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(57)  Anultrasound wave is transmitted from a probe
(120) to a moving reflector (130) and the reflected ultra-
sound wave is received back by the same probe (120).
With n-divided wave bands of the to-be-used spectrum,
the ultrasound wave to be transmitted is made up of up
chirp signals and down chirp signals from n number of
down chirp signal generators (112, 113) and up chirp
signal generators (116, 117), creating complementary
multiplexed chirp signals through synthesizers (114,
118). Cross-correlation is taken by a correlator between
the reception signal received at the probe (120) and the
up chirp and the down chirp signals, respectively, so as
to provide compressed up and down signals and then
combining the obtained compressed signals through
synthesizers (144, 148). Doppler measurement is per-
formed by determining the correlation distance through
taking the cross-correlation between these compressed
signals by a cross-correlator (160) and performing en-
velope detection by an envelope detector (170).
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Description
TECHNICAL FIELD

[0001] The present invention relates to a measure-
ment apparatus utilizing ultrasound. In particular, itis re-
lated to a measurement apparatus using chirp signals.

BACKGROUND ART

[0002] Conventionally, measurement has been per-
formed and images obtained utilizing reflected ultra-
sound waves and the like. For example, with an ultra-
sound diagnosis apparatus, a tomogram of an organism
is obtained by transmitting an impulse wave from an ul-
trasound transducer, receiving back the reflected echo,
and then subjecting it to image processing. For such an
ultrasound diagnosis apparatus, the deepest invasion
depth and highest resolution possible is required.
[0003] There is a pulse compression technique that
satisfies this requirement. With this, an originally long
pulse is compressed and therefore shortened by sub-
jecting a to-be-transmitted ultrasound signal to FM mod-
ulation (hereinafter, the resulting signal is referred to as
a chirp signal) and upon reception, passing it through a
filter corresponding to the chirp signal. An attempt is
then made to increase resolution due to the compres-
sion, and at the same time improve the signal-to-noise
ratio, and improve the invasion depth.

[0004] Pulse compression is widely used with the ob-
jective of attempting to increase transmission energy
under the limitation of transmission peak-power in the
field of radar and sonar in order to increase survey dis-
tance and/or gain higher resolution. Much research on
introducing the pulse compression technique with simi-
lar objectives is also being carried out in the field of med-
ical ultrasound. Notwithstanding benefits such as being
able to improve resolution in a predetermined region in
order to allow manipulation of the transmission signal
spectrum in the time domain, this pulse compression
technique has yet to reach realization in the field of med-
ical ultrasound. Diverse research on utilizing the pulse
compression technique that is utilized in such field of
radar is being carried out in the field of medical ultra-
sound.

DISCLOSURE OF THE INVENTION

[0005] The inventors of the present invention have
previously published regarding Doppler measurement
using complementary chirp signals (signals including
both those where the modulating frequency increases
(up chirp signal) and those where the modulating fre-
quency decreases (down chirp signal) (refer to Moriya,
"Study of a Method for Doppler Measurement Using
Complementary Chirp Signals", J. Med. Ultrasonics,
Vol. 27, No. 4, pp. 73-178, 2000, and Japanese Patent
Application Laid-open Hei 11-271454, for example).
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This study is related to measurement covering quick
movement detection. Conclusively from this study, chirp
signal width must be effectively longer in order to detect
slow movement. However, since the detectable fre-
quency displacement corresponds to the time-average
of the chirp signal width, chirp signal width cannot be
significantly long when detecting slow movement.
[0006] As a result, the object of the present invention
is to perform measurement without increasing chirp sig-
nal pulse width during measurement utilizing chirp sig-
nal ultrasound.

[0007] In order to achieve the above-mentioned ob-
ject, the present invention is an ultrasound measure-
ment apparatus, including a multiplexed chirp signal
generator, which generates a multiplexed chirp signal
through synthesizing chirp signals that are divided into
a plurality of frequency wave bands; a probe, which
transmits an ultrasound wave of the multiplexed chirp
signal and receives a reflected wave from a measure-
ment subject; and a compressed signal generator,
which provides a compressed signal of the received sig-
nals from the probe by taking correlation between the
received signals and the chirp signals that are divided
into a plurality of frequency wave bands so as to obtain
a plurality of compressed signals and then synthesizing
the plurality of compressed signals.

[0008] With a measurement apparatus that performs
Doppler shift measurement, the multiplexed chirp signal
generator generates a complementary multiplexed
chirp signal through synthesizing down chirp signals
and up chirp signals that are divided into a plurality of
frequency wave bands; and the compressed signal gen-
erator provides compressed signals of a plurality of
down chirp signals and up chirp signals by taking the
correlation between the received signal from the probe
and the down chirp and the up chirp signals that are di-
vided into a plurality of frequency wave bands so as to
obtain compressed signals of the down chirp and the up
chirp signals through respectively synthesizing the com-
pressed signals of the down chirp signals and the com-
pressed signals of the up chirp signals, further including
a cross-correlator, which takes cross-correlation using
the compressed signals of the down chirp and the up
chirp signals from the compressed signal generator,
wherein Doppler measurement is performed based on
the correlation distance of the cross-correlation.
[0009] Furthermore,inan ultrasound tomographic ap-
paratus, the multiplexed chirp signal generator gener-
ates a multiplexed chirp signal by synthesizing down
chirp signals or up chirp signals that are divided into a
plurality of frequency wave bands; and the compressed
signal generator generates a compressed signal by tak-
ing the correlation between the received signal from the
probe and down chirp signals or up chirp signals that
are divided into a plurality of frequency wave bands so
as to obtain a plurality of compressed signals and then
synthesizing the plurality of compressed signals; further
including a transmission path between the probe and
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measurement subject; a scanning unit, which scans the
measurement subject using the transmission path and
the probe; an image processing unit, which provides a
tomogram by processing the compressed signals; and
a display device, which displays the tomogram.

[0010] According to the above configuration, the
measurement apparatus of the present invention is ca-
pable of performing measurement without increasing
pulse width by dividing and then multiplexing the chirp
signal spectrum.

BRIEF DESCRIPTION OF DRAWINGS
[0011]

FIG. 1a and FIG. 1b are diagrams illustrating up
chirp signals.

FIG. 2a and FIG. 2b are diagrams illustrating com-
pressed signals of the up chirp signals.

FIG. 3a and FIG. 3b are diagrams illustrating down
chirp signals.

FIG. 4a and FIG. 4b are diagrams illustrating com-
pressed signals of the down chirp signals.

FIG. 4 is a diagram illustrating a structural example
of Doppler measurement.

FIG. 6a is a diagram illustrating a multiplexed up
chirp signal during Doppler measurement, and FIG.
6b is a diagram illustrating a received chirp signal
for a single up chirp signal during Doppler measure-
ment.

FIG. 7a and FIG. 7b are diagrams illustrating wave-
forms of a single complementary chirp signal after
cross-correlation and envelope detection are per-
formed.

FIG. 8a and FIG. 8b are diagrams illustrating wave-
forms of a multiplexed complementary chirp signal
after cross-correlation and envelope detection are
performed.

FIG. 9 is a diagram illustrating a structural example
of ultrasound tomographic measurement.

BEST MODE FOR CARRYING OUT THE INVENTION

[0012] The embodiments of the present invention are
described in detail while referencing the drawings.
[0013] The presentinvention is one to perform meas-
urement through dividing and then multiplexing the chirp
signal spectrum, rather than increasing pulse width.

[DOPPLER MEASUREMENT APPARATUS]

[0014] An embodiment where velocity is measured
through utilizing the Doppler effect using up chirp and
down chirp signals is described.

[0015] The up chirp and down chirp signals used in
Doppler measurement and the Doppler effect for these
signals are described using FIG. 1 through FIG. 4.
[0016] To begin with, the case with the up chirp signal
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is considered. A case where there is no Doppler effect
is first described. FIG. 1(a) is a diagram schematically
illustrating a linear FM chirp signal, which is a chirp sig-
nal with pulse width T and the frequency of which shows
a linear increase from f; to f, = f; + Cf. When the chirp
signal is compressed it becomes a waveform as illus-
trated in FIG. 2(a). At this point, time delay from an ar-
bitrary base time is assumed to be T,. Next, a case
where there is the Doppler effect is considered. It is to
be assumed that the chirp signal illustrated in FIG. 1(a)
is frequency-shifted (Doppler shift) in conformity with the
Doppler effect illustrated in FIG. 1(b) to become a chirp
signal that has changed from f; + f; to f, + f;. Here fd
denotes the Doppler frequency representing the fre-
quency shift of the Doppler effect, and is assumed to be
positive. The compressed waveform of the chirp signal
that is frequency-shifted takes on a waveform such as
illustrated in FIG. 2(b), and the delay from the base time
is Tg -Cy.

[0017] Next, the case with the down chirp signal is
considered. In a case without the Doppler effect, FIG. 3
(a) schematically illustrates a chirp signal with frequency
linearly decreasing from f, to f; = f, - Cf A compressed
waveform as illustrated in FIG. 4(a) may be obtained by
processing this signal. At this point, time delay from the
base time is set as T,

[0018] In a case with the Doppler effect, it is to be as-
sumed that the chirp signal illustrated in FIG. 3(a) is fre-
quency-shifted in conformity with the Doppler effect to
change into a chirp signal with frequency being changed
from f, + fy to f; + fy = f, + f4- (¥ as illustrated in FIG. 3
(b). Since the entire frequency of this signal increases,
delay of the compressed waveform from the base time
becomes T, + [ as illustrated in FIG. 4(b).

[0019] As illustrated in FIG. 2(b) and FIG. 4(b), since
the post-compression signals of the up chirp signal and
the down chirp signal respectively shift in opposite di-
rections due to the Doppler effect, detection of this shift
makes it possible to detect the Doppler-shifted signal
itself.

[0020] FIG. 5is a block diagram illustrating the struc-
ture of a measurement apparatus 100 of the present in-
vention. In FIG. 5, an ultrasound wave is transmitted
from a probe 120 to a reflector 130, which is moving in
the direction of the arrow, and the ultrasound wave re-
flected from the reflector 130 is then received back by
the same probe 120.

[0021] With n divided wave bands of the to-be-used
spectrum, the ultrasound wave to be transmitted from
the probe 120 is made up of up chirp signals and down
chirp signals in the respective bands from n number of
down chirp signal generators 112 and 113 and n number
of up chirp signal generators 116 and 117. These n
number of down chirp signals and n number of up chirp
signals are combined through synthesizers 114 and 118,
respectively, to create a synthesized up chirp and down
chirp signal. Here, this is called a multiplexed comple-
mentary chirp signal. Ultrasound signals corresponding
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to this multiplexed complementary chirp signal are out-
put from the probe 120.

[0022] This transmitted chirp signal is Doppler-shifted
when being reflected from the reflector 130, and once
again received back by the probe 120. After reception
by the probe 120, compressed signals are generated by
taking the cross-correlation with the respective band
down chirp signals, respectively, which are given from
the n number of down chirp signal generators 142 and
143, for each respective band by correlators 152 and
153. Similarly, compressed signals are generated by
taking the cross-correlation with the up chirp signals, re-
spectively, which are given from the up chirp signal gen-
erators 146 and 147, by correlators 156 and 157. The
respective compressed signals are combined through
synthesizers 144 and 148 so as to obtain synthesized,
compressed signals of the down chirp and the up chirp
signals, respectively. Doppler measurement is per-
formed by finding the correlation distance through taking
the cross-correlation between these compressed sig-
nals by a cross-correlator 160 and performing envelope
detection by an envelope detector 170.

[0023] Simulation results of the apparatus configura-
tion of the present invention indicated in FIG. 5 are given
in FIG. 6 through FIG. 8.

[0024] The examplesillustratedin FIG. 6 through FIG.
8 configure paired multiplexed complementary chirp sig-
nals, which are made up of combined up chirp signals
of the two bands of 0.5 to 1.0 and 1,0 to 1.5 MHz and
combined down chirp signals of the two bands of 1.5 to
1.0 and 1.0 to 0.5 MHz, where pulse width of the to-be-
used ultrasound waves is 1000 [5. It should be noted
that for comparison a single up chirp signal and a single
down chirp signal in the same band are given. Assuming
the same rate of frequency change over time, chirp sig-
nal width may be shortened by performing frequency di-
vision and combining chirp signals.

[0025] FIG. 6 shows the resulting signal from this sig-
nal being Doppler-shifted and then received. FIG. 6(a)
illustrates the aforementioned multiplexed up chirp sig-
nal spectrum where the frequency has shifted 1 kHz,
and FIG. 6(b) illustrates a single up chirp signal spec-
trum for comparison.

[0026] The signal givenin FIG. 6(a) is areceived chirp
signal when combining and transmitting in the time do-
main the chirp signal of 0.5 to 1 MHz and the chirp signal
of 1 to 1.5 MHz. By contrast, the single up chirp signal
spectrum illustrated in FIG. 6(b) is a spectrum that is
obtained by sweeping from 0.5 to 1.5 MHz in the same
time span, rather than by combining. The difference be-
tween the signals given in FIG. 6(a) and FIG. 6(b) is that
discontinuity occurs in the spectrum.

[0027] It should be noted that an example of two com-
bined chirp signals is given, however, for example, com-
bining chirp signals of 1.5 to 2.0 MHz, namely three or
more chirp signals is also possible.

[0028] FIG. 7 shows each normalized waveform that
is obtained by taking the cross-correlation between the
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compressed waveforms of the respective single up chirp
signal and single down chirp signal, performing enve-
lope detection, and normalizing it with the maximum val-
ue. Similarly, FIG. 8 shows each normalized waveform
that is obtained by taking the cross-correlation between
the compressed waveforms of the respective multi-
plexed up chirp signal and multiplexed down chirp sig-
nal, performing envelope detection, and normalizing it
with the maximum value. In either diagram, (a) illus-
trates the case where there is no Doppler shift, and (b)
illustrates the case where a Doppler shift of 0.5 kHz hap-
pens. As illustrated in FIG. 7 and FIG. 8, in the case
where. the Doppler shift happens, there is peak tempo-
ral shift from peak position in the case where there is no
Doppler shift. This shift is the correlation distance in
cross-correlation and corresponds to the amount of the
above Doppler shift, namely amount of frequency shift,
as well as velocity. In other words, large shifts lead to
high measurement sensitivity. In FIG. 7 and FIG. 8, the
peak is shown to be at 2000 in the case where there is
no Doppler shift. When a Doppler shift occurs, shift away
from the time of 2000 occurs, and the time span thereof
corresponds to the Doppler shift.

[0029] The cross-correlated waveform of the multi-
plexed complementary signal given in FIG. 8 has a shift
of approximately twice as in comparison to the cross-
correlated waveform of the single complementary signal
given in FIG. 7. This is because two chirp signals are
combined; whereby the shift triples if three chirp signals
are combined, and quadruples if four chirp signals are
combined. However, peak-power triples and quadruples
(namely, amplitude of the to-be-transmitted chirp sig-
nals triples, quadruples) when combined.

[0030] As indicated above, by dividing and combining
chirp signal wave bands, only half the pulse width is nec-
essary to cause the same shift to happen. As such, per-
forming Doppler measurement without increasing pulse
width is effective.

[RELATIONSHIP BETWEEN MULTIPLEXED UP
CHIRP SIGNAL AND MULTIPLEXED DOWN CHIRP
SIGNAL]

A. A case where both the up chirp and the down chirp
signal are in the same wave band

[0031] The above is an example described in detail,
where the up chirp and the down chirp signal are multi-
plexed with frequencies in the same wave band. For ex-
ample, assume that transmission/ reception is possible
with a probe that covers frequencies of 1 to 4 MHz, and
three up chirp signals and three down chirp signals, a
total of six-fold, are multiplexed. At this time, all of the
up chirp signals in each wave band of 1 to 2, 2 to 3, and
3 to 4 MHz, and the down chirp signals in each wave
band of 4 to 3, 3 to 2, and 2 to 1 MHz are combined and
transmitted/ received.

[0032] In this case, an up chirp signal compressed
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waveform is made by combining together the three
waveforms resulting from taking cross-correlations be-
tween the reception signal and the 1 to 2 MHz up chirp
signal, the reception signal and 2 to 3 MHz up chirp sig-
nal, and the reception signal and 3 to 4 MHz up chirp
signal and then compressing each of them. For a down
chirp signal, three compressed waveforms are also sim-
ilarly combined together.

[0033] This holds the following advantages.

1. The entire spectrum can be utilized.

2. Acoustic feature effects of the organism speci-

men frequency dependence do not differ between

the up chirp and the down chirp signal
[0034] However, the following disadvantage exists.
1. Since the multiplexed chirp signal is a periodic
function along the frequency axis, the compressed
signal has discrete values and finding of peak posi-
tion is difficult (This resembles a discrete spectrum
resulting from subjecting the periodic function to
Fourier expansion).

B. A case where the up chirp and the down chirp signal
are respectively in separate wave bands

[0035] The up chirp and the down chirp signal are mul-
tiplexed in separate wave bands. For example, assume
that a probe covering frequencies of 1 to 4 MHz can per-
form transmission/ reception, and three up chirp signals
and three down chirp signals, a total of six-fold, are mul-
tiplexed. At this time, all of the up chirp signals of 1 to
1.5,1.51t0 2, and 2 to 2.5 MHz, and the down chirp sig-
nals of 4 to 3.5, 3.5t0 3, and 3 to 2.5 MHz are combined
together and transmitted/ received.

[0036] In this case, returning to the pre-multiplexing
chirp signals by filtering the multiplexed complementary
chirp signals, they are then linked together along the
time axis, cross-correlation with the originally provided
chirp signal is taken and then compressed. For exam-
ple, up chirp signals of 1to 1.5, 1.5t0 2, and 2 to 2.5
MHz are separated from one another through a filter,
which are then linked together; producinga 1 t0 2.5 MHz
up chirp signal. Cross-correlation with the pre-prepared
1 to 2.5 MHz up chirp signal is taken and then com-
pressed. The down chirp signal is similarly processed.
Dividing the spectrum is necessary in order to allow for
separation of the up chirp and the down chirp signal
through a filter (namely, separate into six chirps).
[0037] This holds the following advantage.

1. Since they do not make a periodic function along
the frequency axis regardless of being multiplexed,
the compressed signal is successive and the peak
position is easily found.

[0038] However, the following disadvantages also ex-
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ist.

1. The spectrum that the respective up chirp and
down chirp signals can utilize becomes half.

2. Since acoustic feature effects of the organism
specimen frequency dependence differ between up
chirp signals and down chirp signals, Doppler shift
measurement may be effected.

[ULTRASOUND TOMOGRAPHIC APPARATUS]

[0039] Combining two or more spectra together and
then transmitting/ receiving chirp signals may also be
utilized in ultrasound tomographic apparatus, which are
used for diagnosis of the abdomen and the like, apart
from the above Doppler shift measurement. When using
a single probe (single used with many ultrasound tom-
ographic apparatus), since the time span of the chirp
signal is longer than that of an impulse signal, which is
a general pulse echo method transmission wave, re-
ceiving reception signals during transmission is not pos-
sible. Thus, by providing a delay transmission path in
accordance with the chirp signal time span, the reflected
reception waves are kept from reaching the probe until
all transmission chirp signals have been transmitted.
Due to delay resulting from inserting this transmission
path, repetition time becomes longer, becoming a re-
striction against raising the frame rate,

[0040] Configuration of an ultrasound tomographic
apparatus 200 that uses a multiplexed chirp signal is il-
lustrated in FIG. 9. In FIG. 9, a multiplexed chirp signal
generator 210, which generates multiplexed chirp sig-
nals for transmission, generates a multiplexed chirp sig-
nal by combining, for example, a plurality of chirp sig-
nals; specifically, that multiplexed chirp signal is gener-
ated by a synthesizer 214 synthesizing a plurality of
down chirp signals that come from down chirp genera-
tors 212 and 213, which are divided for each frequency
spectrum to generate down chirp signals. Here, down
chirp signals are used as the multiplexed chirp signal,
however up chirp signals may also be multiplexed
[0041] An ultrasound wave is generated by a probe
220 with the multiplexed chirp signal from this multi-
plexed chirp signal generator 210. This ultrasound wave
is transmitted to a measurement subject 230 via a trans-
mission path 223 such as a quartz rod, for example.
While the multiplexed chirp signal is being transmitted,
the connection to the reception side is disconnected with
a switch 225. When transmission of the multiplexed
chirp signal is completed, the switch 225 is changed
over, the connection with the transmission side is dis-
connected, and the probe 220 is connected to the re-
ception side. The reflected wave from the measurement
subjectis received by the probe 220 via the transmission
path 223. The probe 220 and transmission 223 move as
a single unit in order to scan the measurement subject,
allowing a general controller (not shown in the drawing)
to detect that movement.
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[0042] The signal received by the probe 220 is then
compressed by a compressed signal generator 240 into
a compressed signal. In the compressed signal gener-
ator 240, down chirp generators 242 and 243 generate
the same down chirp signals as those from the multi-
plexed chirp signal generator 210; and compressed sig-
nals corresponding to the respective down chirp signals
are generated by taking correlation between these down
chirp signals and the respective received signals and
then synthesized by a synthesizer 244.

[0043] A tomogram is produced using this signal. To
this end, for example, a two-dimensional location of the
signal is determined utilizing the scanning movement of
the transmission path 223 and probe 220 and the tom-
ographic distance calculated based on the reception
time of the reception signal. The signal is analog to dig-
ital converted to a gray scale pixel value for that deter-
mined signal location, providing a two-dimensional dig-
ital image. The obtained image may be displayed
through a display device 270. Printing out this image
from a printer is also possible.

[0044] With such ultrasound tomographic apparatus,
since the time span is less than half even in the same
chirp signal wave band by using a multiplexed-chirp sig-
nal, there are advantages allowing reduction of trans-
mission path distance to less than half as well as easily
raising the frame rate.

Industrial Applicability
[0045]

(1) By taking the cross-correlation between the
compressed signals of the received up chirp signals
and the compressed signals of the down chirp sig-
nals using complementary chirp signals, the Dop-
pler shift may be determined from the cross-corre-
lation distance.

(2) Having a Doppler shift sensitivity, twice if double-
fold and triple if triple-fold, with the same spectrum
and same pulse width is possible.

(3) When implementing the multiplexed chirp/ pulse
compression method to the ultrasound tomographic
apparatus, the transmission path may be shortened
and the frame rate may be heightened.

Claims

1. An ultrasound measurement apparatus, compris-
ing:

a multiplexed chirp signal generator, which
generates a multiplexed chirp signal through
synthesizing chirp signals that are divided into
a plurality of frequency wave bands;

a probe, which transmits an ultrasound wave of
the multiplexed chirp signal and receives a re-
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flected wave from a measurement subject; and
a compressed signal generator, which provides
a compressed signal of the received signals
from the probe by taking correlation between
the received signals and the chirp signals that
are divided into a plurality of frequency wave
bands so as to obtain a plurality of compressed
signals and then synthesizing the plurality of
compressed signals.

The ultrasound measurement apparatus according
to claim 1, wherein

the multiplexed chirp signal generator gener-
ates a complementary multiplexed chirp signal
through synthesizing down chirp signals and up
chirp signals that are divided into a plurality of fre-
quency wave bands; and

the compressed signal generator provides
compressed signals of a plurality of down chirp sig-
nals and up chirp signals by taking the correlation
between the received signal from the probe and the
down chirp and the up chirp signals that are divided
into a plurality of frequency wave bands so as to
obtain compressed signals of the down chirp and
the up chirp signals through respectively synthesiz-
ing the compressed signals of the down chirp sig-
nals and the compressed signals of the up chirp sig-
nals,

further comprising:

a cross-correlator, which takes cross-correla-
tion using the compressed signals of the down
chirp and the up chirp signals from the com-
pressed signal generator;

wherein Doppler measurement is performed
based on the correlation distance of the cross-cor-
relation.

The ultrasound measurement apparatus according
to claim 1, wherein

the multiplexed chirp signal generator gener-
ates a multiplexed chirp signal by synthesizing
down chirp signals or up chirp signals that are di-
vided into a plurality of frequency wave bands; and

the compressed signal generator generates a
compressed signal by taking the correlation be-
tween the received signal from the probe and down
chirp signals or up chirp signals that are divided into
a plurality of frequency wave bands so as to obtain
a plurality of compressed signals and then synthe-
sizing the plurality of compressed signals;

further comprising:

a transmission path between the probe and
measurement subject;

a scanning unit, which scans the measurement
subject using the transmission path and the
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probe;

an image processing unit, which provides a to-
mogram by processing the compressed sig-
nals; and

adisplay device, which displays the tomogram.
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FIG. 6
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FIG. 7
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FIG. 8
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FIG. 9
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