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(54) Ultrasonic imaging apparatus with multiple transmit beams and reduced sidelobes

(57) An ultrasonic transmitting and receiving appa-
ratus capable of obtaining high quality ultrasonic images
with reduced effect of side lobes. The apparatus in-
cludes: an ultrasonic transducer array (10) including ul-
trasonic transducers; a drive signal generating unit (14)
for generating drive signals for driving the ultrasonic
transducers; a transmission control unit (13) for control-
ling the drive signal generating unit such that ultrasonic
waves transmitted from the ultrasonic transducers form

at least one ultrasonic beam; a reception control unit
(24) for performing reception focusing processing on de-
tection signals obtained based on the ultrasonic echoes
to form a reception focal point thereby obtaining plural
pieces of measurement data; astorageunit (31) for stor-
ing plural different acoustic pressure intensity profiles;
and an essential data calculating unit (32) for calculating
image data based on the plural pieces of measurement
data and the plural different acoustic pressure intensity
profiles.
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Description

BACKGROUND OF THE INVENTION

Field of the invention

[0001] The present invention relates to an ultrasonic transmitting and receiving apparatus and an ultrasonic trans-
mitting and receiving method to be used for obtaining ultrasonic images by transmitting ultrasonic waves and receiving
ultrasonic echoes.

Description of a Related Art

[0002] Conventionally, in order to obtain a two-dimensional or three-dimensional image, for example, like B-mode
scanning, ultrasonic beams are transmitted one by one to scan an object to be inspected, and a two- dimensional or
three-dimensional image is synthesized based on the obtained image information. However, according to such method,
since time lag between frames is large, images in different times are synthesized and the synthesized image is blurred
when imaging moving parts. Especially, when observing a part moving hard such as a circulatory organ, real time
operation of at least 30 frames per second is required. In order to obtain ultrasonic images in real time, the imaging
region within the object must be scanned at high speed, and the method of sequential scanning with a single ultrasonic
beam is too late for the requirement.
[0003] As a countermeasure against such problem, a technology of transmitting and receiving plural ultrasonic beams
simultaneously toward many directions from an ultrasonic transducer array in which plural ultrasonic transducers are
arranged two-dimensionally is under study.
[0004] Fig. 15A schematically shows a state in which ultrasonic beams are transmitted from an ultrasonic transducer
array included in an ultrasonic probe that is generally used. An ultrasonic transducer array 100 is fabricatedby, for
example, linearly arranging a number of ultrasonic transducers 101. As an element (ultrasonic transducer) used for
transmission and reception of ultrasonic waves, an element in which electrodes are formed on both ends of a material
having a piezoelectric property (piezoelectric element) that includes piezoelectric ceramic representedby PZT (Pb
(lead) zirconate titanate) or a macromolecule piezoelectric element represented by PVDF (polyvinylidene difluoride)
has been generally used.
[0005] Drive signal generating circuits including pulsers etc. are connected to these ultrasonic transducers 101,
respectively. Applying a voltage to such ultrasonic transducer 101, the piezoelectric element expands and contracts
by piezoelectric effect to generate ultrasonic waves. By driving plural ultrasonic transducers 101 at predetermined time
intervals, spherical waves transmitted from the respective ultrasonic transducers 101 are synthesized and the ultrasonic
beam having a focal point formed in a desired direction and a desired depth can be transmitted.
[0006] In addition, as shown in Fig. 15B, by applying two sets of timing pulses of A pulse and B pulse to one set of
elements, an ultrasonic beamA and an ultrasonic beam B can be transmitted simultaneously in different directions.
Note that, in the case where the A pulse and B pulse overlap, a common pulse as an addition result may be generated.
[0007] Hereinafter, thus simultaneously transmitted and received plural ultrasonic beams are referred to as "multi-
beam".
[0008] Now, in ultrasonic imaging, side lobes produced when transmitting ultrasonic beams become problematic.
When an ultrasonic beam having directivity is transmitted, in spatial distribution of acoustic pressure intensity, a local
maximum that occurs on the center axis in a transmitting direction is referred to as "main lobe", and a local maximum
that occurs in a direction other than that is referred to as "side lobe". The side lobe is produced depending on the
relationship between the element pitch of the ultrasonic transducers and ultrasonic frequency (such side lobe is referred
to as "grating lobe"), or produced by the unwanted vibration of the ultrasonic transducers. Normally, an ultrasonic echo
received by the ultrasonic transducer is subjected to signal processing as an echo that has propagated from the direction
of the main lobe. On this account, in the case where the side lobe component is large or there is a strong reflector in
the side lobe direction, an artifact (virtual image) is generated, and the image quality of the ultrasonic image is degraded.
[0009] In order to avoid such phenomenon, measures have been taken for suppressing the side lobes, such as
improvement in the delay accuracy of the transmitted and reception beams andminiaturization of the element. However,
there are limits to these techniques, and the side lobes have not been reduced to the sufficient level. Further, in the
case where the ultrasonic beam is largely steered, or ultrasonic waves are subjected to multi-beam transmission, the
level of the side lobe component becomes higher, and accordingly, it becomes more difficult to reduce it. Therefore,
the effect on the image quality becomes a major problem.
[0010] U.S. Patent No. 6,179,780 discloses the following technology for reducing the effect by the side lobes when
performing multi-beam transmission and reception of ultrasonic waves. That is, a method of forming plural reception
beams for one transmission beam, or a method of identifying transmission beams by changing frequencies of plural



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

3

transmission beams or coding transmission beams by using Barker code, Golay code, etc. to relate themwith received
ultrasonic echoes are cited. Further, since there is a region called as "null line" where the acoustic pressure becomes
generally zero between a main lobe and a side lobe, a method of performing alignment of the main lobe of another
ultrasonic beam in the region, a method of simply separating the intervals of transmission beams, and a method of
shifting the center frequencies of the transmission beams are also cited. Although these methods are for suppressing
the occurrence of the side lobes, there is a limit to the degree that the side lobes can be reduced.
[0011] By the way, recently, as one of greatly developed technologies in the medical imaging technology field, X-ray
CT (computed tomography) can be cited. The X-ray CT is a technology of applying X-rays from plural directions to the
object and generating the tomogram of the object based on the X-rays transmitted through the object. However, since
X-ray signals transmitted through the object from different hundreds of directions are required in order to obtain an X-
ray CT image with high image quality, a complex and accurate mechanism for rotating the X-ray source and X-ray
detecting unit, a huge amount of time and a high performance data processing unit for processing an enormous amount
of data, etc. are indispensable. Accordingly, the apparatus becomes large scaled and expensive, and that has discour-
aged the widespread in general use. Further, the exposed dose of the X-ray applied to an object to be inspected has
been also problematic.
[0012] In order to solve such problems, Japanese Patent Application Publication JP-A-9-161041 discloses a CT
apparatus capable of obtaining high quality images at high speed even if the number of projection directions is small.
In this CT apparatus, a generalized inverse matrix is stored which has been calculated in advance by performing
singular value decomposition on the projection model matrix expressing in a matrix the relationship between prede-
termined plural different transmission paths and influence coefficients as the degree of effect on the projection value
by respective pixels within a calculation space partitioned in a lattice form when a transmission ray passes through
respective transmission paths, and then, the data for image display is generated by using the projection values on
intersections of the X-rays projected from different directions (the partitioned calculation space in a lattice form) and
the generalized inverse matrix.
[0013] However, this technique is for estimating the signals on the lattice points, where these transmission paths
intersect, from the projection values in the different plural transmission paths (integration values of the transmission
paths) , and such technology can not be directly applied to the ultrasonic imaging for obtaining information on the object
from the acoustic pressure intensity of the ultrasonic echoes reflected from the object.

SUMMARY OF THE INVENTION

[0014] The present invention has been achieved in view of the above-describedproblems. An object of the present
invention is to provide an ultrasonic transmitting and receiving apparatus and an ultrasonic transmitting and receiving
method capable of obtaining high image quality ultrasonic images with reduced effect of side lobes.
[0015] In order to solve the above-described problems, an ultrasonic transmitting and receiving apparatus according
to the present invention comprises: an ultrasonic transducer array including plural ultrasonic transducers for transmitting
ultrasonic waves and receiving ultrasonic echoes reflected from an object to be inspected; drive signal generating
means for generating drive signals for respectively driving the plural ultrasonic transducers; transmission control means
for controlling the drive signal generating means such that ultrasonic waves transmitted from the plural ultrasonic
transducers form at least one ultrasonic beam; signal processing means for performing reception focusing processing
on plural detection signals obtained based on the ultrasonic echoes received by the plural ultrasonic transducers so
as to form a reception focal point in at least one region within the object thereby obtaining plural detection signals
relating to the at least one region; storage means for storing plural different acoustic pressure intensity profiles set
based on acoustic pressure intensity distribution formed by transmitting ultrasonic beams and the reception focusing
processing to be performed in the signal processing means; and calculating means for calculating image data relating
to the at least one region on the basis of the plural detection signals relating to the at least one region and the plural
different acoustic pressure intensity profiles.
[0016] Here, the signal processing means may obtain plural detection signals respectively relating to plural regions
within the object, and the calculating means may calculate image data relating to the plural regions by using the plural
detection signals and plural different acoustic pressure intensity profiles relating to the plural regions. Further, the signal
processing means may obtain plural detection signals relating to one region within the object, and the calculating
means may calculate image data relating to the one region by using the plural detection signals and plural different
acoustic pressure intensity profiles relating to the one region. Furthermore, the signal processing means may obtain
plural detection signals relating to each of plural regions within the object, and the calculating means may calculate
image data relating to the plural regions by using the plural detection signals and the plural different acoustic pressure
intensity profiles relating to the plural regions.
[0017] An ultrasonic transmitting and receiving method according to the present invention is an ultrasonic transmitting
and receiving method of transmitting and receiving ultrasonic waves using an ultrasonic transducer array including



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

4

plural ultrasonic transducers for transmitting ultrasonic waves and receiving ultrasonic echoes reflected from an object
to be inspected, and the method comprises the steps of: (a) transmitting at least one ultrasonic beam by driving the
plural ultrasonic transducers, respectively; (b) obtainingplural detection signals relating to the at least one region within
the object by performing reception focusing processing on the plural detection signals obtained based on the ultrasonic
echoes received by the plural ultrasonic transducers so as to form a reception focal point in the at least one region;
(c) calculating image data relating to at least one region based on plural different acoustic pressure intensity profiles
set based on acoustic pressure intensity distribution formed by transmitting ultrasonic beams and the reception focusing
processing performed at step (b) and the plural detection signals relating to the at least one region.
[0018] According to the present invention, since ultrasonic echo signals with no side lobe are estimated based on
the acoustic pressure intensity profiles and the detection signals, high quality ultrasonic images with reduced effect of
side lobes can be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019]

Fig. 1 is a block diagram showing a constitution of an ultrasonic transmitting and receiving apparatus according
to the first embodiment of the present invention;
Fig. 2A is a schematic diagram showing a state in which plural ultrasonic beams are transmitted from an ultrasonic
transducer, and Fig. 2B shows the profiles of transmission beams formed within the object by transmitting plural
ultrasonic beams;
Fig. 3A is a schematic diagram showing plural reception beams having reception focal points formed therein, and
Fig 3B shows profiles of the reception beams;
Fig. 4 shows acoustic pressure intensity profiles obtained based on the profiles of the transmission beams and
the profiles of the reception beams;
Figs. 5A and 5B show acoustic pressure intensityprofiles obtained by transmitting ultrasonic beams in three direc-
tions and performing reception focusing processing with respect to five directions;
Fig. 6 show acoustic pressure intensity profiles obtained by performing reception focusing processing with respect
to each of three regions;
Fig. 7 is a flowchart showing an ultrasonic transmitting and receiving method according to the first embodiment of
the present invention;
Fig. 8 is a block diagram showing an ultrasonic transmitting and receiving apparatus according to the second
embodiment of the present invention;
Fig. 9 is a flowchart showing an ultrasonic transmitting and receiving method according to the second embodiment
of the present invention;
Figs. 10A and 10B are diagrams for explanation of an ultrasonic transmitting and receiving method according to
the third embodiment of the present invention;
Figs. 11A and 11B are diagrams for explanation of an ultrasonic transmitting and receiving method according to
the fourth embodiment of the present invention;
Fig. 12 is a block diagram showing a modified example of the ultrasonic transmitting and receiving apparatus
shown in Fig. 8;
Fig. 13 is a diagram for explanation of a modified example of the ultrasonic transmitting and receiving methods in
the first to fifth embodiments of the present invention;
Fig. 14 is a flowchart showing the modified example of the ultrasonic transmitting and receiving methods in the
first to fifth embodiments of the present invention; and
Fig. 15A is a diagram showing a state in which ultrasonic beams are transmitted from an ultrasonic transducer
array included in a conventional ultrasonic probe, and Fig. 15B shows timing pulses applied to the respective
ultrasonic transducers.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0020] Hereinafter, embodiments of the present invention will be described in detail by referring to the drawings. The
same component elements are assigned with the same reference numerals and the descriptions thereof will be omitted.
[0021] Fig. 1 is a block diagram showing a constitution of an ultrasonic transmitting and receiving apparatus according
to the first embodiment of the present invention.
[0022] The ultrasonic transmitting and receiving apparatus according to this embodiment includes an ultrasonic trans-
ducer array 10. The ultrasonic transducer array 10 includes plural ultrasonic transducers arranged in a matrix form,
for example. The ultrasonic transducer array 10 transmits ultrasonic beams based on driving signals applied thereto,
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and receives propagating ultrasonic waves to output detection signals. Each ultrasonic transducer is constituted by a
vibrator in which electrodes are formed on both ends of a material having a piezoelectric property (piezoelectric element)
that includes piezoelectric ceramic represented by PZT (Pb (lead) zirconate titanate) or a macromolecule piezoelectric
element represented by PVDF (polyvinylidene difluoride), for example. Applying a voltage of a pulsed electrical signal
or continuous wave electrical signal to the electrodes of such vibrator, the piezoelectric element expands and contracts.
By the expansion and contraction, pulsed or continuous ultrasonic waves are generated from respective vibrators, and
these ultrasonic waves are synthesized to form an ultrasonic beam. Further, the vibrators expand and contract by
receiving propagating ultrasonic waves and generate electrical signals. These electrical signals are outputted as de-
tection signals of ultrasonic waves.
[0023] Alternatively, as the ultrasonic transducers, plural kinds of elements according to different ultrasonic conver-
sion methods may be used. For example, the above-described vibrator is used as an element for transmitting ultrasonic
waves, and a photo-detection type ultrasonic transducer is used as an element for receiving ultrasonic waves. The
photo-detection type ultrasonic transducer is for detecting an ultrasonic signal by converting it into an optical signal,
and, for example, constituted by a Fabry-Perot resonator or fiber Bragg grating.
[0024] Further, the ultrasonic transmitting and receiving apparatus includes a scanning control unit 11, a transmission
delay pattern storage unit 12, a transmission control unit 13, a drive signal generating unit 14, and a transmission and
reception switching unit 15. The scanning control unit 11 sequentially sets transmitting directions of ultrasonic beams
and receiving directions of ultrasonic echoes. The transmission delay pattern storage unit 12 has stored plural trans-
mission delay patterns to be used when the ultrasonic beams are formed. The transmission control unit 13 selects a
transmission delay pattern from among plural transmission delay patterns stored in the transmission delay pattern
storage unit 12 according to the transmitting directions set in the scanning control unit 11, and sets the delay times to
be respectively provided to the plural ultrasonic transducers on the basis of the selected transmission delay pattern.
[0025] The drive signal generating unit 14 is constituted by, for example, plural pulsers corresponding to the plural
ultrasonic transducers. Each of the plural pulsers generates a drive signal based on the delay time set in the transmis-
sion control unit 13. The transmission and reception switching unit 15 switches the generation of drive signals in the
drive signal generating unit 14 and capture of the detection signals in a signal processing unit 21 at timing according
to the control of the scanning control unit 11. By restricting the time periods for reading detection signals as described
above, echo signals reflected from a particular depth of the object can be detected.
[0026] Further, the ultrasonic transmitting and receiving apparatus includes the signal processing unit 21, a primary
storage unit 22, a reception delay pattern storage unit 23, a reception control unit 24, a secondary storage unit 25, an
intensity profile storage unit 31, an essential data calculating unit 32, a tertiary storage unit 33, an image processing
unit 34, and a display unit 35.
[0027] The signal processing unit 21 includes plural channels corresponding to the plural ultrasonic transducers.
Each of the plural channels of the signal processing unit 21 captures the detection signal outputted from the corre-
sponding ultrasonic transducer with predetermined timing, andperforms signal processing such as logarithmic ampli-
fication, demodulation, STC (sensitivity time control), filtering processing, A/D conversion. The primary storage unit 22
stores detection signals subjected to signal processing in the signal processing unit 21 with respect to each channel
in chronological order.
[0028] The reception delay pattern storage unit 23 has stored plural reception delay patterns to be used when re-
ception focusing processing is performed on the plural detection signals outputted from the plural ultrasonic transduc-
ers. The reception control unit 24 selects a reception delay pattern from plural reception delay patterns stored in the
reception delay pattern storage unit 23 according to the reception direction set in the scanning control unit 11, and
performs reception focusing processing by providing delays to the plural detection signals based on the reception delay
pattern and adding them to each other. By the reception focusing processing, sound ray data in which the focal point
of the ultrasonic echo is narrowed down is formed. The secondary storage unit 25 stores the sound ray data formed
in the reception control unit 24.
[0029] The intensity profile storage unit 31 has stored plural different acoustic pressure intensity profiles, which will
be also simply referred to as "intensity profiles" or "profiles". The intensity profiles represent acoustic pressure intensity
or acoustic pressure intensity ratios in plural regions included in the surface where the ultrasonic beams reach in a
predetermined time elapsed from being transmitted.
[0030] Hereinafter, the surface where the ultrasonic beams reach in predetermined time elapsed from being trans-
mitted is referred to as "isochronal surface". It is conceivable that, in plural regions included in one isochronal surface,
distances from the transmitting position of the ultrasonic beam are substantially equal. The intensity profiles are ex-
pressed by the function of the positions (directions) of the plural regions included in the isochronal surface and the
acoustic pressure intensity or acoustic pressure intensity ratios therein.
[0031] It is assumed that, in the space in which ultrasonic waves are transmitted and received, spatial distribution
of acoustic pressure intensity (acoustic field) is formed by the acoustic pressure intensity distribution formed by trans-
mitting ultrasonic beams and the reception focusing processing performed in the reception control unit 24. In this
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embodiment, such spatial distribution of acoustic pressure intensity is utilized in order to eliminate the effect of side
lobes in the detection signals.
[0032] The plural intensity profiles stored in the intensity profile storage unit 31 are set based on (i) the transmitting
directions of ultrasonic beams and (ii) the reception focusing processing of ultrasonic echoes, that is, receiving direc-
tions and depths of the reception focal points. Further, as factors for setting the acoustic pressure intensityprofile, a
number of used elements from among the elements included in the ultrasonic transducer array 10, an element pitch,
an aperture diameter of the used elements, or aperture conditions including a weighting factor within the aperture may
be included. Such intensity profile can be obtained by simulating an acoustic field based on the above-described ap-
erture conditions, transmission conditions including the transmission delay pattern, and reception conditions including
the reception delay pattern. On the other hand, the intensity profile may be obtained by transmitting and receiving
ultrasonic beams to the scattering phantom based on these conditions and using intensity ratio of ultrasonic echoes
obtained by the measurement.
[0033] The essential data calculating unit 32 selects a profile from the plural profiles stored in the intensity profile
storage unit 31 based on the transmitting direction and receiving direction set in the scanning control unit 11, and
calculates image data with the suppressed side lobe components (essential data) based on the profile and measure-
ment data corresponding to a selected isochronal surface from among the sound data stored in the secondary storage
unit 25. The tertiary storage unit 33 stores the image data calculated in the essential data calculating unit 32.
[0034] The image processing unit 34 constructs two-dimensional or three-dimensional image data based on the
image data stored in the tertiary storage unit 33, and performs image processing such as gain adjustment, contrast
adjustment, gradation processing, response enhancement processing, interpolation processing, etc. and further per-
forms scanning conversion on the image data. The display unit 35 displays ultrasonic images based on the image data
processed in the image processing unit 34. The display unit 35 includes a display device such as a CRT or an LCD,
for example.
[0035] Next, the principle of the ultrasonic transmission and reception in this embodiment will be described by refer-
ring to Figs. 2A to 4.
[0036] As shown in Fig. 2A, acquisition of essential data xA, xB, xC relating to regions A, B, C on the isochronal
surface PH1 in TA direction, TB direction, TC direction will be discussed. Here, the isochronal surfaces PH1, PH2, PH3
are surfaces where the ultrasonic beams reach in time periods t1, t2 , t3 frombeing transmitted, respectively. In addition,
the essential data is ideal data representing information on the respective regions, in which the effect by the side lobe
component is reduced. When ultrasonic beams are subjected to multi-beam transmission towards these three direc-
tions, at least three lobes (local maximums) occur in the acoustic field. Accordingly, the transmission beams are formed
and transmitted so that strong lobes may be produced in TA direction, TB direction, TC direction shown in Fig. 2A. In
order to form desired transmission beams, a number of elements to be used from among the elements included in the
ultrasonic transducer array 10, the element pitch, the aperture condition including an aperture diameter of the element
to be used and weighting within the aperture, and the transmission condition including the transmission delay pattern
may be used. Thereby, the acoustic field having the transmission beam profile as shown in Fig. 2B is formed in the
space within the object.
[0037] On the other hand, as shown in Fig. 3A, when ultrasonic echoes are received, reception focusing processing
is performed on the detection signals so that reception focal points may be formed in a predetermined depth (for
example, isochronal surface PH1) in the respective directions. Fig. 3B shows profiles of reception beams RX1, RX2,
RX3 obtained by performing reception focusing processing with respect to each of TA direction, TB direction, TC di-
rection.
[0038] Accordingly, as shown in Fig. 4, intensity profiles obtained by actually transmitting ultrasonic beams and per-
forming reception focusing on the received echoes are multiplication of the transmission beam profiles and reception
beam profiles. In Fig. 4, αA, βA, γA represent acoustic pressure intensity ratios corresponding to three lobes determined
by the transmission beam TX and the reception beam RX1. Similarly, αB, βB, γB or αC, βC, γC represent acoustic pressure
intensity ratios corresponding three lobes determined by the transmission beam TX and the reception beam RX2 or
RX3.
[0039] As shown in Fig. 4, even when the reception focusing processing is performed toward the predetermined
direction, signal components from different directions are mixed in the measurement data obtained based on the ac-
tually received ultrasonic echoes. For example, the measurement data yA obtained based on the ultrasonic echoes
received after time period t1 3 2 from the transmission time includes a part of components of signals xB and xC re-
spectively received from TB direction and TC direction other than the essential data xA representing information on
the region A. Accordingly, assuming that the measurement data yA is obtained by performing weighted addition on the
ultrasonic echo signals from these three directions (TA, TB, TC) with the above-described acoustic pressure intensity
ratios, the measurement data yA is expressed by the following equation.
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Similarly, expressing measurement data yB, yC by using the intensity profiles, the following simultaneous linear equa-
tions can be obtained.

[0040] Accordingly, by solving the simultaneous equations (1) by using the acoustic pressure intensity ratios αA,
αB, ... in the intensity profiles obtained in advance and the measurement data yA, yB, yC, the essential data xA, xB, xC
can be obtained.
[0041] Further, by performing such calculation with respect to all of the isochronal surfaces PH1, PH2, ... while varying
transmitting directions TA, TB, ... of ultrasonic beams, essential data can be estimated with respect to all of the regions
within the space.
[0042] As above, the estimation of three essential data is explained by assuming that the ultrasonic beams are
transmitted in three directions and the ultrasonic echo components propagating from different directions are mixed
with three pieces of measurement data. However, the number of transmission beams, the number of measurement
data to be used and the number of estimable essential data are not necessarily required to be the same.
[0043] For example, as shown in Fig. 5A, five pieces of measurement data may be acquired by performing multi-
beam transmission toward the three directions of TA, TB, TC and performing reception focusing processing with respect
to five directions of TA, TB, TC, TD, TE. In this case, as shown in Fig. 5B, five intensity profiles are used. Accordingly,
the five pieces of measurement data yA, yB, yC, yD, yE in the isochronal surface PH1 are expressed by the following
equations by using the intensity profiles and essential data xA, xB, xC, xD, xE in the isochronal surface PH1.

By solving the simultaneous equations (2) , the essential data xA to xE can be estimated.
[0044] As described above, the estimation accuracy of the essential data can be raised by assuming that larger
number of ultrasonic echo components are mixed in the measurement data and increasing the number of equations.
For example, even in the case of performing multi-beam transmission in three directions, simultaneous equations may
be constructed by assuming that ultrasonic echo components propagating from ten or more directions are mixed therein.
[0045] By the way, in the simultaneous equations (1) and (2), since the number of unknowns (essential data) and
the number of equations are the same, the unknowns are uniquely determined. However, in the case where at least
one data having lower reliability is included in the plural pieces of measurement data, the estimation accuracy of all
pieces of the essential data becomes lower. Accordingly, by constructing simultaneous equations so that the number
of equations becomes larger than the number of unknowns, the stability of solution can be raised.
[0046] In order to increase the number of equations constituting simultaneous equations, it is necessary to prepare

yA = αA·xA + βA·xB + γA·xC

yA = αA·xA + βA·xB + γA·xC

yB = αB·xA + βB·xB + γB·xC

yC = αC·xA + βC·xB + γC·xC (1)

yA = αA-xA + βA·xB + γA·xC + δA·xD + εA·xE

yB = αB·xA + βB·xB + γB·xC + δB·xD + εB·xE

yC = αC·xA + βC·xB + γC·xC + δC·xD + εC-xE

yD = αD·xA + βD·xB + γD·xC + δD·xD + εD·xE

yE = αE·xA + βE·xB + γE·xC + δE·xD + εE·xE (2)
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plural pieces of measurement data relating to a predetermined region and plural different intensity profiles correspond-
ing to their acquisition conditions. For that purpose, ultrasonic beams may be transmitted and received by varying one
or all of the aperture condition of the ultrasonic transducer array 10, transmission condition or reception condition of
the ultrasonic beams. For example, by performing reception focusing processing on a series of detection signals with
respect to the region A in the isochronal surface PH1 in TA direction, which is shown in Fig. 2, by using different two
kinds of reception delay patterns, two kinds of measurement data yA1 and yA2 can be obtained. This is possible by
setting reception focusing while varying the focal depth, for example. In addition, as shown in Fig. 6, two intensity
profiles PR1 (acoustic pressure intensity ratios αA1, βA1, γA1) and PR2 (acousticpressure intensity ratios αA2, βA2, γA2)
corresponding to the two kinds of reception delay patterns can be obtained. Similarly, plural pieces of measurement
data and plural intensity profiles are also obtained with respect to each of TB direction and TC direction. By expressing
these pieces of measurement data by using essential data xA, xB, xC relating to the regions A, B, C and the intensity
profiles, simultaneous equations (3) constituted by six equations can be constructed with respect to three unknowns.

[0047] Next, an ultrasonic transmitting and receiving method according to the first embodiment of the present inven-
tion will be described by referring to Figs. 1-4 and Fig. 7. Fig. 7 is a flowchart showing the transmitting and receiving
method according to this embodiment.
[0048] First, at step S1 the scanning control unit 11 sets transmitting directions of ultrasonic beams. Accordingly, the
transmission control unit 13 sets delay times in the drive signal generating unit 14 based on the transmission delay
patterns in response to the set transmitting directions as shown in Fig. 2B, for example.
[0049] At step S2, when the drive signal generating unit 14 generates drive signals, the set number of ultrasonic
beams are transmitted toward the set directions as shown in Fig. 2A, for example.
[0050] At step S3, the switch is turned in the transmission and reception switching unit 15, and the ultrasonic trans-
ducer array 10 receives ultrasonic echoes with predetermined timing. Each of the plural ultrasonic transducers included
in the ultrasonic transducer array 10 generates an electrical signal (detection signal) based on the received ultrasonic
echoes.
[0051] At step S4, the signal processing unit 21 performs signal processing such as logarithmic amplification, STC,
filtering processing, A/D conversion on the detection signal outputted from each of the plural ultrasonic transducers.
At step S5, the signal processed detection signals (digital data) are sequentially stored in the primary storage unit 22
with respect to each line.
[0052] At step S6, the reception control unit 24 performs reception focusing processing by using detection signals
stored in theprimary storage unit 22 based on the predetermined reception delay patterns as shown in Fig. 3B, for
example. Thereby, sound ray data corresponding to the transmitting directions set by the scanning control unit 11 are
formed. The sound ray data formed at step S6 is stored in the secondary storage unit 25 (step S7).
[0053] At step S8, the essential data calculating unit 32 calculates essential data in a predetermined isochronal
surface by using measurement data in the predetermined isochronal surface included in the sound ray data stored in
the secondary storage unit 25, and intensity profiles (for example, see Fig. 4) stored in the intensity profile storage unit
31.
[0054] The calculation of the essential data is performed as follows. The simultaneous equations described in the
equations (1) to (3) can be expressed as the matrix relational expression (linear equation) as shown by the equation (4).

yA1 = αA1·xA + βA1·xB + γA1·xC

yA2 = αA2·xA + βA2·xB + γA2·xC

yB1 = αB1·xA + βB1·xB + γB1·xC

yB2 = αB2·xA + βB2·xB + γB2·xC

yC1 = αC1·xA + βC1·xB + γC1·xC

yC2 = αC2·xA + βC2·xB + γC2·xC (3)



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

9

Where, "b" is a measurement data vector having measurement data yA, yB, ... as components, and "x" is an essential
data vector having essential data xA, xB, ... as components. Further, "A" is a matrix having "m" rows and "n" columns
(m ≥ n) and acoustic pressure intensity ratios αA, αB, ... in the intensity profiles as components. Specifically, the simul-
taneous equations (3) are expressed as follows:

[0055] In the case where m = n in the equation (4), that is, the matrix "A" is a square matrix and a regular matrix, the
vector "x" can be obtained by obtaining an inverse matrix A-1, and applying it from the left side of both sides of the
equation (4). In this case, as a method of obtaining the inverse matrix A-1, for example, the exact method including the
sweeping-out method (Gaussian elimination method) and the LU decomposition method using it, or the iterative method
including the SOR method, etc. can be used.
[0056] In addition, in the case where m > n in the equation (4) , by using the least-squares method, a plausible
solution of the vector "x" can be obtained.
[0057] The essential data calculated at step S8 is stored in the tertiary storage unit 33 (step S9).
[0058] At step S10, the image processing unit 34 constructs two-dimensional or three-dimensional image data based
on the calculated essential data and performs image processing such as gain adjustment and gradation processing
and scanning conversion. Then, at step S11, the display unit 35 displays ultrasonic images on a display based on the
image processed image data.
[0059] As described above, in this embodiment, the side lobe component is eliminated from measurement data not
by suppressing the occurrence of the side lobes in the transmissionbeams, butbyestimatingtheessentialdatabased on
the measurement data and the acoustic pressure intensity profiles. Therefore, in the case where ultrasonic waves are
subjected to multi-beam transmission, ultrasonic images with high image quality and reduced effect of side lobes can
be obtained.
[0060] Next, an ultrasonic transmitting and receiving apparatus according to the second embodiment of the present
invention will be described by referring to Fig. 8. The ultrasonic transmitting and receiving apparatus according to this
embodiment has a scanning part information input unit 40 and a threshold setting unit 41. Further, the apparatus has
an essential data calculating unit 42 instead of the essential data calculating unit 32 in Fig. 1. The rest of the constitution
is the same as that shown in Fig. 1.
[0061] The ultrasonic transmitting and receiving apparatus according to this embodiment uses the Moore-Penrose
(MP) generalized inverse matrix when solving the simultaneous equations described in the equations (4). Simultane-
ously, a matrix, a rank of which is reduced by discarding singular values, may be used. The MP generalized inverse
matrix will be described later in detail.
[0062] The scanning part information input unit 40 is provided on the operation panel, for example, and used when
inputting a part of the object of ultrasonic imaging. The threshold setting unit 41 sets a threshold to be used when
discarding singular values based on the scanning part information inputted from the scanning part information input
unit 40. The threshold setting unit 41 may include a storage unit for storing plural thresholds corresponding plural parts
of the object.
[0063] Next, an ultrasonic transmitting and receiving method according to the second embodiment of the present
invention will be described. Fig. 9 is a flowchart showing the ultrasonic transmitting and receiving method according
to this embodiment.
[0064] First, at step S21, the operator inputs scanning part information representing a part of the object of imaging
by using the scanningpart information input unit 40. In response to this, the threshold setting unit 41 sets a threshold
to be used when discarding singular values based on the scanning part information inputted from the scanning part

b = Ax (4)
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information input unit 40.
[0065] Then, at steps S1 to S7, transmission and reception of ultrasonic waves are performed and the measurement
data on a predetermined isochronal surface is stored in the secondary storage unit 25. The operation at steps S1 to
S7 is the same as described in the first embodiment of the present invention.
[0066] Then, at step S22, the essential data calculating unit 42 calculates an essential data vector by using a matrix
having acoustic pressure intensity ratios αA, αB, ... in intensity profiles as components, and a measurement data vector
"b" stored in the secondary storage unit.
[0067] Here, the method of calculating essential data at step S22 will be described in detail.
[0068] In the special case where the matrix "A" is square and regular in the matrix relational expression (linear
equation) shownby the equations (4), as described in the first embodiment, the equation can be solved by directly
obtaining the inverse matrix A-1.
[0069] However, generally, the inverse matrix of the matrix "A" is not necessarily obtained uniquely. Especially, in
the case where the number of equations is made larger than the number of unknowns (essential data) in order to raise
the reliability of the solution as in the equations (3'), since the equations has extra conditions, the matrix "A" having
acoustic pressure intensity ratios as components becomes a non-square matrix, and no inverse matrix exists.
[0070] Here, a matrix "G" that satisfies AGA = A for the matrix "A" of m3n form is referred to as "generalized inverse
matrix". The generalized inverse matrix "G" gives least-squares solution to the essential data vector "x" of the equation
(4). However, the solution given by the generalized inverse matrix "G" is a general solution, and not determined uniquely.
[0071] Accordingly, the following three conditions are given to the generalized inverse matrix "G" in addition to the
condition of the generalized inverse matrix AGA = A.

Where the matrix XT represents a transposedmatrix of the matrix "X" .
[0072] The matrix "G" that satisfies all of these conditions (5) to (7) are referred to as "Moore-Penrose generalized
inverse matrix", and represented by A+. The MP generalized inverse matrix A+ is for uniquely determining generalized
inverse matrix by using the condition that the norm of the vector "x" is minimum in the case where the least-square
solution of the matrix "A" is indefinite. That is, by using the MP generalized inverse matrix, a plausible solution of
simultaneous equations can be obtained.
[0073] The MP generalized inverse matrix A+ can be obtained by the singular value decomposition (SVD) method.
First, the m 3 n form matrix "A" is doubly diagonalized by the Householder transformation, and further diagonalized
by the QR method to obtain r eigen values of λ1, λ2, ..., λr. Thereby, the singular value σi= √λiis obtained. The r-th order
diagonal matrix having this σi as diagonal element is assumed as ^. Further, the m 3 r matrix or the n 3 r matrix formed
by sequentially aligning normalized eigen vectors of corresponding symmetric matrix AAT and ATA are represented
as "U", "V", respectively. By using these, the matrix "A" is decomposed as the equation (8).

Here, the MP generalized inverse matrix A+ is expressed by the following equation (9).

Where Σ+ is a n 3 m diagonal matrix, and, assuming that the diagonal element of Σ is σi, the diagonal element σi
+ of

Σ+ is represented as follows.

GAG = G (5)

(GA)T = GA (6)

(AG)T = AG (7)

A = UΣVT (8)

A+ = VΣ+UT (9)

σi
+ = 1/σi (σi ≠ 0)
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[0074] From the equations (4) and (9) , the essential data vector x is obtained by the equation (10).

[0075] In the actual calculation, it is desired that the rank of the matrix A is reduced, and the MP generalized inverse
matrix is obtained by using the compressed matrix AQ, for relaxation of unstable conditions in simultaneous equations,
that is, for suppressing the noise included in terms.
[0076] Next, relaxation of unstable conditions in simultaneous equations will be described in detail.
[0077] It is assumed that a vector with true measurement data including no error as components is b0, a vector
having true essential data as components is x0, and a real blur function including no noise is A0. The true measurement
data vector b0 is obtainedby applying blur function A0 to the true essential data vector x0.

[0078] Correspondingly, the measurement data vector "b" and the blur function "A" in the equation (4) are expressed
as follows.

Where "k" is a vector having measurement data error as components. Further, δA is error of a blur function, and A0 is
a real blur function.
[0079] Using equations (4), (4'), (11), (12), the measurement data "b" is expressed by the equation (13).

where ε is equivalent noise, and expressed as ε = -δAx0 + k.
[0080] As described above, the linear inverse problem for obtaining an original image from a blurred image is sub-
stituted with the estimation of the real essential data vector x0 from the measurement data vector "b".
[0081] Here, the MP generalized inverse matrix A+ is applied to both sides of the equation (13).

As clearly seen from the equation (14), for example, in the case where, if "A" is slightly varied, "x" changes largely, that
is, in the case where "A" is an adverse condition, A+ε becomes extremely larger. In such case, it is not suitable to use
x = A+b = x0 + A+ε as an estimated value. Accordingly, in order to obtain a solution with high accuracy, it is desired to
reduce the rank of the matrix. It will be described later in detail that A is an adverse condition.
[0082] The singular value decomposition of the matrices "A" and A+ described in the equations (8) and (9) is repre-
sented as follows.

σi
+ = 0 (σi = 0)

x = A+b = VΣ+UTb (10)

b0 = A0x0 (4')

b = b0 + k (11)

A = A0 + δA (12)

b = Ax0 + ε (13)

x = A+b = A+Ax0 + A+ε (14)



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

12

Where R represents a rank of the matrix "A" (R = Rank (A)), κ1, κ2, ..., κR, are singular values of the matrix "A", and
κ1 ≥κ2 ≥ ... κR > 0. In addition, wr is a normalized eigen vector of corresponding AAT, vr is a normalized eigen vector
of corresponding ATA. Further, κr

-1 is an inverse number of the singular value.
[0083] In the equation (15), the matrix obtained by leaving larger Q values from among the singular values κr (r = 1,
2, ..., R) is assumed as a matrix AQ obtained by approximating the matrix "A" having rank "Q".

Thereby, an approximated vector xQ of the real essential data can be estimated using the MP generalized inverse
matrix AQ

+ of the approximated matrix AQ by the equation (18).

[0084] As described above, unreliable conditions can be relaxed by reducing the rank of the matrix "A". However,
there are some cases where the error is amplified depending on the degree of rank reduction. The essential data
estimated vector xR estimated by the matrix "A" having the rank R which is not reduced is expressed by using the
equation (13) as follows:

[0085] As clearly seen from the equation (19), the smaller the singular value, the more the equivalent noise is am-
plified. Accordingly, by reducing the rank of the matrix "A" so as to discard the smaller singular values, the approximation
degree for the real value x0 of the estimated value can be increased and the amplification degree of noise can be
reduced.
[0086] In the case of using the vector XR obtained by the matrix "A" of rank "R" as the estimated values of the vector
x0 having real values of essential data as components, square estimation error SR is defined as follows by using norm
ixR - X0i of the differential vector between the essential data estimated vector xR and the real essential data vector x0.

xQ = AQ
+b (18)



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

13

Herein, the equation (19) is substituted. It is assumed that 1 ≤ r ≤ R < N, and n = 1 to R, R + 1 to N.

Where, since 1 ≤ r ≤ R in the equation (19), the vector vR = 0 in the case where r > R. Therefore, in the second term
of the above equation which is defined when R + 1 ≤ n ≤ N, the vector xR = 0. Thereby, the equation (20) is obtained.

[0087] The first term of the equation (20) is an error produced by mixing of noise, and can be estimated by making
ε substantially constant. On the other hand, it is impossible in principle to estimate the second term because the real
essential data vector x0 is unknown. However, it is qualitatively known that, by reducing the rank "R", the first term is
reduced and the second term is increased. That is, there is the optimum rank "R" for estimating the essential data vector.
[0088] The optimum value of the rank "R" can be judged as follows. The square estimation error SQ between the
solution vector (essential data approximated vector) xQ calculated by the matrix AQ having the reduced rank and the
real essential data vector x0 is expressed by the following equation (21).

Substituting the equation (20) in this equation,

From the equation (21) , in the case where SR - SQ is positive, the essential data approximated vector xQ is judged to
have a superior estimated value to the original estimated vector xR, that is, to have a value closer to the real essential
data.
[0089] Here, in order to judge whether SR > SQ holds on average or not, a probability density function is introduced.

Where < • > represents a probability density function. Assuming that the probability density function is represented by
f(n) = < • >, the probability density function has the following character.
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In the equation (22), it may be judged that the essential data approximated vector xQ is a superior estimated value to
the original estimated vector xR in the case where ∆Q > 0. In the equation (22), the probability density functions of the
equivalent noise and the essential data vector are used. In the case of rigorously evaluating ∆Q, it is desired that these
probability density functions have been obtained.
[0090] On the other hand, a problem that calculated amounts become larger arises for obtaining the probability
density functions for evaluating ∆Q. Accordingly, in the actual calculation, it is desired that an appropriate rank "Q" is
set by judging whether the solution is good or not while adjusting the threshold for discarding the singular values. Since
this threshold is determined at some degree depending on the part as an object of ultrasonic imaging and transmission
and reception conditions of ultrasonic waves, the threshold setting unit 41 may be arranged to set the threshold based
on the scanning part information inputted from the scanning part information input unit 40 as shown in Fig. 8.
[0091] As described above, by using the MP generalized inverse matrix, the linear equations (4) can be solved
regardless of the condition of the matrix "A".
[0092] Referring to Fig. 9 again, in the ultrasonic transmitting and receiving apparatus, at steps S9 to S11 the process-
ing for displaying ultrasonic images is performed based on the essential data that has been calculated at step S22.
The operation at steps S9 to S11 is the same as that described in the first embodiment of the present invention.
[0093] By the way, even when the matrix "A" is square and regular, the essential data estimation may be performed
by using the MP generalized inverse matrix. The reason for this is that, in the exact method, the following problems
are pointed out in the lecture on the wave theory ("Wave Theory II" lecture handout, "(9) Solving Method of Simultaneous
Equations", searched on March 14, 2003, via the Internet, <URL: http://www.mobile.ss.titech.ac.jp/~takada/hadou/>)
by Junichi Takada (Department of Electrical and Electronic Engineering, Graduate School of Science and Engineering,
Tokyo Institute of Technology).
[0094] In the case where "b" includes error ∆b in the linear equation Ax = b, the variation ∆x of the solution "x" is
given by the following equations.

Simultaneously, the following relation holds.

Where i • i represents a norm. Therefore, the following relationship holds between the relative error of "b" and the
relative error of "x".

[0095] In addition, in the case where there is error ∆A in the matrix "A", the variation of the solution is given by the
following equation by using the equation (23).

A(x + ∆x) = b + ∆b

A∆x = ∆b (23)

iAi i∆xi ≥ i∆bi

iA-1i ibi ≥ ixi

i∆xi/ixi ≤ iAi iA-1i i∆bi/ibi

(A + ∆A) (x + ∆x) =b

∆A (x + ∆x) + A∆x = 0



EP 1 462 819 A2

5

10

15

20

25

30

35

40

45

50

55

15

Simultaneously, the following relationship holds.

Therefore, the following relationship holds between the relative error of "A" and the relative error of "x".

[0096] Here, assuming that a number of conditions regarding "A" is represented by cond(A) = iAi iA-1i, the relative
error of "x" becomes cond (A) times larger at the maximum when error occurs in both "A" and "b". By the way, the
number of conditions can also be expressed by the ratio of the maximum singular value (κmax) and the minimum
singular value (κmin) when singular value decomposition is performed on the matrix "A". That is, cond (A) = κmax/κmin.
[0097] The matrix A is defined as an adverse condition when the number of condition cond (A) is large. In such case,
Takada described that, when obtaining the solution vector x, the minimum norm solution should be obtained by not
using the exact method, but using the singular value decomposition. That is, in the ultrasonic transmitting and receiving
method according to this embodiment, it is also desired that the resolution is obtained by using the MP generalized
inverse matrix when the matrix "A" is an adverse condition.
[0098] Next, an ultrasonic transmitting and receiving method according to the third embodiment of the present in-
vention will be described by referring to Figs. 10A and 10B. The ultrasonic transmitting and receiving method according
to this embodiment can be used in both of the ultrasonic transmitting and receiving apparatuses as shown in Figs. 1
and 8.
[0099] As shown in Fig. 10A, in the ultrasonic transmitting and receiving method according to this embodiment, an
ultrasonic beam TX is transmitted toward single direction, and reception focusing processing is performed with respect
to the detection signals of the received ultrasonic echoes so as to form three reception focal points A, B, C. Thereby,
measurement data yA, yB, yC in three regions can be acquired. In addition, as shown in Fig. 10B, by the transmission
beam TX and reception beams RX1, RX2 , RX3, three different intensity profiles with (αA, βA, γA) , (αB, βB, γB) , (αC,
βC, γC) as components, respectively, are set.
[0100] Accordingly, the simultaneous equations (26) are obtained. Where, xA, xB, xC represent the essential data
(estimated data) in regions A, B, C.

[0101] By solving the simultaneous equations (26), the essential data xA, xB, xC can be calculated. The calculating
method of the essential data is the same as that described in the first or second embodiment of the present invention.
By the way, as described by referring to Fig. 6, the number of equations constituting the simultaneous equations may
be increased in order to raise the estimation accuracy of the essential data.
[0102] According to this embodiment, since only single ultrasonic beam is transmitted at a time, the effect of the side
lobes when performing beam transmission can be reduced, and the side lobe component included in the ultrasonic
echo signals can be reduced by the calculation of the essential data. In addition, plural reception focal points are formed
with respect to the received ultrasonic echoes, the image data representing plural parts within the object can be acquired
at high speed with less number of transmission and reception of ultrasonic waves.
[0103] An ultrasonic transmitting and receiving method according to the fourth embodiment of the present invention
will be described by referring to Figs. 11A and 11B. The ultrasonic transmitting and receiving method according to this
embodiment can be used in both of the ultrasonic transmitting and receiving apparatuses as shown in Figs. 1 and 8.
[0104] As shown in Fig. 11A, in the ultrasonic transmitting and receiving method according to this embodiment, an
ultrasonic beam TX is transmitted toward a single direction, and reception focusing processing is performed with respect
to the received ultrasonic echo signals by using different reception delay patterns RX1 and RX2, and thereby, plural
pieces of measurement data yA1 and yA2 relating to the region A are acquired. In addition, as shown in Fig. 11B, by

iA-1i i∆Ai ix + ∆xi ≥ i∆xi

i∆xi/ix + ∆xi ≤ iAi iA-1i i∆Ai/iAi

yA = αA·xA + βA·xB + γA·xC

yB = αB·xA + βB·xB + γB·xC

yC = αC·xA + βC·xB + γC·xC (26)
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varying the reception delay pattern, intensity profiles PR1 and PR2 corresponding to the different measurement data
yA1 and yA2 are set. In order to set the different intensity profiles, the aperture condition of the ultrasonic transducer
array 10 when transmitting ultrasonic beams and the transmission condition including the transmission delay pattern
may be varied other than varying the reception condition including reception focusing processing.
[0105] According to the method, the simultaneous equations (27) are obtained. Where, "x" represents the essential
data (estimated data) in the region "A".

[0106] By solving the simultaneous equations (27), the essential data "x" can be calculated. Here, since the simul-
taneous equations (27) have a larger number of equations than a number of unknowns "x", the equations have extra
conditions. On this account, when solving the simultaneous equations (27), a plausible solution is obtained. The cal-
culating method of the essential data is the same as that described in the first or second embodiment of the present
invention.
[0107] According to this embodiment, since the essential data relating to the predetermined region is calculated by
using plural different intensity profiles and plural pieces of measurement data, the estimation accuracy of the essential
data can be raised.
[0108] Next, an ultrasonic transmitting and receiving method according to the fifth embodiment of the present inven-
tion will be described by referring to Figs. 5A and 5B. The ultrasonic transmitting and receiving method according to
this embodiment can be used in both of the ultrasonic transmitting and receiving apparatuses as shown in Figs. 1 and 8.
[0109] As shown in Fig. 5A, the first multi-beam transmission is performed toward TA, TB, TC directions, and reception
focusing processing is performedwith respect to the detection signals of the received ultrasonic echoes so as to form
reception focal points on the isochronal surface PH1 in TA, TB, TC, TD, TE directions. By using thus obtained meas-
urement data yA1, yB1, yC1, yD1, yE1 and intensity profiles corresponding to the respective measurement data as shown
in Fig. 5B, the essential data xA1, xB1, xC1, xD1, xE1 in the regions A, B, C, D, E are calculated. The calculating method
of the essential data is the same as that described in the first or second embodiment of the present invention.
[0110] Then, the second multi-beam transmission is performed toward directions including TD, TE, and reception
focusing processing is performed with respect to the detection signals of the received ultrasonic echoes so as to form
reception focal points on the isochronal surface PH1 in TA, TB, TC, TD, TE directions. By using thus obtained meas-
urement data yA2, yB2, yC2, yD2, yE2 and intensity profiles corresponding to the respective measurement data, the
essential data xA2, xB2, xC2, xD2, xE2 in the regions A, B, C, D, E are calculated.
[0111] Subsequently, an average or an arithmetic mean is obtained between the essential data xA1 xB1, xC1, xD1,
xE1 calculated by performing the first multi-beam transmission and the essential data xA2, xB2, xC2, xD2, xE2 calculated
by performing the second multi-beam transmission, thereby the essential data xA, xB, xC, xD, xE are calculated.
[0112] As described above, by performing the multi-beam transmission and reception of ultrasonic waves under
different conditions, and averaging the essential data calculated under the respective conditions, the measurement
error can be reduced, and thereby, the essential data with high estimation accuracy can be obtained at high speed.
[0113] By the way, ultrasonic beams may be transmitted and received over plural times without changing the plural
directions in which multi-beam transmission is performed, so that plural kinds of essential data is calculated with respect
to each of the predetermined regions A, B, C, D, E, and averaged. By such method, the measurement error can also
be reduced.
[0114] Next, a modified example of the ultrasonic transmitting and receiving methods according to the first to fifth
embodiments of the present invention will be described by referring to Fig. 1 and Figs. 12 to 14. Fig. 12 is a block
diagram showing the constitution of the ultrasonic transmitting and receiving apparatus in which the modified example
of the ultrasonic transmitting and receiving methods according to the first to fifth embodiments are used. This ultrasonic
transmitting and receiving apparatus is formed by adding an intensity profile correction unit 36 to the ultrasonic trans-
mitting and receiving apparatus as shown in Fig. 8. The rest of the constitution is the same as that of the ultrasonic
transmitting and receiving apparatus as shown in Fig. 8.
[0115] As described in the first embodiment of the present invention, in order to estimate the essential data "x",
measurement data and intensityprofiles in the regions defined by the transmitting and receiving directions of ultrasonic
beams and isochronal surfaces are used. Therefore, strictly, in order to estimate the essential data relating to all of the
regions within the object, intensity profiles corresponding to both all directions TA, TB, ... and all isochronal surfaces
PH1, PH2,... are required.

yA1 = αA1·x

yA2 = αA2·x (26)
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[0116] Here, ultrasonic waves are scattered by the relative action with the reflector in the transmission paths, and
attenuated. Accordingly, the intensity profile is thought to change subtly depending on the time (depth). Therefore, in
the modified example, the intensityprofile on the arbitrary time surface is corrected while considering the attenuation
of ultrasonic waves, and the estimation of the essential data is performed by using the corrected profile.
[0117] Fig. 13 schematically shows the state of ultrasonic beam in the region in which the medium within the object
changes. As shown in Fig. 13, the acoustic characteristic impedance of the medium changes from z1 to z2 on the
isochronal surface PH1. A part of the ultrasonic beam US propagating the medium within the object is reflected from
the isochronal surface PH1, and the other part is transmitted through the isochronal surface PH1.
[0118] The degree of attenuation of an ultrasonic beam can be estimated from the intensity of the received ultrasonic
echo signal. For example, when the ultrasonic echo reflected by a certain boundary is large, the amount of ultrasonic
beam transmitted through the boundary is small, and the ultrasonic beam is estimated as being largely attenuated
afterwards. In the case where an ultrasonic wave is transmitted through the boundary from the medium having acoustic
characteristic impedance z1 toward the medium having acoustic characteristic impedance z2, the relationship between
the reflection coefficient R and the transmission coefficient T of ultrasonic wave intensity is expressed by the equations
(28) and (29).

Accordingly, based on the intensity of the ultrasonic echo signal of the measurement data on a certain isochronal
surface and the intensity profile on the isochronal surface, the intensity profile on the next isochronal surface can be
estimated.
[0119] Fig. 14 is a flowchart for explanation of the correction operation of the intensity profile in the modified example.
As shown in Fig. 14, the ultrasonic transmitting and receiving apparatus acquires measurement data by transmitting
and receiving ultrasonic beams at steps S1 to S7, and calculates essential data based on the measurement data and
the intensity profile at step S22.
[0120] At step S30, the intensity profile correction unit 36 estimates the transmission coefficient "T" by assuming that
the intensity of the essential data in the isochronal surface obtained immediately before at step S22 is proportional to
the reflection coefficient "R", and corrects the intensity profiles to be used afterwards based on the transmission coef-
ficient "T" in the respective regions on the isochronal surface PH2. The corrected intensity profiles are used for the
essential data calculation in the isochronal surface PH2 at step S22. Alternatively, at step S30, the intensity of the
measurement data may be used instead of the essential data. In this case, the calculation of the essential data at step
S22 and the correction of the intensity profiles at step S30 can be performed in parallel. Further, at steps S9 to S11,
the processing for displaying the ultrasonic image based on the calculated essential data is performed. The operation
at steps S9 to S11 is the same as described in the first or second embodiment of the present invention.
[0121] As described above, by performing correction on the preset intensity profiles as the need arises, precise
essential data can be acquired with respect to each region included within the object.
[0122] Such intensity profile correction is effective in the case where there is a strong reflector within the object.
However, actually, in many regions where acoustic characteristic impedance of the medium changes, the reflection
coefficient is very small, and most of ultrasonic waves can be assumed to be transmitted. Accordingly, the same intensity
profile may always be used for the same direction. Alternatively, intensity profile correction may be performed only in
the case where there is a strong reflector within the object. In this case, the threshold value of the reflection coefficient
required for intensity profile correction may be set in the intensity profile correction unit 36.
[0123] In the above described embodiments, the case of using a two-dimensional transducer array in which plural
ultrasonic transducers are arranged in a matrix form has been described. However, in the case where various ultrasonic
transducer arrays such as a linear array in which plural ultrasonic transducers are arranged one-dimensionally, a convex
array, a concave array, an annular array in which they are arranged coaxially, ultrasonic image data with high accuracy
can also be similarly obtained by obtaining intensity profiles corresponding to the respective arrays.
[0124] As described above, according to the present invention, when the image data relating to the regions included
in the object is obtained, since the essential data is calculated based on the measurement data obtained by receiving
ultrasonic echoes and the profiles as to acoustic pressure intensity formed within the object, ultrasonic images with
high image quality and reduced effect of side lobes can be acquired.

R = 10·log| (z2 - z1) / (z2 + z1) | (28)

T = 1 - R (29)
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Claims

1. An ultrasonic transmitting and receiving apparatus comprising:

an ultrasonic transducer array (10) including plural ultrasonic transducers for transmitting ultrasonic waves
and receiving ultrasonic echoes reflected from an object to be inspected;
drive signal generating means (14) for generating drive signals for respectively driving said plural ultrasonic
transducers;
transmission control means (13) for controlling said drive signal generating means such that ultrasonic waves
transmitted from said plural ultrasonic transducers form at least one ultrasonic beam;
signal processing means (24) for performing reception focusing processing on plural detection signals obtained
based on the ultrasonic echoes received by said plural ultrasonic transducers so as to form a reception focal
point in at least one region within the object thereby obtaining plural detection signals relating to said at least
one region;
storagemeans (31) for storing plural different acoustic pressure intensity profiles set based on acoustic pres-
sure intensity distribution formed by transmitting ultrasonic beams and the reception focusing processing to
be performed in said signal processing means (24) ; and
calculating means (32, 42) for calculating image data relating to said at least one region on the basis of the
plural detection signals relating to said at least one region and said plural different acoustic pressure intensity
profiles.

2. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said plural different acoustic
pressure intensity profiles represent one of acoustic pressure intensity and acoustic pressure intensity ratios in-
plural regions included in an isochronal surface as a surface where ultrasonic beams reach in predetermined time
elapsed from being transmitted.

3. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said transmission control means
(13) controls said drive signal generating means such that plural ultrasonic beams are transmitted simultaneously
in plural directions.

4. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said signal processing means
(24) obtains plural detection signals relating to plural regions within the object, respectively;

said calculating means (32, 42) calculates image data relating to said plural regions by using said plural
detection signals and plural acoustic pressure intensity profiles relating to said plural regions.

5. An ultrasonic transmitting and receiving apparatus according to claim 3, wherein said signal processing means
(24) obtains plural detection signals relating to plural regions within the object, respectively;

said calculating means (32, 42) calculates image data relating to said plural regions by using said plural
detection signals and plural acoustic pressure intensity profiles relating to said plural regions.

6. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said signal processing means
(24) obtains plural detection signals relating to one region within the object;

said calculating means (32, 42) calculates image data relating to said one region by using said plural detection
signals and plural different acoustic pressure intensity profiles relating to said one region.

7. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said signal processing means
(24) obtains plural detection signals relating to each of plural regions within the object;

said calculating means (32, 42) calculates image data relating to said plural regions by using said plural
detection signals and plural different acoustic pressure intensity profiles relating to each of said plural regions.

8. An ultrasonic transmitting and receiving apparatus according to claim 3, wherein said signal processing means
(24) obtains plural detection signals relating to each of the plural regions within the object;

said calculating means (32, 42) calculates image data relating to said plural regions by using said plural
detection signals and plural different acoustic pressure intensity profiles relating to each of said plural regions.

9. An ultrasonic transmitting and receiving apparatus according to claim 1, wherein said calculating means (32, 42)
calculates the image data by obtaining a solution of simultaneous equations which have image data relating to
said at least one region as unknown and which are constructed based on the plural detection signals relating to
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said at least one region and plural acoustic pressure intensity profiles relating to said at least one region.

10. An ultrasonic transmitting and receiving apparatus according to claim 3, wherein said calculating means (32, 42)
calculates the image data by obtaining a solution of simultaneous equations which have components corresponding
to image data relating to said at least one region as unknowns and which are constructedbasedon the plural
detection signals relating to said at least one region and plural acoustic pressure intensity profiles relating to said
at least one region.

11. An ultrasonic transmitting and receiving apparatus according to claim 9, wherein said calculating means (32, 42)
calculates the image data by obtaining vector "x" from an equation Ax = b where "b" represents a vector having
components corresponding to the plural detection signals relating to said at least one region, "A" represents a
matrix having components corresponding to plural acoustic pressure intensity ratios in plural acoustic pressure
intensity profiles relating to said at least one region, and "x" represents a vector having components corresponding
to image data relating to said at least one region.

12. An ultrasonic transmitting and receiving apparatus according to claim 11, wherein said calculating means (32, 42)
obtains the vector "x" by obtaining a generalized inverse matrix of the matrix "A" which satisfies the equation Ax = b.

13. An ultrasonic transmitting and receiving apparatus according to claim 12, wherein said calculating means (42)
obtains the vector "x" by performing singular value decomposition on the matrix "A", reducing a rank of the matrix
"A" by discarding singular values less than a predetermined value, and obtaining a generalized inverse matrix of
the matrix A' which has a reduced rank.

14. An ultrasonic transmitting and receiving apparatus according to claim 11, wherein said calculating means (32, 42)
obtains a least square solution of the vector "x" which satisfies the equation Ax = b in the case where the matrix
"A" have "m" rows and "n" columns where m > n.

15. An ultrasonic transmitting and receiving apparatus according to claim 11, wherein said calculating means (32, 42)
obtains the vector "x" by obtaining an inverse matrix A-1 of the matrix "A" in accordance with one of (i) an exact
method including a sweeping-out method and (ii) an iterative method in the case where the matrix "A" is a square
matrix and a regular matrix.

16. An ultrasonic transmitting and receiving apparatus according to claim 2, further comprising correction means (36)
for correcting acoustic pressure intensity profiles corresponding to a second isochronal surface based on detection
signals relating to a predetermined region and acoustic pressure intensity profiles corresponding to a first isochro-
nal surface.

17. A method of transmitting and receiving ultrasonic waves by using an ultrasonic transducer array (10) including
plural ultrasonic transducers for transmitting ultrasonic waves and receiving ultrasonic echoes reflected from an
object to be inspected, said method comprising the steps of:

(a) transmitting at least one ultrasonic beam by driving said plural ultrasonic transducers;
(b) performing reception focusing processing on plural detection signals obtained based on the ultrasonic
echoes received by said plural ultrasonic transducers so as to form a reception focal point in at least one
region within the object thereby obtaining plural detection signals relating to said at least one region; and
(c) calculating image data relating to said at least one region on the basis of the plural detection signals relating
to said at least one region and plural different acoustic pressure intensity profiles set based on acoustic pres-
sure intensity distribution formed by transmitting ultrasonic beams and the reception focusing processing to
be performed at step (b).
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