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(57) ABSTRACT

An ultrasonic probe of an ultrasonic diagnostic apparatus
includes an ultrasonic transducer array having a plurality of
channels. Each channel contains a pair of a first ultrasonic
transducer and a second ultrasonic transducer. The first ultra-
sonic transducer transmits and receives an ultrasonic wave of
a fundamental frequency, and outputs a first reception signal.
The second ultrasonic transducer receives a harmonic wave,
and outputs a second reception signal. In a normal mode,
composite reception signals in which the first reception sig-
nals and the second reception signals are added on a pair basis
are inputted to a reception circuit. Due to a resonant circuit, a
fundamental component of the composite reception signals is
inputted to the reception circuit. In a THI mode, only a second
harmonic component of the second reception signal is trans-
mitted to the reception circuit due to the resonant circuit.
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ULTRASONIC DIAGNOSTIC APPARATUS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an ultrasonic diag-
nostic apparatus, which applies an ultrasonic wave to a human
body part and images the inside of the body part based on an
echo of the ultrasonic wave.

[0003] 2. Description Related to the Prior Art

[0004] An ultrasonic diagnostic apparatus is used for
examination of a fetus in utero and various internal body parts
including lacteal gland, thyroid gland, and thelike, because of
the advantage of noninvasively imaging the inside of tissue of
the body part in real time. In a conventional ultrasonic diag-
nostic apparatus, ultrasonic transducers apply an ultrasonic
wave of a predetermined frequency to the human body part to
be imaged. Then, the same ultrasonic transducers receive an
echo of the ultrasonic wave, and output reception signals
based on the echo. The ultrasonic diagnostic apparatus
images a cross section of the body part based on the reception
signals.

[0005] Each ultrasonic transducer has a piezoelectric ele-
ment that is made of a piezoelectric material such as lead
zirconate titanate (PZT), for example, formed into a prede-
termined shape. Upon application of a pulse voltage to front
and bottom surfaces of the piezoelectric element, the piezo-
electric element repeats expansion and contraction, and emits
the ultrasonic wave. When the echo from the internal body
part is incident upon the ultrasonic transducer, on the other
hand, the piezoelectric element expands or contracts. The
expansion or contraction brings about electric potential dif-
ference between the front and bottom surfaces of the piezo-
electric element, and produces the reception signal. Since the
resonant frequency of the piezoelectric element is determined
by the size and shape of the piezoelectric element, the ultra-
sonic transducer mainly emits the ultrasonic wave of the
resonant frequency (hereinafter called fundamental fre-
quency), and outputs the reception signal in which a funda-
mental frequency component (hereinafter called fundamental
component) of the incident echo is mainly reflected.

[0006] Furthermore, it is known that the echo contains
components the frequencies of which are other than the fun-
damental frequency. This is because dispersion of the ultra-
sonic wave by a living body is a nonlinear phenomenon, and
these components having the frequencies other than the fun-
damental frequency reflect detailed tissue structure of the
internal body part. Thus, amethod called harmonic imaging is
recently used, in which the component (hereinafter called
harmonic component) the frequency of which is an integer
multiple of the fundamental frequency is used for production
of an ultrasonic image. The harmonic imaging can reduce
adverse effects of multiple reflection and side lobe. As a
result, the ultrasonic image produced with use of the har-
monic component has better lateral, resolution and contrast
resolution than those of the ultrasonic image produced only
from the fundamental component, and hence the sharper
ultrasonic image is obtained (refer to Japanese Patent No.
4192598 and Japanese Patent Laid-Open Publication No.
11-276478).

[0007] Conventionally, the ultrasonic diagnostic apparatus
was large stationary equipment set up in a large hospital.
However, the portable ultrasonic diagnostic apparatus, which
can be set up in a medical clinic or carried about bedsides of
ahospital ward for use, is widely available in recent years. In

Mar. 31, 2011

such a portable ultrasonic diagnostic apparatus, it is desired to
reduce power consumption as much as possible, considering
that the portable ultrasonic diagnostic apparatus is driven
with electric power supply only from an internal battery.
However, if the ultrasonic transducers for transmitting and
receiving the ultrasonic wave are driven at a low voltage, the
echo itself from the internal body part is weakened. This
causes a shortage of sensitivity and degradation in image
quality of the ultrasonic image. Especially, since the har-
monic component of the echo is conspicuously reduced, it
becomes difficult to observe the detailed tissue structure and
make a correct diagnosis.

[0008] Theultrasonic diagnostic apparatus is constituted of
an ultrasonic probe and an ultrasonic observing device (pro-
cessor device) that processes the reception signals obtained
by the ultrasonic probe and displays the ultrasonic image. A
cable for connecting the ultrasonic probe to the ultrasonic
observing device sometimes interferes with operation of the
ultrasonic probe. The portable ultrasonic diagnostic appara-
tus, in particular, is small in size and light in weight. Thus, if
the cable is thick or rigid, the ultrasonic observing device
moves together with movement of the ultrasonic probe, and
causes interference with the diagnosis. For this reason, it is
desired to reduce the diameter of the cable or eliminate the
cable by using wireless communication between the ultra-
sonic probe and the ultrasonic observing device.

SUMMARY OF THE INVENTION

[0009] A main object of the present invention is to provide
an ultrasonic diagnostic apparatus that can sensitively receive
a harmonic component at low power.

[0010] Another object of the present invention is to provide
the ultrasonic diagnostic apparatus having an ease-to-operate
ultrasonic probe by reducing the diameter of a cable between
the ultrasonic probe and an ultrasonic observing device.

[0011] To achieve the above and other objects, an ultrasonic
diagnostic apparatus according to the present invention
includes an ultrasonic probe and an ultrasonic observing
device. The ultrasonic probe includes an ultrasonic trans-
ducer array, a reception circuit, a detector, a parallel-to-serial
converter, a switching device, and a controller. The ultrasonic
transducer array has a plurality of channels arranged in a line.
Each of the channels has a pair of a first ultrasonic transducer
for transmitting and receiving an ultrasonic wave of a funda-
mental frequency and a second ultrasonic transducer for
receiving a harmonic wave having a frequency of an integer
multiple of the fundamental frequency. The reception circuit
amplifies a first reception signal from the first ultrasonic
transducer and a second reception signal from the second
ultrasonic transducer, and applies analog-to-digital conver-
sion to the first and second reception signals. The detector
detects an output signal from the reception circuit with use of
a reference signal with a predetermined angular frequency.
The parallel-to-serial converter converts an output signal
from the detector into a serial signal. The switching device
switches between a first mode and a second mode. In the first
mode, the first reception signal from the first ultrasonic trans-
ducer and the second reception signal from the second ultra-
sonic transducer are added on a pair basis, and inputted to the
reception circuit. In the second mode, only the second recep-
tion signal from the second ultrasonic transducer is inputted
to the reception circuit. The controller changes the angular
frequency of the reference signal in accordance with a state of
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the switching device. The ultrasonic observing device pro-
duces an ultrasonic image from the serial signal transmitted
from the ultrasonic probe.

[0012] The ultrasonic diagnostic apparatus may further
include a resonant circuit having a variable resonant fre-
quency disposed between the second ultrasonic transducer
and the reception circuit. The controller determines the angu-
lar frequency in accordance with the resonant frequency.

[0013] The controller may set the resonant frequency at the
fundamental frequency in the first mode, and set the resonant
frequency at a frequency of the harmonic wave in the second
mode.

[0014] In the first mode, the resonant frequency may be
changed in accordance with reception timing of the ultrasonic
wave.

[0015] The resonant circuit may include an inductor and a
variable capacitance capacitor connected in parallel. The
resonant frequency is adjusted by varying a capacitance of the
variable capacitance capacitor. The variable capacitance
capacitor may be a varicap.

[0016] Itispreferable that the first ultrasonic transducer has
apiezoelectric element made of an inorganic material, and the
second ultrasonic transducer has a piezoelectric element
made of an organic material.

[0017] The pair of the first ultrasonic transducer and the
second ultrasonic transducer may be stacked.

[0018] It is preferable that the ultrasonic probe and the
ultrasonic observing device are portable.

[0019] The ultrasonic diagnostic apparatus may further
include a cable for transmitting the serial signal from the
ultrasonic probe to the ultrasonic observing device. The cable
adheres to one of standards of USB3.0, sATAgen2, and 10
GbaseT.

[0020] The serial signal may be transmitted by wireless
communication from the ultrasonic probe to the ultrasonic
observing device.

[0021] According to the present invention, the ultrasonic
probe can sensitively receive the harmonic component, even
if driven at a low voltage. The present invention can reduce
the diameter of the cable between the ultrasonic probe and the
ultrasonic observing device, and facilitates handling of the
ultrasonic probe.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] For more complete understanding of the present
invention, and the advantage thereof, reference is now made
to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0023] FIG.11is a perspective view of a portable ultrasonic
diagnostic apparatus;

[0024] FIG. 2 is a block diagram of'the ultrasonic diagnos-
tic apparatus;

[0025] FIG. 3 is a circuit diagram in a normal mode;
[0026] FIG. 4 is a circuit diagram in a tissue harmonic

imaging (THI) mode;
[0027] FIG. 5is a timing chart in an operation state of the
ultrasonic diagnostic apparatus;

[0028] FIG. 6is a graph showing the sensitivity of an ultra-
sonic transducer; and
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[0029] FIG. 7 is a timing chart in another operation state of
the ultrasonic diagnostic apparatus.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0030] AsshowninFIG. 1, a portable ultrasonic diagnostic
apparatus 10 is constituted of an ultrasonic observing device
(processor device) 11 and an ultrasonic probe 12. The ultra-
sonic observing device 11 is composed of a main body 13 and
acover 14. On atop surface of the main body 13, an operation
unit 16 having a plurality of buttons and a trackball for input-
ting various operation commands is provided. Inside of the
cover 14, there is provided a monitor 17 (for example, liquid
crystal display) for displaying an ultrasonic image and vari-
ous operation screens.

[0031] The cover 14 is hinged on the main body 13 with a
hinge 18, and is rotatable between an open position in which
the operation unit 16 and the monitor 17 are exposed, and a
closed position in which the top surface of the main body 13
is faced to an inner surface of the cover 14 to cover both of the
operation unit 16 and the monitor 17 for protection. A grip
(not illustrated) is attached to a side surface of the main body
13 to make the ultrasonic observing device 11 convenient to
carry about in a state of closing the main body 13 and the
cover 14. In the other opposite side surface of the main body
13, there is provided a probe connection portion 19 to which
the ultrasonic probe 12 is detachably connected.

[0032] Theultrasonic probe 12 is constituted of a scan head
21, which a doctor holds and presses against a human body
part to be imaged, a connector 22 connected to the probe
connection portion 19, and a cable 23 for connecting the scan
head 21 to the connector 22. The scan head 21 contains an
ultrasonic transducer array 24 at its distal end. In the ultra-
sonic transducer array 24, ultrasonic transducers for compos-
ing a plurality of channels are aligned in an azimuth (AZ)
direction.

[0033] Viewing a cross section of the ultrasonic transducer
array 24 in anelevation (EL) direction, as shown in FIG. 2, the
ultrasonic transducer array 24 has such structure that a back-
ing material 31, a first electrode 32, a first piezoelectric ele-
ment 33, a common electrode 34, a second piezoelectric
element 36, a second electrode 37, an acoustic impedance
matching layer 38, and an acoustic lens 39 are stacked in this
order on a plate-shaped mount support (not illustrated) made
of a glass-epoxy resin or the like. The first electrode 32, the
first piezoelectric element 33, and the common electrode 34
compose a first ultrasonic transducer 41. The common elec-
trode 34, the second piezoelectric element 36, and the second
electrode 37 compose a second ultrasonic transducer 42.
Thus, in the ultrasonic transducer array 24, the single first
ultrasonic transducer 41 and the single second ultrasonic
transducer 42 are stacked in a single channel. Each of the first
and second ultrasonic transducers 41 and 42 has the shape of
ablock long in the EL direction. A lot of pairs of the stacked
first and second ultrasonic transducers 41 and 42 are aligned
in the AZ direction at regular intervals via a filling material
therebetween.

[0034] The backing material 31 is made of an epoxy resin,
a silicone resin, or the like, and absorbs ultrasonic wave that
is emitted from the first ultrasonic transducer 41 in the direc-
tion of the mount support. The backing material 31 is in a
gentle dome shape at a top surface, and has a convex cross-
section in the AZ direction, which is orthogonal to the EL
direction.
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[0035] The first electrode 32 is so disposed as to sandwich
the first piezoelectric element 33 together with the common
electrode 34. To the first electrode 32, a drive pulse (Tx) is
inputted to drive the first piezoelectric element 33. In addi-
tion, upon reception of echo from the internal body part by the
first piezoelectric element 33, a reception signal is obtained
through the first electrode 32.

[0036] The first piezoelectric element 33 is made of an
inorganic material such as lead zirconate titanate (PZT), for
example. Each first piezoelectric element 33 has the shape of
ablock long in the EL direction. Upon input of the drive pulse
to the first electrode 32, the first piezoelectric element 33
corresponding to the first electrode 32 expands and contracts
in response to the drive pulse, and generates the ultrasonic
wave of a frequency (fundamental frequency) f}, which is
determined by the shape of the first piezoelectric element 33.
Upon reception of the echo from the internal body part, on the
other hand, the first piezoelectric element 33 generates elec-
tric potential difference between the first electrode 32 and the
common electrode 34 in accordance with the echo. The elec-
tric potential difference produces a first reception signal,
which is obtained through the first electrode 32. Since the
resonant frequency of the first piezoelectric element 33
depends on the shape of the first piezoelectric element 33, the
first reception signal obtained from the first piezoelectric
element 33 is sensitive to the fundamental frequency f, and
the vicinity thereof. The first ultrasonic transducer 41 is used
for both of transmission and reception.

[0037] The common electrode 34 is disposed between the
first piezoelectric element 33 and the second piezoelectric
element 36, and establishes a ground connection on a package
of the scan head 21. The common electrode 34 also functions
as an acoustic impedance matching layer that relieves the
difference in acoustic impedance between the first piezoelec-
tric element 33 and the second piezoelectric element 36.
[0038] The second piezoelectric element 36 is made of an
organic material such as polyvinylidene fluoride (PVDF), for
example. Each second piezoelectric element 36, as with the
first piezoelectric element 33, has the shape of a block long in
the EL direction. Although the second piezoelectric element
does not clearly have a resonance characteristic because of
being made of the organic material, the thickness of the sec-
ond piezoelectric element 36 is so designed as to mainly
resonate with the second harmonic wave (frequency of 2 f,) of
the echo. Uponreception ofthe echo, the second piezoelectric
element 36 generates the electric potential difference
between the common electrode 34 and the second electrode
37 in accordance with the echo. From the electric potential
difference, a signal is produced in which wide frequency
components including a second harmonic component are
reflected. At the same time, the second piezoelectric element
36 functions as the acoustic impedance matching layer, and
relieves the difference in the acoustic impedance from an
ambient structure. The second piezoelectric element 36 does
not generate the ultrasonic wave, and thus is used only for the
reception.

[0039] The second electrode 37 is so disposed as to sand-
wich the second piezoelectric element 36 together with the
common electrode 34. As described above, the electric poten-
tial difference generated between the common electrode 34
and the second electrode 37 by the second piezoelectric ele-
ment 36 in response to the reception of the echo yields a
second reception signal outputted from the second electrode
37.
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[0040] The acoustic impedance matching layer 38 relieves
the difference in the acoustic impedance between the ultra-
sonic transducer array 24 and a human body. The acoustic
lens 39 is made of a silicone resin or the like, and has a convex
cross section in the EL direction. Therefore, the acoustic lens
39 focuses the ultrasonic wave generated from the first ultra-
sonic transducer 41 on the internal body part to be imaged in
the EL direction.

[0041] The ultrasonic probe 12 is provided with multiplex-
ers (MUXs) 51 and 52, a transmission circuit 53, a resonant
circuit 54, a reception circuit 56, a quadrature detector 57, a
parallel-to-serial converter 58, a communication interface 61,
and a controller 62, in addition to the ultrasonic transducer
array 24 having above structure.

[0042] The MUX 51 successively connects the transmis-
sion circuit 53 to the single first ultrasonic transducer 41
selected out of the plurality of first ultrasonic transducers 41.
Upon reception of the echo, the MUX 51 successively con-
nects one of the plurality of first ultrasonic transducers 41 to
the reception circuit 56 through a mode change switch (here-
inafter simply called switch) 55. The MUX 52 also connects
the single second ultrasonic transducer 42 selected out of the
plurality of the second ultrasonic transducers 42 to the recep-
tion circuit 56. The first and second ultrasonic transducers 41
and 42 are grouped by the MUXs 51 and 52, and driven from
group to group. In the adjoining groups, the ultrasonic trans-
ducers 41, 42 are partly overlapped.

[0043] The transmission circuit 53 inputs the drive pulse to
the first ultrasonic transducer 41 connected through the MUX
51. The transmission circuit 53 successively inputs the drive
pulse to each of the first ultrasonic transducers 41 belonging
to the same group with predetermined time delay. Thus, the
ultrasonic transducer array 24 scans the internal body part
with an ultrasonic beam, which is focused at a predetermined
depth in the AZ direction.

[0044] The resonant circuit 54 is connected in parallel with
the second ultrasonic transducer 42 in the vicinity of the
second ultrasonic transducer 42. The resonant frequency of
the resonant circuit 54 is variable, so that the resonant circuit
54 can adjust the frequency of the second reception signal
inputted from the second ultrasonic transducer 42 to the
reception circuit 56. If the switch 55 is turned off, the second
reception signal is inputted by itself from the second ultra-
sonic transducer 42 to the reception circuit 56. At this time,
adjusting the resonant frequency ofthe resonant circuit 54 can
select the frequency ofthe reception signal (the second recep-
tion signal) inputted to the reception circuit 56. If the switch
55 is turned on, on the other hand, both of the first reception
signal from the first ultrasonic transducer 41 and the second
reception signal from the second ultrasonic transducer 42
travel the same signal output line, and are inputted to the
reception circuit 56 as a composite reception signal added
from pair to pair. At this time, the resonant circuit 54 acts only
on a second reception signal component out of the composite
reception signal of each pair. Thus, if the switch 55 1s turned
on, the composite reception signal, into which the first recep-
tion signal and the second reception signal having the fre-
quency selected by the resonant circuit 54 are added from pair
to pair, is inputted to the reception circuit 56.

[0045] The reception circuit 56 includes a plurality of sets
of amplifiers 63, low-pass filters (LPFs) 64, and analog-to-
digital converters (A/Ds) 66. To the reception circuit 56,
depending on a state of the switch 55 as described above, the
analog composite reception signal into which the first recep-
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tion signal and the second reception signal are added is input-
ted if the switch 55 is turned on, and the analog second
reception signal obtained from the second ultrasonic trans-
ducer 42 is mputted if the switch 55 is turned off. In the
reception circuit 56, the amplifier 63 amplifies the inputted
reception signal, and the LPF 64 removes noise of high fre-
quencies. Then, the A/D 66 converts the analog reception
signal into the digital reception signal, which is then inputted
to the quadrature detector 57. The number of sets of the
amplifiers 63, the LPFs 64, and the A/Ds 66 corresponds with
the number of the first and second ultrasonic transducers 41
and 42 belonging to the single group. which are selected by
the MUXs 51 and 52 on an occasion of reception of the echo.
Thus, the reception circuit 56 simultaneously applies above
processing to the plurality ofreception signals inputted on the
single occasion, and inputs to the quadrature detector 57 the
processed reception signals in parallel with one another.
[0046] The quadrature detector 57 applies quadrature
detection processing to each of the reception signals inputted
from the reception circuit 56 to produce an I-phase signal and
aQ-phase signal, and sampling processing at a predetermined
sampling frequency to produce a complex baseband signal.
The quadrature detector 57, as described later on, carries out
the quadrature detection processing with use of a reference
signal, which depends on the resonant frequency of the reso-
nant circuit 54. The quadrature detector 57, as described
above, simultaneously applies the quadrature detection pro-
cessing to the plurality of reception signals inputted from the
reception circuit 56 at the same time to produce the complex
base band signals, and inputs the complex base band signals
to the parallel-to-serial converter 58.

[0047] The parallel-to-serial converter 58 converts the plu-
rality of complex baseband signals inputted in parallel from
the quadrature detector 57 into a serial reception signal. The
serial reception signal is transferred to the ultrasonic diagnos-
tic apparatus 11 with a predetermined protocol through a
communication interface 61, which includes the connector
22, the cable 23, and the like. Information and the like input-
ted from the operation unit 16 is inputted to the controller 62
of the ultrasonic probe 12 through the communication inter-
face 61.

[0048] Thecontroller 62 is connected to each part inside the
ultrasonic probe 12, to overall control the ultrasonic probe 12.
For example, the controller 62 controls the transmission cit-
cuit 53 so that the predetermined ultrasonic beam is emitted
from the ultrasonic transducer array 24, as described above.
The controller 62 switches operation modes of the ultrasonic
diagnostic apparatus 10 by switching a turn on or off of the
switch 55 in response to input from the operation unit 16. In
accordance with a state of the switch 55 and the like, the
controller 62 adjusts the resonant frequency of the resonant
circuit 54, and controls the quadrature detector 57 to carry out
the quadrature detection processing with use of the reference
signal corresponding to the adjusted resonant frequency of
the resonant circuit 54.

[0049] The ultrasonic observing device 11 is provided with
an image generator 71, a controller 72, a battery 76, and the
like. The image generator 71 generates the ultrasonic image
from the reception signal transmitted from the ultrasonic
probe 12. At this time, the image generator 71 first converts
the reception signal obtained through the communication
interface 73 back into original parallel data. The image gen-
erator 71 applies reception focusing processing to the parallel
data by phase addition, and produces acoustic ray data along
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predetermined scanning lines. Then, the image generator 71
produces a B-mode image or an M-mode image of the ultra-
sonic image from the acoustic ray data of a single frame in
accordance with setting, and displays the B-mode or M-mode
image on the monitor 17.

[0050] The controller 72 overall controls each part of the
ultrasonic observing device 11 in accordance with input from
the operation unit 16, and inputs a control signal to the con-
troller 62 of the ultrasonic probe 12 through the communica-
tion interface 73 to control operation of the ultrasonic probe
12.

[0051] The battery 76 supplies electric power to each part
of the ultrasonic observing device 11, and supplies electric
power to each part of the ultrasonic probe 12 through the
probe connection portion 19, the connector 22, the cable 23,
and the like (refer to FIG. 1).

[0052] The ultrasonic diagnostic apparatus 10 having
above structure is switchable by turning on or off of the switch
55 between two modes, that is, a normal mode in which the
ultrasonic image is produced from a fundamental component
of the echo, and a tissue harmonic imaging (THI) mode in
which the ultrasonic image is produced from a harmonic
component of the echo. In either of the two operation modes,
upon input of the drive pulses from the transmission circuit 53
to the first ultrasonic transducers 41, the ultrasonic beam is
applied from the ultrasonic transducer array 24 to the body
part to be imaged. In either of the normal mode and the THI
mode, the ultrasonic diagnostic apparatus 10 drives the ultra-
sonic transducer array 24 at a low voltage, in order to reduce
power consumption of the battery 76.

[0053] When the ultrasonic diagnostic apparatus 10 is in
the normal mode, as shown in FIG. 3, the switch 55 is turned
on, and a signal output line of the first ultrasonic transducer 41
is connected to a signal output line of the second ultrasonic
transducer 42. Thus, in the normal mode, the composite
reception signal, into which the first reception signal from the
first ultrasonic transducer 41 and the second reception signal
from the second ultrasonic transducer 42 are added, is input-
ted to the reception circuit 56.

[0054] The first ultrasonic transducer 41 is regarded as a
capacitor having a capacitance of C,, and the second ultra-
sonic transducer 42 is regarded as a capacitor having a capaci-
tance of C,. The resonant circuit 54 is composed of an induc-
tor (hereinafter called inductor L) having an inductance of L
and a capacitor (hereinafter called variable capacitance
capacitor C,,) having a capacitance of C, that are connected in
parallel. The resonant circuit 54 is connected to the signal
outputline viaadamping resistance R. As the variable capaci-
tance capacitor C,, a variable capacitance diode (so-called
varicap) is used, in which the thickness of'a depletion layer is
actively variable in accordance with the magnitude of an
applied direct-current voltage.

[0055] In the normal mode, the controller 62 of the ultra-
sonic probe 12 sets the variable capacitance capacitor C, at C,
satisfying

1

= ——
! 2V LxCy

so that the resonant frequency of the resonant circuit 54
becomes the fundamental frequency f;. The resonant circuit
54 functions as a circuit that has almost infinite impedance to
a signal of the fundamental frequency f), and has lower
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impedance than that of the reception circuit 56 to signals other
than the fundamental frequency f,. Therefore, components of
the second reception signal having frequencies other than the
fundamental frequency f; are absorbed to ground through the
resonant circuit 54. On the other hand, a component of the
second reception signal having the fundamental frequency f;
is transmitted to the reception circuit 56 through the signal
output line. As a result, the composite reception signal input-
ted to the reception circuit 56 is an addition of the first recep-
tion signal, which is outputted from the first ultrasonic trans-
ducer 41 and almost only has the component of the
fundamental frequency f,, and the fundamental component of
the second reception signal outputted from the second ultra-
sonic transducer 42, on a pair basis. The controller 62 also set
an angular frequency o of the reference signal used in the
quadrature detector 57 at o, satisfying

fi
W] = =—.

2

[0056] The quadrature detector 57 divides each reception
signal outputted from the reception circuit 56 in two. One of
the divided reception signal is multiplied by a reference signal
cos w,t, and is passed through a low-pass filter (LPF) 81 to
produce the I-phase signal. Then, since a sampling circuit 82
applies sampling processing to the [-phase signal with a pre-
determined sampling frequency, the baseband I-phase recep-
tion signal is inputted to the parallel-to-serial converter 58.
The other one of the divided reception signal is multiplied by
a reference signal sin ot, and is passed through a low-pass
filter (LPF) 83 to produce the Q-phase signal. Then, a sam-
pling circuit 84 applies sampling processing to the Q-phase
signal, as with the sampling circuit 82, so that the baseband
Q-phase reception signal is inputted to the parallel-to-serial
converter 58.

[0057] The parallel-to-serial converter 58 coverts the
reception signals processed as described above into serial
data, and transfers the serial data to the ultrasonic observing
device 11. The ultrasonic observing device 11 produces the
ultrasonic image from the reception signals obtained as
described above, and display the ultrasonic image on the
monitor 17. Thus, the tomographic image displayed on the
monitor 17 in the normal mode visualizes the internal body
part with the fundamental component of the echo.

[0058] When the ultrasonic diagnostic apparatus 10 is in
the THI mode, as shown in FIG. 4, the switch 55 is turned off,
and the signal output line connected to the first ultrasonic
transducer 41 is cut off from the reception circuit 56. Thus,
only the second reception signal from the second ultrasonic
transducer 42 is inputted to the reception circuit 56.

[0059] In the THI mode, the controller 62 of the ultrasonic
probe 12 sets the variable capacitance capacitor C, at C,
satisfying

1

Ui = —e,
Q,ﬂVLXCZ

so that the resonant frequency of the resonant circuit 54
becomes the second harmonic frequency f,. Thus, the reso-
nant circuit 54 functions as a circuit that has almost infinite
impedance to a signal of the frequency 2 f,, and has lower
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impedance than that of the reception circuit 56 to signals
having frequencies of other than the frequency 2 f,. The
reception signal inputted to the reception circuit 56 contains
only the second harmonic component of the second reception
signal outputted from the second ultrasonic transducer 42.
Thus, the ultrasonic diagnostic apparatus 10 is sensitive to the
second harmonic component, even if driven at the low volt-
age. The controller 62 also set an angular frequency o of the
reference signal used in the quadrature detector 57 at w,
satisfying

_2

[@5) o .

[0060] As in the case of the normal mode, the quadrature
detector 57 divides each reception signal outputted from the
reception circuit 56 in two. The divided reception signals are
multiplied by reference signals (cos w.,t and sin w,t) of the
angular frequency w, determined as above, and are passed
through the LPFs 81 and to produce the I-phase signal and the
Q-phase signal, respectively. Then, since the sampling cir-
cuits 82 and 84 apply the sampling processing to the I-phase
signal and the Q-phase signal, respectively, the baseband
I-phase reception signal and the baseband Q-phase reception
signal are inputted to the parallel-to-serial converter 58.

[0061] After that, as in the case of the normal mode, the
ultrasonic observing device 11 produces the ultrasonic image,
and displays the ultrasonic image on the monitor 17. The
ultrasonic image generated from the second harmonic com-
ponent is displayed in the THI mode, though the ultrasonic
image generated from the fundamental component is dis-
played in the normal mode. Consequently, although the ultra-
sonic transducer array 24 is driven at the low voltage in both
of the normal mode and the THI mode, the ultrasonic image
obtained in the THI mode has higher definition than that of the
ultrasonic image obtained in the normal mode.

[0062] The ultrasonic diagnostic apparatus 10 can be
switched between the normal mode and the THI mode at
almost arbitrary timing with the operation from the operation
unit 16. Now, a case is considered, as shown in FIG. 5, where
after the drive pulse Tx for transmitting the ultrasonic wave
from the ultrasonic transducer array 24 is inputted at T1, the
operation for switching from the normal mode to the THI
mode is carried out from the operation unit 16, before the next
drive pulse Tx for transmitting the next ultrasonic wave is
inputted at T2.

[0063] In this case, the controller 62 receives the control
signal that commands mode switching from the controller 72
of the ultrasonic observing device 11, but the controller 62
keeps the switch 55 turned on between T1 and T2. Also, the
variable capacitance capacitor C,, is kept at C,, and the angu-
lar frequency o of the reference signal is kept at w, in the
quadrature detector 57, to drive the ultrasonic probe 12 in the
normal mode. Accordingly, the reception signal Rx inputted
to the reception circuit 56 has the fundamental frequency f;
between T1 and T2.

[0064] Then, the controller 62 turns the switch 55 off at T2.
The controller 62 also changes the variable capacitance
capacitor C, to C,, and changes the angular frequency w of the
reference signal to w, in the quadrature detector 57, to drive
the ultrasonic probe in the THI mode. Accordingly, after T2,
the reception signal Rx inputted to the reception circuit 56
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contains only the second harmonic component of the second
reception signal outputted from the second ultrasonic trans-
ducer 42.

[0065] Theultrasonic diagnostic apparatus 10, as described
above, is flexibly switchable between the normal mode and
the THI mode, and the angular frequency w of the reference
signal used in the quadrature detector 57 is changed in accor-
dance with the selected operation mode. Thus, even if the
ultrasonic transducer array 24 is driven at the low voltage to
reduce the power consumption, and the reception sensitivity
is lowered with reduction in the transmission power, the
quadrature detector 57 can enhance the frequency component
that is necessary in each operation mode relative to the other
frequency components by application of the quadrature
detection processing. Especially in the THI mode, the second
harmonic component is sensitively received, even if the ultra-
sonic transducer array 24 is driven at the lower voltage.
[0066] As described above, since the second ultrasonic
transducer 42 is so designed as to mainly resonate with the
second harmonic wave (frequency 2 f,), the second ultrasonic
transducer 42 can sensitively receive the second harmonic
component without the resonant circuit 54. However, provid-
ing the resonant circuit 54 for the ultrasonic transducer 42
further enhances the reception sensitivity to the second har-
monic component. Therefore, even if the ultrasonic trans-
ducer array 24 is driven at the low voltage, the ultrasonic
image with the higher definition can be easily obtained in the
THI mode.

[0067] Inthe ultrasonic diagnostic apparatus 10, the recep-
tion signals from the ultrasonic transducer array 24 are
detected in the vltrasonic probe 12, and the reception signals
are transmitted to the ultrasonic observing device 11 after
serialization. Thus, it is possible to reduce the diameter of the
cable 23 (or eliminate the cable 23) between the ultrasonic
observing device 11 and the ultrasonic probe 12, and the
ultrasonic probe 12 becomes easier to use.

[0068] In the above embodiment, the capacitance of the
variable capacitance capacitor C, is set at C,, when the ultra-
sonic diagnostic apparatus 10 is in the normal mode. In the
case of observing a deep view (deep area) in the normal mode,
the ultrasonic probe 12 is preferably driven with varying the
capacitance of the variable capacitance capacitor C, as fol-
lows.

[0069] FIG. 6 shows the sensitivity characteristics of the
first ultrasonic transducer 41 (PZT) and the second ultrasonic
transducer 42 (PVDF). The sensitivity of the first ultrasonic
transducer 41 is high at a low frequency band including the
fundamental frequency f,, and is gradually reduced with
increase in the frequency above a certain frequency. On the
other hand. the sensitivity of the second ultrasonic transducer
42 is approximately constant in a range of frequencies where
the first ultrasonic transducer 41 is sensible, though the sec-
ondultrasonic transducer 42 is so designed as to resonate with
the frequency 2 f; ofthe second harmonic wave. Accordingly,
when f,, denotes the frequency at which the sensitivity of the
first ultrasonic transducer 41 becomes almost zero, and f;
denotes the frequency at which the sensitivity of the first
ultrasonic transducer 41 and the sensitivity of the second
ultrasonic transducer 42 intersect in a graph, the second ultra-
sonic transducer 42 is more sensitive than the first ultrasonic
transducer 41 to a signal in a frequency band between the
frequencies f, and f,.

[0070] It is known that the ultrasonic wave attenuates in
accordance with the magnitude of the frequency, concur-
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rently with propagation distance. Especially inside the living
body, it is known that the ultrasonic wave attenuates in pro-
portion to the frequency. The echo from a deep point of the
internal body part tends to lose a high frequency component,
in comparison with the echo from a shallow point of the
internal body part. Thus, even if the echo from the deep point
has a center frequency of the fundamental frequency f, at the
time of occurrence of the echo, the echo loses almost all
signals in the frequency band (f; to ), in which the sensi-
tivities of the first and second ultrasonic transducers 41 and 42
are reversed, at the time of reception by the ultrasonic trans-
ducer array, 24. As a result, it’becomes impossible to produce
the ultrasonic image with high definition with which tissue
structure of the internal body part is observable.

[0071] Thus, as shown in FIG. 7, when the echo from a
shallow point A is received in the normal mode, the reception
signal is obtained with setting the variable capacitance
capacitor C,, at C, and setting the angular frequency o of the
reference signal used in the quadrature detector 57 at m, as
described in the above embodiment. On the contrary, if the
echo from a deep point B is received with setting the variable
capacitance capacitor C, at C, and setting the angular fre-
quency o of the reference signal at m,, the reception signal
Rx, as schematically shown by a chain double-dashed line, is
useless for production of the ultrasonic image due to attenu-
ation of high frequency components.

[0072] For this reason, in receiving the echo from the deep
point B, the capacitance of the variable capacitance capacitor
C, is proportionally increased from C; to C,, with time. The
capacitance C; is determined by

1

fim ——
- VL xCy,

and the capacitance Cy, is determined by

1

fir = ——
" 2 LXCy

Similarly, in receiving the echo from the deep point B, the
angular frequency o of the reference signal used in the
quadrature detector 57 is proportionally reduced from w, to
w,; with time. The angular frequency w; is determined by

and the angular frequency w, is determined by

Ju

wH:ﬂ.

By setting the capacitance C,, and the angular frequency  as
described above, the reception signal Rx produced from the
echo from the deep point B majorly contains the second
reception signal outputted from the second ultrasonic trans-
ducer 42.
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[0073] As described above, in receiving the echo from the
deep point B, if the attenuation of the high frequency com-
ponent is small, setting the capacitance C, and the angular
frequency w as above within a frequency range (fundamental
frequency range) originally receivable by the first ultrasonic
transducer 41 is effective at obtaining the ultrasonic image
with high definition that is available for diagnosis of the deep
point B.

[0074] The depth of a border at which the capacitance C,, is
changed from C, to C; (the angular frequency o is changed
from w, to w,) is variable in accordance with input of the
control signal from the operation unit 16. It is preferable that
the depth at which the capacitance C,, starts being changed
from C, and the angular frequency o starts being changed
from ®, in the normal mode be automatically variable in
accordance with the depth of a focus of the ultrasonic beam,
the sound pressure of the ultrasonic beam, material properties
of the body part to be imaged, and the like.

[0075] In the above embodiment, the ultrasonic probe 12
and the ultrasonic observing device 11 are connected via the
cable 23. In the ultrasonic diagnostic apparatus 10, however,
the reception signal is digitized and serialized in the ultra-
sonic probe 12, and then is transmitted to the ultrasonic
observing device 11. Thus, a small-diameter cable for trans-
mission of digital data is usable as the cable 23. It is preferable
that the cable 23 used in the ultrasonic diagnostic apparatus
10 adhere to any standard of USB3.0, sATAgen2, and 10
GbaseT, for example. Use of such a small-diameter cable
significantly facilitates handling of the ultrasonic probe 12.

[0076] The ultrasonic probe 12 and the ultrasonic observ-
ing device 11 are connected with the cable 23 in the above
embodiment, but transmission and reception of data between
the ultrasonic probe 12 and the ultrasonic observing device 11
may be carried out by wireless communication. In this case,
the communication interfaces 61 and 73 are compliant with a
wireless communication interface.

[0077] Inthe above embodiment, the first ultrasonic trans-
ducer 41 and the second ultrasonic transducer 42 are verti-
cally stacked. However, the first ultrasonic transducers 41 and
the second ultrasonic transducers 42 may be arranged in such
a way that alternate arrangement in the AZ direction, parallel
(two lines) arrangement, or the like.

[0078] The varicap is used as the variable capacitance
capacitor C, in the above embodiment, but anything is avail-
able as the variable capacitance capacitor C, as long as the
capacitance is variable.

[0079] In the above embodiment, the second ultrasonic
transducer 42 is amenable to the reception of the second
harmonic wave, but may be amenable to the third or more
harmonic wave.

[0080] Inthe above embodiment, the first piezoelectric ele-
ment 33 is made of PZT, and the second piezoelectric element
36 is made of PYDF. However, the first piezoelectric element
33 may be made of any piezoelectric material as long as the
piezoelectric element can transmit and receive the ultrasonic
wave of the fundamental frequency f|, and the second piezo-
electric element 36 may be made of any piezoelectric material
as long as the piezoelectric material can receive the harmonic
wave. However, if the first ultrasonic transducer 41 and the
second ultrasonic transducer 42 are stacked as described
above, it is preferable that the first piezoelectric element 33
for transmission and reception of the fundamental wave be
made of the inorganic material such as PZT, and the second
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piezoelectric element 36 for reception of the harmonic wave
be made of the organic material such as PVDE.

[0081] The present invention is applied to the portable
ultrasonic diagnostic apparatus 10 in the above embodiment,
but may be applicable to a stationary type of ultrasonic diag-
nostic apparatus.

[0082] In the above embodiment, the ultrasonic diagnostic
apparatus 10 is switched from the normal mode to the THI
mode in synchronization with input of the drive pulse Tx to
the ultrasonic transducer array 24. However, the operation
mode may be switched after output of the ultrasonic image of
a frame, after the control signal for mode switching is input-
ted from the operation unit 16, for example. The same goes for
switching from the THI mode to the normal mode.

[0083] Although the present invention has been fully
described by the way of the preferred embodiment thereof
with reference to the accompanying drawings, various
changes and modifications will be apparent to those having
skill in this field. Therefore, unless otherwise these changes
and modifications depart from the scope of the present inven-
tion, they should be construed as included therein.

What is claimed is:

1. An ultrasonic diagnostic apparatus having an ultrasonic

probe and an ultrasonic observing device, comprising:
(A) the ultrasonic probe, including:
an ultrasonic transducer array having a plurality of chan-
nels arranged in a line, each of the channels having a
pair of a first ultrasonic transducer for transmitting
and receiving an ultrasonic wave of a fundamental
frequency and a second ultrasonic transducer for
receiving a harmonic wave having a frequency of an
integer multiple of the fundamental frequency;

areception circuit for amplifying a first reception signal
from the first ultrasonic transducer and a second
reception signal from the second ultrasonic trans-
ducer, and applying analog-to-digital conversion to
the first and second reception signals;

a detector for detecting an output signal from the recep-
tion circuit with use of a reference signal with a pre-
determined angular frequency;

a parallel-to-serial converter for converting an output
signal from the detector into a serial signal;

a switching device for switching between a first mode
and a second mode, in the first mode, the first recep-
tion signal from the first ultrasonic transducer and the
second reception signal from the second ultrasonic
transducer being added on a pair basis and inputted to
the reception circuit, and in the second mode, only the
second reception signal from the second ultrasonic
transducer being inputted to the reception circuit; and

a controller for changing the angular frequency of the
reference signal in accordance with a state of the
switching device; and

(B) the ultrasonic observing device for producing an ultra-
sonic image from the serial signal transmitted from the
ultrasonic probe.

2. The ultrasonic diagnostic apparatus according to claim

1, further comprising:

a resonant circuit having a variable resonant frequency
disposed between the second ultrasonic transducer and
the reception circuit, the controller determining the
angular frequency in accordance with the resonant fre-
quency.
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3. The ultrasonic diagnostic apparatus according to claim
2, wherein the controller sets the resonant frequency at the
fundamental frequency in the first mode, and set the resonant
frequency at a frequency of the harmonic wave in the second
mode.

4. The ultrasonic diagnostic apparatus according to claim
2, wherein in the first mode, the resonant frequency is
changed in accordance with reception timing of the ultrasonic
wave.

5. The ultrasonic diagnostic apparatus according to claim
2, wherein the resonant circuit includes an inductor and a
variable capacitance capacitor connected in parallel, and the
resonant frequency is adjusted by varying a capacitance of the
variable capacitance capacitor.

6. The ultrasonic diagnostic apparatus according to claim
5, wherein the variable capacitance capacitor is a varicap.

7. The ultrasonic diagnostic apparatus according to claim
1, wherein

the first ultrasonic transducer has a piezoelectric element

made of an inorganic material; and
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the second ultrasonic transducer has a piezoelectric ele-

ment made of an organic material.

8. The ultrasonic diagnostic apparatus according to claim
7, wherein the pair of the first ultrasonic transducer and the
second ultrasonic transducer are stacked.

9. The ultrasonic diagnostic apparatus according to claim
1, wherein the ultrasonic probe and the ultrasonic observing
device are portable.

10. The ultrasonic diagnostic apparatus according to claim
1, further comprising:

acable for transmitting the serial signal from the ultrasonic

probe to the ultrasonic observing device, the cable
adhering to one of standards of USB3.0, sATAgen2, and
10 GbaseT.

11. The ultrasonic diagnostic apparatus according to claim
1, wherein the serial signal is transmitted by wireless com-
munication from the ultrasonic probe to the ultrasonic
observing device.
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