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@  Curved  array  of  sequenced  ultrasound  transducers. 

An  array  of  ultrasound  transducers  for  pulsed  sector- 
scan  operation  includes  a  plurality  of  transducer  elements 
disposed  on  an  arc  of  a  circle  and  oriented  to  emit  and 
receive  ultrasound  radiation  in  the  direction  of  the  center 
of  the  arc.  A  group  of  adjacent  transducers  within  the  ar- 
ray  is  active  for  each  ultrasound  pulse.  The  position  of  the 
group  in  the  array  is  incrementally  shifted  along  the  arc, 
one  transducer  at  a  time,  to  effect  scanning.  The  inherent 
focussing  effect  of  a  curved  group  of  transducers  is  com- 
pensated  with  time  delays  or  a  negative  lens  to  provide  a 
parallel,  sector-scanned  radiation  beam. 

The  array  may  be  manufactured  by  cutting  grooves 
(620)  in  a  solid  bar  of  piezoelectric  ceramic  (600),  casting 
flexible  matching  windows  (615)  on  the  front  surface  of 
the  grooved  bar,  bending  the  grooved  bar  around  a  man- 
drel  (650)  to  separate  individual  transducer  elements  (630) 
from  each  other  and  casting  a  foam  air  cell  (660)  over  the 
back  of  the  elements  to  retain  them  in  place. 



The  i n v e n t i o n   r e l a t e s   to  an  a r r a y   of  u l t r a s o u n d  

t r a n s d u c e r s   w h i c h   i s   p a r t i c u l a r l y   u s e f u l   f o r   m e d i c a l   i m a g i r g  

a p p l i c a t i o n s .   More  s p e c i f i c a l l y ,   t h e   i n v e n t i o n   r e l a t e s   t o  

a  c u r v e d ,   l i n e a r   a r r a y   of  u l t r a s o u n d   t r a n s d u c e r   e l e m e n t s .  

A  g r o u p   of  a c t i v e   e l e m e n t s   a r e   i n c r e m e n t a l l y   s h i f t e d   a l o n g  
t h e   a r r a y   to  s e c t o r - s c a n   a  p a r a l l e l   u l t r a s o u n d   b e a m .  

BACKGROUND  OF  THE  INVENTION 

I n t e r n a l   b o d y   o r g a n s   may  b e i m a g e d   and   o t h e r w i s e  

c h a r a c t e r i z e d   by  a p p a r a t u s   w h i c h   d i r e c t s   p u l s e s   of  u l t r a -  

s o u n d   e n e r g y   i n t o   t h e   b o d y   and  s u b s e q u e n t l y   d e t e c t s   e c h o e s  

w h i c h   o r i g i n a t e   when   t h e   e n e r g y   i s   r e f l e c t e d   f r o m   t i s s u e  

i n t e r f a c e s   or  o t h e r   d i s c o n t i n u i t i e s   w i t h i n   t h e   b o d y .   I n  

t y p i c a l   a p p a r a t u s   t h e   u l t r a s o u n d   e n e r g y   i s   d i r e c t e d   i n t o  

t h e   b o d y   i n   a  r e l a t i v e l y   n a r r o w   b e a m .   E l e c t r i c   s i g n a l s  
w h i c h   d e s c r i b e   t he   p o s i t i o n   and  d i r e c t i o n   of  t h e   beam  w i t h  

r e s p e c t   to  t h e   b o d y ,   as  w e l l   as  t h e   r e l a t i v e   a r r i v a l   t i m e  

and  a m p l i t u d e   of  t he   e c h o s ,   a r e   u t i l i z e d   to  g e n e r a t e   a  
v i s u a l   d i s p l a y   a n d / o r   m a p p i n g   of  t h e  i n t e r n a l   b o d y   s t r u c -  

t u r e s .   In   many  a p p l i c a t i o n s   t h e   d i r e c t i o n   of  t h e   u l t r a -  

s o u n d   beam  i s   m a n u a l l y   c o n t r o l l e d   by  a  t e c h n i c i a n   ( g e n e r a l -  

l y   by  p h y s i c a l  .   m o t i o n   of  a  p r o b e   h e a d )   to  b u i l d   up  a  

d i s p l a y   p a t t e r n .   W h i l e   t h e s e   m e t h o d s   a r e   a d e q u a t e   f o r  

i m a g i n g   s t a t i o n a r y   b o d y   s t r u c t u r e s ,   t he   t i m e   r e q u i r e d   f o r  

p h y s i c a l   m o t i o n   of  a  p r o b e   i s   g e n e r a l l y   much  too   l o n g   t o  

i m a g e   r a p i d l y   m o v i n g   b o d y   s t r u c t u r e s   ( f o r   e x a m p l e   t h e  

v a l v e s   i n   a  h e a t i n g   h e a r t )   in   r e a l   t i m e .   U l t r a s o u n d   s y s t e m s  
f o r   g e n e r a t i n g   r e a l   t i m e   d i s p l a y s   of  r a p i d l y   m o v i n g   b o d y  

o r g a n s   g e n e r a l l y   u t i l i z e   e l e c t r o m e c h a n i c a l   or  e l e c t r o n i c  

m e a n s   to  c h a n g e   t he   p o s i t i o n   and  d i r e c t i o n   of  one  or  m o r e  
beams   of  u l t r a s o u n d   e n e r g y   w i t h   r e s p e c t   to  t he   b o d y .  

M o t i o n   of  a  beam  of  u l t r a s o u n d   e n e r g y   w i t h   r e s p e c t  

to  t he   b o d y   may  be  p r o v i d e d   by  s e q u e n t i a l l y   a c t i v a t i n g  



t r a n s d u c e r   e l e m e n t s   i n   a  f l a t   l i n e a r   a r r a y   to  e f f e c t i v e l y  

s c a n   an  a r e a   of  t h e   b o d y   w i t h   a  s e q u e n c e   of  s u b s t a n t i a l l y  

p a r a l l e l   u l t r a s o u n d   b e a m s .   A d e v i c e   of   t h i s   t y p e   i s   d e s c r i b -  

ed  i n   U . S .   P a t e n t   3 , 0 1 3 , 1 7 0 .   A  b e a m   of  u l t r a s o u n d   e n e r g y  

may,   a l t e r n a t e l y ,   be  s c a n n e d   a r o u n d   a  s i n g l e   o r i g i n   p o i n t  

to  p r o d u c e   a  s o - c a l l e d   " s e c t o r - s c a n " .   S e c t o r - s c a n   g e o m e -  
t r i e s   a r e   p a r t i c u l a r l y   u s e f u l   s i n c e   u l t r a s o u n d   e n e r g y   m a y  
be  d i r e c t e d   b e t w e e n   t h e   r i b s   to  s c a n   t h e   i n t e r i o r   of  t h e  

c h e s t   c a v i t y .   S e c t o r - s c a n n i n g   h a s   b e e n   a c h i e v e d   i n   t h e  

p r i o r   a r t   by  r a p i d l y   r o t a t i n g   one  or  more   t r a n s d u c e r s  

a b o u t   an  a x i s ,   by  s t e e r i n g   e n e r g y   f r o m   a  f i x e d   t r a n s d u c e r  

w i t h   a  r o t a t i n g   u l t r a s o u n d   r e f l e c t o r ,   or  by  s e q u e n c i n g  

i n d i v i d u a l   t r a n s d u c e r   e l e m e n t s   i n   a  l i n e a r   c u r v e d   a r r a y .  
B r i t i s h   p a t e n t   1 , 5 4 6 , 4 4 5   d e s c r i b e s   a  c u r v e d   t r a n s d u c e r  

a r r a y   w i t h   i n d i v i d u a l   t r a n s d u c e r s   w h i c h   a r e   i n d i v i d u a l l y  

a c t i v a t e d   to  p r o d u c e   a  s e c t o r - s c a n .  

. T h e   t r a n s v e r s e   s p a t i a l   r e s o l u t i o n   w h i c h   may  b e  

o b t a i n e d   f r o m   a  s e q u e n c e   a r r a y   of   u l t r a s o u n d   t r a n s d u c e r s  

i s   r e l a t e d   to  d i m e n s i o n s   of  t h e   i n d i v i d u a l   t r a n s d u c e r  

e l e m e n t s   i n   t h e   a r r a y .   S m a l l   t r a n s d u c e r   e l e m e n t s   a r e  

d e s i r a b l e   f o r   o b t a i n i n g   f i n e   r e s o l u t i o n .   The  a m o u n t   o f  

u l t r a s o u n d   e n e r g y   p r o d u c e d   by  an  i n d i v i d u a l   t r a n s d u c e r  

e l e m e n t   i s ,   h o w e v e r ,   l i m i t e d   by  i t s   s i z e .   The  s i g n a l - t o -  

n o i s e   r a t i o   of   t h e   r e t u r n e d   u l t r a s o u n d   e c h o e s   n e c e s s a r i l y  

d e p e n d s   on  t h e   a m o u n t   of  u l t r a s o u n d   e n e r g y   i n t r o d u c e d   i n t o  

t h e   b o d y .   T h u s ,   t h e   s i g n a l   to  n o i s e   r a t i o   s u f f e r s   i f   s m a l l  

t r a n s d u c e r   e l e m e n t s   a r e   i n d i v i d u a l l y   a c t i v a t e d   to  a c h i e v e  

a  s c a n n i n g   a c t i o n .   D i f f r a c t i o n   e f f e c t s   w i l l   f u r t h e r m o r e ,  

c a u s e   s p r e a d i n g   of   an  u l t r a s o u n d   beam  w h i c h   o r i g i n a t e s  

f r o m   a  s i n g l e ,   s m a l l   u l t r a s o u n d   t r a n s d u c e r   e l e m e n t .  

T h i s   p r o b l e m   h a s   b e e n   s o l v e d   i n   t h e   p r i o r   a r t   b y  

s i m u l t a n e o u s l y   a c t i v a t i n g   a  g r o u p   of  a d j a c e n t   t r a n s d u c e r s  

w i t h i n   a  f l a t   l i n e a r   a r r a y .   Means   w e r e   p r o v i d e d   f o r  

i n c r e m e n t a l l y   s h i f t i n g   t h e   a c t i v e   g r o u p   a l o n g   t h e   a r r a y   t o  

p r o v i d e   f i n e   s p a t i a l   r e s o l u t i o n   and   h i g h   s i g n a l - t o - n o i s e  

r a t i o s .   W h i l e  t h i s   t e c h n i q u e   i s   a p p r o p r i a t e   f o r   u s e   w i t h  

f l a t   t r a n s d u c e r   a r r a y s ,   w h i c h   p r o d u c e . a   p a r a l l e l   b e a m  

s c a n n i n g   g e o m e t r y ,   t h e   s i m u l t a n e o u s   a c t i v a t i o n   of   a  g r o u p  



of  a d j a c e n t   t r a n s d u c e r s   i n   a  c u r v e d   a r r a y   i n h e r e n t l y  

g e n e r a t e s   a  f o c u s s e d   u l t r a s o u n d   beam.   S e q u e n c e d   g r o u p  

a r r a y s   h a v e   n o t ,   t h e r e f o r e ,   f o u n d   a p p l i c a t i o n   f o r   t h e  

g e n e r a t i o n   of  h i g h   r e s o l u t i o n   s e c t o r - s c a n s .  

SUMMARY  OF  THE  INVENTION 

A  c o n c a v e   l i n e a r   a r r a y   of  s m a l l   t r a n s d u c e r  

e l e m e n t s   i s   u t i l i z e d   to  g e n e r a t e   an  u l t r a s o u n d   s e c t o r   s c a n .  
A  g r o u p   of  a c t i v e   e l e m e n t s   i s   i n c r e m e n t a l l y   s h i f t e d   a l o n g  
t he   a r r a y   to  p r o v i d e   a  s t e e r a b l e   beam  p r o v i d i n g   h i g h  
r e s o l u t i o n   and  a  h i g h   s i g n a l   to  n o i s e   r a t i o .   D e f o c u s s i n g  

m e a n s ,   w h i c h   c o m p e n s a t e   f o r   t he   i n h e r e n t   f o c u s s i n g  
e f f e c t s   i n   a  c u r v e d   g r o u p   of  a d j a c e n t   t r a n s d u c e r s ,   a r e  

p r o v i d e d .   The  d e f o c u s s i n g   means   may  c o m p r i s e   a  n e g a t i v e  
u l t r a s o u n d   l e n s   d i s p o s e d   b e t w e e n   t h e   a r r a y   and  t h e   b o d y .  

A l t e r n a t e l y ,   t h e   d e f o c u s s i n g   means   may  d e l a y   e l e c t r i c a l  

s i g n a l s ,   w h i c h   a r e   t r a n s m i t t e d   to  and   r e c e i v e d   f r o m   e a c h  

t r a n s d u c e r   e l e m e n t   i n   t h e   a c t i v e   g r o u p ,   i n   p r o p o r t i o n   t o  

t h e   d i s t a n c e   b e t w e e n   t h a t   e l e m e n t   and  t he   c e n t e r   of  t h e  

a c t i v e   g r o u p .  
A  c u r v e d   a r r a y   of  s m a l l ,   h i g h   r e s o l u t i o n   t r a n s -  

d u c e r   e l e m e n t s   may  be  m a n u f a c t u r e d   by  f i r s t   s a w i n g   t h e   b a c k  

s u r f a c e   of  an  e l e c t r o d e d   b a r   of  p i e z o e l e c t r i c   c e r a m i c   t o  

f o r m   a  s e r i e s   of  p a r a l l e l   g r o o v e s .   A  f l e x i b l e   m a t c h i n g  
w i n d o w   i s   c a s t   on  t h e   f r o n t   s u r f a c e   of  t h e   g r o o v e d   b a r .  

The  b a r   and  w i n d o w   a r e   t h e n   b e n t   a r o u n d   a  c o n v e x   m a n d r e l  

so  t h a t   t he   i n d i v u a l   e l e m e n t s   a r e   f r a c t u r e d   one  f r o m   t h e  

o t h e r .   A  foam  a i r   c e l l   i s   t h e n   c a s t   o v e r   t he   b a c k   of   t h e  

e l e m e n t s   to  r e t a i n   them  i n   p l a c e .  
BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

The  i n v e n t i o n   may  be  u n d e r s t o o d   w i t h   r e f e r e n c e  

to  t h e   a t t a c h e d   d r a w i n g s   i n   w h i c h :  

F i g u r e s   1  a n d  2   show  a  p r i o r   a r t   s e q u e n c e d   f l a t  

a r r a y   of  u l t r a s o u n d   t r a n s d u c e r s ;  

F i g u r e   3  i s   a  c u r v e d   t r a n s d u c e r   a r r a y   of  t h e   p r e -  
s e n t   i n v e n t i o n ;  

F i g u r e   4  i l l u s t r a t e s   t h e   p r i n c i p l e   of  t i m e   d e l a y  

d e f o c u s s i n g   f o r   t h e   a r r a y   of  F i g .   3 ;  

F i g u r e   5  s c h e m a t i c a l l y   i l l u t r a t e s   a  s y s t e m   f o r  



o p e r a t i n g   t h e   a r r a y   of  F i g u r e   3 ;  

F i g u r e   6  i s   an  a l t e r n a t e   e m b o d i m e n t   of  t h e  

i n v e n t i o n   w h i c h   i n c l u d e s   a  d e f o c u s s i n g   l e n s ;  

F i g u r e   7  i l l u s t r a t e s   a  s t a g e   i n   t h e   p r o d u c t i o n   o f  

t h e   a r r a y   of   F i g u r e   3 ;  

F i g u r e   8  i l l u s t r a t e s   a  c o m p l e t e d   a r r a y ;   a n d  

F i g u r e   9  i s   a  d e t a i l   of   F i g u r e   8 .  

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 

F i g u r e   1  i s   a  l i n e a r   a r r a y   of  u l t r a s o u n d   t r a n s -  

d u c e r s   110  w h i c h   i s   known   i n   t h e   p r i o r   a r t .   A  s e r i e s   o f  

i n d i v i d u a l   t r a n s d u c e r s   e l e m e n t s   100  a r e   d i s p o s e d   a l o n g   a  

l i n e   101.   S e p a r a t e   e l e c t r o d e s   102  a r e   p r o v i d e d   f o r   e a c h  

t r a n s d u c e r   i n   t h e   a r r a y   and   a r e   c o n n e c t e d   to  e l e c t r o n i c  

c i r c u i t s   ( n o t   s h o w n )   w h i c h   p e r m i t   s e q u e n t i a l   a c t i v a t i o n  

of   t h e   e l e m e n t s   t o ,   i n   e f f e c t ,   move  t h e   s o u r c e   of  a n  

u l t r a s o u n d   beam  a l o n g   t h e   l i n e   1 0 1 .  

F i g u r e   2  i l l u s t r a t e s   an  a p p l i c a t i o n   of   t h e   a r r a y  
110  of  F i g u r e   1.  A  g r o u p   of   a d j a c e n t   t r a n s d u c e r s   111  a r e  

s i m u l t a n e o u s l y   a c t i v a t e d   to  p r o d u c e   a  beam  of   u l t r a s o u n d  

e n e r g y   112  w h i c h   i s   i n w a r d l y   p r o j e c t e d   i n t o   a  b o d y   113.   T h e  

a r r a y   110  i s   d i s p o s e d   on  t h e   s u r f a c d   of   a  p r o b e   a s s e m b l y  
114  w h i c h   i n c l u d e s   s w i t c h i n g   c i r c u i t s   115.   The  s w i t c h i n g  

c i r c u i t s   a c t   to  i n c r e m e n t a l l y   s h i f t   t h e   g r o u p   of  a c t i v e  

t r a n s d u c e r s   111  a l o n g   t h e   a r r a y   to  g e n e r a t e   a  l i n e a r   s c a n  

of   t h e   beam  112  w i t h   r e s p e c t   to  t h e   b o d y .   The  o p e r a t i o n   o f  

p r i o r   a r t   i m a g i n g   s y s t e m s   w i t h   i n c r e m e n t a l l y   s h i f t e d  

a r r a y s   i s   d e s c r i b e d   i n   t h e   a r t i c l e s   U l t r a s o n i c   I m a g i n g  

U s i n g   A r r a y s ,   A l b e r t   M a c o v s k i   and   M e t h o d s   and   T e r m i n o l o g y  

f o r   D i a g n o s t i c   U l t r a s o u n d   I m a g i n g   S y s t e m s .   M a x w e l l   G .  

M a g i n n e s s   i n   t h e   P r o c e e d i n g s   of  t h e   I E E E ,   V o l .   67,   N o .  4 ,  

A p r i l   1979  a t   p a g e   484  and   641  r e s p e c t i v e l y .   T h o s e   a r t i c l e s  

a r e   i n c o r p o r a t e d   h e r e i n ,   by  r e f e r e n c e ,   as  b a c k g r o u n d  

m a t e r i a l .  A s   i n d i c a t e d   i n   t h o s e   a r t i c l e s ,   t h e   i n c r e m e n t a l  

s h i f t i n g   of   a  g r o u p   of   t r a n s d u c e r s   w i t h i n   t h e   a r r a y   i m p r o v e s  

s p a t i a l   r e s o l u t i o n   and  p r o v i d e s   a  h i g h e r   s i g n a l   to  n o i s e  

r a t i o   t h a n   c o u l d   be  a c h i e v e d   by  t h e   s e q u e n t i a l   a c t i v a t i o n  

of   i n d i v i d u a l   t r a n s d u c e r   e l e m e n t s .  

B r i t i s h   p a t e n t   S p e c i f i c a t i o n   1 , 5 4 6 , 4 4 5   d e s c r i b e s   a  



c u r v e d   l i n e a r   a r r a y   of  t r a n s d u c e r s   w h i c h   a r e   i n d i v i d u a l l y  

a c t i v a t e d   to  g e n e r a t e   a  s e c t o r - s c a n n e d   u l t r a s o u n d   b e a m .   A 

p o s i t i v e   ( c o n v e r g i n g )   l e n s   i s   u t i l i z e d   w i t h   t h e   t r a n s d u c e r  

a r r a y   to  f o c u s   t he   beam  t h r o u g h   t he   s p a c e s   b e t w e e n   t h e   r i b s .  

B e c a u s e   o n l y   one  t r a n s d u c e r   e l e m e n t   i s   a c t i v e   a t   a  t i m e ,  

t he   a r r a y   of  B r i t i s h   p a t e n t   1 , 5 4 6 , 4 4 5   s u f f e r s   f r o m   r e l a t i v e -  

l y   low  s p a t i a l   r e s o l u t i o n   and   s i g n a l - t o - n o i s e   r a t i o .   T h e  

p e r f o r m a n c e   of  t h e   a r r a y   c a n n o t ,   h o w e v e r ,   be  i m p r o v e d  

by  d i r e c t l y   a p p l y i n g   t h e   i n c r e m e n t a l l y   s h i f t e d   a c t i v e   g r o u p  

g e o m e t r y   of  F i g u r e   2  to  t h e   c u r v e d   a r r a y   c o n f i g u r a t i o n .  
The  s i m u l t a n e o u s   a c t i v a t i o n   of  a  g r o u p   of  a d j a c e n t   e l e m e n t s  

on  a  c u r v e d   a r r a y   n e c e s s a r i l y   p r o d u c e s   a  s h a r p l y   f o c u s s e d  

beam  w h i c h   d i v e r g e s   i n   t h e   f a r   f i e l d   and   i s   u n s u i t a b l e   f o r  

m e d i c a l   i m a g i n g .  

F i g u r e   3  s c h e m a t i c a l l y   i l l u s t r a t e s   a  t r a n s d u c e r  

a r r a y   of  t h e   p r e s e n t   i n v e n t i o n .   A  p l u r a l i t y   of   e l e c t r o -  

a c o u s t i c   t r a n s d u c e r   e l e m e n t s   200  a r e   d i s p o s e d   a l o n g   an  a r c  
and   a r e   o r i e n t e d   to  p r o j e c t   and  r e c e i v e   u l t r a s o u n d   e n e r g y  
in   t h e   d i r e c t i o n   of  t he   c e n t e r   of  t h e   a r c .   The  i n d i v i d u a l  

e l e m e n t s   200  i n   t h e   a r r a y   a r e   p r o v i d e d   w i t h   s e p a r a t e  
e l e c t r o d e s   and   a r e   c o n n e c t e d ,   v i a   w i r e s   202 ,   and   a  

s e q u e n c i n g   c i r c u i t   to  p u l s e   g e n e r a t o r   and  r e c e i v e r   c i r -  

c u i t s   ( n o t   s h o w n ) .   The  a r r a y   i s   c o n t a i n e d   i n   a  h o u s i n g   2 0 4  

w h i c h   i n c l u d e s   an  u l t r a s o u n d   t r a n s m i s s i v e   w i n d o w   206 .   T h e  

h o u s i n g   may  be  f i l l e d   w i t h   an  u l t r a s o u n d   t r a n s m i s s i v e  

f l u i d   208 ,   f o r   e x a m p l e ,   c a s t o r   o i l ,   w h i c h   i s   m a t c h e d   to  t h e  

u l t r a s o u n d   t r a n s m i s s i v e   p r o p e r t i e s   of  t h e   human   b o d y .  

A l t e r n a t e l y   t h e   h o u s i n g   may  be  f i l l e d   w i t h   a  s o l i d   m a t e r i a l .  

In   g e n e r a l   t he   f i l l i n g   s h o u l d   h a v e   an  a c o u s t i c   a t t e n u a t i o n  

b e t w e e n   t h o s e   of  w a t e r   and  human   t i s s u e   and  s h o u l d   h a v e   a n  
a c o u s t i c   i m p e d a n c e   w h i c h   i s   m a t c h e d   to  t he   i m p e d a n c e   o f  

human   t i s s u e .  

A  g r o u p   of  a d j a c e n t   t r a n s d u c e r   e l e m e n t s   ( f o r  

e x a m p l e   220)   w i t h i n   t h e   a r r a y   i s   a c t i v a t e d   f o r   t h e   t r a n s -  

m i s s i o n   and  r e c e p t i o n   of  e a c h   u l t r a s o u n d   p u l s e .   The  a c t i v e  

g r o u p   of  t r a n s d u c e r s   i s   i n c r e m e n t a l l y   s h i f t e d   a l o n g   t h e  

a r r a y ,   one  t r a n s d u c e r   a t   a  t i m e ,   on  a  p u l s e   to  p u l s e   b a s i s  

to  p r o v i d e   a  s e c t o r   s c a n   of  u l t r a s o u n d   e n e r g y .   D e f o c u s s i n g  



m e a n s   a r e   i n c l u d e d   to  c o m p e n s a t e   f o r   t he   s t r o n g   i n h e r e n t  

f o c u s s i n g   of  t h e   c u r v e d   a r r a y .   The  c u r v e d   a r r a y ,   w i t h   a n  .  

i n c r e m e n t a l l y   s h i f t e d   g r o u p   of   a c t i v e   d e t e c t o r s ,   i n   c o m b i -  

n a t i o n   w i t h   t h e   d e f o c u s s i n g   m e a n s ,   p r o d u c e s   a  f i n e r   s p a t i a l  

r e s o l u t i o n   and   h i g h e r   s i g n a l   to  n o i s e   r a t i o   t h a n   c u r v e d  

s e q u e n c e d   a r r a y s   of  t h e   p r i o r   a r t .  

F i g u r e   4  i l l u s t r a t e s   a  p r e f e r r e d   e m b o d i m e n t   o f  

t h e   d e f o c u s s i n g   m e a n s .   At  a  g i v e n   i n s t a n t ,   a  g r o u p   220  o f  

a d j a c e n t   t r a n s d u c e r s   A-K  w i t h i n   t h e   a r r a y   i s   a c t i v a t e d   b y  

s e q u e n c i n g   s w i t c h e s   ( n o t   shown   f o r   t h e   s a k e   f o r   c l a r i t y ) .  

The  c e n t r a l   t r a n s d u c e r   F  w i t h i n   t h e   z o n e   i s   c o n n e c t e d  

d i r e c t l y   to  u l t r a s o u n d   p u l s e   g e n e r a t o r   240  and  r e c e i v e r  

250  c i r c u i t s   v i a   a  t r a n s m i t - r e c e i v e   (TR)  s w i t c h   2 6 0 .   T h e  

t r a n s d u c e r   p a i r   E  and   G  i m m e d i a t e l y   a d j a c e n t   t h e   c e n t r a l  

t r a n s d u c e r   i s   c o n n e c t e d   to  t h e   TR  s w i t c h   260  v i a   a  

f i r s t   d e l a y   270 .   The  n e x t   a d j a c e n t   p a i r   of   t r a n s d u c e r s   D  a n d  

H  a r e   c o n n e c t e d   to  t h e   TR  s w i t c h   t h r o u g h   a  s e c o n d   d e l a y  

c i r c u i t   280  w h i c h   p r o v i d e s   a  l o n g e r   d e l a y   t h a n   t h e   d e l a y  

c i r c u i t   2 7 0 .   E a c h   n e x t   a d j a c e n t   p a i r   of   t r a n s d u c e r s   w i t h i n  

. t h e   g r o u p   ( i . e .   C  and   I ,   B  a n d   J ,   A  and   K)  a r e   c o n n e c t e d  

to  t h e   TR  s w i t c h   v i a   d e l a y   c i r c u i t s   ( 2 9 0 ,   3 0 0 ,   310)   w h i c h  

p r o v i d e ,  i n c r e a s i n g   d e l a y s   i n   p r o p o r t i o n   to  t h e   d i s t a n c e  

f r o m   t h e   c e n t e r   of   t h e   a c t i v e   g r o u p   to  t h e   a s s o c i a t e d  

t r a n s d u c e r s .   The  m a g n i t u d e   of   t h e   d e l a y s   a r e   c h o s e n ,   u s i n g  

t e c h n i q u e s   w h i c h   a r e   w e l l   k n o w n   i n   t h e   a r t   and   w h i c h   a r e  

d e s c r i b e d ,   f o r   e x a m p l e ,   i n   t h e   a b o v e   r e f e r e n c e d   M a c o v s k i  

a r t i c l e ,   to  c o m p e n s a t e   f o r   t h e   p h y s i c a l   f o c u s s i n g   e f f e c t s  

of   t h e   c u r v e d   a r r a y   and   t h u s   p r o v i d e   a  more   p a r a l l e l   b e a m  

of  u l t r a s o u n d   e n e r g y .   A l t e r n a t e l y   t h e   beam  may  t h u s   b e  

f o c u s s e d   a t   a  p o i n t   d e e p   w i t h i n   t h e   b o d y   of   a  p a t i e n t .  

F i g u r e   5  i l l u s t r a t e s   a  s y s t e m   f o r   i n c r e m e n t a l l y  

s h i f t i n g   t h e   a c t i v e   g r o u p   a l o n g   t h e   t r a n s d u c e r   a r r a y .  

P u l s e r s   4 0 0 ,   r e c e i v e r   a m p l i f i e r s   4 1 0 ,   and   a s s o c i a t e d   TR 

i s o l a t o r s   420  a r e   c o n n e c t e d   i n   a  c o n v e n t i o n a l   f a s h i o n   t o  

f i r s t   e n d s  o f   a  b a n k   of  b i d i r e c t i o n a l   d e l a y   l i n e s   430 .   T h e  

b a n k   of  d e l a y   l i n e s   430  i n c l u d e s   d e l a y   l i n e s   of   v a r y i n g   t i m e  

d e l a y   w h i c h   a r e   c a l c u l a t e d   to  p r o v i d e   t h e   d e f o c u s s i n g  

c o m p e n s a t i o n   f o r   t h e   a c t i v e   g r o u p   as  d e s c r i b e d   :3bove  w i t h  



r e s p e c t   to  t h e   F i g u r e   4.  The  o p p o s i t e   end  of  e a c h   d e l a y  

l i n e   i n   t h e   b a n k   430  i s   c o n n e c t e d   to  a  row  of  s w i t c h e s   i n  

an  a n a l o g   s w i t c h   m a t r i x   4 4 0 . E a c h   c o l u m n   of  s w i t c h e s   i n   t h e  

s w i t c h   m a t r i x   440  i s   c o n n e c t e d   to  a  s e p a r a t e   e l e m e n t   200  i n  

t h e   t r a n s d u c e r   a r r a y   450 .   A  s e p a r a t e   s w i t c h   ( w h i c h   m a y  

be  a  MOS  t r a n s i s t o r )   i s   p r o v i d e d   a t   e a c h   c r o s s   p o i n t  

( t h a t   i s   t he   i n t e r s e c t i o n   of  e a c h   row  w i t h   e a c h   c o l u m n )   i n  

t he   s w i t c h   m a t r i x .   The  s w i t c h i n g   e l e m e n t s   a r e   i n d i v i d u a l l y  

a c t i v a t e d   by  t h e   o u t p u t   l i n e s   of  a  r e a d - o n l y   memory   (ROM) 

460 .   I n p u t   l i n e s   of  t h e   r e a d - o n l y   memory   460  a r e   a d d r e s s e d  

by  t h e   o u t p u t   of  a  s e q u e n c e r   c i r c u i t   w h i c h   may  be  a  

s e q u e n t i a l   c o u n t e r   470  d r i v e n   by  a  c l o c k   480 .   The  s e q u e n c e r  
c i r c u i t   a d d r e s s e s   c o n s e c u t i v e   w o r d s   i n   t h e  r e a d - o n l y  

memory   w h i c h   e s t a b l i s h   t h e   c o n n e c t i o n   p a t t e r n s   b e t w e e n   t h e  

i n d i v i d u a l   t r a n s d u c e r   e l e m e n t s   i n   t h e   a r r a y   and   c o r r e s -  

p o n d i n g   d e l a y   l i n e s   to  e f f e c t   i n c r e m e n t a l   s h i f t i n g   of   a  

d e f o c u s s e d ,   a c t i v e   g r o u p   a l o n g   t h e   a r r a y .   As  an  e x a m p l e ,  

T a b l e   I  i l l u s t r a t e s   t he   f i r s t   t h r e e   w o r d s   of   a  r e a d - o n l y  

memory   w h i c h   s h i f t s  a n   a c t i v e   g r o u p   of  n i n e   t r a n s d u c e r  

e l e m e n t s   a l o n g   an  a r r a y   by  e s t a b l i s h i n g   c o n n e c t i o n s   t o  

f o u r   d e l a y   l i n e s   I  t h r o u g h   I V .  



The  b i t   p a t t e r n s   of   T a b l e  I   a r e   s h o r t e n e d   f o r   t h e   s a k e   o f  

c l a r i t y   of  i l l u s t r a t i o n ;   t h e   p r i n c i p l e s   i l l u s t r a t e d   t h e r e i n  

may  be  e x t e n d e d   to  a c t i v e   g r o u p s   and  a r r a y s   w h i c h   i n c l u d e  

l a r g e r   or  s m a l l e r   n u m b e r s   of  t r a n s d u c e r   e l e m e n t s .  

F i g u r e   6  i s   an  a l t e r n a t e   e m b o d i m e n t   of   a  t r a n s -  

d u c e r   a r r a y   w h e r e i n   t h e   d e f o c u s s i n g   m e a n s   c o m p r i s e   a  

n e g a t i v e   l e n s   5 0 0 .   A  g r o u p   of  t r a n s d u c e r s   i s   s e q u e n t i a l l y  

s h i f t e d   a c r o s s   t he   a r r a y   as  i n   t h e   e m b o d i m e n t   of   F i g u r e   3 

to  p r o d u c e   a  s e c t o r   s c a n .   A l l   of   t h e   t r a n s d u c e r s   i n   t h e  

g r o u p   200  may  b e  s i m u l t a n e o u s l y   p u l s e d .   A l t e r n a t e l y ,   t h e  

d e l a y   l i n e   d e f o c u s s i n g   m e a n s   of   F i g u r e   4  may  be  u t i l i z e d  

i n   c o n j u n c t i o n   w i t h   t h e   l e n s   5 0 0 .   The  l e n s   may  be  c o n -  

s t r u c t e d   f r o m   m e t a l   or  p l a s t i c   and   may  a d v a n t a g e o u s l y  

c o m p r i s e   two  n e g a t i v e   l e n s   e l e m e n t s   s e p a r a t e d   by  a  f l u i d -  

f i l l e d   c a v i t y   5 1 0 .  

F i g u r e   7  i l l u s t r a t e s   f i r s t   s t e p s   i n   a  p r e f e r r e d  

m e t h o d   f o r   m a n u f a c t u r i n g   t h e   t r a n s d u c e r   a r r a y .   The  a r r a y   i s  

a d v a n t a g e o u s l y   f o r m e d   f r o m   a  s i n g l e   r e c t a n g u l a r   b a r   600  o f  

p i e z o e l e c t r i c   c e r a m i c   ( w h i c h   may  c o m p r i s e   Type   P Z T - 5 ) .  

C o p p e r   e l e c t r o d e s   605  a n d - 6 1 0   a r e   b o n d e d   t o  t h e   f r o n t   6 0 1  

and   r e a r   602  m a j o r   s u r f a c e s   of   t h e   b a r   w i t h   a  s i l v e r  

b e a r i n g   e p o x y   r e s i n .   A  f l e x i b l e   m a t c h i n g   w i n d o w   615  i s  t h e n  

c a s t   d i r e c t l y   on  t h e   f r o n t   e l e c t r o d e .   The  m a t c h i n g   w i n d o w  

may  be  a d v a n t a g e o u s l y   c a s t   f r o m   a  m i x t u r e   o f  t w o   p a r t s   o f  

a  S t y c a s t   1264  r e s i n   b i n d e r   and   o n e  p a r t   t u n g s t e n   p o w d e r .  

The  w i n d o w   i s   c a s t   by  p o u r i n g   t h e   m i x t u r e   d i r e c t l y   o n t o  

t h e   s u r f a c e   of   t h e   f r o n t   e l e c t r o d e   and   a l l o w i n g   t h e   t u n g s t e n  

p o w d e r   to  s e t t l e .   A f t e r   t h e   r e s i n   i.s  c u r e d ,   t h e   w i n d o w s  i s  

m a c h i n e d   to  a  t h i c k n e s s   of  one  q u a r t e r   a c o u s t i c   w a v e l e n g t h  

a t   t h e   o p e r a t i n g   f r e q u e n c y   of   t h e   a r r a y .   F o r   e x a m p l e ,   a  

w i n d o w   d e s i g n e d   f o r   o p e r a t i o n   a t   3 . 5   MHz  i s   m a c h i n e d   t o  

a p p r o x i m a t e l y   0 . 0 9   mm  t h i c k n e s s .  

A  s e r i e s   of  p a r a l l e l   g r o o v e s   620  a r e   t h e n   c u t  

t h r o u g h   t h e   r e a r   e l e c t r o d e   610  and   i n t o   t h e   u p p e r   s u r f a c e  

of  t h e   b a r   to  s e g r e g a t e   i n d i v i d u a l   t r a n s d u c e r   e l e m e n t s  

630  w i t h   t h e i r   a s s o c i a t e d   r e a r   e l e c t r o d e s .   T y p i c a l l y   t h e  

g r o o v e s   a r e   a p p r o x i m a t e l y   0 . 1 3   mm  w i d e   and  p e n e t r a t e   t o  

75%  of   t h e   t h i c k n e s s   of  t h e   c e r a m i c   b a r .  



In   a  p r e f e r r e d   e m b o d i m e n t   of  t he   a r r a y   t h e  

c e r a m i c   b a r   i s   a p p r o x i m a t e l y   8 0 . 5   m i l l i m e t e r s   l o n g ,   1 2 . 5  

m i l l i m e t e r s   w i d e ,   and  2 . 0   m i l l i m e t e r s   t h i c k .   The  b a r   i s  

d i v i d e d   by  71  saw  c u t s   to  f o r m   72  t r a n s d u c e r   e l e m e n t s .   T h e  

r e a r   e l e c t r o d e s   on  t h e   e n d m o s t   t r a n s d u c e r   e l e m e n t s   a r e  

g r o u n d e d   to  t he   f r o n t   e l e c t r o d e   so  t h a t   t h e   a r r a y   c o m p r i s e s  

70  f u n c t i o n a l   t r a n s d u c e r   e l e m e n t s .  

F i g u r e s   8  and  9  i l l u s t r a t e   t h e   f u r t h e r   c o n s t r u c t i o n  

of  t he   a r r a y .   The  g r o o v e d   c e r a m i c   b a r   600  w i t h   a t t a c h e d  

e l e c t r o d e s   605  and  610  and  w i n d o w   615  i s   f o r m e d   a r o u n d   a  

s e m i c y l i n d r i c a l   m a n d r e l   650 ,   t he   g r o o v e s   i n   t h e   b a r   b e i n g  

p a r a l l e l   to  t h e   a x i s   of  t h e   c y l i n d e r .   As  i l l u s t r a t e d   i n  

d e t a i l   F i g u r e   9  t h e   b a r   c r a c k s   u n d e r   e a c h   g r o o v e   620  t o  

p r o d u c e   a  c u r v e d   a r r a y   of  s e p a r a t e ,   e l e c t r o d e d   t r a n s d u c e r  

e l e m e n t s   630  w h i c h   a r e   r e t a i n e d   i n   p l a c e   by  t h e   f r o n t  

e l e c t r o d e   605  and   w i n d o w   6 1 5 .  

A  s u p p o r t i n g   foam  a i r   c e l l   660  i s   t h e n   c a s t  

b e t w e e n   t he   e l e m e n t s   630  and   a r o u n d   t h e   r e a r   s u r f a c e   of   t h e  

c u r v e d   t r a n s d u c e r   a r r a y .   The  a i r   c e l l   r e t a i n s   t h e   t r a n s -  

d u c e r   e l e m e n t s   i n   p l a c e   and  f u r t h e r   p r o v i d e s   a  l o w  

a c o u s t i c   i m p e d a n c e   b a c k i n g   f o r   t h e   i n d i v i d u a l   e l e m e n t s .   T h e  

a i r   c e l l   may  t y p i c a l l y   c o m p r i s e   g l a s s   m i c r o - b a l l o o n s   i n  

an  e p o x y   r e s i n   b i n d e r .  

In   a  p r e f e r r e d   e m b o d i m e n t   of   t h e   i n v e n t i o n   t h e  

u p p e r   e l e c t r o d e s   610  a r e   w i d e r   t h a n   t h e   c e r a m i c   b a r   and  a r e  
f o l d e d   b a c k   a l o n g   t he   e d g e s   of  t h e   a i r   c e l l   to  p r o v i d e  

e l e c t r i c a l   c o n n e c t i o n s   to  t h e   i n d i v i d u a l   e l e m e n t s .  



1.  A  m e t h o d   f o r   m a n u f a c t u r i n g   a  c u r v e d   a r r a y   o f  

u l t r a s o u n d   t r a n s d u c e r   e l e m e n t s   c o m p r i s i n g   t h e   s t e p s   o f :  

a t t a c h i n g   f r o n t   and   r e a r   c o n d u c t i v e   e l e c t r o d e s  

to  f r o n t   and   r e a r   s u r f a c e s   r e s p e c t i v e l y   of   a  b a r   o f  

p i e z o e l e c t r i c   c e r a m i c ;  

c u t t i n g   a  p l u r a l i t y   of   p a r a l l e l   g r o o v e s   t h r o u g h  

t h e   r e a r   e l e c t r o d e   and   p a r t i a l l y   t h r o u g h   t h e   t h i c k n e s s   o f  

t h e   b a r ;  

p l a c i n g   t h e   f r o n t   s u r f a c e   of  t h e   g r o o v e d   b a r   o n  

a  s e m i c y l i n d r i c a l   m a n d r e l ,   t h e   g r o o v e s   b e i n g   p a r a l l e l   t o  

t h e   a x i s   of  t h e   m a n d r e l ,   and   b e n d i n g   t h e   b a r   a r o u n d   t h e  

m a n d r e l ;   f r a c t u r i n g   p o r t i o n s   of   t h e   b a r   u n d e r   t h e   g r o o v e s  
to  s e p a r a t e   i n d i v i d u a l   t r a n s d u c e r   e l e m e n t s ,   t h e   i n d i v i d u a l  

e l e m e n t s   b e i n g   r e t a i n e d   a g a i n s t   t h e   m a n d r e l   by  a t   l e a s t   t h e  

f r o n t   e l e c t r o d e ;   a n d  

f i l l i n g   t h e   s p a c e s   b e t w e e n   t h e   i n d i v i d u a l  

t r a n s d u c e r   e l e m e n t s   w i t h   a  r e s i n   b i n d e r   w h i c h   r e t a i n s   t h e  

e l e m e n t s   on  an  a r c   c o n f o r m i n g   to  t h e   s u r f a c e   of   t h e   m a n -  

d r e l .  

2.  The  m e t h o d   of   c l a i m   1  f u r t h e r   c o m p r i s i n g   t h e   s t e p  

of   a t t a c h i n g   a  m a t c h i n g   w i n d o w   to  t h e   f r o n t   e l e c t r o d e .  

3.  The  m e t h o d   of   c l a i m   2  w h e r e i n   t h e   m a t c h i n g   w i n d o w  

c o m p r i s e s   t u n g s t e n   p o w d e r   i n   a  r e s i n   b i n d e r .  

4.  The  m e t h o d   of   c l a i m   1  w h e r e i n   t h e   r e s i n   b i n d e r  

b e t w e e n   t h e   e l e m e n t s   i n c l u d e s   g l a s s   m i c r o - b a l l o o n s .  

5.  The  m e t h o d   of   c l a i m   2  w h e r e i n   t h e   m a t c h i n g   w i n d o w  

i s   c a s t   d i r e c t l y   on  t h e   f r o n t   e l e c t r o d e .  

6.  The  m e t h o d   of   c l a i m   5  w h e r e i n :  

t h e   w i n d o w   i s   c a s t   f r o m   a  m i x t u r e   of   a  l i q u i d  

r e s i n   and   m e t a l   p o w d e r ;   and   f u r t h e r   c o m p r i s i n g   t h e   s t e p   o f  

a l l o w i n g   t h e   p o w d e r   to  s e t t l e   on  t h e   s u r f a c e   o f  

t h e   f r o n t   e l e c t r o d e   p r i o r   to  s o l i d i f i c a t i o n   of   t h e   l i q u i d  

r e s i n .  



7.  The  m e t h o d   of  c l a i m   6  w h e r e i n   t h e   m e t a l   i s   t u n g s t e n .  

8.  The  m e t h o d   of  any   of  c l a i m s   1-7  f u r t h e r   c o m -  

p r i s i n g   t h e   s t e p   of  m a c h i n i n g   the   t h i c k n e s s   of  t h e   w i n d o w  

to  a p p r o x i m a t e l y   one  q u a r t e r   a c o u s t i c   w a v e l e n g t h   a t   t h e  

o p e r a t i n g   f r e q u e n c y   of  t he   a r r a y .  

9.  The  m e t h o d   of  any  of  C l a i m s   1-7  w h e r e i n   t h e   w i n d o w  

i s   f l e x i b l e   and   i s a t t a c h e d   to  t he   e l e c t r o d e   p r i o r   to  t h e  

b e n d i n g   s t e p .  
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