
39J 

Europaisches  Patentamt 

European  Patent  Office 

Dffice  europeen  des  brevets 

©  Publication  number: 0  3 0 6   2 8 8  

A 2  

EUROPEAN  PATENT  APPLICATION 

©  Application  number:  88308049.1 

©  Date  of  filing:  31.08.88 

©  lnt.CI.4:  G  10  K  1 1 / 3 4  
B  06  B  1 /06  

©  Priority:  31.08.87  JP  216660/87 
11.08.88  JP  200541/88 

©  Date  of  publication  of  application: 
08.03.89  Bulletin  89/10 

@  Designated  Contracting  States:  DE  FR  NL 

©  Applicant:  KABUSHIKI  KAISHA  TOSHIBA 
72,  Horikawa-cho  Saiwai-ku 
Kawasaki-shi  Kanagawa-ken210  (JP) 

©  Inventor:  Saitoh  Shiroh  c/o  Patent  Division 
Kabushiki  Kaisha  Toshiba  1-1  Shibaural-chome 
Minato-ku  Tokyo  105  (JP) 

izumi,  Mamoru  c/o  Patent  Division 
Kabushiki  Kaisha  Toshiba  1  -1  Shibaura  1  -chome 
Minato-ku  Tokyo  105  (JP) 

Suzuki,  Syuzi  c/o  Patent  Division 
Kabushiki  Kaisha  Toshiba  1-1  Shibaura  1  -chome 
Minato-ku  Tokyo  105  (JP) 

Abe,  Kazuhide  c/o  Patent  Division 
Kabushiki  Kaisha  Toshiba  1-1  Shibaura  1  -chome 
Minato-ku  Tokyo  105  (JP) 

©  Representative:  Sturt,  Clifford  Mark  et  al 
MARKS  &  CLERK  57-60  Lincoln's  Inn  Fields 
London  WC2A3LS  (GB) 

CM 
<  

00 
CO 
CM 

(O 
O  
CO 

©  Ultrasonic  imaging  apparatus. 
©  An  ultrasonic  imaging  apparatus  includes  an  ultrasonic 
transducer  (1)  for  outputting  an  ultrasonic  beam  and  converting 
the  echo  of  the  ultrasonic  beam  into  an  echo  signal,  a 
transmitter  section  (6)  for  supplying  a  drive  signal  to  the 
ultrasonic  transducer,  a  receiver  section  (7)  for  receiving  the 
echo  signal  output  from  the  ultrasonic  transducer  and  convert- 
ing  the  echo  signal  into  an  image  signal,  and  a  coaxial  cable  (2) 
for  coupling  the  ultrasonic  transducer  to  the  transmitter  and 
receiver  sections.  The  ultrasonic  transducer  is  constituted  by  a 
two-layer  ultrasonic  transducer  (11)  having  an  impedance 
smaller  than  an  impedance  of  the  coaxial  cable. 
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Description 

Ultrasonic  imaging  apparatus 

The  present  invention  relates  to  an  ultrasonic 
imaging  apparatus  using  an  ultrasonic  transducer 
constituted  by  multi-layer  piezoelectric  elements.  5 

An  ultrasonic  transducer  is  constituted  by  pie- 
zoelectric  elements.  The  ultrasonic  transducer 
generates  ultrasonic  waves  so  that  the  internal  state 
of  an  object  is  inspected  by  using  the  reflected 
ultrasonic  waves.  The  ultrasonic  transducer  is  used  10 
for  diagnosis  of  the  inside  of  a  human  body,  flaw 
detection  of  the  inside  of  a  welded  metal,  and  the 
like.  An  array  type  ultrasonic  transducer  constituted 
by  an  array  of  a  plurality  of  piezoelectric  elements  is 
widely  used.  15 

A  medical  ultrasonic  imaging  apparatus  is  mainly 
used  as  an  ultrasonic  diagnosis  apparatus  for 
obtaining  a  tomographic  image  (B  mode  image)  of 
the  inside  of  a  human  body,  i.e.,  the  abdomen, 
further,  can  be  used  to  form,  in  addition  to  a  20 
tomographic  image,  a  so-called  Doppler  mode 
image  for  observing  a  blood  flow  rate  in  a  heart,  a 
carotid  artery,  or  the  like  by  utilizing  the  Doppler 
effect.  Furthermore,  in  this  ultrasonic  diagnosis 
apparatus,  color  display  of  the  blood,  i.e.,  color  25 
mapping  can  be  realized. 

However,  a  sensitivity  margin  of  the  ultrasonic 
diagnosis  apparatus  including  an  ultrasonic  trans- 
ducer  in  observation  of  the  blood  is  smaller  than  that 
in  formation  of  a  B  mode  image.  This  is  based  on  the  30 
fact  that  a  method  of  obtaining  a  signal  using  the 
Doppler  mode  is  different  from  a  method  of 
obtaining  a  B  mode  image.  Therefore,  as  the 
sensitivity  of  the  ultrasonic  transducer  is  increased, 
the  quality  of  a  Doppler  mode  image  is  noticeably  35 
improved  compared  with  a  B  mode  image. 

Four  methods  of  increasing  the  sensitivity  of  the 
ultrasonic  transducer  are  available,  namely,  (1)  an 
increase  in  a  drive  voltage,  (2)  improvement  of  an 
piezoelectric  material,  (3)  acoustic  matching,  and  (4)  40 
electrical  matching.  With  regard  to  method  (1),  since 
the  number  of  elements  tends  to  be  increased  in 
recent  or  future  ultrasonic  transducers,  most  drive 
sources  are  constituted  by  hybrid  ICs,  and  hence,  it 
is  difficult  to  apply  a  high  drive  voltage  to  an  45 
ultrasonic  element.  With  regard  to  method  (2), 
electromechanical  coupling  coefficiency  k33  of  a 
piezoelectric  ceramic  material  is  about  0.7.  In  order 
to  double  ultrasonic  sensitivity  of  the  ultrasonic 
transducer  by  increasing  the  electromechanical  50 
coupling  coefficiency,  the  value  of  k33  must  be  set  to 
be  about  0.95.  However,  it  is  practically  impossible  to 
realize  this  value.  With  regard  to  method  (3),  since 
ultrasonic  sensitivity  and  resolution  generally  con- 
flict  with  each  other,  a  great  increase  in  ultrasonic  55 
sensitivity  by  acoustic  matching  cannot  be  expected 
without  loss  of  resolution,  in  contrast  to  methods  (1) 
to  (3),  according  to  method  (4),  ultrasonic  sensitivity 
can  be  effectively  increased  because  of  the  following 
reasons.  60 

In  the  Doppler  mode,  an  electronic  sector  scan 
type  ultrasonic  transducer  is  used.  When  the 
Doppler  mode  is  to  be  executed,  an  ultrasonic  beam 

must  be  obliquely  radiated  onto  a  blood  vessel  to  be 
observed.  In  order  to  prevent  grating  robe  due  to 
this  oblique  radiation,  the  electronic  sector  scan 
type  ultrasonic  transducer  is  used  because  it  has  an 
element  pitch  smaller  than  that  of  an  electronic  linear 
scan  type  ultrasonic  transducer,  and  hence,  more 
suitable  for  the  purpose. 

The  area  of  one  element  of  the  electronic  sector 
scan  type  ultrasonic  transducer  is  1/2  to  1/4  that  of 
the  electronic  linear  scan  type  ultrasonic  transducer. 
For  this  reason,  an  impedance  per  element  of  the 
electronic  sector  type  ultrasonic  transducer  is  larger 
than  that  of  the  electronic  linear  scan  type  ultrasonic 
transducer.  If  the  impedance  of  an  ultrasonic 
transducer  element  is  large,  the  voltage  loss  of  a 
reflected  wave  signal  obtained  from  the  transducer 
element  occurs  because  of  the  electrostatic  capac- 
ity  of  a  coaxial  cable  connecting  the  ultrasonic 
transducer  to  a  receiver  section  and/or  the  input 
impedance  of  the  receiver  section. 

That  is,  the  voltage  of  the  reflected  wave  signal  is 
considered  to  be  determined  by  the  ratio  of  the 
parallel  combined  impedance  of  the  impedance 
determined  by  a  cable  capacitance  and  the  input 
impedance  of  the  receiver  section,  to  the  serial 
combined  impedance  of  this  parallel  impedance  and 
the  impedance  of  the  ultrasonic  transducer.  Hence, 
the  higher  the  impedance  of  the  ultrasonic  transdu- 
cers,  the  greater  the  voltage  loss  of  the  reflected 
wave  signal.  The  imaging  apparatus  can  be  more 
sensitive  to  the  ultrasonic  waves  if  the  impedance  of 
the  ultrasonic  transducer  is  reduced.  To  reduce  the 
impedance  of  the  transducer,  the  following  methods 
can  be  used. 

The  first  method  is  to  incorporate  a  piezoelectric 
element  having  a  great  dielectric  constant  into  the 
transducer.  However,  the  greatest  relative  dielectric 
constant  that  a  piezoelectric  element  can  have  is 
5000.  Further,  the  greater  the  dielectric  constant,  the 
smaller  the  coupling  coefficiency  of  the  piezoelectric 
element,  and  the  lower  the  Curie  temperature. 

According  to  the  second  method,  an  impedance 
converting  means  such  as  a  coil,  a  transformer,  or  an 
FET  is  used.  In  this  method,  if  the  impedance 
converting  means  is  incorporated  in  a  head  section 
of  an  ultrasonic  transducer  having  several  tens  of 
elements  or  100  or  more  elements,  the  size  of  the 
ultrasonic  transducer  is  increased,  resulting  in 
degradation  in  operability  of  the  ultrasonic  trans- 
ducer.  In  addition,  since  the  impedance  converting 
means  has  predetermined  frequency  characteris- 
tics,  the  operating  band  of  the  ultrasonic  transducer 
is  narrowed. 

In  the  present  invention,  a  so-called  multi-layer 
piezoelectric  element  constituted  by  a  plurality  of 
piezoelectric  layers  which  are  laminated  and  electri- 
cally  connected  in  parallel  is  used.  Assuming  that  the 
number  of  layers  is  n,  then  the  thickness  per  layer  is 
1/n  in  comparison  with  a  single-layer  piezoelectric 
having  the  same  foundamental  resonance  frequency 
as  the  multi-layer  piezoelectric  element.  Since  n 
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ayers  are  electrically  connected  in  parallel,  a  total 
mpedance  is  1/n2.  If,  however,  only  the  number  of 
ayers  is  increased  to  decrease  the  impedance,  the 
jltrasonic  transducer  has  characteristics  exceeding 
:he  drive  capacity  of  a  transmitting  circuit  (drive 
source).  As  a  result,  the  transmitting  circuit  cannot 
affectively  apply  a  voltage  to  the  ultrasonic  trans- 
ducer.  This  is  because  voltage  division  due  to  the 
DUtput  impedance  of  the  drive  source  and  the 
mpedance  of  the  ultrasonic  transducer  tends  to 
nterfere  with  application  of  a  voltage  to  the 
jltrasonic  transducer.  For  example,  the  impedance 
lear  the  resonance  point  of  a  currently  available 
3.5-MHz  electronic  sector  scan  type  ultrasonic 
transducer  is  about  300  to  500  £1  When  a  multi-layer 
piezoelectric  element  is  used,  the  ultrasonic  trans- 
ducer  exhibits  an  impedance  of  70  to  120  Q.  by  using 
a  two-layer  piezoelectric  element  and  30  to  50  Q  by 
using  a  three-layer  piezoelectric  element. 

Since  the  output  impedance  of  the  drive  source  is 
determined  by  the  ON  resistance  of  a  transistor  or 
the  like  used  as  the  drive  source,  it  ranges  from 
several  Q  to  several  10  CI.  Accordingly,  a  drive  pulse 
may  not  be  effectively  supplied  to  the  ultrasonic 
transducer  depending  on  the  number  of  layers. 
Therefore,  the  number  of  layers  is  inevitably  limited 
in  terms  of  transmission  sensitivity. 

As  described  above,  in  an  ultrasonic  transducer 
using  a  multi-layer  piezoelectric  element,  even  if  the 
impedance  is  decreased  by  increasing  the  number 
of  layers,  since  effective  application  of  a  pulse  tends 
to  be  interfered,  a  high-sensitivity  ultrasonic  trans- 
ducer  cannot  be  realized. 

It  is  an  object  of  the  present  invention  to  provide 
an  ultrasonic  imaging  apparatus  which  can  achieve 
high  ultrasonic  sensitivity  by  decreasing  the  loss  of 
reflected  wave  signals,  while  maintaining  a  state 
wherein  drive  pulses  are  easily  applied  to  a  search 
unit,  without  greatly  increasing  the  number  of  layers 
of  a  laminated  piezoelectric  element. 

According  to  the  present  invention,  the  imped- 
ance  of  an  ultrasonic  transducer  constituted  by  a 
multi-layer  piezoelectric  element  is  set  to  be  smaller 
than  that  of  a  coaxial  cable  connecting  the  ultrasonic 
transducer  to  a  receiver  section. 

The  number  of  piezoelectric  layers  of  the  multi- 
layer  piezoelectric  element  is  preferably  two.  When  a 
two-layer  laminated  piezoelectric  element  is  used, 
the  impedance  of  the  ultrasonic  transducer  is  1/4 
that  of  an  ultrasonic  transducer  using  a  single-layer 
piezoelectric  element,  specifically,  about  70  to  120  CI 
at  an  operating  center  frequency.  With  such  a  low 
impedance,  a  drive  pulse  voltage  is  not  excessively 
decreased  by  the  internal  impedance  of  a  drive 
source. 

Since  a  doctor  or  an  operator  holds  the  ultrasonic 
transducer  by  a  hand  and  operates  it,  the  coaxial 
cable  must  have  a  length  of  1  m  or  more.  In  order  to 
limit  the  electrostatic  capacitance  of  the  coaxial 
cable  below  60  pF/m,  thin  core  wires  must  be  used 
or  the  number  thereof  must  be  decreased,  and  at  the 
same  time,  the  thickness  of  a  resin  film  covering 
each  core  wire  must  be  increased. 

As  a  coaxial  cable  connected  to  an  array  type 
ultrasonic  transducer,  a  bundle  coaxial  cable  is 

used,  which  is  formed  by  bundling  coaxial  cables  ot 
the  same  numbers  as  that  of  the  elements  of  the 
ultrasonic  transducer  and  covering  the  bundle  of  the 
cables  with  neoprene  rubber  or  the  like.  In  such  a 

5  coaxial  cable  bundle,  each  core  wire  is  easily 
disconnected.  In  addition,  since  the  diameter  of  this 
coaxial  cable  is  increased,  operability  of  the  ultra- 
sonic  transducer  is  degraded.  For  this  reason,  the 
length  and  electrostatic  capacitance  of  the  coaxial 

10  cable  are  preferably  set  to  be  1  m  or  more  and  60 
pF/m  or  more,  respectively.  In  this  case,  the 
impedance  of  the  coaxial  cable  becomes  about  700 
O  at  a  center  frequency  of  3.5  MHz.  Since  this 
impedance  is  a  capacitive  impedance,  it  is  coupled 

15  to  the  impedance  of  the  ultrasonic  transducer  in 
parallel  in  the  circuit. 

According  to  the  present  invention,  since  the 
impedance  of  the  ultrasonic  transducer  is  smaller 
than  the  parallel  combined  impedance  of  the  input 

20  impedance  of  the  receiver  section  and  the  imped- 
ance  of  the  coaxial  cable,  the  voltage  of  a  reflected 
wave  signal,  which  is  divided  by  the  parallel 
combined  impedance,  is  increased,  thereby  minimiz- 
ing  the  voltage  loss  of  the  reflected  wave  signal. 

25  Therefore,  since  reception  sensitivity  can  be  in- 
creased  without  excessively  lowering  the  impedance 
of  the  ultrasonic  transducer  by  increasing  the 
number  of  layers  of  the  multi-layer  piezoelectric 
element,  a  drive  pulse  can  be  easily  applied  to  the 

30  piezoelectric  element  and  a  decrease  in  trans- 
mission  sensitivity  can  be  suppressed.  With  this 
arrangement,  transmission/reception  sensitivity  of 
ultrasonic  waves  can  be  improved. 

This  invention  can  be  more  fully  understood  from 
35  the  following  detailed  description  when  taken  in 

conjunction  with  the  accompanying  drawings,  in 
which: 

Fig.  1  is  a  block  diagram  showing  an  ultrasonic 
imaging  apparatus  according  to  an  embodiment  of 

40  the  present  invention; 
Fig.  2  is  a  circuit  diagram  showing  a  relationship 

among  an  ultrasonic  transducer  element,  a  cable, 
and  transmitting  and  receiving  circuits; 

Fig.  3  is  an  equivalent  circuit  diagram  of  Fig.  2; 
45  Fig.  4  is  a  perspective  view  showing  an  ultrasonic 

transducer  as  a  modification  used  in  the  ultrasonic 
imaging  apparatus  of  the  present  invention;  and 

Fig.  5  is  a  perspective  view  showing  an  ultrasonic 
transducer  as  another  modification  used  in  the 

50  ultrasonic  imaging  apparatus  of  the  present  inven- 
tion. 

According  to  an  ultrasonic  imaging  apparatus 
shown  in  Fig.  1,  ultrasonic  transducer  1  is  con- 
stituted  by  an  array  of  a  plurality  of  ultrasonic 

55  transducer  elements  (piezoelectric  elements).  Ultra- 
sonic  transducer  1  is  connected  to  transmitter  and 
receiver  sections  3  and  4  through  coaxial  cable  2. 
Transmitter  section  3  comprises  clock  oscillator  5 
for  outputting  a  clock  and  pulser  6  for  outputting  a 

60  drive  pulse  in  response  to  the  clock.  When  the  drive 
pulse  is  supplied  to  ultrasonic  transducer  1  through 
coaxial  cable  2,  ultrasonic  transducer  1  outputs  an 
ultrasonic  beam.  Ultrasonic  transducer  1  converts 
the  echoes  of  the  ultrasonic  beam  into  echo  signals. 

65  Receiver  section  4  comprises  amplifier  7  for 
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amplifying  the  echo  signals  output  from  ultrasonic 
transducer  1  and  signal  processing  circuit  8  for 
processing  the  amplified  echo  signals.  The  output 
terminal  of  signal  processing  circuit  8  is  coupled  to 
TV  monitor  10  through  scan  converter  9. 

Signal  processing  circuit  8  includes  a  circuit  for 
converting  the  echo  signal  into  a  B  mode  signal  and 
a  circuit  for  converting  the  echo  signal  into  a  Doppler 
mode  signal,  and  hence  can  output  the  B  and 
Doppler  mode  signals.  Note  that,  for  example,  U.S.P. 
No.  4,398,540  discloses  a  detailed  arrangement  of  a 
circuit  for  obtaining  the  B  and  Doppler  mode  signals. 

Fig.  2  shows  a  transmitting/receiving  circuit 
system  for  one  ultrasonic  transducer  element. 
Referring  to  Fig.  2,  the  ultrasonic  transducer 
element  is  constituted  by  multi-layer  piezoelectric 
element  11.  Multi-layer  piezoelectric  element  11  is 
constituted  by  two  layers,  i.e.,  piezoelectric  layers 
11a  and  11b,  each  consisting  of  a  piezoelectric 
ceramic  material  having  a  relative  dielectric  constant 
of,  e.g.,  2,000.  Internal  electrode  layer  21  is  inter- 
posed  between  piezoelectric  layers  11a  and  11b. 
External  electrode  layers  22  and  23  are  respectively 
formed  on  surfaces  of  piezoelectric  layers  11a  and 
11b,  which  are  opposite  to  internal  electrode  layer 
21  .  External  electrode  layers  22  and  23  are  short-cir- 
cuited  on  a  side  surface  of  element  11,  so  that 
piezoelectric  layers  11a  and  11b  are  electrically 
connected  to  each  other  in  parallel. 

Multi-layer  piezoelectric  element  1  1  is  formed  in 
such  a  manner  that  a  green  sheet  obtained  by,  e.g.,  a 
doctor  blade  method,  is  used,  a  paste  including  Pt  as 
a  major  constituent  is  baked  as  internal  electrode 
layer  21  ,  and  then  external  electrode  layers  22  and 
23,  each  including  Ag  as  a  major  constituent,  are 
formed  and  baked.  Two-layer  piezoelectric  11 
formed  in  such  a  manner  has  an  impedance  of  100  Q 
at  the  center  frequency  of  an  electronic  sector 
probe. 

A  plurality  of  multi-layer  piezoelectric  elements  1  1  , 
each  having  the  above-described  arrangement,  are 
arranged  in  an  array,  and  acoustic  matching  layer  12 
and  acoustic  lens  13  are  sequentially  formed  on  an 
ultrasonic  radiation  surface  of  the  element  array. 
Backing  member  14  is  formed  on  a  rear  surface  side 
of  the  element  array  to  absorb  ultrasonic  waves  and 
serve  as  a  support. 

In  the  above  ultrasonic  imaging  apparatus,  when 
pulser  6  outputs  a  drive  pulse  in  response  to  a  pulse 
from  clock  pulse  oscillator  5,  the  drive  pulse  is 
supplied  to  ultrasonic  transducer  1  through  coaxial 
cable  2.  Ultrasonic  transducer  1  is  driven  by  the  drive 
pulse  and  outputs  an  ultrasonic  beam.  Upon  recep- 
tion  of  the  echoes  of  the  ultrasonic  beam  from  an 
object  to  be  imaged,  ultrasonic  transducer  1 
converts  the  echoes  into  echo  signals.  The  echo 
signals  are  supplied  to  receiving  circuit  7  through 
coaxial  cable  2,  amplified  by  amplifier  7,  and  is 
processed  by  signal  processing  circuit  8.  Signal 
processing  circuit  8  converts  the  echo  signals  into  B 
mode  and  Doppler  mode  signals,  and  outputs  them 
to  scan  converter  9.  Scan  converter  9  converts  the  B 
mode  and  Doppler  mode  signals  into  TV  signals  and 
outputs  them  to  TV  monitor  10.  TV  monitor  10 
displays  the  TV  signals  as  a  B  mode  image,  i.e.,  a 

tomographic  image,  and  a  blood  flow  image. 
Assume  that  in  the  above  ultrasonic  imaging 

apparatus,  the  drive  source,  i.e.,  the  pulser,  has  an 
output  impedance  of  30  CI,  the  fundamental  fre- 

5  quency  (the  resonance  frequency  of  the  ultrasonic 
transducer  element)  of  a  drive  pulse  is  3.5  MHz,  the 
input  impedance  of  receiver  section  4,  i.e.,  the  input 
impedance  of  amplifier  7,  is  750  CI,  and  coaxial 
cable  2  (electrostatic  capacitance:  1  10  pF/m,  length: 

10  2m)  has  an  impedance  of  180  CI.  Under  these 
conditions,  when  two-layer  piezoelectric  element  11 
receives  echoes  from  a  target  placed  in  water  by  a 
pulse  echo  method,  and  echo  signals  are  output 
from  two-layer  piezoelectric  1  1  to  receiver  section  4, 

15  the  transmission/reception  sensitivity  of  the  ultra- 
sonic  imaging  apparatus  can  be  measured  from  the 
levels  of  the  reception  signal  and  the  echoes 
obtained  by  receiver  section  4.  Upon  measurement 
of  this  sensitivity,  the  sensitivity  of  the  ultrasonic 

20  imaging  apparatus  using  two-layer  piezoelectric  11 
was  9  dB,  assuming  that  the  sensitivity  of  an 
ultrasonic  imaging  apparatus  using  the  conventional 
single-layer  piezoelectric  (impedance:  450  CI)  is  set 
as  a  standard  value  (0  dB). 

25  An  improvement  in  sensitivity  by  the  two-layer 
piezoelectric  element  will  be  described  with  ref- 
erence  to  an  equivalent  circuit  in  Fig.  3. 

Referring  to  Fig.  3,  reference  symbol  Zp  denotes 
the  impedance  of  piezoelectric  element  11;  Zc,  the 

30  impedance  of  coaxial  cable  2;  and  Zr,  the  impedance 
of  the  receiver  section.  As  described  above,  imped- 
ances  Zp,  Zc,  and  Zr  are  respectively  100  CI,  180  Q, 
and  750  CI.  A  parallel  impedance  relationship  of  Zp  < 
Zc  and  Zr  can  be  established.  When  impedance  Zp  of 

35  the  ultrasonic  transducer  element  is  set  to  be  lower 
than  the  parallel  combined  impedance  of  the  coaxial 
cable  and  the  receiver  section,  the  echo  level  is  less 
attenuated  by  the  ultrasonic  transducer  element, 
and  a  large  echo  level  signal  is  supplied  to  the 

40  receiver  section,  thereby  improving  the  sensitivity  of 
the  apparatus. 

In  the  conventional  single-layer  ultrasonic  trans- 
ducer  element,  since  its  impedance  is  450  CI,  and 
becomes  considerably  larger  than  the  parallel  im- 

45  pedance  (145  CI)  of  the  coaxial  cable  and  the 
receiver  section,  the  echo  level  is  considerably 
attenuated  by  the  impedance  of  the  ultrasonic 
transducer  element,  thus  degrading  the  sensitivity  of 
the  apparatus. 

50  In  the  above  embodiment,  the  impedance  of  the 
ultrasonic  transducer  element  is  set  to  be  lower  than 
the  parallel  combined  impedance  of  the  coaxial 
cable  and  the  receiver  section.  In  practice,  however, 
it  is  only  required  that  the  impedance  of  the 

55  ultrasonic  transducer  element  be  smaller  than  that  of 
the  coaxial  cable.  That  is,  if  Zp  <  Zc  is  established, 
the  principal  object  of  the  present  invention  can  be 
achieved. 

As  described  above,  in  order  to  improve  the 
60  ultrasonic  sensitivity  of  the  ultrasonic  transducer,  it 

is  only  required  that  the  impedance  of  the  ultrasonic 
transducer  element  be  set  to  be  lower  than  at  least 
the  impedance  of  the  coaxial  cable.  It  is  considered 
that  in  order  to  lower  the  impedance  of  the  ultrasonic 

65  transducer  element,  the  number  of  layers  of  the 
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slement  is  increased.  For  this  reason,  the  present 
nventor  measured  ultrasonic  sensitivity  using  a 
ihree-layer  ultrasonic  transducer  element.  The 
three-layer  ultrasonic  transducer  element  exhibited 
an  impedance  of  45  CI,  which  was  lower  than  that 
(100  CI)  of  the  two-layer  ultrasonic  transducer 
Blement.  Upon  ultrasonic  sensitivity  measurement, 
nowever,  the  three-layer  ultrasonic  transducer  ele- 
ment  exhibited  an  ultrasonic  sensitivity  of  8  dB, 
which  was  lower  than  that  of  the  two-layer  element, 
.e.,  9  dB.  Therefore,  it  was  found  that  the  two-layer 
jltrasonic  transducer  element  was  optimal  in  ultra- 
sonic  sensitivity  improvement. 

This  is  because  the  ratio  of  the  parallel  combined 
impedance  of  the  two-layer  ultrasonic  transducer 
and  the  coaxial  cable  to  the  parallel  combined 
impedance  of  the  three-layer  ultrasonic  transducer 
and  the  coaxial  cable  is  greater  than  one,  and  the 
drive  pulse  is  more  effectively  supplied  to  the 
two-layer  ultrasonic  transducer  than  to  the  three- 
layer  one. 

When  the  transmission  sensitivities  of  the  single-, 
two-,  and  three-layer  ultrasonic  transducers  were 
compared  with  each  other  by  using  a  hydrophone, 
they  were  respectively  measured  as  0  dB,  4  dB, 
and  2  dB.  Generally,  when  the  number  of  layers  of  a 
multi-layer  piezoelectric  element  is  increased,  and 
an  electric  field  per  layer  is  increased,  transmission 
sensitivity  is  increased  in  proportion  to  the  number 
of  layers.  Assuming  that  there  is  no  voltage  drop  in  a 
drive  pulse  due  to  voltage  division  caused  by  the 
output  impedance  of  drive  source  6  and  the 
impedance  of  the  ultrasonic  transducer,  then  the 
transmission  sensitivities  of  the  two-  and  three-layer 
structures  are  supposedly  6  dB  and  9.5  dB, 
respectively  when  the  transmission  sensitivity  of  the 
single-layer  structure  is  a  standard  value  (0  dB).  In 
practice,  however,  the  transmission  sensitivity  of  the 
three-layer  structure  was  lower  than  that  of  the 
two-layer  structure.  This  is  because,  as  described 
above,  if  the  number  of  layers  is  increased,  a  drive 
pulse  tends  not  be  voltage-divided  to  the  ultrasonic 
transducer  because  of  the  drop  in  impedance  of  the 
ultrasonic  transducer. 

Fig.  4  shows  a  modification  of  ultrasonic  trans- 
ducer  1  used  in  the  present  invention.  In  ultrasonic 
transducer  1  in  this  modification,  internal  electrode 
layer  21  is  not  formed  at  substantially  the  center 
between  external  electrode  layers  22  and  23,  but  is 
formed  nearer  to  external  layer  22  than  to  external 
layer  23.  The  capacitance  of  multi-layer  piezoelectric 
element  10  becomes  a  minimum  value  when  internal 
electrode  layer  21  in  Fig.  2  is  located  at  the  center 
between  external  electrode  layers  22  and  23,  and  is 
increased  when  it  is  shifted  from  the  center. 
Therefore,  if  the  same  piezoelectric  material  is  used, 
the  impedance  of  the  ultrasonic  transducer  in  Fig.  4 
becomes  smaller  than  that  of  the  ultrasonic  trans- 
ducer  in  Fig.  2. 

Similar  to  the  multi-layer  piezoelectric  element  in 
Fig.  2,  multi-layer  piezoelectric  element  10  uses  the 
green  sheet  obtained  by  the  doctor  blade  method. 
The  doctor  blade  method  is  effective  in  forming  a 
thin  film.  Accordingly,  a  sheet  having  a  minimum 
thickness  of  30  u,m  can  be  formed  as  a  firing 

substance.  In  this  modification,  multi-layer  pie- 
zoelectric  element  10  is  formed  by  firing  such  that 
the  thickness  between  internal  and  external  elec- 
trode  layers  21  and  22  is  set  to  be  40  urn,  and  the 

5  thickness  between  internal  and  external  electrode 
layers  21  and  23  is  set  to  be  370  urn.  After  this  firing 
process,  the  layers  between  internal  and  external 
electrode  layers  21  and  22,  and  between  layers  21 
and  23  are  independently  polarized.  In  this  case, 

10  directions  of  polarization  are  determined  such  that 
internal  electrode  layer  21  becomes  positive.  Upon 
polarization  process,  detour  electrode  24  is  sol- 
dered  on  the  firing  substance  to  connect  external 
electrodes  22  and  23  to  each  other.  With  this 

15  process,  multi-layer  piezoelectric  element  10  is 
completed. 

According  to  multi-layer  piezoelectric  element  in 
Fig.  4,  its  impedance  became  47  CI  at  about  a 
fundamental  frequency,  which  was  less  than  1/2  that 

20  of  the  element  wherein  internal  electrode  21  shown 
in  Fig.  2  was  formed  at  the  center  between  external 
electrodes  22  and  23.  The  ultrasonic  sensitivity  of  the 
apparatus  was  measured  using  a  multi-layer  pie- 
zoelectric  element  in  Fig.  5  on  the  basis  of  echoes 

25  from  a  target  placed  in  water  by  the  pulse  echo 
method.  As  a  result,  an  ultrasonic  sensitivity  of  8.5 
dB  was  obtained,  assuming  that  the  ultrasonic 
sensitivity  of  the  single-layer  element  was  0  dB. 
Although  this  value  is  slightly  smaller  than  that  of  the 

30  element  in  Fig.  2,  an  impedance  higher  than  the 
above  impedance  (47  CI)  can  be  obtained  depending 
on  the  specifications  (frequency  and  size  per 
element)  of  the  ultrasonic  transducer.  In  such  a 
case,  the  multi-layer  piezoelectric  element  in  this 

35  modification  can  be  effectively  used  in  a  high-sensi- 
tivity  ultrasonic  imaging  apparatus. 

Fig.  5  shows  an  ultrasonic  transducer  according 
to  still  another  modification.  In  this  modification, 
external  electrode  layer  22  and  detour  electrode  24 

40  are  connected  to  each  other.  However,  detour 
electrode  24  and  external  electrode  layer  23  are 
separated  from  each  other,  and  selectively  con- 
nected  by  switch  25.  in  addition,  internal  electrode 
layer  21  is  formed  at  a  substantially  intermediate 

45  position  between  external  electrode  layers  22  and 
23.  Such  a  multi-layer  piezoelectric  element  is 
manufactured  in  the  same  manner  as  the  above-de- 
scribed  elements. 

In  the  ultrasonic  transducer  in  Fig.  5,  when  switch 
50  25  is  turned  on,  a  resonance  frequency  of  v/2t  (the 

sonic  velocity  of  a  piezoelectric  ceramic  material:  v. 
the  thickness:  t),  an  ultrasonic  wave  having  a  center 
frequency  of  substantially  f  is  radiated,  and  the 
ultrasonic  imaging  apparatus  is  operated  in  the 

55  same  manner  as  in  the  embodiment  of  Fig.  2. 
When  switch  25  is  turned  off,  two  resonance 

frequencies  f  and  2f  are  generated  by  the  piezoelec- 
tric  element  That  is,  when  switch  25  is  turned  off, 
resonance  occurs  at  a  frequency  for  setting  the 

60  thickness  between  internal  and  external  electrode 
layers  21  and  22  to  be  a  half  wavelength.  As  a  result, 
an  ultrasonic  wave  having  center  frequency  2f  is  also 
radiated  from  piezoelectric  element  10.  Therefore,  a 
two-frequency  ultrasonic  transducer  capable  of 

65  generating  ultrasonic  waves  having  frequencies  f 

5 
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and  2f  can  be  obtained.  If  such  an  ultrasonic 
transducer  is  used,  a  Doppler  signal  can  be  obtained 
at  a  low-frequency  (f)  oscillating  portion,  and  a  B 
mode  signal  can  be  obtained  at  a  high-frequency  (2f) 
oscillating  portion. 

When  a  Doppler  mode  image  is  to  be  obtained,  it 
is  required  that  attenuation  of  an  ultrasonic  wave  in 
an  organism  be  minimized,  and  an  S/N  ratio  be 
increased.  For  this  reason,  the  low-frequency  oscil- 
lating  portion  of  the  piezoelectric  element  is  driven. 
In  contrast  to  this,  when  a  B  mode  image  is  to  be 
obtained,  since  a  high  resolution  is  required,  the 
high-frequency  oscillating  portion  is  driven.  In  addi- 
tion,  if  it  is  difficult  to  obtain  a  signal  due  to 
attenuation  of  an  ultrasonic  wave  when  the  B  mode 
image  of  a  deep  portion  of  an  object  to  be  examined 
is  obtained,  switch  25  is  turned  on  to  perform 
two-layer  driving,  thereby  obtaining  a  high-sensitivity 
B  mode  image.  By  switching  switch  25  in  this 
manner,  one  ultrasonic  transducer  can  be  driven 
such  that  a  high-sensitivity  Doppler  image  and  a 
high-resolution,  high-sensitivity  B  mode  image  can 
be  obtained  in  accordance  with  a  purpose  and  a 
target  portion. 

In  the  above-described  apparatus,  the  impedance 
per  element  of  an  array  type  ultrasonic  transducer  is 
determined  by  the  relative  dielectric  constant,  the 
number  of  layers,  and  the  shape  of  a  piezoelectric 
element.  The  relationship  among  the  parallel  com- 
bined  impedance  of  the  impedance  of  the  coaxial 
cable  and  the  input  impedance  of  the  receiver 
section,  the  impedance  of  the  ultrasonic  transducer, 
and  the  output  impedance  of  the  transmitter  section, 
i.e.,  the  driver  source,  is  associated  with  trans- 
mission  and  reception  sensitivities.  Therefore,  the 
number  of  layers  of  the  piezoelectric  element  of  the 
ultrasonic  transducer  is  not  limited  to  two,  but  may 
be  three  or  more  depending  on  the  relative  dielectric 
constant  or  the  shape  of  a  piezoelectric  element. 

An  ultrasonic  transducer  according  to  another 
embodiment  of  the  present  invention  will  be  de- 
scribed.  This  transducer  has  a  fundamental  fre- 
quency  of  5  MHz.  The  wave-emitting  surface  of  each 
of  its  elements  has  an  area  about  half  that  of  the 
wave-emitting  surface  of  each  element  of  the 
transducer  described  above. 

The  inventors  made  an  ultrasonic  transducer 
incorporating  a  two-layer  piezoelectric  element 
having  a  relative  dielectric  constant  of  2000.  This 
transducer  exhibited  an  impedance  of  120  £2  at  the 
fundamental  frequency.  The  transducer  was  con- 
nected  to  receiver  section  4  by  coaxial  cable  2 
(electrostatic  capacitance:  110  pF/m;  length:  2  m). 
Cable  2  exhibited  an  impedance  of  130  £2  at  the 
fundamental  frequency,  and  receiver  section  4 
exhibited  an  impedance  of  100  £2.  Further,  the 
inventors  made  another  ultrasonic  transducer  incor- 
porating  a  conventional  one-layer  piezoelectric  ele- 
ment.  This  transducer  exhibited  an  impedance  of 
500  £2  at  the  fundamental  frequency.  Both  transdu- 
cers  were  tested  for  their  sensitivity  to  ultrasonic 
waves.  The  transducer  according  to  the  invention, 
which  had  the  two-layered  piezoelectric  element, 
had  a  sensitivity  of  10  dB,  whereas  the  transducer, 
which  had  the  one-layer  piezoelectric  element, 

exhibited  a  sensitivity  of  0  dB  (i.e.,  reference  value). 
Also  in  this  embodiment,  the  relations  of  Zp  <  Pc 
and  Zp  >  Zc//Zr  hold  true.  Therefore,  this  embodi- 
ment  also  is  more  sensitive  to  ultrasonic  waves  than 

5  the  conventional  ultrasonic  transducers. 
According  to  the  present  invention,  by  setting  the 

impedance  of  the  ultrasonic  transducer  to  be  smaller 
than  that  of  the  coaxial  cable,  a  reflected  wave  signal 
can  be  transmitted  to  the  receiver  section  without  a 

10  great  loss  of  a  voltage.  Therefore,  the  reception 
sensitivity  can  be  effectively  increased,  and  the 
transmission/reception  sensitivity  of  the  ultrasonic 
imaging  apparatus  can  be  increased. 

15 

Claims 

20  1.  An  ultrasonic  imaging  apparatus  comprising: 
ultrasonic  transducer  means  (1)  for  outputting  an 
ultrasonic  beam  and  converting  an  echo  of  the  echo 
beam  into  an  echo  signal; 
transmitting  means  (3)  for  supplying  a  drive  signal  to 

25  said  ultrasonic  transducer  means  to  cause  said 
ultrasonic  transducer  means  to  output  the  ultrasonic 
beam; 
receiving  means  (4)  for  receiving  the  echo  signal 
output  from  said  ultrasonic  transducer  means  and 

30  converting  the  echo  signal  into  an  image  signal;  and 
cable  means  (2),  having  a  predetermined  capacitive 
impedance,  for  coupling  said  ultrasonic  transducer 
means  (1)  to  said  transmitting  and  receiving  means 
(3,  4)  so  as  to  transmit  the  drive  and  echo  signals, 

35  wherein  said  ultrasonic  transducer  means  is  con- 
stituted  by  an  ultrasonic  transducer  having  a 
capacitive  impedance  smaller  than  that  of  said  cable 
means. 

2.  An  apparatus  according  to  claim  1,  charac- 
40  terized  in  that  said  ultrasonic  transducer  means  (1) 

is  constituted  by  a  plurality  of  two-layer  piezoelectric 
elements  (1)  arranged  in  an  array. 

3.  An  apparatus  according  to  claim  2,  charac- 
terized  in  that  each  of  said  piezoelectric  elements  is 

45  constituted  by  two  laminated  piezoelectric  layers 
(11a,  11b),  an  internal  electrode  layer  (21)  inter- 
posed  between  said  piezoelectric  layers,  and  two 
external  electrode  layers  (22,  23)  respectively  lami- 
nated  on  said  piezoelectric  layers  and  connected  to 

50  each  other. 
4.  An  apparatus  according  to  claim  2,  charac- 

terized  in  that  each  of  said  piezoelectric  layers  (11a, 
11b)  is  formed  of  a  piezoelectric  ceramic  material 
having  a  relative  dielectric  constant  of  2,000. 

55  5.  An  apparatus  according  to  claim  3,  charac- 
terized  in  that  said  internal  electrode  layer  (21)  is 
formed  between  said  piezoelectric  layers  (11a,  11b) 
so  as  to  be  located  at  an  intermediate  position 
between  said  two  external  electrode  layers. 

60  6.  An  apparatus  according  to  claim  3,  charac- 
terized  in  that  said  internal  electrode  layer  (21)  is 
interposed  between  said  piezoelectric  layers  (11a, 
11b)  so  as  to  be  located  close  to  one  of  said  two 
external  electrode  layers  (22,  23). 

65  7.  An  apparatus  according  to  claim  2,  charac- 

6 
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terized  in  that  each  of  said  piezoelectric  elements 
(11)  is  formed  of  two  laminated  piezoelectric  layers 
(11a,  11b),  an  internal  electrode  layer  (21)  inter- 
posed  between  said  piezoelectric  layers,  and  two 
external  electrode  layers  respectively  laminated  on 
said  piezoelectric  layers  and  selectively  connected 
to  each  other. 

8.  An  ultrasonic  imaging  apparatus  comprising: 
ultrasonic  transducer  means  (1)  for  outputting  an 
ultrasonic  beam  and  converting  an  echo  of  the 
ultrasonic  beam  into  an  echo  signal; 
transmitting  means  (3)  for  supplying  a  drive  signal  to 
said  ultrasonic  transducer  means  to  cause  said 
ultrasonic  transducer  means  to  output  the  ultrasonic 
beam; 
receiving  means  (4),  having  a  predetermined  imped- 
ance,  for  receiving  the  echo  signal  output  from  said 
ultrasonic  transducer  means  and  converting  the 
echo  signal  into  an  image  signal;  and 
cable  means  (2),  having  a  predetermined  imped- 
ance,  for  coupling  said  ultrasonic  transducer  means, 
which  has  a  predetermined  impedance  connected  in 
parallel  to  an  input  impedance  of  said  receiving 
means  and  transmits  the  drive  and  echo  signals,  to 
said  transmitting  and  receiving  means, 
wherein  said  ultrasonic  transducer  means  is  con- 
stituted  by  an  ultrasonic  transducer  having  an 
impedance  smaller  than  a  total  parallel  impedance  of 
said  receiving  means  and  said  cable  means. 

9.  An  apparatus  according  to  claim  8,  charac- 
terized  in  that  said  ultrasonic  transducer  means  is 
constituted  by  a  plurality  of  two-layer  piezoelectric 

elements  (11)  arranged  in  an  array. 
10.  An  apparatus  according  to  claim  9,  charac- 

terized  in  that  each  of  said  piezoelectric  elements 
(11)  is  constituted  by  two  laminated  piezoelectric 

5  layers  (11a,  11b),  an  internal  electrode  layer  (21) 
interposed  between  said  piezoelectric  layers,  and 
two  external  electrode  layers  (22,  23)  respectively 
laminated  on  said  piezoelectric  layers  and  con- 
nected  to  each  other. 

10  11.  An  apparatus  according  to  claim  9,  charac- 
terized  in  that  each  of  said  piezoelectric  layers  (11a, 
11b)  is  formed  of  a  piezoelectric  ceramic  material 
having  a  relative  dielectric  constant  of  2,000. 
12.  An  apparatus  according  to  claim  10,  charac- 

15  terized  in  that  said  internal  electrode  layer  (21)  is 
formed  between  said  piezoelectric  layers  (11a,  11b) 
so  as  to  be  located  at  an  intermediate  position 
between  said  two  external  electrode  layers. 

13.  An  apparatus  according  to  claim  10,  charac- 
20  terized  in  that  said  internal  electrode  layer  (21)  is 

interposed  between  said  piezoelectric  layers  (11a, 
11b)  so  as  to  be  located  close  to  one  of  said  two 
external  electrode  layers  (22,  23). 

14.  An  apparatus  according  to  claim  9,  charac- 
25  terized  in  that  each  of  said  piezoelectric  elements 

(11)  is  constituted  by  two  laminated  piezoelectric 
layers,  an  internal  electrode  layer  (21)  interposed 
between  said  piezoelectric  layers,  and  two  external 
electrode  layers  (22,  23)  respectively  laminated  on 

30  said  piezoelectric  layers  and  selectively  connected 
to  each  other. 
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