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(67)  Without using any approximated wave front
propagation model, appropriate delay times are set for
received signals to obtain phased signals for both the
inside and outside of irradiation area of transmission
beam.

A reception beamformer comprises a wave front
propagation calculator 121 that obtains times until ultra-
sonic waves transmitted from a plurality of ultrasonic
transducers arrive at a reception focus by calculation,
and a delay time extractor 122 that calculates delay times
for the reception focus on the basis of distribution of the
arrival times of the ultrasonic waves for each of the plu-
rality of the ultrasonic transducers obtained by the wave
front propagation calculator 121. Therefore, even if the
wave front that arrives at the reception focus has a com-
plicated shape, it is not necessary to approximate the
wave front, and phasing addition can be performed with
appropriate delay times obtained from times until the ul-
trasonic waves arrive at the reception focus.
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Description
Technical Field

[0001] The presentinvention relates to an ultrasonic imaging technique for obtaining an image of the inside of a subject
using an ultrasonic wave.

Background Art

[0002] Ultrasonic imaging technique is a technique for non-invasively imaging the inside of a subject such as human
body using an ultrasonic wave (inaudible sound wave, generally a sound wave of such a high frequency as 20 kHz or
higher).

[0003] There are two kinds of methods of transmitting ultrasonic beams from a plurality of ultrasonic transducers of
an ultrasound probe to a subject, i.e., expansion transmission in which ultrasonic beams spreading in a fan shape are
transmitted, and convergence transmission in which ultrasonic beams are transmitted so as to converge at a transmission
focus set in the inside of a subject.

[0004] Ultrasonic waves reflected in a subject are received by a plurality of ultrasonic transducers of an ultrasound
probe, and a plurality of received signals are delayed by a delay time set for every ultrasonic transducer depending on
reception focus (phasing), and then added. The delay time for the phasing is determined with an approximated curve
(delay curve) based on a wave front propagation model of a transmission beam.

[0005] Patent document 1 discloses an aperture synthesis method for performing convergence transmission with a
single focus. The delay calculation disclosed in Patent document 1 uses a virtual sound source method, in which the
delay time is set for every ultrasonic transducer depending on reception focus by using a wave front propagation model
based on the assumption that a spherical wave is transmitted from a transmission focus. The received signals received
by a plurality of the ultrasonic transducers are each delayed by delay times set by the virtual sound source method,
focused on the reception focus, and then added to obtain phased signals. By synthesizing and thereby superimposing
these phased signals and phased signals acquired in one or more times of other transmission and reception for the
same reception focus, aperture synthesis is performed.

[0006] Bythe aperture synthesis, phased signals obtained for a certain point by transmissions and receptions performed
in different directions with an ultrasound probe can be superimposed, therefore, for example, higher resolution of point
image can be provided, and robustness against heterogeneity can be imparted. Furthermore, since the processing gain
is improved by the superimposition processing, the number of transmission of ultrasonic waves can be reduced compared
with that of usual cases, and therefore it can also be applied to high-speed imaging.

[0007] Patent document 2 discloses a technique of detecting phase shifts of received signals obtained by a plurality
of times of different transmissions resulting from body motions of a subject, heterogeneity of acoustic velocity in a subject,
and so forth, and performing the aperture synthesis after coinciding the phases. With this technique, the processing gain
can be improved by superimposing phased signals by the aperture synthesis even for received signals for the same
reception focus obtained by different transmissions and receptions and having different phases.

[0008] Patent document 3 discloses a technique for generating phased signals even under the conditions that there
are body motions by memorizing a plurality of delay time data sets geometrically obtained beforehand, and adjusting
the reception focus by extending the values of the data sets by real-time calculation.

Prior art references
Patent documents
[0009]
Patent document 1: United States Patent No. 6,231,511
Patent document 2: Japanese Patent Unexamined Publication (KOKAI) No. 2004-261229
Patent document 3: Japanese Patent Unexamined Publication (KOKAI) No. 2006-187667
Summary of the Invention

Object to be Achieved by the Invention

[0010] In the techniques of Patent documents 1 to 3, wave fronts are approximated on the bases of a wave front
propagation model defined beforehand such as those defined by the virtual sound source method, and delay times are
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calculated from the approximated wave fronts. However, when non-spherical focusing is performed, or when a trans-
mission beam, especially a transmission beam having a plurality of transmission focuses, is transmitted by using a
ultrasound probe comprising a 2D array having ultrasonic transducers two-dimensionally arranged thereon, the wave
front of the transmitted ultrasonic beam has a complicated shape, and if a known wave front propagation model is applied
to such a wave front, difference of the actual wave front and the approximated wave front becomes significant. Therefore,
it becomes difficult to obtain phased signals reflecting the structure of the subject.

[0011] Even if an ultrasound probe having ultrasonic transducers one dimensionally arranged thereon is used, the
region for which phasing can be performed by applying a virtual sound source wave front model is limited to the inside
of a region where the transmission beam is directly irradiated (geometrical region in the shape of sandglass formed by
connecting both ends of the apertures of the ultrasound probe and focus). Out of the geometrical region of the transmission
beam, the shape of the wave front becomes complicated, and modeling of the wave front is difficult. For this reason, for
a region out of the region where the transmission beam is directly irradiated, phased signals cannot be obtained, and
the aperture synthesis cannot be performed, either.

[0012] An object of the presentinvention is to obtain phased signals for both the inside and outside of the region where
the transmission beam is directly irradiated by setting appropriate delay times for received signals obtained in the regions
without using any approximated wave front propagation model.

Means for Achieving the Object

[0013] The present invention provides an ultrasonic imaging apparatus comprising a transmission beamformer that
transmits, from a plurality of arranged ultrasonic transducers, ultrasonic waves delayed for each of the plurality of the
ultrasonic transducers so that a predetermined transmission beam is formed, and a reception beamformer that delays
received signals outputted by the plurality of the ultrasonic transducers after receiving the ultrasonic waves for a prede-
termined reception focus by delay times set for each of the plurality of the ultrasonic transducers, and then adds the
signals to obtain phased signals. The reception beamformer comprises a delay time calculator that obtains the delay
times by calculation. The delay time calculator comprises a wave front propagation calculator that obtains times until
each of the ultrasonic waves transmitted from the plurality of the ultrasonic transducers arrives at the reception focus
by calculation, and a delay time extractor that calculates the delay times for the reception focus on the basis of distribution
of the arrival times of the ultrasonic waves for the plurality of the ultrasonic transducers obtained by the wave front
propagation calculator.

Effect of the Invention

[0014] Accordingto the presentinvention, phased signals can be obtained for both the inside and outside of a irradiation
region of transmission beam by setting appropriate delay times for received signals without using any approximated
wave front propagation model, and therefore delay calculation adapted to an actual wave front can be performed even
in transmission beamforming in which the wave front shape becomes complicated.

Brief Descriptions of the Drawings
[0015]

[Fig. 1] Fig. 1A: A perspective view of the ultrasonic imaging apparatus of the first embodiment, Fig. 1B: a block
diagram of the same.

[Fig. 2] A block diagram showing the configuration of the reception beamformer according to the first embodiment.
[Fig. 3] Fig. 3A: A block diagram showing a configuration of a conventional reception beamformer, Fig. 3B: a block
diagram showing the configuration of the reception beamformer according to the first embodiment.

[Fig. 4] An explanatory drawing showing time until ultrasonic waves transmitted from ultrasonic transducers arrive
at the reception focus 42.

[Fig. 5] Fig. 5A: An explanatory drawing showing a direct irradiation area of the transmission beam 32 and reception
scanning lines of the ultrasonic imaging apparatus according to the first embodiment, Fig. 5B: a graph exemplifying
curves of wave front propagation times for all the transmission transducers of the same.

[Fig. 6] An explanatory drawing showing a synthesized waveform of ultrasonic waves that arrive at a certain reception
focus according to the first embodiment.

[Fig. 7] An explanatory drawing showing a direct irradiation area of the transmission beam 32, and a plurality of
reception scanning lines.

[Fig. 8] A flowchart showing operations of the delay time calculator according to the first embodiment.

[Fig. 9] An explanatory drawing that exemplifies distribution of amplitude values of the synthesized waveforms of
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the ultrasonic waves on the scanning lines according to the first embodiment.

[Fig. 10] Fig. 10A: A graph that exemplifies curves of the wave front propagation times for all the transmission
transducers, Fig. 10B: a histogram that shows frequency of the wave front propagation times.

[Fig. 11] A block diagram of the delay time extractor 122 according to the third embodiment.

[Fig. 12] A flowchart showing operations of the delay tracer according to the third embodiment.

[Fig. 13] An explanatory drawing showing traced delay element lines.

[Fig. 14] A block diagram of the ultrasonic imaging apparatus comprising a plurality of delay adders according to
the third embodiment.

[Fig. 15] A block diagram of the delay time extractor 122 according to the fourth embodiment.

[Fig. 16] Figs. 16A and 16B: Explanatory drawings showing the delay element lines connected according to the
fourth embodiment.

[Fig. 17] A flowchart showing operations of the discontinuous delay connector according to the fourth embodiment.
[Fig. 18] A block diagram of the delay time extractor 122 according to the fifth embodiment.

[Fig. 19] A flowchart showing operations of the delay curve judger according to the fifth embodiment.

[Fig. 20] A block diagram showing the reception beamformer comprising an approximated delay model automatic
generator of the ultrasonic imaging apparatus according to the sixth embodiment.

[Fig. 21] An explanatory drawing that exemplifies geometrical constituents used for generation of the approximated
delay model in the ultrasonic imaging apparatus according to the sixth embodiment.

[Fig. 22] A block diagram showing the structure of the approximated delay model automatic generator of the ultrasonic
imaging apparatus according to the sixth embodiment.

Modes for Carrying out the Invention

[0016] Embodiments of the ultrasonic imaging apparatus of the present invention will be explained.

[0017] In the ultrasonic imaging apparatus of the present invention, wave front is not approximated with a wave front
propagation model obtained with, for example, the virtual sound source method, but times until ultrasonic waves trans-
mitted from a plurality of transmission transducers each arrive at a reception focus are obtained by calculation, and delay
times for the reception focus are calculated on the basis of distribution of the obtained arrival times. Therefore, even if
the wave front that arrives at the reception focus has a complicated shape, it is not necessary to approximate the wave
front, and phasing addition can be carried out with appropriate delay times obtained from times until the ultrasonic waves
arrive at the reception focus.

(First embodiment)

[0018] The ultrasonic imaging apparatus of the first embodiment will be explained with reference to the drawings.
[0019] Asshownin Fig. 1A, which is a perspective view of the whole ultrasonic imaging apparatus of this embodiment,
Fig. 1B, which shows schematic configurations of the same, and Figs. 2 and 3, which show detailed configurations of
parts of the same, the ultrasonic imaging apparatus of this embodiment comprises a transmission beamformer 104 that
transmits ultrasonic waves from an ultrasound probe 106 having a plurality of ultrasonic transducers 105 arranged
thereon, and a reception beamformer 108.

[0020] The transmission beamformer 104 makes a plurality of ultrasonic transducers 105 transmit ultrasonic waves
delayed by a predetermined amount for each of the ultrasonic transducers 105 so that they converge at a predetermined
transmission focus 41 as shown in Figs. 4 and 5A. The transmitted ultrasonic waves are, for example, reflected by a
subject 100, and received by the ultrasonic transducers 105.

[0021] The reception beamformer 108 delays each of the received signals received by the plurality of the ultrasonic
transducers 105 by delay times set for each of the plurality of the ultrasonic transducers 105 for the predetermined
reception focus 42 (Figs. 4 and 5A), and then adds them to obtain phased signals. For this purpose, the reception
beamformer 108 comprises a delay time calculator 114 that obtains the delay times by calculation. As shown in Fig. 2,
the delay time calculator 114 comprises a wave front propagation calculator 121 and a delay time extractor 122. As
shown in Fig. 4, the wave front propagation calculator 121 obtains times until the transmitted ultrasonic waves arrive at
the reception focus 42 (wave front propagation time, time of flight (TOF)) by calculation for at least a part of the plurality
of the ultrasonic transducers 105 that transmit the ultrasonic waves. The delay time extractor 122 calculates delay times
for reception focus 42 on the basis of distribution of the arrival times of the ultrasonic waves for each of the plurality of
the ultrasonic transducers obtained by the wave front propagation calculator 120.

[0022] The wave front propagation times can be calculated from transmission delay times for forming a transmission
beam, distances between the ultrasonic transducers and the reception focus at the time of transmission, and acoustic
velocity. The delay time extractor 122 chooses one time within the range of the distribution of the wave front propagation
times of the ultrasonic waves transmitted from the plurality of the ultrasonic transducers 105 as a wave front propagation
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time of the forward way (transmission). For example, a time at which the arrival times most concentrate can be chosen.
By adding propagation times of the return way (reception) determined according to the distances from the reception
focus 42 to each of the ultrasonic transducers 105 to the wave front propagation time of the forward way, delay times
for each of the ultrasonic transducers 105 at the time of the reception can be set.

[0023] The delay time extractor 122 may also comprises a synthesized waveform calculator 61 that obtains a synthe-
sized waveform of the ultrasonic waves that arrive at the reception focus 42 from the plurality of the ultrasonic transducers
105 (Fig. 6) from distribution of the arrival times of the ultrasonic waves for the reception focus 42 for each of the plurality
of the ultrasonic transducers 105 (refer to Fig. 5B). The delay time extractor 122 can also calculate the delay times on
the basis of temporal change of the amplitude of the synthesized waveform obtained by the synthesized waveform
calculator 61. For example, a propagation time that provides the maximum amplitude value can be chosen as the wave
front propagation time of the forward way (transmission).

[0024] According to this embodiment, the wave front propagation calculator 122 can obtain the times until ultrasonic
waves arrive at the reception focus (wave front propagation times) for all the ultrasonic transducers 105 that transmit
the ultrasonic waves before the transmission. Accordingly, the delay times can be calculated in consideration of the
wave front propagation times for all the ultrasonic transducers 105 before the transmission, therefore there is no need
for modeling of the wave front, and even if the actual wave front has a complicated shape, the delay times can be set
for each reception focus with good precision on the basis of propagation times of actual ultrasonic waves.

[0025] Hereafter, the ultrasonic imaging apparatus of the first embodiment will be still more specifically explained.
[0026] As shown in Fig. 1A, the ultrasonic imaging apparatus comprises an ultrasound probe 106, a body 102 of the
apparatus, an image display 103, and a console 110. In the body 102 of the apparatus, as shown in Fig. 1B, there are
disposed the transmission beamformer 104, a transmission/reception separation circuit (T/R) 107, the reception beam-
former 108, an image processor 109, and a controller 111 that controls operations of these.

[0027] The reception beamformer 108 comprises a delay adder 204, the delay time calculator 114, and an aperture
synthesiser 205 as shown in Figs. 1B and 2. The delay time calculator 114 comprises a reception scanning line setter
116, a wave front propagation calculator 121, a delay time extractor 122, and a delay time memory 123. Besides these,
there are disposed a beam memory 206 and a frame memory 207, which are used for the aperture synthesis, in the
reception beamformer 108.

[0028] The transmission beamformer 104 generates signals for transmission beam to be sent to each of the ultrasonic
transducers 105. Transmission delay is given to the signals for transmission beam for each of the ultrasonic transducers
105 so that the transmitted beams should converge at a predetermined transmission focus 41 instructed by the controller
111. The signals for transmission beam are sent to the ultrasound probe 106 via the transmission/reception separation
circuits 107. The ultrasound probe 106 sends the signals for transmission beam to each of the ultrasonic transducers
105 of the ultrasonic array 101. The ultrasonic transducers 105 transmit ultrasonic waves toward the inside of the body
of the subject 100. Echo signals reflected in the body are received by the ultrasonic transducers 105 on the ultrasonic
array 101 of the ultrasound probe 106. The received signals pass again through the transmission/reception separation
circuit 107, and subjected to phasing addition calculation processing and so forth in the reception beamformer 108.
[0029] Operations of the parts of the reception beamformer 108 shown in Fig. 2 will be specifically explained with
reference to the flowchart of Fig. 8.

[0030] The delay time calculator 112 comprises and is constituted by a processor such as CPU and a memory. The
processor reads and executes programs stored beforehand in the memory. Functions of the reception scanning line
setter 116, wave front propagation calculator 121, and delay time extractor 122 are thereby realized by software process-
ing as shown in the flowchart of Fig. 8. A part or all of the operations of the delay time calculator 112 can be constituted
with ASIC (Application Specific integrated Circuit) or FPGA (Field-Programmable Gate Array), which are hardware, and
register.

[0031] Before the transmission beamformer 104 performs the ultrasonic signal transmission operation, the controller
111 sends the conditions of transmission of ultrasonic waves, and number and positional information of the reception
scanning lines 31 to be set to the reception beamformer 108, and operates it as follows to make it calculate delay times.
First, at the time of transmission, the reception scanning line setter 116 of the delay time calculator 112 calculates shape
of a region 32 where the transmission beam is irradiated on the basis of the information received from the controller
111, and sets a predetermined number of the reception scanning lines 31 around the region 32 as the center as shown
in Fig. 7. It further sets reception focuses 42 in a number of K on the reception scanning lines 31 (step 600). The number
of the ultrasonic transducers 105 used at the time of transmission is M.

[0032] The wave front propagation calculator 121 calculates time until an ultrasonic wave transmitted from the first
ultrasonic transducer 105 arrives at the first reception focus 42 (wave front propagation time) from a certain base time
such as time of transmission trigger signal as the base point (steps 601, 602, and 603). As described above, the
propagation time is calculated by adding the transmission delay time for the first ultrasonic transducer 105, and time
obtained by dividing the geometrical distance between the first ultrasonic transducer 105 and the first reception focus
42 with the acoustic velocity of the ultrasonic wave. The calculated wave front propagation time is stored in the built-in
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memory. These steps 602 and 603 are successively repeated for K of the reception focuses 42 (steps 604 and 605).
Wave front propagation times for K of the reception focuses 42 along the transmission scanning lines 31 are thereby
obtained. If the obtained wave front propagation times are plotted with a vertical axis of the wave front propagation time
and a horizontal axis of the position of the reception focus 42 (for the depth direction of the reception scanning line),
and connected as a curve, one wave front propagation time change curve 55 for the first ultrasonic transducer 105 is
obtained as shown in Fig. 5B (step 606).

[0033] By repeating this operation for all the ultrasonic transducers 105 (in a number of M), M of wave front propagation
time curves 55 for each of M of the ultrasonic transducers 105 are obtained as shown in Fig. 5B (steps 607 and 608).
[0034] As clearly seen from Fig. 5B, the wave front propagation times until ultrasonic waves from all the ultrasonic
transducers 106 arrive at the certain reception focus 42 are distributed for the time direction, but there are differences
in the distribution density. Therefore, the delay time extractor 122 can determine the delay time for one reception focus
42 by choosing (extracting) one arrival time (delay time) within the distribution range of the wave front propagation time
change curves 55 for the one reception focus 42 (steps 609 and 610). By repeating this operation for all the reception
focuses (in a number of K), and connecting all the delay times as a curve, a delay time curve 43 can be obtained by
calculation (steps 611 and 612).

[0035] Then, the delay time extractor 122 adds arrival times of the ultrasonic waves from the reception focus 42 to
the ultrasonic transducers 105 at the time of reception (wave front propagation times of return way) to the delay times
of the obtained delay time curve 43 to calculate the delay times for each of the ultrasonic transducers 105 at the time
of reception, and stores them in the delay time memory 123 (steps 613, 614, and 615). The wave front propagation
times of the return way can be calculated by dividing geometrical distances between the reception focus 42 and the
ultrasonic transducers 105 with the acoustic velocity of the ultrasonic waves.

[0036] The processings of the aforementioned steps 600 to 615 are repeated for all the reception scanning lines set
by the reception scanning line setter 116 for one time of transmission, and delay times for the reception focuses 42 for
all the reception scanning lines are stored in the delay time memory 123.

[0037] If all the delay times are stored in the delay time memory 123, the controller 11 makes the transmission beam-
former 104 transmit the ultrasonic signals. As a result, ultrasonic waves are transmitted from each of the ultrasonic
transducers 105 toward the subject 100. Ultrasonic echoes reflected in the subject 100 are received by the plurality of
the ultrasonic transducers 105.

[0038] The delay adder 204 delays the received signals by the delay times stored in the delay time memory 123 for
each of the reception transducers for each of the ultrasonic transducers 105, and then adds them to obtain phased
signals. This operation is repeatedly performed for all the reception focuses 42 on the reception scanning lines 31. The
phased signals obtained for the reception focuses 42 on each of the reception scanning lines 31 are stored in the beam
memory 206. If this operation is repeated for all the reception scanning lines 31, and the phased signals for all the
reception scanning lines 31 are stored in the beam memory 206, the process is returned to the step 600, and the next
transmission is performed.

[0039] The aperture synthesiser 205 performs aperture synthesis by reading a plurality of phased signals obtained by
different transmissions for the same reception focus 42 from the beam memory 206, and synthesizing them. Then, an
image of imaging region is generated by using the synthesized phased signals. The generated image is stored in the
frame memory 207, and outputted to the image processor 109. The image processor 109 displays the image on the
image display 103, after image processing is performed as required.

[0040] As described above, in this embodiment, wave front propagation times from all the ultrasonic transducers 105
at the time of transmission to the reception focus 42 are calculated, and the delay times for the reception focus 42 are
chosen (extracted) according to the distribution of the wave front propagation times for the time direction. Therefore,
geometrical modeling of wave front is not required, and even if transmission beamforming is performed for a complicated
wave front shape, delay times adapted to actual wave front propagation can be set from such transmission/reception
conditions as positions of ultrasonic transducers and transmission delay times. As a result, the energy of the transmission
beam can be efficiently received, and SN ratio can be improved.

[0041] Further, according to this embodiment, even for the outside of the region 32 where transmission beam is directly
irradiated, in which the wave front shape becomes complicated, the delay time can be calculated, and therefore reception
scanning lines 31 can be set as shown in Figs. 5A and 7. Accordingly, the region for which phasing can be performed
is expanded to the outside of the transmission beam irradiation region 32, unlike the conventional virtual sound source
method and so forth, and it becomes possible to obtain a higher frame rate.

[0042] In addition, the delay time extractor 122 can use an arbitrary method for extracting one delay time for the one
reception focus 42 in the step 610. For example, a synthesized waveform of the ultrasonic waves that arrive at one
reception focus 42 from a plurality of the ultrasonic transducers 105 may be obtained from distribution of the arrival times
of the ultrasonic waves for each of a plurality of the ultrasonic transducers 105 with the synthesized waveform calculator
61 in the delay time extractor 122 (Fig. 3) as shown in Fig. 6. In such a case, it becomes possible to calculate the delay
times on the basis of temporal change of the amplitude of the synthesized waveform in the step 610. This technique will
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be further explained.

[0043] Inthe step 603, the synthesized waveform calculator 61 of the delay time extractor 122 calculates a synthesized
waveform obtainable by adding transmission waveforms of a plurality of the ultrasonic transducers 105 in accordance
with the equation (1) using the wave front propagation times obtained for each of the plurality of the ultrasonic transducers
105. In the equation (1), p is an amplitude value of waveform of ultrasonic wave transmitted from each of the ultrasonic
transducers 105. The value of p is given to the delay time extractor 122 from the controller 111 as one of the transmission
conditions. t(m) is wave front propagation time of the m-th ultrasonic transducer 105. By shifting the phase of the
ultrasonic waveform by the wave front propagation time t(m) obtained in the step 603 for each of the ultrasonic transducer
105 in accordance with the equation (1), and adding the amplitude p of the ultrasonic waveform for M of the ultrasonic
transducers 105, a synthesized waveform pg,, for one reception focus 42 can be calculated (refer to Fig. 6).
[Equation 1]

Poum = ) P(t = T(m)) /M M
M

[0044] The delay time extractor 122 can choose an arrival time that provides the maximum or local maximum of the
amplitude of the synthesized waveform shown in Fig. 6 as the delay time.

[0045] Further, the synthesized waveform calculator 61 can obtain such a distribution map showing change of intensity
distribution of the amplitude of the synthesized waveform along the depth direction of the scanning line as shown in Fig.
9 by performing the calculation of the equation (1) for all the reception focuses on the reception scanning lines. Therefore,
in the step 610, the delay time extractor 122 can also draw a delay time curve by continuously choosing the wave front
propagation times for the direction of the reception scanning line using the intensity distribution map of the amplitude of
the synthesized waveform shown in Fig. 9.

[0046] The amplitude of the synthesized waveform of Fig. 9 substantially corresponds to amplitude value of a phased
signal that is assumed to be obtained when a certain wave front propagation time is chosen as the delay time and
phasing addition is performed by using the delay time. Therefore, in the extraction of delay time curve in the step 610,
it becomes possible to evaluate the value of the delay time on the basis of the intensity value of the amplitude of the
synthesized waveform shown in Fig. 9. That is, for example, a higher evaluation score can be given to a delay time that
provides a phased signal of a larger amplitude. Therefore, it becomes possible to perform a feedback processing of the
selection of the delay time using that evaluation. Accordingly, even in transmission beamforming in which modeling of
the wave front is difficult, optimal delay calculation can be performed. This technique will be specifically explained in the
explanation of the fifth embodiment.

[0047] Figs. 5B and 9 show examples of distributions of the wave front propagation time and the intensity of the
amplitude of the synthesized waveform at the time of performing transmission beamforming with a single transmission
focus 41. In Fig. 5A, regions to which the virtual sound source model can be applied (shallow part and deep part of
virtual sound source region), and the outside of the virtual sound source region to which the virtual sound source model
cannot be applied are shown. The virtual sound source region is the same as the sandglass-shaped geometrical region
formed with straight lines connecting the ends of a plurality of the ultrasonic transducers 105 (aperture) used at the time
of transmission and a focus, i.e., the transmission beam direct irradiation area 32.

[0048] Asacomparative example, adelay time curve was obtained with areception beamformer comprising a calculator
that calculates delay time with a wave front model based on the virtual sound source method as shown in Fig. 3A. The
results are shown in Figs. 5B and 9. It can be seen that, as shown in Fig. 5B, the delay time curve 56 calculated with
the wave front model based on the virtual sound source method significantly deviates from the distribution of the wave
front propagation time change curves 55 obtained according to this embodiment, and the intensity distribution of the
amplitude of the synthesized waveform shown in Fig. 9 in the outside of the virtual sound source region. Further, it is
apparently seems that, in the shallow part and deep part of the virtual sound source region, the delay time curve 56
based on the virtual sound source method meets the end of the distribution of the wave front propagation time change
curve 55 as shown in Fig. 5B, but it deviates from the maximum of the intensity distribution of the amplitude of the
synthesized waveform as clearly seen from Fig. 9. Therefore, the amplitudes of the phased signals obtainable by using
the delay time curve 56 based on the virtual sound source method become smaller than the amplitudes of the phased
signals obtainable by using the delay times of this embodiment.

(Second embodiment)

[0049] The ultrasonic imaging apparatus of the second embodiment will be explained.
[0050] According to the second embodiment, when the delay time extractor 122 generates a synthesized waveform



10

15

20

25

30

35

40

45

50

55

EP 3 260 047 A1

by adding the transmission waveforms of a plurality of the ultrasonic transducers 105 in the step 610 of Fig. 8 shown
for the first embodiment, it obtains frequency distribution of the arrival times of the ultrasonic waves for each of the
plurality of the ultrasonic transducers, and generates a synthesized waveform by using the frequency distribution. Cal-
culation amount is reduced by this technique.

[0051] This technique will be specifically explained with reference to Fig. 10. The delay time extractor 122 continuously
sets N (N < M) of time ranges of a predetermined width for the wave front propagation times for each of the plurality of
the ultrasonic transducers for the reception focus obtained in the step 603 of the first embodiment (wave front propagation
time change curve 55, Fig. 10A) as shown in Fig. 10B, and counts the numbers of the wave front propagation times
(wave front propagation time change curve 55) included in the time ranges to calculate the frequency distribution as
shown in Fig. 10B. In this explanation, the frequency distribution is represented as a histogram as an example. The
distribution of the example shown in Fig. 10B is a distribution in which as the wave front propagation time becomes
smaller, the frequency becomes higher.

[0052] For the obtained frequency distribution function (histogram) shown in Fig. 10B, if the number of the wave front
propagation times included in the n-th time range is represented as h(t,,), the amplitude P, of the synthesized waveform
can be calculated in accordance with the equation (2) using the amplitude p of the ultrasonic waveform. t, is a repre-
sentative value of the wave front propagation time of the n-th time range (for example, either one of the maximum,
minimum and average values). M represents the number of the ultrasonic transducers 105 used for the transmission.
[Equation 2]

Poum = h(tn) X p(t —-t,)/M (2)
2

[0053] Comparing the equations (1) and (2), it can be seen that the number for the addition is the number M of the
ultrasonic transducers in the equation (1), but it is the number N (N < M) of the time ranges in the equation (2). Therefore,
the calculation amount of the calculation method of the synthesized waveform using the equation (2) can be reduced
compared with that of the case using the equation (1). In addition, practically sufficient temporary change of the amplitude
of the synthesized waveform can be obtained. Therefore, the calculation load at the time of calculating the synthesized
waveform can be reduced, calculation cost of ultrasonic diagnostic apparatuses can be reduced, and an actually imple-
mentable algorithm can be realized.

[0054] The configurations and operations of the ultrasonic imaging apparatus of the second embodiment other than
those explained above are the same as those of the first embodiment, and therefore explanations thereof are omitted.

(Third embodiment)

[0055] The ultrasonic imaging apparatus of the third embodiment will be explained with reference to Figs. 11 and 12.
[0056] In the third embodiment, the delay time extractor 122 comprises a delay tracer 62 in addition to the synthesized
waveform calculator 61 explained for the first embodiment. The delay tracer 62 extracts one or more delay time curves
by tracing extremes of the intensity distribution (temporary change curve) of the amplitude of the synthesized waveform
of the ultrasonic waves obtained by the synthesized waveform calculator 61 in the direction of the reception scanning line.
[0057] First, the synthesized waveform calculator 61 calculates the intensity distribution of the amplitude of the syn-
thesized waveform of the ultrasonic waves along the direction of the scanning line as explained for the first embodiment
(refer to Fig. 9).

[0058] Then, as shown in the flowchart of Fig. 12, the delay tracer 62 obtains a wave front propagation time at which
the amplitude value of curve which indicates the change of the amplitude value of the synthesized waveform in the
direction of the wave front propagation time (refer to Fig. 6) becomes an extreme at one reception focus 42 on the
reception scanning line. This operation is performed for all the reception focuses on the reception scanning line (step 501).
[0059] Then, as shown in Fig. 13, significantly large amplitude values among the extremes obtained in the step 501
are extracted as delay element points (step 502). Specifically, for example, when amplitude value of an extreme is not
smaller than a preset minimum amplitude value, or ratio of amplitude value of an extreme to the maximum amplitude
value among extremes for that reception focus is not smaller than a preset minimum ratio, the extreme is extracted as
a delay element point. One or more delay element points are thereby extracted for almost all the reception focuses.
[0060] By successively tracing the extracted delay element points along the reception scanning line as shown in Fig.
13, a continuous delay element line is extracted. Specifically, for example, the tracing is started from a delay element
point 131 of the reception focus 42-1 at the end on the side of shallower part of the reception scanning line (side of the
ultrasound probe 116) (step 503), then a tracing vector 141 that connects the delay element point 131 with a delay
element point 132 of the nearest propagation time at the following reception focus 42-2 is set, and inclination of the
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tracing vector 141 is calculated (step 504). When the inclination of the tracing vector 141 is not larger than a set value
defined beforehand, a tracing line that connects the delay element point 131 and the delay element point 132 is set, and
the tracing ending point 132 is set as a new tracing starting point (step 506). Further, a delay element point 151 that has
not been set as a starting point yet for the current reception focus 42-1 is set as a tracing starting point (step 507), the
process is returned to the step 504, a tracing vector 142 that connects the starting point with the nearest delay element
point 152 at the following reception focus 42-2 is set, and when the inclination of the tracing vector is not larger than the
set value, a tracing line is set (steps 504, 505, and 506). When the tracing is completed for all the delay element points
for the current reception focus 42-1, setting of tracing lines is repeated by using delay element points 132 and 152 of
the following reception focus 42-2 as the starting points.

[0061] Wheninclination ofatracing vectoris largerthanthe presetvaluein the step 505, itis judged to be a discontinuous
crest line, and the tracing is ended at that delay element point that is thus a tracing ending point (step 508). The tracing
lines from the tracing starting point to the tracing ending point are extracted as delay element lines (step 509). Continuous
delay element lines 145, 146, and 147 are thereby extracted.

[0062] Among the extracted delay element lines, the delay element line 147 that continues from the reception focus
42-1 on the shallowest side of the reception scanning line to the reception focus 42-K on the deepest side is chosen,
and used as a delay time curve.

[0063] As described above, according to this embodiment, by extracting all delay element points having significant
amplitude values, and tracing them, a delay time curve can be set. If phased signals are obtained by using this delay
time curve, it becomes possible to use wave front energy that has not conventionally been used for phasing for imaging,
and therefore SN ratio can be improved.

[0064] When there are a plurality of the delay element lines 147 that continue from the reception focus 42-1 to the
reception focus 42-K, any one of them can be chosen and used.

[0065] There can also be employed a configuration that, as shown in Fig. 14, the reception beamformer 108 comprising
a plurality of delay adders 204-1 and 204-2 in parallel is used, the plurality of the delay adders 201-1 and 204-2 perform
a delay processing for the same received signal with different delay times, respectively, by using each of the plurality of
delay element lines as delay time curve to obtain phased signals. In this case, the outputs of the plurality of the delay
adders 201-1 and 204-2 are added and used. It is thereby made possible to perform the delay processing by using delay
time curves of the maximum number that can be set in one time of transmission/reception and reception beamforming,
and an effect equivalent to that of the case where phasing is performed for each of a plurality of wave fronts can be
obtained. Therefore, by generating an ultrasonogram using signals obtained by adding phased signals outputted by a
plurality of delay adders, higher resolution can be realized by the multi-look effect.

[0066] The configurations and operations other than those described above are the same as those of the first embod-
iment, and therefore explanations thereof are omitted.

(Fourth embodiment)

[0067] The ultrasonic imaging apparatus of the fourth embodiment will be explained.

[0068] The ultrasonic imaging apparatus of this embodiment has the same configurations as those of the third em-
bodiment, except that the delay time extractor 122 further comprises a discontinuous delay connector 63 as shown in
Fig. 15. As shown in Fig. 16, the discontinuous delay connector 63 connects delay element lines 145, 146, 148, and
149 extracted by the delay tracer 62, when they are discontinuous, to generate a delay element line 147 that continue
from the reception focus 42-1 on the shallowest side to the reception scanning line to the reception focus 42-K on the
deepest side.

[0069] First, delay element line A 148 and delay element line B 149 to be connected by the discontinuous delay
connector 63 are chosen. Specifically, as shown in Fig. 16A, one of delay element lines 145 and 148 starting from the
reception focus 42-1 on the shallowest side of the reception scanning line is first chosen as the delay element line A
(step 521). Then, the reception focus 42-k as the ending point of the selected delay element line A is considered, and
if there are other delay element points 153 and 154, the delay element point 153 of the nearest wave front propagation
time among them is chosen, and the delay element line 149 to which the delay element point 153 belongs is set as the
delay element line B (steps 522, 523, and 524). If there are no other delay element points, the above operation is
performed for the next reception focus, and the operation is repeated for the following reception focuses until other delay
elements are found (step 533).

[0070] Then, a new delay element line for continuously connecting the delay element lines A and B is generated. First,
it is judged whether depth of the reception focus at the ending point of the delay element line A is larger than that of the
reception focus at the starting point of the delay element line B, that is, whether there is an overlapping part for the delay
element lines, as shown in Fig. 16A (step 525).

[0071] In the step 525, when the depth of the reception focus at the ending point of the delay element line A is larger
than that of the reception focus at the starting point of the delay element line B, and thus the delay element lines A and
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B have an overlapping part (Fig. 16A), the starting point of the delay element line B is defined to be S, the ending point
of the delay element line A is defined to be E (step 526), and a connection curve C 157 that continuously connects the
delay element line A and the delay element line B between the reception focus of the point S and the reception focus
of the point E is generated. Specifically, by using a displacement function f(d) (d represents depth) defined beforehand,
of which orbit is asymptotic to 0 at the depth of the reception focus of the point S and asymptotic to 1 at the depth of the
reception focus of the point E, wave front propagation time C(d) of the connection curve 157 is calculated in accordance
with the equation (3). In the equation (3), A(d) is the wave front propagation time of the delay element line A, and B(d)
is the wave front propagation time of the delay element line B.

C(d) = A(d)*(1 - £(d)) + B(d)*£(d) ... (3)

[0072] By calculating the equation (3), the connection curve C 157 is generated (step 527).

[0073] On the other hand, when depth of the reception focus at the ending point of the delay element line A is smaller
than that of the reception focus at the starting point of the delay element line B in the step 525, and therefore the delay
element lines A and B do not have any overlapping part as in the case shown in Fig. 16B, the ending point of the delay
element line A is defined to be S, the starting point of the delay element line B is set to be E (step 528), and a connection
curve D 158 that continuously connects the delay element line A and the delay element line B between the reception
focus of the point S and the reception focus of point E is generated. As for the connection curve D158, a coupling function
of which orbit shares a tangent with the delay element line A at the ending point S of the delay element line A, and shares
a tangent with the delay element line B at the starting point E of the delay element line B is obtained by calculation, and
the connection curve D158 is generated by using the coupling function (step 529).

[0074] Then, when the ending point F of the delay element line B is the deepest reception focus 42-K (end on the
deeper side of the reception scanning line), delay element lines A and B, and the connection curve C or D that connects
the delay element lines A and B are outputted as the delay time curves (steps 530 and 531). Then, when any delay
element line starting from the reception focus 42-1 on the shallowest side of the reception scanning line still remains,
the process is returned to the step 521, and the aforementioned processing is repeated (step 532).

[0075] When the ending point F of the delay element line B is not the deepest reception focus 42-K (end on the deeper
side of the reception scanning line), the process is returned to the step 522 to repeat the processing of connecting with
the following delay element line for the delay element line B instead of the delay element line A (step 530).

[0076] By repeating the processing of connecting the delay element line A or B with the connection curve C or D as
described above, a delay curve continuing from the reception focus 42-1 on the shallowest side of the reception scanning
line to the reception focus 42-K on the deepest side can be generated. By repeating this processing for all the delay
element lines that start at the reception focus starting position, one or a plurality of delay curves can be generated.
[0077] As a result, even when the delay element line is discontinuous, a delay curve that can minimize degradation
of image due to discontinuity of the delay curve can be generated.

[0078] Itis also possible to generate a plurality of delay time curves, and set them in such a plurality of delay adders
204-1 and 204-2 as shown in Fig. 14, respectively.

[0079] The other configurations and operations are the same as those of the third embodiment, and therefore the
explanations thereof are omitted.

(Fifth embodiment)

[0080] The ultrasonic imaging apparatus of the fifth embodiment will be explained with reference to Figs. 18 and 19.
[0081] As shown in Fig. 18, the ultrasonic imaging apparatus of the fifth embodiment comprises a delay curve judger
64 in the delay time extractor 122. When there are a plurality of delay time curves extracted or generated as described
for the third or fourth embodiment, the delay curve judger 63 calculates evaluation index values of the curves, which
represent degree of suitability for use in the phasing addition, by using amplitude data of synthesized waveform as the
wave front propagation time of each of the delay time curves (refer to Fig. 9). Then, when there is one delay adder 204
as shown in Fig. 1, a delay time curve that provides the highest evaluation index value is chosen, or when a plurality of
the delay adders 204 are disposed as shown in Fig. 14, the delay time curves in the same number as the number of the
delay adders are chosen in the order of the evaluation index value from the highest, and outputted to the delay adder 204.
[0082] Specifically, as shown in the flowchart of Fig. 19, all the amplitude value data on the delay time curves are first
extracted from the intensity distribution of the amplitude of the synthesized waveform shown in Fig. 9 for all the delay
curves. All the extracted amplitude value data are processed with an evaluation function defined beforehand to calculate
the evaluation index values (step 541). As for the evaluation function, for example, total or average value of all the
extracted amplitude values, a value obtained by adding the extracted amplitude values weighted with weights set for
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each of the reception focuses, or the like can be used.

[0083] Then, the delay curves are ranked in the order of the value of the evaluation function calculated in the step 541
from the highest, and the delay curves in a number of the delay curves used in the reception beamforming are outputted
to the delay adder 204 (step 542).

[0084] As a result, the delay adder 204 can perform delay addition by using optimal delay time curves in a required
number, therefore energy of the wave front can be efficiently received, and the SN ratio can be improved.

(Sixth embodiment)

[0085] The sixth embodiment will be further explained with reference to Figs. 20, 21, and 22. Fig. 20 is a block diagram
showing the reception beamformer having an approximated delay model automatic generator, Fig. 21 is a drawing
exemplifying geometrical constituent elements used for generation of an approximated delay model, and Fig. 22 is a
block diagram showing the structure of the approximated delay model automatic generator.

[0086] As shown in Fig. 20, the ultrasonic imaging apparatus of the sixth embodiment comprises an approximated
delay model automatic generator (part for automatically generating approximated delay model) 250. The approximated
delay model automatic generator 250 obtains data of delay curves calculated by the delay time calculator 114 similar
to that of any one of the first to fifth embodiments, and constructs a constitutive equation for calculating an approximated
curve of the delay curve calculated by the delay time calculator 114 from the correlation of a plurality of geometrical
wave front models and geometrical constraints prepared beforehand, and the delay time calculated by the delay time
calculator 114. It is thereby made possible to automatically generate a delay time from an approximated delay model
common to the same imaging conditions or transmission conditions without generating delay time curves with the delay
time calculator 114 for a plurality of the reception scanning lines just before the transmission for every transmission.
[0087] Specifically, as shown in Fig. 22, there are obtained the delay time curves calculated by the delay time calculator
114, the delay element lines (i), (ii), and so forth used for the calculation of delay time curves by the delay time calculator
114 in the second to fifth embodiments, the displacement function or coupling function used in the steps 527 and 529
mentioned in Fig. 17, and the transmission/reception conditions (step 551).

[0088] Then, from the transmission/reception conditions, propagation times of geometric wave front models (A), (B),
(C) prepared beforehand as shown in Fig. 21, such as wave fronts of virtual sound source wave, plane wave, and
transducer spherical wave etc., and geometrical boundaries (a), (b), (c) as geometrical constraints, such as focal distances
and boundaries of transmitted beam irradiation regions, are calculated (step 552).

[0089] Then, in order to construct the constitutive equation for calculating approximated curves of the delay element
lines (i), (ii), and so forth, phase differences with respect to all the geometric wave front delay curves are calculated for
each of the delay element lines (step 553).

[0090] For all the delay element lines (i), (ii), and so forth, a geometrical wave front curve that gives the minimum
phase difference is chosen as a fitting curve for every reception focus, and then fitting parameters of a polynomial curve,
for example, are calculated for the phase difference with respect to the fitting curve (step 554).

[0091] Further, in order to calculate a constitutive equation for obtaining a wave front model switching boundary where
the geometrical wave front delay curve used as the fitting curve is changed, for example, an internal division ratio used
when the boundary is represented as a internally dividing point of neighboring geometric boundaries is calculated (step
555).

[0092] Furthermore, in order to calculate a constitutive equation for obtaining an element line switching boundary
where the delay curve moves from one delay element line to another delay element line, for example, an internal division
ratio used when the boundary is represented as a internally dividing point of neighboring geometric boundaries is
calculated (step 556).

[0093] The aforementioned fitting parameter, internal division ratio of the wave front model switching boundary, internal
division ratio of the element line switching boundary, and parameters concerning the coupling function and displacement
function obtained by the delay curve extractor are referred to as approximated delay constituent parameters. The ap-
proximated delay constituent parameters are then calculated for all the scanning lines of one time of transmission (step
557).

[0094] The aforementioned parameters are regarded as functions of which variable is the scanning line number, and
fitting parameters used for fitting these functions to, for example, a polynomial curve, are calculated (step 558). The
fitting parameters of the approximated delay constituent parameters calculated above are sent to a wave front model
approximated delay calculator.

[0095] In the wave front model approximated delay calculator 251, with the aforementioned fitting parameters of the
approximated delay constituent parameters, approximated delay constituent parameters are calculated for every scan-
ning line, and with these approximated delay constituent parameters, and geometrical wave front delay curves and
geometric boundaries calculated beforehand, an approximated delay curve of the optimal delay curve is calculated.
[0096] Asaresult,the delaytime obtained by the delay time calculator 114 similar to those of the first to fifth embodiments
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can be approximated to an approximated delay model constituted by a geometrical wave front model, and the calculation
can be performed with a calculation amount equivalent to that of the delay calculation performed with the conventional
reception beamformer shown in Fig. 3A. Therefore, imaging can be performed with image quality equivalent to that
obtainable with the delay time according to any one of the first to fifth embodiments with suppressing the calculation
amount.

[0097] The ultrasonic imaging apparatuses of the embodiments explained above have a configuration that the delay
time calculator 114 is provided in the inside of the body 102 of the apparatus, but the whole delay time calculator 114
or the whole reception beamformer 108 may also be provided as an apparatus separate from the body 102 of the
apparatus. In such a case, the delay time calculator 114 or the reception beamformer 108, and the body 102 of the
apparatus are connected via a signal wire or a network. For example, the whole delay time calculator 114 or reception
beamformer 108 is implemented in a common computer or a calculation apparatus such as workstation, and connected
with the body 102 of the ultrasonic imaging apparatus via a network. The delay time calculator 114 is made to have a
configuration that it receives transmission conditions and so forth via a network, calculates delay times, and transmits
them to the ultrasonic imaging apparatus as a client terminal. When the reception beamformer 108 is provided as an
apparatus separate from the body 102 of the apparatus, it receives received signals via a network, generates aperture-
synthesized phased signals, and transmits them to the body 102 of the apparatus via a network. It is thereby made
unnecessary to mount the delay time calculator 114, which requires comparatively large calculation amount, on the body
102 of the ultrasonic imaging apparatus. As a result, phasing addition can be performed with delay times based on wave
front propagation times for every ultrasonic transducer, and image quality can be improved even with a small and simple
ultrasonic imaging apparatus.

Description of Notations
[0098]

100 Subject

101 Ultrasonic element array

102 Body of ultrasonic imaging apparatus
103 Image display

104 Transmission beamformer

106 Ultrasound probe

107 Transmission/reception separation circuit (T/R)
108 Reception beamformer

109 Image processor

110 Console

111 Controller

Claims

1. Anultrasonic imaging apparatus comprising a transmission beamformer that makes a plurality of arranged ultrasonic
transducers transmit ultrasonic waves delayed for each of the plurality of the ultrasonic transducers so that a pre-
determined transmission beam is formed, and
a reception beamformer that delays received signals outputted by the plurality of the ultrasonic transducers after
receiving ultrasonic waves for a predetermined reception focus by delay times set for each of the plurality of the
ultrasonic transducers, and then adds them to obtain phased signals, wherein:

the reception beamformer comprises a delay time calculator that obtains the delay times by calculation, and
the delay time calculator comprises a wave front propagation calculator that obtains times until each of the
ultrasonic waves transmitted from the plurality of the ultrasonic transducers arrives at the reception focus by
calculation, and a delay time extractor that calculates the delay times for the reception focus on the basis of
distribution of the arrival times of the ultrasonic waves for each of the plurality of the ultrasonic transducers
obtained by the wave front propagation calculator.

2. The ultrasonic imaging apparatus according to claim 1, wherein the wave front propagation calculator obtains the

times until the ultrasonic waves arrive at the reception focus for all the ultrasonic transducers that transmit the
ultrasonic waves.

12



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

EP 3 260 047 A1

The ultrasonic imaging apparatus according to claim 1, wherein the delay time extractor obtains a synthesized
waveform of the ultrasonic waves that arrive at the reception focus from the plurality of the ultrasonic transducers
on the basis of distribution of the arrival times of the ultrasonic waves for each of the plurality of the ultrasonic
transducers, and calculates the delay times on the basis of temporary change of amplitude of the synthesized
waveform.

The ultrasonicimaging apparatus according to claim 3, wherein the delay time extractor obtains frequency distribution
of the arrival times of the ultrasonic waves obtained by the wave front propagation calculator for each of the plurality
of the ultrasonic transducers, and calculates the synthesized waveform by using the obtained frequency distribution.

The ultrasonic imaging apparatus according to claim 1, wherein the delay time calculator comprises a reception
scanning line setter that sets a reception scanning line, the reception focus is set on the reception scanning line,
the wave front propagation calculator obtains arrival times of the ultrasonic waves for the plurality of the reception
focuses on the reception scanning line to obtain a wave front propagation time change curve for the reception
scanning line for each of the plurality of the ultrasonic transducers, and the delay time extractor obtains a delay time
curve that shows change of the delay time for the reception scanning line by calculation on the basis of distribution
of a plurality of the wave front propagation time change curves.

The ultrasonic imaging apparatus according to claim 5, wherein the delay time extractor obtains a synthesized
waveform of the ultrasonic waves that arrive at a point on the reception scanning line from the plurality of the
ultrasonic transducers on the basis of distribution of the plurality of the wave front propagation time change curves,
obtains extremes of a time change curve of amplitude of the synthesized waveform for each of a plurality of the
reception focuses on the reception scanning line, and traces the extremes in the direction of the reception scanning
line to extract one or more of the delay time curves.

The ultrasonic imaging apparatus according to claim 6, wherein the delay time extractor extracts a delay time curve
that continues from the starting point to the ending point of the reception scanning line as the delay time curve.

The ultrasonic imaging apparatus according to claim 6, wherein the reception beamformer comprises a plurality of
delay adders that delay the received signals of the plurality of the ultrasonic transducers by the delay times, and
then add them to obtain phased signals for one ultrasound probe,

the delay time extractor extracts a plurality of the delay time curves, and

the plurality of the delay adders each obtain phased signal by using delay times of the plurality of the delay time curves.

The ultrasonic imaging apparatus according to claim 6, wherein, when two of the delay curves are discontinuous,
the delay time extractor connects them to generate a delay time curve that continues from an end to the other end
of the reception scanning line.

The ultrasonic imaging apparatus according to claim 8, wherein the delay curve extractor comprises a delay curve
judger that, when there are two or more delay time curves, calculates evaluation index values of the two or more
delay time curves by using the amplitude of the synthesized waveform, chooses the delay time curves in the same
number as that of the delay adders in the order of the evaluation index value from the highest, and outputs delay
times of the chosen delay time curves to the delay adder.

The ultrasonic imaging apparatus according to claim 5, wherein the reception beamformer comprises an approxi-
mated delay model automatic generator, and

the approximated delay model automatic generator constructs a constitutive equation for calculating an approximated
curve of the delay time curve from the correlation of data of delay time curves calculated by the delay time calculator
and a plurality of geometrical wave front models and geometrical constraints prepared beforehand.

A method for processing ultrasonic signals comprising sending, to a plurality of arranged ultrasonic transducers,
ultrasonic signals delayed for each of the plurality of the ultrasonic transducers so that a predetermined transmission
beam is formed, delaying the ultrasonic signals received by the plurality of the ultrasonic transducers by delay times
set for each of the plurality of the ultrasonic transducers for a predetermined reception focus, and then adding them
to obtain phased signals, wherein:

before the ultrasonic signals are sent to the ultrasonic transducers, times until ultrasonic waves transmitted
from the plurality of the ultrasonic transducers that have received the ultrasonic signals arrive at the reception
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focus are obtained by calculation, and on the basis of distribution of the obtained arrival times of the ultrasonic
waves for each of the plurality of the ultrasonic transducers, the delay times for the reception focus are calculated.

14
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 8
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