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is large, the signals after envelop detection are synthe-
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spatial resolution and that in contract resolution is
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Description
Field of the Invention

[0001] The present invention relates to an ultrasonic imaging device used for medical diagnosis or other purposes,
and more specifically to a technique for obtaining a high quality tomographic image referred generally to as a compound
scan image displayed as one image by synthesizing image signals obtained by scanning a scanned object from various
angles.

Description of the Related Art

[0002] The ultrasonic imaging device brings an ultrasonic probe into contact with a surface of a scanned object,
transmits ultrasonic waves to the object from the probe, receives reflected waves (echo signals) from the inside of the
object, and displays tomographic images showing a state of various sections of the object based on the echo signals,
which are used for medial diagnosis or other purposes.

[0003] FIG. 1(A) is a view illustrating the general configuration of an ultrasonic imaging device. Reference numeral
10 indicates an control unit such as a personal computer. Designated at reference numeral 11 is a CPU, at 12 a memory,
at 13 a hard disk, at 21 an input device, and at 22 a display device. The devices are connected to each other through
a bus 14 for delivery of various types of information between the devices. The hard disk 14 stores therein various types
of programs and data required for operations of the ultrasonic imaging device, and the programs and data are read out
according to the necessity and stored in the memory 12, and used for operations under control by the CPU 11. The input
device is a keyboard, a mouse, or the like, and is used for receiving set-up information required by a user of the ultrasonic
imaging device or for outputting operation signals. Various screens including necessary operation screens or a screen
showing the results of imaging are displayed on the display device 13.

[0004] Reference numerals 23 and 24 indicate a transmitted ultrasonic beam former and a received ultrasonic beam
former respectively, which are connected to the bus 14 of the control unit 10. Moreover, the transmitted beam former
23 and receiving beam former 24 are connected via a transmission/receiving separator 31 to a ultrasonic probe 32. The
transmitted beam former 23 generates an ultrasonic transmission signal corresponding to a digital signal delivered from
the control unit 10 and sends the ultrasonic transmission signal via the transmission/receiving separator 31 to the
ultrasonic probe 32 so that an ultrasonic signal corresponding to a program corresponding to the user’s operation signal
is transmitted from the ultrasonic probe 32. On the other hand, when the transmitted ultrasonic signal is received as a
reflection wave from inside of the object by the ultrasonic probe 32, a signal corresponding to the received ultrasonic
signal is transmitted via the transmission/receiving separator 31 to the receiving beam former 24. The receiving beam
former 24 subjects the signal to required processing such as digitalization and sends the processed signal to the control
unit 10. The control unit 10 processes the received signal with a program appropriate for the object of imaging, and
displays a result of imaging as the display device 13.

[0005] FIG. 1(B) illustrates an example of the ultrasonic probe 32, and in this example, n sets of oscillators 1-1, 1-2,
and 1-3 are arrayed in a linear state in parallel to each other. Although not shown in the figure, wiring is provided for the
oscillators for transmitting a transmission signal from a transmission control circuit 23 and also a signal corresponding
to a reflected wave from the inside of the object detected by each oscillator to a receiving control circuit 24. Furthermore,
the ultrasonic probe 32 is an acoustic matching layer 5 made of, for instance, a mixture of metal powder and polymeric
materials and an acoustic lens also made of polymeric materials for effectively bringing the oscillators into contact with
the scanned object for efficient transaction of ultrasonic signals with the scanned body. By controlling amplitude of a
signal given to each oscillator and timing for transmitting the signal, the focus depth, direction of irradiation and amplitude
of the ultrasound irradiated from the ultrasonic probe 32 can freely be controlled, that is, the depth and direction can be
controlled as indicated by F4 - F; and F,, - F,. Furthermore, to synthesize B mode image data of the object imaged from
a plurality of angular directions as described below, for instance, control can be provided so that the beam is oriented
to the direction A, B, or C on the focus line F, - F4. Although not shown in the figure, the ultrasonic probe 32 has a handle
to be grasped by a user.

[0006] The configuration of the ultrasonic probe 32 is not limited to the example shown in FIG. 1(B), and for any
purpose of imaging, the ultrasonic probe 32 may have various forms, for example, in which a plurality of oscillators are
arranged at equal intervals in a linear, curved or planar manner. For instance, a linear scan type of ultrasonic imaging
device forms an aperture by selecting a group of oscillators driving simultaneously with the preset aperture selecting
function, and moves the aperture by and by to scan the inside of a sample or an object with a ultrasonic beam. Also the
convex scan type of ultrasonic imaging device works similarly.

[0007] In the case of imaging only from one direction, there arise the following defects. Due to the effect of angle-
dependent reflectance, only sections vertical to a direction in which the ultrasonic wave propagates within a contour of
areflecting section of the scanned object are imaged with emphasized tone, while sections of a tissue border substantially
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parallel to the direction in which the ultrasonic wave propagates are not images substantially at all. In addition, sections
in the shadow of a highly reflective body are hardly imaged. In contrast, when there are a plurality of directions in which
the ultrasonic waves propagate like in the case of compound imaging, a percentage of ultrasonic waves introduced in
the vertical direction to a border surface of the reflecting body. Therefore, the contour is imaged in a relatively continuous
state and is clear with the shadowed sections reduced, which contributes to the improvement of the defects described
above.

[0008] A second merit is to be largely effective in removing speckles causing degradation of the contrast resolution.
Since images picked up from substantially different angular directions have different speckle patterns, the signal amplitude
for a section corresponding to the reflecting section of the scanned object itself increases due to the effect of addition,
while the speckle patterns increase only in proportion to a root of the sum. When it is assumed that a number of added
factors is N, therefore the contrast resolution is improved in proportion to a root of N.

[0009] Improvement of the contrast resolution as described above can be realized since image synthesis is carried
out by converting RF signals to envelop curve signals to make the signals incoherent and then adding the signals. To
describe it from the contrary viewpoint, since the signals are made incoherent and then added, improvement of spatial
resolution like in the case of addition of coherent signals cannot be expected.

[0010] As a method based on the concept of addition of coherent signals, namely a method of signal synthesis in the
state of RF signals, also the synthetic aperture method as disclosed in non-patent document 1 is well known in the art.
In the synthetic aperture method, signals from a plurality of different angular directions are added in the coherent state,
which provides the effect equivalent to enlargement of the aperture and contributes to an improvement in the spatial
resolution.

[0011] Inboth of the compound imaging method and synthetic aperture method as described above, when the scanned
object is a moving one such as a living body, movement of the body occurring between a plurality of times for imaging
is troublesome. To solve the problem, in the two known examples, a method is disclosed in which positional displacement
between images is estimated by means of correlation method prior to image synthesis to minimize blurring of the image
due to movement of a scanned object.

[Patent document 1]

JP-A 2002-526225

[Non-patent document 1]

IEEE Transaction on Ultrasonics, Ferroelectrics, and Frequency Control, Volume 45, No. 4, pp. 1077 to 1087

Disclosure of the Invention

[0012] Aninternal organ of a human body as an object for ultrasonic imaging is not a solid body, and deforms differently
from place to place. Therefore, it is difficult to perform idealistic correction for the entire image. Futhermore, influence
of positional displacement between synthesized images in the synthetic aperture method is different from that in the
compound imaging.

[0013] In the aperture synthesis, there occurs interference between signals to be synthesized, and if there occurs
positional displacement larger than a quarter of a wavelength, the signal is degraded after synthesis. On the other hand,
in the case of compound imaging, there occurs no interference between signals to be synthesized, so that positional
displacement smaller than the width of an envelop of an envelop signal does not cause any signal degradation. Generally
in the currently available ultrasonic imaging devices, the width of an envelop is only several times larger than the
wavelength.

[0014] Since there are two image synthesis methods currently available, namely the compound imaging method and
synthetic aperture method, and the two methods have different merits respectively, and there has been a desire for
development of an imaging method having the merits provided by the two conventional methods as described above.
In other words, the desire is to realize improvement of contrast resolution and improvement of spatial resolution at the
same time and also torealize animaging method in which animageis little degraded due to movement of a scanned object.
[0015] In the currently available ultrasonic imaging devices, a transfer function of the ultrasonic probe 32 is equivalent
to a width of several waves on the time axis because the width is limited in the frequency space. In ultrasonic imaging,
influence by a transfer function of the ultrasonic probe 32 occurs twice because of transmission of ultrasonic signal
waves from the ultrasonic probe 32 and receiving of ultrasonic waves reflected by a scanned body with the ultrasonic
probe 32, and therefore a width of the envelop is in the range from about 2 to 4 waves. In other words, influence caused
by movement of a scanned object in the coherent case is around 10 times larger than that in the incoherent case. If a
displacement range between synthesized images can idealistically be corrected pixel by pixel, the influence caused by
movement of an scanned object could be corrected by any of the two known methods. However, since the corrected
value is not always precise because of influences by noises, and there is displacement also in a direction perpendicular
to the tomographic image, it is difficult to accurately estimate a local displacement.

[0016] In the present invention, it is not aimed to perfectly correct a local displacement, and correction is carried out
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based on the large scale displacement rate. That is to say, when a displacement is small (for instance, smaller than a
quarter of a wavelength), signal synthesis is executed based on RF data, and when the displacement is larger, the signal
synthesis is carried out based on the envelop detection signals. A degree of each displacement can be determined on
recognition of correlation of RF data between images in different frames. Furthermore, any of signal synthesis based
on RF data and signal synthesis of envelop detection signals can freely be selected by controlling a reference frequency
for heterodyne detection.

Brief Description of the Drawings
[0017]

FIG. 1(A) illustrates a general configuration of a ultrasonic imaging device;

FIG. 1(B) illustrates an example of an ultrasonic probe;

FIG. 2 is a flow chart illustrating a signal processing flow in an ultrasonic imaging device according to a first embod-
iment of the present invention;

FIG. 3 is a flow chart illustrating a signal processing flow in an ultrasonic imaging device according to a second
embodiment of the present invention;

FIG. 4 is a flow chart illustrating a signal processing flow in an ultrasonic imaging device according to a third
embodiment of the present invention;

FIG. 5(A) is a schematic diagram illustrating three beam propagating directions A, B and C different from each other
received by the transmitting/receiving transducer 32;

FIG. 5(B) is a diagram showing beam patterns of RF signals in the beam propagating directions received by the
transmitting/receiving transducer 32;

FIG. 5(C) is a diagram illustrating beam patterns after envelop detections for RF signals received by the transmitting/
receiving transducer 32;

FIG. 6(A) is a diagram plotted with the horizontal axis indicating a displacement between images in different frames
and also with the vertical axis indicating envelop detection carried out according to the displacement and addition
based on RF data;

FIG. 6(B) is a diagram illustrating an example of setup curve for setting a reference frequency o, for heterodyne
detection;

FIG. 7 is a diagram illustrating distribution of ultrasonic wave signal intensities when the beams in three different
directions A, B, and C shown in FIG. 5(B) are subjected to envelop detection to obtain the beam patterns after the
envelop detection shown in FIG. 5(C) and then the signals are synthesized;

FIGS. 8(A), 8(B), 8(C), and 8(D) are diagrams illustrating examples of beam patterns showing results of heterodyne
detection with the reference frequency w, of the reference wave setto 2 MHz, 1 MHz, 0 MHz, and -1 MHz respectively
and also with the central frequency of ultrasonic wave signals o, set to 2 MHz;

FIG. 9(A) is a diagram showing a result of simulation for an image obtained through steps 115, 117 shown in FIG. 2;
FIG. 9(B) is a view showing a result of simulation for an image obtained through steps 119, 120 shown in FIG, 2;
FIGS. 10(A), 10(B), 10(C), and 10(D) are views showing example of images corresponding to those shown in FIGS.
8(A), 8(B), 8(C), and 8(D), respectively; and

FIG. 11 illustrates an appearance of an input device operated by a user to set a frequency of a reference wave in
the ultrasonic imaging device according to the third embodiment of the present invention.

Best Mode for Carrying out the Invention

[0018] Preferred embodiments of the present invention will be described in detail below with reference to the drawings.
Each embodiment of the present invention is realized by an ultrasonic imaging device having an control unit as shown
in FIGS. 1(A) and 1(B).

(First Embodiment)

[0019] FIG. 2 is a flow chart illustrating a signal processing flow in the ultrasonic imaging device according to a first
embodiment of the present invention.

[0020] Reference numeral 101 indicates a preparation step, in which data such as a type of an ultrasonic probe to be
used and codes indicating objective portions of an object to be imaged is inputted through an input device 21. Reference
numeral 103 indicates a step of specifying the number of image frames to be synthesized for the target portions of the
scanned object, in which the data is inputted through the input device 21. The number of frames to be synthesized is at
least 3 or more. The number of frames may be in the range from 7 to around 15. As the number of frames to be synthesized
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increases, effects of image synthesis and defects caused by synthesis increase, and therefore the number of frames
should preferably be determined according to an object to be imaged (movement of the object to be imaged).

[0021] Reference numeral 105 indicates a step for setting a direction in which ultrasonic waves are to be transmitted
toward a target portion for imaging, in which the data is inputted via the input device 21. The data corresponds to the
number of frames to be synthesized, specified in step 103, and the data may automatically be set by a program in
response to the number of frames already imaged. Referring to FIG. 1(B), the direction of transmitting ultrasonic waves
as used herein indicates each of the different directions A, B, and C transmitted on the plane of the focus F, - F,. In
FIG. 5(A), the directions are shown as a square A schematically shown with a solid line, a square B shown with a dot
and chain line, and a square C shown with a broken line. That is to say, the squares A, B, and C schematically show
the state in which a scanned object is linearly scanned by transmitting ultrasonic beams at the same focus depth and
at different angles.

[0022] The reference numeral 107 indicates a step of transmitting and receiving ultrasonic waves for one frame and
storing RF data. When the number of imaged frames is specified (step 103) and a direction of transmitting ultrasonic
waves is set (step 105), a ultrasonic wave pulse signal corresponding to a program for the target portion to be imaged
is generated by the CPU 11. The signal is converted by the transmission beam former 23 to a signal given to oscillators
in the ultrasonic probe 32. The converted signal is then given via the transmission/receiving separator 31 to the oscillators
in the ultrasonic probe 32. The ultrasonic signal reflected from the target portion for imaging is received and converted
to an electric signal by oscillators in the ultrasonic probe 32, and the electric signal is given to the receiving beam former
24 viathe transmission/receiving separator 31. In the transmission/receiving separator 31, the electric signal is converted
to a digital signal and subjected to phase-aligned addition between channels, and is stored as RF data in the memory
12. Reference numeral 109 indicates a step of evaluating the number of frames already imaged, in which a check is
made as to whether or not RF data for transmitted/received signals has been stored by the number of frames specified
in step 103. When it is determined that RF data has not been stored by the number of frames specified in step 103, the
processing returns to step 105, in which the RF data for transmitted and received ultrasonic signals for one frame in the
next signal transmitting direction is stored. When it is determined in step 108 that the number of frames already imaged
has been stored by the number specified in step 103, the processing proceeds to data assessment.

[0023] Reference numeral 111 indicates a step of computing correlation of RF data between images for different
frames. In this step, image data for the respective frames stored in the memory 12 are sequentially read out to compute
the correlation. In other words, an amount of displacement and an amount of deformation are computed by especially
checking a specified reflecting portion of a scanned object in each ultrasonic wave transmitting direction on the basis of
image data for each frame.

[0024] Reference numeral 113 indicates a step of checking whether or not a deformation rate between images for
different frames is greater than a preset value. That is to say, when it is determined that the correlation of RF data
between images for different frames computed in step 111 is greater than the preset value, the RF data for each frame
stored in the memory 12 is subjected to envelop detection (step 115), and data synthesis is carried out between images
of the different frames based on the data after the envelop detection (step 117). When the correlation value of RF data
between images for different frames is smaller than the preset value, data synthesis is carried out between images for
different frames based on the RF data for each frame stored in the memory 12 (step 121), and the synthesized RF data
is subjected to envelop detection (step S121).

[0025] Reference numeral 123 indicates animage display step, in which animage satisfying requirements of a particular
program is displayed on the display device 22 based on either one of the data obtained in step 117 or data in step 121.
Reference numeral 125 indicates a step of determining whether or not adjustment of the image quality is required. For
instance, in the image display step 123, the question of "data re-acquisition required?" and "YES", "NO" switches are
displayed at a portion of the screen. When the user is not satisfied with the image displayed on the display device 22
and selects "YES", the processing returns to step 103, and the processing flow is again executed from the necessary
setup process. When the user selects "NO", imaging is finished. When imaging is to be carried out again, the conditions
for acquiring RF data of transmitted and received ultrasonic signals are changed, for instance, by increasing the number
of synthesized images, or by making a change rate of a signal transmitting direction minuter. In the ultrasonic diagnostic
unit, imaging is continued and the screen is continuously updated unless the imaging stop button is pressed. Because
of the feature, even when a screen display of inquiring the necessity of data acquisition is not provided, the user can
change the setup according to each image or reflect the changed conditions to imaging next time.

[0026] As described above, influence of displacement of target portions included in a scanned object over synthesized
signals largely varies between a case of coherent signals such as RF signals and a case of incoherent signals such as
envelop detection signals. In the case of coherent signals, when the displacement is equal to a half of the wavelength
or more, the signals cancel each other completely, and the influence can be ignored only when the displacement is not
greater than a quarter of the wavelength. In the case of coherent signals, canceling never occurs, and therefore the
influence is small when the displacement is not greater than a width of the envelop.

[0027] In the first embodiment of the present invention, in recognition of the point described above, correlation of RF
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data between images for different frames is computed in step 111, and whether a deformation between images for
different frames is larger than a preset value or not is determined in step 113. When a displacement of a target position
of a scanned object between images for different frames is larger than the preset value, the signal processing is carried
out based on incoherent signals giving smaller influence due to displacement between images for different frames. When
displacement of a target position of a scanned object between images for different frames is smaller than the preset
value, the signal processing is carried out based on coherent signals.

[0028] A method of computing a deformation based on correlation is described in detail below. In the following de-
scriptions, symbol M indicates the number of data in the depth direction in one frame, and N indicates the number of
data in the horizontal direction. Further, it is assumed in the following descriptions that the coordinate values for the
depth direction become larger from the shallower positions to the deeper positions, and the coordinate values along the
horizontal axis become larger according to a sequential order of a scanned luster. It is also assumed in the following
directions that scanning is carried out sequentially in the horizontal direction. In the following descriptions, Iki_j indicates
brightness of a pixel located at the i-th position in the depth direction and j-th position in the horizontal direction in the
frame number k, and AkLj indicates an amplitude of an RF signal at the same position.

[0029] Assuming that w indicates a size of a window for which correlation is to be computed, the deformation vector
Vkiyj based on correlation between two frames at the pixel ij is computed through equations (1) and (2) below. The
correlation Cr(k, K+1) is computed through equation (1) below:

Cr(k’k+1)= A_kw—l _.”A.kw-l, A_,”v:-l, A,h:'-l. --(1)
=== i+==j i=== ==
Cr (k’k)’: Ak w-1 “A.k w-1 Ak w-1 “Ak w-1 ---(2)
‘—'—2 vJ “"'_2 sJ ""—2 sJ t+—,J

[0030] On the other hand the self correlation Cr(k, k) is computed through equation (2) above.

[0031] The difference between the pixel number imax1 where the correlation Cr (k, K+1) is maximized and the pixel
number imax0 where the self correlation cr (k, k) (V = imax0 - imax1) indicates a deformation in the depth direction
between a frame k and frame k+1. In the equations above symbol * indicates correlation. In the above descriptions, it
is assumed that w is an odd number, but also when w is an even number, computing can be executed similarly by
replacing i-(w-1)/2 with i-(w-2)/2 and i+(w-1)/2 with i+w/2.

[0032] Inthe descriptions above, alocal deformation is treated as a one-dimensional program only in the depth direction
although the local deformation relates to a two-dimensional vector. The reason is that, because point responses based
on transmitted and received ultrasonic pulses are distributed in a narrow area along the depth direction and in a wide
direction along the azimuth direction, sampling is executed more finely as compared to the Nyquist frequency of the RF
signal wave along the depth direction and more roughly along the azimuth direction. When compared quantitatively, in
a case where the sonic velocity is 1500 m/s and the sampling frequency in the depth direction is 50 MHz, the sampling
interval in the depth direction is 15 pum. On the other hand, the sampling interval in the azimuth direction is generally
equivalent to the element pitch or around a half of the element pitch. Therefore, assuming that the element width is
around a half of the central frequency, when the central frequency is 3 MHz, the sampling pitch is around 125 um, which
is about 10 times larger than that in the depth direction. Because of it, when the frame rate is fully higher as compared
with a velocity of the scanned object, the deformation may be measured only in the depth direction.

[0033] A window is set for computing correlation for the following two reasons. The first reason is that, when all of
data for one luster is used out all at once, it is disadvantageous for scanning an object such as a living thing which can
not be treated as a solid object, because the deformation varies according to the depth. Secondly, in the present invention,
correlation is computed between images picked up from different angular directions, and therefore, when a luster is
compared to another luster, places can not be matched with each other in the depth direction. However, when a limit is
introduced for a window width, it is possible to prevent a luster from being overlapped on another luster within a range
of the window. For instance, when a deformation is computed between frames imaged from beam directions different
by 5 degrees from each other, if the luster interval is 125 pm and the sampling interval in he depth direction is 15 pm,
125 pm /tan (5 degrees) /15 wm = 95, and therefore when the window width is not more than 95 sampling points, it can
be recognized that also the deformation in the azimuth direction is computed based on data acquired at the same position.
Needless to say, in this case, the number of a luster as a partner for correlation changes in association with movement
of the window.

[0034] After a deformation at the pixel ij is computed as described above, when influence by noises is small, the
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obtained data may be used as a deformation rate as it is. When the influence by noises is large, however, it is also
possible to execute the processing by replacing the value with an average value with, forinstance, a low-pass spatial filter.
[0035] When movement of a scanned object is faster as compared to the frame rate, the two-dimensional deformation
may be computed by computing a two-dimensional deformation based on the two-dimensional correlation including the
azimuth direction, or by integrating the values luster by luster in the depth direction, computing the deformation in the
azimuth direction based on correlation of integrated patterns for different frames, and combining the deformation with
that in the depth direction described before.

[0036] FIG. 6(A) is a diagram plotted with a displacement between images for frames along the horizontal axis and
selection between addition of RF data and envelop detection executed according to the displacement along the vertical
axis. In this example, the threshold value for a displacement between images for different frames is a quarter of a
wavelength of the ultrasonic wave with the central frequency w,. When the displacement between images for different
frames is larger than a quarter of the wavelength of the ultrasonic wave with the central frequency o, the signal processing
is executed by envelop detection, namely based on the incoherent signals. When the displacement between images for
different frames is smaller than a quarter of the wavelength of the ultrasonic wave with the central frequency wy, the
signal processing is carried out by executing addition based on the RF data and then by envelop detection, namely
based on the coherent signals.

[0037] As described above, by selecting signals for image generation in response to a displacement of target portions
to be imaged between images for different frames, it is possible to realize the improvements of the contrast resolution
and the spatial resolution at the same time for providing an imaging method with low image degradation due to movement
of a scanned object.

(Second Embodiment)

[0038] FIG. 3is aflow chart illustrating a signal processing flow in an ultrasonic imaging device according to a second
embodiment of the present invention. In FIG. 3, the same reference numbers are assigned to the corresponding steps
in FIG. 2.

[0039] Also in the second embodiment, like in the first embodiment, a type of a ultrasonic probe to be used and a
target portion of a scanned object are set (step 101), the number of frames to be imaged for image synthesis is specified
(step 103), a ultrasonic signal wave transmission direction toward each target portion to be imaged is set (step 105),
RF data for transmitted and received ultrasonic signal waves for one frame is stored (step 107), the number of imaged
frames is checked (step 109), and the processing sequence is repeated until the number of imaged frames reaches the
number of frames specified in step 103. Then correlation of RF data between images for different frames in step 111 is
computed.

[0040] Reference numeral 114 indicates a step of setting the reference frequency w4 for heterodyne detection, and
reference numeral 116 indicates a step of executing the heterodyne direction corresponding to the set reference frequency
4. Reference numeral 118 indicates a step of receiving a result of detection in step 116 and synthesizing data after
detection of images for different frames. The image display in step 123 and image quality adjustment in step 125 are
the same as those described in the first embodiment.

[0041] FIG. 6(B) illustrates an example of setup curve for setting the reference frequency w, for heterodyne detection
in step 114. This diagram is plotted with the horizontal axis indicating a displacement between images for different frames
with respect to a wavelength of ultrasonic wave with the central frequency o, of the ultrasonic wave and also with the
vertical axis indicating a ratio of a frequency after mixing corresponding to the reference frequency determined in response
to each displacement to the central frequency o, of the ultrasonic wave. Also in the second embodiment, like in the first
embodiment, a quarter of a wavelength of ultrasonic wave with the central frequency wy is used as a threshold value
for the displacement between images for different frames. In other words, when the displacement between images for
different frames is a quarter of the wavelength of ultrasonic wave with the central frequency o, the reference frequency
for heterodyne detection is the same as the central frequency o of the ultrasonic wave. When the displacement between
images for different frames is different from a quarter of the wavelength of ultrasonic wave with the central frequency
oy, the reference frequency is set to the frequency after mixing shown in FIG. 6(B). As aresult, only when the displacement
between images for different frames is equal to a quarter of the wavelength of ultrasonic wave with the central frequency
oy, the signal processing is carried out by envelop detection, namely based on the incoherent signals. On the other
hand, when the displacement between images for different frames is different from a quarter of the wavelength of
ultrasonic wave with the central frequency o, the reference frequency is selected according to the degree of difference.
In addition, heterodyne detection based on the RF data is carried out, and then the signal processing is executed by
envelop detection, namely based on the coherent signals.

[0042] Inthe second embodiment, only when the correlation of RF data between images for different frames computed
in step 111 is equal to a prespecified threshold value, the reference frequency , is set to a value equal to the central
frequency o, of the ultrasonic wave to execute homodyne detection. In other words, RF data for the transmitted and
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received ultrasonic waves is treated as coherent signals, and imaging is carried out by envelop detection. When the
correlation of RF data between images for different frames is different from the threshold value, the reference frequency
o4 is set to a value different from the central frequency y of the ultrasonic wave to execute heterodyne detection.
[0043] The method of executing switching between coherent signals and incoherent signals by means of heterodyne
detection in the second embodiment is described in more details below.

[0044] FIG. 5(A) is a schematic diagram illustrating three beam propagating directions A, B and C different from each
other received by the transmitting/receiving transducer 32. FIG. 5(B) is a diagram showing beam patterns of RF signals
in the beam propagating directions received by the transmitting/receiving transducer 32. FIG. 5(C) is a diagram illustrating
beam patterns after envelop detections for RF signals received by the transmitting/receiving transducer 32. As clearly
understood when FIG. 5(B) is compared to FIG. 5(C), only the intensity signals are strongly displayed and the phase
signals are hard to be recognized visually in the beam patterns after envelop detection.

[0045] FIG. 7 illustrates distribution of ultrasonic signal intensities after beam patterns are obtained by executing
envelop detection for the beams in the different three directions A, B, and C as shown in FIG. 5(B) and then synthesizing
the beam patterns shown in FIG. 5(C). That is, the horizontal direction indicates a spread of ultrasonic signal waves,
and the vertical direction indicates the focus depth. FIG. 7 illustrates a case in which the transmitting/receiving transducer
32 is focused to a position with the depth of 50 mm and the spread is + 2 degrees at the focus position. The lines
extending along the vertical axis indicate a contour of ultrasonic signal intensities.

[0046] The RF signal as shown in FIG. 5(B) can be expressed as a time function F(t) by equation (3) below:

F(t) = A(t)sin(W@,) ----- (3)

wherein g indicates a central frequency of the ultrasonic wave signal, and A(t) indicates the envelop.

[0047] There is the homodyne detection as a specific variant of the heterodyne detection for detecting the envelop
expressed by F(t).

[0048] Assuming that G(t) indicates a signal obtained by multiplying F(t) by the reference wave sin (o4t), the following
equation is obtained:

G(t) = (1/2)A(t)[sin{(wo-w,)t} + sin{(We+w,)t}] ----- (4)

[0049] Assuming that the frequency w, of the reference wave is equal to the central frequency g of the ultrasonic
signal, when the homodyne detection is executed, the following equation is obtained:

G(t) = (1/2)A(t)2sin(2wWet) ----- (5)

and therefore, by removing the double harmonic component with the low band pass filter, an envelop signal can be
obtained.

[0050] Inotherwords, by executing the homodyne detection as a particular variant of the heterodyne detection executed
with the reference signal wave sin(wgt) with the frequency which is equal to the central frequency o, of the ultrasonic
signal, image synthesis can be executed with the incoherent signals obtained after the envelop detection described in
the first embodiment. Specifically, as shown in FIG. 6(B), image synthesis is executed based on the RF signals, namely
coherent signals only when a displacement between images for different frames is a specific value (a quarter of a
wavelength of the ultrasonic signal with the central frequency in the figure). When the displacement is different from the
specific value, the reference frequency w, after heterodyne detection is set to a value different from the central frequency
oy of the ultrasonic signal as shown in the figure based on the correlation between RF data as a parameter. With this
operation, the coherent signals can be changed successively to incoherent signals, and image synthesis based on both
the incoherent signals and coherent signals can be realized.

[0051] FIG. 8 illustrates how the distribution of ultrasonic wave intensities shown in FIG. 7 changes with reference to
the cases in which the central frequency o, of ultrasonic wave is set to 2 MHz and the frequency o, of the reference
wave is set to 2 MHz, 1 MHz, 0 MHz, and -1 MHz.

[0052] FIG. 8(A), FIG. 8(B), FIG. 8(C), and FIG. 8(D) shows examples of beam patterns indicating the results of
heterodyne detection when the frequency w, of the reference wave is set to 2 MHz, 1 MHz, 0 MHz, and -1 MHz. As the
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beam pattern is thinner (with small spread), the spatial resolution in the azimuth direction is higher, and as the side lobe
is stronger, speckle patterns are generated more strongly with the contrast resolution degraded.

[0053] FIG. 8(A) shows a case where the frequency w, of the reference wave is 2 MHz, that is, the frequency after
mixing with the reference wave and passing through the low pass filter (a frequency after heterodyne detection) is 0
MHz, and this case corresponds to the envelop detection described in relation to step 115 in the first embodiment. In
this example, the contrast resolution is the highest, and the spatial resolution is the lowest. FIG. 8(C) shows a case
where the frequency o, of the reference wave is 0 MHz, that is, the frequency after the frequency after heterodyne
detection is 2 MHz, and therefore this case corresponds to detection of received RF signals, in other words to the envelop
detection after synthesis of RF data in step 119 in the first embodiment. FIG. 8(B) shows a case where the frequency
w4 ofthereference wave is 1 MHz, that is, the frequency after heterodyne detection is 0 MHz, and therefore an intermediate
state between those shown in FIGS. 8(A) and 8(C) is obtained. FIG. 8(D) shows a case where the frequency o, of the
reference wave is -1 MHz, that is, the frequency after heterodyne detection is 3 MHz (the reference wave has a phase
reverse to that shown in FIG. 8(B)), and in this case, the spatial resolution is highest, and the contrast resolution is low.
[0054] In other words, it can be understood also from the forms of the beam patterns that coherent signals can
successively be changed to incoherent signals, and FIGS. 9 and 10 show examples of screens displaying the image
after synthesis.

[0055] FIG. 9(A) shows an example of a result of simulation for an image obtained through steps 115 and 117 shown
in FIG. 2, while FIG. 9(B) shows an example of a result of simulation for an image obtained through steps 119 and 120
shown in FIG. 2. This case shows an example of a result of simulation for imaging a portion of a human body in which
a blood vessel not reflecting ultrasonic waves is present with the size of 5 cm x 5 cm. A black portion at a central lower
section corresponds to the blood vessel, while the peripheral portion corresponds to the body. White dots on the left
side and in the upper edge section are images of dot-like reflecting bodies. As understood from comparison of FIG. 9
(A) to FIG. 9(B), the image obtained by synthesis in the state of RF signals in FIG. 9(B) shows the higher spatial resolution.
[0056] FIGS. 10(A)to 10(D) show examples of images corresponding to those shown in FIGS. 8(A) to (D), respectively,
which are results of simulation executed in the same way as shown in FIGS. 9(A) and 9(B). FIG. 10(A) shows a case
in which the frequency o, of the reference wave is 2 MHz as with the case shown in FIG. 9(A) corresponding to the
envelop detection described above. FIG. 10(C) shows a case in which the frequency w, of the reference wave is 0 MHz,
and this case corresponds to detection of received RF signal which is the same as the envelop detection shown in FIG.
9(B) after synthesis of RF data in step 119 in the first embodiment. FIG. 10(B) shows case in which, as with the case
shown in FIG. 8(B), the frequency w, of the reference wave is 1 MHz, and therefore a result indicating an intermediate
state between those shown in FIGS. 10(A) and 10(C) is obtained. FIG. 10(D) shows a case in which, as with the case
shown in FIG. 8(D), the frequency w, of the reference wave is -1 MHz (the reference wave has a phase reverse to that
shown in FIG. 7(B)), and therefore the spatial resolution is the most excellent, while the contrast resolution is low.

(Third Embodiment)

[0057] FIG. 4 is a flow chart illustrating a signal processing flow in an ultrasonic imaging device according to a third
embodiment of the present invention. In FIG. 4, the same reference numerals are assigned to the steps of executing
the same processing steps shown in FIG. 2 or 3.

[0058] Inthe second embodiment, a reference frequency for heterodyne detection is automatically selected according
to correlation of RF data between images for different frames (step 114). In the third embodiment, however, a user can
change the reference frequency for heterodyne detection based on the user’s policy in step 104, which is the only
difference from the second embodiment. Other processing steps are the same as those shown in the processing flow
shown in FIG. 3.

[0059] FIG. 11 shows an appearance of an input device operated by a user in step 104 in the third embodiment.
Reference numeral 51 indicates an operation button, which can be moved in the horizontal direction along a travel guide
52. Reference numeral 53 indicates a display section. In this example, a volume type of operation button which can
linearly be moved is shown. For instance, the displays 0 - 3 indicate positions for specifying the reference frequencies
for obtaining images corresponding to FIGS. 10 (A) to (D), respectively. In other words, operation of the operation button
51 indicates setting of the reference frequency o, for heterodyne detection corresponding to FIG. 6(B). In this case, the
user can accumulate knowledge as to how the obtained image changes according to an object or a disease to be checked
through experiences, so that the user can determine which of the contrast resolution and spatial resolution should come
first case by case.

[0060] In the descriptions above, the number of images to be synthesized is three, but the number may be made
larger. In this case, it is possible to synthesize a coherent image using a portion of the images and synthesize an
incoherentimage using the remaining images, and also to obtain animage by mixing the coherent and incoherentimages.
[0061] The present invention is not limited to the embodiments described above, and various deformations are allow-
able within a range of the technical idea.
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[0062] The present invention enables an improvement in spatial resolution by synthesis when an object for scanning
moves only a little, and also enables an improvement in contrast resolution even when the object largely moves. In other
words, the present invention makes it possible to obtain an image with a good balance between the contrast resolution
and spatial resolution according to a positional displacement between images to be synthesized. Further the present
invention makes it possible to acquire animage with a good balance between the contrast resolution and spatial resolution
according to an object to be imaged, or according to selection by the user.

Claims
1. A ultrasonic imaging device comprising:

an control unit which sends ultrasonic pulse signals for forming a ultrasonic beam to be given to a scanned
object and receives a received ultrasonic beam formed from the ultrasonic pulse signals reflected from the
scanned object;

a transmitted ultrasonic beam former which forms transmitted ultrasonic bean in response to the ultrasonic
pulse signals;

a ultrasonic probe which receives an output from the transmitted ultrasonic beam former via a transmission/
receiving separator and sends the transmitted ultrasonic beam to the scanned body; and

a recieving beam former which receives the ultrasonic pulse signals reflected by the scanned object received
with the ultrasonic probe via the transmission/receiving separator and forms the received ultrasonic beam;

wherein the control unit has a program for synthesizing B-mode image data of the scanned object imaged from a
plurality of angular directions against the scanned object and displaying the synthesized image, and computes
correlation between the received ultrasonic beams for frames imaged from the plurality of angular directions, and
determines according to a result of the computation for the correlation whether envelop detection for the received
ultrasonic beam should be executed after the image synthesis is carried out using the RF signals or the image
synthesis should be carried out by using absolute value signals after the envelop detection.

2. The ultrasonic imaging device according to claim 1, wherein the image synthesis using the RF signals is selected
when an amount of displacement of the scanned object obtained as a result of correlation is smaller than the spatial
resolution determined according to conditions for transmission and reception of the ultrasonic pulse signals, and
the image synthesis using absolute value signals after envelop detection is selected when the amount of displacement
of the scanned object obtained as a result of the correlation is larger than the spatial resolution.

3. A ultrasonic imaging device comprising:
A ultrasonic imaging device comprising:

an control unit which sends ultrasonic pulse signals for forming a ultrasonic beam to be given to a scanned
object and receives a received ultrasonic beam formed from the ultrasonic pulse signals reflected from the
scanned object;

a transmitted ultrasonic beam former which forms transmitted ultrasonic bean in response to the ultrasonic
pulse signals;

a ultrasonic probe which receives an output from the transmitted ultrasonic beam former via a transmission/
receiving separator and sends the transmitted ultrasonic beam to the scanned body; and

areceiving beam former which receives the ultrasonic pulse signals reflected by the scanned object received
with the ultrasonic probe via the transmission/receiving separator and forms the received ultrasonic beam;

wherein the control unit has a program for synthesizing B-mode image data of the scanned object imaged from a
plurality of angular directions against the scanned object and displaying the synthesized image, and computes
correlation between the received ultrasonic beams for frames imaged from the plurality of angular directions, and
computes correlation between the received ultrasonic beams for frames imaged from the plurality of angular direc-
tions, and selects a reference frequency for heterodyne detection for the received ultrasonic beam according to a
result of the computation of the correlation, and the control unit sets the reference frequency to a value equal to a
central frequency of the ultrasonic pulse signals when the correlation value is equal to a prespecified value.

4. A ultrasonic imaging device comprising:
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A ultrasonic imaging device comprising:

an control unit which sends ultrasonic pulse signals for forming a ultrasonic beam to be given to a scanned
object and receives a received ultrasonic beam formed from the ultrasonic pulse signals reflected from the
scanned object;

a transmitted ultrasonic beam former which forms transmitted ultrasonic bean in response to the ultrasonic
pulse signals;

a ultrasonic probe which receives an output from the transmitted ultrasonic beam former via a transmission/
receiving separator and sends the transmitted ultrasonic beam to the scanned body; and

areceiving beam former which receives the ultrasonic pulse signals reflected by the scanned object received
with the ultrasonic probe via the transmission/receiving separator and forms the received ultrasonic beam;

wherein the control unit has a program for synthesizing B-mode image data of the scanned object imaged from a
plurality of angular directions against the scanned object and displaying the synthesized image, and executes
heterodyne detection for the received ultrasonic beans for the frames imaged from the plurality of different angular
directions at a specified reference frequency, and specification of the reference frequency is set according to an
operation previously carried out by a user.

A ultrasonic imaging graphic method comprising the steps of:

transmitting ultrasonic pulses from a ultrasonic probe to a scanned object;

receiving the ultrasonic pulses reflected from the scanned object;

synthesizing B-mode image data for the scanned object imaged from a plurality of different angular directions
from the received ultrasonic pulses by selecting whether envelop detection for the B-mode image data of the
scanned object is carried out using the RF signals or image synthesis should be carried out by using absolute
value signals after envelop development;

wherein an amount of relative displacement of reflecting points in the scanned objects is computed by computing
correlation between frames for the B-mode image data of the scanned object and the selection is carried out according
to the amount of relative displacement.

The ultrasonic imaging graphic method according to claim 5, wherein the envelop detection is carried out after the
image synthesis using the RF signals when the amount of displacement obtained from the correlation is smaller
than spatial resolution determined according to conditions for transmitting and receiving the ultrasonic pulses, and
the image synthesis is carried out using the absolute value signals after the envelop development when the dis-
placement rate is larger than the spatial resolution.

The ultrasonic imaging graphic method according to claim 5 further comprising the step of selecting a reference
frequency of the received ultrasonic beams for heterodyne detection according to a result of the computation for
the correlation;

wherein the reference frequency is set to a value equal to a central frequency of the ultrasonic pulses when the
correlation is equal to a predetermined value.

A ultrasonic imaging graphic method comprising the steps of:

transmitting ultrasonic pulses from a ultrasonic probe to a scanned object;

receiving the ultrasonic pulses reflected from the scanner object;

executing heterodyne detection for the received ultrasonic beams with a prespecified reference frequency;
synthesizing B-mode image data for the scanned object imaged from a plurality of different angular directions
from the received ultrasonic pulses; and

displaying the synthesized image;

wherein the reference frequency is set by an operation carried out by a user in the first stage of imaging.

11
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