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c. Three-dimensional T-shaped conduct ing t a r g e t ,  
monostat ic  RCS D a t t e r n  

This paper recent O f  the d. T r i h e d r a l  meta l  corner  r e f l e c t o r ,  monostat ic  RCS 
p a t t e r n  f i n i  t e - d i f f e r e n c e  time-domain (FD-TD) numer ica l  modeling 

approach f o r  Maxwe l l ' s  equat ions.  FD-TD i s  very s imple 
i n  concept and execut ion.  However, i t  i s  remarkably -- Bare meta l  case 

robust ,  p r o v i d i n g  h i g h l y  accu ra te  model ing p r e d i c t i o n s  -- Coated w i t h  a commerc ia l ly  a v a i l a b l e  th ree -  
f o r  a wide v a r i e t y  o f  e lec t romagne t i c  wave i n t e r a c t i o n  
problems. The o b j e c t s  modeled t o  da te  range f rom s imple l a y e r  r a d a r  absorb ing m a t e r i a l  (RAM) 

2-D geometric shapes t o  ext remely complex 3-D aerospace 
and b i o l o g i c a l  systems. Rigorous a n a l y t i c a l  o r  e x p e r i -  
mental v a l i d a t i o n s  a re  p rov ided  f o r  t h e  canonica l  
shapes, and i t  i s  shown t h a t  FD-TD p r e d i c t i v e  da ta  f o r  
near f i e l d s  and rada r  c ross  s e c t i o n  (RCS) a re  i n  exce l -  
l e n t  agreement w i t h  t h e  benchmark data.  I t  i s  concluded 
t h a t ,  w i t h  c o n t i  nu i  ng advances i n  FD-TD model i n g  theo ry  
f o r  t a r g e t  f e a t u r e s  r e l e v a n t  t o  t h e  RCS problem, and 
w i t h  c o n t i n u i n g  advances i n  vec to r  - and concurrent -  
process ing supercomputer technology, i t  i s  l i k e l y  t h a t  
FD-TD numer ica l  model ing w i  11 occupy an i m p o r t a n t  p l a c e  
i n  RCS technology i n  t h e  1990's  and beyond. 

1. Introduction 

Accurate numer ica l  model ing o f  t h e  rada r  c ross  
s e c t i o n  (RCS) o f  complex e l e c t r i c a l l y - l a r g e  o b j e c t s  i s  
d i f f i c u l t .  Typ ica l  s t r u c t u r e s  have shapes, aper tures,  
c a v i t i e s ,  and mater i a1 composi t ions o r  coa t ings  which 
produce near f i e l d s  t h a t  cannot  be reso lved  i n t o  f i n i t e  
se ts  o f  modes o r  rays .  Proper numer ica l  modeling o f  
such near f i e l d s  r e q u i r e s  sampling a t  sub-wavelength 
r e s o l u t i o n  t o  avo id  a l i a s i n g  of magnitude and phase 
in fo rma t ion .  The goal i s  t o  p r o v i d e  a s e l f - c o n s i s t e n t  
model o f  t h e  mutual c o u p l i n g  o f  a l l  o f  t h e  e l e c t r i c a l l y  
small  reg ions  ( c e l l s )  compr is ing t h e  s t r u c t u r e ,  even i f  
t h e  s t r u c t u r e  spans tens  o f  wavelengths i n  t h r e e  
dimensions. 

A candidate numer ica l  model ing approach f o r  t h i s  
purpose i s  t h e  f i n i t e - d i f f e r e n c e  time-domain (FD-TD) 
s o l u t i o n  o f  Maxwe l l ' s  c u r l  equat ions.  T h i s  approach i s  
analogous t o  e x i s t i n g  f i n i t e - d i f f e r e n c e  s o l u t i o n s  o f  
f l u i d - f l o w  problems encountered i n  computat ional  aero- 
dynamics i n  t h a t  t h e  numer ica l  model i s  based upon a 
d i r e c t  s o l u t i o n  o f  t h e  govern ing p a r t i a l  d i f f e r e n t i a l  
equat ion.  Yet, FD-TO i s  a n o n - t r a d i t i o n a l  approach t o  
numerical e lec t romagne t i c  modeling, where frequency- 
domain approaches have dominated. 

One o f  t h e  goa ls  o f  t h i s  paper i s  t o  demonstrate 
t h a t  r e c e n t  advances i n  FD-TD model ing concepts and 
sof tware implementat ion,  combined w i t h  advances i n  
computer techno1 ogy , have expanded t h e  scope, accuracy, 
and speed o f  FD-TD model ing t o  t h e  p o i n t  where i t  may be 
t h e  p r e f e r r e d  cho ice  f o r  c e r t a i n  types o f  s c a t t e r i n g  
problems. Wi th t h i s  i n  mind, t h i s  paper w i l l  s u c c i n c t l y  
rev iew  t h e  f o l l o w i n g  FD-TD numer ica l  model ing app l i ca -  
t i o n s  d e a l i n g  w i t h  e lec t romagne t i c  s c a t t e r i n g  by 
canonica l  two- and three-d imensional  t a r g e t s :  

a. 

b. Metal cube, broadside i nc idence  

C i r c u l a r  d i e l e c t r i c  / permeable c y l i n d e r ,  con fo rma l l y  
modeled 

Each o f  these examples compares t h e  FO-TD modeling 
r e s u l t s  w i t h  o t h e r  da ta  ob ta ined  v i a  ana lys i s ,  
a1 t e r n a t i v e  numer ica l  procedures, o r  ac tua l  measure- 
ments. Numerous o the r  examples, i n c l u d i n g  model s o f  
non-canonical aerospace and b i o l o g i c a l  s t r u c t u r e s  o f  
g r e a t  complex i ty ,  a re  ava i  1 ab1 e i n  t h e  references.  

2. General Characteristics o f  FD-TD 

As s ta ted ,  FD-TD i s  a d i r e c t  s o l u t i o n  o f  Maxwe l l ' s  
time-dependent c u r l  equat ions.  It employs no poten- 
t i a l s .  Instead,  i t  a p p l i e s  simple, second-order 
accu ra te  c e n t r a l  - d i f f e r e n c e  approx imat ions [l] f o r  t h e  
space and t ime  d e r i v a t i v e s  o f  t h e  e l e c t r i c  and magnetic 
f i e l d s  d i r e c t l y  t o  t h e  r e s p e c t i v e  d i f f e r e n t i a l  opera- 
t o r s  o f  t h e  c u r l  equat ions.  T h i s  achieves a sampled- 
da ta  r e d u c t i o n  o f  t h e  cont inuous e lec t romagne t i c  f i e l d  
i n  a volume o f  space, over  a p e r i o d  o f  t ime. Space and 
t ime  d i s c r e t i z a t i o n s  a r e  se lec ted  t o  bound e r r o r s  i n  
t h e  sampling process, and t o  i n s u r e  numer ica l  s t a b i l i t y  
o f  t h e  a l g o r i t h m  [2]. E l e c t r i c  and magnetic f i e l d  com- 
ponents a r e  i n t e r l e a v e d  i n  space t o  p e r m i t  a n a t u r a l  
s a t i s f a c t i o n  o f  t a n g e n t i a l  f i e l d  c o n t i n u i t y  c o n d i t i o n s  
a t  media i n t e r f a c e s .  O v e r a l l ,  FD-TD i s  a marching-in- 
t ime  procedure which s imu la tes  t h e  cont inuous ac tua l  
waves by sampled-data numeri c a l  analogs p ropaga t ing  i n  
a da ta  space s t o r e d  i n  a computer. A t  each t ime  step, 
t h e  system o f  equat ions t o  update t h e  f i e l d  components 
i s  f u l l y  e x p l i c i t ,  so t h a t  t h e r e  i s  no need t o  s e t  up 
o r  so l ve  a system o f  l i n e a r  equations, and t h e  r e q u i r e d  
computer s torage and r u n n i n g  t ime  i s  p r o p o r t i o n a l  t o  
t h e  e l e c t r i c a l  s i z e  o f  t h e  volume modeled. 

F i g .  l a  i l l u s t r a t e s  t h e  time-domain wave t r a c k i n g  
concept o f  t h e  FD-TD method. A r e g i o n  o f  space w i t h i n  
t h e  dashed l i n e s  i s  se lec ted  f o r  f i e l d  sampling i n  
space and t ime .  A t  t i m e  = 0, i t  i s  assumed t h a t  a l l  
f i e l d s  w i t h i n  t h e  numer ica l  sampling r e g i o n  a r e  i d e n t i -  
c a l l y  zero. An i n c i d e n t  p lane  wave i s  assumed t o  en te r  
t h e  sampling r e g i o n  a t  t h i s  p o i n t .  Propagat ion o f  t h e  
i n c i d e n t  wave i s  modeled by t h e  commencement o f  t ime-  
s tepping,  which i s  s imply  t h e  implementat ion o f  t h e  
f i n i t e - d i f f e r e n c e  analog o f  t h e  c u r l  equat ions.  Time- 
s tepp ing  con t inues  as t h e  numer ica l  analog o f  t h e  
i n c i d e n t  wave s t r i k e s  t h e  modeled t a r g e t  embedded w i t h -  
i n  t h e  sampling r e g i o n .  A l l  outgo ing s c a t t e r e d  wave 
analogs i d e a l l y  propagate through t h e  l a t t i c e  t runca -  
t i o n  p lanes w i t h  n e g l i g i b l e  r e f l e c t i o n  t o  e x i t  t h e  
sampling r e g i o n .  Phenomena such as i n d u c t i o n  o f  sur-  
f ace  cu r ren ts ,  s c a t t e r i n g  and m u l t i p l e  s c a t t e r i n g ,  
p e n e t r a t i o n  through aper tures,  and c a v i t y  e x c i t a t i o n  
a re  modeled t ime-step by t ime-step by t h e  a c t i o n  o f  t h e  
c u r l  equat ions analog. Se l f - cons i s tency  o f  these 
modeled phenomena i s  g e n e r a l l y  assured i f  t h e i r  s p a t i a l  
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F i g .  1. Basic  elements o f  t h e  FD-TD space l a t t i c e :  
( a )  time-domain wave t r a c k i n g  concept; 

( b )  l a t t i c e  u n i t  c e l l  i n  Car tes ian  coo rd ina tes  [l]. 

and temporal v a r i a t i o n s  a r e  w e l l  reso lved  by t h e  space 
and t ime  sampling process. 

Time-stepping i s  con t inued  u n t i l  t h e  d e s i r e d  l a t e -  
t ime  p u l s e  response o r  s teady -s ta te  behavior  i s a c h i e v e d .  
An impor tan t  example o f  t h e  l a t t e r  i s  t h e  s inuso ida l  
steady s ta te ,  wherein t h e  i n c i d e n t  wave i s  assumed t o  
have a s inuso ida l  dependence, and t ime-stepping i s  con- 
t i n u e d  u n t i l  a l l  f i e l d s  i n  t h e  sampling r e g i o n  e x h i b i t  
s i nuso ida l  r e p e t i t i o n .  Th is  i s  a consequence o f  t h e  
l i m i t i n g  ampl i tude p r i n c i p l e  C31. Ex tens i ve  numer ica l  
exper imen ta t i on  w i t h  FD-TD has shown t h a t  t h e  number o f  
complete cyc les  o f  t h e  i n c i d e n t  wave r e q u i r e d  t o  be 
t ime-stepped t o  achieve t h e  s inuso ida l  steady s t a t e  i s  
approx imate ly  equal t o  t h e  Q f a c t o r  o f  t h e  s t r u c t u r e  o r  
phenomenon be ing  modeled. 

F i g .  l b  i l l u s t r a t e s  t h e  p o s i t i o n s  of t h e  e l e c t r i c  
and magnetic f i e l d  components about  a cub ic  l a t t i c e  u n i t  
c e l l  E l l .  Note t h a t  each magnetic f i e l d  vec to r  compo- 
nen t  i s  surrounded by f o u r  c i r c u l a t i n g  e l e c t r i c  f i e l d  

vec to r  components, and v i c e  versa. Th is  arrangement 
pe rm i t s  n o t  o n l y  a cen te red -d i f f e rence  analog t o  t h e  
space d e r i v a t i v e s  o f  t h e  c u r l  equat ions,  b u t  a l s o  a 
n a t u r a l  geometry f o r  implement ing t h e  i n t e g r a l  form o f  
Faraday 's  Law and Ampere's Law a t  t h e  space c e l l  l e v e l .  
T h i s  i n t e g r a l  r e p r e s e n t a t i o n  pe rm i t s  a s imple b u t  
e f f e c t i v e  model ing o f  t h e  phys i cs  o f  smoothly curved 
t a r g e t  sur faces,  as w i l l  be seen l a t e r .  

F i g .  2 i l l u s t r a t e s  how an a r b i t r a r y  three-  
dimensional s c a t t e r e r  i s  embedded i n  an FD-TD space 
l a t t i c e  compr i sedo f  t h e  u n i t  c e l l s  o f  F i g .  l b .  Simply, 
t h e  d e s i r e d  va lues o f  e l e c t r i c a l  p e r m i t t i v i t y  and con- 
d u c t i v i t y  a r e  ass igned t o  each e l e c t r i c  f i e l d  component 
o f  t h e  l a t t i c e .  Correspondingly ,  des i red  va lues o f  
magnetic p e r m e a b i l i t y  and e q u i v a l e n t  l o s s  a r e  assigned 
t o  each magnetic f i e l d  component o f  t h e  l a t t i c e .  The 
media parameters a r e  i n t e r p r e t e d  by t h e  FD-TD program 
as l o c a l  c o e f f i c i e n t s  f o r  t h e  t ime-stepping a lgo r i t hm.  
S p e c i f i c a t i o n  o f  media p r o p e r t i e s  i n  t h i s  component-by- 
component manner r e s u l t s  i n  a stepped-edge approxima- 
t i o n  o f  curved sur faces.  C o n t i n u i t y  o f  t a n g e n t i a l  
f i e l d s  i s  assured a t  t h e  i n t e r f a c e  o f  d i s s i m i l a r  media 
w i t h  t h i s  procedure. T h e r e i s n o  need f o r  spec ia l  f i e l d  
match ing a t  media i n t e r f a c e s .  Stepped-edge approxima- 
t i o n  o f  curved sur faces has been found t o  be adequate 
i n  t h e  FD-TD model ing problems s tud ied  i n  t h e  1970 's  
and e a r l y  198O's, i n c l u d i n g  wave i n t e r a c t i o n s  w i t h  b i o -  
l o g i c a l  t i s s u e s  C41, p e n e t r a t i o n  i n t o  c a v i t i e s  C5 - 71, 
and e lec t romagne t i c  p u l s e  i n t e r a c t i o n s  w i t h  complex 
s t r u c t u r e s  [ 8 - 1 0 1 .  However, r e c e n t  i n t e r e s t  i n  wide 
dynamic range m o d e l s o f s c a t t e r i n g  by curved t a r g e t s  has 
prompted t h e  development o f  sur face-conforming FD-TD 
aDDroaches which e l i m i n a t e  s t a i r c a s i n q .  One such w i l l  
be' sumnari zed l a t e r  i n  t h i s  paper. 

TD - 
: CELL - 

Y 

F i g .  2. A r b i t r a r y  3-D s c a t t e r e r  embedded 
i n  t h e  FD-TD space l a t t i c e .  

F i g .  3a i l l u s t r a t e s  t h e  d i v i s i o n  o f  t h e  FD-TD l a t -  
t i c e  i n t o  t o t a l - f i e l d  and s c a t t e r e d - f i e l d  reg ions .  Th is  
d i v i s i o n  has been found t o  be very use fu l  s ince  i t  
perm i t s  t h e  e f f i c i e n t  s i m u l a t i o n  o f  an i n c i d e n t  p lane 
wave i n  t h e  t o t a l - f i e l d  r e g i o n  w i t h  a r b i t r a r y  angle o f  
inc idence,  p o l a r i z a t i o n ,  time-domain waveform, and 
d u r a t i o n  E l l ,  123. Three a d d i t i o n a l  impor tan t  b e n e f i t s  
a r i s e  f rom t h i s  l a t t i c e  d i v i s i o n ,  as f o l l o w s :  

a. A l a r g e  n e a r - f i e l d  computat ional  dynamic range i s  
achieved s i n c e  t h e  s c a t t e r e r  o f  i n t e r e s t  i s  embedded i n  
t h e  t o t a l - f i e l d  r e g i o n .  Thus, l ow  ac tua l  f i e l d  l e v e l s  
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F i g .  3. Zoning o f  t h e  FD-TD space l a t t i c e :  
( a )  t o t a l - f i e l d  and s c a t t e r e d - f i e l d  r e g i o n s  [l l ,  121; 

i n  t h e  s c a t t e r e d - f i e l d  r e g i o n  [12]. 
( b )  nea r - to - fa r  f i e l d  i n t e g r a t i o n  su r face  l o c a t e d  

i n  shadow reg ions  o r  w i t h i n  s h i e l d i n g  enc losures a r e  
computed d i r e c t l y  w i t h o u t  s u f f e r i n g  s u b t r a c t i o n  no ise  
(as w o u l d b e t h e  case i f  s c a t t e r e d  f i e l d s  i n  such r e g i o n s  
were t ime-stepped v i a  FD-TD, and then added t o  a cancel -  
l i n g  i n c i d e n t  f i e l d  t o  o b t a i n  t h e  low t o t a l - f i e l d  l e v e l s . )  

b. Embedding t h e  s c a t t e r e r  i n  t h e  t o t a l - f i e l d  r e g i o n  
pe rm i t s  a n a t u r a l  s a t i s f a c t i o n  o f  t a n g e n t i a l  f i e l d  con- 
t i n u i t y  across media i n t e r f a c e s ,  as d iscussed e a r l i e r ,  
w i t h o u t  hav ing t o  compute t h e  i n c i d e n t  f i e l d  a t  p o s s i b l y  
numerous p o i n t s  a long a complex l ocus  t h a t  i s  un ique t o  
each s c a t t e r e r .  The zoning arrangement o f  F i g .  3a r e -  
q u i r e s  computation of t h e  i n c i d e n t  f i e l d  o n l y  a long t h e  
rec tangu la r  connect ing s u r f a c e  between t h e  t o t a l - f i e l d  
and s c a t t e r e d - f i e l d  reg ions .  Th is  su r face  i s  f i x e d ,  
i .e . ,  independent o f  t h e  shape o r  composi t ion o f  t h e  
enclosed s c a t t e r e r  be ing  modeled. 

c. The p r o v i s i o n  o f  a w e l l - d e f i n e d  s c a t t e r e d - f i e l d  
r e g i o n  i n  t h e  FD-TD l a t t i c e  pe rm i t s  t h e  near - to - fa r  f i e l d  
t rans fo rma t ion  dep ic ted  i n  F i g .  3b. The dashed v i r t u a l  
su r face  shown here can be l o c a t e d  a long convenient  l a t -  
t i c e  p lanes i n  t h e  s c a t t e r e d - f i e l d  r e g i o n  o f  F i g .  3a. 
Tangent ia l  s c a t t e r e d  E and H f i e l d s  computed v i a  FD-TD 
a t  t h i s  v i r t u a l  su r face  can then be weighted by t h e  
free-space Green's f u n c t i o n  and then i n t e g r a t e d  (sumned) 
t o  p r o v i d e  t h e  f a r - f i e l d  response and RCS ( f u l l  b i s t a t i c  
response f o r  t h e  assumed i l l u m i n a t i o n  ang le )  c12 - 141. 
The n e a r - f i e l d  i n t e g r a t i o n  su r face  has a f i x e d  rectangu-  
l a r  shape, and thus i s  independent o f  t h e  shape o r  com- 
p o s i t i o n  o f  t h e  enc losed s c a t t e r e r  be ing  model ed. 

F i g .  3a uses t h e  te rm " l a t t i c e  t r u n c a t i o n "  t o  des- 
i g n a t e  t h e  outermost  l a t t i c e  p lanes i n  t h e  sca t te red -  
f i e l d  reg ion .  The f i e l d s  a t  these p lanes cannot  be com- 

puted us ing  t h e  cen te red -d i f f e renc ing  approach because 
o f  t h e  assumed absence o f  known f i e l d  da ta  a t  p o i n t s  
o u t s i d e o f t h e  l a t t i c e  t r u n c a t i o n .  These da ta  a re  needed 
t o  form t h e  c e n t r a l  d i f f e r e n c e s .  Therefore,  an a u x i l i a r y  
l a t t i c e  t r u n c a t i o n  c o n d i t i o n  i s  necessary. Th is  condi -  
t i o n  must be c o n s i s t e n t  w i t h  Maxwel l 's  equat ions i n  t h a t  
an outgoing scattered-wave numer ica l  analog s t r i k i n g  t h e  
t r u n c a t i o n  must e x i t  t h e  l a t t i c e  w i t h o u t  app rec iab le  
non-physical r e f l e c t i o n ,  j u s t  as i f  t h e  l a t t i c e  
t r u n c a t i o n  was i n v i s i b l e .  

It has been shown t h a t  t h e  r e q u i r e d  l a t t i c e  t runca-  
t i o n  c o n d i t i o n  i s  r e a l l y  a r a d i a t i o n  c o n d i t i o n  i n  t h e  
near f i e l d  E15 - 171. A very successfu l  second-order 
accurate f i n i t e - d i f f e r e n c e  approx imat ion o f  t h e  exac t  
r a d i a t i o n  c o n d i t i o n  i n  Car tes ian  coo rd ina tes  was i n t r o -  
duced i n  [ll]. T h i s  approx imat ion was subsequently used 
i n  a v a r i e t y  o f  2-D and 3-D FD-TD s c a t t e r i n g  codes c l 2  - 
141,  y i e l d i n g  e x c e l l e n t  r e s u l t s  f o r  bo th  near and f a r  
f i e l d s .  (Fo r  example, a l l  FD-TD r e s u l t s  i n  t h i s  paper 
were ob ta ined  u s i n g  t h i s  approximate r a d i a t i o n  c o n d i t i o n .  1 
However, r e c e n t  i n t e r e s t  i n  wide dynamic range models o f  
s c a t t e r i n g  has prompted research  i n  t h e  c o n s t r u c t i o n  o f  
even more accu ra te  n e a r - f i e l d  r a d i a t i o n  cond i t i ons ,  
i n c l u d i n g  f i x e d  t h i r d - o r d e r  accu ra te  approx imat ions 
c18, 191,  adap t i ve  c o n d i t i o n s  [20],  and p r e d i c t o r -  
c o r r e c t o r  c o n d i t i o n s  [21].  The goal here i s  t o  reduce 
t h e  numer ica l  l a t t i c e  background no ise  due t o  non- 
phys i ca l  r e f l e c t i o n s  o f  wave analogs a t  t h e  l a t t i c e  
t r u n c a t i o n s  by a t  l e a s t  20 dB r e l a t i v e  t o  t h a t  o f  [ll]. 

3. Scatterinq Prediction for Canonical Tarqets 

A n a l y t i c a l ,  code-to-code, and exper imenta l  Val i d a -  
t i o n s  have been ob ta ined  r e l a t i v e  t o  FD-TD model ing o f  a 
wide v a r i e t y  o f  2-D and 3-D s t r u c t u r e s  [22]. 80th con- 
vex and r e e n t r a n t  ( c a v i  t y - t y p e )  shapes have been stud ied;  
and s t r u c t u r e  m a t e r i a l  composi t ions have inc luded  p e r f e c t  
conductors, homogeneous and inhomogeneous lossy  d i e l e c -  
t r i c s ,  and a n i s o t r o p i c  d i e l e c t r i c  and permeable media. 
Selected p a s t  and new v a l i d a t i o n s  w i l l  be rev iewed here. 

a. Circular Dielectric / Permeable 
Cylinder, Conformally Modeled 

The i n t e r l e a v i n g  o f  E and H f i e l d  components i n  t h e  
FD-TD l a t t i c e  p e r m i t s  t h e  c o n s t r u c t i o n  o f  genera l i zed  
Faraday 's  Law and Ampere's Law contour  paths which can 
be ad jus ted  t o  e x a c t l y  conform w i t h  a smoothly curved 
t a r g e t  sur face.  An example o f  t h i s  i s  shown i n  F i g .  4 .  
I n  t h i s  manner, s l i g h t l y  m o d i f i e d  t ime-stepping expres- 
s ions  f o r  t h e  f i e l d  components a t  o r  ad jacen t  t o  t h e  
t a r g e t  su r face  a r e  d e r i v e d  f rom t h e  i n t e g r a l  form o f  
Maxwel l 's  equat ions.  A l l  o the r  f i e l d  components i n  t h e  

t t 

F i g .  4 .  Faraday 's  Law contour  paths f o r  conformal 
FD-TD model ing o f  a smoothly curved t a r g e t ,  TE case 
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F i g .  5. Comparison o f  conformal FD-TD model 
and exac t  s o l u t i o n  f o r  TE i l l u m i n a t i o n  o f  a c i r c u l a r  
d i e l e c t r i c / p e r m e a b l e  cy1 i nder : ( a )  su r face  e l e c t r i c  

cu r ren ts ;  ( b )  su r face  magnetic c u r r e n t s .  

FD-TD l a t t i c e  a re  t ime-stepped i n  t h e  normal manner. I n  
e f f e c t ,  only t h e  space c e l l s  immediate ly  ad jacen t  t o  t h e  
t a r g e t  su r face  a r e  deformed t o  conform w i t h  t h e  sur face.  

The accuracy o f  t h e  conformal FD-TD model i s  i l l u s -  
t r a t e d  i n  F i g .  5. Here, a modera te - reso lu t i on  Car tes ian  
FD-TD g r i d  (hav ing  1/20 d i e l e c t r i c - w a v e l e n g t h  c e l l  s i z e )  
i s  used t o  compute t h e  su r face  e l e c t r i c  and magnetic 
c u r r e n t  d i s t r i b u t i o n s  induced on a k a = 5 c i r c u l a r  
d i e l e c t r i c / p e r m e a b l e  c y l i n d e r  by a TE-poqarized i n c i d e n t  
p lane wave. E x c e l l e n t  agreement w i t h  t h e  exac t  modal 
s o l u t i o n  i s  seen. Note a l s o  t h a t  t h e  computer runn ing  
t ime  f o r  t h e  conformal FD-TD model i s  e s s e n t i a l l y  t h e  
same as f o r  t h e  o l d  s t a i r c a s e  FD-TD model s i n c e  o n l y  a 
few f i e l d  components immediate ly  ad jacen t  t o  t h e  t a r g e t  

su r face  r e q u i r e  a s l i g h t l y  mod i f i ed  t ime-steppi  ng 
r e l a t i o n .  

b. Metal Cube, Broadside Incidence [131 

Resu l t s  a re  now shown f o r  t h e  FD-TD computed su r face  
e l e c t r i c  c u r r e n t  d i s t r i b u t i o n  on a metal cube s u b j e c t  t o  
plane-wave i l l u m i n a t i o n  a t  broadside i nc idence .  The 
c u r r e n t  d i s t r i b u t i o n  i s  compared t o  t h a t  computed by a 
s tandard frequency-domain, e l e c t r i c  f i e l d  i n t e g r a l  equa- 
t i o n  (EFIE), t r i a n g u l a r  sur face-patch ing,  method o f  
moments (MOM) code. It i s  shown t h a t  a very h i g h  degree 
o f  correspondence e x i s t s  between t h e  two se ts  o f  
p r e d i c t i v e  data.  

The d e t a i  1 ed su r face  c u r r e n t  study i nvol  ves a metal 
cube o f  e l e c t r i c a l  s i z e  k s = 2 , where s i s  t h e  s i d e  
w i d t h  o f  t h e  cube. For  tRe FD-TD model, each cube face  
i s  spanned by 400 square c e l l s  (20 x 201, and t h e  r a d i a -  
t i o n  boundary i s  l o c a t e d  a t  a u n i f o r m  d i s tance  o f  15  
c e l l s  f rom t h e  cube su r face .  Fo r  t h e  MOM model, each 
cube face  i s  spanned by e i t h e r  18 o r  32 t r i a n g u l a r  
patches ( t o  t e s t  i t s  con!ergence). F i g .  6 graphs com- 
p a r a t i v e  r e s u l t s  f o r  t h e  l o o p i n g "  su r face  c u r r e n t  a long 
t h e  E-plane locus  a b ' c ' d  . The FD-TD values agree w i t h  
t h e  h i g h - r e s o l u t i o n  MOM d:ta t o  b e t t e r  than 22.5% (20.2 
dB) i n  magnitude and +_1 i n  phase a t  a l l  comparison 
p o i n t s .  

2.0 r 

( a )  

b' C' a 

( b )  

ComDarison o f  FD-TO and EFIE/MOM r e s u l t s  f o r  F i g .  6. 
t h e  " l oop ing "  su r face  e l e c t r i c  c u r r e n t  a long t h e  

E-plane locus  o f  a p e r f e c t l y - c o n d u c t i n g  cube: 
( a )  magnitude; ( b )  phase C131. 



3090 

2oI 

1) 

- -  
E 0: 
0 a 
U 7, 

m 
-20{ 

12 1 2 

F D  - T D  
- PEC $ = 4 5 O  S B R  

URBANA) w/ AN-73 _ -  o ( S .  W .  LEE, 

R A M  
C O A T  I N G  

0 

' I  

0 

-40-@ 
0 10 20 30 40 50 60 70 80 90 THETA 

10 
cm 

-Y 

10 cm 

I 
0 

@ FD-TD Modeling Results 
( 2  ain single-processor tray-2 ti-1 point)  

I SRI Measurements (Range of data 
at eoch look angle) 

p -12 

-28-1 Y 

X 

-32 -1 6 
- 3 6 ! . 1  0 1  . I - I - I ' I . I ' I ' '  

00 20° 400 60' 80' 100° 120. 140° 160' 180' 
I$' ( Look Angle , Degrees From Broadside 1 

F i g .  7. Exper imenta l  v a l i d a t i o n  o f  FD-TD model ing p r e d i c t i o n s  o f  monostat ic  RCS vs. azimuth 
f o r  t h e  c rossed-p la te  t a r g e t  a t  9 GHz (main p l a t e  s i z e  = 3 x 9 Ao, b i s e c t i n g  f i n  s i z e  = 3 x 3 Ao) c14, 221. 

c. Three-Dimensional T-Shaped Conductinq Tarqet c14, 221 

We n e x t  cons ider  t h e  monostat ic  RCS p a t t e r n  o f  a T- 
shaped conduct ing t a r g e t  c o n s i s t i n g  o f  a 1 0 ~ 3 0 ~ 0 . 3 3  cm 
main p l a t e  and a 1 0 ~ 1 0 ~ 0 . 3 3  cm b i s e c t i n g  f i n .  The 
i l l u m i n a t i o n  i s  a 9.0-GHz p lane  wave a t  0" e l e v a t i o n  
angle and TE p o l a r i z a t i o n  r e l a t i v e  t o  t h e  main p l a t e .  
Thus, t h e  main p l a t e  spans 9.0 A Note t h a t  l ook  angle 
azimuths (as  d e f i n e d  i n  F i g .  A' between 90" and 180' 
p rov ide  s u b s t a n t i a l  co rne r  r e f l e c t o r  phys i cs  i n  a d d i t i o n  
t o  t h e  edge d i f f r a c t i o n ,  corner  d i f f r a c t i o n ,  and o the r  
e f f e c t s  found f o r  an i s o l a t e d  f l a t  p l a t e .  

For  t h i s  t a r g e t ,  t h e  FD-TD model uses a u n i f o r m  c e l l  
s i z e  o f  0.3125 cm (A0/10.667), forming t h e  main p l a t e  by 

3 2 x 9 6 ~ 1  c e l l s  a n d t h e b i s e c t i n g  f i n  by 3 2 x 3 2 ~ 1  c e l l s .  
The r a d i a t i o n  boundary i s  l o c a t e d  o n l y  8 c e l l s  f rom t h e  
t a r g e t ' s  maximum su r face  extens ions,  so t h a t  t h e  o v e r a l l  
l a t t i c e  s i z e  i s  4 8 x  112 x 48 c e l l s ,  c o n t a i n i n g  1,548,288 
unknown f i e l d  components (212.6 cub ic  wavelengths). 
S t a r t i n g  w i t h  z e r o - f i e l d  i n i t i a l  cond i t i ons ,  661 t ime  
steps a re  used, equal t o  31 c y c l e s  o f  t h e  i n c i d e n t  wave. 

F i g .  7 compares t h e  FD-TD p r e d i c t e d  monostat ic  RCS 
va lues a t  32 key l ook  angles w i t h  measurements performed 
by S R I  I n t e r n a t i o n a l .  These l o o k  angles a re  se lec ted  t o  
d e f i n e  t h e  major peaks and n u l l s  o f  t h e  monostat ic  RCS 
p a t t e r n .  The agreement i s  e x c e l l e n t :  i n  ampli tude, 
w i t h i n  1 ;B over a 40-dB dynamic range; and i n  azimuth, 
w i t h i n  1 i n  l o c a t i n g  t h e  p a t t e r n ' s  peaks and n u l l s .  

z 4  A 

b 
Y 

( a )  ( b )  
F i g .  8. Comparison o f  FD-TD and SBR r e s u l t s  f o r  t h e  monostat ic  RCS vs. e l e v a t i o n  angle o f  a t r i h e d r a l  

corner  r e f l e c t o r  ( b o t h  uncoated and w i t h  commercial RAM c o a t i n g ) :  ( a )  t a r g e t  geometry; ( b )  comparative RCS. 
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C51 A. T a f l o v e  and K .  Umashankar, "Eva lua t i on  0: t ime-  
domain e lec t romagne t i c  coup1 i ng techniques, F i n a l  
Repor t  RADC-TR-80-251, Rome A i r  Dev. C t r . ,  G r i f f i s s  
AFB, NY, A p r i l  1980. 

C6l A. Taf love,  " A p p l i c a t i o n  o f  t h e  f i n i t e - d i f f e r e n c e  
time-domain method t o  s inuso ida l  s t y d y - s t a t e  e lec -  
t romagnet ic  p e n e t r a t i o n  problems, IEEE Trans. 
Electromagn. Compat., EMC-22, 191-202, Aug. 1980. 

C71 A. Ta f l ove  and K. Umashankar, " A  h y b r i d  moment 
method / f i n i t e - d i f f e r e n c e  time-domain approach t o  
e lec t romaqne t i c  c o w l  i n q  and aper tu re  p e n e t r a t i o n  

d. Trihedral Corner Reflector 

We l a s t  cons ider  t h e  monostat ic  RCS p a t t e r n  o f  a 
conduct ing t r i h e d r a l  corner  r e f l e c t o r ,  b o t h  uncoated and 
w i t h  commercial r a d a r  absorb ing m a t e r i a l  (RAM) coa t ing .  
The r e f l e c t o r  c o n s i s t s  o f  t h ree ,  t h i n ,  15 x 15 cm f l a t  
p l a t e s  mountedatmutual  90' angles, as shown i n  F i g .  Ba. 
The i l l u m i n a t i o n  i s  a 10.0-GHz p lane  wave a t  45" azimuth 
angle and e -d i rec ted  E f i e l d .  Thus, t h e  r e f l e c t o r  spans 
5 x 5 x 5 A . For  t h e  coated case, t h e  RAM i s  assumed 
t o  be EmersSn & Cuming Type AN-73 (0.9525 cm t h i c k ,  con- 
s i s t i n g  o f  3 d i s t i n c t  l o s s y  l a y e r s  o f  equal t h i ckness ) .  

For  t h i s  t a r g e t ,  t h e  FD-TD model uses a u n i f o r m  c e l l  
s i z e  o f  0.25 cm ( A  /12), spanning each p l a t e  by 60 x 60 
c e l l s .  The l a t t i c g  r a d i a t i o n  boundary i s  l o c a t e d  o n l y  
12 c e l l s  f rom t h e  t a r g e t ,  so t h a t  t h e  o v e r a l l  l a t t i c e  
s i z e  i s  84 x 84 x 84 c e l l s ,  c o n t a i n i n g  3,556,224 unknown 
f i e l d  components (343 c u b i c  wavelengths). S t a r t i n g  w i t h  
z e r o - f i e l d  i n i t i a l  c o n d i t i o n s ,  720 t ime  s teps  a re  used, 
equal t o  30 cyc les  o f  t h e  i n c i d e n t  wave. 

F i g .  8b compares t h e  FD-TD computed monostat ic  RCS 
p a t t e r n  i n  t h e  0 p lane  (0 f i x e d  a t  45') w i t h  p r e d i c t i o n s  
made by a shoo t ing  and bouncing r a y  (SBR) code developed 
by P ro f .  S. W.  Lee o f  t h e  U n i v e r s i t y  o f  I l l i n o i s  a t  
Urbana. E x c e l l e n t  agreement i s  seen f o r  t h e  uncoated 
t a r g e t  case. Fo r  t h e  RAM-coated case, bo th  codes p r e d i c t  
s u b s t a n t i a l  r e d u c t i o n  o f  t h e  RCS response. It i s  seen 
t h a t  t h e  p r e d i c t e d  RCS p a t t e r n s  f o r  t h i s  case a r e  i n  
good q u a l i t a t i v e  agreement. 

4. Potent ial  f o r  Modelinq U l t r a - C m l e x  Tarqets 

A g raph ic  i l l u s t r a t i o n  o f  t h e  p o t e n t i a l  o f  FD-TD f o r  
modeling s t r u c t u r e s  comprised o f  u l  tra-complex e l e c t r o -  
magnetic wave absorb ing media i s  p rov ided  by t h e  whole- 
body dos imetry  work r e p o r t e d  by t h e  U n i v e r s i t y  o f  Utah 
i n  [23]. D i r e c t l y  e x p l o i t i n g  t h e  a b i l i t y  o f  FD-TD t o  
model media i nhomogenei ti es down t o  t h e  space-cel 1 l e v e l ,  
and f u l l y  u t i l i z i n g  t h e  speed and memory c a p a b i l i t i e s  o f  
t h e  Cray-2, h i g h l y  r e a l i s t i c  3-D t i s s u e  models o f  t h e  
complete human body a t  a u n i f o r m  space r e s o l u t i o n  i n  t h e  
o rde r  o f  1 cm have been cons t ruc ted  f o r  t h e  f i r s t  t ime. 
W i  t h  capabi 1 i t i e s  o f  supercomputers expanding by a t  
l e a s t  one o rde r  o f  magnitude i n  t h e  n e x t  decade, i t  i s  
l i k e l y  t h a t  FD-TD numer ica l  model ing w i l l  occupy an 
impor tan t  p lace  i n  RCS technology i n  t h e  1990's  and 
beyond. 
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