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(54) ULTRASONIC IMAGING DEVICE

(567)  Provided is an ultrasound imaging apparatus
which can compensate deterioration in the image quality
resulting from heterogeneity of a test object medium.

A reception beamformer 108 performs synthesizing
after performing phasing processing of a signal received
by an ultrasound element array 105 for each of two or
more steering directions. The two or more steering direc-
tions are instructed by a steering direction instruction unit
112. The two or more steering directions include two di-
rections each of which forms predetermined angles on
the right and left with respect to a direction of a reception
focal point along the ultrasound element array in an array
direction. The predetermined angles are preferably null
angles.

Fig. 1

105

% N |-
H PHASING /5
N SYNTHESIZING UNIT ' 109 103
: 204 u
. y(n)u
H i
g = [)HB] |&
% @ 5 " o =
Z| @ 2] Nl = =
N =} P = HEZ =
H S~ = Hal &
z g5 = 2 TEMB
= = | e w
2 = R 2
H = () = =
o | | =
H § ¥ KN
0 DLl 206 o |
: i i Y
i = e
Bl | |ezE IEIRE
e ! ZE8E | i =]
101 L | 2822 HEr g
w o — ] [ Q
//: G=2 1| 8 S
1 - | <
108 I_____;____________________'}7’7 =

-

-y

N
-
-y
—y

110

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 2 944 266 A1
Description
Technical Field

[0001] The present invention relates to an ultrasound imaging technology for capturing an image inside a test object
by using ultrasound waves.

Background Art

[0002] Ultrasound imaging technology is a technology for non-invasively imaging the inside of a test object including
a human body by using ultrasound waves (a sound wave not intended to be heard, sound waves at a high frequency
equal to or greater than 20 kHz, generally). As an example, a medical ultrasound imaging apparatus will be described
simply. An ultrasound probe transmits an ultrasound wave into the body of a patient and receives an echo signal reflected
from the inside of the patient’s body. The reception signal is subjected to signal processing in any one of or both the
ultrasound probe and an ultrasound imaging apparatus main body. Thereafter, the reception signal is transferred to an
image display unit, and an ultrasound image is displayed. More specifically, for example, a signal of a transmission beam
is generated by a transmission beamformer in the ultrasound imaging apparatus main body, and then, the signal passes
through a transmission/reception separation circuit (T/R), thereby being sent to the ultrasound probe. The ultrasound
probe transmits ultrasound waves. After receiving an echo signal from the inside of a human body, the ultrasound probe
transmits a signal to the imaging apparatus main body. In the imaging apparatus main body, the reception signal passes
through the transmission/reception separation circuit again and is subjected to phasing processing by a reception beam-
former, thereby being transmitted to an image processing unit. In the image processing unit, various types of image
processing such as diverse filtering and scan converting are executed. Eventually, an ultrasound image is displayed by
the image display unit.

[0003] In this manner, a general ultrasound diagnostic apparatus is configured by three technologies such as trans-
mission beamforming, reception beamforming, and the back-end image processing. Particularly, since the beamformer
performs signal processing at the RF (high frequency) level during transmission and reception, algorithm of the beam-
former or mounting architecture decides the basic image quality of an ultrasound image. Therefore, the beamformer is
a key unit in the apparatus.

[0004] The reception beamformer applies a delay time in which a delay amount is distributed in a concave surface-
type in accordance with a relationship between a focal position and an element position with respect to each reception
signal (reception data) of multiple elements configuring the ultrasound probe. The reception beamformer sets a focal
point to be focused on a certain point in a virtual space and performs adding of reception signal data. This method is
called phasing performed by a delay adding method. In the delay adding method, reception data received by the multiple
elements of the ultrasound diagnostic apparatus is multiplied by a fixed weight vector which is saved in a diagnostic
apparatus. Then, adding is performed after performing apodization. The method is applied to not only the reception
beamformer but is applied similarly to the transmission beamformer.

[0005] Meanwhile, itis understood that there is a limitation on azimuthal direction resolution as a basic problem of the
ultrasound imaging apparatus. Since transmission and reception of an ultrasound wave are performed by an array which
has a finite open caliber, there is an occurrence of an influence to diffraction at the edge of the opening portion. It is
possible to infinitely improve the resolution in accordance with an improved depth direction if an infinitely long array can
be prepared. However, realistically, due to the physical limitation on apparatus design such as the length of a transmis-
sion/reception array, improvement of azimuthal direction resolution has been restricted. Recently, an attempt attracting
attention thereto has been made. That is, the aforementioned fixed weight vector which is used for performing delaying
during delay adding of the beamformer is adaptively varied with respect to every single item of transmission/reception
data in chronological order, thereby acquiring a more accurate ultrasound image. Accordingly, it is possible to particularly
improve azimuthal direction resolution which has been an essential problem in the beamforming technology.

[0006] Particularly in recent years, reports on a technology for improving azimuthal direction resolution have begun
to be made. In the technology, technologies of adaptive signal processing including the MVDR method (minimum variance
distortionless response; the capon method) that have been developed in the mobile communication field are applied to
a beamformer of reception data. The aforementioned adaptive techniques are realized by adaptively varying a complex
component in the weight vector for performing delay adding, based on a correlation matrix of reception data. In other
words, in the related art, the weight vector used to be a fixed value, but in the adaptive technique, the weight vector is
obtained through computation by using a reception signal for each sample point in a temporal direction of the reception
signal, and the obtained weight vector is multiplied by the reception signal.

[0007] Inadaptive signal processing, similar to the delay adding method in the related art, there is a problem of distortion
in ultrasound wave-front resulting from distribution of heterogenous sound velocities in a medium, and a randomly
scattered micro body. In adaptive signal processing, the focal point of the reception beamformer set in the apparatus is
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set while assuming that the medium is uniform in sound velocity and is homogeneous (homogeneity). Therefore, when
there is a presence of distortion in sound wave propagation, the distortion may lead to blurring of an image or image
formation at a place different from the actual position. In the delay adding method in the related art, correction of wave-
front distortion has been a problem for a long time. Accordingly, an aberration correction technology utilizing cross-
correlation processing is examined, and similarly in the adaptive beamformer, significantly varying the image quality of
an ultrasound image due to heterogeneity inside the medium has become a problem.

[0008] As the related art of the beamformer, for example, PTL 1 discloses a technology of a delay adding beamformer
which utilizes a fixed null direction.

[0009] According to the technology in PTL 1, in order to decrease an artifact due to a side lobe, a main lobe is oriented
in a predetermined direction of the target from which information is intended to be acquired so as to generate a first
reception signal. Then, the null direction is oriented in the predetermined direction, thereby generating a second reception
signal. The second reception signal is an artifact (noise) signal which negligibly includes information regarding a prede-
termined direction of the target. Therefore, the second reception signal is subtracted from the first reception signal. Thus,
a useful signal component in an ultrasound image can be prevented from lacking, and the artifact can be decreased in
the first reception signal (particularly, in paragraph 0060 in PTL 1).

Citation List

Patent Literature

[0010] PTL 1: JP-A-2010-158374
Summary of Invention

Technical Problem

[0011] Since an actual test object medium is heterogenous, a transmitted ultrasound signal is reflected by a focal point
and scatters over the periphery of the focal point. Accordingly, target information at the focal point also exists on the
periphery of the focal point. Since an adaptive beamformer has sharp directivity, the ultrasound signal existing on the
periphery of the focal point cannot be acquired, thereby leading to a problem of deterioration in the image quality of an
ultrasound image.

[0012] In addition, due to the heterogenous test object medium, there is an occurrence of wave-front distortion resulting
from non-uniformity of sound velocity and the like, and the wave-front distortion causes a problem that a reflected wave
from the medium on the periphery of the focal point may be mixed into a reception sound wave. Since the reflected wave
from the medium on the periphery thereof is a noise signal (correlative noise) which is correlated to a signal from the
focal point, it is difficult to be eliminated through a general noise decreasing technology. The correlative noise causes
deterioration in the image quality of an ultrasound image.

[0013] An object of the present invention is to provide an ultrasound imaging apparatus which can compensate dete-
rioration in the image quality resulting from heterogeneity of a test object medium.

Solution to Problem

[0014] A reception beamformer of an ultrasound imaging apparatus according to the present invention includes a
phasing synthesizing unit which performs synthesizing after performing phasing processing of the signal received by
the ultrasound element array for each of two or more steering directions and a steering direction instruction unit which
instructs the phasing synthesizing unit to perform phasing in the two or more steering directions. The two or more steering
directions include at least two directions other than a direction of a reception focal point.

Advantageous Effects of Invention

[0015] According to the present invention, correlative noise can be decreased by synthesizing a signal which is sub-
jected to phasing processing for two or more steering directions including two directions other than a direction of a
reception focal point direction. Therefore, it is possible to realize compensation of deterioration in the image quality of
an ultrasound image caused by correlative noise resulting from wave-front distortion and improvement of an S/N ratio.

Brief Description of Drawings

[0016]
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[Fig. 1] Fig. 1 is a block diagram illustrating a configuration of a reception beamformer in a first embodiment.

[Fig. 2] Fig. 2 is an explanatory diagram illustrating a steering direction in the first embodiment.

[Fig. 3] Fig. 3is an explanatory diagram illustrating a decreasing operation of correlative noise in the firstembodiment.
[Fig. 4] Fig. 4(a) a perspective view illustrating a schematic configuration of an ultrasound imaging apparatus in the
first embodiment, and Fig. 4(b) is a block diagram.

[Fig. 5] Fig. 5 is a block diagram illustrating a configuration of a reception beamformer in a second embodiment.
[Fig. 6] Fig. 6 is a flow chart illustrating an operation of the reception beamformer in Fig. 5.

[Fig. 7] Fig. 7 is a block diagram illustrating a configuration of a reception beamformer in a third embodiment.

[Fig. 8] Fig. 8 is a block diagram illustrating a configuration of a reception beamformer in a fourth embodiment.
[Fig. 9] Fig. 9 is a flow chart illustrating an operation of the reception beamformer in Fig. 8.

[Fig. 10] Fig. 10 is a block diagram illustrating a configuration of a reception beamformer in a fifth embodiment.
[Fig. 11] Fig. 11 is a block diagram illustrating a detailed configuration of the reception beamformer in Fig. 10.
[Fig. 12] Fig. 12 is a block diagram illustrating a configuration of a reception beamformer in a sixth embodiment.
[Fig. 13] Fig. 13 is a block diagram illustrating a detailed configuration of a phasing processing unit 204 in Fig. 12.
[Fig. 14] Fig. 14 is a block diagram illustrating a configuration of a reception beamformer in a seventh embodiment.
[Fig. 15] Fig. 15 is a block diagram illustrating a configuration of a reception beamformer in an eighth embodiment.
[Fig. 16] Fig. 16 is a block diagram illustrating a portion of a configuration of a reception beamformer in a ninth
embodiment.

[Fig. 17] Fig. 17 is a perspective view of a console of an ultrasound imaging apparatus in the present embodiment.
[Fig. 18] Fig. 18 is a perspective view of the console and an image display unit in another specification example of
the ultrasound imaging apparatus in the present embodiment.

[Fig. 19] Fig. 19 is a diagram (two-dimensional plotting) illustrating a detection result of a null angle obtained through
delay adding processing of the present invention.

[Fig. 20] Fig. 20 is a diagram (a line profile) illustrating a detection result of the null angle obtained through the delay
adding processing of the present invention.

[Fig. 21] Fig. 21 is a diagram (two-dimensional plotting) illustrating a detection result of the null angle obtained
through an adaptive beamformer of the present invention.

[Fig. 22] Fig. 22 is a diagram (a line profile) illustrating a detection result of the null angle obtained through the
adaptive beamformer of the present invention.

[Fig. 23] Figs. 23(a) and 23(b) are diagrams illustrating image contrast and null positions which are acquired from
different test objects of the present invention.

Description of Embodiments
[0017] An ultrasound diagnostic apparatus in an embodiment of the present invention will be described.
(First Embodiment)

[0018] The ultrasound diagnostic apparatus in a first embodiment will be described with reference to Figs. 1 to 3. As
shown in Fig. 1, the ultrasound diagnostic apparatus in the first embodiment is configured to include an ultrasound
elementarray 101 in which multiple ultrasound elements (ultrasound transducers) 105 are arrayed along a predetermined
direction, a reception beamformer 108 which performs phasing of a signal received by the ultrasound element array
101, and an image processing unit 109 which uses a phasing output that is output by the reception beamformer 108
and generates image data. The reception beamformer 108 includes a phasing synthesizing unit 113 and a steering
direction instruction unit 112. The phasing synthesizing unit 113 performs synthesizing after performing phasing process-
ing of the signal received by the ultrasound element array 101 for each of two or more steering directions. The steering
direction instruction unit 112 instructs the phasing synthesizing unit 113 to perform phasing in the two or more steering
directions. The two or more steering directions instructed by the steering direction instruction unit 112 include at least
two directions (in Fig. 2, two directions each of which forms predetermined angles 6L and 6R on the right and left with
respect to a direction 20 of a reception focal point 10 along an ultrasound element array 106 in an array direction) 21
and 22 other than the direction 20 of the reception focal point 10, as illustrated in Fig. 2. The aforementioned steering
direction denotes a direction toward an imaging target (a test object) focusing on a predetermined ultrasound element
105. The steering direction is a direction within a surface including the array direction (that is, a longitudinal direction)
of the ultrasound element 105 of the ultrasound element array 101 and a normal line of an ultrasound wave transmis-
sion/reception surface of the ultrasound element 105.

[0019] As long as each of the two directions 21 and 22 is a direction other than the direction 20 of the reception focal
point 10, it is possible to acquire a certain effect of compensating deterioration in the image quality resulting from
heterogeneity of a test object medium. In addition, as illustrated in Fig. 3, when each of the two directions 21 and 22 is
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a direction of a null angle 6null of a directivity profile of the ultrasound element array 101, the effect of compensating
deterioration in the image quality becomes significant, thereby being more desirable. The aforementioned null angle
6null denotes an angle at which a reception signal indicates zero or a minimal value. In addition, the two or more steering
directions may include the direction of the reception focal point 10 or need not include the direction thereof.

[0020] Hereinafter, an ultrasound imaging apparatus of the first embodiment will be described more specifically.
[0021] More descriptions will be given regarding the overall configuration of the ultrasound imaging apparatus with
reference to Figs. 4 (a) and 4(b). Fig. 4 (a) a perspective view of the apparatus, and Fig. 4 (b) is a block diagram illustrating
a schematic configuration of the inside thereof.

[0022] As shown in Fig. 4(a), the ultrasound imaging apparatus includes an ultrasound probe 106, an apparatus main
body 102, an image display unit 103, and a console 110. Inside the apparatus main body 102, as shown in Fig. 1(b), a
transmission beamformer 104, a transmission/reception separation circuit (T/R) 107, the reception beamformer 108, the
image processing unit 109, and a control unit 111 for controlling operations thereof are arranged. The reception beam-
former 108 and the image processing unit 109 are configured to be as described above in Fig. 1. The ultrasound probe
106 includes the ultrasound element array 101 illustrated in Fig. 1.

[0023] The transmission beamformer 104 generates a signal for a transmission beam. The transmission beam signal
is transferred to the ultrasound probe 106 via the transmission/reception separation circuit 107. The ultrasound probe
106 transmits an ultrasound wave from the ultrasound element 105 of the ultrasound element array 101 toward the
inside of a body of a test object 100. An echo signal which is reflected inside the body is received by the ultrasound
element array 101 of the ultrasound probe 106. The reception signal passes through the transmission/reception sepa-
ration circuit 107 again, thereby being subjected to phasing computation processing and the like in the reception beam-
former 108.

[0024] As described above, the reception beamformer 108 includes the phasing synthesizing unit 113 and the steering
direction instruction unit 112. The steering direction instruction unit 112 instructs the phasing synthesizing unit 113 to
perform phasing in the two or more steering directions. As shown in Fig. 2, the two or more steering directions includes
at least the two directions 21 and 22 each of which forms predetermined angles 6L and 6R greater than 0° with respect
to the direction 20 of the reception focal point 10 along the ultrasound element array 106 of the reception focal point 10
in the array direction. The direction 20 of the reception focal point 10 may also be included. It is more desirable when
predetermined angles 6L and R are in directions of the null angles 6null on the right and left of the ultrasound element
array in Fig. 3. Here, for convenience, descriptions are given regarding an example in which the two steering directions
are respectively set to be the directions on the right and left with respect to the direction of the reception focal point 10.
However, the two or more steering directions may be set to be any directions with respect to the direction of the reception
focal point 10. Particularly, when the ultrasound transducer is in a two-dimensional array, since there is no concept of
right and left, the directions may be set to be any two or more arbitrary directions other than the reception focal point.
[0025] The phasing synthesizing unit 113 includes a phasing processing unit 204 and a synthesizing unit 206. The
phasing processing unit 204 performs adding after performing phasing of each of the reception signals output by the
multiple ultrasound elements 105 of the ultrasound element array 101 with respect to a point 11 of a steering direction
21. Then, phasing-adding is also performed with respect to a point 12 of the steering direction 22 in a similar manner.
When there is another steering direction, phasing-adding is performed in a similar manner. Phasing processing of the
phasing processing unit 204 may be performed through any processing method. For example, delay adding processing
or adaptive phasing processing can be adopted.

[0026] The synthesizing unit 206 receives a result of phasing-adding from the phasing processing unit 204 for each
of the multiple steering directions 21 and 22, and the like. Then, the synthesizing unit 206 synthesizes the result thereof
by performing adding processing and the like, thereby outputting a phasing signal y(n).

[0027] An output (the phasing signal y(n)) of the synthesizing unit 206 is transferred to the image processing unit 109,
and various types of image processing such as diverse filtering and scan converting are executed, thereby generating
an ultrasound image. The ultrasound image is transferred to the image display unit 103 and is displayed therein.
[0028] In this manner, according to the present invention, by synthesizing a signal which is subjected to phasing
processing, with the two directions 21 and 22 forming predetermined angles 6L and OR with respect to the direction 20
of the reception focal point 10 along the ultrasound element array 106 in the array direction, it is possible to acquire the
phasing signal y(n) in which noise (correlative noise Nc) indicating a correlationship is decreased, with respect to a signal
S from the reception focal point 10 (the point to be received, the reception focal point). Accordingly, the phasing signal
y (n) having a significant S/N ratio can be acquired. Thus, the image quality of an ultrasound image can be improved.
[0029] Followings are additional descriptions. Since the test object medium is heterogenous, a transmitted ultrasound
signal is reflected by the reception focal point 10, and since the reflected ultrasound signal scatters over points on the
periphery of the focal point, target information at the reception focal point 10 also exists on the periphery of the reception
focal point 10. In addition, wave-front distortion occurs due to non-uniformity of sound velocity and the like resulting from
heterogeneity of the test object medium. The wave-front distortion causes a reflected wave from the medium on the
periphery of the reception focal point 10 to be mixed into a reception sound wave. The reflected wave from the medium
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on the periphery thereof is a noise signal (correlative noise) which is correlated to a signal from the reception focal point
10. Therefore, there is a need to reproduce the information of the focal point scattered over the periphery of the focal
point and to decrease unnecessary correlative noise from the medium on the periphery of the focal point.

[0030] Wave-frontdistortion occurs not only through a propagation process of a reflected wave but also occurs through
a propagation process of a transmission sound wave from when the sound wave is transmitted until the sound wave
reaches the reception focal point 10, thereby obviously causing an increase of the aforementioned unnecessary correl-
ative noise.

[0031] Therefore, according to the present invention, synthesizing is performed for a signal that is subjected to phasing
processing for the two directions 21 and 22 each of which forms predetermined angles 6L and 6R with respect to the
direction 20 of the reception focal point 10 along the ultrasound element array 106 in the array direction. For example,
according to the present invention as shown in Fig. 3, when the ultrasound element array 101 includes the directivity
profile in an angle direction, a signal which is subjected to phasing processing for each of the directions of the null angles
onull existing on both sides is synthesized with a signal which is subjected to phasing processing for the direction of a
central portion, that is, a main lobe (an ultrasound propagation direction, 6 = 0°), as necessary. When S represents a
signal indicating information of the reception focal point 10, Nc represents correlative noise, and Nu represents non-
correlative noise (white noise), an output signal of the phasing processing unit 204 in a case where the steering direction
is oriented toward the main lobe direction 20 is represented by (S + Nc + Nu). In this case, the S/N ratio of the signal is
becomes SNR = S/(S + Nc + Nu). The correlative noise Nc is correlative noise of which the progressing direction is put
into disorder due to biological heterogeneity. The correlative noise Nc reaches the ultrasound element array 101 from
a direction different from that of the reception focal point 10 as shown in Fig. 2. In addition, the non-correlative noise Nu
is thermal noise, electrical noise, or the like. The non-correlative noise Nu is a signal having no directionality so as not
to be mixed into the reception signal of the ultrasound element array 101.

[0032] In addition, as shown in Fig. 2, an output signal of the phasing processing unit 204 in a case where the steering
direction is oriented toward the direction 21 of a predetermined angle 6L (for example, a null angle 6_left_null-1, the first
angle on the left side) is represented by (S_left + Nc_left + Nu). In addition, an output of the phasing processing unit
204 in a case where the steering direction is oriented toward the direction of a predetermined angle 6R (for example, a
null angle 6_right_null-1, the first angle on the right side) is represented by (S_right + Nc_right + Nu). However, S_left
and S_right are signals indicating the information of the reception focal point 10.

[0033] Here, since the angle 6L and the angle 6R are oriented in directions different from each other in a transverse
direction, S_left and S_right, and Nc_left and Nc_right are not only different from each other in a positional phase and
a temporal phase of a signal but also have components of directionality reverse to each other. In other words, S_left
and S_right, and Nc_left and Nc_right are asymmetrical to each other in both time and space. S_left and S_right, and
Nc_left and Nc_right are signals which cancel out each other when being added. Therefore, as (S_left + Nc_left + Nu)
and (S_right + Nc_right + Nu) are added by the synthesizing unit 206 of the phasing synthesizing unit 113, the component
of the correlative noise Nc can be cancelled. In addition, particularly, when the angles 6L and 6R are set to the null angle
onull, the signals of S_left and S_right included in the output signal of the phasing processing unit 204 occupy a small
proportion in the overall signal. Therefore, when synthesizing is performed for a signal which is subjected to phasing
processing for the two directions 21 and 22 on the right and left each of which forms predetermined angles 6L and 6R,
an effect of decreasing the correlative noise Nc becomes greater than an effect of decreasing the signals S_left and
S_right indicating the information of the reception focal point 10. Therefore, as a result, a proportion contributing to
improvement of SNR can be increased.

[0034] Moreover, as illustrated in Figs. 2 and 3, in addition to the directions of null beams on the right and left, the
main lobe direction 20 is set to be the steering direction, and an output of the phasing processing unit 204 is synthesized
for each of the steering directions. Therefore, correlative noise Nc’ (= Nc_left+ Nc_right+ N)can be remarkably decreased.
In addition, a signal S’ (= S + S_left + S_right) indicating the information of the reception focal point 10 is not remarkably
decreased as much as the correlative noise Nc¢’ compared to S in the main lobe direction 20, and thus, an effect of
improving SNR is increased further.

[0035] Meanwhile, the non-correlative noise Nu has no directionality and becomes (1/vn) times by being added n
times. Accordingly, the non-correlative noise Nu is uniformly decreased by adding the outputs of the phasing processing
unit 204 in the multiple steering directions.

[0036] As described above, compared to the original output signal (S + Nc + Nu) of the phasing processing unit 204
in the main lobe direction 20, the signal (S’ + Nc’ + Nu’) = (1/3) x { (S + N + R) + (S_left + Nc_left + Nu) + (S_right +
Nc_right + Nu)} which is obtained by synthesizing the output of the phasing processing unit 204 in the main lobe direction
20 in addition to the directions of null beams 21 and 22 on the right and left increases in SNR (Expression (1)). Here,
the outputs of the phasing processing unit 204 for three directions are added while being 1/3 each in weight. However
apodization can be performed in weights different from one another.

[Expression 1]
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[0037] A phasing processing method for the phasing synthesizing unit 113 may be any method. However, by adopting
adaptive phasing processing, the component of the signal S indicating the information of the reception focal point 10
can have increased directivity. In other words, while the desired signal component S in the synthesis result (1/3) x (S +
S_left + S_right) of the desired signal component is negligibly decreased, an effect of decreasing the correlative noise
Nc can be enhanced further, thereby being preferable.

[0038] Inthis manner, according to the first embodiment, by synthesizing the phasing processing results of the steering
directions for at least two directions other than the direction of the reception focal point, and utilizing asymmetrical
postulate of correlative noise in time and space, it is possible to decrease correlative noise resulting from wave-front
distortion. Moreover, since information of the periphery of the reception focal point 10 can be collected, information which
is reflected by the focal point and scatters over the periphery can also be collected. Accordingly, even though the medium
of the test object is heterogenous, deterioration in the image quality can be prevented. Thus, it is possible to acquire the
ultrasound imaging apparatus which is unlikely to be affected by correlative noise due to wave-front distortion, has high
robustness, and has a relatively small processing load.

(Second Embodiment)

[0039] With reference to Figs. 5 and 6, the ultrasound imaging apparatus in a second embodiment will be described.
Fig. 5is a block diagram illustrating a configuration of the reception beamformer 108, and Fig. 6 is a flow chart illustrating
an operation thereof.

[0040] According to the second embodiment, the phasing processing unit 204 inside the phasing synthesizing unit
113 of the first embodiment includes delay adding units 204-1 to 204-P in the number P in order to perform phasing
processing through delay adding processing. The number P is the maximum number of the steering directions which
can be designated by the steering direction instruction unit 112. In addition, the steering direction instruction unit 112
includes a null angle calculation unit 501 which calculates the null angle based on a condition of the ultrasound element
array 101 and an irradiation condition of an ultrasound wave, and the directions of the null angles obtained by performing
calculation are designated to the phasing processing unit 204 as the steering direction. The directions of the null angles
are set to include at least two angles other than the direction of the reception focal point 10. The delay adding units
204-1 to 204-P of the phasing processing unit 204 are subjected to phasing through delay adding for each of the
designated steering directions.

[0041] In addition, according to the second embodiment, an active channel setting unit 111a inside the control unit
111 sets active channels 201, 202, 203, and the like at a portion of the finite caliber of the ultrasound element array 101.
The reception beamformer 108 performs reception beamforming for a reception signal of the active channel. In other
words, elements 105 in the number K within a predetermined range among the ultrasound elements 105 configuring the
ultrasound element array 101 which has received a reception echo with respect to one ultrasound transmission beam
is set to be the active channel 201, and the reception beamformer 108 generates one item of image data (a raster: a
phasing output y(n)) in the ultrasound propagation direction by using the reception signal of the active channel 201. As
shown in Fig. 5, the active channel 202, the active channel 201, and the active channel 203 are sequentially configured
while being gradually shifted in position on the ultrasound element array 101. The raster is generated for each of the
active channels 202, 201, and 203, and the result in array becomes an ultrasound image.

[0042] The null angle calculation unit 501 calculates the null angle for the set active channel 201 and the like.
[0043] Hereinafter, descriptions will be given more specifically with reference to the flow in Fig. 6.

[0044] First, the control unit 111 generates a control signal which includes information indicating a condition of the
probe, an irradiation condition of an ultrasound wave, and a selection condition of the null angle corresponding to the
current imaging condition, thereby outputting the control signal to the null angle calculation unit 501 (Step 61).

[0045] The null angle calculation unit 501 receives an output of the control unit 111 (Step 62), and the null angle is
calculated by using the following Expression (3) and the like while having the information included in the control signal
as a parameter (Step 63). Expression (3) calculates the null angle only for transmission. However, the null angle can
be calculated for reception as well by performing calculation in a similar manner. In addition, it is possible to calculate
the superimposed transmission/reception null angle.

[0046] In calculation of the null angle, the primary null angle can be confirmed based on a frequency of an ultrasound
wave, an imaging condition such as a frequency waveform, the number of the elements (the number of the active channel
elements) of the ultrasound element 105 included in the currently used active channels 201 to 203, the caliber for
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transmission and reception, the channel intervals (the intervals in the ultrasound element 105), and characteristics of a
frequency. In other words, the null angle can be calculated by using the control signal transmitted from the control unit 111.
[0047] For example, when the ultrasound element 105 is a square piston-type ultrasound element, directivity of an
ultrasound beam transceived by the active channel 201 of the ultrasound element array 101 can be calculated through
the following Expression (2). D(6) is intensity of an ultrasound beam at a steering angle 6.

[Expression 2]

sin(ka sin 8)
(kasin 6)

D(6)= (2)

[0048] In Expression (2), 6 represents the steering angle, a represents the caliber of the active channels (201 to 203),
and k represents the number of waves. The value of k is obtained by dividing a sound velocity ¢ by a frequency f of an
ultrasound wave, thereby being represented by k = c/f.

[0049] The angle 6null having a value of zero in Expression (2) is the null angle in this case. The null angle can be
analytically obtained through Expression (3).

[Expression 3]

. (nm r
0, = arcsin| — ce (3
ka
n=+1, +2 +3 ...

3

[0050] As seen in Expression (3), there are multiple null angles 6null instead of being one. As shown in Fig. 3, the null
angles of the number n have characteristics of being present bisymmetrically on each of the right and left sides while
having 6 = 0° (ultrasound wave irradiation direction = direction of transmission focal point) as the center. Therefore, a
condition for selecting the null angle is also input from the control unit 111 to the null angle calculation unit 501 as a
control signal. The selection condition of the null angle is a condition for selecting the null angle which is used in processing
by the phasing synthesizing unit 113, among the null angles 6null-1, 6null-2 to 6null-n which are present on each of the
right and left sides. For example, the condition is that instructions are given for selection such as using two null angles
of n =+ 1 and n = -1, or utilizing four null angles of n = =1 and =2. When the reference sign n is positive, it denotes
that 6 > 0°, that is, the null angle is positioned on the right side from 6 = 0°. When the reference sign n is negative, it
denotes that 6 < 0°, that is, the null angle is positioned on the left side from 6 = 0°.

[0051] The effect is maximized when n ==1. Therefore, it may be configured that only a processing unit of n = +1
included and two null angles of n = =1 must be used without performing null selection.

[0052] The null angle calculation unit 501 outputs the directions of the null angles which are selected from the null
angles obtained by performing calculation in accordance with the selection condition of the null angle, with respect to
the phasing processing unit 204 as the steering directions. As a form of the information designating the steering direction,
for example, the information may be physical angle information such as 6 = 10° and -10°. In addition, a control signal
for activating (turn ON) the delay adding units 204-1 to 204-P of the phasing processing unit 204 and a signal which
shares the aforementioned angle information may be directly transferred to the delay adding units 204-1 to 204-n. The
aforementioned method exhibits a practically preferable embodiment. For example, 6L = 10° is designated for the delay
adding unit 204-1, and delay adding processing is instructed. Then, 6R = -10° is designated for the delay adding unit
204-n, and delay adding processing is instructed.

[0053] The delay adding units 204-1 to 204-P of the phasing processing unit 204 generates a phasing signal in a case
where the directions of the null angles designated from the null angle calculation unit 501 is set to be the steering
direction, thereby outputting the generated signal (Step 65). In this case, it is desirable that a phasing signal is generated
in the front direction (6 = 0°: the direction of the reception focal point 20) as well. In other words, when the null angles
are 6 = 10° and -10°, in the delay adding units 204-1, 204-2, and 204-3, delay adding processing is performed for three
directions, that is, the front directions of 6 = 0°, 6 = 10°, and 6 = -10°, and the results thereof are output to the synthesizing
unit 206.

[0054] The synthesizing unit 206 receives inputs of the phasing signals for the null direction and the front direction
from the delay adding units 204-1 to 204-P (Step 66). The synthesizing unit 206 performs synthesizing by adding the
inputs, thereby outputting the added result (Step 67). When performing adding, for example, simple adding may be
performed for each of three directions, that is, the front directions of 6 = 0°, 6 = 10°, and 6 = -10° (the adding result is
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preferably multiplied by 1/3). Otherwise, for each steering direction, adding may be performed after multiplying the
phasing signal by a predetermined weight. For example, it is possible to increase the proportion of the phasing signal
for the front direction. In contrast, the synthesis result can be adjusted by multiplying the phasing signal for the null
direction by a significant weight.

[0055] The synthesis signal computed by the synthesizing unit 206 is output to the image processing unit 109. The
image processing unit 109 receives the synthesis signal (Step 68), and performs processing similar to that for the phasing
result in the related art, thereby generating one item of image data (a raster) . Then, while being gradually shifted in
position, each of the active channels 201, 202, and 203 acquires the raster. The rasters are arrayed so as to be processed
into an ultrasound image. The ultrasound image is displayed by the image display unit 103. In this manner, the flow of
the second embodiment according to the present invention is completed.

[0056] In the above-described flow in Fig. 6, when there is no variation in the information of the control signal of the
control unit 111 with respect to the null angle calculation unit 501, that is, as long as no change is made in a condition
of the probe, an irradiation condition of an ultrasound wave, and a selection condition of the null angle, the operation for
the steps (Steps 61 to 65) until the null angle information is output to the delay adding units 204-1 to 204-P is performed
in the same manner. Accordingly, as shown in Fig. 6, in Step 67, the reception beamformer 108 returns to Step 65 if the
synthesizing unit 206 outputs a phasing signal to the image processing unit 109 for the reception signals in one sample
(a set of the reception signals for one sampling), thereby repeating the operation for performing processing of the
reception signals of the succeeding sample for each sample. Practically, in Step 65, processing of the reception signals
for the succeeding sample may start before the outputting of the synthesis signal of the previous one sample is completed
in Step 67. In other words, as described above, since the process of the flow in Fig. 6 proceeds over a number of stages,
even though processing for the succeeding sample starts at a point of time in which processing at a certain sample time
proceeds to the succeeding process, there is no inconvenience at all in terms of configuration and practicality.

[0057] In addition, in the above described configuration, calculation is performed for the null angle every time a change
is made for the condition indicated by the control signal from the control unit 111. However, without being limited to the
configuration, it is possible to arrange a memory 502 in the null angle calculation unit 501, and to store a table (the null
angle LUT (LUT: Look Up Table) ) in which the calculation results of the null angles in a set correspond to conditions (a
condition of the probe, an irradiation condition of an ultrasound wave, and a selection condition of the null angle) indicated
by the control signal, in advance. In this manner, the null angle calculation unit 501 can read out the null angles corre-
sponding to the conditions indicated by the control signal from the null angle LUT so as to set the null angles for the
delay adding units 204-1 to 204-P. Therefore, the computation amount can be decreased.

[0058] Regarding the null angle LUT, the values prepared by obtaining the null angles in advance for all the conditions
that can be set (a condition of the probe, an irradiation condition of an ultrasound wave, and a selection condition of the
null angle) can be stored in the memory 502. However, without being limited thereto, the null angle LUT for only a portion
of the conditions may be prepared and stored in the memory 502. In a case of a condition which is not included in the
null angle LUT, the null angle calculation unit 501 may be configured to obtain the null angle by performing calculation.
[0059] Inaddition, itis also possible to have a configuration in which the null angle obtained by the null angle calculation
unit 501 by performing calculation is caused to correspond to the condition indicated by the control signal at the moment
and the result thereof is stored in the memory 502, thereby successively generating the null angle LUT.

[0060] As illustrated in Fig. 5, the delay adding units 204-1 to 204-P in the number P are prepared in the phasing
processing unit 204. In this case, it is possible to allocate a set of the delay time corresponding to the steering angle in
advance for each of the delay adding units 204-1 to 204-P in the number P. For example, in the delay adding unit 204-
P at pth position, the maximum delay time for the steering angle is allocated. Accordingly, by only selecting the delay
adding unit corresponding to the obtained steering angle from the delay adding units 204-1 to 204-P and instructing the
delay adding unit regarding a computation operation, phasing processing can be instructed by the null angle calculation
unit 501 regarding the steering direction. Without being limited to the aforementioned method, the delay adding units
204-1 to 204-P in the number P may have a configuration in which the sets of the delay times are calculated every time
based on the steering direction designated by the null angle calculation unit 501 (on-the-fly computation).

[0061] As described above, in the second embodiment, by acquiring the phasing results to be obtained through delay
adding processing of the steering directions for at least the two directions other than the direction of the reception focal
point, synthesizing the acquired results, and utilizing asymmetrical postulate of correlative noise in time and space, it is
possible to decrease correlative noise resulting from wave-front distortion. Moreover, information which is reflected by
the focal point and scatters over the periphery can also be collected. Accordingly, even though the medium of the test
object is heterogenous, deterioration in the image quality can be prevented. Thus, it is possible to acquire the ultrasound
imaging apparatus which is unlikely to be affected by correlative noise due to wave-front distortion, has high robustness,
and has a relatively small processing load.

[0062] Other configurations of the ultrasound imaging apparatus in the second embodiment are similar to those in the
first embodiment, thereby omitting the descriptions.
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(Third Embodiment)

[0063] As a third embodiment, the ultrasound imaging apparatus will be described with reference to Fig. 7.

[0064] As shown in Fig. 7, in the third embodiment, the reception beamformer 108 includes a frame memory 701 and
aframe adding unit 702 and performs aperture synthesis processing. The phasing synthesizing unit 113 does notinclude
the synthesizing unit 206. Other configurations and operations thereof are similar to those in the second embodiment.
[0065] The output signal of a delay adding unit 204 in the present invention is the same as multi-look (multi-directional)
reception data in known aperture synthesis processing. Accordingly, by applying the present invention when performing
synthesizing of multi-look reception data among multiple transmissions in the known aperture synthesis processing,
phasing synthesis processing for the two or more steering directions of the present invention can be realized through
aperture synthesis processing.

[0066] Specifically, items of data in the number P which are generated for each ultrasound wave transmission by the
delay adding units 204-1 to 204-P are successively saved in the frame memory unit 701 in Fig. 7. Subsequently, in the
frame adding unit 702, the data saved for each transmission is subjected to adding processing for each angle at which
the same point is viewed among the multiple transmissions, thereby performing aperture synthesis processing. By
performing such aperture synthesis processing, reception data acquired from multiple transmission directions can be
superimposed with respect to a certain imaging point, and thus, it is possible to acquire an ultrasound image having
high resolution, a high SN ratio, and a high frame rate.

[0067] The data subjected to adding processing by the frame adding unit 702 is data similar to what is synthesized
by the synthesizing unit 206 in the second embodiment (the data after being subjected to delay adding in multiple
directions). In other words, the two or more steering directions from the steering direction instruction unit 112 are input
to the frame adding unit 702 as synthesis angle information. The frame adding unit 702 reads out data regarding the
designated two or more steering directions from the frame memory 701, thereby performing adding processing. Accord-
ingly, aperture synthesis processing and data adding (adding of the two or more steering directions) in the null direction
can be performed at the same time.

(Fourth Embodiment)

[0068] The ultrasound imaging apparatus in the fourth embodiment will be described with reference to Figs. 8 and 9.
[0069] In the fourth embodiment, the steering direction instruction unit 112 includes a null angle detection unit 207
and detects the null angle by using the phasing signal of the actual reception signal of the ultrasound element array 101.
In order to enable the detection, the phasing synthesizing unit 113 includes the delay adding units 204-1 to 204-Q in the
number Q in the phasing processing unit 204, and a memory unit 205 which stores the phasing outputs of the delay
adding units 204-1 to 204-Q in the number Q.

[0070] Moreover, the null angle detection unit 207 includes the null angle calculation unit 501 described in the second
embodiment and is configured to perform scanning of the null angle on the periphery of the null angle obtained by
performing calculation so as to detect the null angle.

[0071] Other configurations are similar to those in the second embodiment, thereby omitting the descriptions.
[0072] Hereinafter, an operation of the reception beamformer 108 in the fourth embodiment will be described with
reference to the flow chart in Fig. 9. In the flow of Fig. 9, the same reference numerals are applied to the steps similar
to those in the flow in Fig. 6.

[0073] The second embodiment is configured to obtain the null angle from a condition of the probe, an irradiation
condition of an ultrasound wave, and the like by performing calculation. Therefore, the null angle is decided depending
on the condition of the apparatus side such as setting of the apparatus or an irradiation condition of an ultrasound wave.
However, directivity of the actual reception signal is affected by heterogenous sound wave propagation in a living body
so that directivity of a reception beam varies for each sample of the reception signal. Therefore, in the fourth embodiment,
the null angle detection unit 207 detects the null angle for each sample of the reception signal based on the actual
reception signal.

[0074] The control unit 111 generates and outputs control signals which indicate a condition of the probe, an irradiation
condition of an ultrasound wave, and a selection condition of the null angle in accordance with the imaging condition at
the moment, similarly to the second embodiment (Step 61). The null angle calculation unit 501 receives the control
signals and obtains the null angle by performing calculation (Steps 62 and 63). The details for Steps 61 to 63 are the
same as those described in the second embodiment. As the null angle calculation unit 501 obtains the null angle by
performing calculation, the null angle detection unit 207 requests the memory unit 205 for data of the phasing signal.
[0075] Meanwhile, the delay adding units 204-1 to 204-Q of the phasing synthesizing unit perform delay adding
processing for each of the steering directions in the number Q which are different from one another by a predetermined
angle, within the preset angle range from 6min to 8max, thereby outputting the phasing signals (Step 92). The memory
unit 205 stores the phasing signal for each steering angle within the angle range from 6min to 6max (Step 93). Physically,
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for example, the angle range from 6min to 6max is the steering angle from -60° to 60°.

[0076] In accordance with the request from the null angle detection unit 207 in Step 91, the memory unit 205 outputs
the phasing signal for the steering directions in the number Q within the angle range from 6min to 6max to the null angle
detection unit 207 (Step 94).

[0077] The null angle detection unit 207 receives the phasing signal for the steering directions in the number Q within
the angle range from 6min to max, the phasing signal within a predetermined angle range 61 to 62 is scanned out of
the angle range from 6min to O6max, and extracts the minimum (minimal) phasing outputs as the null angle 6null_scan,
thereby outputting the extracted results (Steps 95 and 96). This steps (61 and 62) are repeated as many the number of
the sets.

[0078] Here, the angle range from 61 to 62 is an angle range having the preset extent including the null angle which
is obtained by the null angle calculation unit 501 through calculation. The angle range from 61 to 62 is the angle range
which is assumed to have the actual null angle between the angles thereof. In other words, the set of (61 and 62) is the
angle range having the preset extent which becomes 61 < 0null < 62 with respect to 6null obtained by the null angle
calculation unit 501. In addition, the number of sets of (61 and 62) is the same number as the number of the null angles
6null which has decided depending on a null selection condition included in the control signal. Regarding this, it is the
same as that described in the second embodiment.

[0079] By performing the processing, the null angle detection unit 207 detects the actual null angle 6null_scan in the
same number as the number based on a selection condition of the null angle.

[0080] The null angle detection unit 207 instructs the memory unit 205 regarding the detected null angle 6null_scan.
The memory unit 205 transmits the null angle information used in the delay adding unit 204. The transmission form of
the detected null angle 6null_scanis the same as that in the second embodiment. For example, the null angle is transmitted
as physical angle information such as 6 = 10° and -10°.

[0081] The memory unit 205 selects the phasing signal for the steering directions of the null angle 6null_scan and the
front direction (6 = 0°) which are transmitted from the null angle detection unit 207, thereby outputting the selected signal
to the synthesizing unit 206. In other words, when the null angle is 6 = 10° and -10°, the memory unit 205 outputs the
phasing signals for three directions, that is, the front directions of 6 = 0°, 6 = 10°, and 6 = -10°. In this case, the direction
of 8 = 0° is not necessarily included.

[0082] The synthesizing unit 206 receives the phasing signal of the steering direction of the null angle 6null_scan and
the front direction (6 = 0°) from the memory unit 205 (Step 97) and performs synthesizing by performing adding, thereby
outputting the result to the image processing unit 109 (Step 98). When performing adding, simple adding may be
performed, or adding may be performed after multiplying each phasing signal by a predetermined weight.

[0083] The image processing unit 109 receives the phasing signal which is output by the synthesizing unit 206 and is
synthesized. By using the received signal, similar to that in the second embodiment, an ultrasound image is generated,
and the image is displayed by the image display unit 103 (Step 99). In this manner, the flow of processing in the fourth
embodiment of the present invention is completed.

[0084] Regardingone sample of the reception signal, if outputting of the synthesis signal performed by the synthesizing
unit 206 is completed in Step 98, the procedure returns to each of Steps 91 and 92, thereby performing processing for
the reception signal of the succeeding sample.

[0085] As described above, in the fourth embodiment, since the null angle having the directivity of the actual reception
signal can be detected, it is possible to set the null angle in accordance with variation of the null angle caused by an
influence of heterogenous sound wave propagation in a living body. Accordingly, even though the medium of the test
object is heterogenous, deterioration in the image quality can be prevented, and it is unlikely to be affected by correlative
noise resulting from wave-front distortion. Thus, it is possible to acquire the ultrasound imaging apparatus having high
robustness.

[0086] In the present embodiment, the null angle calculation unit may obtain the null angle by performing calculation,
and the null angle detection unit 207 may scan the null angle only for a predetermined angle range 61 to 62 including
the null angle obtained by performing calculation. Accordingly, a computation amount of the null angle detection unit
207 can be decreased. However, the present invention is not limited to the aforementioned configuration. The null angle
detection unit207 need notinclude the null angle calculation unit 501 and may scan the null angle forthe entire angle range.
[0087] In addition, the null angle calculation unit 501 may be configured to include the memory 502 as described in
the second embodiment and obtain the null angle with reference to the null angle LUT in the memory 502.

(Fifth Embodiment)
[0088] The ultrasound imaging apparatus in a fifth embodiment will be described with reference to Figs. 10 and 11.
[0089] The ultrasound imaging apparatus in the fifth embodiment is similar to that in the second embodiment. However,

the point where the phasing processing unit 204 performs adaptive phasing processing is different from thatin the second
embodiment. In other words, as illustrated in Fig. 10, the phasing processing unit includes a delay circuit 511 and an
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adaptive phasing unit 512. The delay circuit 511 is a circuit which delays the reception signals in the number k such as
the active channels 201 formed with the ultrasound elements 105 in the number k in accordance with the position of the
reception focal point 10. Not only in the ultrasound wave transmission direction (0° direction), the reception focal point
10 may also be prepared in multiple numbers in the angle direction which is slightly tilted from the transmission direction
(reception multiple beam processing). In this case, the phasing synthesizing units 113 are prepared in parallel manner
for each tilted angle.

[0090] As shown in Fig. 11, the adaptive phasing unit 512 includes a matrix computation unit and an adaptive beam
steering unit 301, and obtains an adaptive weight w for each of the steering directions designated by the null angle
calculation unit 501. An adaptive synthesizing unit 516 uses the adaptive weight w so as to perform phasing for the
reception signal output by the delay circuit 511 after performing delaying, and then, the adaptive synthesizing unit 516
performs synthesizing. An operation of the null angle calculation unit 501 is similar to that in the second embodiment.
[0091] Inthis manner,inthe fifth embodiment, since the reception beamformer 108 performs adaptive phasing process-
ing, it is possible to acquire an effect in which the correlative noise Nu can be more effectively decreased while the
desired signal component S is negligibly decreased.

[0092] Hereinafter, adaptive phasing processing will be described specifically. When the number of the ultrasound
elements 105 (the number of channels) configuring the active channel 201 is k, post-delaying reception data of the delay
circuit 511 at a certain snapshot time n can be represented by a vector x(n) on the left side in the following Expression
(4), by using an output x,(n) of the ultrasound element 105.

[Expression 4]

x(n) =[x, (n), %, (n),..., x, (W] s (4)

[0093] The post-delaying reception data x(n) is input to each of the adaptive processing units 512-1 to 512-P. The
adaptive processing units 512-1 to 512-P generate an adaptive weight vector wy, (n) = [w, 1 (n), w, »(n) to wp_K(n)]T
which is configured from a weight value wK (n) for each of the channels in the number k at the snapshot time n, for each
of the steering directions designated by the null angle calculation unit 501. In other words, when the steering direction
is in the number P, the vectors w,(n), w,(n) to wp(n) are generated.

[0094] After synthesizing the adaptive weight vectors w4(n), wy(n) to wp(n), the adaptive synthesizing unit 516 performs
inner product computation (apodization computation) with the post-delaying reception data x(n), thereby acquiring the
adaptive beamformer output y(n) at a certain snapshot time n.

[0095] As shown in Fig. 11, the adaptive processing units 512-1 to 512-P of the adaptive phasing unit 512 includes a
matrix computation unit 300 and the adaptive beam steering unit 301. Each of the adaptive processing units 512-1 to
512-P may include the matrix computation unit 300 and the adaptive beam steering unit 301. Otherwise a set of the
matrix computation unit 300 and the adaptive beam steering unit 301 may be shared by the adaptive processing units
512-1 to 512-P.

[0096] In the matrix computation unit 300, the post-delaying reception data vector x (n) obtains a spatial covariance
matrix R(n) through the following Expression (5) . When obtaining the matrix R(n), the vector x(n) may be used as the
actual signal as it is, or a vector which is converted into data in the complex number by executing Hilbert transformation,
baseband modulation, or the like. Here, as a more general form, descriptions will be given by exemplifying a case where
the vector x (n) is converted into a complex data (n) so as to obtain the spatial covariance matrix R(n) as shown in
Expression (5) . The matrix R(n) in Expression (5) is obtained by taking an ensemble average of the product between
the complex vector &(n) which is represented by Expression (6) and the (complex) conjugate transposition vector £H(n)
thereof.

[Expression 5]

E(ME () EMEm) - EmE(n)
R(”):Elﬁ(ﬁ)iﬁ(n)]::E \fz(n)if(n) fz(ﬁ)‘f:(") f:(n)fz(ﬂ)
EME(n) EMEM) - ElmEy(n)

B
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[Expression 6]

‘é(ﬁ) = [gl(n)a‘fz(n)a“'v‘fi{ (n)}T e {8)

[0097] In Expression (5), an ensemble average number N can be uniformly averaged as shown on the far right side
in Expression (5), as the points in total N = 2S + 1 including the samples in the number S in front and rear of the vector
&(n) in the target snapshot. Moreover, as the method of averaging the temporal direction, in addition thereto, it is possible
to adopt a method in which after each sample in the temporal direction is multiplied by an arbitrary weight such as a
trapezoidal weight, adding average is obtained. The spatial covariance matrix R (n) output from the matrix computation
unit 300 is successively input to the adaptive beam steering unit 301.

[0098] In the adaptive beam steering unit 301 which receives the spatial covariance matrix R(n), the weight vector
wp(n) is calculated by using the MVDR method. A steering vector a, designated by the null angle calculation unit 501
is represented by Expression (7).

[Expression 7]

]
1

o =[ex0 {1 (0,0, 1, )} o0 (Vs (60,8, 1, )} 0xp (i (6,00, , )}

1l

i‘,exp[»j?wdsin 6)!3),(3;{1) ~j%-2dsin6p}...exp(—«j %(K —1)d sin QPJ

4 £ B

[0099] In Expression (7) shown above, the reference sign p represents the number of the steering vectors and is an
integer satisfying 0 < p <P + 1 as the total number P. As shown in Expression (7), the steering vector a, is a directional
vector which has the vector element (0 to (K - 1)) in the number K equal to the number of the active channels. The
steering vector ap is represented by a function of a reception frequency fp, and an angle (hereinafter, referred to as a
steering angle) (ep, ¢p) formed by the normal line vector direction on the surface of the ultrasound element 105 and the
steering vector.

[0100] Thereference sign 0, represents an open angle from the normal-line vector, and the reference sign 6, represents
a swiveling angle from the array direction of the ultrasound element 105. When the arrangement of the ultrasound
elements 105 of the ultrasound probe 106 is a one-dimensional straight-line (linear) array, the steering angle is repre-
sented by the last expression in Expression (7). Here, the reference sign Ap represents a wavelength of a sound wave
corresponding to the frequency fp, and the reference sign d represents the interval (the pitch of the elements) between
the element centers of the ultrasound element 105.

[0101] Regarding the direction of the above-described steering vector a,,, the weight vector w,, (n) obtained by the
MVDR method is calculated through Expression (8) herein. Accordingly, by computing the weight vector wy(n) for each
of the steering vectors a, different from one another by the adaptive processing units 512-1 to 512-P, it is possible to
acquire the adaptive weight vector w4(n) to wp(n) as many the number of P of the steering vector ap.

[Expression 8]

da”R"‘(n)a cro (8)

[0102] In Expression (8), the reference sign R(n) represents a spatial covariance matrix at a certain snapshot n in the
temporal direction generated through Expression (5), and the superscript -1 represents an inverse matrix.

[0103] The reception focal point 10 is on the central axis of the active channel 201, that is, when the number of the
active channels is an even number, the reception focal point 10 is positioned on the normal line (the normal line orthogonal
to the active channel surface) passing through the center point between the elements on the K/2nd and (K + 2)/2nd
among the ultrasound elements 105 in the number K configuring the active channels 201. In addition, when the number
of the active channels is an odd number, the reception focal point 10 is positioned on the normal line (the normal line
orthogonal to the active channel surface) passing through the center of the ultrasound element 105 on (K + 1)/2nd among
the ultrasound elements 105 in the number K configuring the active channels 201.
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[0104] Fig. 11 illustrates a case of the total number P = 3 for the steering direction, illustrating an example of the three
adaptive weight vectors w,(n) to wp(n). However, actually, the adaptive weight vectors in the number designated by the
null angle calculation unit 501 are output from the adaptive beam steering unit 301.

[0105] Since delaying processing is executed in a delay circuit 204, for example, the reception data vector x(n) at a
certain time n in linear scanning becomes data in which wave-fronts are aligned in a direction of 6 = 0° that is a direction
of the normal line vector. Accordingly, in Expression (7), when ep = 0°, the steering vector ap is ap = [1, 1, and so forth
1]T, thereby obtaining the adaptive weight vector w(n) regarding the focal point direction. The adaptive weight vector
w(n) regarding the focal point direction coincides with the adaptive weight vector w(n) obtained by the MVDR method
in the related art.

[0106] The adaptive weight vectors w4(n) to wp (n) in the number P output from the adaptive beam steering unit 301
are input to the adaptive synthesizing unit 516. As shown in Fig. 11, the adaptive synthesizing unit 516 adds the adaptive
weight vectors w(n) to wp(n) in the number P by a weight synthesizing unit 306 and obtains an arithmetic average,
thereby calculating a synthesis weight vector wg,,,(n) as shown in Expression (9). For example, as shown in Fig. 11,
the synthesis weight vector wg,,, (n) of the adaptive weight vector having P = 3 becomes wg,,, (n) = {w4(n) +wy(n) +
w3(n)}/3.

[Expression 9]

- 1
me(f?\)mé wp(n):};{w,(n}qvwe(n)«%;..wp(”)..w wp(ﬁ)} voee {9
Pl

[0107] In the previous stage where the synthesis weight vector wg,, (n) is obtained, a fixed apodization multiplying
unit 305 may be arranged so as perform multiplication for the fixed apodization with respect to each of the weight vectors
wp(n). For example, it is possible to perform multiplication for a fixed apodization bp applied with a distribution in which
the value of the adaptive weight vector wp(n) having the direction of 6 = 0° is increased and the values of other directions
are decreased. This is realized by performing computation through Expression (10).

[Expression 10]

£ 1
wm(n):prwﬁ(ﬂ):X{ialw,(ﬁ)%vbzwz(n)+wbpwp(n)m+b,,wp(n)} <0 (10)
£=1

[0108] For example, in the configuration in Fig. 11, the fixed apodization weights b4, b,, and b, are prepared in the
fixed apodization multiplying unit 305. In this case, the synthesis weight output from the weight synthesizing unit becomes
Wg m(n) = {byw(n) + bowy(n) + baws(n)}/3.

[0109] Subsequently, the synthesis weight vector wg,,(n) is input to an apodization computation unit 307 inside the
adaptive synthesizing unit 516. The apodization computation unit 307 includes a multiplying unit 3071 and performs an
inner product computation as shown in Expression (11) between the synthesis weight vector wg,,, (n) and the post-
delaying reception data vector x(n) which is transmitted through a bypass line 207 from the delay circuit 204, thereby
acquiring the phasing output y(n). Specifically, the multiplying unit 3071 calculates the product between the channel
elements (1 to K) of each of the weight vectors and the post-delaying reception data vectors. An adding unit 3072
calculates the sum total of the products for the elements in the number k acquired by the multiplying unit 3071 of the
apodization computation unit 307, as the final output (the phasing output y(n), a scalar value) of the adaptive synthesizing
unit 516.

[Expression 11]

y(n)zwgm(n)x(n) coee (1)

[0110] The phasing output y(n) of the apodization computation unit 307 is output to the image processing unit 109.
The above-described processing is repeated from the first sample n = 1 to the last sample n = N among the N samples
configuring one raster. Then, the apodization computation unit 307 outputs the sequential phasing outputs Y(1), Y(2) to
Y(N) to the sequential image processing unit 109. The phasing output y (n) of one raster which can acquired through
Expression (11) is acquired individually while shifting the active channel 201 to the active channels 202 and 203 on the
ultrasound element array 101. In the image processing unit 109, all the rasters are arrayed by a scan converter adapted
for the scanning method of the ultrasound probe 106, thereby generating a two-dimensional image. In addition, various
types of back-end image processing such as diverse filtering and computation of measurement application are performed.
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Eventually, the image display unit 103 displays an ultrasound image or a computation result of the measurement appli-
cation.

[0111] In this manner, in the fifth embodiment, by using adaptive phasing processing, while the desired signal com-
ponent S is prevented from decreasing, it is possible to acquire an effect in which the correlative noise Nu can be more
effectively decreased.

[0112] In the fifth embodiment, as another technique for computing the algorithm in the above-described matrix com-
putation unit 300, it is possible to perform spatial averaging computation by using a sub-array matrix. A sub-array matrix
R”gypg; in spatial averaging computation is represented by the product of the subspace vector £*/(n) (Expression (13))
as shown in Expression (12). The subspace vector £*(n) is a vector which is obtained by partially eliminating the
component (corresponding to the element L) out of the post-delaying reception data (represented by the general complex
signal vector & (n) in this case, but the actual signal vector x(n) may be adopted in place thereof) with respect to the
active channels in the number K. Accordingly, the total number of the subspace vector becomes the number K- L + 1
(0 <1 (small letter 1) <K -L + 1).

[Expression 12]

%uaz(’?) g (H)?é”’(n) cee (12)

[Expression 13]

EM=[6M.&, sl T -+ (13)

[0113] When the main diagonal component of the sub-array matrix is caused to coincide with the main diagonal
component of the spatial covariance matrix R (n) so as to be shifted by one sample, it becomes spatial averaging
processing for the sub-array matrix in the number K - L + 1, thereby acquiring the sub-array spatial covariance matrix
RA(n) in Expression (14). When computing the sub-array spatial covariance matrix R*(n) by the adaptive beam steering
unit 301, the sub-array spatial covariance matrix R*(n) can replace R (n) in the above-described Expression (8), and
thus, it is possible to compute the weight vector wp(n) as shown in Expression (15). In this case, the output of the matrix
computation unit 300 has a size of L x L, and the number of elements configuring the weight vector wp(n) becomes L.
[Expression 14]

Kb

3
R (n) = R, C e (1
(n) = N(K L+1 Z Z SUB/ (14}

g8 fmf

“.S = f+]
S N(K - L+1 Z Z%(H)é (n)

[Expression 15]

R (n .
W (n)=— M( ) (15)
a,R "(n)a,

[0114] In addition, as another example of the spatial averaging method, a frontward-rearward spatial averaging method
may be adopted. In this case, a rearward sub-array matrix R to g g (n) can be obtained by the product of a rearward
the subspace vector & to ((n) as shown in Expression (16). The rearward subspace vector is represented by Expression
(17). In addition, as shown in Expression (18), by performing computation similarly to the frontward spatial averaging,
the rearward sub-array spatial matrix R to (n) can be calculated as shown in Expression (18). Subsequently, as shown
in Expression (19), by performing arithmetic averaging with the sub-array spatial matrix R*(n) obtained in the above-
described frontward spatial averaging, itis possible to eventually obtain a frontward/rearward sub-array spatial covariance
matrix Rgg (n) . Similar to frontward spatial averaging, by replacing R(n) in Expression (8) with the frontward/rearward
sub-array spatial covariance matrix Rgg(n) when computing the adaptive beam steering unit 301, the weight vector wy,(n)
can be computed as shown in Expression (20). In this case as well, the output of the matrix computation unit 300 has
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a size of L x L, and the number of elements configuring the weight vector wp(n) becomes L.
[Expression 16]

Rus () =& (n)E," (n) Ce e (16)

[Expression 17]

2:1:(”)E[‘f!(‘wfwt(n)ﬁgé(---lvz(ﬂ)v""gk--iwx(n)]?u s (17
[Expression 18]

KL+l

s
R (”)MN(K L+D) Z Z Ryye/ (1)

sm-8  f=l
5 KLl

H s i
N(K L+1)ZS - S, (n)g, " (n) (18)

[Expression 19]

R'(n)+R"(n)
2

(19

Ry(n) =
[Expression 20]

R:Fi?,ml (n)

—FE (20)
a,Ry;"(n)a,

w,(n)=

[0115] The weight vector w/, in multiple numbers (the number P) calculated through Expression (15) or Expression
(20) by using the spatial averaging method is transmitted to the adaptive synthesizing unit 516, similarly to a case where
the spatial averaging method is not used.

[0116] Here, when the spatial averaging method is used, the number of elements of the weight vector W, is L. Accord-
ingly, in order to eventually perform computation in an inner product computation unit 307, a block is additionally required
so as to perform computation (Expression (21)) for producing from & (n) having the components in the number K to the
vector g(n) having the components in the number L. For example, as illustrated in Fig. 11, a dimension condensing unit
308 can be configured to be arranged in the midst of the bypass line 207 while being in the previous stage of the
apodization computation unit 307 so that the dimension condensing unit 308 generates from & (n) having the elements
in the number K to the vector g (n) having the elements in the number L. The dimension condensing unit 308 can be
arranged inside the synthesizing unit 206.

[0117] The phasing output y (n) when the spatial averaging method is used can be represented by Expression (22).
[Expression 21]

K~L+]

g(”)“Zé(i‘?) cee (21)

[Expression 22]
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_H
y(n)—wsum(n)g(n) e (22)

[0118] In this manner, in the matrix computation unit 300, by performing spatial averaging processing of the sub-array
maitrix, it is possible to acquire an effect of preventing correlative noise included in an ultrasound wave reception signal.
Accordingly, by combining spatial averaging processing of the sub-array matrix in the configuration in which multiple
adaptive weight vectors on the periphery of the focal point is synthesized, it is possible to acquire an ultrasound image
which is negligibly affected by noise.

[0119] As described above, in the fifth embodiment, MVDR is exemplified as an example of a technique for adaptive
beam forming. However, the algorithm applied to the adaptive beam steering unit 301 is acceptable as long as the
algorithm used the spatial covariance matrix calculated by the matrix computation unit 300. Moreover, any types of other
techniques such as the MMSE method; the APES method; the eigen space-MV method (ESMV, EIBMV) utilizing the
spatial covariance matrix, the eigen value, and the eigen vector thereof; the ESPRIT method, and the MUSIC method,
can be used.

(Sixth Embodiment)

[0120] The ultrasound imaging apparatus in a sixth embodiment will be described with reference to Figs. 12 and 13.
The ultrasound imaging apparatus in the sixth embodiment is configured to cause the null angle detection unit 207 to
detect the actual null angle by using the phasing signal of the phasing processing unit 204, similarly to the fourth
embodiment. However, the pointwhere the phasing processing unit 204 performs adaptive phasing processing is different
from that in the fourth embodiment.

[0121] Specifically, as illustrated in Fig. 12, the phasing processing unit 204 includes the delay circuit 511 and an
adaptive phasing unit 612. The adaptive phasing unit 612 includes adaptive processing units 612-1 to 612-Q in the
number Q. The delay circuit 511 is configured and operated similar to that in the fifth embodiment.

[0122] Similarly to the fourth embodiment, the adaptive processing units 612-1 to 612-Q obtain the phasing outputs
for the steering directions in the number Q within the angle range from 6min to 6max. As illustrated in Fig. 13, each of
the adaptive processing units 612-1 to 612-Q not only obtains the adaptive weight vectors w1(n) to wQ(n) by the matrix
computation unit 300 and the adaptive beam steering unit 301 similar to the adaptive processing units 512-1 to 512-P
in the fifth embodiment, but each of the adaptive processing units 612-1 to 612-Q also includes the multiplying unit 3071
and the adding unit 3072. The multiplying unit 3071 of the adaptive processing unit 612-1 performs inner product
computation between the weight vector w1 (n) and the post-delaying reception data vectors x(n) which is transmitted
from the delay circuit 511 through the bypass line 207. The adding unit 3072 performs adding of the vectors and outputs
the result to the phasing output y1(n). Similarly, the adaptive processing units 612-2 to 612-Q outputs the phasing outputs
y2 (n) to yQ(n). In this case, the fixed apodization multiplying unit 305 may be arranged so as to perform multiplication
of the fixed apodization with respect to the weight vector w1(n).

[0123] Operations of the memory unit 205 and the null angle detection unit 207 are similar to those in the fourth
embodiment, thereby omitting the descriptions.

[0124] In the sixth embodiment, since the phasing signals obtained through adaptive phasing processing for the
steering direction are synthesized, it is possible to enhance the effect to decrease correlative noise resulting from wave-
front distortion. In addition, since the null angle is detected by using the phasing signal obtained through adaptive phasing
processing, there is an effect of achieving high detection accuracy of the null angle as well.

(Seventh Embodiment)

[0125] The ultrasound imaging apparatus in a seventh embodiment will be described with reference to Fig. 14. The
seventh embodiment includes the reception beamformer 108 which is a combination of the configuration of the fourth
embodiment in Fig. 4 and the configuration of the sixth embodiment in Fig. 12. The reception beamformer 108 includes
the phasing processing unit 204 which acquires the phasing signal for the steering direction in the number Q through
delay adding shown in Fig. 8, and the memory unit 205 which stores the phasing signal. The null angle detection unit
207 detects the null angle based on the phasing signal in the number Q subjected to phasing processing through delay
adding. Meanwhile, the reception beamformer 108 includes a phasing processing unit 204’ which acquires the phasing
signal through adaptive processing in Fig. 12. The adaptive phasing unit 612 obtains the phasing signal y1(n) to yP(n)
through adaptive phasing processing for each of the steering directions of the null angles in the number P designated
by the null angle detection unit 207. The synthesizing unit 206 performs adding and synthesizing of the phasing signal
y1(n) to yP(n), thereby obtaining the phasing signal y(n).

[0126] In the present embodiment, the null angle is detected by the phasing signal obtained through delay adding
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processing, and adaptive phasing processing is performed only for the steering direction designated by the null angle
detection unit 207. Therefore, it is possible to synthesize the phasing signals obtained through adaptive phasing process-
ing for the steering direction with a computation amount less than that in the sixth embodiment. Thus, it is possible to
enhance the effect of decreasing correlative noise resulting from wave-front distortion with a small computation amount.
[0127] The adaptive phasing unit 612 and the synthesizing unit 206 in Fig. 14 can replace the adaptive phasing unit
512 and the adaptive synthesizing unit 516 in Fig. 10.

(Eighth Embodiment)

[0128] The ultrasound imaging apparatus in an eighth embodiment will be described with reference to Fig. 15.
[0129] The eighth embodiment is configured to perform aperture synthesizing in the reception beamformer 108 of the
fifth embodiment in Fig. 10.

[0130] With reference to Fig. 15, the ultrasound imaging apparatus in the eighth embodiment of the present invention
will be specifically described. Similar to the third embodiment, in the eighth embodiment, items of data in the number R
which are generated for each ultrasound wave transmission are successively saved in the frame memory unit 701 in
Fig. 15. In the frame adding unit 702, the data saved for each transmission is subjected to adding processing for each
angle at which the same pointis viewed among the multiple transmissions, thereby performing phasing synthesis process-
ing and aperture synthesis processing for the two or more steering directions of the present invention at the same time.
By performing aperture synthesis processing, reception data acquired from multiple transmission directions can be
superimposed with respect to a certain imaging point, and thus, it is possible to acquire an ultrasound image having
high resolution, a high SN ratio, and a high frame rate.

[0131] As shown in Fig. 15, the eighth embodiment has a configuration different from that of the third embodiment in
Fig. 7 in phasing processing of the frame memory 701 performed in the previous stage. In the third embodiment, the
multiple delay adding units 204-1 to 204-P are provided in the phasing synthesizing unit 113, but in the eighth embodiment,
the phasing synthesizing unit 113 includes the phasing processing units 204 in the number R which includes the delay
circuit 511 of the fifth embodiment in Fig. 5 and the adaptive phasing unit 512.

[0132] The frame memory unit 701 successively saves the phasing signals in the number R which are subjected to
adaptive phasing processing and are generated by the phasing processing units 204 in the number R for each of the
ultrasound wave transmissions. The frame adding unit 702 receives the two or more steering directions from the steering
direction instruction unit 112 as synthesis angle information, and reads out the data from the frame memory 701 regarding
the designated two or more steering directions, thereby performing adding processing. Accordingly, aperture synthesis
processing and data adding in the null direction (adding of the two or more steering directions) can be performed at the
same time.

[0133] In the eighth embodiment, since the phasing signals obtained through adaptive phasing processing for the
steering direction are synthesized, compared to the third embodiment, the effect of decreasing correlative noise resulting
from wave-front distortion is significant. In addition, since the null angle can be calculated by using the phasing signal
obtained through adaptive phasing processing, there is an effect of achieving high detection accuracy of the null angle
as well.

(Ninth Embodiment)

[0134] The ultrasound imaging apparatus in a ninth embodiment will be described with reference to Fig. 16.

[0135] The ninth embodiment provides another embodiment of the adaptive synthesizing unit different from those in
the fifth to eighth embodiments. The inside of the adaptive synthesizing unit in the fifth to eighth embodiments may have
the configuration as that in the fifth embodiment illustrated in Fig. 11, or may have the configuration as that of the ninth
embodiment in Fig. 16.

[0136] In the fifth embodiment illustrated in Fig. 11, the adaptive synthesizing unit 516 is configured to synthesize the
multiple adaptive weight vectors w4(n), w,(n), and ws(n) by the weight synthesizing unit 306, and to perform phasing-
adding processing of the post-delaying reception data x(n) by the acquired synthesis weight wg,,(n). Since this com-
putation is linear-type computation, the order of the weight synthesizing and phasing-adding processing may be inverted.
Therefore, in the adaptive synthesizing unit 206 of the ninth embodiment, as illustrated in Fig. 16, the multiple multiplying
units (3071-1, 3071-2, and 3071-3) and the multiple adding units 3072-1, 3072-2, and 3072-3 which acquire the pre-
synthesizing phasing output by calculating the sum of the post-multiplication elements (post-delaying data) are arranged
for each of the multiple adaptive weight vector w4(n), w,(n), and ws(n). A set including each one of the multiplying unit
3071 and the adding unit 3072 configures one inner product computation unit for each adaptive weight vector. The inner
product computation unit 307 is configured by preparing the sets in the multiple numbers. The post-delaying reception
data x(n) is input to each of the multiplying units 3071-1, 3071-2, and 3071-3 by using bypass inputs 2071, 2072, and
2073. An output synthesizing unit 500 is arranged in the following stage of the inner product computation unit 307.
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[0137] According to such a configuration, in the inner product computation unit 307, the bypass input 2071 is subjected
to phasing-adding by using the weight vector w4(n). The bypass input 2072 is subjected to phasing-adding by using the
weight vector w,(n), and the bypass input 2073 is subjected to phasing-adding by using the weight vector w5(n), thereby
calculating the pre-synthesizing multiple phasing outputs y,(n), y»(n), and ys(n) corresponding to each of the steering
vectors (Expression (23) below). In the following stage thereof, the output synthesizing unit 500 obtains the arithmetic
average of the phasing outputs y,(n), y,(n), and y5(n) corresponding to each of the steering vectors, thereby acquiring
the synthesizing-phasing output y¢ ,,(n) as shown in Expression (24).

[Expression 23]

v, (n)=w, (n)x(n) L (28

[Expression 24]

Fan()= 23,00 = {300+ 3,0 43, () 3, ()
(24

[0138] As illustrated in Fig. 16, the fixed apodization multiplying unit 305 can be added to the configuration in the
present embodiment as well. In Fig. 16, the fixed apodization multiplying unit 305 is arranged in the previous stage of
the inner product computation unit 307. However, the position of the fixed apodization multiplying unit 305 is not limited
to the position in Fig. 16. As it is clear from the linear-type computation, the fixed apodization multiplying unit 305 may
be added between the inner product computation unit 307 and the output synthesizing unit 500. Moreover, the fixed
apodization multiplying unit 305 may be added between the multiplying units 3071-1 to 3 and the adding units 3072-1
to 3 in the inner product computation unit. In both cases, the final synthesizing-phasing output y¢,,(n) can be represented
by Expression (25).

[Expression 25]

Vam (1) = pryp(n) = %{blyl (n)+b,y,(n)+---b yﬁ)(ﬁ)'“—f-b!’yf’(n)}
pe=l

(28}

[0139] As described above, the fifth embodiment and the eighth embodiment are different from each other in the
embodiment whether inner product computation is performed after the weights are synthesized or the phasing output
is synthesized after inner product computation. Meanwhile, the final outputs are identical to each other due to linear
computation. Therefore, the values of y(n) in Expression (22) which is the last phasing output is the fifth embodiment
and the last synthesizing-phasing output y ,,(n) of the eighth embodiment are the same.

(Tenth Embodiment)

[0140] Fig. 17 illustrates an example of the console 110 of the ultrasound imaging apparatus in the first to eighth
embodiments. In order to realize the embodiments which have been described above, in the console 110 of the ultrasound
diagnostic apparatus, as an operation unit for changing the number of the steering directions and the like, knob portions
1001 and 1002, and the like having a scale can be arranged. In addition, as an operation unit for switching modes
between obtaining of the null angle described in each of the embodiments, by performing calculation and detecting of
the same, a switch unit 1004 can be arranged in the console 110. Accordingly, an operator can change various parameters
in phasing synthesis processing while watching an actual ultrasound image, and can perform imaging and making a
diagnosis at an optimal condition form each test object 100. In addition, the set value can be configured to be displayed
by a portion 1104 in the display region of the image display unit 103.

[0141] In addition, the mode switching unit of the console may be formed so as to be able to switch the mode in
accordance with switching in different probes, an imaging condition, and an imaging sequence. For example, it is possible
to adopt a switching unit which can switch the mode so as to be able to generate an image by applying a set of the
steering directions different from each other, depending on a probe such as a linear probe, a convex probe, a sector
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probe, a two-dimensional array probe, and a mechanical type 3D imaging probe. In addition, for example, it is possible
to adopt a switching unit which can generate an image by applying a set of the steering directions different from each
other depending on an imaging condition and an imaging sequence such as transmission/reception focus, a transmis-
sion/reception frequency, a frame rate, the number of parallel beamformers, tissue harmonics, and imaging contrast.
[0142] Fig. 18illustrates a perspective view of the console 110 and the image display unit 103 in another specification
example for the ultrasound diagnostic apparatus of the present invention. In the configuration in Fig. 18, while referring
to an ordinary ultrasound image (an image not subjected to synthesis processing of the present invention) 103, a
practitioner is provided with a handy operation unit 1103 (for example, a mouse) for setting a particular ROI (a region
of interest) 1101. Accordingly, the practitioner can generate an image 1102 which is subjected to processing in each
embodiment of the presentinvention, only for the particular ROI 1101. In addition, the image 1102 subjected to processing
of the present invention can be displayed in another region in the image display unit 103.

[0143] In addition, it is possible to provide a configuration in which a practitioner can set parameters of imaging
conditions by using the handy operation unit 1103.

(Specification Example of Effect of Embodiments)

[0144] Fig. 19illustrates a profile of the phasing signal of the phasing processing unit 204 which performs delay adding
processing of the fourth embodiment in Fig. 8. Fig. 19 is a two-dimensional map 1201 having the steering angle 6 as
the transverse axis and the depth as the vertical axis. A dotted line 1202 in Fig. 19 indicates the null angle of a trans-
mission/reception beam which is calculated by the null angle calculation unit 501 based on the pitch, the frequency, and
the like of the ultrasound element 105 according to the configuration of the second embodiment in Fig. 5. A solid line
1203 is a trace of the null angle (the minimal point) detected by the null angle detection unit 207 of the fourth embodiment
in Fig. 8 and indicates the null angle in a case where the test object is actually irradiated with an ultrasound wave.
[0145] Asitis clearly shownin Fig. 19, there is an occurrence of deviation between the null angle decided by performing
calculation and the null angle detected by being actually irradiated with an ultrasound wave.

[0146] In Fig. 20, magnitude of an output of the phasing signal from the phasing processing unit 204 of the fourth
embodiment is illustrated in the steering angle 6 directions regarding three depths in Fig. 19 different from one another.
In other words, Fig. 20 illustrates directivity regarding three depths different from one another. As it is clearly shown in
Fig. 20, positions 1304, 1305, and 1306 for the minimal values which can be seen on each of the line profiles 1301,
1302, and 1303 are different from one another.

[0147] According to Figs. 19 and 20, as shown in the fifth embodiment and the like, by detecting nulls using the null
angle detection unit 207, the steering directions can be set to the accurate directions of the null angles. Therefore, it is
understood that improvement of an effect of decreasing correlative noise can be expected.

[0148] Fig. 21 illustrates a profile of the phasing signal of the phasing processing unit 204 performing adaptive phasing
processing of the sixth embodiment in Fig. 21. The dotted line 1202 in Fig. 21 indicates the null angle of a transmis-
sion/reception beam which calculated by the null angle calculation unit 501 based on a pitch, a frequency, and the like
of the ultrasound element 105 according to the configuration of the second embodiment in Fig. 5. A solid line 1403 is a
trace of the null angle (the minimal point) detected by the null angle detection unit 207 of the sixth embodiment in Fig.
12 and indicates the null angle in a case where the test object is actually irradiated with an ultrasound wave.

[0149] In Fig. 22, magnitude of an output of the phasing signal from the phasing processing unit 204 of the sixth
embodiment is illustrated in the steering angle 6 directions regarding three depths in Fig. 21 different from one another.
As it is clearly shown in Fig. 22, positions 1504, 1505, and 1506 for the minimal values which can be seen on each of
the line profiles 1501, 1502, and 1503 are different from one another.

[0150] According to Figs. 21 and 22, in a case of performing adaptive phasing processing, as shown in the sixth
embodiment and the like, by detecting nulls using the null angle detection unit 207, the steering directions can be set to
the accurate directions of the nullangles. Therefore, itis understood thatimprovement of an effect of decreasing correlative
noise can be expected.

[0151] Lastly, with reference to Fig. 23, an effect of null detection according to the present invention will be described.
Figs.23(a) and 23(b) respectively illustrate profiles of the image contrasts 1601 and 1602 regarding the steering directions
0 in certain depths when irradiation is performed with an ultrasound wave with respect to the test targets different from
one another by using the ultrasound imaging apparatus in Fig. 12 which detects the null angle through adaptive phasing
processing of the sixth embodiment. In Figs. 23(a) and 23(b), each of dotted lines 1603 and 1604 indicates the null angle
detected by the null angle detection unit 207. The null angles 1603 and 1604 are different from each other. Accordingly,
it is learned that the null angle varies depending on a test object.

[0152] As seen inthe line profiles 1601 and 1602 in Figs. 23 (a) and 23(b), it is found that the image contrast becomes
the maximum at the directions of the null angles. As the image contrast of the null angle, an image contrast which is
higher than that in other steering angles by 5 to 6 dB is acquired. According to the above-described contents, the null
angle can be detected as described in the sixth embodiment, and the directions of the null angles on the right and left
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be set to the steering direction so as to synthesize the phasing signal. Thus, it is possible to decrease noise and to

remarkably improve the image contrast.

Reference Signs List

[0153]

100 test object

101 ultrasound element array

102 apparatus main body

103 image display unit

104 transmission beamformer

106 ultrasound probe

107 transmission/reception separation circuit (T/R)
108 reception beamformer

109 image processing unit

110 console

111 control unit

204 phasing processing unit

205 memory unit

206 peripheral information synthesizing unit
207 null angle detection unit

301 adaptive beam steering unit

501 null angle calculation unit

701 channel memory

702 frame adding unit

1001, 1002  knob portion

Claims

1.

An ultrasound imaging apparatus comprising:

an ultrasound element array thatincludes multiple ultrasound elements arrayed along a predetermined direction;
a reception beamformer that performs phasing of a signal received by the ultrasound element array; and
animage processing unitthat uses an phasing output which is output by the reception beamformer and generates
image data,

wherein the reception beamformer includes a phasing synthesizing unit which performs synthesizing after per-
forming phasing processing of the signal received by the ultrasound element array for each of two or more
steering directions and a steering direction instruction unit which sets the two or more steering directions to the
phasing synthesizing unit, and

wherein the two or more steering directions include at least two directions other than a direction of a reception
focal point.

The ultrasound imaging apparatus according to Claim 1,
wherein each of the two directions is a direction of a null angle of a directivity profile of the ultrasound element array.

The ultrasound imaging apparatus according to Claim 1 or 2,
wherein the two or more steering directions also include the direction of the reception focal point.

The ultrasound imaging apparatus according to Claim 2,
wherein the steering direction instruction unit sets preobtained two or more directions of the null angles of the
ultrasound element array to the phasing synthesizing unit.

The ultrasound imaging apparatus according to Claim 2,

wherein the steering direction instruction unit includes a null angle calculation unit which obtains the two or more
directions of the null angles of the ultrasound element array by performing calculation and sets the directions of the
null angles which are obtained by the null angle calculation unit to the phasing synthesizing unit.
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The ultrasound imaging apparatus according to Claim 2,

wherein the steering direction instruction unit includes a null angle detection unit which detects two or more null
angles from the signal received by the ultrasound element array and sets the directions of the null angles which are
obtained by the null angle detection unit to the phasing synthesizing unit.

The ultrasound imaging apparatus according to Claim 6,

wherein the steering direction instruction unit also includes a null angle calculation unit which obtains the two or
more directions of the null angles of the ultrasound element array by performing calculation, and the null angle
detection unit detects the null angle within a preset range on the periphery of the null angles obtained by the null
angle calculation unit and obtains the null angles.

The ultrasound imaging apparatus according to Claim 6 or 7,

wherein the phasing synthesizing unit includes a delay adding unit which generates a phasing signal obtained by
performing adding after performing delaying of a signal received by each element of the ultrasound element array
for each of the multiple steering directions, and the steering direction instruction unit uses the phasing signal output
by the delay adding unit and detects a steering direction in which the phasing signal becomes minimal, as the
direction of the null angle.

The ultrasound imaging apparatus according to Claim 6 or 7,

wherein the phasing synthesizing unit includes an adaptive phasing unit which obtains an adaptive weight for each
of the two or more steering directions by performing adaptive beam forming and an apodization computation unit
which uses the adaptive weight to perform apodization of the signal received by the ultrasound element array, and
wherein the steering direction instruction unit detects a steering direction in which a signal output by the apodization
computation unit becomes minimal, as the direction of the null angle.

The ultrasound imaging apparatus according to Claim 1,

wherein the phasing synthesizing unit includes a delay adding unit which generates a phasing signal by performing
adding after performing delaying of a signal received by each element of the ultrasound element array in accordance
with the steering direction, and a synthesizing unit which synthesizes the phasing signal for each of the two or more
steering directions and acquires the phasing output.

The ultrasound imaging apparatus according to Claim 1,

wherein the phasing synthesizing unit includes an adaptive phasing unit which obtains an adaptive weight for each
of the two or more steering directions by performing adaptive beam forming, a weight synthesizing unit which
synthesizes the adaptive weights in the two or more steering directions, and an apodization computation unit which
uses the adaptive weights synthesized by the weight synthesizing unit to perform synthesizing after performing
apodization of the signal received by the ultrasound element array.

The ultrasound imaging apparatus according to Claim 1,

wherein the phasing synthesizing unit includes an adaptive phasing unit which obtains an adaptive weight for each
of the two or more steering directions by performing adaptive beam forming, an apodization computation unit which
uses the adaptive weights and performs synthesizing after performing apodization of the signal received by the
ultrasound element array, and a synthesizing unit which synthesizes outputs of the apodization computation unit
for each of the two or more steering directions.

The ultrasound imaging apparatus according to Claim 1, further comprising:

a control unit that sequentially sets active channels at positions different from one another in chronological order
with respect to the multiple ultrasound elements and transfers a reception signal of the ultrasound element
included in the active channel to the reception beamformer,

wherein a point indicated by the two or more steering directions of the active channels at a certain point of time
overlaps partially in position with the point indicated by the two or more steering directions of the active channel
at a different point of time.
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