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G7) ABSTRACT

An ultrasound diagnostic apparatus includes an ultrasound
probe, a transmission unit for transmitting an ultrasound
signal to an object to be examined via the ultrasound probe,
a reception unit for processing a signal received by the
ultrasound probe, and an image generating unit for gener-
ating an image on the basis of the received signal processed
by the reception unit, wherein the transmission unit has a
function of transmitting the ultrasound signals with varying
frequency plural times in an identical direction at predeter-
mined time intervals. The ultrasound signal transmitted
plural times includes a first waveform in which the fre-
quency increases and a second waveform in which the
frequency decreases, and the reception unit has a function of
phasing and adding received signals respectively corre-
sponding to the first waveform and the second waveform,
whereby, in tissue harmonic imaging, the penetration is
improved, while the resolution is maintained.
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ULTRASONOGRAPH
TECHNICAL FIELD

[0001] The present invention relates to an ultrasound
diagnostic apparatus, and, more particularly, to an ultra-
sound diagnostic apparatus for imaging a harmonic compo-
nent that is generated when ultrasound is propagated inside
a body of an object to be examined.

BACKGROUND OF THE INVENTION

[0002] An ultrasound diagnostic apparatus is designed to
transmit an ultrasound signal inside an object to be exam-
ined and to obtain information available in diagnosis, e.g. a
tomographic image, on the basis of a received signal,
including an echo signal of the transmitted signal.

[0003] It has been reported that, in the technique of
displaying a tomographic image, a high-contrast image can
be obtained by imaging a harmonic component (e.g. fre-
quency 2 f; or 3 f,)) as opposed to a fundamental component
(frequency f,)) of the transmitted signal. An imaging method
of this type is referred to as “Tissue Harmonic Imaging.”

[0004] The above-described harmonic component is gen-
erated due to nonlinear distortion occurring mainly when the
ultrasound is propagated inside the object. That is, a signal
of the ultrasound irradiated to the inside of living body is
distorted during propagation in tissue due to a nonlinear
response of the tissue, and the harmonic component is
increased. As a result, the echo signal includes, e.g. a double
frequency 2 f, and a triple frequency 3 £, of a fundamental
component f,.

[0005] In tissue harmonic imaging, it is important how to
extract an echo of a strong harmonic component. The
conventionally reported methods of tissue harmonic imag-
ing include one referred to as a “filtering technique”, for
example.

[0006] This technique is designed to extract the harmonic
component of e.g. 2 f, from a received signal using a band
pass filter with a central frequency of e.g. 2 f,. Another
example is a method referred to as a “pulse inversion
technique,” which is designed to emphasize the second
harmonic component by transmitting first and second wave-
forms having a mutually alternated polarity at predetermined
time intervals, and phasing and adding the echo signals
thereof to cancel the fundamental component. Further, for
example, Japanese Unexamined Patent Publication No.
2002-34976 discloses a technique of extracting a harmonic
component through a filter from received signals obtained
from transmitted signals having two different center fre-
quencies, and widening the band of the harmonic component
by combining those extracted signals, thus improving the
resolution and enhancing the signal strength in a beam depth
direction, as well as suppressing generation of motion arti-
facts. However, because the frequency of the harmonic
component in an ultrasound signal is higher than that of the
fundamental component, the harmonic component is sensi-
tive to attenuation of the signal during propagation. Accord-
ingly, the degree of an echo signal received from a deep
portion, i.e. the penetration, is undesirable. Meanwhile,
when the center frequency f, of the fundamental component
is lowered, the echo signal is scarcely affected by the
attenuation, whereby the penetration can be improved. How-
ever, the resolution is deteriorated, as is generally known.
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SUMMARY OF THE INVENTION

[0007] The present invention has been devised in consid-
eration of the above-described factors, and an object thereof
is to improve the penetration, while maintaining the reso-
lution.

[0008] To achieve the above-stated object, an ultrasound
diagnostic apparatus according to the present invention
includes an ultrasound probe, a transmission unit for trans-
mitting an ultrasound signal to an object to be examined via
the ultrasound probe, a reception unit for processing a signal
received by the ultrasound probe, and an image generating
unit for generating an image on the basis of the received
signal processed by the reception unit, wherein the trans-
mission unit has a function of transmitting the ultrasound
signal having a varying frequency plural times in one
direction at predetermined time intervals. This ultrasound
signal transmitted plural times includes a first waveform in
which the frequency increases and a second waveform in
which the frequency decreases, and the reception unit has a
function of phasing and adding received signals correspond-
ing to the first waveform and the second waveform.

[0009] Accordingly, in comparison with a conventional
case where a waveform having a frequency f;, is transmitted
while its polarity is alternated, a frequency spectrum of the
received signal after phasing and addition changes, whereby
a component in a frequency band between f, and 2 f, can be
emphasized. Because the component in this frequency band
has a frequency lower than 2 f, it is scarcely affected by
attenuation, and so the penetration is desirable. Accordingly,
by extracting this frequency component to generate an
image based thereon, the penetration in the tissue harmonic
imaging can be improved without lowering f,, i.e., without
lowering the resolution.

[0010] Here, the waveform having a varying frequency
may be formed by, e.g., joining each one cycle or a plurality
of cycles of waveforms having different frequencies. Alter-
natively, it may be formed by joining parts of %, %, or Vs
cycle of the waveforms having different frequencies, or a
chirp waveform in which the frequency sequentially changes
may be used.

[0011] In this case, the above-described frequency spec-
trum is varied by variably setting a change rate of frequency
variation of the first waveform and the second waveform.
Here, particularly when diagnostic information is acquired
from a deep portion inside the object (portion distant from
the probe), the frequency spectrum of a received signal is
desirably shifted so as to be low in consideration of the
penetration. Then, it is desirable that the transmission unit
has a function of variably setting a transmission focus depth,
and the change rate of frequency variation of the first
waveform and the second waveform is variably set depend-
ing on the transmission focus depth.

[0012] Further, in this case, when the first waveform and
the second waveform respectively shift so that their signal
strengths decrease, the above-described spectrum variation
can be emphasized. At this time, it is also desirable that the
change rate of the signal strengths of the first waveform and
the second waveform is variably set depending on the
transmission focus depth.

[0013] Further, it is also desirable that the polarities of the
first waveform and the second waveform are mutually
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alternated, and the reception unit has a function of phasing
and adding the reception signals corresponding to the first
waveform and the second waveform after amplifying or
attenuating them with a gain difference.

[0014] Even when the above-described technique is uti-
lized, the frequency spectrum of the received signal, after
phasing and addition, changes, and the component in the
frequency band between f, and 2 f, can be emphasized,
whereby the penetration can be improved without lowering
f,, 1.e., without lowering the resolution. In this case, the gain
difference may be variably set depending on the reception
timing, i.e., the a reception focus depth. For instance, it is
desirable that the reception signals corresponding to the first
waveform and the second waveform are subjected to a time
gain control with different correlation curves between recep-
tion timing and gain.

[0015] Further, the reception unit may have a function of
performing a reception focus processing on the received
signal and include a filter for extracting a predetermined
frequency band of the received signal, in which the fre-
quency band is variably set depending on the predetermined
reception focus depth. According thereto, it is possible to
adapt to the spectrum variation of the received signal
occurring due to the difference in the reception focus depth,
i.e. the difference in depth of the portion examined inside the
object, and to extract a component in a preferable frequency
band.

[0016] Further, in the case where the change rate of the
varying frequency or signal intensity of the first waveform
and the second waveform according to the predetermined
transmission focus depth is variably set, a frequency band of
the filter may be variably set in accordance with the trans-
mission focus depth in order to adapt to the spectrum
variation of a received signal caused by varying the fre-
quencies or the signal intensities, as mentioned above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a block diagram showing the structure of
an ultrasound diagnostic apparatus according to a first
embodiment of the present invention.

[0018] FIGS. 2a and 2b are graphs presenting the simu-
lation results of waveforms of a transmitted signal and
spectrums of the transmitted signal and a received signal
based on a conventional pulse inversion method.

[0019] FIGS. 3a and 3b are presenting the simulation
results of waveforms of a transmitted signal and spectrums
of the transmitted signal and a received signal in the ultra-
sound diagnostic apparatus of FIG. 1.

[0020] FIGS. 4a and 4b are graphs showing variation of
a reception spectrum occurring due to a depth of received
signal generation.

[0021] FIGS. 5a and 5b are graphs presenting the simu-
lation results of waveforms of a transmitted signal and
spectrums of the transmitted signal and a received signal in
an ultrasound diagnostic apparatus according to a second
embodiment of the present invention.

[0022] FIG. 6 is a block diagram showing the structure of
an ultrasound diagnostic apparatus according to a third
embodiment of the present invention.
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[0023] FIG. 7 is a graph presenting the simulation results
of spectrums of a transmitted signal and a received signal in
the ultrasound diagnostic apparatus according to the third
embodiment of the present invention.

[0024] FIG. 8 is a graph presenting the simulation results
of spectrums of a transmitted signal and a received signal in
the ultrasound diagnostic apparatus according to the third
embodiment of the present invention.

[0025] FIG.9 is a graph showing the simulation results of
spectrums of a transmitted signal and a received signal in the
ultrasound diagnostic apparatus according to the third
embodiment of the present invention.

BEST MODE FOR CARRYING OUT THE
EMBODIMENT

Embodiment 1

[0026] Hereinafter, an ultrasound diagnostic apparatus
according to a first embodiment of the present invention will
be described. FIG. 1 is a block diagram showing the
structure of the ultrasound diagnostic apparatus according to
this embodiment. As shown in FIG. 1, the ultrasound
diagnostic apparatus includes an ultrasound probe 1, a
transmission unit 3 for transmitting an ultrasound signal to
an object to be examined (not shown in the figure) via the
ultrasound probe 1, a reception unit 5 for receiving a
received signal including an echo signal from the object via
the ultrasound probe 1 and for processing the received
signal, and an image producing/display unit 7 for generating
and displaying a diagnostic image on the basis of the
received signal processed by the reception unit 5. The image
producing/display unit 7 includes a video processing unit for
performing detection, compression, and the like, a Doppler
processing unit, and a scan converter, which are not shown
in the figure.

[0027] The transmission unit 3 includes an arbitrary wave-
form generator 9 having a function of generating a trans-
mitted signal combining a plurality of waveforms respec-
tively having a predetermined amplitude, frequency, and
starting phase, a time axis controller 11 having a function of
time-inverting the waveform output by the arbitrary wave-
form generator 9, and a transmitter 13 having a power
amplifier, for supplying a driving signal to the ultrasound
probe 1 in response to an output signal of the time axis
controller 11. Meanwhile, the time axis controller 11 has a
so-called first-in/first-out function and a first-in/last-out
function using the output of the arbitrary waveform genera-
tor 9 as an input signal, and it has a shift register for these
functions.

[0028] Reception unit 5 receives a signal output from
ultrasound probe 1, and it includes a receiver 15 having a
pre-amplifier, a time gain control (TGC) amplifier, and an
A/D converter, which are not shown in the figure. The
reception unit 5 further includes a phasing/addition unit 17
for phasing and adding received signals of channels output
by receiver 15 corresponding to the respective transducers of
the ultrasound probe 1 and for outputting the added signals
as an RF line signal; a line adder 19 for keeping the received
signal previously output from phasing/addition unit 17,
RF-adding it and a time-delayed received signal output
afterward from phasing/adding unit 17, in consideration of
their phase, and outputting the resultant signal; and a band
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pass filter 21 having a function of performing a band pass
digital filter calculation for extracting a particular frequency
band signal from among the output signals of the line adder
19. A so-called digital beam former is used as the phasing/
addition unit 17 to minimize distortion occurring in the
addition processing. Further, the system controller 23 is
provided for totalizing and controlling operations of each
component in the transmission unit 3, the reception unit 5,
and the image producing/display unit 7 described above.
Further, ultrasound probe 1 includes a plurality of transduc-
ers 25 arranged to face the object (not shown) in a line or in
a plane.

[0029] Next, the operation of the above-described ultra-
sound diagnostic apparatus will be described. First, arbitrary
waveform generator 9 generates and outputs a waveform of
a transmitted signal on the basis of a command received
from the system controller 23. The waveform of the signal
output by the arbitrary waveform generator 9 is formed by
combining waveforms in which the frequency is time-
sequentially varied. This point will be described later in
more detail. A signal output by the arbitrary generator 9 is
input to the time axis controller 11. And, the first waveform
is output without being time-inverted by the first-in/first-out
function. After that, the time axis controller 11 outputs a
second waveform formed by inverting the first waveform
symmetrically about a line perpendicular to a time axis by
the first-in/last-out function with a time delay relative to the
first waveform. Transmitter 13 performs a known transmis-
sion focus processing on the basis of the first waveform and
the second waveform, and it generates and outputs a driving
signal to each transducer 25 of the ultrasound probe 1. A
transducer 25 that is supplied with the driving signal from
transmitter 13 via a transmission/reception separating circuit
(not shown) is respectively oscillated to generate an ultra-
sound wave, and ultrasound beams proceeding in a direction
in which the wave surfaces of the respective ultrasound
waves transmitted by transducers 25 coincide with each
other are formed inside the object (not shown).

[0030] On the other hand, the ultrasound signal propagat-
ing inside the object as an ultrasound beam is reflected at a
portion having a different acoustic impedance inside the
object. The reflected signals return to the ultrasound probe 1
and are received as a received signal. The received signals
are converted from sound waves into electric signals by the
transducer 25 and are input to receiver 15 via the transmis-
sion/reception separating circuit (not shown). In receiver 15,
the received signal of a channel corresponding to each
transducer 25 is amplified by the pre-amplifier and the TGC
amplifier, is A/D converted, and then output. A signal output
from receiver 15 is input to phasing/addition unit 17, sub-
jected to a known dynamic focus processing for sequentially
correcting any variation in reception timing of the received
signal between the respective channels occurring due to a
difference in the distance from a generating portion of the
received signal to each transducer 25, and the processed
signals are added and output. Those processings concerning
the ultrasound reception are performed on each of the
received signals corresponding to the first waveform and the
second waveform. The received signals corresponding to the
first waveform and the second waveform are combined by
line adder 19, temporarily keeping and time-delaying the
received signal corresponding to the first waveform and
adding it and the received signal corresponding to the
second waveform, and are output as a combined received
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signal. In band pass filter 21, a component of the predeter-
mined frequency band of the combined received signal is
extracted. Then, the image producing/display unit 7 gener-
ates and displays an ultrasound diagnostic image on the
basis of a signal of the extracted frequency band component.
That is, the ultrasound diagnostic apparatus carries out the
above-described operations while performing scans in the
beam direction, and the image producing/display unit 7
performs video processings, including detection and com-
pression, Doppler signal processing, scan conversion and the
like, to produce a known B-mode or Doppler-mode image.
Meanwhile, the system controller 23 not only controls the
above-described series of operations, but also generates data
for arbitrary waveform generator 9.

[0031] Next, the first waveform, the second waveform,
and the frequency spectrums of a transmitted signal and
received signal according to this embodiment will be
described. First, for easy understanding of the characteristics
of this embodiment, the simulation results of the first wave-
form, the second waveform, and the frequency spectrums of
a transmitted signal and the received signal in the conven-
tional pulse inversion method, which are shown in FIGS. 2a
and 2b, will be described. FIG. 24 is a graph presenting the
first waveform and the second waveform, in which the
horizontal axis indicates time and the vertical axis indicates
sound pressure of the transmitted wave. Here, the first
waveform is presented by a full line and the second wave-
form is presented by a broken line. As shown in FIG. 24,
both the first waveform and the second waveform are
sequences of sine waves for two cycles having the same
frequency f, (2 MHz), to both of which a Hanning weight is
applied to simulate a waveform in a living body. The polarity
of the first waveform is opposite to that of the second
waveform. That is, the sound pressure decreases at the start
of a signal with the polarity of the first waveform, and with
the polarity of the second waveform, the sound pressure
increases.

[0032] FIG. 2b is a graph presenting the frequency spec-
trum of the transmitted signal and the received signal
obtained by phasing and adding the received signals corre-
sponding to the first waveform and the second waveform. In
the graph, the horizontal axis indicates a frequency ratio
(f/f,) in relation to f,=2.0 MHz and the vertical axis indi-
cates signal strength (dB). In FIG. 2b, the spectrum of the
transmitted signal is presented by a broken line and that of
a combined reception signal is presented by a full line.

[0033] As shown in FIG. 2b, in the spectrum of the
transmitted signal, the signal strength increases when the
frequency increases from 0, and it has its first peak at
frequency f,, where it becomes maximal. And, when the
frequency further increases, the signal strength then
decreases and becomes —40 dB of the first peak at frequency
2 f,. When the frequency further increases from frequency
2 f,,, the signal strength again increases and has its second
peak in the vicinity of frequency 2.3 f,, and again decreases
after that. The signal strength of the second peak is approxi-
mately —32 dB of the first peak.

[0034] Meanwhile, the spectrum of the combined recep-
tion signal has its peaks where the signal strength becomes
maximal in the vicinity of 0.6 £, 2f ,, and 4 f,,, and has its
nadirs where the signal strength becomes minimal in the
vicinity of 1.2 f, and 3.3 f,. Among the peaks, the signal
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strength is maximized at the peak in the vicinity of 2 f,, and
both signal strengths at the peaks in the vicinity of 0.6 f, and
4 f, are —14 dB of the signal strength at the peak in the
vicinity of 2 f,. On the other hand, the signal strengths at the
nadirs in the vicinity of 1.2 f; and 3.3 f,, where the signal
strength becomes minimal, are respectively about —-28 dB
and -21 dB of that at the peak at 2 f,.

[0035] Next, one example of the first waveform and the
second waveform having varying frequencies and the fre-
quency spectrums of a transmitted signal and a received
signal in the ultrasound diagnostic apparatus according to
this embodiment of the present invention will be described
with reference to the simulation results shown in FIGS. 3a
and 3b. FIG. 3a is a graph showing the first waveform and
the second waveform, where the horizontal axis indicates
time and the vertical axis indicates sound pressure. Here, the
first waveform is presented by a solid line and the second
waveform is presented by a broken line. As shown in FIG.
3a, the first waveform is formed by joining a first cycle of
frequency f;(=1.8 MHz) and a second cycle of frequency
f,(=2.2 MHz) with a polarity in which the sound pressure
increases at the start of the signal. On the other hand, the
second waveform is formed by joining a first cycle of
frequency f, and a second cycle of frequency f;, in which the
waveform shifts at a certain change rate between those
cycles, and with a polarity in which the sound pressure
decreases at the start of signal. Furthermore, a Hanning
weight similar to the waveform shown in FIG. 24 is applied
to both those first and second waveforms. In other words, the
second waveform is formed by time-inverting the first
waveform.

[0036] FIG. 3b is a graph showing the frequency spec-
trums of the transmitted signal and a received signal
obtained by phasing and adding received signals corre-
sponding to the first waveform and the second waveform,
wherein the horizontal axis indicates the frequency ratio
(f/f,) in relation to f,=2.0 MHz and the vertical axis indi-
cates signal strength (dB), as in FIG. 2b. In the graph of
FIG. 3b, the spectrum of the transmitted signal is presented
by a broken line and that of the received signal obtained by
phasing and addition is presented by a solid line.

[0037] As shown in FIG. 3b, in the spectrum of the
transmitted signal, the signal strength increases when the
frequency increases from O and has its peak where it
becomes maximal at frequency f,. When the frequency
further increases, the signal strength decreases. After the
decreasing rate of signal strength becomes small in the
vicinity of frequency 2 f, and then becomes 0, the signal
strength again decreases, while the decreasing rate increases.
Meanwhile, the signal strength in the vicinity of the fre-
quency 2 f; is approximately —23 dB relative to the peak at
frequency f,.

[0038] On the other hand, in the spectrum of the phased
and added received signal, the signal strength has its peaks
where it becomes maximal in the vicinity of 0.4 f, 1.6 f,, and
2.8 f,, and has its nadirs where it becomes minimal in the
vicinity of 0.7 f,, 2.2 f,, and 3.7 f,. Among the peaks where
the signal strength becomes maximal, the signal strength is
maximized at the peak in the vicinity of 1.6 f,. The signal
strengths at the peaks in the vicinity of 0.4 f, and 2.8 f; are
respectively about —12 dB and -2 dB of the signal strength
at the peak at 1.6 f,. Meanwhile, among the nadirs where the
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signal strength becomes minimal, the signal strength is
approximately —14 dB in the vicinity of 0.7 f,, =17 dB in the
vicinity of 2.2 f,, and —-35 dB in the vicinity of 3.7 f,.

[0039] As is clear from a comparison of FIG. 3b with
FIG. 2b, in the conventional pulse inversion method, a
frequency component in the vicinity of 2 f, is most empha-
sized when the received signals corresponding to the first
waveform and the second waveform are combined. Mean-
while, the peak of signal strength comes into the vicinity of
1.6 f, by differently determining f, and f,, and the frequency
spectrum thus shifts so as to be low.

[0040] On the other hand, in the ultrasound diagnostic
apparatus according to this embodiment, the difference
Af(=|f,~f,]) between frequencies f; and f, is variably set
depending on the predetermined transmission focus depth.
Specifically, Af is variably set so that the frequency spectrum
of the signal combining the received signals corresponding
to the first waveform and the second waveform shifts so as
to be low as the transmission focus depth becomes deep.
Meanwhile, the average frequency of the frequencies f; and
f, is fixed to be f,. When the transmission focus depth is
shallow, the transmission and reception are performed while
Af is set to be 0, as in the conventional pulse inversion
method. Af is varied as the transmission focus depth
becomes deep and a transmitted wave is generated so that
the above-mentioned peak of the frequency spectrum shifts
from 2 f, to e.g. f,, desirably from 2 f; to, e.g. 1.5 f,. For
example, in the case of performing a multiple transmission
focus to complete a received signal for one beam line by
combining a plurality of ultrasound beams having different
transmission focus depths, Af is variably set depending on
the focus depth of each beam. For example, when the
focusing is performed on three points, Af on each point is set
so that the peaks of its frequency spectrum are at e.g. 2 f,,
1.8 f,, and 1.6 £, in the ascending order of focus depth. This
setting of Af, depending on the transmission focus depth, can
be carried out by simulation or experiment using an ultra-
sonic phantom.

[0041] Further, in the ultrasound diagnostic apparatus
according to this embodiment, a frequency pass band of
band pass filter 21 is variably set depending on the variation
of the above-described frequency spectrum. Specifically, in
order to adapt to the spectrum shift of a received signal after
phasing and addition, the frequency pass band is shifted so
as to be low as the transmission focus depth becomes deep.

[0042] Further, the frequency pass band of the band pass
filter 21 is variably set depending on the reception focus
depth, even when the transmitted signal is not changed.
FIGS. 4a and 4b are graphs showing a reception spectrum
of a signal received from a shallow portion of the object, i.e.
a portion close to the ultrasound probe, and a reception
spectrum of a signal received from a deep portion of the
object, i.e. a portion distant from the ultrasound probe. In
FIGS. 4a and 4b, only 2 f;, is presented as a harmonic
component for easy understanding. Since the transmitted
signal is a pulse wave having usually a few cycles, the
spectrum has a certain degree of band around f, and 2 f,, as
seen in FIGS. 4a and 4b. As shown in FIG. 4b, in the
spectrum of a received signal from a deep portion, the
harmonic component is increased by a nonlinear distortion
occurring when the ultrasound propagates in the living body.
However, in the spectrum distribution of the harmonic
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component, the frequency spectrum shifts so as to be low
and the center frequency lowers because a higher frequency
component is more sensitive to the attenuation in propaga-
tion. Therefore, to deal with this, the frequency pass band of
the band pass filter 21 is set to shift to be low as the reception
focus depth becomes deeper in conjunction with the
dynamic focusing in reception. Specifically, in the case of
using a digital FIR filter as the band pass filter 21, its
coefficient is desirably set variably in conjunction with the
reception focus depth.

[0043] As described above, according to this embodiment,
by phasing and adding the received signals respectively
corresponding to the first waveform in which the frequency
shifts so as to increase and the second waveform in which
the frequency shifts so as to decrease, the frequency com-
ponent in the band between f, and 2 f; is emphasized.
Accordingly, the waveform is less affected by the attenua-
tion than in the conventional pulse inversion method of
emphasizing 2 f,, whereby the penetration can be improved
in a deep portion of focus. Besides, since the 2 f, component
is imaged, the resolution can be maintained in a shallow
portion.

[0044] Further, since the change rate of frequency varia-
tion of the first waveform and the second waveform is
variably set depending on the transmission focus depth, it is
possible to emphasize a relatively high-frequency compo-
nent at a shallow focus depth in consideration of contrast and
to emphasize a relatively low frequency component at a
deep focus depth in consideration of penetration, whereby a
desirable image can be produced depending on the prede-
termined transmission focus depth.

[0045] Further, a frequency band pass filter calculation is
performed on the received signal after phasing and addition
to variably set the frequency pass band depending on the
transmission focus depth, whereby the frequency band to be
emphasized can be extracted in response to the change rate
of frequency variation of the transmitted wave.

[0046] Further, since the frequency pass band is variably
set also depending on the reception focus depth, a frequency
band can be extracted in response to the spectrum variation
of a received signal occurring due to a difference in attenu-
ation of the signal caused by a difference in the propagation
distance.

[0047] Further, for example, when a relatively shallow
portion where the penetration is not a critical problem is
examined, an image may be produced by extracting a
component of frequency higher than 2 f,. For example,
although in FIG. 3b there is a peak also in the vicinity of 2.8
f,, the signal strength at the peak where the frequency is
larger than 2 f, may be extracted using a band pass filter and
used in image generation. According thereto, a desirable
image contrast can be obtained when a shallow portion is
examined.

[0048] Further, when a shallow portion is examined, the
center frequency of the transmitted signal may be set to be
high. In the example of FIGS. 3a and 3b, the center
frequency is set as f,=2.0 MHz and the first waveform and
the second waveform are f;=1.8 MHz and £,=2.2 MHz,
respectively. However, they may be set such that the center
frequency f,=2.1 MHz, {;=2.0 MHz, and f,=2.2 MHz.
According thereto, a high-contrast image can be obtained at
a relatively shallow depth where the penetration is not a
problem.
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[0049] Meanwhile, according to the above-described
embodiment, the second waveform is obtained by time-
inverting the first waveform using the time axis controller.
However, when the arbitrary waveform generator can
directly generate the second waveform, the time axis con-
troller is unnecessary.

[0050] Further, according to the above-described embodi-
ment, the first waveform and the second waveform are
respectively formed by joining waveforms for two cycles.
However, they may be formed by joining waveforms for
three or more cycles. For example, the first waveform may
be formed by joining each one cycle of the waveforms of
f,=1.8 MHz, {,=2.0 MHz, and f;=2.2 MHz, and the second
waveform may be obtained by time-inverting the first wave-
form. In this manner, when the first waveform is a combi-
nation of each one cycle of the center frequency f,, f, ...,
...y (N22), where f;<f,< ... <f <. .. <fy, and the second
waveform is an inversion of the first waveform relative to
the time axis, the effect of the invention is not lost even if
N=4. However, because the difference between those two
transmission waves becomes relatively small when the wave
number increases, it can be that the invention is especially
effective when N<6.

[0051] Further, according to the above-described embodi-
ment, the first waveform and the second waveform are
formed by combining sine waves in which the frequency is
varied at every one cycle. However, the frequency may be
varied at every two or more cycles. Alternatively, it may be
frequently changed, such as at every % cycle or % cycle, or
it may be a so-called chirp waveform in which the frequency
sequentially changes.

Embodiment 2

[0052] Next, a second embodiment of the ultrasound diag-
nostic apparatus according to the present invention will be
described. The same points as those enumerated in the
description of the first embodiment will not be mentioned,
again, and only the differences will be described. The
ultrasound diagnostic apparatus according to this embodi-
ment is characterized in that the amplitude of both the first
waveform and the second waveform is changed. That is, this
embodiment is characterized in that the amplitude of wave-
form in the first cycle of the first waveform and the second
waveform is respectively preset to be larger than that of the
subsequent waveform.

[0053] An example of the first waveform and the second
waveform having a varying frequency and amplitude and the
frequency spectrum of transmitted signal and received signal
will be described with reference to FIGS. 5a¢ and 5b
showing the simulation results thereof. FIG. 5a is a graph
presenting the first waveform and the second waveform, in
which the horizontal axis indicates time and the vertical axis
indicates sound pressure. In the graph, the first waveform is
presented by a solid line and the second waveform is
presented by a broken line. As shown in FIG. 5a, the first
waveform is formed by joining a first cycle of frequency
f;(=1.8 MHz) and a second cycle of frequency f,(=2.2
MHz), and, with its polarity, the sound pressure decreases at
the start of the signal. On the other hand, the second
waveform is formed by joining a first cycle of frequency f,
and a second cycle of frequency f,, and, with its polarity, the
sound pressure increases. In both the first waveform and the
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second waveform, the amplitude A2 in the second cycle is
set to be smaller than the amplitude Al in the first cycle. For
example, in the case of FIG. 5a, the amplitude is set as
A2=09A1.

[0054] FIG. 5b is a graph presenting frequency spectrums
of a transmitted signal and a received signal obtained by
phasing and adding received signals respectively corre-
sponding to the first waveform and the second waveform.
Similar to FIG. 2b, the horizontal axis indicates the fre-
quency ratio (f/f,) in relation to f,=2.0 MHz and the vertical
axis indicates signal strength (dB). In FIG. 5(b), the spec-
trum of the transmitted signal is presented by a broken line,
and the spectrum of a phased and added received signal is
presented by a solid line.

[0055] As shown in FIG. 5b, the spectrum of transmitted
wave resembles that shown in FIG. 3b. However, the signal
strength in the vicinity of frequency 2 f, is —25 dB of the
signal strength in the vicinity of f,.

[0056] On the other hand, the spectrum of the phased and
added received signal has its peaks where it becomes
maximal in the vicinity of 0.4 f,, 1.6 f,, and 2.8 f,, and has
its nadirs where it becomes minimal in the vicinity of 0.7 f,,
2.2 f,, and 3.8 f,. Among the maximal peaks, the signal
strength is maximized at the peak in the vicinity of 1.6 f,.
Compared therewith, the signal strengths at the peaks in the
vicinity of 0.4 f, and 2.8 f; are respectively about —13 dB
and -2 dB. Meanwhile, the signal strengths at the nadirs in
the vicinity of 0.7 f,, 2.2 f,, and 3.8 f, where the signal
strength becomes minimal are respectively about —-17 dB,
-10 dB, and -40 dB or less.

[0057] Asisclear by comparing FIG. 5b with FIG. 2b, the
peak of the signal strength comes in the vicinity of 1.6 f, by
shifting the frequency f; and frequency f, and shifting the
amplitude Al and amplitude A2, and the frequency spectrum
shifts so as to be low.

[0058] Further, in the frequency spectrum according to
this embodiment, difference Af between the frequency f; and
the frequency f, is variably set in response to a predeter-
mined transmission focus depth, and the ratio A2/Al
between the amplitude Al and the amplitude A2 is also
variably set. Specifically, as in the first embodiment, Af and
A2/A1 are variably set so that the frequency spectrum of a
signal obtained by combining received signals correspond-
ing to the first waveform and the second waveform shifts so
as to be low as the transmission focus depth becomes deeper.

[0059] As described above, according to this embodiment,
the spectrum shift of the phased and added received signal
can be emphasized by shifting the amplitude of the first
waveform and the second waveform, in addition to the effect
obtained by first embodiment described above.

Embodiment 3

[0060] Next, a third embodiment of the ultrasound diag-
nostic apparatus according to the present invention will be
described. Here again, the same points as those enumerated
in the description of the first embodiment will not be
mentioned again, and only the differences will be described.

[0061] FIG. 6 is a block diagram showing the structure of
an ultrasound diagnostic apparatus according to this embodi-
ment. As shown in FIG. 6, the ultrasound diagnostic appa-
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ratus includes an ultrasound probe 31 having a plurality of
ultrasound transducers or an ultrasound transducer array (not
shown), a pulse inversion control unit 33 for controlling a
signal transmitted to an object to be examined (not shown)
via the ultrasound probe 31, and a transmitted wave phasing
circuit 35 for generating a transmitted wave in response to
a command from the pulse inversion control unit 33 and the
driving ultrasound probe 31. The transmission phasing cir-
cuit 35 has a transmission timing generating circuit, a
transmission beam former circuit, and a transmission driver,
which are not shown, and it is designed to supply a high-
pressure transmitted signal to the ultrasound probe 31. At
this time, the transmitted beam former circuit generates a
beam forming signal for forming an ultrasound beam in a
predetermined direction on the basis of the transmission
timing signal generated by the transmission timing gener-
ating circuit. The beam forming signal includes a plurality of
driving signals, each of which is given a time difference
corresponding to the predetermined direction of the beam.

[0062] Further, the apparatus also includes a reception
phasing circuit 37 for phasing and adding the signals
received from the object via the ultrasound probe at each
channel of the plurality of ultrasound transducers, a variable
gain circuit 39 for amplifying or attenuating a signal output
by the reception phasing circuit 37 depending on the vari-
ably determined gain, and a two beam adder unit 41 for
temporarily storing an output signal of the variable gain
circuit 39 and phasing and adding it with a signal output by
the variable gain circuit 39 after a time interval. Further, the
apparatus includes a variable band pass filter 43 for per-
forming a digital band pass filter calculation on the output
signal of two beam adder unit 41, a B-mode processing unit
45 for performing known B-mode image processings includ-
ing detection, logarithmic compression, and enhancement
processing on the basis of the output signal of the variable
band pass filter 43, a DSC circuit 47, and a monitor 49 for
displaying an image of video signals output by the DSC
circuit 47. Further, the apparatus includes a control unit 51
for controlling the variable gain circuit 39 and variable band
pass filter 43, and it is connected to a console 53 having an
input means.

[0063] Meanwhile, the variable gain circuit 39 has a
function of performing a known time gain control with
variable gain on the plurality of signals received at time
intervals in accordance with instructions from the pulse
inversion control unit 33 and the control unit 51. Further, the
variable band pass filter 43 has a reception dynamic filter
function for variably setting the center frequency and the
band width of the frequency pass band depending on the
reception depth on the basis of a time control signal gener-
ated by the control unit 51.

[0064] Next, the operation of the above described ultra-
sound diagnostic apparatus will be described. In the ultra-
sound diagnostic apparatus according to this embodiment,
the first waveform and second waveform are similar to those
shown in FIG. 24, i.e. the first waveform is formed by
joining two waveforms of frequency f, and the second
waveform is formed by time-inverting or polarity-inverting
the first waveform, as in the conventional pulse inversion
method. In the variable gain circuit 39, a time gain control
is performed on received signals respectively corresponding
to the first waveform and the second waveform in a recep-
tion timing of the received signals, i.e. with a gain (ampli-
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tude gain) different depending on the depth of the detecting
portion. After that, those received signals are phased and
added by the two beam adder unit 41 so as to be formed into
one RF signal.

[0065] FIGS. 7 to 9 are graphs showing the simulation
results of the frequency spectrums of the transmitted signal
and the combined received signal according to this embodi-
ment, wherein the gain ratio between the received signals
corresponding to the first waveform and the second wave-
form is 1:1, 1.2:0.8, and 1.35:0.65, respectively. In each
figure, as in FIG. 2b, the horizontal axis indicates the
frequency ratio (f/f,) in relation to f,=2 MHz and the vertical
axis indicates signal strength (dB). The spectrum of the
transmitted signal is represented by a broken line and that of
received signal, after phasing and addition, is represented by
a solid line. Meanwhile, needless to say, the spectrum of the
transmitted signal here is the same as that shown in FIG. 2b.

[0066] Next, the spectrum of the received signal after
phasing and addition in each figure will be described. FIG.
7 shows the case where a ratio of the gain (hereinafter
referred to as “gain ratio”) between received signals respec-
tively corresponding to the first waveform and the second
waveform is 1:1. As shown in FIG. 7, the spectrum of the
received signal has its peaks where the signal strength
becomes maximal in the vicinity of 0.6 £, 1.9 f,, and 3.7 £,,.
On the other hand, the spectrum has its nadirs where the
signal strength becomes minimal in the vicinity of 1.1 f, and
2.9 f,. The signal strength is maximized at the peak in the
vicinity of 1.9 f,. In relation to this maximum signal
strength, the signal strengths at other peaks and at the nadirs
are about -9 dB, -25 dB, -17 dB, and -6 dB, respectively,
in the vicinity of 0.6 f,, 1.1 f,, 2.9 f,, and 3.7 {,,.

[0067] FIG. 8 shows the case where the gain ratio is
1.2:0.8. As shown in FIG. 8, the spectrum of the received
signal has its peaks where the signal strength becomes
maximal in the vicinity of 0.6 f,, 1.9 f,, and 3.7 f,. On the
other hand, the spectrum has its nadirs where the signal
strength becomes minimal in the vicinity of f, and 2.9 f,.
The signal strength is maximized at the peak in the vicinity
of 1.9 £,. In relation to the maximum signal strength, the
signal strengths at other peaks and at nadirs are about -8 dB,
-15 dB, -13 dB, and -5 dB, respectively, in the vicinity of
0.6 f,, fy, 2.9 f,, and 3.7 £,

[0068] FIG. 9 shows the case where the gain ratio is
0.35:0.65. As shown in FIG. 9, the spectrum of the received
signal has its peak where the signal strength becomes
maximal in the vicinity of 0.6 f,, 1.9 f,, and 3.7 f;. On the
other hand, the spectrum has its nadirs where the signal
strength becomes minimal in the vicinity of 0.9 f, and 2.9 £,.
The signal strength is maximized at the peak in the vicinity
of 1.9 £, In relation to the signal strength at this time, the
signal strengths at other peaks and at nadirs are -8 dB, -9
dB, -10 dB, and -5 dB, respectively, in the vicinity of 0.6
fo, 0.9 £y, 2.9 f,, and 3.7 £,.

[0069] As is clear by comparing FIG. 7, FIG. 8 and FIG.
9, the spectrum of the phased and added received signal is
varied by changing the gain ratio. For example, when
attention is focused on the component in a frequency band
between f, and 2 f;, it is more emphasized in FIG. 8 than in
FIG. 7, and it is further emphasized in FIG. 9 than in FIG.
8. Meanwhile, in relation to the peak at 1.9 f,, the signal
strength at 1.5 f, is about -7 dB in FIG. 7, -5 dB in FIG.
8, and -3 dB in FIG. 9.
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[0070] Further, according to this embodiment, the gain
ratio is variably set in accordance with a predetermined
reception focus depth. Specifically, the gain ratio is set to be
larger as the reception focus depth becomes deeper. This
change of gain ratio is sequentially carried out in the
reception timing in conjunction with a known reception
dynamic focus. That is, the time gain control is performed
with different correlation curves between the reception tim-
ing and the gain on the received signals respectively corre-
sponding to the first waveform and the second waveform.

[0071] Further, variable band pass filter 43 variably sets a
frequency pass band depending on a predetermined recep-
tion focus depth. Specifically, the frequency pass band is set
to be wide and the center frequency is set to be low in an area
where the reception focus depth is shallow, and, thus, a
secondary harmonic component is passed through a wide
band. As the reception focus depth becomes deeper and the
fundamental component is more emphasized, the frequency
pass band of the variable band pass filter is set to be narrow
and a floor frequency is set to be high, thereby the funda-
mental component is reduced.

[0072] As described above, according to this embodiment,
the polarities of the first waveform and the second waveform
are mutually inverted, and the received signals correspond-
ing to the first waveform and of the second waveform are
amplified or attenuated with a gain difference. In this man-
ner, the frequency spectrum of the received signal after
phasing and addition is varied, and a component in the
frequency band between f, and 2 f, can be emphasized,
whereby the penetration can be improved without lowering
F, and deteriorating the resolution.

[0073] Further, since the gain difference and the frequency
pass band of the variable band pass filter are variably set
depending on the reception focus depth, in a relatively
shallow portion the secondary harmonic component can be
emphasized by canceling the fundamental component by
setting the gain difference to be small or 0, or by setting the
frequency pass band of the variable band pass filter to be
wide. On the contrary, in a relatively deep portion, the
penetration can be improved by setting the gain difference to
be large, narrowing the frequency pass band, and setting the
center frequency to be low.

[0074] Meanwhile, according to the above-described
embodiment, the gains of both received signals correspond-
ing to the first waveform and the second waveform are
variably set. However, it is also possible that one gain is
fixed and only the other is variably set. For example, it is
possible that the gain of the first waveform is fixed as 1 and
only the gain of the second waveform is variably set.
Alternatively, the gain ratio may be variably set in stages as
1:1, 1:0.6, and then 1:0.3. Further, in addition to or instead
of varying the gain of a received signal, the amplitude in
transmission of the first waveform and the second waveform
may be varied.

1. An ultrasound diagnostic apparatus comprising: an
ultrasound probe; a transmission unit for transmitting an
ultrasound signal to an object to be examined via the
ultrasound probe; a reception unit for processing a signal
received by the ultrasound probe; and an image generating
unit for generating an image on the basis of the received
signal processed by the reception unit, the transmission unit
having a function of transmitting ultrasound signals includ-
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ing a first waveform and a second waveform having varying
frequency plural times in an identical direction at time
intervals, and the reception unit having a function of phasing
and adding received signals respectively corresponding to
the first waveform and the second waveform, wherein the
transmission unit has a function of varying the first wave-
form so that the frequency time-sequentially increases and
varying the second waveform so that the frequency time-
sequentially decreases and/or the reception unit has a func-
tion of phasing and adding the received signals correspond-
ing to the first waveform and the second waveform while
amplifying or attenuating them with a gain difference.

2. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the shape of
the first waveform and that of the second waveform are
axisymmetrical about a line perpendicular to a time axis.

3. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the transmis-
sion unit has a function of variably setting a transmission
focus depth of the ultrasound signal, and a change rate of the
varying frequencies of the first waveform and the second
waveform is variably determined depending on the trans-
mission focus depth.

4. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the first
waveform and the second waveform vary respectively so
that the signal strength is reduced.

5. An ultrasound diagnostic apparatus according to claim
3, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the transmis-
sion unit has a function of variably setting a transmission
focus depth, and at least either a change rate of varying
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frequency of the first waveform and the second waveform or
a change rate of varying signal strength of the first waveform
and the second waveform is variably determined depending
on the transmission focus depth.

6. An ultrasound diagnostic apparatus according to claim
1, wherein when the reception unit has a function of phasing
and adding the received signals corresponding to the first
waveform and the second waveform while amplifying or
attenuating them with a gain difference, the gain difference
is variably set depending on a reception timing of the
received signals.

7. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the reception
unit has a filter for extracting a predetermined frequency
band of the received signal, and the frequency band is
variably set depending on the reception timing of the
received signal.

8. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so as to time-sequentially
increase the frequency and varying the second waveform so
as to time-sequentially decrease the frequency, the fre-
quency of the first waveform and/or the second waveform
increases or decreases at every two or more cycles.

9. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the fre-
quency of the first waveform and/or the second waveform
increases or decreases at every one or less cycle.

10. An ultrasound diagnostic apparatus according to claim
1, wherein when the transmission unit has a function of
varying the first waveform so that the frequency time-
sequentially increases and varying the second waveform so
that the frequency time-sequentially decreases, the fre-
quency of the first waveform and/or the second waveform
continuously increases or decreases.
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