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(57) ABSTRACT
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region for a reflected wave of the ultrasonic wave, a com-
mon electrode 1n the transmission region and the reception
region, a transmission electrode in the transmission region,
a reception electrode 1n the reception region; and a semi-
conductor element that 1s electrically connected to the
transmission electrode and the reception electrode and
switches an electrical path between a conductive state and a
non-conductive state. The semiconductor element puts the
path 1nto the conductive state after application of the alter-
nating-current voltage 1s stopped. Thus, a reverberation
signal, output from the reception region 1n accordance with
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ULTRASONIC SENSOR AND CONTROL
METHOD THEREFOR

This application claims the benefit of priority to Japanese
Patent Application No. 2015-193315 filed on Sep. 30, 2015

and Japanese Patent Application No. 2015-081810 filed on

Apr. 13, 2015 and 1s a Continuation Application of PCT
Application No. PCT/JP2016/052249 filed on Jan. 27, 2016.
The entire contents of each application are hereby incorpo-
rated herein by reference.

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to an ultrasonic sensor that
includes a piezoelectric element, and more specifically,
relates to control of an ultrasonic sensor.

2. Description of the Related Art

Ultrasonic sensors that include piezoelectric elements are
known. An ultrasonic sensor causes a piezoelectric element
to vibrate by applying an alternating-current voltage to a
piezoelectric element, and as a result, transmits an ultrasonic
wave. The ultrasonic sensor detects an object on the basis of
reception of an ultrasonic wave reflected by the object.

A vibration remains in the ultrasonic sensor after trans-
mission of the ultrasonic wave. The ultrasonic sensor may
erroneously detect this vibration (hereafter, also referred to
as a “reverberant vibration”) as a reflected wave. In recent
years, technologies for significantly reducing or preventing
reverberant vibrations have been disclosed. For example,
Japanese Unexamined Patent Application Publication No.
2009-4916 discloses an ultrasonic wave output device that 1s
capable of significantly reducing or preventing a reverberant
vibration.

The ultrasonic wave output device disclosed in Japanese
Unexamined Patent Application Publication No. 2009-4916
1s formed of a detection part that detects a reverberant
vibration and a transmission/reception part that transmaits/
receives ultrasonic waves. The ultrasonic wave output
device generates a signal for significantly reducing or pre-
venting a reverberant vibration in accordance with a rever-
berant vibration detected by the detection part. After that, the
ultrasonic wave output device suppresses the reverberant
vibration by feeding the generated signal back to the trans-
mission/reception part. Since the detection part that detects
a reverberant vibration 1s additionally provided 1n the ultra-
sonic wave output device, a circuit configuration for feeding
the signal for significantly reducing or preventing the rever-
berant vibration back to the transmission/reception part 1s
required. Consequently, the circuit configuration becomes
more complex.

SUMMARY OF THE INVENTION

Preferred embodiments of the present invention provide
ultrasonic sensors and control methods for ultrasonic sensors
that significantly reduce or prevent a reverberant vibration
with a stmpler circuit configuration than has been possible to
date.

According to a certain aspect of a preferred embodiment
of the present invention, an ultrasonic sensor includes a
piezoelectric element including a flat-plate-shaped piezo-
electric body that includes a transmission region that trans-
mits an ultrasonic wave 1n response to having an alternating-
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2

current voltage applied thereto and a reception region that
receilves a reflected wave of the ultrasonic wave; a common
clectrode that 1s provided in the transmission region and the
reception region; a transmission electrode that faces the
common electrode with the transmission region interposed
therebetween and that 1s provided 1n the transmission region;
and a reception electrode that faces the common electrode
with the reception region interposed therebetween and that
1s provided 1n the reception region. The ultrasonic sensor
further includes a semiconductor element that 1s electrically
connected to the transmission electrode and the reception
electrode and switches an electrical path extending between
the transmission electrode and the reception electrode
between a conductive state and a non-conductive state. The
semiconductor element preferably puts the path into the
conductive state after application of the alternating-current
voltage 1s stopped, and as a result a reverberation signal,
which 1s output from the reception region in accordance with
a reverberant vibration of the ultrasonic wave, 1s fed back to
the transmission electrode.

The semiconductor element preferably switches the path
from the conductive state to the non-conductive state after
the reverberation signal has been fed back to the transmis-
sion electrode.

The ultrasonic sensor preferably further includes an
amplifier that 1s connected 1n series with the semiconductor
clement along the path. The amplifier amplifies the rever-
beration signal and outputs the amplified reverberation sig-
nal to the transmission electrode.

The ultrasonic sensor preferably further includes an I/'V
conversion circuit that converts a current into a voltage. The
I/V conversion circuit 1s provided along the path.

The I/V conversion circuit preferably filters a signal of a
frequency band that causes the ultrasonic sensor to undergo
abnormal oscillation.

The I/V conversion circuit preferably includes an opera-
tional amplifier and a capacitor. An inverting input terminal
of the operational amplifier 1s electrically connected to the
reception electrode. An output terminal of the operational
amplifier 1s electrically connected to the amplifier. The
capacitor 1s electrically connected to the inverting input
terminal and the output terminal.

The ultrasonic sensor preferably further includes a recep-
tion circuit that 1s electrically connected to the I/V conver-
s10n circuit.

The ultrasonic sensor preferably has a plurality of opera-
tion modes having different detection distances from each
other. Control conditions of the piezoelectric element are
associated 1n advance with the plurality of operation modes
in accordance with the detection distances. The ultrasonic
sensor sequentially switches between the plurality of opera-
tion modes and controls the piezoelectric element using the
control conditions corresponding to a current operation
mode.

The ultrasonic sensor preferably has a first operation
mode and a second operation mode that has a longer
detection distance than the first operation mode. The ultra-
sonic sensor executes processing to feed the reverberation
signal back to the transmission electrode 1n the first opera-
tion mode and does not execute processing to feed the
reverberation signal back to the transmission electrode in the
second operation mode.

The ultrasonic sensor preferably further includes a step up
transformer that 1s provided along the path.

According to another aspect of a preferred embodiment of
the present mnvention, a control method for an ultrasonic
sensor 1s provided. The ultrasonic sensor includes a piezo-
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electric element. The piezoelectric element includes a flat-
plate-shaped piezoelectric body that includes a transmission

region that transmits an ultrasonic wave 1n response to
having an alternating-current voltage applied thereto and a
reception region that receives a retlected wave of the ultra-
sonic wave; a common e¢lectrode that 1s provided in the
transmission region and the reception region; a transmission
clectrode that faces the common electrode with the trans-
mission region interposed therebetween and that 1s provided
in the transmission region; and a reception electrode that
faces the common electrode with the reception region inter-
posed therebetween and that 1s provided in the reception
region. The ultrasonic sensor further includes a semicon-
ductor element that 1s electrically connected to the trans-
mission electrode and the reception electrode and switches
an electrical path extending between the transmission elec-
trode and the reception electrode between a conductive state
and a non-conductive state. The control method includes a
step of putting the path into the non-conductive state; a step
of applying an alternating-current voltage to the transmis-
sion region after the path has been put into the non-
conductive state; and a step of feeding a reverberation
signal, which 1s output from the reception region 1n accor-
dance with a reverberant vibration of the ultrasonic wave,
back to the transmission electrode by putting the path into
the conductive state after stopping application of the alter-
nating-current voltage.

According to preferred embodiments of the present inven-
tion, ultrasonic sensors and control methods for ultrasonic
sensors significantly reduce or prevent a reverberant vibra-
tion with a simpler circuit configuration than has been
possible to date

The above and other elements, features, steps, character-
istics and advantages of the present invention will become
more apparent from the following detailed description of the
preferred embodiments with reference to the attached draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1illustrates an example of the circuit configuration
of an ultrasonic sensor according to a first preferred embodi-
ment of the present invention.

FIGS. 2A-2C are conceptual diagrams that schematically
illustrate an example of operation of the ultrasonic sensor
according to the first preferred embodiment of the present
invention.

FIG. 3 1s a flowchart that depicts processing executed by
the ultrasonic sensor according to the first preferred embodi-
ment of the present invention.

FIGS. 4A-4C 1llustrate signals in the case where the
ultrasonic sensor according to the first preferred embodi-
ment of the present invention does not significantly reduce
or prevent a reverberant vibration.

FIGS. SA-5C 1illustrate signals in the case where the
ultrasonic sensor according to the first preferred embodi-
ment of the present invention does significantly reduce or
prevent a reverberant vibration.

FIG. 6 1llustrates an example of the circuit configuration
of an ultrasonic sensor according to a comparative example.

FIGS. 7TA-7D illustrate noise signals generated by switch-
ing of semiconductor elements.

FIGS. 8A-8C illustrate signals of the ultrasonic sensor
according to the comparative example.

FIG. 9 1s a plan view illustrating a piezoelectric element
according to the first preferred embodiment of the present
invention.
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FIG. 10 1s a perspective view illustrating the piezoelectric
element according to the first preferred embodiment of the

present invention.

FIG. 11 1s a perspective view 1llustrating the piezoelectric
element according to the first preferred embodiment of the
present invention and the internal structure thereof.

FIG. 12 1s a perspective view 1illustrating a transmission
electrode, a reception electrode and a common electrode of
the piezoelectric element according to the first preferred
embodiment of the present invention.

FIG. 13 1s a sectional view looking 1n the direction of
arrows and taken along line XIII-XIII in FIG. 9.

FIG. 14 1s a sectional view looking in the direction of
arrows and taken along line XIV-XIV 1n FIG. 9.

FIG. 15 1s a sectional view looking in the direction of
arrows and taken along line XV-XV 1n FIG. 9.

FIG. 16 illustrates an example of the circuit configuration
of an ultrasonic sensor according to a second preferred
embodiment of the present invention.

FIG. 17 illustrates an example of the circuit configuration
of an ultrasonic sensor according to a third preferred
embodiment of the present invention.

FIG. 18 illustrates a parasitic capacitance generated in the
ultrasonic sensor according to the third preferred embodi-
ment of the present invention.

FIG. 19 1llustrates an example of the circuit configuration
of an ultrasonic sensor according to a fourth preferred
embodiment of the present invention.

FIGS. 20A and 20B illustrate examples of the circuit
configurations of ultrasonic sensors according to compara-
tive examples.

FIGS. 21A1-21B3 illustrate simulation results obtained 1n
a case where an abnormal oscillation occurs and simulation
results obtained 1n a case where an abnormal oscillation does
not occur.

FIGS. 22A and 22B illustrate the relationship between the
frequency of a signal flowing 1n an ultrasonic sensor when
a reverberant vibration 1s significantly reduced or prevented
and the gain of the ultrasonic sensor with respect to the
signal.

FIG. 23 illustrates differences in reverberation time with
respect to temperature 1n an ultrasonic sensor according to
the fourth preferred embodiment of the present invention
and 1n the ultrasonic sensor according to the comparative
example.

FIG. 24 illustrates an example of the circuit configuration
of an ultrasonic sensor according to a fifth preferred embodi-
ment of the present invention.

FIG. 25 illustrates an example of the circuit configuration
of an ultrasonic sensor according to a sixth preferred
embodiment of the present invention.

FIG. 26 1s a flowchart that depicts processing executed by
an ultrasonic sensor according to a seventh preferred
embodiment of the present invention.

FIG. 27 1llustrates the content of control information 1n
the seventh preferred embodiment of the present invention.

FIG. 28 1s a flowchart that depicts processing executed by
an ultrasonic sensor according to an eighth preferred
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Hereaftter, preferred embodiments of the present invention
will be described while referring to the drawings. In the
following description, identical components, elements and
teatures will be denoted by the same symbols. The names
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and functions of these components, elements and features
clements will also be the same. Therefore, detailed descrip-
tion of these components, elements and features will not be
repeated. In addition, the preferred embodiments or modi-
fications thereof described hereafter may be appropnately
selectively combined with each other.

First Preferred Embodiment

An ultrasonic sensor 100 according to a first preferred
embodiment of the present invention will be described while
referring to FIG. 1. FIG. 1 illustrates an example of the
circuit configuration of the ultrasonic sensor 100.

The ultrasonic sensor 100 may be 1nstalled in a vehicle or
a smartphone, for example. The ultrasonic sensor 100 mea-
sures the distance from itself to an object 1n accordance with
the time from transmitting an ultrasonic wave until receiving
a reflected wave. Alternatively, the ultrasonic sensor 100
detects the existence of an object on the basis of reception
of a reflected wave.

As 1llustrated 1n FIG. 1, the ultrasonic sensor 100 includes
a control circuit 101, a memory 102, a signal generating
circuit 104, a power source 105, a semiconductor element
107, an amplifier 108, a reception circuit 110 and a piezo-
electric element 200.

The control circuit 101 1s a microcomputer, for example.
The semiconductor element 107 includes a transistor, for
example. The control circuit 101 switches an electrical path
109, which extends between a transmission electrode 10 and
a reception electrode 20, between a conductive state and a
non-conductive state by driving the semiconductor element
107. Furthermore, the control circuit 101 reads out data
stored 1n the memory 102 and outputs an appropriate control
signal to drive the ultrasonic sensor 100 to the signal
generating circuit 104. The power source 105 outputs a
direct-current voltage of 12 V, for example, to the signal
generating circuit 104. The signal generating circuit 104
generates an alternating-current voltage from the direct-
current voltage on the basis of the control signal output from
the control circuit 101. The alternating-current voltage 1s
supplied to the piezoelectric element 200 after being boosted
by an amplification circuit (not illustrated) as required.

The piezoelectric element 200 includes the transmission
electrode 10, the reception electrode 20, a common electrode
30 and a piezoelectric body 50. The piezoelectric element
200 has the shape of a flat plate, for example. The trans-
mission electrode 10 1s provided with a terminal DRYV. The
reception electrode 20 1s provided with a terminal REC. The
common electrode 30 1s provided with a terminal COM. The
piezoelectric element 200 preferably has a three terminal
structure made up of the terminal DRV, the terminal REC
and the terminal COM. The terminal COM 1s grounded, but
does not necessarily have to be grounded.

The piezoelectric body 50 includes a transmission region
50A to transmit an ultrasonic wave, and a reception region
50B to receive a reflected wave of the ultrasonic wave. The
transmission electrode 10 faces the common electrode 30
with the transmission region S0A interposed therebetween
and 1s electrically connected to the transmission region 50A.
The reception electrode 20 faces the common electrode 30
with the reception region S0B interposed therebetween and
1s electrically connected to the reception region 50B. The
common electrode 30 1s electrically connected to the trans-
mission region S0A and the reception region S0B.

The amplifier 108 1s connected 1n series with the reception
electrode 20 and the semiconductor element 107. As an
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example, the amplifier 108 1s an inverter amplification
circuit including a resistor and an operational amplifier.
The reception circuit 110 detects a recerved wave signal,
which 1s generated 1n the reception region S0B in response
to reception of a reflected wave, as a voltage value and
outputs the voltage value to the control circuit 101.
Although the ultrasonic sensor 100 with a three terminal
structure 1s illustrated 1n FIG. 1, the ultrasonic sensor 100
may 1nstead have a structure including four or more termi-
nals. In this case, for example, a configuration may be
adopted 1n which an electrode, which 1s a different electrode
from the transmission electrode 10 and the reception elec-
trode 20, faces the common electrode 30 with the piezo-
electric body 50 interposed therebetween. This electrode 1s
electrically connected to the piezoelectric body 50.
Operation of the ultrasonic sensor 100 according to this
preferred embodiment will be described while referring to
FIGS. 2A-2C. FIGS. 2A-2C are conceptual diagrams sche-
matically illustrating an example of operation of the ultra-
sonic sensor 100. To facilitate easy understanding of the
description, the control circuit 101, the memory 102, the

power source 105 and the reception circuit 110 illustrated in
FIG. 1 are not 1illustrated in FIGS. 2A-2C.

As 1llustrated in FIGS. 2A-2C, the ultrasonic sensor 100
according to this preferred embodiment sequentially
executes step A of transmitting an ultrasonic wave, step B of
significantly reducing or preventing a reverberant vibration
generated by transmission of the ultrasonic wave, and step
C of receiving a reflected wave of the ultrasonic wave.
Hereafter, each of these steps A-C will be described 1n turn.

In step A, the control circuit 101 puts the path 109 into the
non-conductive state by driving the semiconductor element
107. Next, the control circuit 101 outputs a control com-
mand to the signal generating circuit 104, and as a result, the
signal generating circuit 104 applies an alternating-current
voltage to the transmission region S0A of the piezoelectric
clement 200. The period of the alternating-current voltage 1s
preferably equal or substantially equal to the resonant fre-
quency of the transmission region 50A of the piezoelectric
clement 200. As a result of the alternating-current voltage
being applied to the transmission region S0A, the transmis-
sion region S50A starts to vibrate due to the inverse piezo-
electric effect and transmits an ultrasonic wave 1nto the atr,
for example.

In step B, the control circuit 101 stops application of the
alternating-current voltage to the transmission region S0A
once a predetermined period of time (for example, several
microseconds to several milliseconds) has elapsed since
transmission of the ultrasonic waves started. At this time, the
vibration of the transmission region 5S0A does not immedi-
ately subside. In other words, the transmission region 50A
continues to vibrate for a while after application of the
alternating-current voltage has stopped. This vibration (i.e.,
a reverberant vibration) affects the reception region 50B and
the reception region 50B resonates with the transmission
region S0A.

The control circuit 101 switches the path 109 from the
non-conductive state to the conductive state after stopping
application of the alternating-current voltage. Thus, a closed
circuit 1s provided to include the transmission electrode 10,
the transmission region S0A, the common electrode 30, the
reception region 50B, the reception electrode 20 and the path
109 1n this order. As described above, the transmission
region 50A and the reception region 50B vibrate due to the
reverberant vibration. The reverberant vibration of the trans-
mission region S0A and the reception region 50B 1s signifi-
cantly reduced or prevented by supplying a signal of an
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appropriate phase so as to cancel out the reverberant vibra-
tion. For example, 1n this preferred embodiment, the rever-
berant vibration 1s significantly reduced or prevented 1n a
short period of time by feeding back to the transmission
terminal a voltage whose phase 1s shifted by 180° with
respect to the vibration velocity of the reverberant vibration
propagating along the path 109. In other words, the rever-
berant vibration of the piezoelectric element 200 1s signifi-
cantly reduced or prevented by feeding back, as a voltage, to
the transmission electrode 10 a reverberation signal output
from the reception region 50B 1in accordance with the
reverberant vibration.

The amplifier 108 preferably amplifies the reverberation
signal output from the reception region 50B and outputs the
amplified reverberation signal to the transmission electrode
10. The amplification ratio of the reverberation signal may
be determined in advance at the design stage or may be
changed in accordance with the magnitude of the alternat-

ing-current voltage applied to the transmission region S0A.

In step C, the control circuit 101 switches the path 109
from the conductive state to the non-conductive state after
the reverberation signal has been fed back to the transmis-
sion electrode 10. Thus, the reception region 50B 1s able to
receive an ultrasonic wave reflected by an object. As a result,
the ultrasonic sensor 100 accurately detects a reflected wave.
The reception region 50B vibrates as a result of rece1ving the
ultrasonic wave and outputs a signal generated by the
piezoelectric effect to the control circuit 101 as a voltage
value.

A control structure of the ultrasonic sensor 100 will be
described while referring to FIG. 3. FIG. 3 1s a flowchart
depicting processing performed by the ultrasonic sensor
100. The processing 1n FIG. 3 1s preferably realized by a
program being executed by the control circuit 101 (refer to
FIG. 1) of the ultrasonic sensor 100. In another aspect of a
preferred embodiment of the present invention, some or all
of the processing may be executed by a central processing
unit (CPU) or other hardware such as circuitry or IC
circuit(s).

In step S10, the control circuit 101 puts the path 109 (refer
to FIG. 2) into the non-conductive state by drniving the
semiconductor element 107 (refer to FIG. 2).

In step S12, the control circuit 101 applies an alternating-
current voltage to the transmission region S0A of the piezo-
electric element 200 and causes an ultrasonic wave to be
transmitted from the transmission region S0A.

In step S20, the control circuit 101 determines whether a
predetermined period of time (for example, several micro-
seconds to several milliseconds) has elapsed since the alter-
nating-current voltage was applied to the transmission
region S0A. In the case where the control circuit 101
determines that the predetermined period of time has elapsed
since the alternating-current voltage was applied to the
transmission region 50A (YES i step S20), the control
circuit 101 switches the control to step S22. In the case
where the determination 1s negative (NO 1n step S20), the
control circuit 101 re-executes the processing of step S20.

In step S22, the control circuit 101 stops application of the
alternating-current voltage to the transmission region S0A.

In step S24, the control circuit 101 switches the path 109
from the non-conductive state to the conductive state by
driving the semiconductor element 107. Thus, the reverbera-
tion signal output in accordance with the reverberant vibra-
tion 1s fed back to the transmission electrode from the
reception region. As a result, the reverberant vibration of the
ultrasonic sensor 100 1s significantly reduced or prevented.
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In step S30, the control circuit 101 determines whether a
predetermined period of time (for example, several micro-
seconds to several milliseconds) has elapsed since the path
109 was put into the conductive state. In the case where the
control circuit 101 determines that the predetermined period
of time has elapsed since the path 109 was put into the
conductive state (YES 1n step S30), the control circuit 101
switches the control to step S32. In the case where the
determination 1s negative (NO 1n step S30), the control
circuit 101 re-executes the processing of step S30.

In step S32, the control circuit 101 switches the path 109
from the conductive state to the non-conductive state by
driving the semiconductor element 107.

In step S34, the control circuit 101 receives a reflected
wave of the transmitted ultrasonic wave and outputs the
reflected wave to the reception circuit 110 (refer to FIG. 1)
as a voltage value.

The output of the ultrasonic sensor 100 1n the case where
the reverberant vibration 1s significantly reduced or pre-
vented and the output of the ultrasonic sensor 100 1n the case
where the reverberant vibration 1s not significantly reduced
or prevented will be compared while referring to FIGS.
4A-4C and SA-5C. FIGS. 4A-4C 1llustrate the output wave-
form of the ultrasonic sensor 100 in the case where the
reverberant vibration 1s not significantly reduced or pre-
vented. FIGS. 5A-5C illustrate the output waveform of the
ultrasonic sensor 100 in the case where the reverberant
vibration 1s significantly reduced or prevented.

FIG. 4A 1llustrates a control signal output from the control
circuit 101 (refer to FIG. 1) to the signal generating circuit
104 (refer to FIG. 1). Upon receiving the control signal, the
signal generating circuit 104 applies an alternating-current
voltage to the transmission region S0A (refer to FIG. 1) of
the piezoelectric element 200.

More specifically, the control circuit 101 outputs the
control signal to the signal generating circuit 104 (refer to
FIG. 1) 1in a period from a time T1 to a time T2. As a result,
the signal generating circuit 104 applies an alternating-
current voltage to the transmission region S0A. From the
time T2, the control circuit 101 stops outputting the control
signal to the signal generating circuit 104. As a result, the
signal generating circuit 104 stops applying the alternating-
current voltage to the transmission region S0A of the piezo-
clectric element 200.

FIG. 4B 1llustrates a control signal output from the control
circuit 101 to the semiconductor element 107 (refer to FIG.
1). As illustrated in FIG. 4B, the control circuit 101 does not
output the control signal to the semiconductor element 107
in the period from the start of control until the finish of
control. In other words, the path 109 (refer to FIG. 1) of the
reverberation signal 1s maintained 1n a non-conductive state
and the reverberation signal 1s not fed back to the transmis-
sion region S0A.

FIG. 4C 1llustrates the output wavetform of the ultrasonic
sensor 100. In the control example of FIGS. 4A-4C, the
reverberation signal 1s not fed back and therefore the piezo-
electric element 200 vibrates even after the time T2 at which
application of the alternating-current voltage 1s stopped. A
reflected wave received at a time T4 1s buried in the
reverberant vibration (refer to dotted line 301). Therefore,
the ultrasonic sensor 100 cannot detect the reflected wave.

FIG. 5A illustrates a control signal output from the control
circuit 101 to the signal generating circuit 104. FIG. SA 1s
the same as FIG. 4A and therefore description thereot will
not be repeated.

FIG. 5B illustrates a control signal output from the control
circuit 101 to the semiconductor element 107. More spe-
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cifically, the control circuit 101 puts the path 109 1n a
non-conductive state after starting control until the time T2.
The control circuit 101 puts the path 109 into the conductive
state 1n the period from the time T2 until a time T3 by
driving the semiconductor element 107. In other words, the
ultrasonic sensor 100 feeds the reverberation signal output
from the reception region 50B back to the transmission
region S0A. The control circuit 101 puts the path 109 into
the non-conductive state from the time T3 onwards.

FIG. 5C 1llustrates the output wavetorm of the ultrasonic
sensor 100 1n the case where the reverberant vibration 1s
significantly reduced or prevented. The reverberation signal
1s fed back to the transmission region S0A in the period from
the time T2 until the time T3, and as a result, the reverberant
vibration 1s significantly reduced or prevented (refer to
dotted line 303). Thus, the ultrasonic sensor 100 detects the
reflected wave received at the time T4.

By significantly reducing or preventing the reverberant
vibration 1n this way, the ultrasonic sensor 100 detects the
reflected wave without waiting for the reverberant vibration
to naturally subside. Therefore, the ultrasonic sensor 100
detects closer objects than was previously possible and
improves the accuracy with which objects are detected and
the accuracy with which distances are measured.

The ultrasonic sensor 100 according to the first preferred
embodiment and an ultrasonic sensor 100X according to a
comparative example will be compared while referring to
FIG. 6. FIG. 6 illustrates an example of the circuit configu-
ration of the ultrasonic sensor 100X according to the com-
parative example.

First, the circuit configuration of the ultrasonic sensor
100X according to the comparative example will be
described. As illustrated in FIG. 6, the ultrasonic sensor

100X includes a signal generating circuit 104, semiconduc-
tor elements 120 and 122, amplifiers 121A to 121C and

123A to 123C and a piezoelectric element 200X.

The piezoelectric element 200X includes a transmaission/
reception electrode 10X, a monitoring electrode 20X, a
common electrode 30X and a piezoelectric body 50X. The
transmission/reception electrode 10X 1s provided with a
terminal DRV. The monitoring electrode 20X 1s provided
with a terminal MON. The common electrode 30X 1s
provided with a terminal COM.

The signal generating circuit 104 1s connected to the
terminal DRV and the terminal COM. The amplifiers 121A
to 121C are connected 1n series between the terminal MON
and the semiconductor element 120. The semiconductor
clement 120 1s connected between the amplifier 121C and
the terminal DRV. The semiconductor element 122 1s con-
nected to the terminal DRV and i1s connected 1n parallel with
the semiconductor element 120. The amplifiers 123A to
123C are connected 1n series with the semiconductor ele-
ment 122.

Next, operation of the ultrasonic sensor 100X according
to the comparative example will be described while referring
to FIG. 6. At the time of transmission of an ultrasonic wave,
the ultrasonic sensor 100X outputs a control signal to the
signal generating circuit 104 and as a result an alternating-
current voltage 1s applied between the terminal DRV and the
terminal COM. At this time, the ultrasonic sensor 100X puts
a path 126 into a non-conductive state by driving the
semiconductor element 120 and puts a path 127 into a
non-conductive state by driving the semiconductor element
122.

Next, the ultrasonic sensor 100X stops application of the
alternating-current voltage and switches the path 126 from
the non-conductive state to a conductive state. Thus, a
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reverberation signal, which corresponds to a reverberant
vibration of the piezoelectric element 200X 1s amplified by

the amplifiers 121A to 121C and then fed back to the

transmission/reception electrode 10X. As a result, the rever-
berant vibration 1s significantly reduced or prevented.
Next, the ultrasonic sensor 100X switches the path 126
from the conductive state to the non-conductive state and
switches the path 127 from the non-conductive state to the
conductive state. Upon receiving a reflected wave of the
ultrasonic wave, the ultrasonic sensor 100X amplifies a
signal generated 1n accordance with the reflected wave with
the amplifiers 123 A to 123C and then outputs the amplified

signal to a reception circuit.

As described above, 1n the ultrasonic sensor 100X accord-
ing to the comparative example, the monitoring electrode
20X, which detects the reverberant vibration, 1s provided
separately from the transmission/reception electrode 10X,
which transmits and receives an ultrasonic wave. Conse-
quently, both a circuit to feed back the reverberation signal
and a circuit to receive the reflected wave are necessary.
More specifically, the semiconductor element 120, the
amplifiers 121A to 121C and so forth are necessary as the
circuit configuration to feed back the reverberation signal.
The semiconductor element 122, the amplifiers 123A to
123C and so forth are necessary as the circuit configuration
to receive the reflected wave. In other words, the ultrasonic
sensor 100X needs two semiconductor elements 120 and
122 and six amplifiers 121A to 121C and 123A to 123C.

In contrast, in the ultrasonic sensor 100 according to the
first preferred embodiment, an electrode that detects the
reverberant vibration and an electrode that receives the
ultrasonic wave are provided as a single reception electrode
20. Theretfore, the ultrasonic sensor 100 utilizes the same
circuit elements 1n the step of detecting the reverberant
vibration and 1in the step of receiving a reflected wave. More
specifically, the ultrasonic sensor 100 realizes both detection
of the reverberant vibration and reception of the reflected
wave with the same semiconductor element 107 and the
same amplifier 108. Similarly, an ultrasonic sensor 100C
according to a fourth preferred embodiment, which will be
described later, realizes both detection of the reverberant
vibration and reception of the reflected wave with the same
semiconductor element 107 and the same amplifier (ampli-
fier 108, operational amplifier 141 and buifer circuit 113).

Thus, the ultrasonic sensor 100 significantly reduces or
prevents the reverberant vibration with a simpler circuit
configuration than the ultrasonic sensor 100X. The ultra-
sonic sensor 100 1s reduced 1n size as a result of the circuit
configuration of the ultrasonic sensor 100 being simpler.

Another advantage of the ultrasonic sensor 100 according
to the first preferred embodiment will be described while
referring to FIGS. 7A-7D and 8A-8C. FIGS. 7A-7D 1illus-
trate noise signals generated by switching of semiconductor
clements. FIGS. 8 A-8C 1llustrate an output waveform of the
ultrasonic sensor 100X (refer to FIG. 6) according to the
comparative example.

As described m FIG. 6, the ultrasonic sensor 100X puts
the path 126 into the conductive state by driving the semi-
conductor element 120 and puts the path 127 into the
non-conductive state by driving the semiconductor element
122 when significantly reducing or preventing the reverber-
ant vibration. The ultrasonic sensor 100X puts the path 126
into the non-conductive state by driving the semiconductor
clement 120 and puts the path 127 into the conductive state
by driving the semiconductor element 122 when receiving
the retlected wave.
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Noise signals are generated due to the switching of the
semiconductor elements 120 and 122. These noise signals
are caused by the circuit being connected to different poten-
tials, clock feed through of the semiconductor elements,
charge injection of the semiconductor elements and so forth.
The source of the noise signals will be described 1n more
detail while referring to FIGS. 7TA-7D.

In the circuit example FIG. 7A, a semiconductor element
M1 defining and functioming as a positive-channel metal
oxide semiconductor (PMOS) transistor and a semiconduc-
tor element M2 defining and functioming as a negative-
channel metal oxide semiconductor (NMOS) transistor are
1llustrated. Parasitic capacitances C1 and C2 are generated 1n
the semiconductor element M1. Parasitic capacitances C3
and C4 are generated in the semiconductor element M2.

The waveform of a control signal at position P1 1s
illustrated 1n FIG. 7B. This control signal 1s output by a
control circuit CLK. The control signal 1s output to the
semiconductor element M1 after being inverted by an ele-
ment INV and 1s output to the semiconductor element M2
without being inverted. In the example of FIG. 7B, the
semiconductor elements M1 and M2 are driven at times T11
and T12.

FIG. 7C 1illustrates changes in voltage that occur at
position P2. FIG. 7D illustrates changes 1in voltage that occur
at position P3. As illustrated in FIGS. 7C and 7D, so-called
potential jumps (ringing) caused by the parasitic capaci-
tances C1 to C4 occur at the times T11 and T12 when the
semiconductor elements M1 and M2 are driven (refer to
dotted lines 303). In addition, noise signals generated by the
control circuit CLK pass through the parasitic capacitances
C1 to C4 and flow 1nto a signal line A-Z (refer to dotted lines
305).

Noise signals generated by switching of the semiconduc-
tor elements are generated in the ultrasonic sensor 100X
according to the comparative example. FIG. 8A illustrates a
control signal output from the ultrasonic sensor 100X to the
signal generating circuit 104 (refer to FIG. 6). FIG. 8B
illustrates a control signal output from the ultrasonic sensor
100X to the semiconductor element 120. FIG. 8C illustrates
the output wavetorm of the ultrasonic sensor 100X.

As 1llustrated 1n FIG. 8C, potential jumps are generated as
noise signals at the times T2 and T3 at which the semicon-
ductor element 120 1s driven (refer to dotted lines 307 and
309). Typically, the strength of a reception signal generated
by a reflected wave from a target i1s very low, and therefore
the gain 1n the reception circuit 1s several thousand times to
several tens of thousands of times. Therefore, even 1n the
case where the noise signals themselves are weak, the noise
signals will be amplified several thousand times to several
tens of thousands of times. The amplified noise signals flow
to the reception circuit 110 and appear 1n the output wave-
form.

In contrast, as 1llustrated in FIG. 1, the ultrasonic sensor
100 according to the first preferred embodiment does not
require a semiconductor element for the reception circuit
110. Thus, since a noise signal generated by switching of a
semiconductor element 1s not generated in the reception
circuit 110, the above-described problem does not occur.

The structure of the piezoelectric element 200 of the
ultrasonic sensor 100 will be described while referring to
FIGS. 9 to 15. FIG. 9 1s a plan view 1llustrating the
piezoelectric element 200. FIG. 10 1s a perspective view
illustrating the piezoelectric element 200. FIG. 11 1s a
perspective view 1llustrating the piezoelectric element 200
and the internal structure thereof. FIG. 12 1s a perspective
view 1llustrating the transmission electrode 10, the reception
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electrode 20 and the common electrode 30 of the piezoelec-
tric element 200. FIG. 13 1s a sectional view looking in the
direction of arrows and taken along line XIII-XIII in FIG. 9.
FIG. 14 1s a sectional view looking in the direction of arrows
and taken along line XIV-XIV 1 FIG. 9. FIG. 15 15 a
sectional view looking 1n the direction of arrows and taken
along line XV-XV 1n FIG. 9.

In a multilayer ultrasonic sensor, as the number of stacked
layers of the piezoelectric element increases, the acoustic
pressure at the time of transmission of an ultrasonic wave
increases, but the sensitivity at the time of reception of a
reflected wave decreases. Conversely, as the number of
stacked layers of the piezoelectric element decreases, the
acoustic pressure at the time of transmission of an ultrasonic
wave decreases, but the sensitivity at the time of reception
of a reflected wave increases. Focusing on this point, the
ultrasonic sensor 100 has a structure such that the number of
stacked layers of the piezoelectric element 1s larger 1n the
transmission region S0A than in the reception region 50B.

Arrows X, Y and Z are illustrated in FIGS. 9 to 15 for
convenience of explanation. The arrows X, Y and Z are
perpendicular to each other. Hereafter, although the ele-
ments and features of the piezoelectric element 200 are
sometimes described while referring to the arrows X, Y and
7., the arrangement relationships between the elements and
features (characteristics related to being perpendicular and
parallel) are not necessarily limited to arrangement relation-
ships indicated by the arrows X, Y and Z.

As 1llustrated i FIGS. 9 to 15, the piezoelectric element
200 1ncludes the transmission electrode 10, the reception
electrode 20, the common electrode 30 and the piezoelectric
body 50. The piezoelectric body 50 preferably has a sub-
stantially rectangular parallelepiped outer shape (refer to
FIGS. 10 and 11) and the piezoelectric body 50 includes an
upper surface 51, side surfaces 52 to 55 and a lower surface
56.

The upper surface 51 1s a surface of the piezoelectric body
50 that 1s located on the arrow Z direction side and the lower
surface 56 1s a surface of the piezoelectric body 50 that 1s
located on the opposite side to the arrow 7 direction side.
The side surfaces 52 and 54 are surfaces of the piezoelectric
body 50 that are perpendicular to the arrow X direction and
have a positional relationship of facing each other. The side
surtaces 33 and 53 are surfaces of the piezoelectric body 50
that are perpendicular to the arrow Y direction and have a
positional relationship of facing each other.

The transmission electrode 10 includes a side wall portion
11, an upper surface portion 12 and middle portions 13 and
14 (refer to FIG. 12). The side wall portion 11, the upper
surface portion 12 and the middle portions 13 and 14 each
have a plate shape. The side wall portion 11 faces the side
surface 52 of the piezoelectric body 50 (retfer to FIG. 10) and
contact the side surtface 52. The side wall portion 11 has a
surtace shape that covers the entirety of the side surface 52
of the piezoelectric body 50 (refer to FIGS. 9, 14 and 15).

The upper surface portion 12 1s connected to an end
portion of the side wall portion 11 on the arrow Z direction
side (and on side in direction opposite to that of arrow Y)
and 1s arranged on the upper surface 51 of the piezoelectric
body 50. The upper surface portion 12 has a smaller width
than the side wall portion 11, “width” referring to the
dimension in the arrow Y direction. An end portion of the
upper surface portion 12 1n the direction opposite to that of
the arrow Y has a flush relationship with the side surface 53
of the piezoelectric body 50. The terminal DRV 1s provided
on the upper surface portion 12. A wiring line (not 1llus-
trated) 1s connected to the terminal DRYV.
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The upper surface portion 12 and the middle portions 13
and 14 have a parallel positional relationship with each other
and the middle portions 13 and 14 are located closer to the
side 1n the opposite direction to the arrow Z than the upper
surface portion 12. The middle portion 13 1s located between
the upper surface portion 12 and the middle portion 14. The
middle portion 13 and the middle portion 14 face each other
with a space therebetween. The middle portions 13 and 14
are parts of the transmission electrode 10 that are arranged
inside the piezoelectric body 50 and cannot be seen when the
piezoelectric element 200 1s 1n its completed state (refer to
FIG. 10). This will be described 1n detail later, but a middle
portion 33 of the common electrode 30 1s arranged between
the middle portion 13 and the middle portion 14 (refer to
FIGS. 13 to 15 etc.).

Hollow portions 13H and 14H (FIG. 12), which have a
circular shape, are respectively provided inside the middle
portions 13 and 14. The sizes (outer diameters) of the hollow
portions 13H and 14H are larger than the size (outer diam-
eter) of a disk portion 21 of the reception electrode 20. The
positions of the hollow portions 13H and 14H correspond to
the position of the disk portion 21 of the reception electrode
20. The hollow portions 13H and 14H are arranged at
positions so as to not overlap a projected image of the disk
portion 21 when then disk portion 21 of the reception
electrode 20 1s projected 1n a direction opposite to that of the
arrow 7 (refer to FIGS. 13 and 15).

Cut out portions 13T and 14T are also respectively
provided inside the middle portions 13 and 14. The cut out
portions 13T and 14T extend from the side where the hollow
portions 13H and 14H are located to the side where the side
surface 52 of the piezoelectric body 50 1s located (in
direction opposite to that of the arrow X). The positions of
the cut out portions 13T and 14T correspond to the position
of an extending portion 22 of the reception electrode 20. As
illustrated 1n FIGS. 12 and 14, end portions of the middle
portions 13 and 14 1n a direction opposite to that of the arrow
X are connected to the side wall portion 11. On the other
hand, end portions of the middle portions 13 and 14 1n the
arrow X direction are not connected to a side wall portion 31
of the common electrode 30 and are separated from the side
wall portion 31.

The reception electrode 20 includes a disk portion 21 and
an extending portion 22 and has a plate shape on the whole
(refer to FIG. 12). The extending portion 22 has a rectan-
gular or substantially rectangular outer shape and extends
from an outer edge of the disk portion 21 toward the outside.
The extending portion 22 1s provided with the terminal REC.
A wiring line (not illustrated) 1s connected to the terminal
REC.

The reception electrode 20 1s arranged on the upper
surface 51 such that the disk portion 21 1s located in the
center of the upper surface 51 of the piezoelectric body 50.
The extending portion 22 extends from the side where the
disk portion 21 1s located toward the side where the side
surface 52 of the piezoelectric body 50 1s located (in
direction opposite to that of arrow X).

The common electrode 30 includes a side wall portion 31,
an upper surface portion 32, a middle portion 33 and a lower
surtace portion 34 (refer to FIG. 12). The side wall portion
31, the upper surface portion 32, the middle portion 33 and
the lower surface portion 34 each have a plate shape. The
side wall portion 31 faces the side surface 54 of the
piezoelectric body 50 (refer to FIG. 10) and contact the side
surface 54. The side wall portion 31 has a surface shape that
covers the entirety of the side surface 54 of the piezoelectric

body 50 (refer to FIGS. 9, 14 and 15). The lower surface
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portion 34 faces the lower surface 56 of the piezoelectric
body 50 and so as to contact the lower surtace 56. The lower
surface portion 34 has a surface shape that covers the
entirety of the lower surface 56 of the piezoelectric body 50.

The upper surface portion 32 1s connected to an end
portion of the side wall portion 31 on the arrow Z direction
side and 1s arranged on the upper surface 51 of the piezo-
electric body 50. The width of the upper surface portion 32
1s equal or substantially equal to the width of the upper
surface 51 of the piezoelectric body 50, “width” referring to
the dimension 1n the arrow Y direction. The two end portions
of the upper surface portion 32 in the arrow Y direction

respectively have a flush relationship with the side surface
53 and 535 of the piezoelectric body 50. The terminal COM

1s provided on the upper surface portion 32. A wiring line
(not 1llustrated) 1s connected to the terminal COM.

The upper surface portion 32, the middle portion 33 and
the lower surface portion 34 have a parallel positional
relationship with each other, and the middle portion 33 and
the lower surface portion 34 are located closer to the side in
the opposite direction to the arrow Z than the upper surface
portion 32. The middle portion 33 1s located between the
upper surface portion 32 and the lower surface portion 34.
The middle portion 33 1s part of the common electrode 30
that 1s arranged 1nside the piezoelectric body 50 and cannot

be seen when the piezoelectric element 200 1s in 1ts com-
pleted state (refer to FIG. 10).

Hollow portions 32H and 33H (refer to FIG. 12), which
have a circular or substantially circular shape, are respec-
tively provided inside the upper surface portion 32 and the
middle portion 33. The sizes (outer diameters) of the hollow
portions 32H and 33H are larger than the size (outer diam-
eter) of the disk portion 21 of the reception electrode 20. The
positions of the hollow portions 32H and 33H correspond to
the position of the disk portion 21 of the reception electrode
20. The disk portion 21 of the reception electrode 20 1is
arranged 1nside the hollow portion 32H (refer to FIG. 10).
The hollow portion 33H i1s arranged at a position so as to not
overlap a projected image of the disk portion when the disk
portion 21 of the reception electrode 20 1s projected 1n a
direction opposite to that of the arrow Z (refer to FIGS. 13
and 15).

Cut out portions 32T and 33T are also respectively
provided 1nside the upper surface portion 32 and the middle
portion 33. The cut out portions 32T and 33T extend from
the side where the hollow portions 32H and 33H are located
toward the side where the side surface 52 of the piezoelectric
body 50 1s located (1n direction opposite to that of the arrow
X). The positions of the cut out portions 32T and 33T
correspond to the position of the extending portion 22 of the
reception electrode 20. The extending portion 22 of the
reception electrode 20 1s arranged inside the cut out portion
32T (refer to FIG. 10). A recessed portion 32F 1s provided
in a part of the upper surface portion 32 located i1n the
opposite direction to that of the arrow Y. The recessed
portion 32F allows for arrangement of the upper surface
portion 12 of the transmission electrode 10.

As 1illustrated 1n FIGS. 12 and 14, end portions of the
upper surface portion 32, the middle portion 33 and the
lower surface portion 34 in the arrow X direction are
connected to the side wall portion 31. On the other hand, end
portions of the upper surface portion 32, the middle portion
33 and the lower surface portion 34 in the direction opposite
to that of the arrow X are not connected to the side wall
portion 11 of the transmission electrode 10 and are separated
from the side wall portion 11.
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As 1llustrated 1n FIGS. 13 to 15, the transmission region
50A and the reception region 50B are located inside the
piezoelectric body 50. The transmission region S0A prefer-
ably includes a four-layer structure including piezoelectric
layers Al to A4. The white arrows 1n FIGS. 13 to 15 indicate
the polarization directions of the piezoelectric layers.

The piezoelectric layers Al to A4 are manufactured
preferably by interposing the middle portion 13 of the
transmission electrode 10, the maiddle portion 33 of the
common electrode 30 and the middle portion 14 of the
transmission electrode 10 between four piezoelectric layers,
each of which includes a thin piezoelectric ceramic material
having a strip shape, stacking these layers on top of one
another and then firing the layers so that the layers become
integrated with each other. The piezoelectric layers Al to A4
are electrically connected in parallel with each other by the
transmission electrode 10 and the common electrode 30.

The reception region 50B includes a one-layer structure
including a piezoelectric layer B1. The piezoelectric layer
B1 1s manufactured preferably by stacking four piezoelectric
layers, each of which includes a thin piezoelectric ceramic
material having a strip shape, on top of one another without
interposing any electrodes between the layers and then firing
the layers so that the layers become integrated with each
other.

The lower surface portion 34 of the common electrode 30
extends across both the transmission region 50A and the
reception region 50B. The upper surface portion 12 of the
transmission electrode 10 faces the lower surface portion 34
of the common electrode 30 with the transmission region
50A 1ncluding the piezoelectric layers Al to A4 interposed
therebetween. The disk portion 21 of the reception electrode
20 faces the lower surface portion 34 of the common
electrode 30 with the reception region 50B including the
piezoelectric layer B1 interposed therebetween. In other
words, a region of the piezoelectric body 50 located between
the upper surface portion 12 of the transmission electrode 10
and the lower surface portion 34 of the common electrode 30
defines and functions as the transmission region S0A and a
region of the piezoelectric body 50 located between the disk
portion 21 of the reception electrode 20 and the lower
surface portion 34 of the common electrode 30 defines and
functions as the reception region 50B. As illustrated in
FIGS. 13 and 15, 1n this preferred embodiment, the trans-
mission region S0A and the reception region 50B are located
at positions that are adjacent to each other in the X-Y plane
direction.

As described above, the ultrasonic sensor 100 according
to this preferred embodiment puts the path 109 between the
transmission electrode 10 and the reception electrode 20 1nto
a conductive state by driving the semiconductor element
107, which 1s electrically connected to the transmission
electrode 10 and the reception electrode 20, after stopping
application of an alternating-current voltage. As a result, the
ultrasonic sensor 100 feeds a reverberation signal, which 1s
output from the reception region 50B 1n accordance with a
reverberant vibration generated after transmission of the
ultrasonic wave, back to the transmission electrode 10.

The closer an object 1s to the ultrasonic sensor 100, the
shorter the time taken from transmission of the ultrasonic
wave until reception of the reflected wave. Since the ultra-
sonic sensor 100 detects a retlected wave without waiting for
the reverberant vibration to subside, the ultrasonic sensor
100 detects a reflected wave from an object even 1n the case
where the object 1s close to the ultrasonic sensor 100.

In addition, 1n the ultrasonic sensor 100 according to the
first preferred embodiment, an electrode that detects the
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reverberant vibration and an electrode that receives the
ultrasonic wave are provided as a single reception electrode

20. Theretfore, the ultrasonic sensor 100 utilizes the same
circuit elements in a detection circuit that detects a rever-
berant vibration and a reception circuit that receives a
reflected wave. Thus, the circuit configuration of the ultra-
sonic sensor 100 becomes simpler and the ultrasonic sensor
100 1s reduced 1n size.

In particular, 1n this preferred embodiment, there 1s no
need to provide a semiconductor element for the reception
circuit 110. Therefore, a noise signal generated by switching
of a semiconductor element 1s significantly reduced or
prevented in the ultrasonic sensor 100. As a result, the
ultrasonic sensor 100 sigmificantly reduces or prevents a
signal/noise (S/N) ratio.

Although an example has been described 1n the above-
described preferred embodiment in which the semiconduc-
tor element 107 1s a transistor that 1s driven by the control
circuit 101, the semiconductor element 107 1s not limited to
being a transistor. For example, the semiconductor element
107 may be a diode as illustrated 1n FIG. 24, which will be
described later. In this case, the reverberation signal 1is
higher than a threshold voltage (for example, forward volt-
age) at which the diode 1s driven and an output signal that
accompanies a reflected wave of an ultrasonic wave 1s lower
than the threshold voltage. Therefore, the reverberation
signal 1s fed back to the transmission electrode 10 as a
voltage 1n the step of significantly reducing or preventing the
reverberant vibration, but the output signal 1s not fed back to
the transmission electrode 10 in the step of receiving a
reflected wave of an ultrasonic wave. Therefore, the same
ellect as with the ultrasonic sensor 100 according to the first
preferred embodiment 1s obtained 1n this case as well.

Second Preterred Embodiment

An ultrasonic sensor 100A according to a second pre-
ferred embodiment of the present invention will be
described while referring to FIG. 16. FIG. 16 illustrates an
example of the circuit configuration of the ultrasonic sensor
100A.

The ultrasonic sensor 100A differs from the ultrasonic
sensor 100 according to the first preferred embodiment 1n
that the ultrasonic sensor 100A further includes a phase
adjuster 111. Except for the phase adjuster 111, the rest of the
configuration 1s the same as that described above and
therefore description thereof will not be repeated.

As 1llustrated 1n FIG. 16, the ultrasonic sensor 100A
includes the signal generating circuit 104, the semiconductor
clement 107, the amplifier 108, the reception circuit 110, the
phase adjuster 111 and the piezoelectric element 200. The
phase adjuster 111 1s electrically connected to the semicon-
ductor element 107 and the amplifier 108 along the path 109.

The reverberation signal may be shifted more than
expected due to circuit characteristics, the surrounding envi-
ronment (for example, temperature) and so forth.

The phase adjuster 111 adjusts the phase of the reverbera-
tion signal from the reception region 50B so that the
reverberant vibration 1s optimally significantly reduced or
prevented and feeds the phase-adjusted reverberation signal
back to the transmission electrode 10. The size of the phase
shift applied by the phase adjuster 111 may be determined 1n
advance at the design stage or may be changed in accordance
with the surrounding environment (for example, temperature
etc.), the circuit characteristics and so forth.

As described above, the ultrasonic sensor 100A according
to the second preferred embodiment feeds back a phase-
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adjusted reverberation signal to the transmission electrode
10. Consequently, the ultrasonic sensor 100A significantly
reduces or prevents the reverberant vibration with greater
certainty.

Third Preterred Embodiment

An ultrasonic sensor 100B according to a third preferred
embodiment of the present invention will be described while
referring to FIG. 17. FIG. 17 illustrates an example of the
circuit configuration of the ultrasonic sensor 100B.

The ultrasonic sensor 100B differs from the ultrasonic
sensor 100A according to the second preferred embodiment
in that the ultrasonic sensor 100B further includes a bufler
circuit 113. Apart from the buffer circuit 113, the rest of the
configuration 1s the same as that described above and
therefore description thereof will not be repeated.

As 1llustrated in FIG. 17, the ultrasonic sensor 100B
includes the signal generating circuit 104, the semiconductor
clement 107, the amplifier 108, the reception circuit 110, the
phase adjuster 111, the bufler circuit 113 and the piezoelec-
tric element 200. The bufler circuit 113 1s electrically
connected to the phase adjuster 111 and the semiconductor

clement 107 along the path 109.

As a result of being provided with the bufler circuit 113,
the ultrasonic sensor 100B prevents a noise signal from
flowing from the transmission electrode 10 into the recep-
tion circuit 110 via the path 109. As a result, the SN ratio 1s
reduced in the reception circuit 110.

As described above, 1n the ultrasonic sensor 100B accord-
ing to the third preferred embodiment, the path 109, which
1s provided 1n order to reduce the reverberant vibration, and
a path 114, which 1s provided in order to receive an
ultrasonic wave, are electrically 1solated from each other
with greater certainty by the builer circuit 113. Thus, the
ultrasonic sensor 100B prevents a noise signal from flowing
into the reception circuit 110.

Fourth Prefterred Embodiment

Knowledge newly discovered in the ultrasonic sensor
100B according to the third preferred embodiment will be
described while referring to FIG. 18. FIG. 18 illustrates a
parasitic capacitance generated in the ultrasonic sensor
100B.

The present inventors newly discovered that a parasitic
capacitance 1135 1s generated between the transmission elec-
trode 10 and the reception electrode 20. As far as the present
inventors are aware, there are no prior art documents that
disclose that the parasitic capacitance 115 1s generated
between the transmission electrode 10 and the reception
electrode 20. The present inventors think that the reason this
has not been discovered to date 1s that an ultrasonic sensor
with a three terminal structure including the transmission
electrode 10, the reception electrode 20 and the common
electrode 30 1s 1n 1tself new.

A reverberation signal output from the transmission
region S0A or a reverberation signal fed back from the
reception region S0B may flow into the path 109 via the
parasitic capacitance 115. Consequently, there 1s a possibil-
ity that the piezoelectric element 200 may undergo abnormal
oscillation. An ultrasonic sensor 100C according to a fourth
preferred embodiment prevents such an abnormal oscillation
as described below.

The ultrasonic sensor 100C according to the fourth pre-
terred embodiment will be described while referring to FIG.
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19. FIG. 19 illustrates an example of the circuit configura-
tion of the ultrasonic sensor 100C.

The ultrasonic sensor 100C differs from the ultrasonic
sensor 100B according to the third preferred embodiment 1n
that the ultrasonic sensor 100C further includes a filter
circuit 140, which defines and functions as an I/V conver-
s1on circuit, and a protection circuit 160. Apart from the filter
circuit 140 and the protection circuit 160, the rest of the
configuration 1s the same that as described above and
therefore description thereof will not be repeated.

As 1illustrated 1n FIG. 19, the ultrasonic sensor 100C
includes the signal generating circuit 104, the semiconductor
clement 107, the amplifier 108, the reception circuit 110, the
phase adjuster 111, the bufler circuit 113, the filter circuit
140 and the protection circuit 160.

The filter circuit 140 filters out a signal of a frequency
band that causes the ultrasonic sensor 100C to undergo
abnormal oscillation. The filter circuit 140 1s provided along
the path 109. Thus, the filter circuit 140 filters out a noise
signal that flows 1nto the path 109 from the parasitic capaci-
tance 115 and prevents the ultrasonic sensor 100C from
undergoing abnormal oscillation.

In the example i FIG. 19, the filter circuit 140 1s
preferably an I/V conversion circuit including an operational
amplifier 141, a resistor 143 and a capacitor 145. It 1s
suflicient that the filter circuit 140 have a function of cutting
a specific frequency by converting a current into a voltage.
For example, a charge amplifier may be used instead of the
operational amplifier 141.

An mverting input terminal of the operational amplifier
141 1s electrically connected to the reception electrode 20
(terminal REC). A non-inverting input terminal of the opera-
tional amplifier 141 1s grounded. An output terminal of the
operational amplifier 141 1s electrically connected to the
amplifier 108.

The resistor 143 1s electrically connected to the inverting
input terminal of the operational amplifier 141 and to the
output terminal of the operational amplifier 141. The capaci-
tor 145 1s electrically connected to the inverting input
terminal of the operational amplifier 141 and to the output
terminal of the operational amplifier 141. The operational
amplifier 141, the resistor 143 and the capacitor 145 are
connected 1n parallel with each other.

As a result of having this configuration, the filter circuit
140 defines and functions as a low pass filter based on the
ratio between the parasitic capacitance 115 and the capaci-
tance of the capacitor 145. For example, this ratio 1s
expressed as a value obtained by dividing the parasitic
capacitance 115 by the capacitance of the capacitor 145. The
capacitance of the capacitor 145 1s preferably larger than the
parasitic capacitance 115. Thus, the filter circuit 140 reduces
the gain response to a signal component of a frequency band
that causes abnormal oscillation and causes the ultrasonic
sensor 100C to operate more stably.

In the example in FIG. 19, the filter circuit 140 1is
illustrated as being an I/V conversion circuit that defines and
functions as a low pass filter, but the filter circuit 140 1s not
limited to being an I/V conversion circuit. For example, the
filter circuit 140 may be a band pass filter or may be a charge
amplifier circuit. A band pass filter allows a frequency band
that contains the resonant frequency of the piezoelectric
clement 200 to pass therethrough. In other words, the band
pass filter cuts signals of frequency bands outside the
resonant frequency of the piezoelectric element 200.

Circuit examples A and B 1n which there 1s a possibility
that the ultrasonic sensor will undergo abnormal oscillation

will be described while referring to FIGS. 20A and 20B.
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FIGS. 20A and 20B 1illustrate examples of the circuit con-
figurations of ultrasonic sensors 100Y and 1007 according
to comparative examples.

As 1llustrated 1n the circuit example of FIG. 20A, the
ultrasonic sensor 100Y includes a voltage follower circuit
170 1nstead of the filter circuit 140 (refer to FIG. 19). The
voltage follower circuit 170 1ncludes an operational ampli-
fier 171. When a noise signal flows through the parasitic
capacitance 115 of the ultrasonic sensor 100Y, the noise
signal flows directly to the non-inverting input terminal of
the operational amplifier 171. There 1s a possibility that the
ultrasonic sensor 100Y will undergo abnormal oscillation
due to this noise signal.

As 1llustrated 1n the circuit example of FIG. 20B, the
ultrasonic sensor 1007 includes an inverter amplification
circuit 180 instead of the filter circuit 140 (refer to FI1G. 19).
The inverter amplification circuit 180 includes a capacitor
181, an operational amplifier 183 and resistors 184 and 185.
When a noise signal flows through the parasitic capacitance
115 of the ultrasonic sensor 1007, the noise signal flows
directly to the mverting mput terminal of the operational
amplifier 183. There 1s a possibility that the ultrasonic sensor
1007 will undergo abnormal oscillation due to this noise
signal.

The protection circuit 160 will be described while refer-
ring to FIG. 19 again. A voltage that 1s equal to or higher
than the power supply voltage may be applied to the
operational amplifier 141 depending on the resonance char-
acteristics of the ultrasonic sensor 100C. The protection
circuit 160 prevents such an excessive voltage from being
applied to the operational amplifier 141.

The protection circuit 160 includes diodes 161 and 163.
The cathode of the diode 161 1s connected to the path 109.
The anode of the diode 161 1s grounded. The cathode of the
diode 163 1s grounded. The anode of the diode 163 1is
connected to the path 109. The ultrasonic sensor 100C does
not necessarily have to be provided with the protection
circuit 160.

Continuing to refer to FIG. 19, simulation results obtained
using the ultrasonic sensor 100C according to the fourth
preferred embodiment will be described while referring to
FIGS. 21A1-21B3. FIGS. 21A1-21B3 illustrate simulation
results obtained 1n a case where an abnormal oscillation
occurs and simulation results obtained 1n a case where an
abnormal oscillation does not occur.

More specifically, FIGS. 21A1 and 21B1 1illustrate a
control signal output from the ultrasonic sensor 100C to the
signal generating circuit 104. FIGS. 21A2 and 21B2 1llus-
trate a control signal output from the ultrasonic sensor 100C
to the semiconductor element 107.

FIG. 21A3 illustrates the output wavetform of the ultra-
sonic sensor 100C 1n the case where the parasitic capaci-
tance 115 1s assumed to be 50 pF (pico-Farads) and the
capacitance of the capacitor 145 1s assumed to be 10 pF. As
illustrated in FIG. 21A3, a noise signal that passes through
the parasitic capacitance 115 appears as an output wavetform
in the period from the time T2 to the time T3 1n which the
reverberant vibration 1s significantly reduced or prevented
(refer to dotted line 311). The ultrasonic sensor 100C
undergoes abnormal oscillation from the time T3 onwards
due to the noise signal. Therefore, the ultrasonic sensor
100C cannot detect the reflected wave received at the time
T4 (refer to dotted line 313).

FIG. 21B3 1illustrates the output waveform of the ultra-
sonic sensor 100C 1n the case where the parasitic capaci-
tance 115 1s assumed to be 50 pF and the capacitance of the
capacitor 145 1s assumed to be 100 pF. As 1llustrated 1n FIG.
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21B3, a noise signal from the parasitic capacitance 115 does
not appear as an output waveform in the period from the

time T2 to the time T3 1n which the reverberant vibration 1s
significantly reduced or prevented (refer to dotted line 315).
Theretore, the ultrasonic sensor 100C does not undergo
abnormal oscillation from the time T3 onwards and 1s able
to detect the reflected wave received at the time T4.

Referring once more to FIG. 19, other simulation results
obtained using the ultrasonic sensor 100C according to the
fourth preferred embodiment will be described while refer-
ring to FIGS. 22A and 22B. FIGS. 22A and 22B 1llustrate the
relationship between the frequency of a signal flowing
through the ultrasonic sensor 100C when the reverberant
vibration 1s being significantly reduced or prevented and the
gain of the ultrasonic sensor 100C with respect to the signal
(hereafter also referred to as “open loop characteristics™).

FIG. 22A illustrates open loop characteristics obtained
when the parasitic capacitance 115 1s made to be 0.1 pF, 1
pE, 10 pF and 100 pF for a case where the filter circuit 140
1s not provided. In the case where the filter circuit 140 1s not
provided, the gain 1s O dB or more 1n a frequency band
outside the resonant frequency (refer to dotted line 321). A
signal of this frequency band 1s the cause of the abnormal
oscillation.

FIG. 22B 1illustrates open loop characteristics obtained
when the parasitic capacitance 115 1s made to be 0.1 pF, 1
pE, 10 pF and 100 pF for a case where the filter circuit 140
1s provided. In the example of FIG. 22B, the capacitance of
the capacitor 145 of the filter circuit 140 1s 100 pF. In FIG.
22B, the gain of the signal in the frequency band outside the
resonant frequency 1s significantly reduced or prevented by
the filter circuit 140.

As described above, the ultrasonic sensor 100C includes
the filter circuit 140 that filters out the signal of the fre-
quency band that causes the ultrasonic sensor 100C to
undergo abnormal oscillation. Thus, the ultrasonic sensor
100C prevents the occurrence of abnormal oscillation.
Experimental Results 1

Another advantage of the ultrasonic sensor 100C accord-
ing to the fourth preferred embodiment will be described
while referring to FIG. 23. FIG. 23 illustrates differences in
reverberation time with respect to temperature in the ultra-
sonic sensor 100C according to the fourth preferred embodi-
ment and in the ultrasonic sensor 1007 according to the
comparative example.

It 1s clear from the experimental results illustrated 1n FIG.
23 that the ultrasonic sensor 100C according to the fourth
preferred embodiment has smaller variations in reverbera-
tion time with respect to temperature than the ultrasonic
sensor 1007 according to the comparative example. The
reason for these results 1s thought to be that the input of the
I/V conversion circuit 1s ideally 1n a virtual short circuit state
and therefore a signal corresponding to the vibration veloc-
ity of the ultrasonic sensor 1s extracted without being
affected by a damping capacitance of the ultrasonic sensor
and there 1s unlikely to be an effect due the temperature
characteristics of the damping capacitance.

Fifth Preterred Embodiment

An ultrasonic sensor 100D according to a fifth preferred
embodiment of the present invention will be described while
referring to FIG. 24. FIG. 24 illustrates an example of the
circuit configuration of the ultrasonic sensor 100D.

In the ultrasonic sensor 100 according to the first pre-
ferred embodiment, the semiconductor element 107 prefer-
ably 1s a transistor. In contrast, 1n the ultrasonic sensor 100D
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according to the fifth preferred embodiment, the semicon-
ductor element 107 preferably includes diodes 191 and 192.
Apart from the semiconductor element 107, the rest of the
configuration 1s the same as that described above and
therefore description thereof will not be repeated.

The diodes 191 and 192 are provided along the path 109
and are connected 1n parallel with each other. The cathode of
the diode 191 1s connected to the amplifier 108. The anode
of the diode 191 1s connected to the terminal DRV. The
cathode of the diode 192 1s connected to the terminal DRV.
The anode of the diode 192 1s connected to the amplifier 108.

As described above, 1n the ultrasonic sensor 100D accord-
ing to the fifth preferred embodiment, the semiconductor
element 107 includes the diodes 191 and 192. The rever-
beration signal 1s higher than a threshold voltage (for
example, forward voltage) at which the diodes 191 and 192
are driven and an output signal that accompanies a reflected
wave of an ultrasonic wave 1s lower than the threshold
voltage. Therelore, the reverberation signal 1s fed back to the
transmission electrode 10 as a voltage 1n the step of signifi-
cantly reducing or preventing the reverberant vibration, but
the output signal 1s not fed back to the transmission electrode
10 1n the step of receiving a reflected wave of an ultrasonic
wave. Therefore, the same effect as with the ultrasonic
sensor 100 according to the first preferred embodiment 1s
obtained 1n this case as well.

Sixth Preterred Embodiment

An ultrasonic sensor 100E according to a sixth preferred
embodiment of the present invention will be described while
referring to FIG. 25. FIG. 25 illustrates an example of the
circuit configuration of the ultrasonic sensor 100E.

The ultrasonic sensor 100E according to the sixth pre-
terred embodiment 1s further provided with a step up trans-
former 106 along the electrical path 109 that connects the
transmission electrode 10 and the reception electrode 20 in
the ultrasonic sensor 100 according to the first preferred
embodiment. More specifically, the step up transformer 106
1s connected to a position on the terminal DRV side of the
transmission electrode 10, that 1s, 1n front of the transmis-
sion electrode 10. Apart from the step up transtformer 106,
the rest of the configuration 1s the same as that described
above and therefore description thereot will not be repeated.

The step up transformer 106 includes a primary coil and
a secondary coil. The primary coil of the step up transformer
106 1s connected to the signal generating circuit 104 and the
semiconductor element 107. The secondary coil of the step
up transformer 106 1s connected to the terminal DRV. The
ratio between the primary coil side voltage and the second-
ary coil side voltage 1s 1:10, for example. As a result of the
above-described configuration, the reverberation signal is
amplified by the step up transformer 106 upon being fed
back to the transmission terminal from the reception elec-
trode 20. As a result, the reverberant vibration 1s signifi-
cantly reduced or prevented even when the reverberation
signal 1s very small.

Seventh Preferred Embodiment

An overview of an ultrasonic sensor 100F according to a
seventh preferred embodiment of the present invention waill
be described. The ultrasonic sensor 100F according to the
seventh preferred embodiment differs from the ultrasonic
sensor 100A according to the first preferred embodiment 1n
that the ultrasonic sensor 100F has a plurality of operation
modes having different detection distances. The ultrasonic
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sensor 100F sequentially switches between the plurality of
operation modes having different detection distances and
controls the piezoelectric element 200 (refer to FIG. 1) using
control conditions corresponding to the current operation
mode. Thus, the range of distances able to be detected 1s
increased. Furthermore, the ultrasonic sensor 100F detects
an object 1n any location. It 1s suflicient that the ultrasonic
sensor 100F have at least two operation modes.

The hardware configuration and so forth of the ultrasonic
sensor 100F according to the seventh preferred embodiment
1s the same as that of the ultrasonic sensor 100 according to
the first preferred embodiment and therefore description
thereof will not be repeated hereafter.

The ultrasonic sensor 100F according to the seventh
preferred embodiment will be described while referring to
FIGS. 26 and 27. FIG. 26 1s a flowchart that depicts
processing executed by the ultrasonic sensor 100F according
to the seventh preferred embodiment. The processing in
FIG. 26 preferably 1s realized by a program being executed
by the control circuit 101 (refer to FIG. 1), which controls
the ultrasonic sensor 100F. In another aspect of a preferred
embodiment of the present invention, some or all of the
processing may be executed by a CPU or other hardware
such as circuitry or IC circuit(s).

In step S2, the control circuit 101 reads control informa-
tion 124 illustrated in FIG. 27. FIG. 27 illustrates the content
of the control information 124. The control information 124
1s stored 1n advance 1n a storage region of the control circuit
101, for example. As illustrated in FIG. 27, control condi-
tions of the piezoelectric element 200 (refer to FIG. 1) are
assigned 1n accordance with detection distances of the
ultrasonic sensor 100F for the operation modes of the
ultrasonic sensor 100F.

In step S4, the control circuit 101 obtains control condi-
tions corresponding to the current operation mode of the
ultrasonic sensor 100F from the control information 124.

In step S10, the control circuit 101 puts the path 109 (refer
to FIG. 2) into the non-conductive state by driving the
semiconductor element 107 (refer to FIG. 2).

In step S12A, the control circuit 101 applies an alternat-
ing-current voltage to the transmission region 50A of the
piezoelectric element 200 (refer to FIG. 1) on the basis of the
control conditions obtained in step S4. More specifically, a
driving voltage of the piezoelectric element 200 and a
driving frequency of the piezoelectric element 200 are
stipulated 1n the control conditions obtained 1n step S4 and
the control circuit 101 drives the piezoelectric element 200
at the driving voltage and the driving frequency. Thus, an
ultrasonic wave 1s caused to be transmitted from the trans-
mission region S0A of the piezoelectric element 200.

In step S20, the control circuit 101 determines whether a
predetermined period of time (for example, several micro-
seconds to several milliseconds) has elapsed since the alter-
nating-current voltage was applied to the transmission
region 50A. In the case where the control circuit 101
determines that the predetermined period of time has elapsed
since the alternating-current voltage was applied to the
transmission region S50A (YES i step S20), the control
circuit 101 switches the control to step S22. In the case
where the determination 1s negative (NO 1 step S20), the
control circuit 101 re-executes the processing of step S20.

In step S22, the control circuit 101 stops application of the
alternating-current voltage to the transmaission region S0A of
the piezoelectric element 200.

In step S23, the control circuit 101 determines whether to
significantly reduce or prevent the reverberant vibration on
the basis of the control conditions obtained 1n step S4. More
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specifically, a suppression mode indicating whether to
enable suppression of the reverberant vibration 1s stipulated
in the control conditions obtained in step S4. In the case
where the suppression mode stipulated 1n the control con-
ditions obtained 1n step S4 1s ON, the control circuit 101 5
determines to significantly reduce or prevent the reverberant
vibration. In the case where the suppression mode 1n the
control conditions obtained in step S4 1s OFF, the control
circuit 101 determines not to significantly reduce or prevent
the reverberant vibration. The control circuit 101 switches 10
the control to step S24 1n the case where the control circuit
101 determines to significantly reduce or prevent the rever-
berant vibration (YES 1n step S23). The control circuit 101
switches the control to step S34A in the case where the
determination 1s negative (NO 1n step S23). 15

In step S24, the control circuit 101 switches the path 109
from the non-conductive state to the conductive state by
driving the semiconductor element 107. Thus, the reverbera-
tion signal output in accordance with the reverberant vibra-
tion 1s fed back to the transmission electrode 10 (refer to 20
FIG. 2) from the reception region 50B (refer to FIG. 2) of the
piezoelectric element 200. As a result, the reverberant vibra-
tion of the ultrasonic sensor 100F 1s significantly reduced or
prevented.

In step S30A, the control circuit 101 determines whether 25
a predetermined period of time had elapsed since the path
109 was put into the conductive state. The predetermined
period of time 1s stipulated 1n the control conditions obtained
in step S4. That 1s, the control circuit 101 puts the path 109
into the conductive state for a period of time stipulated in the 30
control conditions obtained 1n step S4. In the case where the
control circuit 101 determines that the predetermined period
of time has elapsed since the path 109 was put into the
conductive state (YES 1n step S30A), the control circuit 101
switches the control to step S32. In the case where the 35
determination 1s negative (NO 1n step S30A), the control
circuit 101 re-executes the processing of step S30A.

In step S32, the control circuit 101 switches the path 109
from the conductive state to the non-conductive state by
driving the semiconductor element 107. 40

In step S34A, the control circuit 101 controls the recep-
tion region 50B of the piezoelectric element 200 on the basis
of the control conditions obtained 1n step S4. A waiting time
from transmission of the ultrasonic wave until reception of
the retlected wave and gain of the reception signal output in 45
response to reception of the reflected wave are stipulated in
the control conditions obtained 1n step S4. The control
circuit 101 outputs a reflected wave received in the period
from transmission of the ultrasonic wave until the waiting
time elapses to the reception circuit 110 (refer to FIG. 1) as 50
a voltage value that corresponds to the gain. The control
circuit 101 switches the control to step S40 1n response to the
waiting time from transmission of the ultrasonic wave
clapsing.

In step S40, the control circuit 101 determines whether 55
control processing according to this preferred embodiment
has been executed for all the operation modes of the ultra-
sonic sensor 100F. In the case where the control circuit 101
determines that the control processing according to this
preferred embodiment has been executed for all the opera- 60
tion modes of the ultrasonic sensor 100F (YES 1n step S40),
the control circuit 101 ends the control processing according
to this preferred embodiment. The control circuit 101
switches the control to step S50 in the case where the
determination 1s negative (NO 1n step S40). 65

In step S50, the control circuit 101 switches the operation
mode of the ultrasonic sensor 100F from the current opera-

24

tion mode to another operation mode. Through the process-
ing of steps S40 and S50, the processing illustrated in FIG.

26 1s repeated a number of times equal to the number of
operation modes of the ultrasonic sensor 100F.

As described above, the ultrasonic sensor 100F sequen-
tially switches between the plurality of operation modes
having different detection distances and controls the piezo-
clectric element 200 using the control conditions corre-
sponding to the current operation mode. Thus, the range of
distances able to be detected 1s increased. Furthermore, the
ultrasonic sensor 100F detects an object 1n any location.

Eighth Preferred Embodiment

An overview of an ultrasonic sensor 100G according to an
eighth preferred embodiment of the present invention will be
described. The ultrasonic sensor 100G according to the
eighth preferred embodiment differs from the ultrasonic
sensor 100F according to the seventh preferred embodiment
in that the ultrasonic sensor 100G has at least an operation
mode that detects a short distance (first operation mode)
(hereafter, also referred to as “short-distance mode™) and an
operation mode that detects a long distance (second opera-
tion mode) (hereafter, also referred to as “long-distance
mode™).

A reverberant vibration naturally subsides 1n the case
where an object that 1s a target of detection 1s far from the
ultrasonic sensor 100G. Therefore, it 1s not necessary to
significantly reduce or prevent the reverberant vibration in
the case where an object that 1s a target of detection 1s far
from the ultrasonic sensor 100G. Focusing on this point, the
ultrasonic sensor 100G does not execute processing to
significantly reduce or prevent the reverberation signal 1n the
case where the operation mode 1s the long-distance mode. In
other words, the processing to significantly reduce or pre-
vent the reverberation signal 1s stopped 1n this case. Thus,
power consumption of the ultrasonic sensor 100G 1s signifi-
cantly reduced or prevented.

Other details such as the hardware configuration and so
forth are the same as described above and therefore, descrip-
tion thereol will not be repeated.

The ultrasonic sensor 100G according to the eighth pre-
ferred embodiment will be described while referring to FIG.
28. FIG. 28 1s a flowchart that depicts processing executed
by the ultrasonic sensor 100G according to the eighth
preferred embodiment. The processing in FIG. 28 1s realized
by a program being executed by the control circuit 101 (refer
to FIG. 1), which controls the ultrasonic sensor 100G. In
another aspect of a preferred embodiment of the present
invention, some or all of the processing may be executed by
a CPU or other hardware such as circuitry or IC circuit(s).

Since the processing of steps other than step S23A 1s the
same as that described 1n FIG. 3, description thereot will not
be repeated hereafter.

In step S23A, the control circuit 101 determines whether
the operation mode of the ultrasonic sensor 100G 1s the
short-distance mode. The operation mode of the ultrasonic
sensor 100G 1s arbitrarily set by a user, for example. In the
case where the control circuit 101 determines that the
operation mode of the ultrasonic sensor 100G 1s the short-
distance mode (YES 1n step S23A), the control circuit 101
switches the control to step S24. The control circuit 101
switches the control to step S34 in the case where the
determination 1s negative (NO 1n step S23A).

Through the processing of step S23A, the control circuit
101 executes the processing of steps S24 to S32, which
significantly reduces or prevents the reverberant vibration,



US 10,639,675 B2

25

in the case where the operation mode of the ultrasonic sensor
100G 1s the short-distance mode. In other words, 1n this case,
the control circuit 101 executes processing to feed the
reverberation signal back to the transmission electrode 10 of
the piezoelectric element 200 (refer to FIG. 1). In the case
where the operation mode of the ultrasonic sensor 100G 1s
the long-distance mode, the control circuit 101 does not
execute the processing of steps S24 to S32 to significantly
reduce or prevent the reverberant vibration. In other words,
in this case, the control circuit 101 stops the processing of
feeding the reverberation signal back to the transmission
electrode 10 of the piezoelectric element 200.

As described above, the ultrasonic sensor 100G according
to this preferred embodiment does not execute the process-
ing to significantly reduce or prevent the reverberant vibra-
tion 1n the case where the operation mode 1s the long-
distance mode. Thus, power consumption of the ultrasonic
sensor 100G 1s significantly reduced or prevented.

While preferred embodiments of the present invention
have been described above, 1t 1s to be understood that
variations and modifications will be apparent to those skilled
in the art without departing from the scope and spirit of the

present invention. The scope of the present invention, there-
fore, 1s to be determined solely by the following claims.

What 1s claimed 1s:

1. An ultrasonic sensor comprising:

a piezoelectric element including;

a flat plate-shaped piezoelectric body that includes a
transmission region that transmits an ultrasonic wave
in response to an alternating current voltage being
applied thereto and a reception region that receives a
reflected wave of the ultrasonic wave;

a common electrode that 1s provided in the transmission
region and the reception region;

a transmission electrode that faces the common elec-
trode with the transmission region interposed ther-
ebetween and that 1s provided in the transmission
region; and

a reception electrode that faces the common electrode
with the reception region interposed therebetween
and that 1s provided 1n the reception region; and

a semiconductor element that 1s electrically connected to

the transmission electrode and the reception electrode
and switches an electrical path extending between the
transmission electrode and the reception electrode
between a conductive state and a non-conductive state;
wherein

the semiconductor element puts the electrical path into the

conductive state after application of the alternating
current voltage 1s stopped, and as a result, a reverbera-
tion signal output from the reception region 1n accor-
dance with a reverberant vibration of the ultrasonic
wave 1s fed back to the transmission electrode.

2. The ultrasonic sensor according to claim 1, wherein the
semiconductor element switches the electrical path from the
conductive state to the non-conductive state after the rever-
beration signal has been fed back to the transmission elec-
trode.

3. The ultrasonic sensor according to claim 1, further
comprising;

an amplifier that 1s connected 1n series with the semicon-

ductor element along the electrical path; wherein

the amplifier amplifies the reverberation signal and out-

puts the amplified reverberation signal to the transmis-

sion electrode.
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4. The ultrasonic sensor according to claim 3, further
comprising;

an I/V conversion circuit that converts a current into a

voltage; wherein

the I/V conversion circuit 1s provided along the electrical

path.

5. The ultrasonic sensor according to claim 4, wherein the
I/V conversion circuit filters a signal of a frequency band
that causes the ultrasonic sensor to undergo abnormal oscil-
lation.

6. The ultrasonic sensor according to claim 4, wherein the
I/V conversion circuit includes:

an operational amplifier; and

a capacitor; wherein

an inverting input terminal of the operational amplifier 1s

electrically connected to the reception electrode;

an output terminal of the operational amplifier 1s electri-

cally connected to the amplifier; and

the capacitor 1s electrically connected to the inverting

input terminal and the output terminal.

7. The ultrasonic sensor according to claim 4, further
comprising a reception circuit that 1s electrically connected
to the I/V conversion circuit.

8. The ultrasonic sensor according to claim 3, wherein the
amplifier 1s an verter amplification circuit including a
resistor and an operational amplifier.

9. The ultrasonic sensor according to claim 1, further
comprising a step up transformer that i1s provided along the

electrical path.
10. The ultrasonic sensor according to claim 1, wherein

the ultrasonic sensor includes a plurality of operation
modes having different detection distances from each

other;

control conditions of the piezoelectric element are asso-
ciated 1n advance with the plurality of operation modes
in accordance with the detection distances; and

the ultrasonic sensor sequentially switches between the

plurality of operation modes and controls the piezo-
clectric element using the control conditions corre-
sponding to a current operation mode.

11. The ultrasonic sensor according to claim 1, wherein
the ultrasonic sensor includes:

a first operation mode; and

a second operation mode that has a longer detection

distance than the first operation mode; and

the ultrasonic sensor executes:

processing to feed the reverberation signal back to the
transmission electrode in the first operation mode;
and

does not execute processing to feed the reverberation
signal back to the transmission electrode i1n the
second operation mode.

12. The ultrasonic sensor according to claim 1, further
comprising a control circuit that controls the semiconductor
clement.

13. The ultrasonic sensor according to claim 12, further
comprising a signal generating circuit that generates the
alternating current voltage based on a control signal pro-
vided by the control circuit.

14. The ultrasonic sensor according to claim 1, wherein
the semiconductor element includes a transistor.

15. The ultrasonic sensor according to claim 1, wherein
the ultrasonic sensor includes three terminals or four or more
terminals.

16. The ultrasonic sensor according to claim 1, wherein
the reception electrode detects the reverberant vibration.

17. The ultrasonic sensor according to claim 1, wherein
the reception region does not include a semiconductor
clement.



US 10,639,675 B2

27

18. A control method for an ultrasonic sensor, the ultra-
sonic sensor including a piezoelectric element, the piezo-
electric element 1including a flat plate-shaped piezoelectric
body that includes a transmission region that transmits an
ultrasonic wave in response to an alternating current voltage
being applied thereto and a reception region that receives a
reflected wave of the ultrasonic wave, a common electrode
that 1s provided 1n the transmission region and the reception

region, a transmission electrode that faces the common
clectrode with the transmission region interposed therebe-
tween and that 1s provided 1n the transmission region, and a
reception electrode that faces the common electrode with the
reception region interposed therebetween and 1s provided in
the reception region, the ultrasonic sensor further including
a semiconductor element that 1s electrically connected to the
transmission electrode and the reception electrode and
switches an electrical path extending between the transmis-
sion electrode and the reception electrode between a con-
ductive state and a non-conductive state, the control method
comprising;
putting the electrical path into the non-conductive state;
applying an alternating current voltage to the transmission
region aiter the electrical path has been put into the
non-conductive state; and
feeding a reverberation signal, which is output from the
reception region in accordance with a reverberant
vibration of the ultrasonic wave, back to the transmis-
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sion electrode by putting the electrical path into the
conductive state after stopping application of the alter-
nating current voltage.

19. The control method according to claim 18, wherein

the ultrasonic sensor includes a plurality of operation
modes having different detection distances from each
other;

control conditions of the piezoelectric element are asso-
ciated 1n advance with the plurality of operation modes
in accordance with the detection distances; and

the control method further comprises sequentially switch-
ing between the plurality of operation modes and
controlling the piezoelectric element using the control
conditions corresponding to a current operation mode.

20. The control method according to claim 18, wherein

the ultrasonic sensor includes:

a first operation mode; and

a second operation mode that has a longer detection
distance than the first operation mode; and

the control method further comprises:
executing processing to feed the reverberation signal

back to the transmission electrode 1n the first opera-
tion mode; and

stopping processing to feed the reverberation signal back
to the transmission electrode 1n the second operation
mode.
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