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7) ABSTRACT

According to one embodiment, an ultrasonic probe has a
laminated structure of an acoustic matching layer, transducer
layer with arrayed transducers, and backing layer. A trans-
mission/reception unit transmits and receives ultrasonic
waves to and from an object via the transducers. A control unit
controls the transmission/reception unit to synchronize ultra-
sonic-wave generation by a specific transducer of the trans-
ducers with ultrasonic-wave reception by a different trans-
ducer. A phase shift detection unit detects a phase shift
between an output signal from the transmission/reception
unit and a reference signal, the output signal corresponding to
synchronization between the ultrasonic-wave generation and
the ultrasonic-wave reception.
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ULTRASONIC DIAGNOSTIC APPARATUS,
PHASE SHIFT TRANSMISSION/RECEPTION
CONTROL METHOD, AND ULTRASONIC
PROBE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2012-
011423, filed Jan. 23, 2012, the entire contents of which are
incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to
an ultrasonic diagnostic apparatus, a phase shift transmission/
reception control method, and an ultrasonic probe.

BACKGROUND

[0003] Conventionally, an ultrasonic diagnostic apparatus
can scan the interior of an object with ultrasonic waves and
visualize the internal state of the object based onthe reception
signal generated from reflected waves from inside the object.
More specifically, the ultrasonic diagnostic apparatus trans-
mits ultrasonic waves into the object via the ultrasonic probe.
The ultrasonic diagnostic apparatus generates a reception
signal by receiving, via the ultrasonic probe, reflected waves
from inside the object which are generated by acoustic
impedance mismatching inside the object. The ultrasonic
diagnostic apparatus visualizes the internal state of the object
based on the reception signal.

[0004] Conventionally, as shown in FIGS. 11 and 12, an
ultrasonic probe includes a plurality of transducers which are
arranged in an array form and generate ultrasonic waves, a
plurality of acoustic matching layers which alleviate the
acoustic impedance mismatching between the transducers
and an object from the transducers to the object contact sur-
face side, and an acoustic lens which focus ultrasonic waves.
The ultrasonic probe also includes an FPC (Flexible Printed
Circuit) for signal extraction and a backing material, which
are provided on the transducer rear surface side. Each of the
plurality of transducers vibrates to generate ultrasonic waves
based on a transmission signal from the ultrasonic diagnostic
apparatus.

[0005] The temperature of a portion of the ultrasonic probe
which comes into contact with an object (to be referred to as
an object contact portion hereinafter) generally rises as each
transducer is driven. In general, proper driving conditions are
set for the ultrasonic diagnostic apparatus. If, however, the
apparatus keeps generating heat in an unexpected way due to
some kind of abnormality, a burn injury or the like may be
inflicted on the object.

[0006] Under the circumstances, several techniques have
been proposed from the viewpoint of an improvement in
product safety as follows. As shown in FIG. 13, there has been
provided a technique of detecting the temperature of an object
contact portion at the time of driving of ultrasonic waves by
disposing a temperature sensor such as a thermistor in the
ultrasonic probe. At this time, a temperature sensor such as a
thermistor influences the propagation of ultrasonic waves,
and hence is disposed in a backing material. In this case, the
ultrasonic diagnostic apparatus can detect abnormal heat gen-
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eration and stop driving the transducers by monitoring the
temperature of the backing material using the signals output
from the thermistor.

[0007] Itishowever necessary to extract asignal line for the
thermistor from inside the ultrasonic probe separately from
an ultrasonic signal line. The extraction of a signal line of the
thermistor complicates the manufacture of an ultrasonic
probe, and hence increases the manufacturing cost. In addi-
tion, the temperature monitored by signals from the ther-
mistor is the temperature of the backing material but is notthe
temperature of the object contact portion. That is, the above
technique does not directly monitor the temperature of the
object contact portion in terms of temporal and spatial detec-
tion accuracy, and is an indirect temperature monitoring sys-
tem.

[0008] There has also been proposed a technique of identi-
fying the unused state of an ultrasonic probe by disposing a
pressure sensor outside the ultrasonic probe. The main pur-
pose of this technique is to prevent a deterioration in the
quality of a product by stopping driving the ultrasonic probe
during an unused period. The technique can also contribute to
an improvement in product safety by reducing unnecessary
heat generation.

[0009] Itishowever necessary to extracta signal line of the
pressure sensor separately from an ultrasonic signal line. This
poses the same problem as that in the prior art. In addition,
this technique cannot cope with heat generation abnormality
caused during the use of the ultrasonic probe.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 11isablock diagram showing the arrangement
of an ultrasonic diagnostic apparatus according to this
embodiment.

[0011] FIG. 2 is a graph showing an example of a power
spectrum showing a transmission center frequency and a fre-
quency band concerning image data, together with a fre-
quency used for the detection of a phase shift, according to
this embodiment.

[0012] FIG. 3 is a schematic view showing an example of
an outline of a transverse wave of ultrasonic waves which
propagates in an acoustic matching layer according to this
embodiment.

[0013] FIG. 4isa view showing an example ofa calculation
model for an ultrasonic probe used for FEM according to this
embodiment.

[0014] FIG. 5 is a graph showing the simulation result
obtained by using the calculation model in FIG. 4, and show-
ing an output signal (80° C.) at the time of transmission of five
waves of ultrasonic waves having a frequency of 500 kHz,
together with a reference signal (25° C.), according to this
embodiment.

[0015] FIG. 6 is a graph showing a simulation result to be
compared with that in FIG. 5, and showing an output signal
(80° C.) at the time of transmission of five waves of ultrasonic
waves having a frequency of’3 MHz, together with a reference
signal (25° C.) according to this embodiment.

[0016] FIG. 7isaflowchart showing a procedure for detect-
ing a phase shift of an output signal relative to a reference
signal and stopping the transmission of ultrasonic waves to an
object if the detected phase shift is equal to or more than a
predetermined threshold according to this embodiment.
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[0017] FIG. 8 is a view showing an example of a specific
transducer and reception transducer at the opening of an
ultrasonic probe according to a modification of this embodi-
ment.

[0018] FIG. 9is a graph showing a simulation result to be
compared with that in FIG. 5, and showing an output signal
(80° C.)at the time of transmission of five waves of ultrasonic
waves having a frequency of 100 kHz, together with a refer-
ence signal (25° C.) according to the modification of this
embodiment.

[0019] FIG. 10 s a graph showing a simulation result to be
compared with that in FIG. 5, and showing an output signal
(80° C.)at the time of transmission of five waves of ultrasonic
waves having a frequency of 10 MHz, together with a refer-
ence signal (25° C.) according to the modification of this
embodiment.

[0020] FIG. 11 is a sectional view of a conventional ultra-
sonic probe in the lens direction.

[0021] FIG.12is asectional view of the conventional ultra-
sonic probe in the array direction.

[0022] FIG. 13 is a sectional view of a conventional ultra-
sonic probe having a thermistor in the array direction.

DETAILED DESCRIPTION

[0023] In general, according to one embodiment, an ultra-
sonic diagnostic apparatus includes an ultrasonic probe, a
transmission/reception unit, an image generation unit, a con-
trolunit, and a phase shift detection unit. The ultrasonic probe
has a laminated structure including an acoustic matching
layer, a transducer layer having a plurality of arrayed trans-
ducers, and a backing layer. The transmission/reception unit
is configured to transmit and receive ultrasonic waves to and
from an object via the transducers. The image generation unit
is configured to generate image data based on an output from
the transmission/reception unit. The control unit is configured
to control the transmission/reception unit to synchronize gen-
eration of ultrasonic waves by a specific transducer out of the
plurality of transducers, with reception of ultrasonic waves by
a transducer different from the specific transducer. The phase
shift detection unit is configured to detect a phase shift of an
output signal from the transmission/reception unit to refer-
ence signal, the output signal corresponding to synchroniza-
tion between the generation of ultrasonic waves and the
reception of ultrasonic waves.

[0024] An ultrasonic diagnostic apparatus according to this
embodiment will be described below with reference to the
accompanying drawing. Note that the same reference numer-
als denote constituent elements having almost the same
arrangements in the following description, and a repetitive
description will be made only when required.

[0025] FIG.1is ablock diagram showing the arrangement
of an ultrasonic diagnostic apparatus 1 according to this
embodiment. As shown in FIG. 1, the ultrasonic diagnostic
apparatus 1 includes an ultrasonic probe 11, an apparatus
main body 12, an input device 13 connected to the apparatus
main body 12 to input various instructions, commands, and
information from the operator to the apparatus main body 12,
and a monitor 14. In addition, a biological signal measure-
ment unit (not shown) typified by an electrocardiograph,
phonocardiograph, sphygmograph, or respiration sensor and
a network may be connected to the ultrasonic diagnostic
apparatus 1 via an interface unit 37.

[0026] The ultrasonic probe 11 includes a transducer layer
having a plurality of transducers, a plurality of acoustic
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matching layers, and a backing material provided on the rear
surface side of the transducer layer. The plurality of transduc-
ers are reversible acoustic/electric conversion elements such
as piezoelectric ceramic elements. The plurality of transduc-
ers are juxtaposed and mounted on the distal end of the
ultrasonic probe 11. The plurality of acoustic matching layers
are stacked in front of the transducer layer. For the sake of
simplicity, assume that there are three types of acoustic
matching layers. More specifically, the first acoustic match-
ing layer is stacked on the ultrasonic emitting surface side (to
be referred to as an emitting surface side hereinafter) of the
transducer layer. The second acoustic matching layer is
stacked on the emitting surface side of the first acoustic
matching layer. The third acoustic matching layer is stacked
on the emitting surface side of the second acoustic matching
layer. Note that at least one of the plurality of acoustic match-
ing layers is not segmented for the plurality of transducers.
Forexample, the first and second acoustic matching layers are
segmented in accordance with the plurality of transducers on
the transducer layer. The third acoustic matching layer has a
non-segmented structure for the plurality of transducers on
the transducer layer.

[0027] If the plurality of transducers are arrayed one-di-
mensionally (to be referred to as one-dimensional array trans-
ducers hereinafter), an acoustic lens is disposed on the emit-
ting surface side of the third acoustic matching layer. If the
plurality of transducers are arrayed two-dimensionally (to be
referred to as two-dimensional array transducers hereinafter),
no acoustic lens is required. A common electrode is disposed
between the piezoelectric transducers and the acoustic lens.
[0028] The backing material prevents ultrasonic waves
from propagating backward from the transducers. An FPC
(Flexible Printed Circuit) having a plurality of individual
electrodes respectively corresponding to a plurality of trans-
ducers is disposed between the transducer layer and the back-
ing material. The FPC is connected to the transmission/recep-
tion unit (to be described later) of the apparatus main body 12
via a cable from the ultrasonic probe 11. Assume that in the
following description, one transducer forms one channel.
[0029] Each of the plurality of transducers generates an
ultrasonic wave in response to a driving signal supplied from
the pulser of a transmission/reception unit 20 (to be described
later). When the ultrasonic probe 11 transmits an ultrasonic
wave to an object P, the transmitted ultrasonic wave (to be
referred to as the transmission ultrasonic wave hereinafter) is
sequentially reflected by a discontinuity surface of acoustic
impedance of living tissue in the object. Each transducer
receives the reflected ultrasonic waves and generates an echo
signal. The amplitude of this echo signal depends on an
acoustic impedance difference on the discontinuity surface,
as a boundary, by which the echo signal is reflected. The
frequency of the echo signal produced when a transmission
ultrasonic wave is reflected by a moving blood flow, the
surface of the cardiac wall, or the like is subjected to a fre-
quency shift depending on the velocity component of the
moving body (the blood flow and the surface of the cardiac
wall) in the ultrasonic transmission direction due to the Dop-
pler effect.

[0030] The ultrasonic probe 11 will be described below as
a probe designed to perform two-dimensional scanning with
a one-dimensional array. Note that the ultrasonic probe 11
may be a mechanical four-dimensional probe which executes
three-dimensional scanning by swinging a one-dimensional
array in a direction perpendicular to the array direction of a
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plurality of transducers. In addition, the ultrasonic probe 11 is
not limited to a mechanical four-dimensional probe, and it is
possible to use a two-dimensional array probe having two-
dimensional array transducers.

[0031] The apparatus main body 12 includes the transmis-
sion/reception unit 20, an HPF (High Pass Filter) 23, an LPF
(Low Pass Filter) 25, a phase shift detection unit 27, a tem-
perature estimation unit 29, an image generation unit 31, an
image combining unit 33, a storage unit 35, the interface unit
37, and a CPU (Central Processing Unit) 39.

[0032] The transmission/reception unit 20 includes a rate
pulse generator 21A, a transmission delay circuit 21B, a
pulser circuit 21C corresponding to each of a plurality of
channels, a preamplifier 22A, an A/D (Analog to Digital)
converter (not shown), a reception delay circuit 22B, and an
adder 22C. The transmission/reception unit 20 supplies a
driving signal to each of the plurality of transducers of the
ultrasonic probe 11 under the control of the CPU 39.

[0033] The rate pulse generator 21A repeatedly generates
rate pulses for the formation of transmission ultrasonic waves
at a predetermined rate frequency fr Hz (period: 1/fr sec). The
generated rate pulses are distributed in number corresponding
to a channel count and sent to the transmission delay circuit
21B. The transmission delay circuit 21B gives each rate pulse
a delay time (to be referred to as a transmission delay time
hereinafter) necessary to focus a transmission ultrasonic
wave into a beam and determine transmission directivity for
each of the plurality of channels. The storage unit 35 (to be
described later) stores the transmission direction or transmis-
sion delay time of transmission ultrasonic waves (to be
referred to as a transmission delay pattern hereinafter). The
CPU 39 (to be described later) refers to the transmission delay
pattern stored inthe storage unit 35 at the time of transmission
of ultrasonic waves. The pulser circuit 21C applies a voltage
pulse (driving signal) to each of the plurality of transducers of
the ultrasonic probe 11 at the timing based on this rate pulse.
With this operation, an ultrasonic beam is transmitted to the
object.

[0034] The preamplifier 22A amplifies an echo signal
received from the object P via the ultrasonic probe 11 for each
channel. The A/D converter converts each amplified echo
signal into a digital signal. The reception delay circuit 22B
gives the echo signals converted into digital signals delay
times (to be referred to as reception delay times hereinafter)
required to determine reception directivity. The storage unit
35 (to be described later) stores the reception direction or
reception delay time of an echo signal (to be referred to as a
reception delay pattern hereinafter). The CPU 39 (to be
described later) refers to the reception delay pattern stored in
the storage unit 35 at the time of reception of ultrasonic
waves.

[0035] Theadder22C adds aplurality of echo signals given
the delay times. With this addition, the transmission/recep-
tion unit 20 generates a reception signal (to be also referred to
as an RF (radiofrequency) signal) with a reflection compo-
nent from a direction corresponding to the reception directiv-
ity being enhanced. The transmission directivity and the
reception directivity determine the comprehensive directivity
of ultrasonic transmission/reception. This comprehensive
directivity determines an ultrasonic beam (so-called “ultra-
sonic scanning line”). Note that a digital beam former may be
used in place of the preamplifier 22A, the A/D converter, and
the reception delay circuit 22B.
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[0036] The transmission/reception unit 20 synchronizes
the generation of ultrasonic waves by a specific transducer of
the plurality of transducers with the reception of ultrasonic
waves by a transducer (to be referred to as a reception trans-
ducer hereinafter) different from the specific transducer
under the control of the CPU 39 (to be described later). The
transmission/reception unit 20 synchronizes the generation
of ultrasonic waves and the reception of ultrasonic waves
every time, for example, ascan range is scanned. Note that the
transmission/reception unit 20 may synchronize the genera-
tion of ultrasonic waves and the reception of ultrasonic waves
for each ultrasonic transmission/reception corresponding to
one scanning line in the scan range. Note that a reception
transducer may be a transducer adjacent to a specific trans-
ducer (to be referred to as an adjacent element hereinafter).
[0037] The transmission/reception unit 20 may synchro-
nize the generation of ultrasonic waves and the reception of
ultrasonic waves for two transducers spaced from each other
by a predetermined interval (to be referred to as a transducer
pair hereinafter). At this time, the predetermined interval is
decided based on the attenuation amount of transverse waves
of ultrasonic waves propagating in the third acoustic match-
ing layer and the arrival time of reflected waves of ultrasonic
waves by the acoustic lens surface at a transducer for reflected
waves of acoustic waves on the acoustic lens surface. The
predetermined interval is, for example, a distance corre-
sponding to one to two transducers. Note that this apparatus
may include a plurality of transducer pairs. At this time, the
temperature estimation unit 29 (to be described later) can
estimate the temperature distribution of the third acoustic
matching layer. The apparatus may include one specific trans-
ducer or a plurality of reception transducers. In addition, a
reception transducer can be set at an arbitrary position at the
opening.

[0038] The transmission/reception unit 20 applies, to a spe-
cific transducer, a voltage which has a frequency that does not
influence an ultrasonic image (to be described above) and is
used to generate ultrasonic waves having a frequency close to
the resonance frequency (natural frequency) of transverse
waves of the third acoustic matching layer. The ultrasonic
waves generated by a specific transducer after scanning on the
scan range with ultrasonic waves has a wave number that
tends to make ultrasonic waves from the third acoustic match-
ing layer propagate as transverse waves, an PRF (Pulse Rep-
etition Frequency), and the above frequency.

[0039] The transmission/reception unit 20 receives trans-
verse waves of ultrasonic waves propagating in the third
acoustic matching layer via a reception transducer in syn-
chronism with the generation of ultrasonic waves by a spe-
cific transducer under the control of the CPU 39 (to be
described later). More specifically, the non-segmented acous-
tic matching layer converts the ultrasonic waves generated by
the specific transducer into transverse waves. The transverse
waves propagate in the non-segmented acoustic matching
layer in a direction (to be referred to as an orthogonal direc-
tion hereinafter) perpendicular to the radiation direction of
ultrasonic waves (to be referred to as an acoustic radiation
direction hereinafter). The transverse waves propagating in
the non-segmented acoustic matching layer reach the recep-
tion transducer. The transmission/reception unit 20 outputs an
output signal from the reception transducer to the LPF 25 (to
be described later).

[0040] FIG. 2 is a graph concerning a frequency spectrum,
which shows a transmission frequency of 3 MHz and the
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frequency band of 1 MHz to 5 MHz which is used for imag-
ing, together with a frequency concerning an output signal
concerning the detection of a phase shift (to be described
later). The transmission frequency of ultrasonic waves con-
cerning imaging will be referred to as an imaging transmis-
sion frequency hereinafter.

[0041] The HPF 23 is a digital filter which passes high-
frequency components (in the frequency band of 1| MHz to 5
MHz in FIG. 2), out of the reception signal output from the
transmission/reception unit 20, which concern imaging. The
reception signal passing through the HPF 23 is output to the
image generation unit 31 (to be described later). Note that the
HPF 23 cuts off the output signal output from the transmis-
sion/reception unit 20 which corresponds to the synchroniza-
tion between the generation of ultrasonic waves and the
reception of ultrasonic waves.

[0042] The LPF 25 is a digital filter which passes low-
frequency components (in the frequency band of 1 MHz or
less in FIG. 2), out of the reception signal output from the
transmission/reception unit 20, which concern the detection
of a phase shift (to be described later). More specifically, the
LPF 25 passes the output signal from the transmission/recep-
tion unit 20 which corresponds to the synchronization
between the generation of ultrasonic waves and the reception
of ultrasonic waves. The output signal from the transmission/
reception unit 20 which corresponds to the synchronization
between the generation of ultrasonic waves and the reception
of ultrasonic waves is the signal output from the reception
transducer (to be referred to as a transverse wave reception
signal hereinafter) which is output upon reception of the
transverse waves of the ultrasonic waves which have propa-
gated in the acoustic matching layer. The LPF 25 cuts off a
reception signal concerning imaging.

[0043] Note that the HPF 23 and the LPF 25 may be filters
designed to switch frequency bands that can pass, in synchro-
nism with the reception of ultrasonic waves for the detection
of a phase shift and the reception of ultrasonic waves for
imaging.

[0044] FIG. 3 is a sectional view of the ultrasonic probe 11
in the array direction, showing an example of a transverse
wave of ultrasonic waves which propagates in the third acous-
tic matching layer. In the process of propagating in the probe,
some of ultrasonic waves are converted into a transverse wave
by the non-segmented acoustic matching layer. The trans-
verse wave propagating in the acoustic radiation direction
also propagates in the direction perpendicular to the acoustic
radiation direction and reaches an adjacent element.

[0045] The phase shift detection unit 27 detects a phase
shift relative to a reference signal for an output signal (trans-
verse wave reception signal) passing through the LPF 25.
More specifically, the phase shift detection unit 27 reads out
the reference signal stored in the storage unit 35 (to be
described later) from the storage unit 35. The phase shift
detection unit 27 detects a phase shift of a transverse wave
reception signal relative to the reference signal. A phase shift
is, for example, the interval (to be referred to as the time
interval hereinafter) between the time corresponding to the
maximum amplitude of the reference signal at a predeter-
mined wave number and the time corresponding to the maxi-
mum amplitude of the transverse wave reception signal at the
same wave number as the predetermined wave number. The
reference signal is, for example, an output signal from the
transmission/reception unit 20 which corresponds to the syn-
chronization between the generation of ultrasonic waves by a
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specific transducer and the reception of ultrasonic waves by a
reception transducer when the temperature of the third acous-
tic matching layer is 25° C. The phase shift detection unit 27
outputs the detected phase shift to the CPU 39 and the tem-
perature estimation unit 29 (both of which will be described
later).

[0046] The phase shift detection unit 27 can detect a plu-
rality of phase shifts respectively corresponding to a plurality
of transducer pairs. The phase shift detection unit 27 outputs
a plurality of phase shifts to the CPU 39 and the temperature
estimation unit 29 (both of which will be described later).
[0047] FIG. 4isaview showing an example ofa calculation
model in computer simulation by an FEM (Finite Element
Method). Assume that a selector array probe with a center
frequency of about 3 MHz is used as a calculation model.
Referring to FIG. 4, reference symbol A denotes a specific
transducer; and B, a reception transducer. FIG. 5 is a view
showing an example of the simulation result obtained by the
FEM using the calculation model in FIG. 4. The transmission
frequency of ultrasonic waves is 500 kHz, and the wave
number is 5. Referring to FIG. 5, the solid line indicates the
waveform of a reference signal when the temperature of the
third acoustic matching layer is 25° C. which is close to that
in a normal use state. Referring to FIG. 5, the dotted line
indicates the waveform of an output signal (transverse wave
reception signal) when the temperature of the third acoustic
matching layer is 80° C., which clearly indicates an abnormal
heat generation state. Since the sound velocity changes
depending on the temperature of a material used for an acous-
tic matching layer, calculations were performed upon speci-
fying of sound velocities at the respective temperatures in this
simulation. The time interval sandwiched between the arrows
in FIG. 5 indicates a phase shift between the time correspond-
ing to the maximum amplitude value of a reference signal and
the time corresponding to the maximum amplitude value ofa
transverse wave reception signal.

[0048] Notethat FIG. 61is a view showing an example of the
simulation result obtained by the FEM using the calculation
model in FIG. 4. The transmission frequency corresponds to
a wave number of 5 at 3 MHz. Referring to FIG. 6, the solid
line indicates the waveform of a reference signal when the
temperature of the third acoustic matching layer is 25° C.
Referring to FIG. 6, the dotted line indicates the waveform of
an output signal (transverse wave reception signal) when the
temperature of the third acoustic matching layer is 80° C. As
shown in FIG. 6, when the transmission frequency is 3 MHz,
no phase shift can be detected.

[0049] The LPF 25 cuts off reception signals having fre-
quencies higher than the minimum frequency of a frequency
band concerning image data in FIG. 2, and passes output
signals having frequencies lower than the minimum fre-
quency of the frequency band in FIG. 2. The HPF 23 passes
reception signals in the frequency band concerning image
data in FIG. 2.

[0050] The temperature estimation unit 29 reads out a cor-
respondence table (to be referred to as matching layer tem-
perature correspondence table hereinafter) of phase shifts
corresponding to the temperatures of the third acoustic
matching layer from the storage unit 35 (to be described
later). The temperature estimation unit 29 estimates the tem-
perature of the third acoustic matching layer based on the
phase shift output from the phase shift detection unit 27 and
the matching layer temperature correspondence table. The
temperature estimation unit 29 outputs the estimated tem-
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perature to the image combining unit 33 (to be described
later). Note that the temperature estimation unit 29 may out-
put the estimated temperature to the CPU 39 and the monitor
14 (both of which will be described later). The temperature
estimation unit 29 can also estimate the temperature distribu-
tion of the third acoustic matching layer based on a plurality
of phase shifts respectively corresponding to a plurality of
transducers and the matching layer temperature correspon-
dence table.

[0051] Inaddition, the temperature estimation unit 29 reads
out a correspondence table (to be referred to as a contact
surface temperature correspondence table hereinafter) of the
temperatures of the contact surface between the ultrasonic
probe 11 and the object in association with the temperatures
of the third acoustic matching layer from the storage unit 35.
The temperature estimation unit 29 estimates the temperature
of the contact surface based on the estimated temperature of
the third acoustic matching layer and the contact surface
temperature correspondence table. The temperature estima-
tion unit 29 outputs the estimated temperature of the contact
surface to the image combining unit 33 (to be described later).
Note that the temperature estimation unit 29 can estimate the
temperature distribution of the contact surface based on the
temperature distribution of the third acoustic matching layer
and the matching layer temperature correspondence table.
The temperature estimation unit 29 outputs the estimated
temperature distribution to the image combining unit 33 (to
be described later).

[0052] The image generation unit 31 includes a B-mode
processing unit, Doppler processing unit, and image genera-
tion unit (none of which are shown). The image generation
unit 31 generates an ultrasonic image. Ultrasonic images
include B-mode images and Doppler images (which will be
described later).

[0053] The B-mode processing unit includes an envelope
detector and a logarithmic converter (neither of which is
shown). The envelope detector performs envelope detection
of the reception signal output from the HPF 23. The envelope
detector outputs the envelope-detected signal to the logarith-
mic converter (to be described later). The logarithmic con-
verter relatively enhances a weak signal by logarithmically
converting the envelope-detected signal. The B-mode pro-
cessing unit generates a signal value (B-mode data) for each
depth on each scanning line or in each ultrasonic transmis-
sion/reception based on the signal enhanced by the logarith-
mic converter.

[0054] TheB-mode processing unit generates three-dimen-
sional B-mode data having a plurality of signal values respec-
tively arranged in the azimuth direction, elevation direction,
and depth direction (to be referred to as the range direction
hereinafter) in a scanned region. The range direction is the
depth direction on a scanning line. The azimuth direction is,
for example, an electronic scanning direction along the array
direction of one-dimensional ultrasonic transducers. The
elevation direction is the mechanical swinging direction of
the one-dimensional ultrasonic transducers.

[0055] Note that three-dimensional B-mode data may be
data obtained by arranging a plurality of pixel values, a plu-
rality of luminance values, or the like in the azimuth direction,
elevation direction, and range direction, respectively, along
scanning lines. In addition, three-dimensional B-mode data
may be data concerning an ROI (Region Of Interest) set in
advance in a scanned region. The B-mode processing unit
may generate volume data instead of three-dimensional
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B-mode data. The date generated by the B-mode processing
unit will be collectively referred to as B-mode data.

[0056] The Doppler processing unit includes a mixer, low
pass filter, and velocity/variance/power computation device
(none of which are shown). The mixer multiplies the recep-
tion signal output from the HPF 23 by a reference signal
having a frequency f, equal to the transmission frequency.
This multiplication obtains a signal having a component with
a Doppler shift frequency f, and a signal having a frequency
component of (2f,+f,). The low pass filter removes a signal of
a high-frequency component (2f,+f;) from a signal having
two types of frequency components from the mixer. Remov-
ing the signal of the high-frequency component (2f,+f,) will
generate a Doppler signal having the component with the
Doppler shift frequency f.

[0057] Note that the Doppler processing unit may use a
quadrature detection scheme to generate Doppler signals. In
this case, the Doppler processing unit performs quadrature
detection to convert a reception signal (RF signal) into 1Q
signals. A Doppler processing unit 142 generates a Doppler
signal having the Doppler shift frequency f; by performing
complex Fourier transform on the IQ signals. Doppler signals
are, for example, echo components due to a blood flow, tissue,
and contrast medium.

[0058] The velocity/variance/power computation device
includes an MTI (Moving Target Indicator) filter and an auto-
correlation computation unit (neither of which is shown). The
MTI filter removes a Doppler component (a clutter compo-
nent) due to the respiratory movement or pulsatory movement
of an organ or the like from a generated Doppler signal. The
autocorrelation computation unit calculates the autocorrela-
tion value of the Doppler signal obtained by extracting only
blood flow information using the MTT filter. The autocorre-
lation computation unit calculates the average flow velocity
value, a variance, the reflection intensity of the Doppler sig-
nal, and the like on the basis of the calculated autocorrelation
value. The velocity/variance/power computation device gen-
erates color Doppler data from the average velocity value, the
variance, the reflection intensity of the Doppler signal, and
the like based on a plurality of Doppler signals. Doppler
signals and color Doppler data will be collectively referred to
as Doppler data hereinafter.

[0059] In addition, Doppler data and B-mode data will be
collectively referred to as raw data. Note that raw data of an
echo signal may be B-mode data based on harmonic compo-
nents of transmission ultrasonic waves and elastic data con-
cerning living tissue in the object. The B-mode processing
unit and the Doppler processing unit output the generated raw
data to the image generation unit. Note that B-mode process-
ing unit and the Doppler processing unit can also output the
generated raw data to a cine memory (not shown).

[0060] The image generation unit includes a DSC (Digital
Scan Converter) (not shown). The image generation unit
executes coordinate conversion processing (resampling) for
the DSC. Coordinate conversion processing is to convert, for
example, ascanning line signal string for ultrasonic scanning,
which is formed from raw data, into a scanning line signal
string in a general video format typified by a TV format. The
image generation unit executes interpolation processing fol-
lowing coordinate conversion processing for the DSC. Inter-
polation processing is to interpolate data between scanning
line signal strings by using raw data in the adjacent scanning
line signal strings.
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[0061] The image generation unit generates an ultrasonic
image as a display image by executing coordinate conversion
processing and interpolation processing for raw data. Note
that the image generation unit may include an image memory
storing data (to be referred to as image data hereinafter)
corresponding to the generated ultrasonic image. The image
generation unit outputs the raw data obtained by executing
coordinate conversion processing and interpolation process-
ing to the image combining unit 33. The ultrasonic image
generated by using B-mode data will be referred to as B-mode
image hereinafter. In addition, an ultrasonic image generated
by using Doppler data will be referred to as a Doppler image.
[0062] A cine memory is a memory which stores ultrasonic
images corresponding to a plurality of frames immediately
before freezing. Continuously displaying (cine displaying)
the images stored in this cine memory can display a moving
ultrasonic image.

[0063] Theimage combining unit 33 combines a generated
ultrasonic image with the character information of various
parameters, scale marks, and the like. The image combining
unit 33 outputs the combined ultrasonic image to the monitor
14. The image combining unit 33 can also combine the tem-
perature (at least one of the temperature of the contact surface
and the temperature of the third acoustic matching layer)
estimated by the temperature estimation unit 29 with an ultra-
sonic image to output the resultant image to the monitor 14 (to
be described later). The image combining unit 33 can also
combine the temperature distribution estimated by the tem-
perature estimation unit 29 with an ultrasonic image to output
the resultant image to the monitor 14 (to be described later).
[0064] The storage unit 35 stores pluralities of reception
delay patterns and transmission delay patterns with different
focus depths, control programs for the vltrasonic diagnostic
apparatus 1, a diagnostic protocol, various data groups such
as transmission/reception conditions, the raw data and ultra-
sonic images generated by the image generation unit 31, and
the like. The storage unit 35 stores a matching layer tempera-
ture correspondence table. The storage unit 35 stores prede-
termined thresholds. A predetermined threshold is, for
example, the value of a phase shift corresponding to the
temperature of the third acoustic matching layer. A predeter-
mined threshold is the value of a phase shift corresponding to
a temperature concerning safety for an object (to be referred
to as a limit temperature). Note that the storage unit 35 may
store predetermined warnings, predetermined warning
sounds, and the like (which will be described later). The
storage unit 35 may also store a limit temperature. The storage
unit 35 may store a contact surface temperature correspon-
dence table.

[0065] The interface unit 37 is an interface concerning the
input unit 13, a network, an external storage device (not
shown), and a biological signal measurement unit (not
shown). Data such as ultrasonic images, analysis results, and
the like obtained by the apparatus main body 12 can be
transferred to other apparatuses via the interface unit 37 and
the network. The interface unit 37 can also download the
medical images concerning the object which are acquired by
other medical image diagnostic apparatuses (not shown) via
the network.

[0066] The CPU 39 reads out a transmission delay pattern,
reception delay pattern, and apparatus control program stored
in the storage unit 35 based on the selection between the B
mode and the Doppler mode, frame rate, scan depth, and
transmission start/end which are input by the operator via the
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input device 13, and controls the apparatus main body 12 and
the ultrasonic probe 11 in accordance with these piece of
information. The CPU 39 controls the transmission/reception
unit 20 to establish synchronization between the generation
of ultrasonic waves by a specific transducer of a plurality of
transducers and the reception of ultrasonic wave by a trans-
ducer different from the specific transducer. The CPU 39
reads out a predetermined threshold stored in the storage unit
35. If a detected phase shift reaches the predetermined thresh-
old, the CPU 39 controls the transmission/reception unit 20 to
decrease a voltage (to be referred to as an application voltage
hereinafter) to be applied to a transducer so as to generate
ultrasonic waves concerning the generation of image data.
[0067] Ifthe phaseshiftdetectionunit 27 outputs a plurality
of phase shifts respectively corresponding to a plurality of
transducer pairs, the CPU 39 may compare the maximum
phase shift among the plurality of phase shifts with a prede-
termined threshold. Alternatively, the CPU 39 may select a
phase shift concerning a reception transducer closest to the
opening center among the plurality of transducer pairs and
compare the selected phase shift with a predetermined thresh-
old.

[0068] Note that when a detected phase shift reaches a
predetermined threshold, the CPU 39 may execute the fol-
lowing control. The CPU 39 controls the transmission/recep-
tion unit 20 to stop applying application voltages to the trans-
ducers. The CPU 39 can also control the monitor 14 to display
a predetermined warning on the monitor. The CPU 39 may
control an audio output unit (not shown) to output a predeter-
mined warning sound from the audio output unit.

[0069] More specifically, when a detected phase shift
reaches a predetermined threshold, the CPU 39 reads out a
predetermined warning stored in the storage unit 35 from the
storage unit 35. The CPU 39 causes the monitor 14 (to be
described later) to display the readout predetermined warn-
ing.

[0070] In addition, when the detected phase shift reaches
the predetermined threshold, the CPU 39 reads out the pre-
determined warning sound stored in the storage unit 35 from
the storage unit 35. The CPU 39 then causes the audio output
unit (to be described later) to output the readout predeter-
mined warning sound.

[0071] Note that the CPU 39 may compare an estimated
temperature with the limit temperature stored in the storage
unit 35. At this time, when the estimated temperature reaches
the limit temperature, the CPU 39 controls the transmission/
reception unit 20 to decrease a voltage (to be referred to as an
application voltage hereinafter) to be applied to a transducer
or to stop applying an application voltage to the transducer.
[0072] Theinputdevice 13 is connected to the interface unit
37 and inputs various instructions, commands, information,
selections, and settings from the operator to the apparatus
main body 12. The input device 13 includes input devices
such as a trackball, switch buttons, mouse, and keyboard
(none of which are shown). The input device detects the
coordinates of a cursor displayed on the display screen, and
outputs the detected coordinates to the CPU 39. Note that the
input device may be a touch command screen provided to
cover the display screen. In this case, the input device 13
detects a touched and designated coordinates by a coordinate
reading principle such as an electromagnetic induction
scheme, magnetostriction scheme, or a pressure-sensitive
scheme, and outputs the detected coordinates to the CPU 39.
When, for example, the operator operates the end button or
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freeze button of the input device 13, the ultrasonic transmis-
sion/reception is terminated, and the apparatus main body 12
is set in a pause state.

[0073] Theoutput unit (not shown) includes the monitor 14
(to be described later) and the audio output unit (not shown).
The monitor 14 displays a predetermined warning under the
control of the CPU 39, when a detected phase shift reaches the
predetermined threshold. The audio output unit (not shown)
outputs a predetermined warning sound under the control of
the CPU 39, when a detected phase shift reaches the prede-
termined threshold.

[0074] Themonitor 14 displays ultrasonic images such as a
B-mode image and a Doppler image based on outputs from
the image combining unit 33. Note that the monitor 14 may
execute adjustments concerning brightness, contrast,
dynamic range, y correction, and the like and color mapping.
Note that the monitor 14 can display at least one of the
temperature of the contract surface and the temperature of the
third acoustic matching layer. The monitor 14 can display the
temperature distribution of the third acoustic matching layer
or the temperature distribution of the contact surface.

(Phase Shift Transmission/Reception Control Function)

[0075] The phase shift transmission/reception control
function is a function of controlling the transmission/recep-
tion of ultrasonic waves based on a detected phase shift and a
predetermined threshold. Processing concerning the phase
shift transmission/reception control function (to be referred
to as phase shift transmission/reception control processing
hereinafter) will be described below.

[0076] FIG. 7 is a flowchart showing a procedure for the
phase shift transmission/reception control processing.
[0077] The apparatus transmits ultrasonic waves to an
object and generates a B-mode image (step Sal). A specific
transducer generates ultrasonic waves (step Sa2). The appa-
ratus generates a transverse wave reception signal via a recep-
tion transducer in synchronism with the generation of ultra-
sonic waves by a specific transducer (step Sa3). The apparatus
detects a phase shift of the transverse wave reception signal
relative to the reference signal (step Sad). If the detected
phase shift is less than a predetermined threshold, the appa-
ratus repeats the processing from step Sal to step Sad (step
Sa5). If the detected phase shift is equal to or more than the
predetermined threshold. the apparatus stops transmitting
ultrasonic waves to the object (step Sa6).

[0078] If the detected phase shift is equal to or more than
the predetermined threshold, the apparatus may output at
least one of a predetermined warning and a predetermined
warning sound from the output unit. More specifically, if the
detected phase shift is equal to or more than the predeter-
mined threshold, the apparatus may execute at least one of the
following operations: displaying a predetermined warning on
the monitor 14 and outputting a predetermined warning
sound from the audio output unit.

[0079] Note that the apparatus estimates the temperature of
an acoustic matching layer by using a detected phase shift and
can stop transmitting ultrasonic waves to the object based on
the estimated temperature and the limit temperature. The
storage unit 35 stores the data of the limit temperature. More
specifically, the apparatus estimates the temperature of the
third acoustic matching layer based on the phase shift and the
correspondence table. The apparatus compares the estimated
temperature with the limit temperature read out from the
storage unit. In this case, if the estimated temperature is less
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than the limit temperature, the apparatus repeats the process-
ing from step Sal to step Sa4. If the estimated temperature is
equal to or more than the limit temperature, the apparatus
stops transmitting ultrasonic waves to the object.

(Modification)

[0080] This modification differs from the embodiment in
that it includes a transducer (to be referred to as the first
transducer hereinafter) which generates ultrasonic waves
having a transmission center frequency (to be referred to as a
phase shift detection frequency hereinafter) used for the
detection of a phase shift, a transducer (to be referred to as the
second transducer hereinafter) which receives transverse
waves of ultrasonic waves propagating in the third acoustic
matching layer, and a plurality of transducers (to be referred
to as the third transducers hereinafter) which generate ultra-
sonic waves to be transmitted to the object to generate an
ultrasonic image and receive ultrasonic waves reflected by the
interior of the object and generate echo signals. Note that the
first and second transducers may be transducers having the
same structure. The first and second transducers are transduc-
ers dedicated for the detection of a phase shift. The third
transducer is a dedicated transducer concerning the genera-
tion of an ultrasonic image.

[0081] The first transducer is located in the opening center
of the ultrasonic probe. Note that the first transducer may be
located near the opening center. The opening center is, for
example, the center of gravity of an opening shape. The
second transducer is placed near the first transducer. More
specifically, the second transducer is placed adjacent to the
first transducer. Note that the second transducer may be
spaced apart from the first transducer by a predetermined
interval. Inaddition, pluralities of firstand second transducers
may be arranged in pairs.

[0082] If, for example, the first transducer has an imaging
transmission frequency of 3 MHz, the transducer generates
ultrasonic waves having a frequency of 500 kHz as a phase
shift detection frequency under the control of the CPU 39. A
phase shift detection frequency is decided in advance by, for
example, a computer simulation using the material of the
third acoustic matching layer. The material and thickness of
the first transducer are decided to efficiently generate the
decided phase shift detection frequency.

[0083] FIG. 8 is a view showing an example of an opening
in the ultrasonic emitting surface of the ultrasonic probe 11
having two-dimensional array transducers and the arrange-
ment of the first to third transducers at the opening. To show
the positions of the first to third transducers at the opening, the
illustration of the first to third acoustic matching layers is
omitted. Referring to FIG. 8, reference symbol A denotes the
first transducer; and B, the second transducer.

[0084] FIG. 9 is a graph showing an example of the simu-
lation result obtained by the FEM using the calculation model
in FIG. 4. The phase shift detection frequency of ultrasonic
waves generated by the first transducer is 100 kHz, and the
wave number is 5. Referring to F1G. 9, the solid line indicates
the waveform of a reference signal when the temperature of
the third acoustic matching layer is 25° C. Referring to FIG.
9, the dotted line indicates the waveform of an output signal
(transverse wave reception signal) when the temperature of
the third acoustic matching layer is 80° C. FIG. 9 indicates
that when the phase shift detection frequency is 100 kHz, no
phase shift can be detected.
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[0085] FIG. 10 is a view showing an example of the simu-
lation result obtained by the FEM using the calculation model
in FIG. 4. The phase shift detection frequency of ultrasonic
waves generated by the first transducer is 10 MHz, and the
wave number is 5. Referring to FIG. 10, the solid line indi-
cates the waveform of a reference signal when the tempera-
ture of the third acoustic matching layer is 25° C. Referring to
FIG. 10, the dotted line indicates the waveform of an output
signal (transverse wave reception signal) when the tempera-
ture of the third acoustic matching layer is 80° C. FIG. 10
indicates that when the phase shift detection frequency is 10
MHz, no phase shift can be detected.

[0086] According to the above arrangement, the following
effects can be obtained.

[0087] The ultrasonic diagnostic apparatus 1 can cause a
specific transducer to generate, for each scanning on a scan
range concerning an ultrasonic image, ultrasonic waves hav-
ing a frequency, wave number, and PRF that allow easy
propagation in a non-segmented acoustic matching layer like
the third acoustic matching layer and have no influence on a
generated ultrasonic image. The ultrasonic diagnostic appa-
ratus 1 can synchronize the generation of ultrasonic waves by
aspecific transducer with the reception of ultrasonic waves by
a transducer different from the specific transducer and detect
a phase shift of an output signal corresponding to the syn-
chronization relative to a reference signal. When a detected
phase shift reaches a predetermined threshold, the ultrasonic
diagnostic apparatus 1 can control the transmission/reception
unit to decrease an application voltage to be applied to a
transducer or stop applying an application voltage to the
transducer.

[0088] With these effects, the ultrasonic diagnostic appara-
tus 1 can decrease an application voltage or stop applying an
application voltage before the temperature of the contact
surface between the ultrasonic probe 11 and the object
becomes a high temperature, without installing any tempera-
ture sensor such as a thermistor or any pressure sensor or any
signal line for the extraction of an output from each sensor in
the ultrasonic probe 11. The ultrasonic diagnostic apparatus 1
allows a reduction in the manufacturing cost of the ultrasonic
probe 11 because it need not install any temperature sensor
such as a thermistor or any pressure sensor or install any
signal line for the extraction of an output from each sensor in
the ultrasonic probe 11. In addition, the ultrasonic diagnostic
apparatus 1 can detect a phase shift at an arbitrary position in
the opening, and hence can estimate and display the tempera-
ture distribution of an acoustic matching layer and the tem-
perature distribution of the contact surface. In addition, the
ultrasonic diagnostic apparatus 1 can display a predetermined
warning and generate (output) a predetermined warning
sound based on a phase shift and a threshold.

[0089] According to the modification of the ultrasonic
diagnostic apparatus 1, it is possible to install a transducer for
detecting a phase shift in the ultrasonic probe 11. This makes
it possible to separate a transducer concerning the generation
of an ultrasonic image from a transducer used for the detec-
tion of a phase shift. It is therefore possible to set ultrasonic
transmission/reception conditions optimal for the generation
of an ultrasonic image and the detection of a phase shift.

[0090] As hasbeen described above, according to the ultra-
sonic diagnostic apparatus 1, it is possible to provide an
ultrasonic diagnostic apparatus which can monitor the tem-
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perature of the ultrasonic probe 11, exhibits high perfor-
mance, and is safe for the object without having any influence
on ultrasonic images.

[0091] In addition, each function according to each
embodiment can be implemented by installing programs for
executing the processing in a computer such as a workstation
and expanding them in the memory. In this case, the programs
which can cause the computer to execute the corresponding
techniques can be distributed by being stored in storage media
such as magnetic disks (Floppy® disks, hard disks, and the
like), optical disks (CD-ROMs, DVDs, and the like), and
semiconductor memories.

[0092] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. An ultrasonic diagnostic apparatus comprising;

an ultrasonic probe having a laminated structure including
an acoustic matching layer, a transducer layer compris-
ing a plurality of arrayed transducers, and a backing
layer;

a transmission/reception unit configured to transmit and
receive ultrasonic waves to and from an object via the
transducers;

an image generation unit configured to generate image data
based on an output from the transmission/reception unit;

a control unit configured to control the transmission/recep-
tion unit to synchronize ultrasonic-wave generation by a
specific transducer of the plurality of transducers with
ultrasonic-wave reception by a transducer of the plural-
ity of transducers that is different from the specific trans-
ducer; and

a phase shift detection unit configured to detect a phase
shift between an output signal from the transmission/
reception unit and a reference signal, the output signal
corresponding to synchronization between the ultra-
sonic-wave generation and the ultrasonic-wave recep-
tion.

2. The apparatus of claim 1, further comprising an output
unit configured to output a predetermined warning when the
detected phase shift reaches a predetermined threshold.

3. The apparatus of claim 2, wherein the output unit
includes at least one of a monitor configured to display the
predetermined warning and an audio output unit configured
to output a warning sound corresponding to the predeter-
mined warning.

4. The apparatus of claim 1, wherein the control unit is
configured to control the transmission/reception unit to
decrease a voltage applied to the transducers or stop applying
the voltage to the transducers when the detected phase shift
reaches a predetermined threshold.

5. The apparatus of claim 1, further comprising a tempera-
ture estimation unit configured to estimate a temperature of
the acoustic matching layer based on dependence of the phase
shift on the temperature of the acoustic matching layer.
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6. The apparatus of claim 1, wherein the phase shift detec-
tion unit is configured to detect the phase shift as a time
interval.

7. The apparatus of claim 1, wherein the control unit is
further configured to control the transmission/reception unit
to synchronize the ultrasonic-wave generation with the ultra-
sonic-wave reception in a phase different from transmission/
reception of ultrasonic waves for the image data.

8. The apparatus of claim 1, wherein the control unit is
further configured to control the transmission/reception unit
to synchronize the ultrasonic-wave generation of a frequency
different from ultrasonic waves for generation of the image
data with the ultrasonic-wave reception.

9. The apparatus of claim 1, wherein the specific transducer
is configured for the ultrasonic-wave generation of a fre-
quency different from ultrasonic waves for generation of the
image data.

10. The apparatus of claim 1, further comprising a low pass
filter configured to extract the output signal from outputs from
the transmission/reception unit.

11. An ultrasonic probe comprising:

a transducer layer comprising a plurality of arrayed trans-

ducers;

a backing material on a back of the transducer layer; and

a plurality of acoustic matching layers on a front of the

transducer layer,

wherein a specific transducer of the plurality of transducers

is configured to generate ultrasonic waves of a frequency
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lowerthanultrasonic waves transmitted to an object, and
atransducer of the plurality of transducers that is differ-
ent from the specific transducer is configured to receive
ultrasonic waves propagating through the acoustic
matching layers.
12. The probe of claim 11, wherein at least one of the
acoustic matching layers has a non-segmented structure.
13. The probe of claim 11, wherein the specific transducer
is at a center of an opening.
14. A phase shift transmission/reception control method
comprising:
transmitting and receiving ultrasonic waves to and from an
object via a plurality of transducers;

synchronizing ultrasonic-wave generation by a specific
transducer of the plurality of transducers with ultra-
sonic-wave reception by a transducer of the plurality of
transducers that is different from the specific transducer;
and

detecting a phase shift between an output signal and a
reference signal, the output signal corresponding to syn-
chronization between the ultrasonic-wave generation
and the ultrasonic-wave reception.

15. The method of claim 14, further comprising outputting
a predetermined warning when the detected phase shift
reaches a predetermined threshold.
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