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(54)  Multilayer  acoustic  transducer. 

(57)  An  acoustic  transducer  apparatus  comprises 
a  piezoelectric  resonator  stack  which  contains 
active  piezoelectric  layers  (20,20B,20C,20D, 
20E,20F),  internal  conductive  electrodes  (22A, 
22B,22C,22D,22E,22F),  internal  bonding  layers 
(25A,25B,25C,25D),  and  an  optional  internal 
dielectric  layer  (24A,24B).  The  electrodes  may 
be  connected  to  provide  alternating  polarization 
directions,  or  any  other  desired  sequence 
of  polarization  directions,  in  the  sequence 
of  piezoelectric  layers.  An  optional  edge 
dielectric  layer  (21A,21B,21C,21D,21E,21F), 
positioned  between  side  electrodes  (23A, 
23B)  and  adjacent  piezoelectric  layers, 
controls  the  fringe  electrical  fields  and  the 
lateral  piezoelectric  modes  that  would  otherwise 
develop.  The  piezoelectric  layers  may  have 
uniform  thicknesses  with  independently  selected 
polarization  direction  within  each  piezoelectric 
layer. 

Alternatively,  the  individual  piezoelectric 
*j!  layers  may  have  non-uniform  thicknesses  tn "   and  independently  selected  polarization  direc- 
O  tion  within  each  layer. 
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This  invention  relates  to  acoustic  transducers  for  medical  imaging  using  multilayer  piezoelectric  materials, 
and  to  improvements  in  acoustic  signal  definition  and  bandwidth. 

A  diagnostic  ultrasonic  imaging  system  forms  images  of  tissues  inside  the  human  body  by  electrically  ex- 
citing  a  transducer  or  array  of  transducers  to  generate  short  ultrasonic  pulses,  which  then  travel  into  the  body. 

5  Atransducer  or  array  of  transducers  then  converts  the  ultrasonic  echoes  from  the  tissues  into  electrical  signals 
which  are  amplified  and  used  to  form  a  cross  sectional  image  of  the  tissue.  Most  often,  transducers  used  for 
medical  imaging  consist  of  a  single  layer  of  piezoelectric  material  that  requires  excitation  with  a  high  voltage 
for  generating  short  ultrasonic  pulses.  The  echo  signals  are  often  amplified  with  low  voltage  integrated  circuit 
electronics. 

10  Currently,  the  high  excitation  voltage  is  an  impediment  to  integrating  low  voltage,  high  density  circuitry 
with  a  transducer  or  an  array  of  transducers.  For  example,  a  two-dimensional  acoustic  array  with  a  large  num- 
ber  of  acoustic  elements  requires  local  integrated  electronics  to  achieve  acceptable  performance.  It  is  both 
desirable  and  beneficial  to  strive  for  use  of  a  low  voltage  transducer  that  can  be  excited  by  standard  low  voltage 
integrated  circuit  electronics.  Use  of  low  voltage  transducers  also  reduces  the  potential  of  electrical  hazard  to 

15  the  patient. 
From  an  electrical  point  of  view,  achieving  the  required  electric  field  within  the  piezoelectric  material  at 

low  applied  voltage  requires  a  relatively  thin  layer  of  piezoelectric  material.  Achieving  the  desired  operating 
frequency  of  the  resonator  requires  a  thickness  of  one  half  wavelength  (or  odd  integer  multiples  thereof)  or  a 
thickness  of  one  quarter  wavelength  (or  odd  integer  multiples  thereof).  In  addition,  a  uniform  poling  field 

20  throughout  the  lateral  extent  of  the  piezoelectric  resonator  and  a  uniform  electric  field  without  fringing  fields 
during  operation  is  required.  In  the  prior  art,  these  requirements  have  not  been  anticipated  in  the  embodiments 
nor  in  the  teachings. 

Berlincourt,  et  al.  disclose  use  of  two  or  more  piezoelectric  layers  in  a  stack  on  a  substrate,  with  an  inde- 
pendent  common  electrode  being  positioned  between  any  two  adjacent  piezoelectric  layers,  in  U.S.  Patent 

25  No.  3,590,287.  The  objective  is  to  provide  improved  filters  and  transformers  for  signal  processing  applications. 
Two  adjacent  piezoelectric  layers  are  chosen  to  have  the  same  or  opposite  electrical  polarities,  and  two  ad- 
jacent  piezoelectric  layers  are  chosen  to  have  the  same  or  different  piezoelectric  properties.  Piezoelectric  layer 
thicknesses  are  chosen  to  achieve  a  particular  fixed  resonant  frequency  for  the  structure.  No  discussion  is 
presented  of  the  issue  of  fringe  fields  poling  or  operation. 

30  In  U.S.  Patent  No.  4,087,716,  Heywang  discloses  use  of  a  multilayer  stack  of  piezoelectric  layers,  with 
two  interdigitated  sets  of  electrode  fingers  being  provided  so  that  an  electrode  finger  lies  between  each  two 
adjacent  piezoelectric  layers  of  a  co-fired  ceramic  structure.  The  polarization  directions  of  any  two  adjacent 
piezoelectric  layers  are  opposite  to  one  another.  The  two  sets  of  electrode  fingers  are  driven  by  a  time-varying 
voltage  source,  and  electrode  fingers  from  the  first  set  and  from  the  second  set  do  not  completely  overlap 

35  laterally.  The  potential  problem  of  shorting  during  operation  and  stress-induced  cracking  at  the  periphery  of 
the  multilayer  is  recognized,  but  no  discussion  is  presented  the  problems  with  fringe  field  effects. 

Glenn,  in  U.S.  Patent  No.  4,477,783,  discloses  an  ultrasonic  transducer,  based  on  a  piezoelectric  polymer, 
that  includes  a  multilayer  stack  of  piezoelectric  materials,  with  an  electrode  pair  flanking  each  piezoelectric 
layer.  Each  such  electrode  pair  has  a  controllable  electronic  delay  means  associated  with  it,  and  the  time  delay 

40  selected  depends  on  the  time  interval  required  for  propagation  of  an  ultrasonic  wave  across  the  associated 
piezoelectric  layer  thickness.  Adjacent  piezoelectric  layers  may  have  electrical  field  polarization  directions  that 
are  the  same  or  are  reversed.  Internal  electrodes  on  adjacent  piezoelectric  layers  may  be  electrically  shorted 
or  isolated.  Again,  no  discussion  is  presented  of  the  issue  of  fringe  fields  during  poling  or  operation. 

The  concept  of  impedance  reduction  for  ultrasonic  medical  imaging  was  recognized  in  the  context  of  signal 
45  to  noise  reduction  by  S.  Saitoh,  M.  Izumi  and  K.  Abe  in  "A  Low-Impedance  Ultrasonic  Probe  Using  a  Multilayer 

Piezoelectric  Ceramic",  Japan.  Jour.  App.  Phys.,vol.  28,  pp.  54-56,  1989.  These  authors  do  not  comment  on 
the  utility  of  a  multilayer  transducer  for  reducing  the  required  drive  voltage  of  a  transducer,  nor  on  the  effect 
of  fringe  fields  on  the  performance  of  the  transducer. 

What  is  needed  is  an  acoustic  transducer  for  medical  imaging  with  improved  signal  definition,  efficiency 
50  and  bandwidth.  Preferably,  the  transducer  should  operate  at  low  voltages  and  should  control  the  development 

of  spurious  lateral  modes  that  arise  from  fringe  electric  fields  in  the  piezoelectric  material  which  originate  from 
poling  the  assembled  resonator  stack  as  well  as  the  operation  of  the  transducer  with  side  electrodes. 

These  needs  are  met  by  the  invention,  which  provides  for  fabrication  of  one  or  an  array  of  low  voltage, 
multilayertransducers,  each  transducer  having  side  or  external  electrodes  using  a  controllable,  uniform  poling 

55  field  for  an  assembled  acoustic  resonator  stack  and  using  a  static  or  time-dependent  electrical  field  during  op- 
eration. 

In  accordance  with  a  first  aspect  of  the  present  invention  there  is  provided  an  array  of  acoustic  transducers 
for  producing  an  electrical  signal  in  response  to  passage  of  an  incident  acoustic  wave  therethrough  and  for 
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producing  an  acoustic  wave  in  response  to  receipt  of  an  electrical  signal,  each  transducer  comprising: 
a  plurality  of  N  piezoelectric  layers  numbered  consecutively  n  =  1,  2  N,  of  selected  thickness,  each 

layer  having  two  exterior  surfaces,  and  being  oriented  approximately  perpendicular  to  a  selected  path  of  an 
incident  acoustic  wave  when  the  acoustic  wave  passes  through  the  layer; 

5  a  plurality  of  M  electrically  conductive  electrode  layers  spaced  apart  and  facing  each  other,  numbered 
consecutively  m  =  1,  2  M,  where  M  s  n+1,  where  at  least  one  electrode  layer  is  positioned  between  pie- 
zoelectric  layers  numbers  j  and  j+1  forj  =  1,  2  N-1,  where  piezoelectric  layer  number  1  is  positioned  be- 
tween  electrode  layers  number  1  and  2,  and  where  piezoelectric  layer  number  N  is  positioned  between  elec- 
trode  layers  number  M-1  and  M; 

10  a  plurality  of  K  electrically  conductive  external  electrodes  numbered  consecutively  k  =  1,  2  K  (Ks 
2),  with  external  electrode  number  k  being  electrically  connected  to  a  selected  kth  group  of  the  electrode  layers, 
where  any  two  of  these  selected  groups  of  electrode  layers  have  no  electrode  layers  in  common;  and 

a  plurality  of  K  voltage  signal  transceivers  with  each  external  electrode  layer  being  electrically  connect- 
ed  to  one  of  the  voltage  signal  transceivers,  to  impress  a  selected  time-dependent  voltage  signal  on  an  elec- 

15  trade  layer  connected  to  a  voltage  signal  transceiver  and  to  allow  a  voltage  signal  transceiver  to  receive  a  time- 
dependent  voltage  signal  from  an  electrode  layer  connected  to  that  voltage  signal  transceiver. 

The  number  of  piezoelectric  layers  may  be  two,  and  they  may  have  approximately  equal  thickness   ̂ and 
t2,  or  unequal  thicknesses   ̂ and  t2.  One  of  said  thicknesses   ̂ and  t2  may  be  approximately  twice  as  large  as 
the  other  of  said  thicknesses. 

20  Alternatively  the  number  of  piezoelectric  layers  may  be  three,  and  they  may  have  approximately  equal 
thicknesses  t̂ ,t2  and  t3  in  which  the  thickness  ratios  t̂   t2  and  t3  may  be  approximately  1:3:2  or  2:3:1. 

The  voltage  signals  impressed  upon  the  electrode  layers  by  said  voltage  signal  transceivers  may  be 
changeable  dynamically. 

In  accordance  with  a  second  aspect  of  the  present  invention  there  is  provided  an  array  of  J  acoustic  trans- 
25  ducers  (J   ̂ 1)  for  producing  an  electrical  signal  in  response  to  passage  of  an  incident  acoustic  wave  there 

through,  for  producing  an  acoustic  wave  in  response  to  receipt  of  an  electrical  signal,  and  for  suppressing  de- 
velopment  of  a  trapped  mode  resonance  that  arises  within  the  transducer  in  response  to  passage  of  an  acoustic 
wave  therethrough,  each  transducer  being  characterised  by:  a  plurality  of  N  piezoelectric  layers,  numbered 
consecutively  n  =  1  ,  2  N,  where  each  layer  has  two  exterior  surfaces,  and  being  oriented  approximately  per- 

30  pendicularto  a  selected  path  of  an  incident  acoustic  wave  passing  through  the  layer,  where  N  is  an  even  positive 
integer;  a  plurality  of  M  electrically  conductive  electrode  layers,  spaced  apart  and  facing  each  other,  numbered 
consecutively  m  =  1,  2  M,  where  at  least  one  electrode  layer  is  positioned  between  piezoelectric  layers 
number  j  and  j+1  for  j  =  1  ,  2  N-1  ,  where  piezoelectric  layer  number  1  is  positioned  between  electrode  layers 
number  1  and  2,  and  where  piezoelectric  layer  number  N  is  positioned  between  electrode  layers  number  M- 

35  1  and  M;  a  plurality  of  P  (P^N)  edge  dielectric  layers  numbered  consecutively  p  =  1  ,  2  P,  where  each  edge 
dielectric  layer  is  positioned  adjacent  to  at  least  one  exterior  surface  of  one  of  the  piezoelectric  layers  and  iso- 
lates  two  electrode  layers  from  each  other  but  does  not  lie  in  the  acoustic  wave  path; 

a  plurality  of  K  electrically  conductive  external  electrodes  numbered  consecutively  k  =  1,  2  K(Ks 
2),  with  external  electrode  number  k  being  electrically  connected  to  a  selected  kth  group  of  the  electrode  layers, 

40  where  any  two  of  these  selected  groups  of  electrode  layers  have  no  electrode  layers  in  common;  and 
a  plurality  of  K  voltage  signal  transceivers  with  each  external  electrode  layer  being  electrically  connect- 

ed  to  one  of  these  voltage  signal  transceivers,  to  impress  a  selected  time-dependent  voltage  signal  on  an  elec- 
trode  layer  connected  to  a  voltage  signal  transceiver  and  to  allow  a  voltage  signal  transceiver  to  receive  a  time- 
dependent  voltage  signal  from  an  electrode  layer  connected  to  that  voltage  signal  transceiver. 

45  In  one  embodiment,  the  invention  provides  a  multilayer  acoustic  transducer  including  a  plurality  of  N  pie- 
zoelectric  layers  (of  equal  orunequal  thicknesses),  in  a  piezoelectric  resonator  stack,  each  with  top  and  bottom 
electrode  layers.  An  optional  adjacent  matching  layer  and  with  an  optional  backing  layer  are  provided.  The  re- 
quirements  for  the  properties  of  the  matching  and  the  backing  layers  are  well  known  by  those  skilled  in  the 
art. 

so  Electrical  connections  are  provided  from  each  electrode  layer  to  a  time-varying  voltage  source  for  trans- 
mitting  acoustic  signals,  and  to  an  amplifier  that  receives  acoustic  echoes.  The  total  thickness  of  the  piezo- 
electric  resonator  stack  is  an  odd  multiple  of  XI4  or  XI2  for  a  predetermined  wavelength  X  of  an  acoustic  wave 
passing  through  the  transducer.  Adjacent  piezoelectric  layers  have  their  poling  directions  oriented  in  the  same 
direction  or  in  opposite  directions.  Each  piezoelectric  layer  has  one  or  two  edge  dielectric  layers  that  controls 

55  fringe  electric  fields  and  lateral  modes  that  would  otherwise  develop.  The  electrodes  for  each  piezoelectric 
layer  are  independently  addressable  from  a  multiplexer  circuit,  and  the  electrodes  are  electrically  isolated  from 
each  other  by  internal  dielectric  layers  positioned  in  the  acoustic  wave  path.  Side  electrodes  can  be  used  to 
connect  the  piezoelectric  layers  electrically  in  parallel. 

3 



EP  0  620  049  A2 

Multifrequency  operation  of  the  transducer  is  achieved  with  a  multilayer  transducer,  including  a  plurality 
of  equal  orunequal  thickness  piezoelectric  layers,  with  an  optional  matching  layer  and  with  an  optional  backing 
layer.  This  arrangement,  mechanically  in  series  and  electrically  in  parallel,  provides  impedance  control  as  well 
as  voltage  control.  A  single  transducer  or  an  array  of  transducers  positioned  side-by-side  can  be  provided.  In 

5  a  second  embodiment,  the  number  N  of  piezoelectric  layers  is  even,  which  allows  some  structural  simplifica- 
tions. 

In  a  third  embodiment,  impedance  normalization  for  different  area  transducer  elements  in  a  two-dimen- 
sional  acoustic  array  is  achieved  with  a  multilayer  transducer,  including  a  plurality  of  N  piezoelectric  layers  (of 
equal  orunequal  thicknesses),  with  an  optional  matching  layer  and  an  optional  backing  layer.  The  electrodes 

10  for  the  piezoelectric  layers  are  arranged  in  either  dedicated  or  dynamically  variable  series-parallel  combina- 
tions  to  maintain  the  ratio  of  the  electrical  impedance  to  the  element  area  as  a  constant  across  a  two-dimen- 
sional  acoustic  array  including  elements  of  varying  areas.  Alternatively,  the  transverse  areas  of  the  piezoelec- 
tric  layers  in  each  stack  are  selected  to  maintain  the  same  impedance  across  a  two-dimensional  transducer 
array. 

15  Figures  1A,  1  B  and  1C  illustrate  a  portion  of  an  embodiment  of  the  invention  with  a  single  piezoelectric 
layer  and  an  edge  dielectric  layer. 

Figures  2Aand  2B  illustrate  the  difference  between  an  even  number  of  layers  (N=2)  and  an  odd  number 
of  layers  (N=3)  in  a  resonator  stack. 

Figure  3  illustrates  the  multilayer  resonator  stack  assembled  into  a  transducer. 
20  Figure  4  illustrates  use  of  a  curvilinear  interface  for  an  edge  dielectric  layer  and  adjacent  electrodes. 

Figures  5Aand  5B  illustrate  achievement  of  reduced  impedance  for  multilayer  transducers  according  to 
the  invention. 

Figures  6Aand  6B  illustrate  achievement  of  voltage  reduction  and  multi  frequency  operation  for  multilayer 
transducers  according  to  the  invention. 

25  Figures  7A,  7B,  7C  and  7D  illustrate  the  effect  of  poling  direction  on  two-layer  and  three-layer  structures. 
Figure  8  illustrates  a  cylindrical  multilayer  transducer  structure. 
Figures  9Aand  9B  illustrate  multifrequency  operation  of  a  transducer  using  isolated  internal  electrode  lay- 

ers  and  a  multiplexer  circuit. 
Figures  10A-10F  illustrate  multifrequency  operation  using  the  largest  nonredundant  integer  resonator 

30  stack. 
Figures  11A-11D  illustrate  achievement  of  impedance  control  based  on  series/parallel  interconnection 

combinations. 
Figure  12  illustrates  one  embodiment  for  achievement  of  impedance  normalization  for  two-dimensional 

arrays  based  on  impedance  control. 
35  Figures  1A,  1B  and  1C  illustrate  one  embodiment  of  the  invention,  the  piezoelectric  layer,  including  an 

active  piezoelectric  layer  10,  edge  dielectric  layers  11Aand  11  B,  and  conductive  electrode  layers  12Aand  12B. 
In  the  version  of  Figure  1A,  an  edge  dielectric  layer  11Aor  11  B  does  not  completely  surround  the  active  pie- 
zoelectric  layer.  In  other  embodiments,  as  shown  in  Figure  1B,  an  edge  dielectric  layer  11  may  completely  sur- 
round  the  active  piezoelectric  layer.  Figure  1C  is  a  cross  sectional  end  view  of  the  combination  of  layers.  A 

40  typical  thickness  of  the  conductive  electrode  is  in  the  range  of  100  to  5000  A.  However,  the  conductive  elec- 
trodes  12Aand  12B  are  shown  with  exaggerated  thickness  for  clarity. 

The  presence  and  positioning  of  each  of  the  edge  dielectric  layers  11  A  and  11  B  in  Figure  1C,  physically 
separates  the  electrode  layers  12Aand  12B  from  each  other  and  minimizes  excitation  of  undesirable  lateral 
modes  within  the  piezoelectric  layer  10  in  the  transmit  mode,  which  arise  from  fringe  electrical  fields  for  pre- 

45  viously  poled  piezoelectric  material  or  from  fringe  fields  for  multilayer  piezoelectric  resonator  stacks  poled  in 
situ.  If  pairs  of  side  electrodes  that  contact  a  given  piezoelectric  layer  directly  on  two  parallel  sides  of  the  pie- 
zoelectric  layer  were  used  here,  lateral  modes  could  be  excited  in  that  piezoelectric  layer.  The  type  and  prop- 
erties  of  the  dielectric  chosen  for  the  edge  dielectrics  11  A  and  11  B  will  determine  the  magnitudes  of  the  fringe 
electric  fields.  In  general,  for  the  reduction  of  the  magnitude  of  the  lateral  modes,  use  of  dielectrics  with  di- 

50  electric  constants  much  smaller  than  the  dielectric  constant  of  the  piezoelectric  layer  will  increase  the  effective 
separation  of  the  side  electrode  from  the  piezoelectric  layer.  The  distance  of  separation  between  the  first  elec- 
trode  layer  12Aand  the  second  electrode  layer  12B,  provided  by  an  edge  dielectric  such  as  11B,  lies  in  the 
range  10-250  mm.  This  separation  must  nominally  stand  off  both  the  poling  voltages  and  the  operational  ap- 
plied  voltages.  Suitable  dielectric  materials  for  the  edge  dielectric  layers  and  for  optional  internal  dielectric  lay- 

55  ers  discussed  below  include:  oxides,  such  as  SiOz  (z  s  1);  ceramics,  such  as  Al203  and  PZT;  refractory  ma- 
terials,  such  as  SixNy,  BN  and  AIN;  semiconductors,  such  as  Si,  Ge  and  GaAs;  and  polymers,  such  as  epoxy 
and  polyimide. 

Figure  2A  illustrates  one  embodiment  of  the  invention,  the  piezoelectric  resonator  stack,  for  fixed  electri- 

4 
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cally  parallel  excitation  of  equal  thickness  piezoelectric  layers  with  opposite  poling  vector  direction.  The  poling 
vectors  for  the  electrical  fields  impose  across  the  piezoelectric  layers  are  indicated  by  the  vertically  directed 
arrows.  Figure  2A  illustrates  a  situation  where  the  number  of  layers  N  is  even  (N=2),  and  the  external  electro- 
des  22Aand  22D  have  the  same  polarity.  Figure  2B  illustrates  a  situation  where  the  number  of  layers  N  is  odd 

5  (N=3),  and  the  ixternal  electrodes  22A  and  22F  have  opposite  polarity.  The  active  piezoelectric  layers  20A, 
20B  and  20C  have  adjacent  edge  dielectric  layers  21  A/21  B,  21  C/21  D  and  21  E/21  F,  respectively,  and  adjacent 
conductive  electrodes  22A/22B,  22C/22D  and  22E/22F,  respectively,  with  external  side  conductive  electrodes 
23Aand  23B  as  shown.  Alternatively,  a  single  edge  dielectric  layer,  such  as  21  B,  21  D  and  21  E,  can  be  provided 
adjacent  to  each  piezoelectric  layer. 

10  The  individual  piezoelectric  layers  20A,  20B  and  20C  in  Figures  2Aand  2B  are  attached  together  with  in- 
ternal  dielectric  layers  24Aand  24B  (optional),  and  respective  bonding  layers  25A/25B  and  25C/25D  (optional). 
The  thicknesses  of  the  electrode  layers  22A-22D,  the  bonding  layers  25A-25D  and  the  internal  dielectric  layers 
24A-24B  are  shown  in  Figures  2A  and  2B  with  exaggerated  thicknesses  for  clarity.  Typical  thicknesses  of  a 
bond  layer  and  of  an  internal  dielectric  layer  are  less  than  1  urn,  and  less  than  100  ^m,  respectively.  Side  elec- 

15  trades  23Aand  23B  are  optionally  provided,  or  each  electrode  layer  21  A-21F  can  be  electrically  connected  to 
one  terminal  of  a  group  of  one  or  more  voltage  signal  sources  29A  or  signal  amplifiers  29B.  If  the  internal  di- 
electric  layers  24A-24B  and  the  bonding  layers  25A-25D  are  deleted,  some  of  the  intermediate  electrode  lay- 
ers,  such  as  22B  and  22D,  can  be  optionally  deleted  so  that  the  transducer  requires  as  few  as  N+1  electrode 
layers  for  an  N-layer  stack. 

20  The  total  thickness  T  of  the  piezoelectric  resonator  stack  includes  the  thicknesses  of  the  piezoelectric  lay- 
ers  t|,  the  thickness  of  the  internal  dielectric  layers  hj,  and  the  thicknesses  of  the  bonding  layers  kj.  The  thick- 
nesses  of  the  conductive  electrodes  are  negligible  here.  For  XI2  and  XI4  resonator  stacks,  where  hj,  kj  «   tj,  T 
satisfies  the  relation 

T =   I   (tj  +  +  kj  +  q)  =  (2m  +  l)X/  Q,  (1) 

i = l  
30 

where  X  is  the  acoustic  wavelength  in  the  piezoelectric  layers,  Q=2  for  piezoelectric  resonator  stacks  of  thick- 
ness  XI2,  Q=4  for  piezoelectric  resonator  stacks  of  thickness  XI4,  and  m  is  a  selected  non-negative  integer.  If 
the  internal  dielectric  layers  and/orthe  bonding  layers  are  deleted  from  the  transducer,  the  respective  variables 
h|  and/or  kj  do  not  appear  in  Eq.  (1). 

35  If  the  thicknesses  tj,  hj,  kj  and  Cj  are  expressed  non-dimensionally  in  terms  of  the  acoustic  wavelength,  X, 
the  normalized  relations 

t;  =  (XIQ)  T|,  (2) 
h|  =  (XIQ)  5i,  (3) 
ki  =  (WQ)pi,  (4) 

40  Ci  =  (X/Q)Yi  (5) 
are  operative,  where  v„  8j,  p:  and  yi  are  non-dimensional  parameters.  Atotal  normalized  thickness  T'  of  the  pie- 
zoelectric  resonator  stack  then  may  be  written  as 

T  =  I   Cq  +  5i  +  Pi  +  7;)  =  (2m  +  1).  (6)  

i = l  

so  A  multilayer  resonator  stack  may  also  be  constructed  from  layers  that  are  limited  (by  other  constraints) 
in  their  individual  maximum  thicknesses.  This  situation  may  occur  with  layers  deposited  in  situ  by  sputtering 
or  evaporation  or  sol-gel  deposition,  for  example.  In  this  situation,  each  layer  might  be  restricted  to  a  maximum 
thickness,  tmax,  which  may  be  of  the  order  of  1-10  urn,  while  the  resonator  has  a  desired  thickness  XI2  »   tmax. 
The  required  numbers  of  layers  N  is  given  approximately  by  the  ratio  N  =  X/2tmax  (»  1). 

55  Figure  3  illustrates  a  complete  acoustic  transducer  for  fixed  electrical  parallel  excitation  according  to  the 
invention,  with  opposite  poling  directions  for  three  consecutive  piezoelectric  layers.  This  transducer  includes: 
three  parallel,  spaced  apart  piezoelectric  layers  30A,  30B  and  30C;  three  pairs  31  A/31  B,  31  C/31  D  and  31  E/31  F 
of  side  dielectric  layers  flanking  the  piezoelectric  layers  30A,  30B  and  30C,  respectively;  three  pairs  32A/32B, 

5 
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32C/32D  and  32E/32F  of  individually  controlled  electrodes  that  surround  the  respective  piezoelectric  layers 
30A,  30B  and  30C;  an  internal  dielectric  layer  (not  shown  in  Figure  3)  separating  the  electrodes  31  B  and  31  C; 
an  internal  dielectric  layer  (not  shown  in  Figure  3)  separating  the  electrodes  31  D  and  31  E;  end  electrodes  33A 
and  33B  that  flank  all  other  components  on  the  left  and  right,  respectively;  two  dielectric  end  spacers  35A  and 

5  35D;  a  dielectric  spacer  35B  that  separates  the  electrodes  32A,  32B,  32C  and  32D;  a  dielectric  spacer  35C 
that  separates  the  electrodes  32C,  32D,  32E  and  32F;  an  optional  matching  layer  36;  an  optional  backing  layer 
37;  an  amplifier  39B  connected  to  the  two  end  electrodes  33Aand  33B;  and  a  voltage  source  39A  connected 
between  the  two  end  electrodes  33Aand  33B  to  impose  a  selected  external  voltage  difference  between  these 
two  end  electrodes.  An  acoustic  wave  38  is  received  by  the  apparatus  in  the  receive  mode,  or  issued  by  the 

10  apparatus  in  the  transmit  mode.  A  single  dielectric  edge  layer,  such  as  31  A,  31  C  and  31  E,  can  be  provided  in 
place  of  the  pairs  of  flanking  edge  dielectric  layers  31A-31F.  Alternatively,  one  can  delete  the  edge  dielectric 
layers. 

The  optional  matching  layer  36  is  provided  to  suppress  or  minimize  losses  experienced  by  the  acoustic 
wave  38  as  the  wave  passes  from  the  ambient-matching  layer  interface  into  and  through  the  matching  layer- 

is  piezoelectric  layer  interface.  The  material  for  the  matching  layer  36  may  be  graphite,  epoxy,  Mylar,  polyimide 
or  other  similar  compounds,  with  an  acoustic  impedance  between  that  of  the  piezoelectric  and  that  of  the  am- 
bient  medium,  preferably  being  the  geometric  mean  of  the  acoustic  impedances  of  the  two  adjacent  layers. 
The  optional  backing  layer  37  of  material  is  provided  to  suppress  backward  traveling  waves  produced  by  the 
acoustic  wave  38.  The  material  for  the  backing  layer  37  may  be  a  heavy  metal,  such  as  tungsten,  in  a  lighter 

20  matrix  such  a  polymer  or  a  ceramic. 
Figure  4  illustrates  a  further  refinement  of  the  electrical  connection  between  first  and  second  conductive 

electrodes  42A  or  42B,  and  an  external  or  side  electrode  43.  The  reliability  of  the  electrical  contact  can  be 
improved  by  providing  rounded  or  arcuate  surfaces  44Aand  44B  on  the  adjacent  edge  dielectrics  41  Aand  41  B 
and  rounded  or  arcuate  surfaces  45A  and  45B  at  the  interface  of  the  two  conductive  electrode  layers  42A  and 

25  42B  with  the  external  electrode  43.  The  external  side  conductive  electrode  43  is  deposited  after  the  piezo- 
electric  layers  40A  and  40B  and  the  edge  dielectric  layers  41  A  and  41  B  are  bonded  together,  thus  allowing 
the  side  electrode  to  conform  to  the  geometry  of  the  rounded  corners  as  shown. 

A  multilayer  piezoelectric  resonator  stack  has  several  useful  features,  if  the  individual  piezoelectric  layers 
are  of  uniform  thickness,  ti,  and  the  adjacent  piezoelectric  layers  have  opposite  poling  directions.  In  this  con- 

30  figuration,  the  piezoelectric  layers  act  mechanically  in  series,  but  act  electrically  in  parallel.  Figure  5  illustrates 
how  impedance  reduction  can  be  achieved  for  a  multilayer  transducer,  where  the  piezoelectric  layers  are  elec- 
trically  connected  in  parallel.  For  a  piezoelectric  layer  of  capacitance  C0=sA/t,  where  s  is  the  layer  dielectric 
constant,  A  is  the  layer  area,  and  t  is  the  layer  thickness,  the  electrical  impedance  is  given  by  Z0  =  1/(j<oC0), 
where  to=  2rcf  is  the  angular  frequency  of  interest.  For  N  piezoelectric  layers,  each  having  capacitance  Z0,  the 

35  total  electrical  impedance  ZT  is 
ZT  =  Z0/N2.  (7) 

Thus,  use  of  an  N-layer  transducer  with  parallel  electrical  connections  can  reduce  the  electrical  impedance 
by  a  multiplicative  factor  of  N2. 

If  a  single  piezoelectric  layer  of  thickness  T  (the  "comparison  layer")  requires  an  applied  voltage  of  V0,  a 
40  multi  layer  resonator  stack  of  N  piezoelectric  layers,  also  oftotal  thickness  T,  constructed  as  indicated  in  Figures 

2Aand  2B,  with  parallel  electrical  connections,  requires  an  applied  voltage  of  only  Vq/N  to  achieve  an  equivalent 
piezoelectric  stress  field.  This  occurs  because  of  the  reduced  piezoelectric  layer  thickness  between  adjacent 
electrodes.  If  the  required  applied  transmit  voltage  for  the  comparison  layer  is  50-200  Volts,  the  required  ap- 
plied  voltage  for  a  multilayer  resonator  stack  can  easily  be  reduced  to  the  range  5-1  5  Volts,  which  is  suitable 

45  for  integration  with  high  density  integrated  circuits. 
The  electrical  bandwidth  of  an  N-layer  resonator  stack  can  also  be  increased  relative  to  the  bandwidth  of 

the  comparison  layer  with  N  =  1  .  Each  piezoelectric  layer  in  the  multilayer  resonator  stack  is  a  XI2  resonator 
operating  at  N  times  the  fundamental  frequency  f0  for  the  comparison  single  layer  resonator,  neglecting  the 
effect  of  strong  coupling  between  the  piezoelectric  layers.  With  an  appropriate  choice  of  series  and  parallel 

so  electrical  connections  to  the  individual  electrodes  between  the  piezoelectric  layers,  a  multilayer  resonator 
stack  can  also  operate  as  a  multifrequency  acoustic  transducer  with  a  plurality  of  discrete  fundamental  fre- 
quencies. 

Figures  6Aand  6B  illustrate  how  voltage  reduction  can  be  achieved  fora  multilayer  transducer  where  the 
piezoelectric  layers  are  electrically  connected  in  parallel,  and  how  multifrequency  operation  occurs  when  the 

55  piezoelectric  layers  are  electrically  connected  individually.  For  a  single  piezoelectric  layer  60,  an  applied  vol- 
tage  of  V0  gives  a  resonance  frequency  of  f0,  fora  thickness  of  XI2.  For  N=3  piezoelectric  layers  61  A,  61  B  and 
61  C,  oftotal  thickness  XI2  and  connected  in  parallel,  the  required  voltage  to  achieve  the  equivalent  total  electric 
field  in  the  three-layer  resonator  stack  is  V0/3.  For  independent  electrical  connections  to  the  piezoelectric  lay- 
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ers,  the  possible  resonance  frequencies  are  f0,  3V2,  and  3f0.,  using  three,  two  or  one  piezoelectric  sub-layers 
in  combination,  respectively. 

Figures  7A,  7B,  7C  and  7D  illustrate  the  effect  on  the  spatial  distribution  of  the  electric  field  E  and  the 
fundamental  resonant  frequency  of  the  piezoelectric  resonator  stack  for  parallel  electrical  connections  for  both 

5  parallel  and  opposite  poling  directions  in  adjacent  piezoelectric  layers.  Positioned  below  each  transducer  con- 
figuration  is  a  plot  of  the  electric  field  as  a  function  of  distance  x,  measured  from  front  to  back  (or  inversely) 
through  a  multilayer  piezoelectric  stack.  These  plots  follow  the  approach  of  M.  Redwood,  "A  Study  of  Wave- 
forms  in  the  Generation  and  Detection  of  Short  Ultrasonic  Pulses,  Advanced  Materials  Research,  1963,  pp. 
76-84.  Figure  7A  illustrates  the  situation  of  N=2  layers,  where  the  piezoelectric  layers  71  A  and  71  B  are  have 

10  opposite  or  anti-parallel  poling  directions.  Figure  7B  illustrates  the  situation  of  N=2  layers,  where  the  piezo- 
electric  layers  72Aand  72B  have  parallel  poling  directions.  The  configurations  of  Figures  7Aand  7B  produce 
resonant  frequencies  of  f0  and  2f0,  respectively.  Figure  7C  illustrates  the  situation  of  N=3  layers,  where  three 
piezoelectric  layers  73A,  73B  and  73C  have  opposite  poling  directions  for  adjacent  piezoelectric  layers.  Figure 
7D  illustrates  the  situation  of  N=3  layers,  where  adjacent  piezoelectric  layers  74A,  74B  and  74C  have  parallel 

15  poling  directions.  Figures  7C  and  7D  produce  resonant  frequencies  of  f0  and  3f0,  respectively. 
Figure  8  illustrates  an  embodiment  where  the  transducer  is  a  right  circular  cylinder  in  form  for  the  situation 

of  N=3  layers.  A  matching  layer  and  a  backing  layer  (both  optional)  are  omitted  for  clarity.  An  acoustic  wave 
88  is  shown  for  both  transmit  and  receive  modes  of  operation.  Three  piezoelectric  layers  80A,  80B  and  80C 
are  shown  without  internal  conductive  electrodes  and  bonding  layers  for  clarity.  Two  side  electrodes  83A  and 

20  83B  of  opposite  polarity  wrap  around  the  bottom  and  the  top,  respectively,  of  the  cylinder.  Insulating  dielectric 
layers  85Aand  85B  isolate  the  two  electrodes  83Aand  83B.  A  voltage  source  89Aforthe  transmit  mode  and 
an  differential  amplifier  89B  for  the  receive  mode  are  also  incorporated. 

Multifrequency  operation  may  be  achieved  if  the  electrodes  are  individually  addressable.  This  requires 
use  of  thin  electrical  isolation  layers  that  minimally  perturb  an  acoustic  wave  that  passes  therethrough.  Figures 

25  9Aand  9B  illustrate  an  embodiment  for  the  situation  N=3  layers  where  multifrequency  operation  is  achieved, 
using  isolated  internal  electrodes  and  a  multiplexer  circuit.  Piezoelectric  layers  90A,  90B  and  90C  have  re- 
spective  conductive  electrode  pairs  92A/92B,  92C/92D  and  92E/92F,  respective  edge  dielectric  pairs  91  A/91  B, 
91C/91D  and  91E/91F,  and  bonding  layers  95A,  95B,  95C  and  95D  as  shown  in  Figure  9A.  The  internal  elec- 
trodes  92B,  92C,  92D  and  92E  are  isolated  with  internal  dielectric  layers  94Aand  94B.  Each  of  the  electrodes 

30  92A,  92B,  92C,  92D,  92E  and  92F  is  connected  to  an  individual  signal  line  93A,  93B,  93C,  93D,  93E  and  93F, 
respectively,  all  of  which  are  connected  to  a  multiplexer  circuit  97.  Avoltage  source  99A,  for  the  transmit  mode, 
and  an  amplifier  99B,  for  the  receive  mode,  are  also  provided.  The  table  shown  in  Figure  9B  exhibits  the  various 
voltage  assignments  required  for  the  signal  lines  93A-93F  to  produce  resonance  frequencies  of  f0,  3V2,  and 
3f0.  For  example,  an  assignment  of  voltage  V0  to  signal  lines  93B,  93C  and  93F  will  produce  a  resonant  fre- 

35  quency  f0. 
A  multifrequency  transducer  may  also  be  constructed  by  use  of  non-uniform  thicknesses  for  the  piezo- 

electric  layers.  These  non-uniform  thickness  piezoelectric  layers  may  be  assembled  from  uniform  thickness 
layers  that  are  permanently  connected  together  to  form  non-uniform  thickness  layers. 

Figures  10A-1  OF  illustrate  achievement  of  multifrequency  operation  from  the  largest  nonredundant  integer 
40  resonator  stack,  a  stack  having  N=3  piezoelectric  layers.  This  is  the  largest  resonator  stack  whose  members 

have  integer  ratios  of  thickness,  and  for  which  there  are  no  redundant  frequencies.  This  resonator  stack  can 
produce  resonant  frequencies  of  f0,  1  .2f0,  1  .5f0,  2f0,  3f0  and  6f0. 

Figure  1  0A  produces  a  resonant  frequency  f0  with  piezoelectric  layers  100A,  100Band  100C,  all  connected 
in  series.  Figure  10B  produces  a  resonant  frequency  1.2f0  result  using  piezoelectric  layers  102A,  102B  and 

45  1  02C,  where  only  the  piezoelectric  layers  102Aand  102B  are  connected  in  series.  Figure  10C  produces  a  res- 
onant  frequency  1.5f0  result  using  the  piezoelectric  layers  104A,  104B  and  104C,  where  only  the  piezoelectric 
layers  1  04B  and  1  04C  are  connected  in  series.  Figure  1  0D  produces  a  resonant  frequency  2f0  result  using  pie- 
zoelectric  layers  106A,  106B  and  106C,  where  only  the  piezoelectric  layer  106B  is  connected.  Figure  10E  pro- 
duces  a  resonant  frequency  3f0  result  using  piezoelectric  layers  108A,  108B  and  108C,  where  only  the  piezo- 

50  electric  layer  1  08A  is  connected.  Figure  1  0F  produces  a  resonant  frequency  6f0  result  using  piezoelectric  layers 
11  OA,  11  OB  and  110C,  where  only  the  piezoelectric  layer  110C  is  connected  .  All  N-layer  resonator  stacks  (N 
s  4)  with  integer  ratios  of  thicknesses  generate  a  sequence  of  frequencies,  using  adjacent  layers,  that  contains 
redundant  frequencies.  The  ratio  of  individual  layer  thicknesses  for  a  multilayer,  multifrequency  transducer  is 
not  restricted  to  integral  multiples  of  a  single  thickness. 

55  Figures  11A-11D  illustrate  embodiments  for  impedance  control  using  various  series/parallel  electrical  in- 
terconnection  combinations,  for  an  example  N=3  layers.  Four  different  electrical  impedance  values  may  be 
achieved:  Z0,  Zq/2,  2Zo/9,  Zq/9  for  the  embodiments  of  Figures  11A,  11  B,  11C  and  11D,  respectively.  Each  in- 
terconnection  combination  for  the  Figures  11A-11D  is  shown  with  an  accompanying  electrical  circuit  diagram 
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for  clarity.  Figure  11  A  illustrates  the  series  combination,  with  piezoelectric  layers  120A,  120B  and  120C,  edge 
dielectrics  121  Aand  121  B,  external  electrodes  122Aand  122B,  and  internal  electrodes  122C  and  122D.  Figure 
1  1  B  illustrates  a  series-parallel  combination,  with  the  same  components.  Figure  11C  illustrates  a  second  ser- 
ies-parallel  combination,  with  the  same  components.  Figure  11D  illustrates  a  parallel  combination,  with  the 

5  same  components  This  set  of  impedances  is  shown  with  a  dedicated  set  of  electrical  connections,  but  may 
also  be  achieved  with  a  dynamically  configurable  set  of  electrical  connections. 

The  ability  to  control  the  electrical  impedance  of  a  multilayer  resonator  stack  by  arrangement  of  the  elec- 
trical  connections  between  the  layers  can  be  used  to  approximately  equalize  the  impedances  of  different  mul- 
tilayer  resonator  stacks.  This  ability  can  ,  for  example,  be  usefully  applied  to  a  coarsely  sampled  two-dimen- 

10  sional  array,  where  the  elevation  aperture  is  divided  into  separate  elements  of  various  sizes.  The  smaller  area 
elevation  elements  will  have  a  higher  associated  electrical  impedance  (inversely  proportional  to  area  of  an 
element)  than  a  larger  area  elevation  element.  Equalization  of  electrical  impedance  is  useful  because  the  driv- 
ing  electronics  then  senses  that  all  electrical  loads  are  approximately  the  same. 

The  preceding  discussions  and  illustrative  figures  have  focused  on  a  single  transducer  stack  of  piezoelec- 
15  trie  layers  and  associated  electrode  and  dielectric  layers.  The  invention  also  contemplates  an  array  of  J  such 

transducers  (J   ̂ 1),  positioned  side  by  side,  with  an  incident  acoustic  wave  passing  through  one,  several  or 
all  of  the  J  transducers  in  the  usual  manner.  Two  or  more  transducer  elements  j1  and  j2  (1   ̂ j1  <  j2   ̂ J)  may 
have  different  transverse  areas  A;1  and  Aj2  presented  to  the  acoustic  wave,  to  provide  other  control  parameters 
for  shaping  or  analyzing  an  acoustic  wave. 

20  Figure  12  illustrates  this  approach  with  N  =  3  layers,  with  J  =  7  stacks  or  elevation  elements,  and  with  32 
azimuth  elements.  It  is  assumed  here  that  the  seven  elevation  elements  are  wired  symmetrically  into  four  ele- 
vation  groups  so  that,  for  example,  the  two  elements  of  elevation  height  Y4  are  wired  in  parallel;  the  two  stacks 
of  elevation  height  Y4  effectively  form  a  single  independent  stack.  The  area  for  each  elevation  element,  indi- 
cated  at  the  right  in  Figure  12,  is  chosen  to  maintain  the  ratio  of  electrical  impedance  to  transverse  area  as  a 

25  constant  for  each  independent  stack.  Therefore,  if  the  total  area  of  an  elevation  group  scales  with  the  electrical 
impedance  for  that  group,  achieved  by  resonator  stack  wiring  such  as  shown  in  Figures  11A-11D,  the  electrical 
load  seen  by  the  driving  electronics  will  be  equalized  across  all  elevation  groups  or  stacks. 

30  Claims 

1.  An  array  of  acoustic  transducers  for  producing  an  electrical  signal  in  response  to  passage  of  an  incident 
acoustic  wave  therethrough  and  for  producing  an  acoustic  wave  in  response  to  receipt  of  an  electrical 
signal,  each  transducer  comprising: 

35  a  plurality  of  N  piezoelectric  layers  (20A,20B,20C),  numbered  consecutively  n  =  1,  2  N,  of  se- 
lected  thickness,  each  layer  having  two  exterior  surfaces,  and  being  oriented  approximately  perpendicular 
to  a  selected  path  of  an  incident  acoustic  wave  (38)  when  the  acoustic  wave  passes  through  the  layer; 

a  plurality  of  M  electrically  conductive  electrode  layers  (22A,22B,22C,22D,22E,22F),  spaced  apart 
and  facing  each  other,  numbered  consecutively  m  =  1,  2  M,  where  M  s  n+1,  where  at  least  one  elec- 

40  trade  layer  is  positioned  between  piezoelectric  layers  numbers  j  and  j+1  for  j  =  1  ,  2  N-1  ,  where  pie- 
zoelectric  layer  number  1  is  positioned  between  electrode  layers  number  1  and  2,  and  where  piezoelectric 
layer  number  N  is  positioned  between  electrode  layers  number  M-1  and  M; 

a  plurality  of  K  electrically  conductive  external  electrodes  (23A,23B),  numbered  consecutively  k  = 
1,  2  K  (KS:  2),  with  external  electrode  number  k  being  electrically  connected  to  a  selected  kth  group 

45  of  the  electrode  layers,  where  any  two  of  these  selected  groups  of  electrode  layers  have  no  electrode 
layers  in  common;  and 

a  plurality  of  K  voltage  signal  transceivers  (29A,29B),  with  each  external  electrode  layer  being  elec- 
trically  connected  to  one  of  the  voltage  signal  transceivers,  to  impress  a  selected  time-dependent  voltage 
signal  on  an  electrode  layer  connected  to  a  voltage  signal  transceiver  and  to  allow  a  voltage  signal  trans- 

50  ceiver  to  receive  a  time-dependent  voltage  signal  from  an  electrode  layer  connected  to  that  voltage  signal 
transceiver. 

2.  An  apparatus  according  to  claim  1  wherein  there  is  provided  a  plurality  of  P  (P^N)  edge  dielectric  layers 
(21A,21B,21C,21D,21E,21F),  where  each  edge  dielectric  layer  is  positioned  adjacent  to  at  least  one  ex- 

55  terior  surface  of  one  of  the  piezoelectric  layers  and  isolates  two  electrode  layers  from  each  other  but  does 
not  lie  in  the  acoustic  wave  path. 

3.  An  apparatus  according  to  claim  2,  wherein  the  edge  dielectric  layers  (21  A,  21  B,  21  C,  21  D,  21  E,  21  F) 
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include  a  material  selected  from  the  class  of  electrically  insulating  materials  consisting  of  SiOz(zsi), 
A1203,  SixNy(x,ysl),  BN,  A1N,  epoxy  and  polyamide. 

An  apparatus  according  to  any  preceding  claim,  wherein  at  least  two  consecutive  piezoelectric  layers 
(20A,  20B,  20C)  number  i  and  i+1  (1^  î M-1)  have  oppositely  directed  poling  directions  applied  in  the 
direction  of  propagation  of  said  incident  acoustic  wave  in  said  piezoelectric  layers  number  i  and  i-1  . 

An  apparatus  according  to  any  preceding  claim,  wherein  N  is  an  even  integer  and  said  electrode  layers 
(22A,  22B,  22C,  22D,  22E,  22F)  number  1  and  M  have  the  same  voltage  impressed  thereon. 

An  apparatus  according  to  any  of  claims  1  to  4  wherein  N  is  an  odd  integer  and  said  electrode  layers  (22A, 
22B,  22C,  22D,  22E,  22F)  number  1  and  M  have  different  voltages  impressed  thereon. 

An  apparatus  according  to  any  preceding  claim,  wherein  at  least  one  of  said  electrode  layers  (42A,  42B) 
has  an  interface  with  one  of  said  external  electrodes  (43)  that  is  curvilinear  in  shape. 

An  apparatus  according  to  any  preceding  claim  and  further  including  a  plurality  of  N-1  internal  dielectric 
layers  (24A,  24B),  numbered  consecutively  i=1,  2  N-1,  of  selected  thicknesses  l̂   (i  =  1,  2  N-1) 
lying  in  the  acoustic  wave  path,  with  internal  dielectric  layer  number  i  being  positioned  between  piezo- 
electric  layers  number  i  and  i+1. 

Am  apparatus  according  to  claim  8,  wherein  said  internal  dielectric  layers  (24A,  24B)  include  a  material 
selected  from  the  class  of  electrically  insulating  materials  consisting  of  SiOz(zSl),  A1203,  SixNy  (x,ys  1), 
PZT,  BN,  A1N,  epoxy  and  polyamide. 

An  array  of  J  acoustic  transducers  (J   ̂ 1)  for  producing  an  electrical  signal  in  response  to  passage  of  an 
incident  acoustic  wave  there  through,  for  producing  an  acoustic  wave  in  response  to  receipt  of  an  electrical 
signal,  and  for  suppressing  development  of  a  trapped  mode  resonance  that  arises  within  the  transducer 
in  response  to  passage  of  an  acoustic  wave  therethrough,  each  transducer  being  characterised  by:  a  plur- 
ality  of  N  piezoelectric  layers,(20A,  20B,  20C)  numbered  consecutively  n  =  1,  2  N,  where  each  layer 
has  two  exterior  surfaces,  and  being  oriented  approximately  perpendicular  to  a  selected  path  of  an  inci- 
dent  acoustic  wave  passing  through  the  layer,  where  N  is  an  even  positive  integer;  a  plurality  of  M  elec- 
trically  conductive  electrode  layers  (22A,  22B,  22C,  22D,  22E,  22F),  spaced  apart  and  facing  each  other, 
numbered  consecutively  m  =  1,  2  M,  where  at  least  one  electrode  layer  is  positioned  between  piezo- 
electric  layers  number  j  and  j+1  for  j  =  1  ,  2  N-1  ,  where  piezoelectric  layer  (20A,  20B,  20C)  number  1 
is  positioned  between  electrode  layers  number  1  and  2,  and  where  piezoelectric  layer  number  N  is  posi- 
tioned  between  electrode  layers  number  M-1  and  M;  a  plurality  of  P  (P^N)  edge  dielectric  layers  (21A, 
21  B,  21  C,  21  D,  21  E,  21  F)  numbered  consecutively  p  =  1  ,  2  P,  where  each  edge  dielectric  layer  is  posi- 
tioned  adjacent  to  at  least  one  exterior  surface  of  one  of  the  piezoelectric  layers  and  isolates  two  electrode 
layers  from  each  other  but  does  not  lie  in  the  acoustic  wave  path; 

a  plurality  of  K  electrically  conductive  external  electrodes  (23A,  23B)  numbered  consecutively  k  = 
1,  2  K  (K  s  2),  with  external  electrode  number  k  being  electrically  connected  to  a  selected  kth  group 
of  the  electrode  layers,  where  any  two  of  these  selected  groups  of  electrode  layers  have  no  electrode 
layers  in  common;  and 

a  plurality  of  K  voltage  signal  transceivers  (29A,  29B),  with  each  external  electrode  layer  being  elec- 
trically  connected  to  one  of  these  voltage  signal  transceivers,  to  impress  a  selected  time-dependent  vol- 
tage  signal  on  an  electrode  layer  connected  to  a  voltage  signal  transceiver  and  to  allow  a  voltage  signal 
transceiver  to  receive  a  time-dependent  voltage  signal  from  ane  electrode  layer  connected  to  that  voltage 
signal  transceiver. 
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