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D i g i t a  p r o c e s s i n g  a lgor i thms f o r  two- 
dimensiona f i n e - r e s o l u t i o n  imaging of  moving 
t a r g e t s  i n  s y n t h e t i c  a p e r t u r e  r a d a r  (SAR) d a t a  a r e  
d e s c r i b e d .  The t a r g e t s  may have any t r a n s l a t i o n a l  
and r o t a t i o n a l  motion r e l a t i v e  t o  t h e  d a t a  
c o l l e c t i o n  p l a t f o r m .  I n i t i a l l y ,  an e f f i c i e n t  
s p a t i a l l y  i n v a r i a n t  focus ing  a l g o r i t h m ,  s h e a r  
averaging ,  i s  used f o r  p r e l i m i n a r y  focus ing  of  t h e  
t a r g e t  d a t a .  Then t a r g e t  motion i s  e s t i m a t e d  from 
t r a c k s  of  prominent p o i n t s .  Appropr ia te  phase 
compensation and d a t a  f o r m a t t i n g  o p e r a t i o n s  
e l i m i n a t e  t h e  motion-induced d e g r a d a t i o n s  of  t h e  
SAR t a r g e t  s i g n a t u r e s .  Four t a r g e t  prominent 
p o i n t s  a r e  r e q u i r e d  f o r  e s t i m a t i o n  of  t h r e e -  
dimensional motion,  bu t  l i m i t e d  motion e s t i m a t i o n  
can be accomplished wi th  fewer. Final  image 
q u a l i t y  i s  dependent  upon t h e  n a t u r e  of  t h e  t a r g e t  
motion and upon t h e  p u r i t y  of  t h e  prominent 
p o i n t s .  

INTRODUCTION 

Basic SAR Imaqinq 

S y n t h e t i c  a p e r t u r e  r a d a r  (SAR) i s  an a c t i v e ,  
c o h e r e n t ,  a l l - w e a t h e r  imaging system which 
o p e r a t e s  i n  t h e  microwave reg ion  of t h e  
e l e c t r o m a g n e t i c  spectrum. In SAR imaging re1 a t i  ve 
r o t a t i o n  between t h e  SAR antenna and t h e  t a r g e t  i s  
necessary ;  e i t h e r  t h e  t a r g e t  may r o t a t e  o r  t h e  
antenna may move. The antenna t r a n s m i t s  a s e r i e s  
of  r a d a r  p u l s e s  and r e c e i v e s  t h e  r e f l e c t e d  energy 
from the t a r g e t s .  The t ime d e l a y s  with which t h e  
r e t u r n s  a r e  rece ived  provides  d i f f e r e n t i a t i n g  
informat ion  about  t a r g e t  ranges.  Targe t  c r o s s -  
range o r  a n g l e  p o s i t i o n s  a r e  der ived  from t h e  
pulse- to-pulse  changes i n  range (range r a t e ) .  

Under the s i m p l i f y i n g  assumptions t h a t  the 
r a d a r  antenna i s  f a r  from t h e  t a r g e t  r e l a t i v e  t o  
t h e  s i z e  o f  t h e  t a r g e t ,  and t h a t  t h e  rece ived  
r a d a r  d a t a  a r e  processed  over  a small t ime 

of  a t a r g e t  p o i n t ,  x0 ,  yo,  and t h e  t a r g e t  range ,  
r ( t ) ,  can be shown t o  be [I]:  (F igure  1) 

i n t e r v a l ,  t h e  r e l a t i o n s h i p s  between t h e  l o c a t i o n  

qp = wxo 

where ra i s  the d i s t a n c e  from t h e  r a d a r  an tenna  
t o  the scene  c e n t e r ,  and 

w i s  t h e  r e l a t i v e  r o t a t i o n  r a t e .  

Fine range  r e s o l u t i o n  i s  o b t a i n e d  by t r a n s m i s s i o n  
of  a wide bandwidth s i g n a l ,  such a s  a l i n e a r  
f requency modulated (F.M.) s i g n a l  o r  a long-coded 
p u l s e ,  whereas f i n e  azimuth r e s o l u t i o n  r e s u l t s  
from p r o c e s s i n g  p u l s e s  o v e r  a wide a s p e c t .  
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Figure  I: SimDle SAR Imaging Model. 

In many i n t e r e s t i n g  SAR imaging s c e n a r i o s ,  the  
range from t h e  r a d a r  antenna t o  the scene  c e n t e r  
i s  a f u n c t i o n  of  t i m e ,  r a ( t ) ,  and t h e  r e l a t i v e  
r o t a t i o n  r a t e  between the  antenna and t a r g e t  i s  
a l s o  a f u n c t i o n  of  t i m e ,  y ( t ) .  One such c a s e  i s  
provided by a form o f  a i r b o r n e  t e r r a i n  mapping, 
c a l l e d  s p o t l i g h t  r a d a r ;  t h e  antenna i l l u m i n a t e s  a 
f i x e d  a r e a  on t h e  ground from a c o n t i n u o u s l y  
changing look a n g l e  (F igure  2 ) .  

knowledge of  ra and 
o f  w .  In normal SAR imaging o f  s t a t i o n a r y  s c e n e s ,  
such a s  s p o t l i g h t  imaging, the r e q u i s i t e  knowledge 
o f  r a ( t )  and w ( t )  i s  provided by an i n e r t i a l  
naviga t ion  system (INS) a s s o c i a t e d  w i t h  t h e  
an tenna .  In t h e  c a s e  of  a s t a t i o n a r y  r a d a r  
imaging a r o t a t i n g  o b j e c t ,  r a ( t )  and w( t )  a r e  
known a p r i o r i  o r  m u s t  be e s t i m a t e d  from the  r a d a r  
d a t a .  In y e t  a n o t h e r  v a r i a t i o n  o f  SAR imaging,  
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Figure 2: S p o t l i g h t  SAR. 

t h e  r e l a t i v e  motion i s  provided both by a known 
movement o f  t h e  antenna and an unknown movement of  
t h e  t a r g e t .  Th i s  s c e n a r i o  f r e q u e n t l y  o c c u r s  
du r ing  s t a t i o n a r y  scene  imaging when a t a r g e t  
moves through t h e  scene  d u r i n g  the d a t a  
col 1 e c t i o n .  

SAR Process i  nq 

Although o u r  i n t r o d u c t o r y  d i s c u s s i o n  o f  SAR 
imaging c e n t e r e d  upon a two-dimensional imaging 
model, i n  g e n e r a l ,  t h e  r e l a t i v e  motion between t h e  
t a r g e t  and p l a t f o r m  i s  t h ree -d imens iona l  as well  
a s  t ime-varying i n  n a t u r e .  In o r d e r  t o  l i m i t  t h e  
fo l lowing  d i s c u s s i o n ,  we assume t h a t  we a r e  
imaging a moving t a r g e t  w i t h  e i t h e r  a s p o t l i g h t  
SAR o r  wi th  a s t a t i o n a r y  i n v e r s e  SAR (ISAR) and 
t h a t  we a r e  imaging a t  f a r  range.  We a l s o  assume 
t h a t  the  r e l a t . i v e  motion between the p l a t f o r m  and 
t a r g e t  i s  unknown and must be e s t i m a t e d  from the 
r a d a r  d a t a .  Furthermore,  t h e  d e s i r e d  r e s o l u t i o n  
o f  the image i s  f i n e  enough t h a t  t a r g e t  p o i n t s  on 
t h e  o b j e c t  may move through s e v e r a l  r e s o l u t i o n  
c e l l s  d u r i n g  t h e  r e q u i r e d  p r o c e s s i n g  t ime;  t h i s  
motion through r e s o l u t i o n  c e l l  problem must be 
compensated i n  o r d e r  t o  form high q u a l i t y  images.  

There a r e  a p l e t h o r a  o f  t echn iques  f o r  
p rocess ing  SAR d a t a  i n t o  images ( s e e  r e f e r e n c e  [ I ]  
f o r  an overview).  They vary acco rd ing  t o  t h e  
approximations and assumptions made, p r o c e s s i n g  
speed and s h o r t c u t s ,  e t c ,  The block diagram i n  
Figure 3 i l l u s t r a t e s  a t y p i c a l  p r o c e s s i n g  sequence 
f o r  s p o t l i g h t  SAR d a t a  of a s t a t i o n a r y  scene .  
Linear  f r equency  modulat ion (FM) waveforms a r e  
used i n  o r d e r  t o  o b t a i n  f i n e  range r e s o l u t i o n .  
The f i r s t  s t e p  i s  t o  remove t h e  e f f e c t s  o f  t h e  
g r o s s  range changes t o  t h e  scene  c e n t e r  f o r  each 
p u l s e  by m u l t i p l y i n g  each r e t u r n e d  s i g n a l  w i th  a 
r e p l i c a  of  the t r a n s m i t t e d  s i g n a l  which i s  de l ayed  
by p r e c i s e l y  t h e  r o u n d - t r i p  d e l a y  t o  scene  c e n t e r ;  
INS in fo rma t ion  i s  used t o  compute t h e  d e l a y s .  
A f t e r  t h i s  mixing o p e r a t i o n ,  a s i g n a l  from a 
s i n g l e  p o i n t  s c a t t e r e r  i s  o f  a s i n g l e  f requency 
and s t a r t i n g  phase which a r e  p r o p o r t i o n a l  t o  t h e  
range o f  t he  s c a t t e r e r .  A f t e r  d i g i t i z a t i o n  o f  t h e  
d a t a ,  t h e  motion-compensation, which has most ly  
been done i n  t h e  mixing o p e r a t i o n ,  i s  f ine - tuned  
using measurements o r  e s t i m a t e s  of  t h e  r e l a t i v e  
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Figure  3: S i m p l i s t i c  P rocess ing  Scheme f o r  

motion. The motion in fo rma t ion  i s  used t o  l a y  t h e  
c o l l e c t e d  p u l s e s  i n  a p o l a r  fo rma t ,  co r re spond ing  
t o  t h e i r  look d i r e c t i o n s  d u r i n g  d a t a  c o l l e c t i o n  
(F igu re  4); p o l a r  f o r m a t t i n g  with a c c u r a t e  look 
d i r e c t i o n s  c o r r e c t s  f o r  t h e  p r e v i o u s l y  mentioned 
motion through r e s o l u t i o n  c e l l  problem [ Z ] .  In 
two-dimensional imaging,  t h e  d a t a  a r e  p r o j e c t e d  
on to  an imaging p l a n e ,  u s u a l l y  t h e  ground p l a n e .  
I n t e r p o l a t i o n  i s  used so t h a t  the  r e s u l t i n g  o u t p u t  
o f  t h e s e  o p e r a t i o n s  i s  a downsampled and c o r r e c t e d  
v e r s i o n  of  t h e  o r i g i n a l  d a t a .  A two-dimensional 
i n v e r s e  F o u r i e r  t r a n s f o r m  i s  performed t o  o b t a i r .  
an image. In p r i n c i p l e ,  t h e r e  i s  no d i f f e r e n c e  
between p r o c e s s i n g  s t a t i o n a r y  scene  d a t a  and 
p r o c e s s i n g  moving t a r g e t  d a t a .  In t h e  former 
c a s e ,  the  r e q u i s i t e  motion in fo rma t ion  i s  provided 
by INS d a t a .  In the l a t t e r  c a s e ,  i t  i s  e s t i m a t e d  
from t h e  r a d a r  d a t a .  In both c a s e s ,  t h e  r e l a t i v e  
motion must be known wi th  an accu racy  o f  a 
f r a c t i o n  of a wavelength.  

S p o t l i g h t  SAR. 

EFFECTS OF UNCOMPENSATED MOTION ON I M A G E S  

When t a r g e t s  a r e  moving with [unknown and 
uncompensated motion d u r i n g  t h e  d a t a  c o l l e c t i o n ,  
t he  SAR t a r g e t  s i g n a t u r e s  a r e  t y p i c a l l y  m i s l o c a t e a  
and smeared o u t  i n  azimuth due t o  phase e r r o r s  
induced by t h e  motion. The s p e c i f i c  e f f e c t s  o f  
t a r g e t  motion on SAR s i g n a t u r e s  and t h e  
e f f e c t i v e n e s s  o f  any no t ion  e s t i m a t i o n  and 
c o r r e c t i o n  a l g o r i t h m s  depend s t r o n g l y  upon the 
kind o f  motion,  

Rigid body t r a n s l a t i o n  causes  s p a t i a l l y  
i n v a r i a n t  phase e r r o r s  and smearing ( a l l  p o i n t s  on 
t h e  t a r g e t  a r e  smeared t h e  same way).  I f  t h e  
t r a n s l a t i o n  i s  s i n u s o i d a l ,  t h e  t a r g e t  s i g n a t u r e  
may s p l i t  i n t o  p a i r e d  echos o r  g h o s t s .  Wide 
bandwidth o r  random phase e r r o r s  cause e x t e n s i v e  
s i g n a t u r e  smearing.  

Rigid body r o t a t i o n  can compl i ca t e  t h e  b a s i c  
shape o f  the SAR t a r g e t  image. I f  t h e  r o t a t i o n  i s  
conf ined  t o  t h e  imaging p l a n e  ( i . e . ,  i f  t h e  a x i s  
of  r o t a t i o n  i s  p e r p e n d i c u l a r  t o  t h e  l i n e  of  s i g h t )  
and does n o t  change d i r e c t i o n ,  t h e  t a r g e t  
s i g n a t u r e  i s  d i s t o r t e d  i n  azimuth due t o  unknown 
azimuth r e s o l u t i o n  from t h e  t a r g e t ' s  r o t a t i o n .  I f  
such r o t a t i o n  i s  nonuniform, then  t h e  t a r g e t  
s i g n a t u r e  s u f f e r s  s p a t i a l l y  v a r i a n t  smearing.  In 
p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  o b t a i n  a comple t e ly  
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focused two-dimensional image i n  such c z s e s ,  a s  
w i l l  be d i s c u s s e d  l a t e r .  

Rota t ion  o u t s i d e  t h e  imaging p lane  causes  
p r i m a r i l y  p e r s p e c t i v e  d i s t o r t i o n  and h e i g h t - o f -  
focus  smearing,  A s t a t i o n a r y  t a r g e t  s i g n a t u r e  
appears  p r o j e c t e d  on t h e  nominal s l a n t  range 
p l a n e ,  dh ich  i s  t h e  p lane  normal t o  t h e  r a d a r - t o -  
t a r g e t  r o t a t i o n  a x i s .  I f  t h e  t a r g e t  r o t a t i o n  a l s o  
has a component around t h e  a x i s  p a r a l l e l  t o  t h e  
antenna f l i g h t  p a t h ,  then t h i s  imaging p l a n e  t i l t s  
away from t h e  nominal imaging p l a n e ,  and t h e  
t a r g e t  s i g n a t u r e ,  kh ich  i s  p r o j e c t e d  onto  t h i s  
t i l t e d  p l a n e ,  appears  d i s t o r t e d .  Rota t iona l  
components o u t s i d e  t h e  nominal s l a n t  range p lane  
cdn lead  t o  a height-dependent  ( h e i g h t  i s  t h e  
d i s t a n c e  from t h e  imaging p lane  -of  a s p e c i f i e d  
p o i n t  of t h e  t a r g e t )  smearing.  I t  i s  no t  p o s s i b l e  
t o  e l i m i n a t e  he ight -of - focus  smearing us ing  two- 
dimensional  imaging t e c h n i q u e s ;  a t h r e e -  
dimensional  imaging procedure  i s  requi red  [Z]. 

W" I / I  

Figure  4 :  P o l a r  Format S igna l  P r o j e c t i o n s  i n  
Frequency Domain. 

__I____ ESTIMATION O F  UNKNOWN T A R G E T  MOTION 

Est imat ion  o f  unknown t a r g e t  motion from r a d a r  
d a t a  i s  a d i f f i c u l t  t a s k .  A fundamental 
l i i n i t a t i o n  i s  t h a t  no t  a l l  components of t a r g e t  
motion a r e  o b s e r v a b l e  by a range-only s e n s o r ,  such 
a s  a r a d a r .  Only motions involv ing  p u l s e - t o - p u l s e  
changes i n  range  from t h e  antenna t o  t h e  t a r g e t  
p o i n t s  a r e  o b s e r v a b l e .  Another d i f f i c u l t y  a r i s e s  
from t h e  combinat ion of t h e  motion-induced 
smearirig o f  t h e  t a r g e t  s i g n a t u r e  with background 
c l  u t t e r ;  t h e  s i g n a l  -to-background r a t i o  i s  
f r e q u e n t l y  poor .  Although complete  knowledge o f  
t a r g e t  motion i s  not  n e c e s s a r i l y  requi red  i n  o r d e r  
t o  o b t a i n  a f i n e  r e s o l u t i o n  image, complete  
knowledge of  o b s e r v a b l e  t a r g e t  motion i s  necessary  
in  o r d e r  o b t a i n  t h e  b e s t  p o s s i b l e  two-dimensional 
image and t o  p r e d i c t  t h e  q u a l i t y  o f  t h a t  image. 
I! p r a c t i c e ,  t a r g e t  motion e s t i m a t i o n  i s  not  done 
w i t h  a s i n g l e  a l g o r i t h m ,  b u t  wi th  a combinat ion of  
a lgor i thms wi th  complementary c a p a b i l i t i e s .  The 
most powerful e s t i m a t i o n  a l g o r i t h m s ,  which provide  
informat ion  about  t a r g e t  r o t a t i o n s ,  r e l y  upon 

a c c u r a t e  e s t i m a t i o n  of t a r g e t  dominant s c a t t e r e r s  
a t  each p u l s e .  Such a l g o r i t h m s  do n o t  t y p i c a l l y  
perform well under  poor  s igna l - to-background 
c o n d i t i o n s .  O n  t h e  o t h e r  hand, a l g o r i t h m s  which 
do perform well  under  t h e s e  c o n d i t i o n s  provide  
very l i m i t e d  informat ion  about  motion.  

r r a n s l a t i o n a l  Motion Es t imat ion  

Many a l g o r i t h m s  provide  e s t i m a t e s  of  p u l s e - t o -  
pulse changes i n  range from an an tenna  t o  a inoving 
t a r g e t .  Dominant s c a t t e r e r  a l g o r i t h m s  provide  
t h i s  d a t a  v i a  t h e  measured f r e q u e n c i e s  and phases  
of a prominent  p o i n t  [3 ,  41. Other  a l g o r i t h m s  
a l s o  provide  phase e r r o r  e s t i m a t e s  f o r  t h e  t a r g e t  
r a d a r  d a t a  [5 ,  6 ,  7 ,  8,  51. Dominant s c a t t e r e r  
a l g o r i t h m s  can provide  very a c c u r a t e  phase e r r o r  
e s t i m a t e s ,  b u t  r e q u i r e  t h e  i d e n t i f i c a t i o n  and 
i s o l a t i o n  of  a t a r g e t  prominent  p o i n t .  Some phase 
e r r o r  e s t i m a t i o n  a l g o r i  thms a l s o  r e q u i r e  t h a t  t h e  
t a r g e t  image be c h a r a c t e r i z e d  by some s p e c i f i c  
s t r u c t u r e  [6]. Other  a l g o r i t h m s  a r e  l i m i t e d  i n  
t h a t  t h e y  a r e  capable  o f  e s t i m a t i n g  only  low 
frequency phase e r r o r s  [3 ,  51. Some a l g o r i t h m s  
provide  r e a s o n a b l e  e s t i m a t e s  only  of r e l a t i v e l y  
small phase e r r o r s  [9]. 

Uncompensated t r a n s l a t i o n a l  motion o f t e n  
r e s u l t s  i n  t a r g e t  s i g n a t u r e s  t h a t  a r e  degraded by 
l a r g e  a n d / o r  high f requency  phase e r r o r s .  T h u s ,  
we i n i t i a l l y  apply  an e f f i c i e n t  a l g o r i t h m  which i s  
capable  of  e s t i m a t i n g  t h e s e  phase e r r o r s  [ 7 ,  81. 
This  a l g o r i t h m ,  c a l l e d  s h e a r  a v e r a g i n g ,  i s  
au tomat ic ,  n o n i t e r a t i v e ,  and very f a s t .  There a r e  
no requi rements  f o r  a s p e c i f i c  kind of t a r g e t  
s t r u c t u r e ,  such a s  prominent  p o i n t s .  

a l g o r i t h m  was i n s p i r e d  by 
t h e  analogy between s p e c k l e  i n t e r f e r o m e t r y  and t h e  
S A R  focus ing  problem. I t  i s  modeled a f t e r  t h e  
Knox-Thompson a l g o r i t h m  and i s  c l o s e l y  r e l a t e d  t o  
o p t i c a l  s h e a r i n g  i n t e r f e r o m e t r y .  Let G ( v ,  U) be 
t h e  c o r r u p t e d  SAR s i g n a l  h i s t o r y ,  which can be 
r e p r e s e n t e d  a s  t h e  product  of t h e  i d e a l  s j g n a l  
hi s t o r y  and a one-dimensional  azimuthal  phase 
e r r o r :  

The s h e a r  averaging  

where a i s  t h e  s h i f t  index ,  t y p i c a l l y  one pulse . ,  

The s h e a r  average  can be w r i t t e n  a s :  

L 
v=7 

The F o u r i e r  t r a n s f o r m  o f  t h e  t a r g e t ' s  r e f l e c t i v i t y  
may be viewed a s  a r e a l i z a t i o n  of  an e r g o d i c  
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random process .  Thus, t h e  q u a n t i t y  
EF(v, u ) F * ( v ,  U - a )  i s  p r o p o r t i o n a l  t o  an 
ensemble ave rage  hhich can be recognized as  a 
sample of the f a r - f i e l d  mutual i n t e n s i t y  f u n c t i o n  
i f  t h e  t a r g e t  were i n c o h e r e n t l y  i l l u m i n a t e d .  By 
t h e  van C i  t t e r t - Z e r n i  ke theorem [ l o ] ,  t h i s  mutual 
i n t ens - i ty  i s  t h e  F o u r i e r  t r ans fo rm of  t h e  
incohe ren t ly  i l l u m i n a t e d  o b j e c t .  Using t h e  
normalized mutual i n t e n s i t y  o r  complex coherence 
f a c t o r ,  p ,  S ( u )  can be expressed as: 

where I i s  t h e  average i n t e n s i t y .  

Thus, t h e  SAR phase e r r o r  can be computed 
r e c u r s i v e l y  by i n t e g r a t i n g  t h e  phase of  t h e  s h e a r  
ave rage ,  s-( U).. 

I t  can be shown t h a t  t h e  s t anda rd  d e v i a t i o n  of  
t h e  phase e r r o r  e s t ima ted  i n  t h i s  way i s  
approximately given by: 

Here,  N i s  t h e  number of independent range samples 
in  t h e  average and M i s  t h e  number o f  independent  
azimuth samples.  Th i s  s t anda rd  d e v i a t i o n  can 
range from a f r a c t i o n  o f  a r ad ian  t o  s e v e r a l  
r a d i a n s ,  depending upon t h e  o r i e n t a t i o n ,  s i z e ,  and 
shape o f  t h e  t a r g e t  s i g n a t u r e .  T h u s ,  a 
s i g n i f i c a n t  r e s i d u a l  smear w i l l  probably remain i n  
t h e  c o r r e c t e d  image. Furthermore,  t h e  phase e r r o r  
e s t i m a t e  f o r  rlloving t a r g e t s  i s  underest imated due 
t o  t h e  f a c t  t h a t  the  moving t a r g e t  d a t a  a r e  
superimposed upon c l u t t e r  d a t a .  However, we use 
t h e  s h e a r  ave rag ing  a lgo r i thm p r i m a r i l y  t o  remove 
g r o s s  d e g r a d a t i o n s  r e s u l t i n g  from t r a n s l a t i o n a l  
motion and t h u s  t o  enhance t a r g e t  s i g n a l - t o -  
background r a t i o  so t h a t  more e l a b o r a t e  rllotion 
e s t i m a t i o n  a lgo r i thms  can then  be s u c c e s s f u l l y  
used. An example of  a s y n t h e t i c  SAR moving t a r g e t  
s i g n a t u r e  and i t s  shear-averaged c o r r e c t i o n  i s  
shown i n  Figure 5. 

Any r e s i d u a l  t r a n s l a t i o n a l  motion between t h e  
t a r g e t  and antenna i s  e s t ima ted  from a s i n g l e  
prominent p o i n t  which i s  l oca t ed  p r e c i s e l y  i n  each 
pu l se  us ing  Prony l i n e  spectrum e s t i m a t i o n  
t echn iques ,  and then l i nked  a c r o s s  a l l  t h e  p u l s e s  
using a l i n e a r  programming a lgo r i thm.  The 
f r e q u e n c i e s  and phases  o f  t h e  prominent p o i n t  
a c r o s s  t h e  a p e r t u r e  p rov ide  an a c c u r a t e  measure of 
t h e  d i f f e r e n c e s  i n  range between t h e  s t a t i o n a r y  
scene c e n t e r  and t h e  moving p o i n t  a t  each p u l s e .  
This i n fo rma t ion  i s  used i n  a convent ional  motion 
compensation procedure t o  make t h i s  prominent 
p o i n t  e f f e c t i v e l y  t h e  new c e n t e r  of  t h e  scene.  A n  
example of  a s y n t h e t i c  moving t a r g e t  s i g n a t u r e  
from which a l l  t r a n s l a t i o n a l  motion has been 
removed i n  th i s  manner i s  shown i n  Figure 6. 

Rotat i  onal Motion Est imat ion 

For t h e  c a s e  o f  a r o t a t i n g  t a r g e t ,  e l i m i n a t i o n  
o f  t r a n s l a t i o n a l  motion e f f e c t s  by using s p a t i a l l y  
i n v a r i a n t  focus ing  p rocedures ,  a s  desc r ibed  above, 
i s  not  s u f f i c i e n t  i n  o r d e r  t o  o b t a i n  a 

Figure 5: S y n t h e t i c  SAR Target  W i t h  P l a n a r  
Yotion - 
0 (Top) Or ig ina l  Ta rge t  Image 
* (Bottom) A f t e r  Shear  Averaging ~ 
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Figure  6 :  S y n t h e t i c  T a r g e t  Image A f t e r  C o r r e c t i o n  
For T r a n s l a t i o n a l  Motion 

s a t i s f a c t o r i l y  focused  t a r g e t  image whose 
dimensions i n  azimuth a r e  known. Algori thms f o r  
es t ima. t ing  r o t a t i o n  o f  t a r g e t s  i n  genera l  must be 
s p a t i a l l y  v a r i a n t .  We d e s c r i b e  two genera l  
approaches t o  t h e  problem of e s t i m a t i n g  r o t a t i o n  
of t a r g e t s  i n  SAK d a t a .  These approaches a r e  
based upon t h e  a c c u r a t e  e s t i m a t i o n  and t r a c k i n g  of 
t a r g e t  dominant s c a t t e r e r s .  Although e s t i m a t i o n  
of t a r g e t  motion through t r a c k s  of  prominent  
p o i n t s  i s  a n o n t r i v i a l  accomplishment ,  t h e  most 
powerful motion a n a l y s i s  procedures  r e q u i r e  
prominent  p o i n t  d a t a .  

A f t e r  a f i r s t  t a r g e t  prominent  p o i n t  has been 
used a s  mentioned above t o  e s t i m a t e  and compensate 
f o r  any r e s i d u a l  t a r g e t  t r a n s l a t i o n a l  mot ion ,  a 
second t a r g e t  prominent  p o i n t  can be used t o  
e s t i m a t e  t h e  r e l a t i v e  r o t a t i o n  of t h e  t a r g e t  t o  
w i t h i n  a s c a l e  f a c t o r  [ l l ] .  I f  t h e  p r o c e s s i n g  
a l g o r i t h m  assumes t h a t  t h e  s i g n a l  h i s t o r y  p u l s e s  
a r e  evenly  spaced i n  a n g l e  when, i n  f a c t ,  r o t a t i o n  
i s  nonuniform. n o n l i n e a r  phase e r r o r s  and  
subsequent  s p a t i a l l y  v a r i a n t  image domain smearing 
w i l l  r e s u l t .  The unwrapped phase of t h i s  second 
doininant s c a t t e r e r  i s  p r o p o r t i o n a l  t o  t h e  t a r g e t ' s  
r e l a t i v e  r o t a t i o n  r a t e  and i s  used i n  recomputing 
a p p r o p r i a t e  azimuth p o s i t i o n s  f o r  t h e  p u l s e s  i n  
o r d e r  f o r  t a r g e t  r o t a t i o n  t o  appear  t o  be 
e f F e c t i v e l y  c o n s t a n t .  F igure  7 i l l u s t r a t e s  t h e  
s y n t h e t i c  moving t a r g e t  image a f t e r  s p a t i a l l y  
v a r i a n t  smearing has  been removed by l i n e a r i z i n g  
t h e  r e l a t i v e  r o t a t i o n .  The e f f e c t i v e  f o c u s i n g  
p l a n e  f o r  t,he t a r g e t  image i s  de te rmined  by t h e  
f i r s t  prominent  p o i n t  which was used f o r  

F igure  7 :  S y n t h e t i c  T a r g e t  Image A f t e r  
L i n e a r i z a t i o n  o f  R o t a t i o n .  

e s t i m a t i o n  of t r a n s l a t i o n a l  mot ion ,  t h e  second 
prominent  p o i n t ,  and t h e  l o c a t i o n  of  t h e  r a d a r  
an tenna  a t  t h e  c e n t e r  o f  t h e  a p e r t u r e .  

In o r d e r  t o  o b t a i n  a measure of  t h e  p r o p e r  
p o l a r  f o r m a t t i n g  a n g u l a r  s c a l e  and t o  a c h i e v e  
c o r r e c t  azimuth d imens ioning  of  t h e  t a r g e t  image, 
more t h a n  two dominant  s c a t t e r e r s  a r e  r e q u i r e d .  
The a n g u l a r  s p a c i n g  between t h e  p u l s e s  f o r  p o l a r  
f o r m a t t i n g  must be measured because t h e  t a r g e t  has  
c o n t r i b u t e d  an unknown amount t o  t h e  t o t a l  
r e l a t i v e  r o t a t i o n  between t h e  r a d a r  p l a t f o r m  and 
t a r g e t .  I f  t h e  t a r g e t ' s  r o t a t i o n  o c c u r s  a l m o s t  
e n t i r e l y  i n  t h e  nominal s l a n t  range p l a n e ,  then  a 
t h i r d  prcminent  p o i n t  i s  s u f f i c i e n t  i n  o r d e r  t o  
o b t a i n  tiii  s measurement. The q u a d r a t i c  component 
of t h e  unwrapped phase  of  t h i s  p o i n t  p r o v i d e s  an 
e s t i m a t e  of  t h i s  a n g u l a r  s p a c i n g .  The motion of  
t h e  p r e v i o u s  s y n t h e t i c  t a r g e t  was c o n f i n e d  t o  t h e  
s l a n t  range  p l a n e .  The p r o p e r l y  p o l a r  f o r m a t t e d  
v e r s i o n  of t h e  image i s  shown i n  F igure  8 .  

I f  t h e  t a r g e t ' s  r o t a t i o n  o c c u r s  p r i m a r i l y  i n  a 
p l a n e  o t h e r  t h a n  t h e  nominal s l a n t  range  p l a n e  o r  
i f  t h e  t a r g e t  has  a v a r y i n g  r o t a t i o n a l  a x i s  d u r i n g  
t h e  d a t a  c o l l e c t i o n ,  t h e n  t h e  p h a s e - e r r o r  method 
mentioned above does  n o t  r e s u l t  i n  an a c c u r a t e  
measure of  t h e  a n g u l a r  s c a l e .  To make m a t t e r s  
worse,  one g e n e r a l l y  has  no r e l i a b l e  way of  
de te rmining  whether  t h e  r o t a t i o n  o c c u r s  p r i m a r i l y  
i n  t h i s  p l a n e  o r  n o t ,  u n l e s s  a p r i o r i  i n f o r m a t i o n  
i s  a v a i l a b l e ;  t h u s ,  t h e  phase  e r r o r  method f o r  
measuring t h e  p o l a r  f o r m a t t i n g  s c a l e  f a c t o r  cannot  
be t r u s t e d .  

20 



Figure 8: S y n t h e t i c  Targe t  Image Af ter  
Appropr ia te  Po la r  Formatting. 

An approach f o r  measuring a l l  t a r g e t  motion 
t h a t  i s  obse rvab le  by a range-only senso r ,  such as  
a r a d a r ,  has been developed [12]. This  technique  
r e q u i r e s  f o u r  a c c u r a t e  t r a c k s  o f  range  
measurements from f o u r  prominent p o i n t s  o f  the 
moving t a r g e t .  A fundamental assumption i s  t h a t  
t h e  f o u r  prominent p o i n t  t r a c k s  correspond t o  f o u r  
s c a t t e r e r s  on a r i g i d  body, The main idea  
under ly ing  t h i s  comprehensive motion measuring 
method i s  t h a t  because the observed t a r g e t  i s  a 
r i g i d  body, there  are  c o n s t r a i n t s  imposed upon t h e  
realm o f  p o s s i b i l i t i e s  f o r  t h e  observed 
d i f f e r e n c e s  i n  range t o  any two of  t h e  t a r g e t  
po in t s .  These l i m i t a t i o n s  can be mathemat ica l ly  
expressed  i n  t h e  form o f  an i n v a r i a n t  equat ion  
con ta in ing  both observed range d i f f e r e n c e s  and 
unknown i n v a r i a n t  parameters .  Because t h e  
i n v a r i a n t  parameters  e n t e r  t h e  equat ion  l i n e a r l y ,  
they  may be e s t ima ted  v i a  l e a s t  squares  
techniques .  From t h e  i n v a r i a n t  parameter 
e s t i m a t e s ,  a l l  d e t a i l s  concern ing  the Euclidean 
geometry o f  t h e  under ly ing  p o i n t s  on t h e  moving 
o b j e c t  may be de te rmined .  More s p e c i f i c a l l y ,  t h e  
d i s t a n c e s  between t h e  t a r g e t  p o i n t s  may be 
computed. T h u s ,  i t  i s  p o s s i b l e  t o  de te rmine  t h e  
shape o f  a t a r g e t  wi thout  having t o  form an image 
of  i t .  From t h e  de r ived  shape v e c t o r s ,  one can 
then compute t h e  look d i r e c t i o n  vec to r s  f o r  each 
pu l se  o f  d a t a .  This look d i r e c t i o n  h i s t o r y  
con ta ins  a l l  t h e  informat ion  t h a t  can poss ib ly  be 
ex t r ac t ed  by any method concerning t h e  r e l a t i v e  
r o t a t i o n a l  motions between t h e  t a r g e t  and r a d a r  
p la t form.  

An example of such an i n v a r i a n t  equat ion  f o r  
t h e  range t r a c k s  of  f o u r  non-coplanar p o i n t s  on a 
r i g i d  body moving wi th  three-dimensional motion i s  
given by t h e  fo l lowing:  

Here, the r k ( t )  are t h e  measured ranges t o  p o i n t  
k, and t h e  I s  and J s  a r e  the i n v a r i a n t  parameters  
t o  be e s t ima ted .  These i n v a r i a n t  parameters  a l l  
have geometr ic  i n t e r p r e t a t i o n s .  For example, 11 
i s  t h e  squa re  o f  tw ice  t h e  a r e a  of t h e  t r i a n g l e  
formed by t h e  p o i n t s  P2, P3, and Po d iv ided  by t h e  
square  o f  s i x  t imes  the volume o f  t h e  t e t r a h e d r o n  
formed by t h e  f o u r  p o i n t s .  

The de r ived  look d i r e c t i o n  h i s t o r y  i s  
e s s e n t i a l l y  t h e  e s t ima ted  s u b s t i t u t e  f o r  the INS 
d a t a  which i s  normally a v a i l a b l e  f o r  SAR image 
format ion  p rocess ing  of  s t a t i o n a r y  scenes .  T h u s ,  
the format ion  o f  t h e  moving t a r g e t  image may 
proceed jus t  a s  i n  the convent iona l  s c e n a r i o .  I t  
i s  a l s o  p o s s i b l e  t o  de te rmine  a " b e s t "  imaging 
p l ane  f o r  the moving t a r g e t  d a t a  by de termining  
the p lane  i n  which most o f  t h e  t a r g e t  r o t a t i o n  has 
occurred .  In  t h i s  way, one may more r e l i a b l y  
choose an imaging p l a n e  which r e s u l t s  i n  t h e  
h ighes t  p o s s i b l e  t a r g e t  image q u a l i t y  than  by 
i n d i r e c t l y  s e l e c t i n g  an imaging p lane  by t h e  
a r b i t r a r y  s e l e c t i o n  o f  t h e  f i r s t  and second 
prominent po in t s .  F igure  9 i l l u s t r a t e s  a very  
s imple  s y n t h e t i c  t a r g e t  with nonplanar  motion. 
The f i g u r e  shows the conven t iona l ly  processed  
image, t h e  image which has been focused us ing  t h e  
f i r s t  prominent p o i n t  technique  desc r ibed  above, 
and t h e  image w h i c h  has been focused us ing  
i n v a r i a n t  d n a l y s i s  methods. I t  should be noted 
t h a t  the i n v a r i a n t  a n a l y s i s  methods r e s u l t e d  i n  
t h e  s e l e c t i o n  o f  a more a p p r o p r i a t e  imaging p l ane  
so t h a t  t h e  t a r g e t  image i s  l e s s  degraded by 
r e s idua l  smearing than  the t a r g e t  image focused by 
t h e  f i r s t  method. 

SUMMARY 

Techniques f o r  ob ta in ing  focused two- 
dimensional SAR images o f  moving t a r g e t s  have been 
desc r ibed .  T h e  imaging s t r a t e g y  c o n s i s t s  of  1) 
e s t i m a t i n g  and removing t h e  e f f e c t s  of  g r o s s  
t r a n s l a t i o n a l  motion and enhancing t h e  t a r g e t  
s igna l - to-background l eve l  wi th  a f a s t  e f f i c i e n t  
phase-er ror  e s t i m a t i n g  a lgo r i thm,  shea r  ave rag ing ,  
so t h a t  2) prominent p o i n t s  o f  t h e  t a r g e t  
s i g n a t u r e  can be used t o  provide  informat ion  about  
the t a r g e t ' s  r o t a t i o n .  The e s t i m a t e s  o f  t a r g e t  
motion w h i c h  have been e n t i r e l y  e s t ima ted  from 
d a t a  a r e  then  used i n  convent iona l  SAR p rocess ing  
a lgo r i thms  t o  o b t a i n  a focused t a r g e t  image. 

Ongoing r e sea rch  i s  heavily conce rned  w i t h  
development of  a c c u r a t e  and au tomat ic  prominent 
p o i n t  e s t ima t ion  and t r a c k i n g  t echn iques ,  
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deveiopment ~f optimal  imaging s t r ? t e g i e s ,  and 
I n a l y s i s  o f  t h e  l i m i t a t i o n s  i n  image q u a l i t y  
a r i s i n g  from v a r i o u s  k inds  o f  m o t i o f i s .  

Figure  9: S y n t h e t i c  Targe t  K i t h  Nonplanar 
Rota t ion  - 
e ( L e f t )  Or ig ina l  Image 
* (Right - top)  Image Focused Nith 

I n v a r i a n t  Analys is  Method 
(Right-bot tom) Image Focused With 
F i r s t  Prominent Poin t  Technique. 
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