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(57) ABSTRACT

An ultrasound imaging device, which can extract nonlinear
components efficiently and improve the ultrasound penetra-
tion, is provided. The receiver has a given reception band, and
the lower limit frequency of the reception band is the first
frequency. The frequency band of the ultrasound wave trans-
mitted by the transmitting means is set as the first frequency
or higher and at least 3 times of the first frequency. When the
ultrasound wave in such band is transmitted, the low-fre-
quency harmonic component of the nonlinear component
may have higher frequency than the first frequency and there-
fore can be received by the receiver. Also, as most of the
high-frequency harmonic components can be generated in the
reception band, most of the high-frequency harmonic com-
ponents can be received.

21 Claims, 17 Drawing Sheets
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[Figure 5]
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[Figure 6]
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[Figure 7]
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[Figure 8]
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[Figure 9]
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[Figure 10]
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[Figure 11]
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[Figure 12]
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[Figure 13]
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[Figure 14]
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[Figure 15]
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[Figure 17]
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[Figure 19]
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1
ULTRASOUND IMAGING DEVICE

FIELD OF THE INVENTION

The present invention relates to an ultrasound imaging
device used in the medical field, wherein nonlinear compo-
nents generated by the acoustic nonlinear effects in the living
body are used for imaging.

PRIOR ART

The ultrasound imaging device, which can visualize cross-
sectional view of the living body less invasively, is used
broadly for medical purposes. When the ultrasound wave is
irradiated in the living body the waveform is distorted due to
acoustic nonlinearity of the tissue of the living body, and
nonlinear components are generated depending on the fre-
quency components of the irradiated ultrasound waves. The
imaging method using these nonlinear components is gener-
ally called as the tissue harmonic imaging (THI). For
example, if the second harmonic components (or high-fre-
quency harmonic components) surrounding the frequency
2f,, which are generated by the irradiation of pulse wave
consisting of fundamental frequency components surround-
ing the frequency f,, are used for imaging, the resolution is
improved as compared with the imaging using the fundamen-
tal frequency components and artifacts caused by grating lobe
are reduced. Consequently, the quality of the image is
improved.

In the imaging method using THI, since the strength of the
generated nonlinear components contained in the reflected
echo is extremely smaller than the reflected fundamental
frequency components, it is necessary to separate the nonlin-
ear components from the reflected echo. Conventionally, as
shown in FIG. 17, the second harmonic component was
extracted by filter separating the second harmonic compo-
nent, which is generated surrounding the frequency 2f,, and
the fundamental frequency component surrounding the fre-
quency f,, from the echo.

Another method used for extracting nonlinear components
contained in the echo is the pulse inversion (PI) method. FIG.
18 shows the concept of the PI method in frequency space.
This method extracts nonlinear components by adding the
first echo, which is obtained by transmitting the first pulse
consisting of fundamental frequency components and the
second echo, which is obtained by transmitting the second
pulse, 180 degree-inverted phase component of the first pulse.
The nonlinear component can be expressed using the square
ofthe fundamental frequency component, and the fundamen-
tal frequency components contained in the first and second
pulse echoes are offset each other but the nonlinear compo-
nents remain. Accordingly, by using the PI method, though
the frame rate is halved, nonlinear components can be
obtained even the bands of fundamental frequency compo-
nent and nonlinear component are overlapped.

As mentioned earlier, the THI using the second harmonics
realizes the improved quality of image due to higher resolu-
tion and reduced artifact. However, the second harmonics
have higher frequency than the fundamental wave, and there-
fore undergo strong frequency-dependent attenuation.
Accordingly, the reduced ultrasound penetration in deep part
of the imaging region makes it difficult to obtain images with
uniform brightness. The patent document 1 (paragraph 0018,
FIG. 6) discloses the imaging by extracting low-frequency
harmonic components surrounding DC, which are generated
as nonlinear components and have lower frequency than
those of fundamental wave (frequency components in the
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2

band slightly expanding around the zero frequency in the
center). The low-frequency harmonic components are
extracted by filtration or PI method. In order for most of the
low-frequency harmonic components thus extracted to be
contained in the ultrasound probe-sensitive band, it has been
proposed in the Patent Document 1 (paragraph 0022) that the
frequency of the fundamental frequency component should
agree with the highest band of the ultrasound probe-sensitive
band and that the center frequency of the low-frequency har-
monic components should be shifted to the slightly higher
band.

Above mentioned Patent Document 1 (paragraph 0024,
FIG. 8) discloses another method to generate and extract
difference-frequency wave component of f,—f , which is a
kind of low-frequency harmonics, in addition to low-fre-
quency harmonic component surrounding DC by irradiating
ultrasound waves having two peaks f, and f, (f,<f,) on the
frequency spectrum as a fundamental frequency component,
as shown in FIG. 19. Since this method allows more low-
frequency harmonic components to be contained in the
probe-sensitive band, low-frequency harmonic wave compo-
nents can be extracted more efficiently.

The Patent Document 2 (paragraph 0038, FIG. 2), on the
other hand, discloses the method to use the components of
f,—f, and 2f, forimaging by controlling the frequency and the
phase of f, and superimposing the aforementioned differ-
ence-frequency wave components of f,—f, on the components
2f,. According to this method, nonlinear components of
wider band than the frequency band which has been used
conventionally in the THI can be extracted by mutually con-
trolling harmonics component 2f, and difference-frequency
wave components f,—f,.

[Patent Document 1]
Japan Published unexamined patents application No. 2002-

301068
[Patent Document 1]

Japan Published unexamined patents application No. 2004-

298620

DISCLOSURE OF THE INVENTION
Object to be Achieved by the Invention

The aforementioned conventional ultrasound imaging
device, which uses nonlinear components, extracts only
either of the high-frequency harmonics or low-frequency har-
monics components or only part of the whole nonlinear com-
ponents that may be generated. In other word, as above men-
tioned, the conventional ultrasound imaging device, which
uses low-frequency harmonics, extracts only low-frequency
harmonic components. Or it extracts either of the component
2f, or f,—f, or both of them by irradiating ultrasound wave
with the fundamental frequency components having a peak at
two frequencies, f, and f,. However, of the low-frequency
harmonic components and high-frequency harmonic compo-
nents, the frequency components of 2f, and f +f, have the
highest rate of energy conversion from fundamental fre-
quency components to nonlinear frequency components.
Accordingly, in the conventional ultrasound imaging device
using low-frequency harmonics many nonlinear frequency
components are not used as signals for imaging.

The most effective way to increase the strength of nonlin-
ear frequency components is to increase the strength of fun-
damental frequency component of the transmission pulse.
However, in respect of its use for the living body, the ultra-
sonic strength of irradiation is specified as mechanical index
(MI) for safety purpose. Therefore when ultrasonic pulse



US 8,235,899 B2

3

wave having fundamental frequency components with a peak
at two frequencies, f, and f,, is irradiated, the strength of its
component £, must be lower than the strength of f, when the
ultrasonic pulse wave having a frequency component of f,
alone is irradiated. The nonlinear frequency component has
the sound pressure amplitude, which is proportional to the
square of that of the fundamental frequency component. As a
result, the generation of 2f, component arising as harmonic
component is restrained.

As explained above, conventional ultrasound nonlinear
imaging extracts only part of the nonlinear components,
which are expressed by the low-frequency harmonic compo-
nents and high-frequency harmonic components derived
from the fundamental frequency components, and uses them
for imaging. Improvement of ultrasound penetration requires
higher ultrasonic energy, but the conventional imaging has a
disadvantage of poor energy use efficiency.

The object of the present invention is to provide an ultra-
sound imaging device which can extract nonlinear frequency
components efficiently and improve ultrasound penetration.

Means for Solving the Problems

According to the first embodiment of the present invention,
the following ultrasound imaging device will be provided in
order to solve the aforementioned problems. Namely, the
ultrasound imaging device has a transmitting means which
transmits ultrasound wave to the target, a receiving means
which receives ultrasound wave arriving from the target and a
signal processor which processes signals received at the
receiving means and generates image data, wherein the
receiving means has a given receiving band in which the first
frequency is a lower limit frequency. In this case, the fre-
quency band of the ultrasound wave which is transmitted by
the transmitting means is set at higher than the first frequency
and at least three times of the first frequency. When the
ultrasound wave in such band is transmitted, of all nonlinear
components, the low-frequency harmonic components hav-
ing ahigher frequency than the first frequency can be received
by the receiving means.

In the transmission by the aforementioned transmitting
means, the wave whose spectral components are all cosine
waves can be used. As this enables the generation of all
nonlinear frequency components in-phase, the amplitudes of
nonlinear components strengthen each other, thereby making
it possible to obtain high-resolution image.

In the transmission by the aforementioned transmitting
means, the wave whose spectral components are all sine
waves can be used. As this enables the transmission of ultra-
sound wave with larger pulse power than that using cosine
wave, the ultrasound penetration is improved.

In the transmission by the transmitting means, the ultra-
sound wave contains carrier wave components and modulat-
ing wave components modulating the amplitude of the carrier
wave components. The carrier wave component of cosine
wave can be used. The carrier wave components of sine wave
can be also used.

In the transmission by the transmitting means, the ultra-
sound wave contains the carrier wave components and modu-
lating wave components modulating the amplitude of the
carrier wave components, wherein the carrier wave whose
frequency is set as twice of the first frequency and the modu-
lating wave whose frequency is set as the first frequency can
be used. This makes it possible to set the frequency band of
the ultrasound wave to be transmitted as higher than the first
frequency and at least three times of the first frequency.
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It can be also configured to have an accepting means to
accept instructions from users to increase or decrease the
frequency of the modulating wave having the first frequency
at a center. In this case, the transmitting means is configured
to increase or decrease the frequency of modulating wave
depending on the increment or decrement accepted by the
accepting means.

Also, if the upper limit frequency in the receiving band of
the receiving means is the second frequency f,, the frequency
f_ of the carrier wave and the frequency £, of modulating wave
can be set to satisty the relationship with the second fre-
quency f, which is expressed by 2f_+2f =f,. By this, it is
possible to make the highest frequency of the nonlinear fre-
quency components lower than that of the second frequency,
and to receive them by the receiving means.

The aforementioned transmitting means can be configured
to transmit, as the ultrasound waves, the first ultrasound wave
in the aforementioned frequency band and the second ultra-
sound wave, which is in the aforementioned frequency band
and whose waveform is the inverted one of the first ultrasound
wave. The signal processor applies a so called pulse inversion
method, in which the signal processor adds the first received
signals, which is ultrasound wave originating from the afore-
mentioned first ultrasound wave, coming from the aforemen-
tioned target and received by the receiving means, and the
second received signals, which is ultrasound wave originating
from the second ultrasound wave, coming from the target and
received by the receiving means, and generates the aforemen-
tioned image data by using the added signals.

Also, according to the second embodiment of the present
invention, the following ultrasound imaging device is pro-
vided. That is the ultrasound imaging device comprising a
transmitting means to transmit ultrasound wave to the target,
a receiving means to receive ultrasound wave from the target,
and a signal processor to process the signals received by the
receiving means and generate the image data, wherein the
receiving means has a given receiving band in which the first
frequency is the lower limit frequency. The ultrasound wave
to be transmitted by the transmitting means contains carrier
wave and modulating wave to modulate the carrier wave,
wherein the frequency of the carrier wave is set as twice or
more of the first frequency and the frequency of the modulat-
ing frequency is set as higher than the first frequency. By
transmitting the ultrasound wave in such band, of the nonlin-
ear frequency components the low-frequency harmonic com-
ponent having higher frequency than the first frequency can
be received by the receiving means.

In the second embodiment, the frequency of the carrier
wave can be set as twice of the first frequency, while the
frequency of the modulating wave can be set as the first
frequency.

In the second embodiment, if the upper limit frequency in
the receiving band of the receiving means is the second fre-
quency f,, it is possible to use the frequency f_ of the carrier
wave and the frequency f; of the modulating wave, which
have the relationship with the aforementioned second fre-
quency 1, to be expressed as 2f_+2f =f,. By this, it is possible
to make the highest frequency of the nonlinear frequency
components lower than that of the second frequency, and to
receive them by the receiving means.

In the second embodiment, the ultrasound wave whose
spectral components are all cosine or sine waves can be used
as the ultrasound wave which is transmitted by the transmit-
ting means. If all of the components are cosine waves, the
amplitudes of the nonlinear components strengthen each
other and provide a high resolution image. If all of the com-
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ponents are sine waves, the ultrasound wave with high pulse
power can be transmitted, and consequently the ultrasound
penetration is improved.

In the second embodiment, the frequency of the modulat-
ing wave can be configured to contain the means to accept
instructions from users to increase or decrease the frequency
of the modulating wave from the aforementioned first fre-
quency. In this case, the transmitting means is equipped with
a frequency adjusting means which increases or decreases the
frequency of the modulating wave depending on the incre-
ment or decrement accepted by the aforementioned accepting
means.

In the second embodiment, the pulse inversion method can
be applied in which the transmitting means transmits, as
ultrasound wave, the first ultrasound wave and the second
ultrasound wave having the inverted waveform of the afore-
mentioned first ultrasound wave.

Effect of the Invention

According to the present invention, since various low-
frequency harmonic components and high-frequency har-
monic components are generated effectively in the probe-
sensitive band by the nonlinear acoustic interaction of the
components in the band of transmission pulse, nonlinear
imaging with high energy-use efficiency is provided. As a
result, high-resolution imaging using a wider band is
achieved in the shallow part of the imaging region where the
level of high frequency components in the nonlinear compo-
nents is relatively high and in the region close to the trans-
mission focal point. And, even in the deep part of the imaging
region where high frequency components attenuate, suffi-
cient penetration is obtained by the imaging with low fre-
quency components. Consequently, a uniform image over the
entire imaging region can be obtained.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments of the present invention will be explained
below with reference to the attached drawings.

The embodiment of this invention is an ultrasound imaging
device using nonlinear components, and has a configuration
to produce low-frequency harmonic components and high-
frequency harmonic components at the same time in the
probe-sensitive band. This enables the probe to detect many
of the nonlinear components, thereby improving energy-use
efficiency and the ultrasound penetration.

To begin with, the ultrasound imaging device of this
embodiment is explained by using FIG. 1. Here, among ultra-
sound imaging device, particularly the ultrasound diagnostic
equipment 10 used for medical purpose is explained, but the
ultrasound imaging device of the present invention is not
limited to the diagnostic apparatus for the medical purposes.

The ultrasound diagnostic equipment 10 is equipped with a
probe 11, a main frame 20, and an outer interface 12 and a
display 13.

In transmission, the probe 11 converts transmission elec-
tric signals from the main frame 20 into transmission echo
signals, and after transmitting the ultrasound wave to the
non-illustrated subjects, it converts the echo signals reflected
from the subject to the reception electric signals and transmit
them to the main frame 20. The probe 11 usually has one- or
two-dimensional array structure, which is configured to
enable to focus and deflect the transmitted beam and received
beam.
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The main frame 20 comprises a pulse synchronizer 23,
which generates waveform to be transmitted from the probe
11, a transmit amplifier 22, which amplifies the transmission
waveform from the pulse synchronizer 23, receive amplifier
24, which amplifies signals received from the probe 11, trans-
mit/receive (T/R) switch 21, which electrically connects the
transmit amplifier 22 and the probe 11 in transmission and the
receive amplifier 24 and the probe 11 in reception, the A/D
converter 25, which converts analog signals amplified by the
receive amplifier 24 into digital signals, receive beamformer
26, which gives a given delay to the aforementioned received
signals to form received beam, a signal processor 27, which
applies signal processing to the aforementioned received
beam as described below in detail, an image processor 28,
which constructs image data using the output from the signal
processor 27, and a controller 29, which controls transmis-
sion/reception timing, transmission waveform, receive
amplifier gain, amount of delay, signal processing and others
for the constituent elements.

The output from the imaging processor 28 is displayed on
the display 23 as an image such as 2-D tomogram and 3-D
image. It is configured to enable operators to control the
aforementioned constituent elements of the main frame 20
and the display 13, through the controller 29 from the outer
interface 12. In addition, if the outer interface 12 is not added,
imaging can be performed under the control conditions deter-
mined in advance.

Next, the action of pulse transmission and reception and
the processing sequences at the signal processor 27 in the
ultrasound diagnostic equipment of this invention will be
explained in detail with reference to FIG. 1 and FIG. 2.

The ultrasound diagnostic equipment of the present inven-
tion uses the pulse inversion method, in which one image data
can be obtained by at least two-rate transmission and recep-
tion, as shown in FIG. 1. The frequency band of the funda-
mental frequency components of the transmission pulse,
which is a feature of the present invention, will be explained
in detail later.

Firstly, a given transmission pulse waveform is formed by
using the controller 29 at the pulse synchronizer 23, and via
the transmit amplifier 22 and the transmit/receive switch 21,
the first fundamental wave pulse 30 is irradiated from the
ultrasound probe 11 onto the subject. The first fundamental
wave pulse 30 propagates in the body of the subject while
producing waveform distortions due to acoustic nonlinear
effects and repeating reflections and penetrations in a bound-
ary of different acoustic impedance. After the first fundamen-
tal wave pulse 30 is irradiated from the probe 11, the transmit/
receive switch 21 electrically connects the receive amplifier
24 and the probe 11 immediately according to the instructions
from the controller 29. The echo reflected from the subject
sequentially arrives at the probe 11 as the first echo 31 in the
order of proximity to the probe 11, and the first rate of trans-
mission and reception is completed at the time when the first
echo 31 is expected to return from the deepest part of the
imaging region. The first echo 31 is transmitted as the first
received signal 32 to the signal processor 27 through the
transmit/receive switch 21, the receive amplifier 24, A/D
converter 25 and the receive beamformer 26.

After the first rate of transmission and reception is com-
pleted, the transmit amplifier 22 and the probe 11 are electri-
cally re-connected by the transmit/receive switch 21. Next, an
another transmit pulse waveform is formed at the pulse syn-
chronizer 23, and transmitted via the transmit amplifier 22
and the transmit/receive switch 21 to the probe 11, from
which the second fundamental wave pulse 33 is irradiated
onto the subject. The second fundamental pulse 33 has the
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waveform, which is roughly plus-minus inverted waveform
of the first fundamental wave pulse 30. Moreover, it is desir-
able that the pulse synchronizer 23 has such means to remove
electrical distortion generated at the transmit amplifier 22 and
the effect of phase rotation attributable to the frequency char-
acteristic of the probe 11, and to adjust the waveform of at
least the first fundamental wave pulse 30 or the second fun-
damental wave pulse 33.

The second fundamental wave pulse 33 propagates in the
subject body while generating waveform distortions due to
acoustic nonlinear effects and repeating reflections and pen-
etrations in a boundary of different acoustic impedance. After
the second fundamental wave pulse 33 is irradiated from the
probe 11, the transmit/receive switch 21 electrically connects
the receive amplifier 24 and the probe 11 immediately accord-
ing to the instructions from the controller 29. The echo
reflected from the subject sequentially arrives at the probe 11,
as the second received echo 34, in the order of proximity to the
probe 11, and the second rate of transmission and reception is
completed at the time when the second echo 34 is expected to
return from the deepest part of imaging region. The second
received echo 34 is transmitted as the second received signal
35 to the signal processor 27 through the transmit/receive
switch 21, the receive amplifier 24, the A/D converter 25 and
the receive beamformer 26.

FIG. 2 shows an example of detailed configuration of the
signal processor 27 shown in FIG. 1. The signal processor 27
has temporary memories 40 and 41, an adder 42, a quadrature
detecting processor 43 and a filtering processor 44. The out-
put from the filtering processor 44 is further processed in a
B-mode processor 45 and a Doppler processor 46 and output-
ted in the imaging processor 28. In the temporary memories
40 and 41 the first received signal 32 of the first rate and the
second received signal 35 of the second rate are temporarily
stored respectively and added then at the adder 42.

The received signals added here contain received signal
components made of fundamental wave components consti-
tuting the first fundamental wave pulse 30 and the second
fundamental wave pulse 33, and the received signal compo-
nents made of nonlinear components generated based on the
nonlinear propagation of these fundamental wave pulses in
the subject body. However, since the phase of the fundamen-
tal wave components of the first fundamental wave pulse 30 is
inverted by 180 degree from that of the second fundamental
wave pulse 33, sum of them is ideally zero.

On the other hand, as the nonlinear components are gener-
ated as a result of the square of the fundamental wave com-
ponent, there is no phase inversion, and the signal to noise
ratio (S/N) can be improved by about 3 dB by addition. By
this, only nonlinear components can be extracted by this
adding process. It can also be configured that the ratio of
strength between the first received signal 32 and the second
received signal 35 can be changed continuously in the time
direction (depth direction for the imaging region) automati-
cally or manually. And it is also possible to configure to allow
users to adjust aforementioned ratio through the outer inter-
face 12.

The quadrature detecting processor 43 applies frequency
shift depending on the reference frequency and provide in-
phase signal components and quadrature signal components.
Extracted nonlinear components are high-frequency and low-
frequency harmonic components, which are generated in the
receiving band of the probe 11. Since the higher frequency
components undergo stronger frequency-dependent attenua-
tion, the received signals from the point deeper than the
transmission focal point are composed mostly of low fre-
quency components. Accordingly, it is desirable to select, as
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a reference frequency at the quadrature detecting processor
43, higher frequency for the signals received from relatively
shallow region up to the transmission focal point, and lower
frequency for the received signals from the depth. As a result
it is possible to configure to be able to change the reference
frequency continuously in the time direction (depth direction
for the imaging region) automatically or manually. And it can
be also configured to allow users to adjust the reference
frequency through the outer interface 12.

The signal components in the frequency band to be used as
image data are extracted at the filtering processor 44 from the
signals after the quadrature detection and used to construct
the data for B-mode images for displaying the strength of
reflected echo as brightness information and the data such as
blood flow rate to be calculated based on the Doppler effect at
the B-mode processor 45 and the Doppler processor 46. The
imaging processor 28 converts these data into space data by
appropriate coordinate conversion and delivers them to the
display 13. With this, the display 13 displays B mode images
and the blood flow data and others as image.

Next, the fundamental wave component of the transmis-
sion pulse in this embodiment will be explained in detail.

According to this embodiment, a single pulse wave having
a single frequency peak as shown in FIG. 3 is used as a
fundamental wave component 71 of the first fundamental
wave pulse 30 and the second fundamental wave pulse 33.
The fundamental wave component 71 has the peak frequency
of . and the bandwidth of 2f;. Accordingly, the band of the
fundamental wave component is from f -f; to £ +f . Unless
these frequencies f. and f; are set appropriately as shown in
FIG. 3, many of the low-frequency harmonic components 72
and high-frequency harmonic components 73 are generated
outside the probe-sensitive band 74 and cannot be detected. In
this embodiment, however, the frequencies f_ and £, are set at
given values relative to the probe-sensitive band from f; to f,
as shown in FIG. 4. Accordingly, many of the low-frequency
harmonic components 72 and high-frequency harmonic com-
ponents 73 can be generated within the probe-sensitive band
f,-f, as shown in FIG. 4. The lower limit frequency f, in the
probe-sensitive band is not defined by the bandwidth of -6 dB
which is generally used, but is the lower limit frequency of the
signal components which can be used as image signals in the
received echo signal component after passing through the
probe.

Firstly, the relationship between the nonlinear components
used for imaging and the fundamental frequency compo-
nents, which the first fundamental pulse and the second fun-
damental pulse have, will be explained by using formulas and
diagrams.

Nonlinear imaging of the present invention effectively cap-
tures nonlinear components derived from the fundamental
frequency component due to acoustic nonlinear effects in the
subject body and achieves both higher resolution and
improved ultrasound penetration. The way of propagation of
sound wave is expressed mathematically by the Khokhlov-
Zabolotskaya-Kuznetsov equation (KZK equation) or the
Burgers’ equation shown in Formula 1.

ap b &p B ap? [Formula 1]

ax  2pc® e = 2pc3 81

Formula 1 describes nonlinear acoustic propagation in the
direction of x in 1-D space, where p is sound pressure, p is
density, ¢ is speed of sound, f is nonlinear coefficient and t is
delay time in the coordinate system which moves at the speed
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of sound ¢ in the direction of x. b is the amount of substance
associated with the absorption of sound wave, and its rela-
tionship with the absorption coefficient o and the angular
frequency w is expressed by the equation, a=bw?. The right
side member of Formula 1 expresses the term of virtual
source which arises in the course of nonlinear propagation. If
third or higher harmonics is neglected, and the changes in
waveform in the direction of x are not remarkable with least
attenuation per wavelength, the nonlinear components to be
generated can be estimated by temporal differentiation of the
square value of linear sound pressure. Considering the fun-
damental wave obtained by subjecting the carrier frequency
f_=w_/2m to amplitude modulation with the modulating fre-
quency f = /2m and the degree of modulation m, the band of
the nonlinear components to be generated, their phase and
amplitude will be explained below.

Here, the amplitude modulated wave p(t)=p,(1+m cos
2mtf t)cos 27f t is used as the fundamental wave, for example.
The results of calculation using nonlinear components gen-
erated by the acoustic nonlinear effects as dp®/dt are
expressed by Formula 2.

dp? [Formula 2]

d
e E{pO(l + MCoSWs1)Cosw I}
= % (—2mwgsinwgr — mzwssinZwSt)(l +cos2w.I) —

1
pgwc{l + 2mcoswsI + 5(1 + cosZa)St)}sincht

= —2mnf, pisin2n fit — mEx f, plsindr fr —
2

k3 2 .
5 e = fOpsin2n(2 e =240 -

mr(2f. = f)pysin2n(2f. = )i -
2+ mz)nfcpgsinélnfcr -

ma(2f. + f)pesin2n(2f, + f)r -

2
S fe+ fpsindn2f, + 26

This result suggests that seven frequency components are
generated as nonlinear components, such as f, 2f, 2f -2f,
2f —f,, 21, 2f +f, and 2f_+2f,, all of which are components
in-phase.

These seven nonlinear components are generated when the
fundamental wave is continuous wave. In this embodiment,
since the fundamental wave is a single pulse wave, these
seven components will have a number of bands around the
frequency component of seven nonlinear components as
shown in FIG. 5(a) and (). FIG. 5(a) to (¢) shows the ampli-
tude spectrum of nonlinear component where the degree of
modulation m is set as 1, the carrier frequency £, as 2.5 MHz
and the modulating frequency f; as 0.5 MHz and when the
pulse width is changed to 9/f, 3/f, and 1/f..

As known from FIG. 5(a) to (¢), when the pulse width
becomes shorter, the aforementioned seven frequency com-
ponents are roughly divided into two bands, the low-fre-
quency harmonic component 72 consisting mainly of f, and
2f, and the high-frequency harmonic components 73, con-
sisting mainly of the band ranging from 2f -2f, to 2f +2f,
with 2f_ as a center.

In the conventional THI or nonlinear imaging using low-
frequency harmonic components, because of the absence of
the probe band that can detect both low-frequency harmonic
components 72 and high-frequency harmonic components 73
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as shown in FIG. 5(¢), only one of the components could be
extracted. However, as mentioned earlier, when the high-
frequency harmonic component (second harmonic compo-
nent) is used in THI (see FIG. 17), the penetration in deeper
region may become insufficient. Also, when the low-fre-
quency harmonic component surrounding DC or the differ-
ence-frequency wave component is used (see FIG. 19), only a
trace amount of converted energy out of the nonlinear com-
ponent energy-converted from the fundamental frequency
components can be used, and a problem that sufficient S/N
and dynamic range cannot be ensured. Moreover, in some
probe-sensitive band, the energy-use efficiency is further
decreased.

The concept of the present invention is to generate nonlin-
ear components, which will be produced from the fundamen-
tal frequency component by energy conversion, within the
probe-sensitive band as far as possible. This may maximize
the energy-use efficiency and achieve higher resolution as
well as better ultrasound penetration in deep.

As shown in FIG. 5(a) to (¢), nonlinear components, which
are generated by irradiating fundamental frequency pulse 71
with a certain band, are divided into low-frequency harmonic
component 72 and high-frequency harmonic component 73,
depending on the said band. The received echo as a whole is
a reflected echo within the band containing the fundamental
frequency component 71 and the nonlinear components 72
and 73 as shown in FIG. 3, and nonlinear components 72 and
73 are generated in the frequency band distant from the fun-
damental frequency component 71. In this invention, appro-
priate setting the frequency f_ and the band 2f, of the funda-
mental frequency component 71 makes it possible to bring the
band, in which the nonlinear components 72 and 73 are gen-
erated, closer to the fundamental frequency component 71
and to superimpose it on the fundamental frequency compo-
nent 71, and contain many bands of the nonlinear components
72 and 73 in the probe-sensitive band 74. The fundamental
frequency component 71, even if it is superimposed on the
nonlinear components 72 and 73, can be removed by using
pulse inversion method.

Conditions for setting the fundamental frequency compo-
nent 71 to enable the band of the nonlinear components con-
sisting of low-frequency harmonic component 72 and the
high-frequency harmonic component 73 to superimpose on
the probe-sensitive band ranging from f; to f, will be
explained in detail.

The probe-sensitive band 74 for both transmission fre-
quency band and received frequency band is set as ranging
from f; to £, (f;<f,). The fundamental frequency component
71 is the amplitude modulating wave with the carrier fre-
quency of f, and the modulating frequency of f; as mentioned
above. The frequency band of the fundamental frequency
component 71 is from f.—£; to f_+f. So for this component to
be included in the probe-sensitive band, the conditions of
f —f.=f, and £ +f =f, must be satisfied.

As is known from Formula 2, there are two possible cases.
The lowest frequency component of all generated nonlinear
components is f; in one case and 2f -2f in other case. The
conditions required for containing either of these components
in the probe-sensitive band 74 is f.=f, for the former and
2f —2f =f, for the latter.

If the lowest frequency of the nonlinear component is £, it
should satisfy f,=f, to be contained in the probe-sensitive
band 74. As the condition, f.—f,={, to contain the lower limit
frequency of the fundamental frequency 71 in the probe-
sensitive band 74 must be also satisfied, the conditions should
be f,=f) and f =2f_. Namely, in this embodiment, the modu-
lation frequency f; of the amplitude modulation wave is set
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higher than the lower limit frequency f, of the probe-sensitive
band 74, while the carrier frequency f is set as twice or more
of the modulation frequency f.

Further, the condition, 2f +2f =f,, for the highest fre-
quency component, 2f +2f_ (high-frequency harmonic com-
ponent) of all generated nonlinear components to be con-
tained in the probe-sensitive band 74, and the condition,
f +f,=f,, for the upper limit frequency of the fundamental
frequency component 71 to be contained in the probe-sensi-
tive band 74, should also be satisfied. In addition, the condi-
tions to contain the lower limit frequency f, in the probe-
sensitive band 74, f =f, and f.=2f should also be satisfied. It
is known from these, that the upper limit frequency f, of the
probe-sensitive band 74 should satisfy f,=6f.

However, as the fractional bandwidth of the probe 11 made
of piezoelectric material such as PZT is about 80% at maxi-
mum, it is difficult to achieve the probe 11 having a wide
probe-sensitive band 74 of {,Z6f, namely ranging from f; to
6f, (fractional bandwidth is 143%) at present. On the other
hand, as it is clear from Formula 2, since the high-frequency
harmonic component 73, of the generated nonlinear compo-
nents, contains more energy than the low-frequency har-
monic component 72, the level of detection (energy to be
detected) of the high-frequency harmonics component 73 in
the high frequency band by the probe 11 is higher than the
level of the low-frequency harmonic component 72 in the low
frequency band. In this embodiment, therefore, with priority
to improving the detection level of the low-frequency har-
monic component 72 in the low frequency band, which may
seriously affect in-depth penetration, all bands of the low-
frequency harmonic component 72 are made to be contained
in the probe-sensitive band 74, and the maximum possible
bands of the high-frequency harmonic component 73 are
made to be contained in the probe-sensitive band 74, as shown
in FIG. 4.

Particularly, by setting the lower limit frequency of the
low-frequency harmonic component 72 as identical with the
lower limit frequency for the probe-sensitive band as shown
in FIG. 4, the whole band of the low-frequency harmonic
component 72 is made to be contained in the probe-sensitive
band 74 and the band of the high-frequency harmonic com-
ponent 73 to be contained in the probe-sensitive band 74 is
maximized. In other words, if the lowest frequency compo-
nent of the generated nonlinear components is f,, based on the
conditions of f =1, and £ =2f, the modulating frequency £ is
set as the lower limit frequency f, in the probe-sensitive band
74 (f =t,) and the amplitude modulation frequency f, is set as
twice of the modulating frequency f(f.=2f)).

Even under these conditions, the high-frequency harmonic
component 73 on the higher frequency side can be caught by
expanding fractional bandwidth of the probe sensitivity
through the adjustment of the matching layer of the probe 11
and the use of single crystal piezoelectric element and capaci-
tive micro-machined ultrasound transducer.

If the probe 11 having a wide sensitive band from f; to 6f;
can be achieved, f, and f_ are set to satisfy 2f_+2f =f, and
f +f,=f,, the conditions for the highest frequency compo-
nents of the generated nonlinear components, 2f_+2£; (high-
frequency harmonic component) to be contained in the probe-
sensitive band 74. By this, all nonlinear components can be
generated in the probe-sensitive band 74 of the probe 11 and
caught.

Then, for the case in which the lowest frequency of non-
linear components is 2f,-2f,, the condition required for the
frequency to be higher than the lower limit frequency, f;, of
the probe 11 is 2f_-2f =f, . In this case, since the frequency £
which arises as the low-frequency harmonic component 72 of
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the nonlinear components satisfies the condition, f;=f,, the
2f_-2f =1 is also satisfied and therefore £ =1.5f,. The con-
dition, f,=2f), is obtained by using the condition of the lower
limit frequency of the fundamental frequency components
71, f_—f =1 . However, in order to satisfy the condition, 2f_+
2f ={,, for the upper limit frequency of the high-frequency
harmonic component to be contained in the probe-sensitive
band 74, there must be £,=10f;. It therefore requires further
wider probe-sensitive band 74 than the aforementioned case
of f.=f,, it becomes more unlikely to be realized.

Based on all stated above, in this embodiment, if the afore-
mentioned amplitude modulation wave is the fundamental
frequency component 71 as mentioned above, the modulating
frequency f is set as the lower limit frequency in the probe-
sensitive band, f; (f,=t)), and the carrier frequency £, as twice
higher than the modulating frequency (f . =2f,). Furthermore,
by taking into account that the frequency band of this ampli-
tude modulation wave ranges from f —f; to f +f, it can be
described more generally that, when the lower limit fre-
quency in the probe-sensitive band is f;, the frequency band
of the fundamental frequency component 71 is set as from f;
to 3f;.

This condition of the fundamental frequency component
71 is applied when the transmit/receive sensitivity band of the
probe 11 is the same. For example, when some of the arrays
constituting the probe 11 are used exclusively for transmis-
sion, the transmission frequency band of the array exclusively
for transmission and the reception frequency band of the
reception array can be selected based on the concept of the
present invention to improve energy-use efficiency of nonlin-
ear components. Even in this case, it is desirable to set that the
lowest frequency component among arising low-frequency
harmonic component can be caught by the receiving array.

The setting of the band of the fundamental frequency com-
ponent 71 has been above explained. The waveform of the
fundamental wave irradiated in the subject body in nonlinear
imaging using the ultrasound diagnostic equipment of this
invention will be explained below.

Nonlinear components expressed by Formula 2 use the
amplitude modulating wave p(t)=p,(1+m cos 2nf t)cos 2m t
as fundamental wave. Similar calculation is performed for the
carrier wave component f and the modulating wave compo-
nent £, in both sine and cosine wave cases. The phase at t=0
of the aforementioned seven nonlinear components in both
cases are summarized in FIG. 6.

It is understood from FIG. 6 that all nonlinear components
are in-phase when the carrier wave component f. and the
modulating wave component f; are cosine wave. Since the
amplitude of sound pressure of nonlinear components to be
detected is the sum of the amplitudes of seven nonlinear
component waveforms, if all nonlinear components are in-
phase, the maximum amplitude of sound pressure to be
detected is the sum of the amplitudes of these seven nonlinear
components. Consequently, it is possible to detect large
amplitude and achieve good image quality of high resolution.

Thus, in order to obtain signals of wide band nonlinear
components for achieving high quality images, it is desirable
that both carrier wave component and modulating wave com-
ponent are expressed by cosine wave as p(t)=p,(1+m cos
2xtf t)cos 2mtf t. This is applicable to the Fourier expansion of
fundamental wave, in which all frequency components are
expressed only by cosine wave, and high-resolution nonlinear
imaging is achieved by transmitting the pulse wave having
such fundamental frequency component.

Meanwhile, the nonlinear components which arise by the
fundamental wave consisting only of spectral components of
sine wave, as p(t)=p,(1+m cos 27tf t)sin 2xtf t, are in-phase for
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each of low-frequency harmonic component 72 and high-
frequency harmonics component 73. For the imaging in a
living body, there is a mechanical index (MI), specified for
each site of imaging is applied for the safety consideration,
and particularly the limit on the amplitude of sound pressure
at the negative pressure side. As aforementioned, when all
Fourier series components of the fundamental wave are given
by cosine wave, the maximum amplitude of sound pressure is
expressed as a sum of the amplitudes of all frequency com-
ponents. When all Fourier series components of the funda-
mental wave are given by sine wave, the maximum amplitude
of sound pressure becomes less than the sum of the ampli-
tudes of all frequency components. For example, the maxi-
mum amplitude of cos wt+cos 2wt is 2, whereas the maximum
amplitude of sinwt+sin 2wt is V3. This means that under the
conditions where MI is constant, the fundamental wave
whose Fourier series components are all sine wave compo-
nents can be set to have larger pulse power (amplitude of
sound pressure) than the fundamental wave whose Fourier
series components are all cosine components.

As it is apparent from Formula 2, nonlinear components
which arise with the propagation of sound wave due to acous-
tic nonlinear effects are proportionate to the square of the
sound pressure amplitude. Therefore, when the fundamental
wave whose Fourier series components are all sine compo-
nents is transmitted, higher levels of low-frequency harmon-
ics and high-frequency harmonics are obtained than when the
fundamental wave whose Fourier series components are all
cosine wave components is transmitted. Accordingly, in order
to give priority to improving the ultrasound penetration in the
deep part of the imaging region than to improving resolution,
it is desirable to transmit the fundamental wave whose Fou-
rier series components consist only of sine components.

Therefore, it is desirable to configure that the setting of the
waveform can be changed automatically or manually, so that
the users who want to give priority to improving resolution
can set both carrier wave component £, and modulating wave
component f, as cosine wave, whereas those who want to give
priority to improving the ultrasound penetration can set both
carrier wave component f_ and modulating wave component
f, as sine wave.

In order to confirm the propagation characteristic of the
transmission waveform when the waveform of the fundamen-
tal wave is cosine or sine wave as mentioned above, the
propagation characteristics of the transmission waveform
was obtained by the analysis of nonlinear propagation of
sound wave by using the KZK equation. The result of the
analysis is explained below. The propagation characteristics
which are identical with the results of the pulse inversion are
also obtained. Here, all analyses shown below were con-
ducted by assuming a uniform acoustic medium which is
similar to the physical property of living body, and using the
speed of sound of 1500 m/s, density of 1000 kg/m>, nonlinear
parameter B/A of 7 and frequency-dependent absorption
coefficient of 0.7 dB/cm/MHz. The calculation for 2-D sound
feild model assumed 1-D array with an aperture of 40 mm and
the distance of 100 mm from the array front as a focal point.
Furthermore, the transmission- and reception-sensitive band
of the probe 11 was set as the range from about 1 MHz to 5
MHz, and the maximum sound pressure amplitude of the
fundamental wave pulse on the probe surface as 4 MPa (rms).

(Fundamental Waveform in which Fourier Series Compo-
nents are Given only by Cosine Waves)

In order to generate wide-band and large-amplitude non-
linear components for achieving higher resolution, it is desir-
able that the Fourier series components consist of only cosine
components as mentioned above. The amplitude modulating
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wave, p(t)=p(1+cos 2nf t)cos 2nf t with the degree of modu-
lation m=1, was used as the fundamental wave. And based on
the aforementioned conditions for setting the fundamental
frequency component 71, the modulating frequency f| is set as
the lower limit frequency in the transmit/receive band of the
probe, 1 MHz, and the carrier frequency f. as twice of f, 2
MHz. Moreover, as it is apparent from FIG. 5(a), (b) and (c),
a shorter pulse width of the fundamental wave to be transmit-
ted is better for widening the band of the nonlinear compo-
nents. In this embodiment, therefore, the pulse width was set
as 1/f, one wavelength of the modulating frequency f,. The
band of the fundamental pulse to be transmitted of -6 dB
ranges from 1 MHz to 3 MHz, and falls in the assumed
probe-sensitive band.

FIG. 7 is the results of analysis showing the changes in
waveform of the aforementioned fundamental wave pulse 30
along the sound axis, where the waveform corresponds to that
of the first received echo 31 from each position on the sound
axis. The horizontal axis expresses delay time in movement
with speed of sound in the direction of sound axis. FIG. 8
shows the results of similar analysis showing the changes in
waveform of the second fundamental wave pulse 33, which is
the fundamental pulse in FIG. 7 with positive/negative inver-
sion and corresponds to the waveform of the second received
echo 34. In FIG. 7 and FIG. 8, (a) is the surface of the probe
11, (b) is the distance of 10 mm on the sound axis, (¢) and (d)
are waveforms at the distance of 100 mm and 200 mm,
respectively. The fundamental waveform given by Fourier
series components consisting only of cosine wave is, as
apparent in FIG. 7(a) and F1G. 8(a), symmetric about the time
center of the fundamental wave pulse. Such the waveform is
given by the inverse Fourier transformation of, for example,
cosine roll off function. In this case, cut-off frequency has just
to be set to have the band from f| to 3f;, where f, is the lower
unit frequency of the probe-sensitive band 74.

As it is understood from FIG. 7 and FIG. 8, propagating
sound wave is subject to the distortion of waveform due to
acoustic nonlinear effects and frequency-dependent attenua-
tion. Namely, the waveform distortion means the generation
of nonlinear components, while the frequency-dependent
attenuation means that because the components at the higher
frequency side attenuate more, only the signal components of
narrow band at the lower frequency side remain in deep
region.

FIG. 9(a)-(d) shows the sum of the waveforms at different
distances in (a)-(d) in FIGS. 7 and 8. Addition of the results of
(a)-(d) in FIGS. 7 and 8 gives the waveform identical to that
obtained by pulse inversion. As the linear components of the
first and second fundamental wave pulse, 30 and 33 respec-
tively, are removed by the addition, the waveforms shown in
FIG. 9(a)-(d) consist only of the nonlinear components.

FIG. 10 is an amplitude spectrum of waveform consisting
of nonlinear components as shown in FIG. 9(6)-(d). FIG. 11
is a distant characteristics diagram showing the maximum
sound pressure amplitude of the waveform after pulse inver-
sion relative to distance on the sound axis. It is apparent from
FIG. 10 that at the distance of 10 mm on the sound axis non
linear components are generated intensively in the range from
1 MHz to 5 MHz, which is assumed as the probe-sensitive
band. This indicates that the energy of nonlinear components
can be very efficiently used for imaging. As it is also apparent
from FIG. 11, nonlinear components of such wide band are
effective up to the focal distance of 100 mm, but attenuate
dramatically after the focal distance. As known from the
amplitude spectrum at the distance of 200 mm along the
sound axis, only narrow-band signal components at the lower
frequency side remain in such range. Therefore, in such



US 8,235,899 B2

15

range, the linear components may be used for imaging by
changing the ratio of addition of the first and second received
echoes 31 and 34.

Nonlinear components are generated prominently in the
high-frequency harmonic component 74 of the fundamental
wave pulse, but they undergo attenuation in the course of
propagation and the low-frequency harmonic components 72
remain in the deep region. Since the optimal frequency band
usable for imaging changes with the distance of propagation,
it is desirable to change the reference frequency in the direc-
tion of distance in the quadrature detection after pulse inver-
sion. Namely, if this analysis is used as an example, it is
necessary only to continuously change the reference fre-
quency from 5 MHzto 4 MHz in the distance of up to 100 mm,
3 MHz at 150 mm and 2 MHz from 180 mm or more from the
focal point.

(Fundamental Waveform where all Fourier Series Compo-
nents are Given with Sine Wave)

In order to generate high-energy nonlinear components
while giving priority to improving ultrasound penetration, it
is desirable as mentioned above that the Fourier series com-
ponents consist only of sine waves. Therefore, the amplitude
modulating wave, p(t)=p,(1+cos 2nft)sin 2nft with the
degree of modulation m=1, was used as the fundamental
wave. And based on the aforementioned conditions of the
fundamental wave, the modulating frequency f; is set as 1
MHz, a lower limit frequency in the probe’s transmission-
reception band, while the carrier wave frequency £ is set as 2
MHz, twice of {,. Since the nonlinear components are gener-
ated by nonlinear interaction in the region where the funda-
mental frequency pulse is present, the resolution can be
improved by shortening the pulse width. Accordingly, the one
wavelength of the modulating frequency f, was set as the
pulse length in this case. The band of fundamental wave pulse
to be transmitted at —6 dB is from 1 MHz to 3 MHz, and is
contained in the assumed probe-sensitive band 74.

FIG. 12 is the results of analysis showing the changes in
waveform along the sound axis of the aforementioned funda-
mental wave pulse 30, where the waveform corresponds to
that of the first received echo 31 from each position on the
sound axis. The horizontal axis expresses delay time in move-
ment with speed of sound in the direction of sound axis. FIG.
13 shows the results of similar analysis showing the changes
in waveform of the second fundamental wave pulse 33, which
is the fundamental pulse in FIG. 12 with positive/negative
inversion and corresponds to the waveform of the second
received echo 34. In FIG. 12 and FIG. 13, (a) is the surface of
the probe 11, (b) is the distance of 10 mm on the sound axis,
(c) and (d) are the waveforms at the distance of 100 mm and
200 mm, respectively.

As it is known from FIG. 12 and FIG. 13, the sound wave
is subject to the distortion of waveform in the course of
propagation due to acoustic nonlinear effects and frequency-
dependent attenuation. Namely, the waveform distortion
means the generation of nonlinear components, while the
frequency-dependent attenuation means that because the
components at the higher frequency side attenuate more, only
the signal components of narrow band at the lower frequency
side remain in deep region.

FIG. 14(a)-(d) each shows the sum of the waveforms at
different distances shown in (a)-(d) in FIGS. 12 and 13. Addi-
tion of the results in (a) to (d) in FIGS. 12 and 13 gives the
waveform identical to that obtained by pulse inversion. As the
linear components of the first fundamental pulse 30 and the
second fundamental pulse 33 are removed by the addition, the
waveforms shown in FIG. 14 consist only of the nonlinear
components.
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FIG. 15 is an amplitude spectrum of the waveform consist-
ing of nonlinear components shown in FIG. 14(5)-(d), and
FIG. 16 is a distant characteristics diagram showing the maxi-
mum sound pressure amplitude of the waveform after pulse
inversion relative to the distance on the sound axis. As known
from the results of analysis at the distance of 10 mm on the
sound axis in FIG. 15, because the fundamental wave pulse
consisting only of sine wave components has an inverted
phase between high- and low-frequency harmonic compo-
nents, the notch will appear in the amplitude spectrum. How-
ever, as it is apparent from the comparison between the results
of FIG. 10 and FIG. 15, under the condition in which the
maximum sound pressure amplitude of the fundamental wave
pulse is fixed constant, the fundamental wave pulse consisting
only of sine wave components can increase the energy of the
original pulse than the fundamental wave pulse consisting
only of cosine components can do. As a result, the efficiency
of energy conversion from fundamental wave components to
nonlinear components can be increased. Comparison
between FIG. 11 and FIG. 16 also suggests that when the
fundamental wave pulse is constituted only by sine wave
components the energy is higher by about 3 dB even at the
position 150 mm beyond the focal point.

As it is known from FIG. 16, on the other hand, such
nonlinear components are effective up to the focal distance of
about 100 mm, but dramatically attenuate beyond this point.
As it is apparent from the amplitude spectrum at the distance
of' 200 mm on the sound axis in FIG. 15, because only narrow
band signal components at the lower frequency side remain in
this region, the linear components can be used for imaging by
changing the ratio of addition of the first and second received
echo 31 and 34 in this region.

Also, of the nonlinear components the high-frequency har-
monic component 73 of the fundamental wave pulse are gen-
erated prominently, but they undergo attenuation in the course
of propagation and the low-frequency harmonic components
72 remain in the deep region. Accordingly, since the optimal
frequency band usable in imaging changes with propagation
distance, it is desirable to change the reference frequency in
the direction of distance in the quadrature detection after
pulse inversion. Namely, if this analysis is used as an
example, it is necessary only to continuously change the
reference frequency from 5 MHz to 4 MHz in the distance of
up to 100 mm, 3 MHz at 150 mm and 2 MHz from 180 mm or
more from the focal point.

The ultrasound diagnostic equipment 10 of the present
invention maybe equipped with additional functions with
which optimal choice of the waveform of fundamental wave
(sine or cosine) as abovementioned can be automatically
adjusted by the controller 29 depending on the depth of imag-
ing region, or configured to allow users to select the waveform
freely from the outer interface 12. When the waveforms of the
first and second fundamental wave pulse are transmitted as an
amplitude modulating wave as mentioned above, the control-
ler 29 or the pulse synchronizer 23 maybe equipped with the
functions which allow users to adjust the bands of fundamen-
tal wave pulse 30 and 33 by increasing or decreasing the
modulating frequency f; through the outer interface 12. By
equipping these adjusting functions, the image quality with
optimal resolution, brightness and uniformity of image can be
obtained.

In the aforementioned embodiment the amplitude modu-
lating wave is used as the first and second fundamental wave
pulse to be transmitted. As a fundamental wave pulse having
similar frequency band with it, the waveform whose fre-
quency varies in the direction of sound axis can be used. The
first fundamental wave pulse whose frequency varies
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decreasingly (increasingly) and the second fundamental
wave pulse whose frequency varies increasingly (decreas-
ingly) may also be used.

Here, the waveform with changing frequency may be a
cycle or combined cycles of the waveform with different
frequency, for example. It can be configured to combine frac-
tions such as %2 cycle, ¥4 cycle and Y& cycle of the waveform
with different frequency, for example. A chirp waveform
whose frequency changes continuously may be also used.

As stated above, since the ultrasound diagnostic equipment
ofthe present invention, in ultrasound nonlinear imaging, can
contain many of the nonlinear components generated by the
nonlinear interaction of ultrasound in the subject body in the
probe-sensitive band 74 by setting the band of the fundamen-
tal wave component 71 of the transmission pulse in relation to
the probe-sensitive band 74, the nonlinear components can be
caught highly efficiently by the probe 11. This achieves
higher resolution and improves ultrasound penetration deep
in the imaging region at the same time, thereby creating a
uniform and high-quality image over the entire imaging
region.

Appropriate selection of the fundamental waveform (co-
sine or sine wave) of transmission pulse according to the
depth of the imaging region can provide the images with
excellent resolution, brightness and uniformity.

BRIEF DESCRIPTION OF THE DRAWINGS

[FIG. 1]

A block diagram showing the configuration of the ultra-
sound diagnostic equipment of one embodiment of the
present invention

[FIG. 2]

Ablock diagram showing the configuration of one embodi-
ment of the signal processor contained in the ultrasound diag-
nostic equipment of the present invention

[FIG. 3]

A spectrum showing the frequency and the amplitude of
the fundamental frequency component and the nonlinear
component contained in the echo reflected from the subject

[FIG. 4]

A spectrum showing the frequency and the amplitude of
the fundamental frequency component and the nonlinear
components generated according to the embodiment of the
present invention

[FIG. 5](a)-(c)

An amplitude spectrum of the nonlinear component gen-
erated with the amplitude modulating wave as the fundamen-
tal wave in the embodiment of the present invention

[FIG. 6]

A diagram explaining the phase relation of nonlinear com-
ponents generated with the amplitude modulating wave as the
fundamental wave in the embodiment of the present invention

[FIG. 7)(a)-(d)

Graphs showing the nonlinear propagation waveform of
the first fundamental wave pulse 30 consisting of cosine com-
ponents in the embodiment of the present invention

[FIG. 8](a)-(d)

Graphs showing the nonlinear propagation waveform of
the second fundamental wave pulse 33 consisting of cosine
components in the embodiment of the present invention

[FIG. 9](a)-(d)

Graphs showing the waveform after pulse inversion by the
fundamental wave pulse consisting of cosine components in
the embodiment of the present invention
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[FIG. 10]

A graph showing the amplitude and the frequency of wave-
form after pulse inversion by the fundamental wave pulse
consisting of cosine components in the embodiment of the
present invention

[FIG. 11]

A graph showing distant characteristics on the sound axis
for the maximum sound pressure amplitude of the waveform
after pulse inversion by the fundamental wave pulse consist-
ing of cosine components in the embodiment of the present
invention

[FIG. 12](a)-(d)

Graphs showing the nonlinear propagation waveform of
the first fundamental pulse consisting of sine components in
the embodiment of the present invention

[FIG. 13](a)-(d)

Graphs showing the nonlinear propagation waveform of
the second fundamental pulse consisting of sine components
in the embodiment of the present invention

[FIG. 14](a)-(d)

Graphs showing the waveforms after pulse inversion by the
fundamental wave pulse consisting of sine components in the
embodiment of the present invention

[FIG. 15]

A graph showing the amplitude and the frequency of wave-
form after pulse inversion by the fundamental wave pulse
consisting of sine components in the embodiment of the
present invention

[FIG. 16]

A graph showing distance characteristics on the sound axis
of the maximum sound pressure amplitude of the waveform
after pulse inversion by the fundamental wave pulse consist-
ing of sine components in the embodiment of the present
invention

[FIG. 17]

A diagram explaining the conventional harmonic imaging
method in the frequency domain

[FIG. 18]

Diagrams explaining the method of pulse inversion

[FIG. 19]

A diagram explaining the conventional nonlinear imaging
method using low-frequency harmonics in the frequency
domain

DESCRIPTION OF NOTATIONS

10 Ultrasound diagnostic equipment
11 Ultrasound probe

12 Outer interface

13 Display

20 Main frame

21 Transmit/Receive switch

22 Transmit amplifier

23 Pulse synchronizer

24 Receive amplifier

25 A/D converter

26 Receive beamformer

27 Signal processor

28 Imaging processor

29 Controller

30 First fundamental wave pulse
31 First received echo

32 First received signal

33 Second fundamental wave pulse
34 Second received echo

35 Second received signals
40,41 Temporary memory
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42 Adder
43 Quadrature detecting processor
44 Filtering processor
45 B-mode processor
46 Doppler processor

The invention claimed is:

1. An ultrasound imaging device, comprising a transmitter
which transmits an ultrasound wave to a target, a receiver
which receives the ultrasound wave from the target, and a
signal processor which processes a receipt signal at the
receiver and which generates image data,

wherein the receiver has a given reception band in which a

lower limit frequency is a first frequency, the ultrasound
wave transmitted by the transmitter contains a pulse
wave which consist of one frequency band having a
frequency peak, the one frequency band of the pulse
wave being set as a lower limit to be at least the first
frequency and as an upper limit to be at least triple of the
first frequency.

2. The ultrasound imaging device according to claim 1,

wherein all spectral components of the ultrasound wave to

be transmitted by the transmitter are cosine waves.

3. The ultrasound imaging device according to claim 1,

wherein all spectral components of the ultrasound wave to

be transmitted by the transmitter are sine waves.

4. The ultrasound imaging device according to claim 1,

wherein the ultrasound wave to be transmitted by the trans-

mitter contains a carrier wave and a modulating wave for
modulating the amplitude of the carrier wave, and the
carrier wave is a cosine wave.

5. The ultrasound imaging device according to claim 1,

wherein the ultrasound wave to be transmitted by the trans-

mitter contains a carrier wave and a modulating wave for
modulating an amplitude of the carrier wave, and the
carrier wave is a sine wave.

6. The ultrasound imaging device according to claim 1,

wherein the ultrasound wave to be transmitted by the trans-

mitter contains a carrier wave and a modulating wave for
modulating an amplitude of the carrier wave, a fre-
quency of the carrier wave is set as twice of the first
frequency and a frequency of the modulating wave is set
as the first frequency.

7. The ultrasound imaging device according to claim 6,

further comprising an acceptor which receives instructions

from users to increase or decrease the frequency of the
modulating wave from the first frequency as a center,
and

the transmitter has a frequency adjustor for increasing or

decreasing the frequency of the modulating wave
according to the increase or decrease which is received
by the acceptor.

8. The ultrasound imaging device according to claim 1,

wherein a maximum frequency of the reception band of the

receiver is a second frequency f,, and

the ultrasound wave transmitted by the transmitter contains

acarrier wave and a modulating wave for modulating the
carrier wave, a relationship of a frequency (f.) of the
carrier wave and a frequency (f,) of the modulating wave
with the second frequency f, satisfies 2f_+2f =f..

9. The ultrasound imaging device according to claim 1,

wherein the transmitter transmits, as the ultrasound wave,

a first ultrasound wave with the one frequency band and a

second ultrasound wave with the one frequency band
having an inverted waveform of the first ultrasound
wave,

the signal processor adds a first received signal, which is an

ultrasound wave originating at the first ultrasound wave,
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coming from the target and received by the receiver, and
a second received signal, which is an ultrasound wave
originating at the second ultrasound wave, coming from
the target and received by the receiver, and generates
image data by using added signals.

10. The ultrasound imaging device according to claim 1,

further comprising a display for displaying the image data.

11. An ultrasound imaging device comprising a transmitter
which transmits an ultrasound wave to a target, a receiver
which receives the ultrasound wave from the target, and a
signal processor to process a received signal at the receiver
and generate image data,

wherein the receiver has a given reception band in which a

lower limit frequency is a first frequency, and

the ultrasound wave transmitted by the transmitter contains

a pulse wave consisting of one frequency band having a
frequency peak, and

the pulse wave contains a carrier wave and a modulating

wave for modulating the carrier wave, a frequency of the
carrier wave is set as at least twice of the first frequency
and a frequency of the modulating wave is set as at least
the first frequency.

12. The ultrasound imaging device according to claim 11,

wherein the frequency of the carrier wave is set as twice of

the first frequency and the frequency of the modulating
wave is set as the first frequency.

13. The ultrasound imaging device according to claim 11,

wherein an upper limit frequency of the reception band of

the receiver is the second frequency (f,), and the rela-
tionship of the frequency (f.) of the carrier wave and the
frequency (f,) of the modulating wave with the second
frequency f, satisfies 2f_+2f =f,.

14. The ultrasound imaging device according to claim 11,
wherein all spectral components of the ultrasound wave trans-
mitted by the transmitter are cosine waves.

15. The ultrasound imaging device according to claim 11,
wherein all spectral components of the ultrasound wave trans-
mitted by the transmitter are sine waves.

16. The ultrasound imaging device according to claim 11,

further comprising an acceptor which receives instructions

from users to increase or decrease the frequency of the
modulating wave from the first frequency as a center,
and

the transmitter has a frequency adjustor for increasing or

decreasing the frequency of the modulating wave
according to the increase or decrease which is received
by the acceptor.

17. The ultrasound imaging device according to claim 11,

wherein the transmitter transmits, as the ultrasound wave,

a first ultrasound wave and a second ultrasound wave
having an inverted waveform of the first ultrasound
wave, and

the signal processor adds a first received signal, which is an

ultrasound wave originating at the first ultrasound wave,
coming from the target and received by the receiver, and
a second received signal, which is an ultrasound wave
originating at the second ultrasound wave, coming from
the target and received by the receiver, and generates
image data by using added signals.

18. An ultrasound imaging apparatus, comprising a trans-
mitter which transmits an ultrasound pulse to a subject, a
receiver which receives ultrasound coming from the subject,
and a signal processor to process a received signal at the
receiver and generate image date,

wherein the receiver has a predetermined reception band,

in which a lower limit frequency is a first frequency,
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wherein the ultrasound pulse transmitted by the transmitter
consists of one frequency band having a frequency peak,
and each of an upper limit frequency and a lower limit
frequency of the one frequency band is set to be values
which make a low frequency harmonic component and a
high frequency harmonic component produced by the
ultrasound pulse be within the reception band,

wherein the signal processor generates image data by using
a nonlinear component of at least one of the low fre-
quency and high frequency harmonic component
received by the receiver, and

wherein the pulse wave of one frequency band has a lower
limit of at least the first frequency and an upper limit of
at least triple of the first frequency.

19. The ultrasound imaging apparatus according to claim

18,

wherein the transmitter transmits, as the ultrasound pulse,
a first ultrasound wave with the one frequency band and
a second ultrasound wave with the one frequency band
and having an inverted waveform of the first ultrasound
wave, and

wherein the signal processor adds a first received signal
received by the receiver, which is an ultrasound wave
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originating from the first ultrasound wave and comes
from the subject, and a second received signal received
by the receiver, which is an ultrasound wave originating
from the second ultrasound wave and comes from the
subject, and generates image data by using added sig-
nals.

20. The ultrasound imaging apparatus according to claim

18,

wherein each of the upper limit frequency and the lower
limit frequency of the ultrasound pulse is set to be a value
which makes a high frequency side band of the low
frequency harmonic component and a low frequency
side band of the high frequency harmonic component
overlap each other.

21. The ultrasound imaging apparatus according to claim

18,

wherein each of the upper limit frequency and the lower
limit frequency of the ultrasound pulse is setto be a value
which makes a part of the low frequency harmonic com-
ponent and a part of the high frequency harmonic com-
ponent overlap with the frequency band of the ultra-
sound pulse.
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