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ABSTRACT 

I n  r e a l - t i m e  u l t r a s o u n d  l i n e a r  scanners , focuss ing  
o f  t h e  a c o u s t i c  beam i s  g e n e r a l l y  ach ieved  by se- 
l e c t i o n  o f  a s i n g l e  focus ,  improv ing  t h e  image 
r e s o l u t i o n  ove r  a r e s t r i c t e d  zone a l o n g  t h e  pene- 
t r a t i o n  depth .  A nove l  dynamic f o c u s s i n g  t e c h n i -  
que, capab le  o f  c o n t i n u o u s l y  c o n t r o l l i n g  t h e  f o -  
cus p o s i t i o n  synchronous ly  w i th  t h e  echo r e t u r n ,  
i s  p resented .  The new approach i s  based on mere ly  
phase e q u a l i z a t i o n  o f  t h e  s i g n a l  de lay  a l o n g  t h e  
a r r a y  channe ls ,  assoc ia ted  wi th a dynamic v a r i a -  
t i o n  o f  t h e  a r r a y  aper tu re .Neg l i g ib1e  degrada t ion  
of  t h e  d i r e c t i v i t y  p a t t e r n  due t o  t h e  uncompensa- 
t e d  group d e l a y  i s  ensured by a p roper  system de- 
s i g n .  The r e q u i r e d  phase d i s t r i b u t i o n  i s  i n s t a n -  
taneous ly  c r e a t e d  a t  t h e  t a p s  o f  a d e l a y  l i n e ,  
i n d i v i d u a l l y  connected w i th  t h e  a r r a y  elements,  
f e d  by  a p r o p e r l y  c o n t r o l l e d  v a r i a b l e  l o c a l  o s c i l -  
l a t o r .  H igh  q u a l i t y  images o b t a i n e d  by a p r o t o t y -  
pe l i n e a r  scanner a r e  p resented .  

INTRODUCTlON 

I n  u l t r a s o u n d  echograph ic  systems f o r  med ica l  
d i a g n o s i s ,  t h e  image q u a l i t y  l a r g e l y  r e l i e s  on 
t h e  c a p a b i l i t y  o f  f o c u s s i n g  t h e  a c o u s t i c  beam 
ove r  t h e  dep th  o f  e x p l o r a t i o n .  E l e c t r o n i c  focus-  
s i n g  o f  a r r a y  t ransducers  i s  g e n e r a l l y  ach ieved 
by d e l a y  l i n e s  c o n t r o l l i n g  t h e  de lay  o f  i n d i v i -  
d u a l  s i g n a l s  a t  t h e  a r r a y  elements,  so as t o  
e q u a l i z e  t h e  d i f f e r e n c e s  o f  geomet r i ca l  p a t h s  f rom 
t h e  d e s i r e d  f o c a l  p o i n t  t o  t h e  a r r a y .  However, 
owing t o  t h e  l i m i t e d  f o c a l  depth ,  e x t e n d i n g  over  
a r e s t r i c t e d  p o r t i o n  o f  t h e  beam, a s i n g l e  focus  
p r o v i d e s  a d i s t o r t e d  image o u t s i d e  t h e  f o c a l  zone. 
An u n d i s t o r t e d  image needs 'dynamic'  f ocuss ing ,  
i . e .  v a r i a t i o n  o f  f ocus  i n  synchronism w i t h  t h e  
a r r i v a l  t i m e  of echoes r e c e i v e d  f rom d i f f e r e n t  
depths .  Dynamic c o n t r o l  o f  t h e  de lay  p r o f i l e  syn- 
t h e s i z i n g  t h e  e l e c t r o n i c  l e n s  r e q u i r e s ,  however, 
r a p i d  s w i t c h  o f  t h e  d e l a y  l i n e s ,  and can produce 
u n d e s i r a b l e  s w i t c h i n g  n o i s e  during t h e  t r a n s i e n t s .  

The approach used i n  many commerc ia l l y  a v a i l a b l e  
equipments c o n s i s t s  i n  p r o v i d i n g  a number of  se lec -  
t a b l e  s i n g l e  focuses, which can a l s o  be combined 
i n  a ' m u l t i z o n e '  f o c u s s i n g  mode. I n  t h i s  o p e r a t i o n  
mode, t h e  p e n e t r a t i o n  dep th  i s  d i v i d e d  i n  a number 
o f  zones, each o f  wh ich  i s  imaged by a d i f f e r e n t  
t r a n s m i s s i o n  b u r s t  and u s i n g  t h e  most a p p r o p r i a t e  
focus  b o t h  i n  t r a n s m i s s i o n  and i n  r e c e p t i o n .  T h i s  
techn ique ,  however, r e q u i r i n g  M a c q u i s i t i o n  c y c l e s  
f o r  M zones, reduces t h e  frame r a t e  by  a f a c t o r  
M, t h u s  n o t  a l l o w i n g  imag ing  o f  v e r y  r a p i d l y  moving 
s t r u c t u r e s ,  and g i v i n g  r i s e  t o  a t roublesome image 
p e r s i s t e n c e  e f f e c t  a l s o  when scann ing  a q u a s i  
s t a t i c  s t r u c t u r e .  

I n  p r e v i o u s  papers  [ I ,  21 a new techn ique  f o r  
u l t r a s o u n d  beam s t e e r i n g / f o c u s s i n g  has been i n t r o -  
duced by t h e  a u t h o r s .  The e f f e c t  o f  phase d e l a y  
and o f  g roup de lay  o f  s i g n a l s  was s e p a r a t e l y  i nves -  
t i g a t e d .  I t  was ev idenced t h a t  t h e  d i r e c t i v i t y  p a t -  
t e r n  i s  p r e v a i l i n g l y  a f f e c t e d  by t h e  accuracy o f  
phase e q u a l i z a t i o n  o f  t h e  s i g n a l  c a r r i e r ,  w h i l e  
compensat ion f o r  g roup de lay  can be p rov ided  by  
coarse  d e l a y  inc rements .  The use o f  phas ing  tech -  
n iques  o t h e r  than  d e l a y  l i n e s  can t h u s  r e l e a s e  
f rom t h e  need o f  c o n t r o l l i n g  a g r e a t  number o f  de- 
l a y s  a f r a c t i o n  o f  a wavelength a p a r t .  
I n  t h i s  paper t h e  above c o n s i d e r a t i o n s  have been 
a p p l i e d  t o  f o c u s s i n g  o f  t h e  a c o u s t i c  beam i n  a li- 
near scann ing  equipment.  S ince  moderate v a l u e s o f  
de lay  a r e  needed, f o c u s s i n g  has been ob ta ined  by  
mere ly  phase e q u a l i z a t i o n ,  w i t h o u t  t h e  use o f  d e l a y  
l i n e s .  A phas ing  techn ique  has been developed t h a t  
a l l o w s  con t inuous  v a r i a t i o n  o f  t h e  focus  i n  synch- 
ron ism with t h e  echo a r r i v a l  t ime .  T h i s  techn ique ,  
b r i e f l y  r e f e r r e d  t o  as  SDF (Synchronous Dynamic 
Focuss ing) ,  i s  desc r ibed ,  and exper imen ta l  r e s u l t s  
i n  v ' . t r o  and i n  v i v o  a r e  repo r ted .  

BASIC OPERATION 

needed f o r  f o c a l i z a t i o n  
tm x '  maximum de lay ,  

lepends on t h e  f o c a l  f e n g t h ,  F, and on t h e  a r r a y  
aper tu re ,  D = Nd, w i t t ,  d the  i n t e r e l e m e n t  spac ing  
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and N t h e  number o f  elements i n  the  array.  
Using the  p a r a x i a l  approximation, tmax i s  g iven by 

D 2 1  
2vF = ( - )  tmax 2 (1)  

where v i s  t he  propagation v e l o c i t y  i n  the  medium. 
According t o  the  above mentioned approach [ I ,  23, 
t h i s  delay must be compared w i t h  t h e  width, T,  
o f  the echo pulses t o  be processed. I f  tmax i s  con- 
ta ined  w i t h i n  a s u i t a b l y  low f r a c t i o n  o f  T, then 
phase e q u a l i z a t i o n  can replace delay equa l i za t i on  
along the  a r ray  w i t h  no s i g n i f i c a n t  degradation 
o f  t he  d i r e c t i v i t y  p a t t e r n .  The echo pulse width, 
T, i s  determined by t h e  Q o f  the  p i e z o e l e c t r i c  
transducer as w e l l  as by the  frequency dependent 
absorpt ion o f  t he  i n t e r v e n i n g  medium and by e lec-  
t r o n i c  preprocessing. Experimental evidence i n d i -  
cates t h a t  t y p i c a l l y  a minimum w id th  o f  t h ree  o r  
f ou r  cyc les a t  the opera t i on  frequency, fool i s  t o  
be expected. As a consequence, i t  was estimated 
t h a t  e f f i c i e n t  focuss ing can be achieved by merely 
phase e q u a l i z a t i o n  prov ided t h a t  t he  delay t 
(1) does n o t  exceed approximately one cyc le.  
This  cond i t i on ,  however, cannot be f u l f i l l e d  f o r  
every va lue o f  F i n  t h e  range o f  i n t e r e s t  ( t y p i c a l -  
l y  up t o  180 mm) i f  a constant  aper ture,  D ,  ensur- 
i n g  focus t o  be pos i t i oned  i n  the  near f i e l d  o f  
the array,  were used. The a r ray  aper ture i s  there-  
f o r e  changed as F i s  va r ied ,  t a k i n g  on values D 
such t h a t  

F 

n 

"F 2 1 
2 2F 0 

( - 1 -  c h (2 )  

w i t h  h = v / f  the acoust ic  wavelength. This  con- 
d i t i o n  ensures t h a t  t h e  focus F l i e s  w i t h i n  the  
n e i r  field o f  the aper tu re  D l n  p r a c t i c e ,  
can be v a r i e d  i n  a d i s c r e t e  manner i n  increments 
of tw ice  t h e  in tere lement  spacing, d. 
The dynamic v a r i a t i o n  of t he  a r ray  aper ture i s  
a technique independently used i n  echographic sys- 
tems: by mantaining t h e  r a t i o  F/D approximately 
constant, a quasi un i fo rm beam width and depth 
o f  f i e l d  can be obtained. This second fea tu re  can 
be reasonably compromised w i t h  cond i t i on  ( 2 )  i n  
order t o  achieve a quasi un i form beam shape. 

0 0 

OF F '  

F .  

SDF DESIGN 

l n  order t o  implement phasing o f  echoes a long 
the a r ray  channels, an heterodyne technique has 
been used. A phase-control led coherent reference 
o s c i l l a t i o n  i s  mixed w i t h  the  echo s i g n a l  f o r  
each a r ray  channel, and t h e  low-pass o r  t he  h igh  
pass component i s  se lected,  depending on the  sys- 
t e m  design. l n  such a manner, t h e  phase impressed 
t o  t h e  reference o s c i l l a t o r  i s  communicated t o  
the  s i g n a l .  Various technique can be employed t o  

c o n t r o l  t h e  phase o f  t h e  reference o s c i l l a t o r .  
A se t  o f  d i s c r e t e  phase values i n  the  range 0 - 
360 with the  des i red  increment can be generated 
i n  a number o f  ways, and programmably se lected t o  
prov ide t h e  phase s h i f t  c l o s e s t  t o  the des i red va- 
lue. Phasing p r o f i l e s  corresponding t o  a number 
o f  focuses can be synthesized by such d i s c r e t e  tech-  
niques. 

0 

0 

A technique has been in t roduced which a l l ows  
the phase v a r i a t i o n  t o  be c o n t r o l l e d  i n  a cont inu-  
ous manner, thus p r o v i d i n g  the  c a p a b i l i t y  o f  a con- 
t i nuous  v a r i a t i o n  o f  t h e  focus. 
The delays t o  be equal ized fo r  a f o c a l  l e n g t h  F 
are g iven by 

1 

7 

2 d '  
2vF1 

where n=O corresponds t o  t h e  c e n t r a l  element o f  
the a r ray  (an odd number o f  elements i s  assumed). 
The corresponding elementary phase increment comes 
ou t  t o  be -. 

dL 
2vF1 

Q, = &f - ( 4 )  

with fo the  frequency o f  t he  echo s i g n a l .  
Consider a tapped delay l i n e  w i t h  t a p  delays g i ven  
by ( 3 ) .  A l o c a l  o s c i l l a t o r  a t  frequency fo , f e d  
s e r i a l l y  a t  t he  delay l i n e  i n p u t ,  prov ides a t  t he  
p a r a l l e l  ou tpu t  taps a s e t  o f  o s c i l l a t i o n s  s h i f t e d  
i n  phase by t h e  des i red  amounts. By m ix ing  the i n -  
d i v i d u a l  t a p  outputs  w i t h  the corresponding s i g n a l s  
from t h e  a r ray ,  phase e q u a l i z a t i o n  i s  performed, 
and summation o f  s i g n a l s  g ives r i s e  t o  c o n s t r u c t i v e  

1 '  
i n t e r f e r e n c e  f o r  focus F 
When t h e  f o c a l  l eng th  i s  changed t o  a value F, t h e  
requ i red  phase increment becomes 

.l 

dL 
0 2vF 

(I = 2 n f  - (5) 

Assume t h a t  t he  frequency o f  t h e  
o s c i l l a t o r  feeding t h e  above delay l i n e  i s  changed 
t o  a value f such t h a t  

d2 d2 
2vF1 - fO ? f -  - ( 6 )  

(7) 

Th is  change o f  frequency produces a t  t h e  delay li- 
ne taps t h e  phase d i s t r i b u t i o n  requi red by the new 
f o c a l  length.  Hence, by c o n t r o l l i n g  t h e  frequency 
o f  t he  reference o s c i l l a t o r  i n  accordance w i t h  (7) 
the phase p r o f i l e  can be changed according t o  t h e  
des i red f o c a l  length.  
Consider now t h a t  t he  frequency law (7) i s  synthe- 
s ized by a VCO i n  synchronism w i t h  the  a r r i v a l  t ime  
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o f  echoes from d i f f e r e n t  depths. Continuous f r e -  
quency v a r i a t i o n  causes s l i g h t l y  d i f f e r e n t  f r e -  
quencies t o  be present a t  t he  taps o f  t he  delay 
l i n e ;  however, i t  can be demonstrated t h a t  t he  
phase e r r o r  due t o  t h e  spread o f  frequency over 
the delay l i n e  can be contained w i t h i n  n e g l i g i b l e  
values. Then, continuous c o n t r o l  o f  VCO frequency 
according t o  the  hyperbo l i c  law (7 )  produces con- 
t inuous synchronous focuss ing o f  t he  acoust ic  beam. 

n 

EXPERIMENTAL RESULTS 

A commercial ly a v a i l a b l e  l i n e a r  scanner has been 
modi f ied i n  order t o  experiment the new technique. 
The equipment possesses a s e l e c t i o n  o f  f o u r  f o c a l  
distances, each focus being t h e  same i n  transmis- 
s ion  and i n  recept ion.  The f o u r  focuses can be i n -  
d i v i d u a l l y  operated, a l l o w i n g  a frame r a t e  o f  24 
images/sec, o r  combined i n  a mul t izone focuss ing 
mode, reducing the  frame r a t e  t o  6 images/sec. The 
operat ion frequency was 3.5 MHz, and t h e  maximum 
aper ture o f  t he  a r ray  d u r i n g  recep t ion  was 24 mm, 
w i t h  1.5 mm in tere lement  spacing. 
Signals from the  a r ray  channels were taken ou t  from 
the equipment, processed by the  experimental SDF 
system, and f e d  back t o  the  f i n a l  processing chain 
o f  t he  equipment. 
Two images o f  an A I U M  t i s s u e  phantom,obtained by 
the  equipment when one s i n g l e  o f  t he  f o u r  focuses 
i s  se lected a t  a t i m e ,  are shown i n  f i g . 3 .  The l a c k  
o f  r e s o l u t i o n  and the  d i s t o r t i o n  ou ts ide  the f o c a l  
zone are apparent. These images must be compared 
w i t h  the  image shown i n  f i g . 4 ,  obta ived w i t h  SDF 
i n  recep t ion  and a s i n g l e  focl.is i n  t ransmiss ion 
a t  approximately 100 mm. The good r e s o l b t i o n  and 
beam un i fo rm i t y -  along a l l  t he  pene t ra t i on  depfh,can 
be remarked. 

FIG. 1 Schematic diagram o f  SDF system. 

The schematic diagram o f  t he  SDF system i s  shown 
i n  f i g . 1 .  A t y p i c a l  VCO c o n t r o l  waveform, synthe- 
s i z i n g  a range o f  F from approximately 35 mmm t o  
150 rnm, i s  shown i n  f i g . 2 .  

F I G .  3 S ing le  focus images o f  a t i s s u e  phantom 
f o r  two d i f f e r e n t  f o c a l  d is tances (10 mm/div) 

FIG. 2 VCO c o n t r o l  waveform (40 psec/d iv) .  

I n  the  f o l l o w i n g  experiments a m o d i f i c a t i o n  o f  
t he  above technique has been used, a l l o w i n g  VCO 
frequency h ighe r  than  those g iven by (7). I n  t h i s  
manner t h e  low-pass componentsat t h e  mixer outputs 
can be se lected;  t h e  phase equal ized s i g n a l s  a f t e r  
m ix ing  a re  summed, and f i n a l l y  a second mix ing 
w i t h  the  VCO c a r r i e s  back the  r e s u l t i n g  s i g n a l  
t o  the  o r i g i n a l  frequency f o r  subsequent process- 
i ng .  

F I G .  4 Image w i t h  SDF i n  recep t ion  and 100 mm 
t ransmiss ion focus (10 mm/div). 

1984 ULTRASONICS SYMPOSIUM - 717 

Authorized licensed use limited to: Piero Tortoli. Downloaded on March 23,2024 at 17:56:12 UTC from IEEE Xplore.  Restrictions apply. 



MANES, e t  a1 

I n  s p i t e  o f  t h e  f a c t  t h a t  a s ing le  t ransmiss ion 
focus i s  used, the image q u a l i t y  appear t o  be com- 
parable with t h a t  obtained when opera t i ng  the  eq- 
uipment i n  the  mul t izone focuss ing mode ( f i g . 5 ,  
l e f t ) ,  where fou r  focuses both i n  t ransmiss ion 
and i n  recep t ion  are used a t  t he  expense o f  a low 
frame ra te .  For an homogeneous comparison, the 
image obta ined us ing f o u r  focuses i n  t ransmiss ion 
and SDF i n  recep t ion  i s  shown i n  f i g . 5  ( r i g h t ) .  

CONCLUSIONS 

The new technique o f  synchronous dynamic focus- 
s ing,  based on continuous phase equa l i za t i on  o f  
s igna ls  a long the  a r ray  channels, has demonstra- 
t e d  a h i g h  degree o f  e f fec t i veness ,  o f f e r i n g  su- 
p e r i o r  performances w i t h  respect  t o  techniques 
employing s e l e c t i o n  o f  a s i n g l e  focus o r  mul t izone 
focussing. SDF technique can thus advantageously 
replace i n  a l l  ope ra t i ve  cond i t i ons  the conventio- 
n a l  processing based on delay l i n e s .  
SDF system design depends on r e l a t i o n s h i p  (71, 
and hence on the  center  frequency o f  t h e  r e t u r n  
s i g n a l .  Cor rec t i omdue  t o  v a r i a t i o n  o f  t h e  center 
frequency, due t o  the  frequency dependent absorp- 
t i o n  a t  d i f f e r e n t  depths, can be e a s i l y  taken i n t o  
account i n  des ign ing t h e  VCO frequency c o n t r o l  
waveform. 
Sharpness o f  f o c a l i z a t i o n  i s  s t rong ly  af fected 
by the  synchronism o f  VCO frequency w i t h  the cor- 
responding depth o f  t h e  r e f l e c t i n g  t a r g e t .  Oepar- 
t u r e  from t h e  est imated propagation v e l o c i t y  can 
g i ve  r i s e  t o  imper fec t  f o c a l i z a t i o n .  Change o f  
v e l o c i t y  i n  d i f f e r e n t  t i s s u e s  can be taken i n t o  
account by p r o v i d i n g  a choice o f  VCO frequency 
vs t ime behaviour, i n  such a manner t h a t  t h e  focus- 
s i n g  r a t e  matching more c l o s e l y  the  r e a l  propaga- 
t i o n  v e l o c i t y  i n  the scanned t i s s u e  can be selec- 
t ed  by the  operator .  
F i n a l l y ,  i n d i v i d u a l  c o n t r o l  o f  phase a t  each array 
element can a f f o r d  f u r t h e r  improvement t o  t he  tech- 
nique. I n  f a c t ,  dishomogeneity o f  t i ssues  t r a v e r -  
sed by the  sound path can cause removal from the  
phase d i s t r i b u t i o n  p r e d i c t e d  f o r  an homogeneous 
medium. Future developments o f  t he  technique can 
be enviseaged p r o v i d i n g  a s o r t  o f  adapt ive con t ro l  
o f  phasing a t  each a r r a y  element on t h e  bas i s  o f  
a comparative eva lua t i on  o f  s i g n a l  phase w i t h  res- 
pect  t o  a re ference a r r a y  element. 

F I G .  5 lmages obta ined w i t h  f o u r  focuses i n  t rans -  
mission. 
L e f t :  Four focuses i n  recept ion.  
Right :  SDF i n  recept ion.  

P re l im ina ry  c l i n i c a l  eva lua t i on  has confirmed the 
super ior  q u a l i t y  o f  t h e  images obta ined wi th the 
SDF technique. As an example, images o f  a l i v e r  
showing t h e  hepa t i c  v e i n  are compared i n  f i g .  6 ,  
obtained wi th SOF and a s i n g l e  t ransmiss ion focus 
(on t h e  l e f t )  and w i t h  t h e  same s i n g l e  focus both 
i n  t ransmiss ion and i n  recep t ion  (on t h e  r i g h t ) .  
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