell’s law, where an
incident angle of an ultrasonic wave path 201 in the subject
from the observation point Pij to the via point Q with respect
to the refractive surface 210 is 0,, and an emission angle of
an ultrasonic wave path 202 in the acoustic lens 10154 from
the via point Q to the reception transducer Rk with respect
to the refractive surface 210 is 6,.

viii) Adder 1049

<Calculation of Reception Time>
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sin @) v, [Expressien 1]
- =—=m
sin 6; v,
[0093] Here, v, is the sound velocity in the acoustic lens,

v, is the sound velocity in the subject, and n,, is the specific
refractive index of the subject with respect to the acoustic
lens.

[0094] From the above expression (1), the following
expression (2) is naturally established.

$in’0, -7, 5in’6,=0 [Expression 2]

[0095] Here, the thickness of the acoustic lens 1015 is d,
and Rk is the origin (0, 0), Pjj is (P,, P,), and Q is (Q,, d)
(where P.>0 and P,>0) with respect to the x axis (element
sequence direction) and the y axis (depth direction). At this
time, sin 8, and sin 0, satisfy the following expressions (3)
and (4), respectively.

. [N [Expression 3]
sin 8, =
N2+ 02
. P -0x [Expression 4]
sin 0 = ——m—m——-
(Py=df +(P. - Q)
[0096] When the above expressions (3) and (4) are sub-

stituted for the expression (2) and the denominator is reor-
ganized, the following expression (5) is obtained.

OB d HP 0 1o (P QI+ 0

[0097] Here, an evaluation function J (Q,) is defined as in
the following expression (6).

QIO (P Y HP- 0%} 11, (P 0, (44 0,7) [Expression 6]

[0098] Since J (Q,) is the left side of the expression (5), J
(Q,)=0 is obtained in the case where the via point Q (Q,, d)
is a refraction point Qt (Q,, d) that satisfies the Snell’s law.
Meanwhile, J (Q,)>0 indicates that 8, is larger than a value
determined by the Snell’s law (0, is smaller than the value
determined by the Snell’s law) from the expression (2), and
thus indicates Q,>Q,. On the other hard, J (Q,)<0 indicates
that 8, is smaller than the value determined by the Snell’s
law (8, is larger than the value determined by the Snell’s
law) from the expression (2), and thus indicates Q,<Q,.

[0099] FIG. 6B is a diagram schematically illustrating the
above relationship. J>0 is obtained at the via point Q having
a large x coordinate with respect to the refraction point Qt
(Q,, d) satisfying the Snell’s law, and J<0 is obtained at the
via point Q having a small x coordinate with respect to the
refraction point Qt (Q, d). Further, since the signs of the
incident angle 0, and the emission angle 0, are the same
from the expression (1), the refraction point Qt has a larger
x coordinate than a maximum refraction point M (0, d) that
is a point on the refractive surface 210, the maximum
refraction point M being most adjacent to the reception
transducer Rk. This is because 0,=0 is obtained at the
maximum refraction point M, and signs of the incident angle
0, and the emission angle 0, are different on the left side of
(the x coordinate is smaller than) the maximum refraction
point M. Further, the sound velocity in the acoustic lens
1015 is smaller than the sound velocity in the subject (the
specific refractive index n,,<1), and thus 6,>6, is obtained

[Expression 3]
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from the expression (1). Therefore, the refraction point Qt is
on the left side with respect to (the x coordinate is smaller
than) a non-refraction point S (8, d), which is an intersec-
tion point between a straight line connecting the observation
point Pij and the reception transducer Rk and the refractive
surface 210. Therefore, it can be said that the refraction point
Qt exists on a line segment MS.

[0100] In view of the foregoing, a method of searching for
the refraction point Qt will be described.

[0101] FIGS.7Ato 7D are schematic diagrams illustrating
a method of detecting the refraction point Qt according to
the first embodiment. First, as illustrated in FIG. 7A, the
value of the evaluation function I is calculated setting the
maximum refraction point M as a candidate via point Q,,
and whether the value is 0 or not is detected. Specifically,
whether an absolute value |J| of J falls below a predeter-
mined threshold value § or not is detected. In the case where
the absolute value JI of J falls below the predetermined
threshold value 9§, the candidate via point Q, is detected as
the refraction point Qt. On the other hand, in the case where
the absolute value |J| of J is larger than the predetermined
threshold value 9, the sign of J is evaluated. Since J<0 is
always satisfied at the maximum refraction point M, the sign
of J is negative. Therefore, the x coordinate of the refraction
point Qt is larger than the x coordinate of the candidate via
point Q,. Therefore, the next candidate via point Q, is set to
Q, (S,, t) that is separated by S, in a positive direction of the
x axis. Next, similarly, the value of the evaluation function
T of the candidate via point Q, is calculated and whether the
value is 0 or not is detected. In the case where the absolute
value I of T falls below the predetermined threshold value
d, the candidate via point Q, is detected as the refraction
point Qt. On the other hand, in the case where the absolute
value |J| of J is larger than the predetermined threshold value
d, the sign of J is evaluated. In the case where the sign of J
is negative, the x coordinate of the refraction point Qt is
larger than the x coordinate of the candidate via point Q,.
Therefore, as illustrated in FIG. 7B, the next candidate via
point Q, is set to Q, (Sy+S,, t) that is separated by S, in the
positive direction of the x axis. Here, S;=S,/2. On the other
hand, in the case where the sign of J is positive, the x
coordinate of the refraction point Qt is smaller than the x
coordinate of the candidate via point Q,. Therefore, as
illustrated in FIG. 7C, the next candidate via point Q, is set
to Q, (S, t) that is separated from the candidate via point Q,
by S, in the positive direction of the x axis. Hereinafter,
similar processing is repeated. That is, as illustrated in FIG.
7D, the value of the evaluation function I is calculated for
the candidate via point Q,, (m is an integer of 1 or more), and
in the case where J=0 can be regarded, the candidate via
point Q,, is detected as the refraction point Qt. Meanwhile,
in the case of J<0, the candidate via point Q is setto Q,,,,
that is separated from the candidate via point Q,, by S,
(8,=S,,_1/2) in the positive direction of the x axis, and in the
case of >0, the candidate via point Q,, is set to Q,,,, , that is
separated from the candidate via point Q,,_, by S,, in the
positive direction of the x axis. By repeating this processing,
the refraction point Qt can be specified without making the
number of trials m excessive.

[0102] Note that it is favorable that S;=D/2, and more
favorable that S;=D/2, where the length of the line segment
MS is D. Further, it is not limited to S,=S,,_,/2 (m is an
integer of 1 or more), and it may be S,,_,>S,>S,, /2.
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[0103] <Operation>

[0104] An operation of the ultrasonic diagnostic device
100 having the above configuration will be described.
[0105] FIG. 8 is a flowchart illustrating a beamforming
processing operation of the reception beamformer 104.
[0106] First, in step S1, the observation point setter 1042
acquires the information indicating the position of the trans-
mission aperture Tx from the transmitter 1031, and sets the
plurality of observation points Pij.

[0107] Next, in step S2, the transmitter 1031 supplies the
transmission signal for causing each transducer included in
the transmission aperture Tx, of the plurality of transducers
101a present in the probe 101, to transmit the ultrasonic
beam, and causes each transducer to transmit the ultrasonic
beam into the subject.

[0108] Next, in step S3, the receiver 1040 generates the
reception signal on the basis of the electrical signal obtained
from the reception of the ultrasonic reflected wave in the
probe 101 and outputs the reception signal to the data
storage 107, and stores the reception signal in the data
storage 107.

[0109] Next, in step S4, the reception aperture setter 1043
sets the reception aperture Rx. Here, the reception aperture
Rx is selected such that the sequence center of the trans-
mission aperture Tx coincides with the sequence center of
the reception aperture Rx.

[0110] Next, the acoustic line signal is generated for the
observation point Pij. First, variables i and j are initialized in
steps S5 and S6.

[0111] Next, in step S7, the transmission time calculator
1044 calculates, for the observation point Pij, the time to
when the transmitted ultrasonic wave reaches the observa-
tion point Pij in the subject. The transmission time is
calculated by dividing a path length from the transmission
aperture Tx to the observation point Pij by the sound
velocity of the ultrasonic wave. Here, it is assumed that the
path length is a linear distance from the transmission aper-
ture Tx to the observation point Pij. Note that the linear
distance from the transmission aperture Tx to the observa-
tion point Pij is an example of the path length and the path
length is not limited thereto, and a path suitable for the
transmission beamforming method and the reception beam-
forming method may be selected.

[0112] Next, in step S8, a coordinate k indicating the
position of the reception transducer Rk in the reception
aperture Rx is initialized to the minimum value in the
reception aperture Rx. In step S9, the reception time to when
the ultrasonic wave is reflected at the observation point Pijj
and reaches the reception transducer Rk of the reception
aperture Rx is calculated.

[0113] Here, the operation of calculating the reception
time in step S9 will be described in more detail. FIG. 9 is a
flowchart illustrating an operation to calculate the reception
time in the reception time calculator 1045.

[0114] First, in step S101, a variable m is initialized to the
minimum value 0. Next, in step S102, a point most adjacent
to the transducer Rk on the refractive surface 210 is set as
the candidate via point Q,,. As a result, the maximum
refraction point M most adjacent to the transducer Rk on the
refractive surface 210 is set as the candidate via point Q.
[0115] Next, in step S103, the value of the evaluation
function J is calculated for the candidate via point Q,,. With
the calculation, the evaluation function J (M) corresponding
to the maximum refraction point M is calculated.
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[0116] Next, in step S104, whether the value of the evalu-
ation function J can be regarded as 0 or not is determined.
Specifically, whether the absolute value 1]I of the evaluation
function J falls below the predetermined threshold value 8 or
not is determined. In the case where the absolute value ]| of
the evaluation function J falls below the threshold value 0,
the processing proceeds to step S109. On the other hand, in
the case where the absolute value 1JI of the evaluation
function J is the threshold value & or more, the sign of the
evaluation function J is determined in step S105. In the case
where the sign of the evaluation function J is negative, the
x coordinate of the refraction point Qt is larger than the x
coordinate of the candidate via point Q .. Therefore, in step
S106, a point moved from the candidate via point Q,, by S,,
in the x direction is set to the next candidate via point Q,,, ,,
and in step S108, m is incremented and step S103 is retried.
As for the candidate via point Q,, the evaluation function J
always satisfles J<0. Therefore, in the case where the pro-
cessing does not proceed to step S109, the processing always
proceeds to step S106.

[0117] Next, in retried step S103, the value of the evalu-
ation function I is calculated for the candidate via point Q,,.
With the calculation, the evaluation function I correspond-
ing to the candidate via point Q, is calculated. Then, in step
S104, in the case where the absolute value [JI of the
evaluation function J falls below the threshold value 9, the
processing proceeds to step S109. On the other hand, in the
case where the absolute value 1J| of the evaluation function
is the threshold value & or more, the sign of the evaluation
function I is determined in step S105. In the case where the
sign of the evaluation function J is negative, the x coordinate
of the refraction point Qt is larger than the x coordinate of
the candidate via point Q,,. Therefore, in step S106, a point
moved from the candidate via point Q,, by S,, in the x
direction is set to the next candidate via point Q,,,,, and in
step S108, in is incremented and step S103 is retried. On the
other hand, in the case where the sign of the evaluation
function J is positive, the x coordinate of the refraction point
Qt is smaller than the x coordinate of the candidate via point
Q,,. Therefore, in step S107, a point moved from the
previous candidate via point Q,,_, by S,, in the x direction is
set to the next candidate via point Q,,, ,, and in step S108,
m is incremented and step S103 is retried. With the pro-
cessing, the candidate via point Q,, at which absolute value
1]l of the evaluation function J falls below the threshold
value 9 is specified.

[0118] Instep S109, the candidate via point Q at which the
absolute value |J| of the evaluation function J falls below the
threshold value 8 is specified as the refraction point Qt.
Next, in step S110, a time t; to when the ultrasonic wave
reaches the refraction point Qt from the observation point Pjj
in the subject is calculated. The time t, can be calculated by
dividing the geometrical linear distance from the observa-
tion point Pij to the refraction point Qt by the sound velocity
in the subject. Further, in step S111, a time t, to when the
ultrasonic wave reaches the reception transducer Rk from
the refraction point Qt in the acoustic lens is calculated. The
time t, can be calculated by dividing the geometrical linear
distance from the refraction point Qt to the reception trans-
ducer Rk by the sound velocity in the acoustic lens. Then, in
step S112, the sum of the time t, and the time t, is calculated
as the reception time.

[0119] Referring back to FIG. 8, description will be con-
tinued. In step S10, whether the reception time has been
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calculated or not for all the reception transducers Rk present
in the reception aperture Rx is determined. In the case of
non-completion, k is incremented in step S11 and step S9 is
further performed, and in the case of completion, the pro-
cessing proceeds to step S11. With the processing, the
reception time has been calculated for all the reception
transducers Rk present in the reception aperture Rx.
[0120] Next, in step S12, the reception signal based on the
reflected ultrasonic wave from the observation point Pij is
identified using the sum of the transmission time and the
reception time. First, the delay amount calculator 1046
calculates the total propagation time of each reception
transducer Rk, using the transmission time calculated in step
S7 and the reception time of each reception transducer Rk
calculated in steps S8 to S11, and calculates the delay
amount for each reception transducer Rk according to the
difference in the total propagation time for each reception
transducer Rk in the reception aperture Rx. Next, the delay
processor 1047 identifies the reception signal corresponding
to the time obtained by subtracting the delay amount for
each reception transducer Rk, from the reception signal
sequence corresponding to the reception transducer Rk in
the reception aperture Rx, as the reception signal based on
the reflected wave from the observation point Pjj.

[0121] Next, in step S13, the identified reception signals
are added to generate the acoustic line signal of Pjj. First, the
weight calculator 1048 calculates the weight numerical
sequence for each reception transducer Rk such that the
weight for the transducer located in the center in the
sequence direction of the reception aperture Rx becomes
maximum. The adder 1049 multiplies the reception signal
identified corresponding to each reception transducer Rk by
the weight for each reception transducer Rk and adds the
reception signals to generate the acoustic line signal for the
observation point Pij. The generated acoustic line signal of
the observation point Pij is output to the data storage 107 and
stored.

[0122] Next, by incrementing the coordinate ij and repeat-
ing steps S7 to S13, the acoustic line signal is generated for
all the observation points Pij. Whether generation of the
acoustic line signal has been completed for all the observa-
tion points Pij or not is determined (steps S14 and S16). In
the case of non-completion, the coordinate ij is incremented
(steps S15 and S17), and the acoustic line signal for the
observation point Pij is generated. When the acoustic line
signal has been generated for all the observation points Pij,
generation of the acoustic line signal group corresponding to
the transmission of the ultrasonic beam in step S2 is com-
pleted.

[0123] <Conclusion>

[0124] As described above, according to the ultrasonic
diagnostic device 100 of the present embodiment, the acous-
tic line signal for the observation point Pij is generated on
the basis of the highly precise reception time considering the
influence of the acoustic lens. As a result, the precision of
reception beamforming can be improved, and the spatial
resolution and the signal S/N ratio can be improved, for all
the observation points Pjj.

[0125] Further, in the ultrasonic diagnostic device 100, in
searching for the refraction point Qt, a dichotomous method
(or a similar method) using the evaluation function J and
using the maximum refraction point M, which is the point
most adjacent to the reception transducer on the refractive
surface, as a starting point, is used. As a result, the number
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of search trials of the refraction point Qt can be decreased.
Therefore, the operation amount required for calculating the
reception time is not large. Therefore, the precision of the
reception beamforming can be improved without substan-
tially increasing the operation amount of the phasing addi-
tion, as compared with the conventional phasing addition
method.

[0126] Further, in the ultrasonic diagnostic device 100,
highly precise reception time calculation, considering the
influence of the acoustic lens, is performed for all the
combinations of the observation points Pij and the reception
transducers Rk. Therefore, the precision of the reception
beamforming can be improved for any of the observation
points Pij without holding a result of preliminary calculation
in a large capacity memory. Therefore, the precision of the
reception beamforming can be improved for all the obser-
vation points Pij without large-capacity correction value
data, as compared with the method of holding correction
values calculated in advance in a memory.

First Modification

[0127] Inthe ultrasonic diagnostic device 100 according to
the first embodiment, the probe 101 has been the linear
probe in which the plurality of transducers 101a is linearly
arranged. However, the form of an ultrasonic probe is not
limited to the above-described arrangement, and another
form may be employed.

[0128] A first modification is different from the first
embodiment in that an ultrasonic probe is a convex probe in
which a plurality of transducers is concentrically arranged.
Configurations other than the ultrasonic probe are the same
as the elements illustrated in the first embodiment, and
description of the same part is omitted.

[0129] FIG. 10A is a schematic diagram illustrating a path
in which a reflected wave from an observation point Pij
reaches a reception transducer Rk. Here, it is assumed that
a transducer is present on an arc with a radius r, around a
point O, and a refractive surface (an outer periphery of an
acoustic lens) is an arc with a radius r+d around the point
O. That is, the thickness of the acoustic lens is d. At this
time, the above expressions (1) and (2) are established from
the Snell’s law, where an incident angle of an ultrasonic
wave path in a subject from the observation point Pij to a via
point Q with respect to the refractive surface is 0,, and an
emission angle of an ultrasonic wave path in the acoustic
lens from the via point Q to the reception transducer Rk with
respect to the refractive surface is 0,.

[0130] Here, positions of the reception transducer Rk, the
via point Q, and the observation point Pij are illustrated by
circular polar coordinates r0 with respect to the point O. As
for 6, the position of the reception transducer Rk is set to
0=0, and the Pij side takes a positive value. The coordinates
of the reception transducer Rk are (r,, 0), the coordinates of
the via point Q are (r+d, 0), and the coordinates of the
observation point Pij are (P, P,) in the circular polar
coordinates tr. At this time, the coordinates of the reception
transducer Rk, the via point Q, and the observation point Pij
are converted into Xy coordinates, and the coordinates
become Rk (0, r,), Q ((r,+d)sin 6, (r+d)cos 0), and Pij (P,
sin Py, P, cos Py), respectively. Therefore, sin 0, and sin 0,
satisfy the following expressions (7) and (8) respectively.
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rg sin 8 [Expression 7]

sin @) =
(rg+d)? sin® 0+

{(ry + d)cos 6 — ry)?

P, sin(P; —8) [Expression 8]

sin 6, =
{(ry +d)sin 0 — P, sin Py)% +

{P, cos Py - (ry + d)cos 0}

[0131] Here, when the denominators of the above-de-
scribed expressions (7) and (8) are reorganized, the follow-
ing expressions (9) and (10) are obtained.

. rg sin 6 [Expression 9]
sin 8, =
(rg+ % + 13 =2ra(ra + d)cos 6
. P, sin(P; - 9) [Expression 10]
sin 6, =
PLt(rg+d)? -
2P (ry +d)cos(Py—6)
[0132] Therefore, when an evaluation function J is defined

as in the first embodiment, the evaluation function can be
defined by the following expression (11).
JO)=r7 sin’{ P2 +(r p+dy’-2P,(r Ad)cos(Pe—0)}—

1, 2P 2 sin®(Pg-0){(rpd)*+7 721 (r d)cos O}[Expression 11]
[0133] A reception time calculator searches for a refrac-
tion point Qt, by a dichotomous method (or a similar
method) using the evaluation function ] and using the
maximum refraction point M, which is the point most
adjacent to the reception transducer on the refractive surface,
as a starting point, similarly to the first embodiment. At this
time, in the case where the value of the evaluation function
J cannot be regarded as 0 for a candidate via point Q,, (t,+d,
8,,), the candidate via point Q,,, , is determined as follows.
That is, as illustrated in FIG. 10B, in the case of <0, 6, <6t
is satisfied for a refraction point Qt (r+d, 6,). Therefore, a
candidate via point Q, ,,(r+d, 6, +S,), which is moved by
S,, in a 6 direction, is provided. On the other hand, in the
case of J>0. 8, >0t is satisfied. Therefore, a candidate via
point Q,,, (r+d, 6, +S ) moved from the candidate via
point Q,._; by S, in the 6 direction is provided. Other
processes are similar to those in the first embodiment and are
thus omitted.
[0134] <Conclusion>
[0135] As described above, according to the ultrasonic
diagnostic device of the first modification, similar effects to
the first embodiment can be obtained in the case where the
plurality of transducers is concentrically arranged and the
convex probe having an acoustic lens is used.

Second Embodiment

[0136] In the first embodiment, the case of calculating the
reception time to when the reflected ultrasonic wave reaches
the reception transducer Rk from the observation point Pijj
by specifying the position of the refraction point Qt that is
the point when the propagation path of the reflected ultra-
sonic wave passes through the interface between the subject
and the acoustic lens has been described. However, if there

10
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is a method that can directly calculate the reception time, it
is not necessary to specify the refraction point Qt.

[0137] A second embodiment is different from the first
embodiment in that a reception time calculator directly
calculates a reception time. Configurations other than the
reception time calculator are the same as the elements
illustrated in the first embodiment, and description of the
same part is omitted.

[0138] <Calculation Principle>

[0139] A reception time t to when a reflected ultrasonic
wave reaches a reception transducer Rk from an observation
point Pij, going through a via point Q, illustrated in FIG. 6A,
can be expressed by the next expression (12), using coor-
dinates (Q_, d) of the via point Q, a sound velocity v, in an
acoustic lens, and a sound velocity v, in a subject.

[Expression 12]

. Vo +a +\/(PX—QX)2+(Py—d>

V1

1(Qx

V2

[0140] Here, the following expression (13) is obtained
when the reception time t is differentiated by an x coordinate
Q, of the via point Q.

anQ.) _ 0 N [
WOy J@rd  vP-00+ P, -ap

[Expression 13]

[0141] When the expression (13) above is reorganized
using the expressions (2), (3), and (4), the following expres-
sion (14) is obtained.

arQ. 1
@) = —(sin §) —ny; sin &)

dQ, vy

[Expression 14]

[0142] Here, dt/dQ.=0 is known when Q =Qt with respect
to a refraction point Qt (Qt, d) from the expression (1) which
is the Snell’s law. Further, dt/dQ <0 is satisfied when Q <Qt,
and dt/dQ, >0 is satisfied when Q >Qt.

[0143] Therefore, the reception time t (Q,) takes a mini-
mum value when Q,=Qt. In other words, in the case where
Q (Q,, d) is set on a line segment MS illustrated in FIG. 6B,
Q (Q,, d) at which the reception tune t (Q,) becomes
minimum is the refraction point Qt (Qt, d).

[0144] From the above viewpoint, as illustrated in FIG. 11,
a plurality of candidate via points Q,, (Q,,, d) including the
point M and the point S on the line segment MS is provided
and the reception time t (Q,,) is calculated for each of the
candidate via points Q,,, and the minimum value is used as
is as the reception time.

[0145] <Operation>

[0146] A method of calculating the reception time in the
reception time calculator according to the second embodi-
ment will be described. FIG. 12 is a flowchart illustrating a
method of calculating the reception time according to the
second embodiment.

[0147] First, in step S201, the reception time calculator
specifies a point most adjacent to the reception transducer
Rk on the refractive surface, as a maximum refraction point
M.



US 2019/0046162 Al

[0148] Next, in step S202, the reception time calculator
specifies an intersection point between a straight line con-
necting the reception transducer Rk and the observation
point Pij and the refractive surface, as a non-refraction point
S.

[0149] Next, in step S203, the reception time calculator
provides n (nis an integer of 3 or more) candidate via points
Q,, (Q,,, d) including the point M and the point S on the line
segment MS. For example, as illustrated in FIG. 11, the
candidate via point Q,, has a candidate via point Q, as the
maximum refraction point M, and a candidate via point Q,
as the non-refraction point S. For Q, t0 Q,_;, Q, to Q,, can
be set to be equally spaced, for example.

[0150] Next, in step S101, a variable m is initialized, and
in step S204, a time t, to when the ultrasonic wave reaches
the candidate via point Q,, from the observation point Pij in
the subject is calculated. The time t;, can be calculated by
dividing a geometrical linear distance from the observation
point Pij to the candidate via point Q,, by a sound velocity
in the subject. Further, in step S205, a time t, to when the
ultrasonic wave reaches the reception transducer Rk from
the candidate via point Q) , in the acoustic lens is calculated.
The time t, can be calculated by dividing a geometrical
linear distance from the candidate via point Q,, to the
reception transducer Rk by a sound velocity in the acoustic
lens. Then, in step S206, the sum of the time t, and the time
t, is calculated as a candidate reception time t (m).

[0151] In step S207, whether the candidate reception time
t (m) for all the candidate via points Q,, has been calculated
or not is determined. In the case of non-completion, m is
incremented in step S108 and steps S204 to S206 are further
performed, and in the case of completion, the processing
proceeds to step S208. With the processing, the candidate
reception time t (m) has been calculated for all the candidate
via points Q . Here, calculation of the candidate reception
time t (m) for each candidate via point Q,, has been sequen-
tially performed. However, since calculation processing of
the candidate reception time t (m) is independent of every m,
the calculation processing may be performed in parallel for
each m or for each set of m. By doing so, the calculation time
can be shortened.

[0152] Next, in step S208, the smallest value along the
candidate reception tines t (m) is output as the reception
time, and the processing is terminated.

[0153]

[0154] As described above, the ultrasonic diagnostic
device according to the second embodiment has the follow-
ing effects in place of the effects except the part regarding
specification of the refraction point Qt, of the effects
described in the first embodiment. That is, in the ultrasonic
diagnostic device according to the second embodiment, the
reception time based on the plurality of candidate reflected
ultrasonic wave paths is calculated, and the minimum value
thereof is adopted. Thereby, the reception time can be
directly calculated without specifying the refraction point
Qt. Therefore, the calculation processing of the reception
time can be simplified. Furthermore, the calculation pro-
cessing of the reception time can be performed by parallel
processing, and when such a method is adopted, the preci-
sion of reception beamforming can be improved, and the
spatial resolution and the signal S/N ratio can be improved,
without increasing the time required for calculating the
reception time.

<Conclusion>

Feb. 14, 2019

Second Modification

[0155] Inthe ultrasonic diagnostic device 100 according to
the second embodiment, the probe 101 has been the linear
probe in which the plurality of transducers 1014 is linearly
arranged. However, the form of an ultrasonic probe is not
limited to the above-described arrangement, and another
form may be employed.

[0156] A second modification is different from the second
embodiment in that an ultrasonic probe is a convex probe in
which a plurality of transducers is concentrically arranged.
Configurations other than the ultrasonic probe are the same
as the elements illustrated in the second embodiment, and
description of the same part is omitted.

[0157] <Calculation Principle>

[0158] A reception time t to when a reflected ultrasonic
wave reaches a reception transducer Rk from an observation
point Pij, going through a via point Q, illustrated in FIG.
10A, can be expressed by the next expression (15), using
coordinates (r+d, 0) of the via point Q, a sound velocity v,
in an acoustic lens, and a sound velocity v, in a subject.

jon 15
\/(rd +d)? sin? 0+ {(ry + d)cos 0 —rg)? [Bxpression 13]
+

10) =
Vi
{(ry + d)sin §— P, sin Pg)? +
{P, cos Py —(r; +d)cos )%
V2
[0159] Here, the following expression (16) is obtained

when the reception time t is differentiated by a 6 coordinate
0 of the via point Q.

o) Falrg +d)sin 6 [Expression 16]
E Vi g+ A sit? 0+ {(ry +d)cos 0 rgl?
Pory + d)sin(Ps - )
\/{(rd +d)sin - P, sin Py}? +
{P, cos Py —(rs +d)cos 62
[0160] When the expression (16) above is reorganized

using the expressions (2), (7), and (8), the following expres-
sion (17) is obtained.

dr®) ry+d [Expression 17]

a0 ~ v

(sin ) —np; sin 6,)

[0161] Here, dt/d6=0 is known when 8=0, with respect to
a refraction point Qt (r+d, 8,) from the expression (1) which
is the Snell’s law. Further, dt/d6<0 is satisfied when 6<0, and
dt/d6>0 is satisfied when 6>8,.

[0162] Therefore, the reception time t (8) takes a mini-
mum value when 0=0,.

[0163] From the above viewpoint, similarly to the second
embodiment, a plurality of candidate via points Q, (r+d,
0,,) including a point M and a point S on an arc MS is
provided and the reception time t (Q,,) is calculated for each
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of the candidate via points Q,,, and the minimum value is
used as is as the reception time.

[0164] <Conclusion>

[0165] As described above, according to the ultrasonic
diagnostic device of the second modification, similar effects
to the second embodiment can be obtained in the case where
the plurality of transducers is concentrically arranged and
the convex probe having an acoustic lens is used.

Third Embodiment

[0166] In the first and second embodiments, the case of
calculating the value by the path going through the refrac-
tion point Qt, for the reception time to when the reflected
ultrasonic wave reaches the reception transducer Rk from
the observation point Pij, has been described.

[0167] In contrast, a third embodiment is different from
the first and second embodiments in calculating a reception
time simply. Configurations other than the reception time
calculator are the same as the elements illustrated in the first
and second embodiments, and description of the same part
is omitted.

[0168] <Calculation Method>

[0169] FIG. 13A is a schematic diagram illustrating a path
in which a reflected wave from an observation point Pjj
reaches a reception transducer Rk. Here, a reception time t,
can be expressed by the following expression (18), where a
distance between the reception transducer Rk and the refrac-
tion point Qtis 1, and a distance between the refraction point
Qt and the observation point Pij is r,.

[Expression 18]

[0170] Here, a reception time t; of if a reflected wave
reaches a non-refraction point S from the observation point
Pij in a subject and to when the reflected wave reaches a
reception transducer from a maxinum refraction point M in
an acoustic lens can be expressed by the following expres-
sion (19), where the thickness of the acoustic lens is d, and
the distance between the non-refraction point S and the
observation point Pij is ..

[Expression 19]

[0171] Since the assumed reception time t, corresponds to
a case where the ultrasonic wave passes through the shortest
route in both the acoustic lens and the subject and the route
is discontinuous, the time is too short and cannot happen in
reality. That is, t,<t,.

[0172] Further, a reception time t, in the case of not
considering the acoustic lens can be expressed by the
following expression (20), where the distance between the
reception transducer Rk and the non-refraction point S is 1.

[Expression 20]
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[0173] Since the assumed reception time t, here is a value
on the assumption that a sound velocity in the acoustic lens
is equivalent to a sound velocity in the subject, the reception
time t, becomes shorter than the actual reception time. That
is, 1,<t,.

[0174] Meanwhile, a reception time t; of if the reflected
wave reaches the maximum refraction point M from the
observation point Pij in the subject and to when the reflected
wave reaches the reception transducer from the maximum
refraction point M in tire acoustic lens can be expressed by
the following expression (21), where the distance between
the maximum refraction point M and the observation point
Pijisr,,.

rm o d
= +
v2.oM

[Expression 21]

[0175] Since the assumed reception time t; here is longer
than the route via the refraction point Qt where the required
time is the shortest, and thus t,<t;.

[0176] Further, a reception time t, of if the reflected wave
reaches the maximum refraction point M from the observa-
tion point Pij in the subject and to when the reflected wave
reaches the reception transducer from the non-refraction
point S in the acoustic lens can be expressed by the follow-
ing expression (22).

Fmo s [Expression 22]

2.

[0177] The assumed reception time t, here corresponds to
a case where the ultrasonic wave passes through a route
longer than the route going through the refraction point Qt
in both the acoustic lens and the subject, and is clearly longer
than the route going through the refraction point Qt where
the required time is the shortest. That is, t,<t,.

[0178] As also illustrated in the graph in FIG. 13B, the
above-described t, and t, are shorter than t, to be calculated,
and the above-described t; and t, are longer than t, to be
calculated. In other words, it can be said that t, is a value
between a representative value of t; and t, and a represen-
tative value of t; and t,. Therefore, t, can be approximated by
arithmetic mean or weighted average of at least one of t; and
t, and at least one of t; and t,.

[0179] Therefore, for example, t, is calculated by the
weighted average as illustrated in the following expression
(23).

t=a{pr+(1-Bla f+(1-o) {yts+(1-Y)ts}

[0180] Here, o is a weighting coeflicient, and O<a<l.
Although p and y are also weighting coeflicients, 0<f<1 and
0O=y=1 are satisfied because at least one of t, and t, and at
least one of t; and t, are used for calculating t, as described
above. The values of a, f, and y may be constant with
respect to every observation point Pij and the reception
transducer Rk, or may be varied depending on a relative
positional relationship between the observation point Pij and
the reception transducer Rk.

[0181] Alternatively, for example, weighted average may
be performed in the acoustic lens and in the subject, respec-
tively, in a similar manner.

[Expression 23]
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[0182] First, focusing on the inside of the acoustic lens. A
time 1,/v, from the refraction point Qt to the reception
transducer Rk, which is a true arrival time in the acoustic
lens, is longer than a time d/v, from the maximum refraction
point M to the reception transducer Rk, and a time 1/v, from
the non-refraction point S to the reception transducer Rk at
a velocity in the subject. Meanwhile, the time 1 /v;, is
shorter than the time 1 /v, from the non-refraction point S to
the reception transducer Rk. Therefore, the time 1 /v, can be
approximated by arithmetic mean or weighted average of at
least one of the time d/v, and the time 1/v,, and the time
1/v,.

[0183] Similarly, focusing on the inside of the subject. A
time r/v, from the observation point Pij to the refraction
point Qt, which is a true arrival time in the subject, is longer
than a time r/v, from the observation point Pij to the
non-refraction point S and is shorter than a time r,,/v, from
the observation point Pij to the maximum refraction point M.
Therefore, the time r /v, can be approximated by arithmetic
mean or weighted average of the time r/v, and the time
r,,/Vs

[0184] Therefore, for example, t, is calculated by the
weighted average as expressed in the following expression
(24).

[Expression 24]

Lo -0 Byd+ A -ynksh+ (- B
T V2 Vi

[0185] Here, o and f are weighting coefficients, and
0<a<1 and 0<p<0 are satisfied. Although v is also a weight-
ing coeflicient, O<y<1 is satisfied because at least one of the
time d/v, and the time 1/v, is used for calculating t, as
described above. The values of a, 3, and y may be constant
with respect to every observation point Pij and the reception
transducer Rk, or may be varied depending on a relative
positional relationship between the observation point Pij and
the reception transducer Rk. For example, t, may be calcu-
lated by the weighted average like the following expression
(25), where y=0.

[ oty + (1 —a)rg N Pd + (1= P

;=

[Expression 25]

V2 Vi

[0186] Note that, in the above expressions (24) and (25),
O<a<1 is satisfied. However, in the case where the depth of
the observation point Pij is sufficiently larger than the
thickness d of the acoustic lens, the difference between the
distance r, from the observation point Pij to the non-refrac-
tion point S and the distance r,, from the observation point
Pij to the maximum refraction point M is small enough to be
negligible, and 1,1 >>d is satisfied. Therefore, for such
observation point Pij, the influence of a on the value of't, is
extremely small, and thus =0 or o=1 may be used.
[0187] Although, here, the case where the probe is a linear
probe has been described, similar processing can be per-
formed even if the probe is a convex probe.

[0188] <Conclusion>

[0189] As described above, the ultrasonic diagnostic
device according to the third embodiment has the following
effects in place of the effects except the part regarding
specification of the refraction point Qt. of the effects
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described in the first embodiment. That is, in the ultrasonic
diagnostic device according to the third embodiment,
weighted addition is performed between the arrival time in
the path going through the maximum refraction point M and
the arrival time in the path going through the non-refraction
point S, and the reception time is approximately calculated.
Therefore, calculation processing of the reception time can
be simplified and an operation time can be significantly
reduced. Therefore, the precision of reception beamforming
can be improved, and the spatial resolution and the signal
S/N ratio can be improved, without increasing the operation
amount.

[0190] <<Effect by Acoustic Lens Correction>>

[0191] Hereinafter, the effects of the embodiment will be
described by comparing the quality of ultrasonic images
between the reception beamforming according to the first
embodiment and reception beamforming without perform-
ing acoustic lens correction as a comparative example.
[0192] FIGS. 14A and 14B illustrate ultrasonic images
(B-mode tomographic images) obtained by imaging the
same simulated subject (phantom) by the reception beam-
forming of an example and first to third comparative
examples. FIG. 14A is an example according to the first
embodiment, and FIG. 14B corresponds to a comparative
example. In the example, the reception beamforming
according to the above-described first embodiment is pet-
formed. In contrast, in the comparative example, in the
reception beamforming, a reception time obtained by divid-
ing a geometrical linear distance between an observation
point Pij and a reception transducer Rk by a sound velocity
in a subject, without considering an acoustic lens, is used
(that is, t, in the third embodiment is used as the reception
time).

[0193] As illustrated in FIG. 14B, in the comparative
example, bright spots supposed to be circular bleed in a
direction in which transducers are aligned, in particular, in a
shallow portion (a region with a small Y coordinate on the
upper side in the page). In contrast, as shown in FIG. 14A,
the degree of bleeding in a shallow portion is low in the
example. This is because, when considering paths between
the reception transducers Rk located at both ends of the
reception aperture Rx and the observation point Pij, the
emission angle 6, and the incident angle 8, with respect to
the refractive surface (the surface of the acoustic lens)
become larger as the observation point Pij is shallower, and
thus a gap in the reception time due to not considering the
acoustic lens becomes large. That is, the reception focus
becomes out-of-focus unless the acoustic lens is taken into
account as the observation point Pij becomes shallower and
the reception aperture Rx becomes wider, and therefore
influence on the resolution and the S/N ratio becomes large.
In contrast, in the example, such adverse effect due to the
acoustic lens can be eliminated.

Other Modifications According to Embodiments

[0194] (1) As the search range of the candidate via point
Q,,. the line segment MS in the first and second embodi-
ments and the arc MS in the first and second modifications
have been set with reference to the maximum refraction
point M and the non-refraction point S. However, it is
sufficient that the search range of the candidate via point Q,,
is based on at least the maximum refraction point M. For
example, in the first or second embodiment, an arbitrary line
segment MT including the line segment MS (a point T is a
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point on a half line MS) may be employed as the search
range of the candidate via point Q,,. By doing this, there is
no need to specify the non-refraction point S.

[0195] Further, in the first embodiment and the first modi-
fication, in the case where the sign of the evaluation function
J is positive, the point separated by S, from the candidate
via point Q,,_, toward the non-refraction point S side (in the
positive direction of x or 0) has been set as the candidate via
point Q,,,,. However, a point separated by S, from the
candidate via point Q,, toward the maximum refraction point
M side (in the negative direction of x or 6) may be set as the
candidate via point Q,,,, ;.

[0196] (2) In the first embodiment and the first modifica-
tion, the search for the candidate via point Q,, has been
repeated until the refraction point Qt at which the absolute
value |J| of the evaluation function J falls below the prede-
termined threshold value § is specified. However, for
example, an upper limit may be set in advance to the number
of searches m of the refraction point Qt, and a point at which
the absolute value ]I of the evaluation function J becomes
minimum may be employed as the refraction point Qt in the
case where the absolute value |JI of the evaluation function
I does not fall below the predetermined threshold value o.
For example, in the case of searching for the candidate via
point Q,, with reference to the maximum refraction point M
and the non-refraction point S, a point regarded as the
refraction point Qt can be specified with the precision of 42
the length of the line segment MS (or the arc MS), where the
upper limit of m is 5.

[0197] (3) In each of the embodiments and modifications,
the reception time considering the acoustic lens has been
calculated for the reception beamforming. However, by
similar calculation, the transmission time considering the
acoustic lens may be calculated in the transmission beam-
forming. Alternatively, the transmission beamforming may
be performed on the basis of the calculated transmission
time.

[0198] (4) In each of the embodiments and modifications,
the reception beamforming processing has been performed
in synchronization with the transmission of the ultrasonic
wave. However, the present invention is not limited to the
case. For example, the present invention may be applied in
a synthetic aperture method, and the phasing addition may
be performed after completion of a plurality of times of
ultrasonic transmission/reception of one frame. Further,
each of the operations other than the calculation of the
reception time is not limited to the above-described case,
and arbitrary control may be performed. Further, in each of
the embodiments and modifications, the ultrasonic image
generator 105 has generated the B-mode image from the
acoustic line signal. However, for example, the ultrasonic
image generator 105 may perform color flow mapping or
shear wave analysis.

[0199] (5) In each of the embodiments and modifications,
the ultrasonic probe has been the linear probe or the convex
probe in which the transducers are concentrically arranged.
However, the content of the present disclosure may be
applied to an ultrasonic probe having an arbitrary shape by
performing appropriate change according to the arrange-
ment form of the transducers.

[0200] (6) Note that although the present invention has
been described on the basis of the above embodiments, the
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present invention is not limited to the above embodiments,
and the following cases are also included in the present
invention.

[0201] For example, the present invention may be a com-
puter system including a microprocessor and a memory, and
the memory may store the computer program and the
microprocessor may be operated according to the computer
program. For example, the present invention may include a
computer program of the ultrasonic signal processing
method of the present invention, and may be a computer
system operated according to the computer program (or
instructing operations to connected parts).

[0202] In addition, a configuration in which the entire or
part of the ultrasonic diagnostic device, or the entire or part
of the ultrasonic signal processor is constituted by a com-
puter system configured by a microprocessor, a recording
medium such a ROM or a RAM, a hard disk unit, and the
like is also included in the present invention. In the RAM or
the hard disk unit, a computer program for achieving the
same operations as the above devices is stored. The devices
achieve the functions as the microprocessor is operated
according to the computer program.

[0203] Further, a part or all of the constituent elements
constituting the above devices may be configured by one
system, large scale integration (LSI). The system LSI is a
super multifunctional LSI manufactured by integrating a
plurality of constituent parts on one chip, and is specifically
a computer system including a microprocessor, a ROM, a
RAM, and the like. These constituent elements may be
separately formed into one chip, or may be integrated into
one chip to include a part or all of them. Note that the LSI
may be referred to as an IC, a system LSI, a super LSI, or
an ultra LSI depending on the degree of integration. In the
RAM, a computer program for achieving the same opera-
tions as the above devices is stored. The system LSI achieves
the function as the microprocessor is operated according to
the computer program. For example, a case in which the
beamforming method of the present invention is stored as a
program of the LSI, the LSI is inserted in the computer, and
the computer performs a predetermined program (beam-
forming method) is also included in the present invention.
[0204] Note that the technique of integrated circuit is not
limited to LSI, and may be realized by a dedicated circuit or
a general-purpose processor. After LSI fabrication, a field
programmable gate array (FPGA) that can be programmed
or a reconfigurable processor that can reconfigure connec-
tion and setting of circuit cells inside the LSI may be used.
[0205] Furthermore, if an integrated circuit technology
replacing the LST appears due to advancement in the semi-
conductor technology or another derivative technology,
functional block integration may be performed using that
technology.

[0206] Further, a part or all of the functions of the ultra-
sonic diagnostic device according to the embodiments may
be realized by execution of a program by a processor such
as a CPU. A non-transitory computer-readable recording
medium in which a program for performing a diagnostic
method of the ultrasonic diagnostic device or a beamforming
method is recorded may be employed. The program may be
performed by another independent computer system by
recording and transmitting the program and signals on a
recording medium. It is needless to say that the program can
be distributed via a transmission medium such as the Inter-
net.
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[0207] The ultrasonic diagnostic device according to the
above embodiment includes the data storage as a storage
device. However, the storage device is not limited to the data
storage, and may be configured such that a semiconductor
memory, a hard disk drive, an optical disk drive, a magnetic
storage device, or the like is externally connected to the
ultrasonic diagnostic device.

[0208] Further, the division of the functional blocks in the
block diagram is merely an example. A plurality of func-
tional blocks may be realized as one functional block, one
functional block may be divided into a plurality of func-
tional blocks, or some functions may be transferred to
another functional block. Further, the functions of a plurality
of functional blocks having similar functions may be pro-
cessed by single hardware or software in parallel or in time
division.

[0209] Further, the order to execute the above steps is for
illustrative purposes to specifically describe the present
invention, and an order other than the above may be
employed. Further, a part of the above steps may be executed
simultaneously (in parallel) with another step.

[0210] Further, the probe and the display are externally
connected to the ultrasonic diagnostic device. However, the
probe and the display may be integrally provided in the
ultrasonic diagnostic device.

[0211] Further, in the above embodiment, the probe has a
probe configuration in which a plurality of piezoelectric
elements is arranged in a one-dimensional direction. How-
ever, the configuration of the probe is not limited to the
embodiment. For example, a two-dimensional array trans-
ducer in which a plurality of piezoelectric transducer ele-
ments is arrayed in a two-dimensional direction, or a swing
probe that mechanically swings a plurality of transducers
arrayed in a one-dimensional direction to obtain a three-
dimensional tomographic image may be used and can be
appropriately used depending on measurement. For
example, in the case of using the probe in which piezoelec-
tric transducer elements are two-dimensionally arrayed,
irradiation position and direction of an ultrasonic beam to be
transmitted can be controlled by individually changing tim-
ing to apply a voltage to the piezoelectric transducer element
and the value of the voltage.

[0212] Further, the probe may include a part of the func-
tions of the transmission/reception unit therein. For
example, a transmission electrical signal is generated in the
probe, and the transmission electrical signal is converted
into an ultrasonic wave, on the basis of a control signal for
generating a transmission electrical signal output from the
transmission/reception unit. In addition, a configuration to
convert a received reflected ultrasonic wave into a reception
electrical signal and to generate a reception signal on the
basis of the reception electrical signal in the probe can be
employed.

[0213] Further, at least a part of the functions of the
ultrasonic diagnostic device according to the embodiments
and its modifications may be combined. Further, the above-
used numbers are all for illustrative purposes for specifically
describing the present invention, and the present invention is
not limited to the exemplified numbers. Further, various
modifications obtained by applying changes conceived by
those skilled in the art to the present embodiments are also
included in the present invention.
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[0214] <<Conclusion>>

[0215] (1) An ultrasonic signal processor according to an
embodiment is an ultrasonic signal processor that transmits
and receives an ultrasonic wave to and from a subject by
joining an ultrasonic probe including a plurality of trans-
ducers and an acoustic lens to the subject and generates an
acoustic line signal on the basis of a reflected ultrasonic
wave, the ultrasonic signal processor including a transmitter
that transmits a transmission ultrasonic wave into the sub-
ject, using the ultrasonic probe, a receiver that generates a
reception signal sequence corresponding to each transducer
on the basis of the reflected ultrasonic wave from the subject
received by the ultrasonic probe, and a phasing adder that
phases and adds, with respect to a plurality of observation
points in the subject, the reception signal sequences to
generate an acoustic line signal, wherein the phasing adder
includes a reception time calculator that calculates, for each
observation point and for each transducer, a reception time
to when the reflected ultrasonic wave reaches the transducer
from the observation point, an ultrasonic velocity in the
acoustic lens is slower than an ultrasonic velocity in a region
of the subject, the region being in contact with the acoustic
lens, and the reception time calculator calculates the recep-
tion time to when the ultrasonic wave is propagated from the
observation point to the transducer, using a maximum
refraction point most adjacent to the transducer on a refrac-
tive surface that is a boundary surface between the acoustic
lens and the subject.

[0216] Further, an ultrasonic signal processing method
according to an embodiment is an ultrasonic signal process-
ing method of transmitting and receiving an ultrasonic wave
to and from a subject by joining an ultrasonic probe includ-
ing a plurality of transducers and an acoustic lens to the
subject and generating an acoustic line signal on the basis of
a reflected ultrasonic wave, the ultrasonic signal processing
method including transmitting a transmission ultrasonic
wave into the subject, using the ultrasonic probe, generating
a reception signal sequence corresponding to each trans-
ducer on the basis of the reflected ultrasonic wave from the
subject received by the ultrasonic probe, and with respect to
a plurality of observation points in the subject, phasing and
adding the reception signal sequences to generate an acous-
tic line signal, wherein a reception time to when the reflected
ultrasonic wave reaches the transducer from the observation
point is calculated for each observation point and for each
transducer, in the phasing and adding, an ultrasonic velocity
in the acoustic lens is slower than an ultrasonic velocity in
a region of the subject, the region being in contact with the
acoustic lens, and the reception time that is a minimum value
of time necessary for the ultrasonic wave to propagate from
the observation point to the transducer is calculated using a
maximum refraction point most adjacent to the transducer
on a refractive surface that is a boundary surface between the
acoustic lens and the subject, in the calculation of the
reception time.

[0217] According to the ultrasonic signal processor
according to one aspect of the present invention and an
ultrasonic diagnostic device using the ultrasonic signal pro-
cessor, the calculation accuracy of the reception time can be
improved for each observation point and each transducer
without depending on correction value data. Therefore, an
S/N ratio and a spatial resolution of the obtained acoustic
line signal can be improved in reception beamforming.
[0218] (2) Further the ultrasonic signal processor of (1)
may be configured such that the reception time calculator
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sets a plurality of candidate via points including the maxi-
mum refraction point on the refractive surface, regarding
each of the candidate via points, an incident angle and an
emission angle of the ultrasonic wave with respect to the
refractive surface in a path going from the observation point
through the candidate via point to reach the transducer are
calculated, and specifies a via observation point correspond-
ing to a relationship between the incident angle and the
emission angle, the relationship being close to a relationship
between an incident angle and an emission angle to be
satisfied from a propagation velocity ratio of an ultrasonic
wave between a side of the observation point with respect to
the refractive surface and a side of the observation point with
respect to the refractive surface, and calculates the reception
time on the basis of a path going from the observation point
through the via observation point to the transducer.

[0219] With the above configuration, the reception time
based on the path that satisfies the Snell’s law can be
calculated with high precision.

[0220] (3) Further, the ultrasonic signal processor of (2)
may be configured such that the reception time calculator
sets a point on the refractive surface, the point being
separated by a predetermined distance from the maximum
refraction point toward a side of a straight line connecting
the observation point and the transducer, as a second can-
didate via point, when the maximum refraction point is a
first candidate via point, and sets a point on the refractive
surface, the point being separated by 4 of a distance
between an n-th candidate via point (n is an integer of 2 or
more) and an (n-1)th candidate via point from the n-th
candidate via point in a case where the incident angle on a
path going through the n-th candidate via point is excessive,
or from the (n-1)th candidate via point in a case where the
incident angle on a path going through the n-th candidate via
point is too small, toward the side of a straight line con-
necting the observation point and the transducer, as an
(n+1)th candidate via point.

[0221] With the above configuration, the propagation path
of the reflected ultrasonic wave from the observation point
to the transducer can be specified with a small number of
trials. Therefore, the reception time can be calculated with
high precision by a small-scale operation.

[0222] (4) Further, the ultrasonic signal processor of (1)
may be configured such that the reception time calculator
sets a plurality of candidate via points including the maxi-
mum refraction point on the refractive surface, and calcu-
lates, for each of the candidate via points, a propagation
required time of the ultrasonic wave on the path going from
the observation point through the candidate via point to
reach the transducer, and calculates a smallest value, of a
plurality of the propagation required times, as the reception
time.

[0223] With the above configuration, the reception time
can be directly calculated without specifying the propaga-
tion path of the reflected ultrasonic wave from the observa-
tion point to the transducer.

[0224] (5) Further, the ultrasonic signal processor of (1)
may be configured such that the reception time calculator
specifies an intersection point between the refractive surface
and a straight line connecting the observation point and the
transducer, as a path calculation point, calculates a first time,
using a path from the observation point to at least one of the
maximum refraction point and the path calculation point,
calculates a second time, using a path from at least one of the
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maximum refraction point and the path calculation point to
the transducer and calculates the reception time, using the
first time and the second time.

[0225] With the above configuration, the reception time
can be calculated by approximate calculation with a small
operation amount without specifying the propagation path of
the reflected ultrasonic wave from the observation point to
the transducer.

[0226] (6) Further, the ultrasonic signal processor of (5)
may be configured such that the reception time calculator
calculates the first time by linear combination of a time to
when the ultrasonic wave passes through the path from the
observation point to the maximum refraction point and a
time to when the ultrasonic wave passes through the path
from the observation point to the path calculation point.
[0227] (7) Further, the ultrasonic signal processor of (5) or
(6) may be configured such that the reception time calculator
calculates the second time by linear combination of a time
to when the ultrasonic wave passes through the path from the
maximum refraction point to the transducer and a time to
when the ultrasonic wave passes through the path from the
path calculation point to the transducer.

[0228] With these configurations, the precision of approxi-
mation can be further improved by performing approximate
calculation for each of the inside of the subject and the inside
of the acoustic lens.

[0229] The ultrasonic signal processor, the ultrasonic
diagnostic device, the ultrasonic signal processing method,
the program, and the computer-readable non-transitory
recording medium according to the present disclosure are
useful in improvement of performance, in particular, the
resolution and the S/N ratio, in the case of using the
ultrasonic probe including the acoustic lens.

[0230] Although embodiments of the present invention
have been described and illustrated in detail, the disclosed
embodiments are made for purposes of illustration and
example only and not limitation. The scope of the present
invention should be interpreted by terms of the appended
claims.

What is claimed is:

1. An vultrasonic signal processor that transmits and
receives an ultrasonic wave to and from a subject by joining
an ultrasonic probe including a plurality of transducers and
an acoustic lens to the subject and generates an acoustic line
signal on the basis of a reflected ultrasonic wave, the
ultrasonic signal processor comprising:

a transmitter that transmits a transmission ultrasonic wave

into the subject, using the ultrasonic probe;

a receiver that generates a reception signal sequence
corresponding to each transducer on the basis of the
reflected ultrasonic wave from the subject received by
the ultrasonic probe; and

a phasing adder that phases and adds, with respect to a
plurality of observation points in the subject, the recep-
tion signal sequences to generate an acoustic line
signal, wherein

the phasing adder includes a reception time calculator that
calculates, for each observation point and for each
transducer, a reception time to when the reflected
ultrasonic wave reaches the transducer from the obser-
vation point,

an ultrasonic velocity in the acoustic lens is slower than
an ultrasonic velocity in a region of the subject, the
region being in contact with the acoustic lens, and
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the reception time calculator calculates the reception time
to when the ultrasonic wave is propagated from the
observation point to the transducer, using a maximum
refraction point most adjacent to the transducer on a
refractive surface that is a boundary surface between
the acoustic lens and the subject.
2. The ultrasonic signal processor according to claim 1,
wherein
the reception time calculator sets a plurality of candidate
via points including the maximum refraction point on
the refractive surface,
regarding each of the candidate via points, an incident
angle and an emission angle of the ultrasonic wave with
respect to the refractive surface in a path going from the
observation point through the candidate via point to
reach the transducer are calculated, and
specifies a via observation point corresponding to a rela-
tionship between the incident angle and the emission
angle, the relationship being close to a relationship
between an incident angle and an emission angle to be
satisfied from a propagation velocity ratio of an ultra-
sonic wave between a side of the observation point with
respect to the refractive surface and a side of the
observation point with respect to the refractive surface,
and calculates the reception time on the basis of a path
going from the observation point through the via obser-
vation point to tie transducer.
3. The ultrasonic signal processor according to claim 2,
wherein
the reception time calculator sets a point on the refractive
surface, the point being separated by a predetermined
distance from the maximum refraction point toward a
side of a straight line connecting the observation point
and the transducer, as a second candidate via point,
when the maximum refraction point is a first candidate
via point, and
sets a point on the refractive surface, the point being
separated by Y2 of a distance between an n-th candidate
via point (n is an integer of 2 or more) and an (n-1)th
candidate via point from the n-th candidate via point in
a case where the incident angle on a path going through
the n-th candidate via point is excessive, or from the
(n-1)th candidate via point in a case where the incident
angle on a path going through the n-th candidate via
point is too small, toward the side of a straight line
connecting the observation point and the transducer, as
an (n+1)th candidate via point.
4. The ultrasonic signal processor according to claim 1,
wherein
the reception time calculator sets a plurality of candidate
via points including the maximum refraction point on
the refractive surface, and
calculates, for each of the candidate via points, a propa-
gation required time of the ultrasonic wave on the path
going from the observation point through the candidate
via point to reach the transducer, and
calculates a smallest value, of a plurality of the propaga-
tion required times, as the reception time.
5. The ultrasonic signal processor according to claim 1,
wherein
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the reception time calculator specifies an intersection
point between the refractive surface and a straight line
connecting the observation point and the transducer, as
a path calculation point,

calculates a first time, using a path from the observation
point to at least one of the maximum refraction point
and the path calculation point,

calculates a second time, using a path from at least one of

the maximum refraction point and the path calculation
point to the transducer, and

calculates the reception time, using the first time and the

second time.

6. The ultrasonic signal processor according to claim 5,
wherein

the reception time calculator calculates the first time by

linear combination of a time to when the ultrasonic
wave passes through the path from the observation
point to the maximum refraction point and a time to
when the ultrasonic wave passes through the path from
the observation point to the path calculation point.

7. The ultrasonic signal processor according to claim 5,
wherein

the reception time calculator calculates the second time by

linear combination of a time to when the ultrasonic
wave passes through the path from the maximum
refraction point to the transducer and a time to when the
ultrasonic wave passes through the path from the path
calculation point to the transducer.

8. An ultrasonic diagnostic device comprising:

an ultrasonic probe including an acoustic lens; and

the ultrasonic signal processor according to claim 1.

9. An ultrasonic signal processing method of transmitting
and receiving an ultrasonic wave to and from a subject by
joining an ultrasonic probe including a plurality of trans-
ducers and an acoustic lens to the subject and generating an
acoustic line signal on the basis of a reflected ultrasonic
wave, the ultrasonic signal processing method comprising:

transmitting a transmission ultrasonic wave into the sub-

ject, using the ultrasonic probe;

generating a reception signal sequence corresponding to

each transducer on the basis of the reflected ultrasonic
wave from the subject received by the ultrasonic probe;
and

with respect to a plurality of observation points in the

subject, phasing and adding the reception signal
sequences to generate an acoustic line signal, wherein

a reception time to when the reflected ultrasonic wave

reaches the transducer from the observation point is
calculated for each observation point and for each
transducer, in the phasing and adding,
an ultrasonic velocity in the acoustic lens is slower than
an ultrasonic velocity in a region of the subject, the
region being in contact with the acoustic lens, and

the reception time that is a minimum value of time
necessary for the ultrasonic wave to propagate from the
observation point to the transducer is calculated using
a maximum refraction point most adjacent to the trans-
ducer on a refractive surface that is a boundary surface
between the acoustic lens and the subject, in the cal-
culation of the reception time.
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