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ABSTRACT 

The quest f o r  t h e  h ighest  r e s o l u t i o n  microwaves imaging and t h e  p r i n c i p l e  o f  

time-domain imaging has been t h e  pr imary m o t i v a t i o n  f o r  recent  developments i n  

time-domain techniques. With t h e  present new technol  ogy f a s t  t i m e  v a r y i n g  

s i g n a l s  can now be measured and recorded bo th  i n  magnitude and i n  phase. It has 

a l s o  enhanced our a b i l i t y  t o  e x t r a c t  r e l e v a n t  d e t a i l s  concerning t h e  s c a t t e r i n g  

object .  

I n  t h e  p a s t ,  t h e  i n f e r e n c e  o f  o b j e c t  geometry  or shape f r o m  s c a t t e r e d  

s igna ls  has received subs tan t i a l  a t t e n t i o n  i n  radar technol  ogy. Various i nve rse  

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

problem. Furthermore, t h e  random invers ion,  frequency swept holography, and t h e  

s y n t h e t i c  r a d a r  imag ing ,  a l l  o f  w h i c h  have two t h i n g s  i n  common: ( a )  t h e  

phys ica l  o p t i c  f a r - f i e l d  approximat ion and ( b )  t h e  u t i l i z a t i o n  o f  t h e  channels as 

an e x t r a  phys ica l  dimension, were a1 so advanced s i g n i . f i c a n t l y .  

Despi te t h e  i nhe ren t  v e c t o r i a l  na tu re  o f  e lect romegnet ic  waves, these s c a l a r  

t reatments have brought f o r t h  some promising r e s u l t s  i n  p r a c t i c e  w i t h  n o t a b l e  

examples i n  subsurface and s t r u c t u r e  sounding. The use o f  time-domain imaging 

f o r  space r o b o t i c  v i s i o n  a p p l i c a t i o n s  has been proposed. A mu l t i senso r  approacah 

t o  v i s i o n  has been shown t o  have several  advantages over v ideo-only approach. 
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FINAL REPORT 

OBJ ECTI VES 

The con t inued  research e f f o r t s  f o r  t h i s  p r o j e c t  should be as fo l l ows :  (1) 

d e v e l o p  t h e  a p p l i c a t i o n  o f  time-domain imaging f o r  r o b o t i c  v i s ion ,  i n  order  t o  

emphasize t h i s  we s t ress  t h a t  i t  i s  t h e  sca t te red  f i e l d  n o t  t he  t o t a l  power t h a t  

i s  o f  i n t e r e s t ;  ( 2 )  research t h e  hardwareltechnology needed f o r  t h i s  a p p l i c a t i o n ;  

( 3 )  d e r i v e  t h e o r e t i c a l  expressions f o r  planar,  c y l i n d r i c a l ,  spher i ca l ,  and 

octobox con f igu ra t i ons  ( t h e  images w i l l  be synthesized on t h e  bas i s  o f  

time-domain re f l ec tance ) ;  ( 4 )  s tudy t h e  e f f e c t s  of  pu lse width, p o l a r i z a t i o n ,  

1 ook angle, and c a r r i e r  frequency and (5) compute magnitude and phase images. 

The 1 i m i t a t i o n s  of t h e  present  a n a l y t i c a l  techniques w i l l  be i d e n t i f i e d .  A1 so, 

experimental v e r i f i c a t i o n  o f  t h e  a n a l y t i c a l  r e s u l t s  w i l l  be performed t o  develop 

hardware approaches. 

INTRODUCTION 

The d e t a i l e d  1 i t e r a t u r e  rev iew conducted t h i s  summer a t  t h e  Johnson Space 

Center ,  i n  t h e  area o f  Time-domain microwave t a r g e t  imaging, l e d  t o  a research 

t o p i c  o f  d e t e r m i n i n g  t h e  s i z e ,  shape, and e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  a 

s c a t t e r ,  g iven t h e  i n c i d e n t  and sca t te red  eletromagnet ic f i e l d s .  The problem o f  

i n t e r e s t  h e r e  i s  t h e  r e c o n s t r u c t i o n  o f  t h e  shape o f  a convex s c a t t e r  f r o m  

knowledge o f  h igh  frequency f a r  f i e l d  sca t te red  from t h e  ob jec t  i n  response t o  a 

known inc ident .  f i e l d .  

The quest f o r  t h e  h ighes t  r e s o l u t i o n  microwaves imaging and t h e  p r i n c i p l e  of  

time-domain imaging has been t h e  pr imary m o t i v a t i o n  f o r  recent  developnents i n  

time-domain techniques. I n  t h e  l a s t  decade, modern techniques i n  sampling 

dev ices and advent o f  f a s t  pu lse generators has brought new technology t o  t h e  

p r a c t i c i n g  radar engineers i n  t h e  measurements o f  picosecond a t  a much reduced 

c o s t .  With t h e  present new technology f a s t  t ime  va ry ing  s igna ls  can now be 
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measured and recorded both i n  magnitude and i n  phase. 

Todays techno1 ogy has enhanced our  ab i  1 i t y  t o  e x t r a c t  re1 evant d e t a i  1 s 

concerning t h e  s c a t t e r i n g  ob jec t ,  which convent ional  radar  ranging lacks.  

I n  t h e  p a s t ,  t h e  i n f e r e n c e  o f  o b j e c t  geometry  o r  shape f r o m  s c a t t e r e d  

s i g n a l s  has received s u b s t a n t i a l  a t t e n t i o n  i n  radar technology l a r g e l y  due t o  i t s  

adademic s i g n i f i c a n c e  and t h e  understandable comnercial and m i l i t a r y  values. I n  

t h e  l a s t  decade var ious i nve rse  s c a t t e r i n g  t h e o r i e s  were proposed t o  develop 

a n a l y t i c a l  s o l u t i o n s  t o  t h i s  problem. F u r t h e r m o r e ,  t h e  random i n v e r s i o n ,  

f r e q u e n c y  swept holography, and t h e  s y n t h e t i c  radar imaging, a l l  o f  which have 

two t h i n g s  i n  common: 

(a )  The phys ica l  o p t i c  f a r - f i e l d  approximation. 

( b )  The u t i l i z a t i o n  o f  t h e  channels as an e x t r a  phys ica l  dimension, were 

a l s o  advanced s i g n i f i c a n t l y .  

Despi te  t h e  i n h e r e t  v e c t o r i a l  na tu re  o f  e lect romagnet ic  waves, these s c a l a r  

t reatments have brought f o r t h  some promising r e s u l t s  i n  p r a c t i c e  w i t h  no tab le  

exarnpl es i n  subsurface and s t r u c t u r e  sounding. Recent ly D r .  Kumar Krishen, o f  

NASA/JSC, has proposed t h e  use of  time-domain imaging f o r  space r o b o t i c  v i s i o n  

a p p l i c a t i o n s .  A mu l t i senso r  approach t o  v i s i o n  has been shown t o  have several  

advantages over v ideo-only approach. 

PROBLEM 

(THEORETICAL APPROACH) 

The problem o f  s c a t t e r i n g  from rough surfaces i s  i n h e r e n t l y  d i f f e r e n t  i n  

n a t u r e  from t h a t  o f  s c a t t e r i n g  by o the r  bodies. Usua l l y  i n  t h e  rough-surface 

problem, an exact knowledge o f  t h e  shape of t h e  s u r f a c e - i s  n e i t h e r  a v a i l a b l e ,  nor  

i s  i t  o f  i n t e r e s t  t o  the  radar  operator.  Instead, o n l y  average p r o p e r t i e s  o f  t h e  

surface shape en te r  i n t o  the problem. I t  i s  c l e a r l y  understood t h a t  t h e  l a s t  

requi rement  r u l e  ou t  a boundry-value approach, s ince  the  exact boundry i s  n o t  

known. We a re  more i n t e r e s t e d  i n  t h e  r e l a t i o n s h i p  between t h e  average scat tered 
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f i e l d  o r  radar  c ross  s e c t i o n  and the  average sur face  p r o p e r t i e s .  The rada r  c ross  

s e c t i o n  i s  normal ized  by t h e  area A, and de f i ned  as, 

7 (E, ,ES ,?, ) = <m (E, ,Es ,q ,  >/A, where the three azgies 

E ,  ,E,, arzd 9, a r e  shown f o r  b i s t a t i c  case i n  f i g u r e  l a  below. The rough 

s u r f a c e  i s  assumed t o  c o n s i s t  o f  h e i g h t  v a r i a t i o n s  about a mean plane, which i s  

t a k e n  as t h e  xy-plane. The i n c i d e n t  wave l i e s  i n  t h e  xz-plane a t  a p o l a r  angle.. 

Z 
4 

I n c i d e n t  
Wave 

F i g u r e  l a  - BISTATIC SCATTERING GEOMETRY 

z T  

F igu re  l b  - THE "SCATTERING GEOMETRY" 

F i g u r e  l a  shows t h e  b i s t a t i c  s c a t t e r i n g  f o r  a p lana r  rough su r face  whose mean 
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h e i g h t  co inc ides  w i t h  the  xy-plane and f i g u r e  l b  shows the  s c a t t e r i n g  geometry. 

I i s  t he  plane o f  inc idence and S i s  t h e  s c a t t e r i n g  plane. 

The < > r e f e r  t o  an average. For t h e  normaized average backsca t te r i ng  

cross sect ion a re  de f i ned  as 

General ly one has s p e c i f i c  purposes or reasons f o r  i n v e s t i g a t i n g  s c a t t e r i n g  

from a rough sur face b road ly  these u l t i m a t e  goals  may be d i v i d e d  i n t o  t h r e e  

categor ies : 

(1) The p rob lem o f  d i r e c t  s c a t t e r i n g ;  one w ishes  t o  know t h e  ave rage  

p r o p e r t i e s  of  t h e  sca t te red  s igna l  or cross sec t i on  when t h e  sur face p r o p e r t i e s  

o f  t h e  rough sur face a re  known, and t h e  s c a t t e r i n g  i n f o r m a t i o n  i s  expressed i n  

terms o f  t h e  sur face p roper t i es .  

( 2 )  The problem o f  i nve rse  sca t te r i ng ;  one wishes t o  ob ta in  s t a t i s t i c a l  

i n f o r m a t i o n  about t h e  rough sur faces from a knowledge of t h e  ‘average p r o p e r t i e s  

o f  t h e  sca t te red  f i e l d .  T h i s  problem i s  more d i f f i c u l t  i n  t h a t  t h e r e  appear t o  

be  many c lasses of rough sur faces producing t h e  same average s c a t t e r i n g  c ross  

sec t i on  as a func t i on  of  t h e  b i s t a t i c  s c a t t e r i n g  angle and wavelength. 

The ( s c a t t e r e d  f i e l d )  rada r  cross sect ion,  can be expressed as 4- t imes t h e  

power d e l i v e r e d  per u n i t  s o l i d  angle i n  t h e  d i r e c t i o n  o f  t h e  r e c e i v e r  d i v i d e d  by 

t h e  power p e r  u n i t  area i n c i d e n t  a t  t h e  ta rge t .  The f a c t o r  4 7  enters  from t h e  

d e f i n i t i o n  o f  s o l i d  angle. Assuming f o r  t h e  moment t h a t  t h e  propagat ion pa th  

between t h e  t a r g e t  and t h e  r e c e i v i n g  system i s  l oss less ,  then t h i s  power r a t i o  

may be expressed as 

where ES and HS a r e  t h e  sca t te red  e l e c t r i c  and magnetic f i e l d s ,  r e s p e c t i v e l y  and 
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E' and K ~ .  a r e  t h e  i n c i d e n t  f i e l d s .  The scat tered f i e l d  is def ined t o  be t h e  

d i f f e r e n c e  between t h e  t o t a l  f i e l d  ( w i t h  t h e  t a r g e t y  present)  and t h e  i n c i d e n t  

f i e l d  E i  ( t h e  t o t a l  f i e l d  t h a t  would e x i s t  i f  t h e r e  were no t a r g e t  present) .  

This i s  summarized as E' = E - E T i  

F i n d i n g  t h e  cross sec t i on  ( 0 )  now becomes a problem i n  e lect romagnet ic  

f i e l d  t h e o r y .  I n  o r d e r  t h a t  t h e  c r o s s  s e c t i o n  be i ndependen t  o f  r ,  i t  i s  

d e s i r a b l e  t o  l e t  r i n  (Eg.,3) become a r b i t r a r i l y  l a r g e  ( s c a l a r  d e f i n i t i o n ,  n o t  a 

tensor  f u n c t i o n ) .  

To compute t h e  sca t te red  f i e l d  one sometimes computes t h e  c u r r e n t  induced on 

t h e  t a r g e t  and t h e n  t r e a t s  t h e  t a r g e t  c u r r e n t  d i s t r i b u t i o n  i n  t e r m s  o f  an 

equ iva len t  aperature d i s t r i b u t i o n .  Antennas a re  o f t e n  compared t o  an i s o t r o p i c  

antenna, t h a t  i s ,  an antenna which r a d i a t e s  un i fo rm ly  i n  a l l  d i r e c t i o n s .  

I n  t h e  c l u t t e r  problem, r e t u r n  from t e r r a i n  i s  n o t  wanted. However, i n  many 

cases t h e  presentor  c l u t t e r  i s  unavoidably along w i t h  t h e  des i red  s igna l ,  one can 

d e t e c t  and analyze t h e  des i red  s igna l  s i g n i f i c a n t l y  i f  more i s  known about t h e  

p r o p e r t i e s  o f  t h e  c l u t t e r  or noise produced by t e r r a i n  sca t te r i ng .  It i s  noted 

t h a t  s u r f a c e  i n fo rma t ion  i s  genera l l y  known, and the p r o p e r t i e s  o f  t h e  sca t te red  

s i g n a l  'are sough t  r e l a t e d  t o  (Eq. 3.). A t  t h i s  p o i n t  i n  t i m e ,  a few more 

mathematical d e f i n i t i o n s  may be o f  i n t e r e s t .  

The source s igna l  i s  r e l a t e d  t o  t h e  Four ie r  transform, F(w), by: 

(a) ~ ( w )  = f f ( t ) e J ~ t d t ,  (b) f ( t )  = & f F ( w ) e - j " " l i t  . . I  

- x  - x  

Known by t h e  F o u r i e r  t ransform p a i r  as fo l lows:  

30-7 
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Cap i ta l s  a r e  used t o  denote transformed f u n c t i o n  unless otherwise noted o r  

s t a t e d .  The wave number k = w/c, where c i s  t h e  speed o f  l i g h t  i n  the  medium. 

c a~ci p a r e  t h e  d i r e c t i o n  cosines o f  t h e  vec to r  r p ro jec ted  onto the xy-plane 

It can be assumed t h a t  t h e  f i e l d  d i i t r i b u t i o n  over t h e  antenna aper tures and 

o b j e c t  plane i s  space - t ime  separable; t h e  f i e l d  s t reng th  

element observed a t  some p o i n t  r i s  e(r,t) = e ( r l f ( t -  . e  f ,  
t h e  f i e l d  s t r e n g t h .  Where fCt-- - 1  i s  t h e  s ine  wave t r a v e l i n g  a t  t h e  speed 

o f  l i g h t .  

o f  each r a d i a t i n g  

P 

Cons ide r  t h e  s c a t t e r  i n  f i g u r e  2 t o  be placed i n  a f a r  f i e l d ,  such t h a t  t h e  

assumpt ion  o f  a un i form impinging planewave over t h e  o b j e c t  can be assured. The 

i n c i d e n t  wave form i ( t) ,  on t h e  o b j e c t  sur face i s  obta ined by t h e  a p p l i c a t i o n  o f  

t h e  f a r  f i e l d  Kirchhoff-Huygens p r i n c i p l e ,  namely 

. I  
I 
I 
I 
I 

F igu re  2.- SCHEMATIC DIAGRAM OF THE TARGE-T IMAGING SYSTEM 

Let  P be a p o i n t  o f  observat ion and l e t  R’ be t h e  d i s tance  from P t o  a p o i n t  

The sca t te red  f i e l d  E a t  P i s  g iven by t h e  Helmholtz &(x,y) on t h e  sur face S. 

i n t e g r a l  as fo l lows:  
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L e t  V be  a volume bounded by a surface S and l e t  A be any continuous vec to r  

funct ion.  Then, according t o  t h e  divergency theorem, 

II$,T Adv =Q, A *  rids 

Green's F i r s t  Theorem: 

Green's Second Theorem: 

/fl (ZV"9T'E)dv = 0 (e - @!)ds 
V I P n  

Note, t h e  sca t te red  f i e l d  E(p)  a t  t h e  p o i n t  of observat ion i s  g iven by t h e  

Helmholtz i n t e g r a l  as fo l l ows :  

( T o  g e t  a b e t t e r  m a t h e m a t i c a l  u n d e r s t a n d i n g  o f  t h e  a p p l i c a t i o n  on how t h e  

s c a t t e r e d  wave form i s  obtained, please r e f e r  t o  t h e  author  on t h e  d e r i v a t i o n  o f  

t h e  sca t te red  wave of i n t e r e s t  i n  frequency domain). 

Where 3, (a5 ,kp, ; i s  t h e  t ransmit t ing-antenna a n i s o r t o p i c  d i r e c t i o n a l  
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f i l t e r  and r i s  the d i s tance  between the t r a n s m i t t e r  aper ture and an o b j e c t  p lane 

taken as reference. 

By s t a t i o n a r y  - phase eva lua t i on  and a second a p p l i c a t i o n  o f  t h e  

Kirchhoff-Huygens p r i n c i p l e ,  i t  can be shown, w i t h  l i t t l e  algebra t h a t  the 

received waveform, g ( t ) ,  i s  

For t he  monostat ic case commonly encountered (see f i g u r e  3 below), t h e  

t r a n s m i t t e r  and r e c e i v e r  co inc ide.  I n  p a r t i c u l a r ,  i f  t h e  phase cen te r  o f  t h e  

o b j e c t  i s  on boresi,ght which suggests t h a t  t he  t a r g e t  i s  c l o s e l y  t rac ted ,  eqr.:a 

can be considerably s i m p l i f i e d  t o  y i e l d :  

I 

The d e l i n e a t i o n  o f  t h e  o b j e c t  response i s  exerc ised as fo l lows:  F i r s t ,  t h e  

t i m e  response i n  t h e  absence o f  any s c a t t e r i n g  o b j e c t s  i s  recorded. 

. 

F igu re  3 - IMAGING GEOMETRY 
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THE ROTATION TRANSFORMATION ’ 

Th is  s igna l  i s  subsequently subst racted from othe r  records w i t h  t h e  s c a t t e r  

p r e s e n t ,  thus removing the  antennas coup1 i n g  f i l t e r .  Given a s u f f i c i e n t l y  l a r g e  

f ree space, mu1 t i p l e  path s c a t t e r i n g  between t h e  o b j e c t  and surrounding obstac les 

can be gated out  i n  time. By d e f i n i t i o n  

Having removed t h e  coupl ing term, t h e  backsca t te r i ng  waveform g ( t ) ,  g ives t h e  
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w i t h  the  use o f  mathematical techniques, t h e  backsca t te r i ng  waveform was 

s i m p l i f i e d ,  t o  g i v e  t h e  system kernel ,  K(w), f u r t h e r .  g i v i n g  an o p p o r t u n i t y  t o  

o b t a i n  t h e  e l e c t r i c  f i e l d  s t r e n g t h  i n  frequency domain 

and by t h e  P r o j e c t i o n  theorem , t h e  response obtained i s  equ iva len t  t o  a s l i c e  i n  

t h e  two dimension f o u r i e r  p lane ( F i g u r e  4 ) .  

F igu re  4. - REPRESENTATION OF THE ONE-DIMENSIONAL TARGET FREQUENCY RESPONSE 

I N  THE TWO-DIMENSIONAL FOURIER PLANE AT A PARTICULAR VIEWING 

DIRECTION 

I t  i s  f u r t h e r  noted t h a t  t h e  h e l p  o f  f i g u r e s  3a, 3b ass i s ted  i n  a change i n  

s p a t i a l  coord inates i n  F igu re  3 from one d imension-coord inate system t o  t h e  two 

dimension coord inate system Z:[jcs?v163 j . 
F o l l o w e d  by an i nve rse  f o u r i e r  t ransform (Eq. 11) y i e l d s  t h e  o b j e c t  impulse - 

- j w  t . - : x ' o i n g ,  response S,Z O3 k , o e - - 
c Cw = e(t - 2x'shk)  
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which can be considered as a se r ies  o f  scans across the  o b j e c t  surface where each 

i s  an i n t e g r a l  o f  t h e  ob jec t  f i e l d  which i s  orthogonal t o  t h e  v iewing d i r e c t i o n .  

The s p a t i a l  r e s o l u t i o n  i s  thus achieved by t h e  u t i l i z a t i o n  o f  t h e  t ime  channel 

and t h e  minimal reso luab le  dimension LX i s  r e l a t e d  t o  t h e  sampling i n t e g r a l  T, 

name1 y CC A x  = 7 2 ct. n 

The two-dimensional o b j e c t  f i e l d  d i s t r i b u t i o n  i s  recovered, namely t h e  

recons t ruc t i on  f i e l d  s t rength,  e:(x,y) 

a smoothing f i l t e r  A ( k s , ’ i @ )  

t h e  f i e l d  s t r e n g t h  equat ion e, I x , Y )  . I t  i s  n o t  necessary t o  have A, f o r -  

n o i s e  f r e e  data. For p r a c t i c a l  numerical evaluat ion,  t h e  f i n i t e  sampling r a t e  

w i l l  impose an upper l i m i t ,  R ,  t o  t h e  wave number k. To e l i m i n a t e  abrupt c u t o f f  

wh ich  would cause r i n g i n g  i n  the  r e s u l t a n t  image, i t  i s  necessary t o  i n t roduce  

i s  in t roduced -. t o  compensate due t o  the  f a c t o r  k i n  

which - y i e l d s  a smoothed image 

and i s  t h e  bas i s  o f  our  recons t ruc t i on  f i e l d  s t rength.  
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RESULTS 

T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  s i n g l e  and t r a i n  pulse o f  t h e  schematic diagram 

( f i g u r e  2 )  o f  t h e  t a r g e t  imaging sytern l e d  me t o  ana lyze  f o u r i e r  t ransform o f  t h e  

i n p u t  f unc t i on .  A program was w r i t t e n  i n  Basic and t h e  use o f  BOSS (Block 

O r i e n t e d  System Simulator )  enable me t o  p l o t  t h e  energy suppl ied t o  t h e  t a r g e t  

and g i v e  t h e  t ime  p l o t  o f  - a  s i n g l e  and t r a i n  o f  pulses. I was a l s o  ab le  t o  

v e r i f y  t h e  magnitude spectrum o f  a s i n g l e  pulse continuous descrete f u n c t i o n  and 

t h e  magnitude spectrum o f  a l i n e  spectrum o f  pu lse t r a i n .  

APPL I CAT1 ONS 

0 R e c e n t l y  NASA/Johnson Space Center has proposed t h e  use o f  time-domain 

imaging f o r  Space Robot ic v i s i o n  app l i ca t i ons .  

0 Many space ob jec ts  a re  covered w i t h  heat sh ie lds,  e tc .  ( D i e l e c t r i c  

M a t e r i a l s )  and microwave can sense through t h i s  l aye r .  

0 A mul t i senso r  approach t o  t h i s  v i s i o n  has been shown t o  have several  

advantages over v ideo-only approach. 

RECOMMENDATIONS 

0 It i s  recommended t h a t  t he  second phase o f  t h e  research p r o j e c t ,  i n i t i t a t e d  

a t  t h e  NASA/Johnson space Center, i n  t h e  area o f  Time-Domain Robot ic V j s ions  

A p p l i c a t i o n s ,  be cont inued t o  study t h e  e f f e c t s  o9 f  pulse width,  

p o l a r i z a t i o n ,  l o o k  ang le ,  and phase images on r o b o t i c  v i s i o n ,  and t o  

conduct experiments t o  v e r i f y  t h e  t h e o r e t i c a l  r e s u l t s .  

o The amount o f  t ime provided f o r  t h e  t h e o r e t i c a l  and experimental 

v e r i f i c a t i o n  o f  t h e  Time-Domain Microwaive Robot ic V i s i o n  A p p l i c a t i o n  was 

not  s u f f i c i e n t  i n  order t o  perform t h e  above experimental v e r i f i c a t i o n .  
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E X P ER I M E N  T A L V E R I F I CAT I 0 N 
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Figure 9.- Experimental Arrangement of  the Target 
Scattering Measurement 

The above i s  a c i rcui t  diagram which will be used t o  verify the results of 
e l l ipt ical  and bowtie geometry of targets (Figures 10, 11, 12,  and 13) 
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