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Abstract- T h i s   a r t i c l e ,  based  upon inv i ted   papers  
a t   t h e  X X I I  U R S I  General Assembly (Tel  Aviv,  August 
1987)  and the  URSI National  Radio  Science  Meeting 
(Boulder,  January 19881, rev iews  recent   app l i ca t ions  
o f   t h e   f i n i t e - d i f f e r e n c e  time-domain (FD-TO) method 
for  numerical   model ing  of   e lectromagnet ic wave 
s c a t t e r i n g  and i n t e r a c t i o n  problems. One of   the  goals 
of t h i s   a r t i c l e   i s   t o  demonstrate t h a t   r e c e n t  advances 
i n  FD-TD modeling  concepts and software  implementa- 
t i o n ,  combined w i t h  advances i n  computer  technology, 
have  expanded t h e  scope,  accuracy,  and  speed o f  FD-TD 
mode l ing   to   the   po in t  where it may be the   p re fe r red  
cho ice   fo r   s t ruc tu res   tha t   cannot  be e a s i l y   t r e a t e d   b y  
convent ional   in tegra l   equat ion and asymptotic 
approaches. As a class, such s t r u c t u r e s   a r e   e l e c t r i c -  
a l l y   l a r g e  and  have  complex  shapes, ma te r ia l  composi- 
ti ons, apertures, and i n t e r i   o r   c a v i   t i e s  . 

1. INTRODUCTION 

Contemporary  high-frequency  electromagnetic 
engineering  problems can i n v o l v e  wave i n t e r a c t i o n s  
w i t h  complex, e lec t r i ca l l y - l a rge   t h ree -d imens iona l  
s t ruc tu res .  These structures  can  have shapes, 
mater ia l   composi t ions,   apertures,   or   cavi t ies  which 
produce  near f i e l d s   t h a t   c a n n o t  be r e s o l v e d   i n t o  
f i n i t e   s e t s  o f  modes or  rays.  Proper  numerical  model- 
i n g   o f  such  near f i e l d s   r e q u i r e s   s a m p l i n g   a t  sub- 
wave leng th   reso lu t i on   t o   avo id   a l i as ing   o f   magn i tude  
an i  phase in fo rma t ion .  The goal i s   t o   p r o v i d e  a s e l f -  
cons i s ten t  model o f   t h e   n u t u a l   c o u p l i n g   o f   t h e  
e l e c t r i c a l  l y  smal 1 c e l l  s corfipri s i n g   t h e   s t r u c t u r e .  

A candidate  numerical  modeling  approach  for  this 
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  Maxwell 's  curl   equations.  This  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  computational 
aerodynamics, i n   t h a t   t h e   n u m e r i c a 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   g o v e r n i n g   p a r t i a l  
d i f fe ren t ia l   equat ion .   Pursu ing   th is   ana logy ,  FD-TD 
shares  the  computational  requirements o f   t h e   f l u i d s  
codes  (and o t h e r   s i m i l a r   l a r g e - s c a l e   p a r t i a l   d i f f e r -  
e n t i a l   e q u a t i o n   s o l v e r s )   i n   t e r m s   o f  computer f l o a t i n g  
p o i n t   a r i t h m e t i c   r a t e ,   p r i m a r y  random  access memory 
size, and data  bandwidth  to  secondary memory. Yet, 
FD-TD i s  a non- t rad i t ional   approach  to   numer ica l  
electromagnetic  modeling, where  frequency-domain 
approaches  have  dominated. 

One o f   t h e   g o a l s   o f   t h i s   a r t i c l e   i s   t o   d e m o n s t r a t e  
t h a t   r e c e n t  advances i n  FD-TD modeling  concepts and 
software  implementation,  combined  with  advances i n  
computer  technology,  have  expanded  the scope, accuracy 
and  speed o f  FD-TD modeling t o   t h e   p o i n t  where it may 
be t h e   p r e f e r r e d   c h o i c e   f o r   c e r t a i n   t y p e s   o f   s c a t t e r -  
i n g  and coupl ing  problems.   Wi th   th is  i n  mind, t h i s  
a r t i c l e  will s u c c i n c t l y   r e v i e w   t h e   f o l l o w i n g   r e c e n t  
FD-TD mode l ing   va l ida t ions   and  research   f ron t ie rs :  
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geneous d ie lec t r i c   t a rge ts   f rom  m in ima l  TM 
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2. GENERAL CHARACTERISTICS OF FD-TD 

As stated,  FD-TD i s  a d i r e c t   s o l u t i o n   o f   M a x w e l l ’ s  
time-dependent cur l   equat ions.  It employs  no 
potent ia ls .   Instead,  it applies  simple,  second-order 
accurate  cent ra l -d i f ference  approx imat ions El] f o r   t h e  
space  and t i m e   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   ope ra to rs   o f   t he   cd r l   equa t ions .   Th i s   ach ieves  a 
sampled-data  reduct ion  o f   the  cont inuous  e lect ro-  
magnetic 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 i m e   d i s c r e t i z a t i o n s   a r e   s e l e c t e d   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  
n u m e r i c a 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  components 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  interfaces.  Overal l ,  
FD-TD . i s  a marching-in-time  procedure  which  simulates 
the  cont inuous  actua l  waves by  sampled-data  numerical 
analogs  propagating i n  a data space s t o r e d   i n  a 
computer. A t  each t ime  step,  the  system  of   equat ions 
t o  u p d a t e   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 or   so lve  a s e t   o f  
l inear   equat ions,  and the  required  computer  storage 
and r u n n i n g   t i m e   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. 

Lott ice  Truncotion  Plone 
(Invisiblb  To All Waves)  

/ 

x = 1/28 
Figure 1.  Time-Domain Wave-Tracking Concept of the FD-TD 

Method 

Fig.  1 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  
concep t   o f   t he  FD-TD method. A r e g i o n   o f  space w i t h i n  
the  dashed l i n e s   i s   s e l e c t e d   f o r   f i e l d  sampling i n  
space  and  time. A t  t ime = 0 , it i s  assumed t h a t   a l l  
f ie lds   w i th in   the   numer ica l   sampl ing   reg ion   a re  
i d e n t i c a l l y  zero. An inc iden t   p lane  wave i s  assumed 
to   en ter   the   sampl ing   reg ion  a t  t h i s   p o i n t .  Propaga- 
t i o n   o f   t h e   i n c i d e n t  wave i s  modeled by the  commence- 
ment o f   t ime  s tepping,   which i s  simply  the  implementa- 
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   a n a l o g   o f   t h e   c u r l  
equations. Time stepping  cont inues as the  numerical 
ana log   o f   t he   i nc iden t  wave s t r i k e s   t h e  modeled t a r g e t  
embedded w i th in   the   sampl ing   reg ion .  All outgoing 

Continued on page 7 
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sca t te red  wave analogs  ideal ly   propagate  through  the 
1 a t t i  c e   t r u n c a t i o n   p l  anes w i th   neg l  i g i   b l  e r e f  1 e c t i  on 
t o   e x i t   t h e  sampling  region. Phenomena such  as 
i n d u c t i o n   o f   s u r f a c e   c u r r e n t s ,   s c a t t e r i n g  and m u l t i p l e  
scat ter ing,   penetrat ion  through  aper tures,  and c a v i t y  
e x c i t a t i o n   a r e  modeled  time-step  by  time-step by t h e  
act ion  o f   the  cur l   equat ions  analog.   Sel f -cons is tency 
o f   t hese  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  and  temporal   var iat ions  are  wel l  
resolved by t h e  space  and time  sampling  process. 

Time stepping i s  c o n t i n u e d   u n t i l   t h e   d e s i r e d   l a t e -  
t ime  pulse  response  or  steady-state  behavior i s  
achieved. An impor tant  example o f   t h e   l a t t e r   i s   t h e  
s inusoida l   s teady  s ta te,   where in  the  inc ident  wave i s  
assumed t o  have a s inuso ida l  dependence, and t ime  
stepping i s  c o n 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   s a m p l i n g  
r e g i o n   e x h i b i t   s i n u s o i d a l   r e p e t i t i o n .   T h i s   i s  a 
consequence o f   t h e   l i m i t i n g   a m p l i t u d e   p r i n c i p l e  C31. 
Extensive  numerical  experimentation  with FD-TD has 
shown t h a t   t h e  number o f  complete  cyc les  o f   the 
i n c i d e n t  wave r e q u i r e d   t o  be time-stepped to   ach ieve  
the   s inuso ida l   s teady   s ta te  i s  approximately  equal  to 
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 being 
model ed. 

EV 

' Y  

X Figure 2. Positions of the Field Components about a Unit Cell of 
the  YEE  Lattice 111 

F ig .  2 i l l u s t r a t e s   t h e   p o s i t i o n s   o f   t h e   e l e c t r i c  
and m a g n e t i c   f i e l d  components  about a u n i t   c e l l   o f   t h e  
FD-TD l a t t i c e   i n   C a r t e s i a n   c o o r d i n a t e s  C11. Note t h a t  
each  magnetic f i e l d   v e c t o r  component 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   v e c t o r  components,  and 
vice  versa.  This  arrangement  permits  not   only a 
centered-d i f ference  analog  to   the space d e r i v a t i v e s   o f  
t he   cu r l   equa t ions ,   bu t   a l so  a natura l   geometry   for  
implement ing  the  integral   form  of   Faraday's Law and 
Ampere's Law a t   t h e   s p a c e - c e l l   l e v e l .   T h i s   i n t e g r a l  
i n t e r p r e t a t i o n   p e r m i t s  a s imp le   bu t   e f fec t i ve   mode l ing  
o f   t h e   p h y s i c s  of  smoothly  curved  target  surfaces, 
penetrat ion  through  narrow  s lo ts   hav ing  sub-ce l l  gaps, 
and coup l i ng  t o  th in   wi res  hav ing  sub-ce l l   d iameters,  
as will be  seen l a t e r .  

F ig .  3 i l l u s t r a t e s  how an a r b i t r a r y   t h r e e -  
d imensional   scat terer  i s  embedded i n  an FD-TD space 
l a t t i c e  comprised o f   t h e   u n i t   c e l l s   o f   F i g .  2. 
S i m p l y ,   d e s i r e d   v a l u e s   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 
c o n d u c t i v i t y   a r e   a s s i g n e d   t o   e a c h   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 .   C o r r e s p o n d i n g l y ,   d e s i r e d  
values  of  magnetic  perineabi 1 i t y  cna  equiva lent  
conduc t i v i t y   a re   ass igned   to   each   magne t i c   f i e ld  
component o f   t h e   l a t t i c e .  The media  parameters  are 
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  
fo r   t he   t ime-s tepp ing   a lgo r i t hm.   Spec i f i ca t i on   o f  
media  proper t ies i n   t h i s  component-by-component  manner 

FD - TD - 
U N I T  CELL - 

Y 

Figure 3 .  Arbitrary Three-Dimensional Scatterer  Embedded  in  a 
FD-TD Lattice 

r e s u l t s   i n  a stepped-edge, or  staircase,  approxima- 
t i o n   o f   c u r v e d   s u r f a c e s .   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 th   t h i s   p rocedure .   The re   i s  no  need f o r   s p e c i a l  
f i e l d   m a t c h i n g   a t  media i n t e r f a c e   p o i n t s .  Stepped- 
edge approximat ion  of   curved  surfaces has  been found 
t o  be  adequate i n   t h e  FD-TD modeling  problems  studied 
i n   t h e  1970's and e a r l y  1980'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  [ S I ,  [SI ,  and electromagnet ic  pulse (EMPI 
i n t e r a c t i o n s   w i t h  complex s t ruc tu res  [ 7 ]  - C91. 
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  by curved  targets  has  prompted the  
development of   surface-conforming FD-TD approaches 
wh ich   e l im ina te   s ta i rcas ing .  These will be  summarized 
l a t e r   i n   t h i s   a r t i c l e .  

1 1 Reqion I : 
T o i a l  
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Region 2 : 
Scattered 
F ie lds 
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Figure 4. Division of FD-TD Lattice into Total-Field and Scattered- 

Field Regions. (a) Lattice division; (b) Field component 
geometry at connecting plane y = joS [lo], 1111 

F i g .  4 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 sca t te red - f i e ld   reg ions .  
T h i s   d i v i s i o n  has  been  found t o  be  very  useful   s ince 
it p e r m 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  
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angle  of   incidence,  polar izat ion,   t ime-domain 
waveform,  and d u r a t i o n  [ lo] ,  C111. Three  addi t ional  
i m p o r t a n t   b e n e f i t s   a r i s e   f r o m   t h i s   l a t t i c e   d i v i s i o n .  

a. 

b. 

C. 

A la rge   near - f ie ld   computa t iona l  dynamic  range 
i s  ach ieved ,   s ince   t he   sca t te re r   o f   i n te res 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 o w   f i e l d   l e v e l s   i n  shadow r e g i o n s   o r   w i t h i n  
sh ie ld ing  enc losures  are computed d i r e c t l y  
w i thou t   su f fe r i ng   sub t rac t i on   no i se   (as   wou ld  
be  the  case i f  s c a t t e r e d   f i e l d s   i n  such 
reg ions  were  t ime-stepped  via FD-TD, and then 
added t o  a c a n c e l   l i n g   i n c i d e n t   f i e l d   t o   o b t a i l ,  
t h e   l o w   t o t a l - f i e l d   l e v e l s ) .  

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  
reg ion   permi ts  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   a c r o s s  media 
i n te r faces ,  as  d iscussed  ear l ier ,   w i thout  
hav ing   t o  compute t h e   i n c i d e n t   f i e l d   a t  
poss ib l y  numerous po in ts   a long a complex locus 
t h a t   i s  un ique  to  each sca t te re r .  The zoning 
arrangement o f   F i g .  4 requ i res   computa t jon   o f  
t h e   i n c i d e n t   f i e l d   o n l y   a l o n g   t h e   r e c t a n g b l a r  
connect ing  surface 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   r e g i o n s .   T h i s   s u r f a c e   i s  

. f ixed,  i .e. ,   independent  of   the shape or 
compos i t ion   o f   the   enc losed  sca t te rer   be ing  
modeled. 

The p r o v i s i o n   o f  a wel l -def ined  scat tered-  
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   p e r m i t s   t h e  
n e a r - t o - f a r   f i e l d   t r a n s f o r m a t i o n   i l l u s t r a t e d  
i n   F i g .  5. The dashed v i r t u a l   s u r f a c e  shown 
i n   F i g .  5 can  be  located  along  convenient 
l a t t i c e   p l a n e s   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 .  4. Tangent ia l   scat tered 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  
surface  can  then  be  weighted  by  the  free-space 
Green's   funct ion and then  in tegra ted  (summed) 
t o   p r o v i d e   t h e   f a r - f i e l d   r e s p o n s e  and radar  
c r o s s   s e c t i o n   ( f u l l   b i s t a t i c   r e s p o n s e   f o r   t h e  
assumed i l l u m i n a t i o n   a n g l e )  [lll - C131. The 
n e a r - f i e l d   i n t e g r a t i o n   s u r f a c e  has a f i x e d  
rec tangu la r  shape,  and thus i s  independent o f  
t he  shape or  comDosit ion  of   the  enclosed 
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Figure 5 .  Near-to-Far Field Transformation Geometry 
(a)  Original  problem;  (b)  Equivalent  problem  external to 
the virtual  surface,  Sa [ll] 

F i g .  4 uses t h e   t e r m   " l a t t i c e   t r u n c a t i o n "   t o  
designate  the  outermost 1 a t t i c e   p l a n e s   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 .  The f i e l d s   a t   t h e s e   p l a n e s   c a n n o t  
be  computed  using  the  centered-dif ferencing  approach 
d iscussed  ear l ie r   because  o f   the  assumed absence o f  
known f i e l d   d a t a   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 runca t ion .  These data  are needed t o   f o r m   t h e   c e n t r a l  
d i f f e rences .   The re fo re ,   an   aux i l i a ry   l a t t i ce   t runca -  
t i o n   c o n d i t i o n   i s  necessary.  This  condit ion  must be 
c o n s i s t e n t   w i t h   M a x w e l l ' s   e a u a t i o n s   i n   t h a t   a n   o u t -  

going  scattered-wave  numerical   analog  str ik ing  the 
l a t t i c 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  
apprec iab le   non-phys ica l   re f lec t ion ,   jus t  as i f  the  
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 r u n c a 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   n e a r   f i e l d  [lo], 
C141 - C171. Further ,  it has  been shown t h a t  
conven ien t   loca l   approx imat ions   o f   the   exac t   rad ia t ion  
condit ion  can  be  generated and a p p l i e d   w i t h  good 
r e s u l t s  [IO] - [171. Based upon th is   research ,   the  
procedure   fo r   cons t ruc t ing  more prec ise   loca l   approx i -  
ma t ions   o f   t he   exac t   rad ia t i on   cond i t i on  i s  reasonably 
well   understood.  These  approximations  are  currently 
under  study for  numerical   implementat ion i n   t h e  FD-TD 
computer  programs C181. 

3. THREE-DIMENSIONAL  FD-TD SCATERINC MODELS 

A n a l y t i c a l  and experimental Val i d a t i  ons  have  been 
ob ta i  ne6 r e l a t i v e   t o  FD-TD modeling o f   canon ica l  
three-dimensional  conducting  targets  spanning 1/3 t o  9 
wavelengths C121,  C131,  C191, C201. For   b rev i ty ,   on ly  
one such  val idation  wi1, l   be  reviewed  here. 

F i n  
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L A T T I C E  EDGE 

9'. 00 
Fig. 6.  Geometry of Crossed-Plate  Scatterer  and  Illumination [13], 

1191, 1201 

F i g .  6 dep ic t s   t he  geometry o f  a crossed-plate 
scatterer  comprised  of   two f l a t  plate:, Z l e c t r i c a l l y  
bonded together   to   fo rm  the  shape o f  a T . The main 
p l a t e  has the  dimensions 30 cm x 10 cm x 0.33 cm, and 
t h e   b i s e c t i n g   f i n  has the  dimensions 10 cm x 10 cm x 
0.33 cm. The i l l u m i n a t i o n   i s  a plane wave a t  0" 
e leva t ion   ang le  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 la te,  and a t   the   f requency  9.0 GHz. Thus, t he  
main p l a t e  spans 9.0 wavoelengths.  Note t h a t   l o o k  
angle  azimuths  between 90 and 180" provide  substan- 
t i a l  c o r n e r   r e f l e c t o r   p h y s i c s ,   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 ,   c o r n e r   d i f f r a c t i o n ,  and o t h e r   e f f e c t s  
found   fo r  an i s o l a t e d   f l a t   p l a t e .  

For   the  9-GHz  FD-TD model, t h e   l a t t i c e   c e l l   s i z e  
i s  0.3125 cm, approximately 1/11 wavelength. The main 
p l a t e   i s  formed  by 32 x 96 x 1 c e l l s ;   t h e   b i s e c t i n g  
f i n   i s  formed by 32 x 32 x 1 c e l l s ;  and t h e   o v e r a l l  
l a t t i c e   i s  comprised o f  48 x 112 x 48 c e l l s  (1 ,548 ,288  
unknown f i e l d  components)  containing 212.6 cubic  

Continued on page 9 
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Fig. 7. Comparison of FD-TD Modeling  with  SRI  Measurements of Monostatic  Radar  Cross  Section for the  Crossed-Plate 
Scatterer  at 9 GHZ (maximum scatterer size = 9 wavelengths) [13], [19], [20] 

wave lengths .   Note   tha t   the   la t t i ce   t runcat ions   a re  
on ly  8 c e l l s  (0.75 wavelength)  f rom  the  target 's  main 
p l a t e  and f i n  edges. The s l i g h t l y   e c c e n t r i c   p o s i t i o n -  
i n g   o f   t h e   b i s e c t i n g   f i n   i s  accounted  for i n   t h e  FD-TD 
model . 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 ,  
661 t ime  s teps  are used, e q u i v a l e n t   t o   3 1   c y c l e s   o f  
t h e   i n c i d e n t  wave a t  9 GHz. 

Measurements of   the  monostat ic   radar   cross  sect ion 
(RCS) vs .  look  angle  azimuth were  performed i n   t h e  
anechoic chamber f a c i l i t y   o p e r a t e d  by S R I  I n t e r n a t i o n -  
a l ,  Menlo  Park, CA. F i g .  7 compares the  FD,-TD predic-  
t i o n s   w i t h   t h e  S R I  measurements a t  32 key look  angles 
wh ich   de f ine   the   ma jor   fea tures   o f   the  RCS response. 
It i s  seen t h a t   t h e  agreement i s   w i t h i n   a b o u t  1 dB 
over a t o t a l  RCS-pattern  dynamic  range o f  40 dB. 
Locat ions o f  peaks  and n u l l s   o f   t h e   p a t t e r n   a r e  
a c c u r a t e l y   p r e d i c t e d   t o   w i t h i n  1" o f  azimuth.  Note 
e s p e c i a l l y   t h e   e x c e l l e n t  agreement fo r   l ook   ang le  
azimuths  greater  than 90",  where t h e r e   i s  a pronounced 
c o r n e r - r e f l e c t o r   e f f e c t .  As s t a t e d   i n  [13], it 
appears t h a t   t h i s  case  (and  s imi lar   three-dimensional  
9-wavelength  targets  studied i n  [20] )   represents   the 
la rges t   de ta i led   th ree-d imens iona l   numer ica l   sca t te r -  
i n g  model s o f  any t ype   eve r   ve r i f i ed   where in  a 
u n i f o r m l y   f i n e   s p a t i a l   r e s o l u t i o n  and t h e   a b i l i t y   t o  
t r e a t   n o n m e t a l l i c   c o m p o s i t i o n   i s   i n c o r p o r a t e d   i n   t h e  
model. 

4. TWO-DIMENSIONAL  CONFORMAL  MODELS 
OF CURVED  SURFACES 

A key f l a w   i n   p r e v i o u s  FD-TD models o f   conduct ing  
s t r u c t u r e s   w i t h  smooth  curved  surfaces  has  been  the 
need t o  use stepped-edge  (staircase)  approximations of 
the   ac tua l   s t ruc tu re   sur face .   A l though  no t  a ser ious 
problem  for   comput ing wave pene t ra t i on  and coup l i ng  
i n t o  low-Q  meta l   cav i t ies,   recent  FD-TD studies  have 
shown that   s tepped  approx imat ions  o f   curved  wal ls   and 
aper tu re   su r faces   can   sh i f t   cen te r   f requenc ies   o f  

resonant  responses by 1% t o  2% f o r  Q f a c t o r s   o f  30 t o  
80, and can   poss ib l y   i n t roduce   spu r ious   nu l l s .   I n   t he  
a r e a   o f   s c a t t e r i n g  and RCS, the  use  of  stepped 
surfaces has p r e v e n t e d   a p p l i c a t i o n   o f  FD-TD f o r  model- 
i n g   t h e   i m p o r t a n t   c l a s s   o f   t a r g e t s  where sur face 
roughness,  exact  curvature, and d i e l e c t r i c   o r  
permeable  loading i s   c r u c i a l   i n   d e t e r m i n i n g  RCS. 

Recent ly ,   two  d i f ferent   types o f  FD-TD conformal 
surface  models have  been proposed and  examined f o r  
two-dimensional  problems: 

a. Faraday's Law contour  path  models  c211. 
These p rese rve   t he   bas i c   Car tes ian   g r i d  
arrangement o f   f i e l d  components a t   a l l  space 
c e l l s   e x c e p t   t h o s e   a d j a c e n t   t o   t h e   t a r g e t  
surface. Space c e l l s   a d j a c e n t   t o   t h e   s u r f a c e  
are  deformed to   con form  w i th   the   sur face  

exp ress ions   f o r   t he   magne t i c   f i e ld  components 
ad jacen t   t o   t he   su r face   a re   de r i ved   f rom  the  
i n t e g r a l  f o r m  o f   Faraday 's  Law implemented 
around  the  per imeters  of   the  deformed  cel ls.  

1 ocus . S l i gh t l y   mod i f i ed   t ime-s tepp ing  

b. Stretched,  conforminq mesh models  [221,[231. 
These emDlov avai lab le  numer ica l  mesh senera- 
t i o n  schemes t o   c o n s t r u c t   n o n - C a r t e s i a n   g r i d s  
which  are  cont inuously   s t re tched  to   conform 
with  smoothly shaped targets.   Time-stepping 
express ions  are  e i ther   adapted  f rom  the 
Car tes ian FD-TD case  [221  or   obta ined  v ia  
ana logy   to   the   computa t iona l   f lu id   dynamics  
(CFD) case C231. 

Research i s  ongoing  for   each  of   these  types  of  
conformal  surface  models. Key ques t ions   inc lude:  
ease o f  mesh generation;  suppression o f   numer i ca l  
a r t i f a c t s  such  as i n s t a b i l i t y ,   d i s p e r s i o n ,  and  non- 
phys i ca l  wave re f lec t ions ;   cod ing   complex i ty ;  and 
model ing  execut ion  t ime. 

Continued on page 10 
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Fig. 8. Comparison of FD-TD and Exact Solution for Azimuthal 
Surface Electric Current  on a ka = 5 Circular Conducting 
Cylinder, TM Case (0.05 wavelength grid cell  size)  [21] 
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Fig. 9. Comparison of FD-TD.and  Exact Solution for Longitudinal 
Surface Electric Current on a Ka = 5 Circular Conducting 
Cylinder, TM Case (0.05 wavelength  grid  cell  size)  [21] 

The accuracy of the  Faraday's Law contour p a t h  
models for  smoothly curved targets  subjected t o  TE ar;d 
TM illumination i s   i l l u s t r a t e d  i n  Figs. 8 and 9 ,  
respectively. Here, a moderate-resolution  Cartesian 
FD-TD grid  (having 1/20 wavelength c e l l   s i z e ]   i s  used 
to  compute the azimuthal  or  longitudinal  current 
distribution on the  surface of a ka = 5 c i rcu lar  
metal cylinder. For b o t h  polarizations,  the  contour 
path FD-TD model achieves an accuracy o f  1.5% or 
b e t t e r   a t  most surface  points  relative t o  the  exact 
ser ies   solut ion.  The worst-case  error, on ly  3.5%, 
occurs  for  the TE case a t  a point i n  the   cen ter - l i t  
region where contour  deformation i s  maximum. Running 
time  for  the conformal FD-TD model i s  essentially  the 
same as  for  the  old  staircase FD-TD model, since on ly  
a few H components immediately adjacent  to  the  target 
surface  require a s l igh t ly  modified  time-stepping 
re1 ation. 

5. SCATTERING  MODELS  FOR  TWO-DIMENSIONAL 
ANISOTROPIC  STRUCTURES 

The a b i l i t y   t o  independently  specify  electrical 
permittivity and conductivity  for each E vector 
component in  the FD-TD l a t t i c e ,  and magnetic permea- 
b i l i t y  and equivalent  conductivity  for each H vector 
component, leads immediately t o  the  possibi l i ty  of 

using FD-TD t o  model material  targets having diagonal- 
tensor   e lectr ic  and magnetic properties. No a l te ra-  
tion of the  basic FD-TD algorithm i s  required. The 
more complicated  behavior  associated  with  off- 
diagonal  tensor components can also be modeled, in 
principal,  with some algorithm  complications [ Z O ] .  

E,, = 2 pxx = 2 hw = 4 ___ CFIE solutlon 
k o S = S  + i = 9 0 0  o o 0 FD-TD (12cycles) 
(Frequency = 150 MHz) 

S 
I D  DI.20 0'.40 0'.60 D'.BO ll.00 

NORMALIZED  CONTOUR  LENGTH 
Fig. 10.  Comparison of FD-TD and  CFIE Solutions for Longi- 

tudinal Surface Electric Current  on A Kos = 5 Square 
Anisotropic Cylinder, TM Case  [24] 

Recent development of combined-field, coupled 
surface  integral  equations  for modeling scattering by 
a rb i t ra ry  shaped two-dimensional anisotropic  targets 
[24] has permitted  detailed  tests of the  accuracy of 
FD-TD anisotropic models. Fig. 10 i l l u s t r a t e s  one 
such t e s t .  Here, the magnitude of the  equivalent 
surface  e lectr ic   current  induced by TM illumination o f  
a square  anisotropic  cylinder i s  graphed as a function 
of position  along  the  cylinder  surface  for b o t h  the 
FD-TD and  combined-field  integral  equation (CFIE)  
models. The incident wave propagates i n  the +y 
direction and has a +z-d i rec ted   e lec t r ic   f ie ld .  The 
cylinder has an e lec t r ica l   s ize  k s = 5 ,  permittivity 
E = 2 , and diagonal  permeabilqty  tensor !-I = 2 
a66 uyy = 4 . From F i g .  10, we see  that   the FD-% and 
CFIE results  agree very well over  almost everywhere on 
the  cylinder  surface. Disagreement i s  noted a t   t h e  
cylinder  corners where CFIE predicts  sharp  local peaks 
whereas FD-TD predicts  local nul 1 s. Studies  are 
continuing  to  resolve  the  corner  physics  issue. 

6. PENETRATION  MODELS  FOR  NARROW  SLOTS 
AND  LAPPED  JOINTS IN  MICK SCREENS 

The physics of electromagnetic wave transmission 
t h r o u g h  narrow s l o t s  and lapped joints in  shielded 
enclosures must be accurately  understood  to  permit 

Continued  on page I I 
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good engineer ing  design  of   equipment  to  meet  speci f i -  
cat ions  for   performance  concerning  electromagnet ic 
pu lse (EMP), l i g h t n i n g ,  high-power  microwaves (HPM), 
e lec t romagnet ic   in te r fe rence and c o m p a t i b i l i t y  (EM1 
and EMC), undesi red  rad iated  s ignals ,  and RCS. I n  
many cases, s l o t s  and j o i n t s  may have  very  narrow  gaps 
f i l l e d  by a i r ,   o x i d a t i o n   f i l m s ,   o r   l a y e r s   o f   a n o d i z a -  
t i o n   o r   p a i n t .   J o i n t s  can  be  simple  (say,  two  metal 
sheets   but ted  together) ;  more complex (a   lapped  o r  
" f u r n i t u r e "   j o i n t ) ;   o r  even more complex (a  threaded 
screw-type  connection  with random po in ts   o f   meta l - to -  
metal  contact,  depending upon t h e   t i g h t e n i n g ) .   E x t r a  
c o m p l i c a t i o n s   a r i s e   f r o m   t h e   p o s s i b i l i t y  o f  e l e c t r o -  
magne t i c   resonances   w i th in   t he   j o in t ,   e i t he r   i n   t he  
t ransve rse   o r   l ong i tud ina l   (dep th )   d i rec t i on .  

C lea r l y ,   t o  make any headway w i th   t h i s   comp l i ca ted  
group o f  problems  using  the FD-TD approach, it i s  
necessary to   develop and  Val i d a t e  FD-TD models  which 
can  s imu la te   the   geomet r ic   fea tures   o f   gener ic   s lo ts  
and jo in t s .   S ince  a key  geometric  feature i s   l i k e l y  
t o  be the  narrow gap o f   t h e   s l o t   o r   j o i n t   r e l a t i v e   t o  
one FD-TD space c e l l ,  it i s  impor tant   to   understand 
how sub-cel l  gaps  can  be e f f i c i e n t l y  modeled. 

Three d i f f e r e n t   t y p e s   o f  FD-TD sub-cell  models 
have  been proposed and  examined for  modeling  narrow 
s l o t s  and j o i n t s :  

a. E a u i v a l e n t   s l o t   l o a d i n q  C251. Here, r u l e s  
a r e   s e t   t o   d e f i n e  an e q u i v a l e n t   p e r m i t t i v i t y  
and p e r m e a b i l i t y   i n  a s l o t  formed  by a s ing le -  
c e l l  gap t o   e f f e c t i v e l y  narrow  the gap t o   t h e  
desi  red  degree. 

b. Subqridding C261. Here, t h e   r e g i o n   w i t h i n   t h e  
s l o t   o r   j o i n t   i s   p r o v i d e d   w i t h  a s u f f i c i e n t l y  
f i n e   g r i d .   T h i s   g r i d   i s   p r o p e r l y  connected t o  
t h e   c o a r s e r   g r i d   o u t s i d e   o f   t h e   s l o t .  

2.5 1 

4, Observation 
locus 

A A 
FRONT OF SCREEN k S L O T  dB BACK OF SCREEN 

( 0 )  

100' 

50. 

0' 

- 50. 

-100'  0 FD-TOOko/10 resolution 

- FD-TD(XJ40 resolution1 

Contour model 

FRONT OF SCREEN 
A 

( b) 

c. Faraday's Law contour  path model C271. Here, 
space c e l l  s a d j a c e n t   t o  and w i t h i n   t h e   s l o t   o r  
j o i n t   a r e  deformed t o  conform  wi th   the  sur face 
l o c u s   ( i n  a manner s im i la r   t o   t he   con fo rma l  
curved  surface model 1. S l i g h t l y   m o d i f i e d  
t ime-stepping  expressions  for  the  magnetic 
f i e l d  components i n  t h e s e   c e l l s   a r e   d e r i v e d  
f rom  the  in tegra l   form  of   Faraday 's  Law imple- 
mented  around the  per imeters  o f   the  deformed 
c e l l s .  

*I-- .025A 

i c :  E 

I 3A 

D C' A' B 

Fig. 12(a) 

Fig.  12a.  Geometry of U-Shaped  Lapped  Joint For TE Illumination, 
Shown to Scale [27] 

The accuracy  of   the  Faraday's Law contour  path 
model f o r   n a r r o w   s l o t s   a n d   j o i n t s   i s   i l l u s t r a t e d   i n  
F igs .  11 and  12  by d i r e c t  comparison o f   t h e  computed 
gap  e1 e c t r i  c f i  e l  d aga ins t   h i   gh- reso l   u t ion   numer ica l  
benchmarks. F ig .  11 models a 0.1 wavelength  th ick 
conducting  screen  which  extends 0.5 wavelength  to  each 
s i d e   o f  a s t r a i g h t   s l o t  which has a gap o f  0.025 wave- 
length.  Broadside TE i l l u m i n a t i o n   i s  assumed. Three 
t y p e s   o f   p r e d i c t i v e   d a t a   a r e  compared: (1) The low- 
r e s o l u t i o n  (0.1 wavelength) FD-TD model us ing   t he  
contour  path  approach t o  t r e a t   t h e   s l o t  as a 1 /4 -ce l l  
gap; (21 A high-resolut ion  (0.025  wavelength) FD-TD 
model t o   t r e a t   t h e   s l o t  as a 1 - c e l l  gap; and (3) A 
h igh - reso lu t i on  method o f  moments (MOM) model (hav ing 
0.0025 wavelength  sampling i n   t h e   s l o t )   w h i c h   t r e a t s  
the   s lo t ted   sc reen  as a pure  scat ter ing  geometry .  
From F ig .  11, we see t h a t   t h e r e   i s   e x c e l l e n t  agreement 
between a l l   t h r e e   s e t s   o f   p r e d i c t i v e   d a t a   i n   b o t h  
magnitude and  phase. O f  p a r t i c u l a r   i n t e r e s t   i s   t h e  
abi  1 i t y  o f  t he   l ow- reso lu t i on  FD-TD model, us ing   t he  
contour   path  approach,   to   accurate ly  compute the  peak 
e l e c t r i c   f i e l d  i n  t h e   s l o t .  

Continued on page 12 

Fig. 11. Comparison of FD-TD and MOM Solutions for the Gap 
Electric Field Distribution, Straight Slot Case: (a) 
Magnitude; (b) Phase 1271 
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I -  

- 120" - \ -0- FD-TD(0.025A. resolulioni 
9 

aJ 
u) 

-240° a 

0 FD-TD (0.09X. resolution I 
contour model 

( b )  
Fig. 12b. FD-TD Computed Gap Electric Field Within the 

0.45-Wavelength Path Length, U-Shaped Lapped Joint 
' (First Transmission Resonance): 

(a) I Egap/Einc I ; (b) LEgap/Hz(A) [27l 

F ig .  12a shows the  geometry o f  a U-shaped lapped 
j o i n t  which was se lected f o r  de ta i l ed   s tudy   o f   pa th -  
leng th   (depth)  power transmission  resonances. The U 
shape o f   t h e   j o i n t   p e r m i t s   a d j u s t m e n t   o f   t h e   o v e r a l l  
j o i n t   p a t h   l e n g t h   w i t h o u t   d i s t u r b i n g   t h e   p o s i t i o n s   o f  
t h e   i n p u t  and o u t p u t   p o r t s   a t  A and  F. A un i fo rm gap 
of 0.025 wavelength i s  assumed, as i s  a sc reen  th ick -  
ness o f  0.3 wavelength and w i d t h   o f  3 wavelengths. 
F i g .  12b  compares the  gap e l e c t r i c   f i e l d   w i t h i n   t h e  
j o i n t  as computed by: ( 1 )  A low-resolut ion,   contour 
path FD-TD model having 0.09 wavelength c e l l   s i z e  and 
t r e a t i n g   t h e  gap as 0.28 c e l l  ; and ( 2 )  A high-  
r e s o l u t i o n  FD-TO model having 0.025 wavelength c e l l  
s i z e  and t r e a t i n g   t h e  gap as 1 c e l l .  The t o t a l   p a t h  
l e n g t h   w i t h i n   t h e   l a p p e d   j o i n t   i s   a d j u s t e d   t o   e q u a l  
0.45 wavelength,  which  provides a sharp power t rans-  
mission peak t o   t h e  shadow s ide   o f   the   sc reen.  From 
F ig .  12b, we see a very good  agreement  between the  low 
and h i g h   r e s o l u t i o n  FD-TD models,  even  though t h i s   i s  
a numer ica l ly   s t ressfu l ,   resonant   penetrat ion  case.  
An i m p l i c a t i o n  o f  t h e s e   r e s u l t s   i s   t h a t   c o a r s e  (0.1 
wavelength) FD-TD gr idd ing  can be e f f e c t i v e l y  used t o  
model t he   f i ne -g ra ined   phys i cs   o f  wave pene t ra t i on  
th rough  s lo ts  and j o i n t s ,  i f  s imp le   a lgor i thm  mod i f i -  
ca t i ons   a re  made i n  accordance  wi th  the  contour  path 
approach.  This  can  substantial ly  reduce  computer 
resource  requirements and coding  complex i ty   for  FD-TD 
models o f  complex s t r u c t u r e s ,   w i t h o u t   s a c r i f i c i n g  
appreciable  accuracy i n   t h e   m o d e l i n g   r e s u l t s .  

7. COUPLING MODELS FOR WIRES AND WIRE BUNDLES 

I n  equipment  design  for EMP, HPM, and EM1 / EMC, 
understanding  electromagnet ic wave coup l i ng   t o   w i res  
and cable  bundles  located  wi th in   sh ie ld ing  enc losures 
i s  a problem  that  i s  complementary t o   t h a t   o f  wave 
pene t ra t i on   t h rough   ape r tu res   o f   t he   sh ie ld   ( such  as 
narrow  s lo ts  and j o i n t s ) .   S i m i l a r   t o   t h e   n a r r o w   s l o t  
problem, a key  dimension o f   t h e   i n t e r a c t i n g   s t r u c t u r e ,  
i n   t h i s  case  the  wire  or  bundle  diameter, may be  small 
r e l a t i v e   t o  one FD-TD space c e l l  . Thus, it i s  
impor tan t   to   unders tand how th in ,   sub-ce l l ,   w i res  and 
bund les   can   be   e f f i c ien t ly  modeled i f  FD-TO i s   t o  have 
much app l i ca t i on   t o   coup l i ng   p rob lems .  

Two d i f f e r e n t   t y p e s   o f  FO-TD sub-cel l  models  have 
been proposed  and  examined fo r   mode l ing   th in   w i res :  

a.   Equivalent  inductance C281. Here, an equiva- 
l e n t   i n d u c t a n c e   i s   d e f i n e d   f o r  a w i r e   w i t h i n  a 
space c e l l  I p e r m i t t i n g  a lumped-c i rcu i t  model 
o f   t h e   w i r e   t o  be s e t  up and  computed. 

b. Faraday's Law contour  path model L291. Here, 
space c e l l s   a d j a c e n t   t o   t h e   w i r e   a r e  deformed 
to   con form  w i th   the   sur face   locus  ( i n  a manner 

s i m i l a r  t o  the  conformal  curved  surface 
model 1. l / r  s i n g u l a r i t i e s   o f   t h e   a z i m u t h a l  
magnetic f i e l d  and r a d i a l   e l e c t r i c   f i e l d   a r e  
assumed t o   e x i s t   w i t h i n   t h e  deformed c e l l s .  
S l ight ly   modi f ied  t ime-stepping  express ions 
fo r   the   az imutha l   magnet ic   f ie ld  components i n  
t h e s e   c e l l  s a re   de r i ved   f rom  the   i n teg ra l   f o rm 
o f  Faraday's Law implemented  around  the 
per imeter   o f   the   de formed  ce l l s .  

SERIES SOLUTION (EXACT) 

0 FD-TD (X. /IO resolulion. contour P 
integral model of wirel  / 
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0.2 
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I .o integral model of wirel  
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Fig. 13. Comparison of FD-TD and Exact Solution for the Scattered 

Azimuthal Magnetic Field at  a Point 1/20 Wavelength 
From the Center of an Infinite Wire  [29] 

2.0 r - MOM (A./60 resolution1 

0 FD-TO (?,,/IO resolulion, 
contour integral 
model of  wire) 

1.5 - 

1.0 - 

0.5 - 

End Center 
Position along half dipole 

Fig.  14. Comparison of FD-TD and MOM Solutions for the 
Scattered Azimuthal Magnetic  Field Distribution Along a 
2.0-Wavelength  Wire  of Radius 1/300 Wavelength (Broad- 
side TM illumination) [29] 

The accuracy  of  the  Faraday's Law contour  path 
model f o r   t h i n   w i r e s   i n   f r e e  space i s  i l l u s t r a t e d   i n  
F igs .  13  and  14. F ig .  13  graphs  the  scattered 
azimuthal  magnetic f i e l d   a t  a f i x e d   d i s t a n c e   o f   1 / 2 0  
wavelength  f rom  the  center  of  an i n f i n i t e l y   l o n g   w i r e  
having a radius  ranging  between 1/30,000  and 1/30 
wavelength. TM i l l u m i n a t i o n   i s  assumed. We see t h a t  
t h e r e   i s   e x c e l l e n t  agreement  between the   exac t   ser ies  
s o l u t i o n  and the   l ow- reso lu t i on  (0.1 wavelength) FD-TD 
contour  path model ove r   t he   en t i re  3-decade range   o f  
w i re   rad ius .   F ig .  14  graphs  the  scattered  azimuthal 
m a g n e t i c   f i e l d   d i s t r i b u t i o n   a l o n g  a 2.0-wavelength 
(an t i resonan t )   w i re  o f  radius  1/300  wavelength. 
Broadside TM i . l l u m i n a t i o n   i s  assumed, and t h e   f i e l d   i s  
observed a t  a f i xed   d i s tance  o f  1/20  wavelength  from 

Continued on poge 13 

12 



tEEE Antennas  and  Propagation Society Newsletter.  April 1988 

I 
Single FD-TD c e l l  
vir tual  suriace 
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Fig. 15. Comparison of Hybrid FD-TD / MOM Modeling Predic- 
tions with  Direct EFIE for Induced on a Wire  Bundle 
Illuminated Broadside  by a Plane Wave in Free Space  [29] 
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t he   w i re   cen te r .  We see t h a t   t h e r e   i s   e x c e l   l e n t  
agreement  between a MOM so lut ion  sampl ing  the  wi re  
current  at   1/60  wavelength  increments,  and the  low- 
r e s o l u t i o n  (0.1 wavelength) FD-TD contour  path  model. 

The FD-TD contour  path model can be extended t o  
t r e a t   t h i n   w i r e   b u n d l e s ,  as we l l  as s ing le   w i res .  
F ig :  15 shows t h e   a n a l y t i c a l   v a l i d a t i o n   r e s u l t s   f o r  
the  induced  currents  on a bundle  comprised o f  4 wires, 
where 3 a re   o f   equa l   leng th .  Here, a w i r e   o f   l e n g t h  
0.6 m (2.0  wavelengths) i s  assumed a t   t h e   c e n t e r  o f  
the  bundle, and t h r e e   p a r a l l e l   w i r e s   o f   l e n g t h  :0.3 m 
(1.0 wavelength)  are assumed t o  be l o c a t e d   a t  120" 
separations on a c o n c e n t r i c   c i r c l e   o f   r a d i u s  0.005 m 
( 1 / 6 0  wavelength). The r a d i i   o f   a l l   w i r e s   i n   t h e  
bundle  are  equal and s e t   t o  0.001 m (1/300 wave- 
l e n g t h ) .  The assumed e x c i t a t i o n   i s   i n   f r e e  space, 
prov ided by a 1-GHz broadside TM plane wave. Fol low- 
i ng   t he   t echn ique   o f  C291, the  bundle i s  rep laced by a 
s i n g l e   w i r e   h a v i n g   v a r y i n g   e q u i v a l e n t   r a d i u s   c o r r e -  
sponding to   the  three  sect ions  a long  the  bundle  ax is .  
The p h y s i c s   o f   t h e   s i n g l e   w i r e   o f   v a r y i n g   e q u i v a l e n t  
r a d i u s   i s   i n c o r p o r a t e d   i n  a l ow- reso lu t i on  (0.1 wave- 
l eng th )  FD-TD contour  path model, as discussed above. 
The FD-TD model i s  t hen   run   t o   ob ta in   t he   t angen t ia l  
E and H f i e l d s   a t  a v i r t ua l   su r face   conven ien t l y  
l o c a t e d   a t   t h e   c e l l  boundary  conta in ing  the  equiva lent  
w i r e  (shown  as a dashed l i n e   i n   F i g .   1 5 ) .  These 
f i e l d s   a r e   t h e n   u t i l i z e d  as e x c i t a t i o n   t o   o b t a i n   t h e  
currents   induced on t h e   i n d i v i d u a l   w i r e s   o f   t h e   o r i g i -  
na l   bund le .   Th i s   l as t   s tep   i s   pe r fo rmed   by   se t t i ng  up 
an e l e c t r i c   f i e l d   i n t e g r a l   e q u a t i o n   ( E F I E )  and s o l v i n g  
v i a  MOM. F ig .  15 shows an excel lent  correspondence 
between t h e   r e s u l t s   o f   t h e   h y b r i d  FD-TD/MOM procedure 
described above  and the   usua l   d i rec t  EFIE s o l u t i o n   f o r  
t h e   i n d u c e d   c u r r e n t   d i s t r i b u t i o n  on  each w i re   o f   the  
bund1  e. 

The h y b r i d  FD-TD / MOM procedure   fo r   mode l ing   th in  
wire  bundles i s  most  useful  when the  bundle i s   l o c a t e d  
w i t h i n  a sh ie ld ing  enc losure.   F ig .  17 shows t h e  
e x p e r i m e n t a l   v a l i d a t i o n   r e s u l t s   f o r   t h e   v a r i a t i o n   o f  
induced  load   cur ren t   w i th   f requency   fo r  a s i n g l e   w i r e  
and a w i r e - p a i r   l o c a t e d   a t   t h e   c e n t e r   o f   t h e   c y l i n d r i -  
cal   enclosure  depicted i n   F i g .  16 [291. The enclosure 
i s  1.0 m high, 0.2 m i n  diameter,   and  referenced  to a 
large  metal  ground  plane.  Approximate  plane wave 
e x c i t a t i o n   i s   p r o v i d e d  by  an e l e c t r i c a l   l y - 1   a r g e  
conica l  monopole r e f e r e n c e d   t o   t h e  same ground  plane. 

Cylindrical 
shielding - I I 1  
enclosure 

LANE 

- SYSTEM 
aperture 

Fig. 16. Geometry of the Cylindrical Shielding Enclosure and 
Internal Wire or Wire-Pair [29] 

Wave p e n e t r a t i o n   i n t o   t h e   i n t e r i o r   o f   t h e   e n c l o s u r e   i s  
through a c i r c u m f e r e n t i a l   s l o t   a p e r t u r e  (0.125 m a r c  
length,  0.0125 m gap) a t   t h e  ground  plane.  For  the 
cases  studied, an i n t e r n a l   s h o r t i n g   p l u g   i s   l o c a t e d  
0.40 m above the  ground  p lane.   For   the  s ing le-wi re 
t e s t ,  a w i r e  o f  l e n g t h  0.30 m and r a d i u s  0.000495 m i s  
c e n t e r e d   w i t h i n   t h e   i n t e r i o r  and connected t o   t h e  
ground  plane  with a lumped 50-ohm load.   For   the  wi re-  
pa i r   tes t ,   para l le l   w i res   o f   these  d imens ions   a re  
l oca ted  0.01 m apa r t ,   w i th  one w i r e   s h o r t e d   t o   t h e  
ground  plane and the  o ther   connected  to   the  ground 
p lane   w i th  a lumped 50-ohm load. All r e s u l t s   a r e  
normal ized  to  a 1 v/m i n c i d e n t  wave e l e c t r i c   f i e l d .  

Hybrid FD-TD /MOM wi th  

DX = 1.2144 cm: d a t a   a t  

15 cycles  below 1.1 GHz, 
- VI s 

0.6 ' 
. .  

- 30 cycles  above 1.1 GHz - - .- 
I 

Frequency IGHz) 

Fig. 17(a) 

From F ig .  17, we see t h a t   t h e r e   i s  a good co r re -  
spondence  between t h e  measured  and numerical ly  modeled 
w i r e   l o a d   c u r r e n t   f o r   b o t h   t e s t  cases. The two-wire 
t e s t   p r o v e d   t o  be   espec ia l l y   cha l l eng ing   s ince   t he ,  
observed Q f a c t o r   o f   t h e   c o u p l i n g   r e s p o n s e   ( c e n t e r  

Continued on page 14 
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0.8 , h r 
Hybrid FD-TD / MOM with 

OX = 1.23 cm; d a t a   a t  

@ 30 cycles except a t  

1.141 GHr and 1.15 GHz. 
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0.8 0.3 1.0 1.1 1.2 

Frequency (GHz) 

Fig. 17. Comparison of Hybrid FD-TD / MOM  Modeling Predic- 
tions With  Experimental Data For Induced  Load Current: 
(a)  Single  Wire  in  Shielding Enclosure; (b) Wire-Pair in 
Shielding Enclosure [29] 
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f requency  d iv ided by the  half-power  bandwidth) i s  
qu i te   h igh,   about  75. Indeed, it i s  found   tha t   t he  
FD-TD code  has t o  be stepped  through  as many as 80 
cyc les  to   approx imate ly   reach  the  s inusoida l   s teady 
s ta te   fo r   exc i ta t ion   f requenc ies   near   the   resonant  
peak. However, subs tan t i a l l y   f ewer   cyc les   o f   t ime  
stepping  are needed away from  the  resonance,  as 
i n d i c a t e d   i n   t h e   f i g u r e .  

8. PENETRATION  MODELS  FOR  BIOLOGICAL  TISSUES 

Two c h a r a c t e r i s t i c s   o f  FD-TD cause it t o  be very 
promi   s ing  for  model i ng electromagnetic 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 :  ( 1 )  E l e c t r i c a l  media 
can  be speci f ied  independent ly  f o r  each v e c t o r   f i e l d  
component, so t i s s u e s   o f  enormous complexity can  be 
s p e c i f i e d   i n   p r i n c i p l e ;  and ( 2 )  The required  computer 
resources f o r  t h i s   t y p e   o f   d e t a i l e d   v o l u m e t r i c  model - 
ing   a re   d imens iona l l y   low,   on ly   o f   o rder  N, where N 
i s   t h e  number o f  space c e l l  s i n  the FD-TD l a t t i c e .  

I 0 30 
' h '  I 

+ Y  
I 

018m 0.12 

O.O' 0.00 E 
0.00 0. 

Fig. 18. Comparison of FD-TD and Exact Solution for Penetrating 
Electric  Field  Vector  Components  Within a Circular  Muscle 
- Fat Layered  Cylinder, TE Polarization, 100 MHZ I301 

1 mW/cm* plane wave  power density 

1 4 0 ,  

Fig.  19a. FD-TD Computed Contour  Map of the Specific Absorp- 
tion Rate (SAR) Distribution Along a Horizontal  Cut 
Through the Head of the 3-D  Inhomogeneous  Man  Model 
(350 MHz) [32] 

I n   f a c t ,  one o f   t h e   e a r l i e s t   a p p l i c a t i o n s   o f  FD-TD 
i n v o l v e d   t h e   c o n s t r u c t i o n   o f   d e t a i l e d  inhomogeneous 
t i ssue  mode ls   o f   the  human eye t o   o b t a i n   p r e d i c t i v e  
da ta   f o r  UHF /microwave  penetrat ion and hea t ing  E41. 

The emergence o f  supercomputers  has  recently 
pe rm i t ted  FD-TD t o  be s e r i o u s l y   a p p l i e d   t o  a number o f  
impor tant   b io-e lect romagnet ic   problems.   F i rs t ,  it was 
shown t h a t  FD-TD p rov ides   exce l l en t  agreement w i t h  
s e r i e s   s o l u t i o n s   f o r   t h e   p e n e t r a t i n g   f i e l d   d i s t r i b u -  
t i o n s   w i t h i n  homogeneous and layered  t issue  cy1  inders 
and  spheres C301, E311. F ig .  18, taken  from C301, 
shows t h e   a n a l y t i c a l   v a l i d a t i o n   r e s u l t s   f o r   t h e  
p e n e t r a t i n g   e l e c t r i c   f i e l d   v e c t o r  components w i t h i n  a 
0.15 m rad ius   musc le - fa t   layered   cy l inder .  The inne r  
l a y e r   ( r a d i u s  = 0.079 m) i s  assumed t o  be  comprised 
o f  muscle  having a r e l a t i v e   p e r m i t t i v i t y   o f  72 and 
c o n d u c t i v i t y   o f  0 . 9  Slm.  The ou te r   l aye r  i s  assumed 
t o  be  compr-i  sed o f   f a t   h a v i n g  a r e 1   a t i v e   p e r m i t t i v i t y  
o f  7.5  and c o n d u c t i v i t y   o f  0.048 Slm. TE i l l u m i n a t i o n  
a t  a f requency  o f  100 MHz i s  modeled.  From F ig .  18, 
we see t h a t   t h e  FD-TD s o l u t i o n   f o r   t h e   i n t e r n a l   f i e l d s  
agrees  very we1 1 w i th   t he   exac t   so lu t i on ,   desp i te   t he  
f a c t   t h a t  a stepped-edge  (staircase)  approximat ion  of  
t h e   c i r c u l a r   l a y e r   b o u n d a r i e s   i s  used. 

A f t e r   v a l i d a t i o n   o f  FD-TD models o f  pene t ra t i ng  
f i e l d s   f o r   c a n o n i c a l   b i o l o g i c a l   t i s s u e  shapes, a t ten -  
t i o n   t u r n e d   t o w a r d   m o d e l i n g   h i g h l y   r e a l i s t i c  inhomo- 
geneous t issue  approx imat ions o f  the human body. 
Spec i f i c   e lec t r i ca l   parameters   were   ass igned  to  each 
o f   t h e   e l e c t r i c   f i e l d   v e c t o r  components a t   t h e  16,000 
t o  40,000 space c e l l  s compris ing  the body  model. 
Assignments  were  based  upon  cross-section  tissue maps 
o f   t h e  body (a t   spac ings   o f   abou t  one inch, as obta in-  
ed v i a  cadaver   s tud ies)   avai lab le i n   t h e   m e d i c a l  
1 i t e r a t u r e ,  and cataloged measurements  of t i s s u e  
d i e l e c t r i c   p r o p e r t i e s .  Space r e s o l u t i o n s  as f i n e  as 
0.013 m th roughou t   t he   en t i re  human body  proved 
poss ib le   us ing  FD-TD. F igs .  19a  and l 9 b ,  taken  from 
E321,  show the  computed contour maps o f   t h e   s p e c i f i c  
abso rp t i on   ra te  (SARI d i s t r i b u t i o n   a l o n g   h o r i z o n t a l  
cuts   through  the head  and 1 i ver ,   respec t ive ly ,   o f   the  
three-dimensional inhomogeneous man model . I n  F i g  . 
19a, t h e   i n c i d e n t   p l a n e  wave has a power dens i t y  of 
1 mW/cm2 a t  350 MHz, and  each  contour i s  20 rnW1Kg. 

Continued on page 1. 
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Fig. 19b. FD-TD Computed Contour Map of the Specific Absorption Rate (SAR) Distribution Along a Horizontal Cut 
Through the  Liver of the 3-D Inhomogeneous Man  Model (100 MHz) [32] 
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I n   F i g .  19b, t h e   i n c i d e n t  wave has the same power 
d e n s i t y   b u t   i s   a t  100 MHz; contours i n   t h e  arms a re  
a t  20 mW/kg i n t e r v a l s ,   w h i l e   c o n t o u r s   i n   t h e  body are 
a t  10 mW/kg i n t e r v a l s .  These contour maps i l l u s t r a t e  
the   h igh  1 eve1 o f   d e t a i l   o f   l o c a l   f e a t u r e s   o f   t h e  SAR 
d i s t r i b u t i o n   t h a t   i s   p o s s i b l e   v i a  FD-TD modeling. 

More recen t  work  has depar ted  f rom  s imulat ions  o f  
plane wave i l l u m i n a t i o n   o f   t h e  human body. Cur ren t l y ,  
FD-TD i s  be ing  used  to  model annular phased a r r a y s   o f  
aper ture and dipole  antennas used for   hyper thermia 
C331. A 17,363 c e l l ,  0.013 m reso lu t ion ,   anatomica l l y  
based  model o f   t h e  human torso  surrounded by p bolus 
o f   de ion ized  water  i s  used f o r   c a l c u l a t i o n s   o f  SARs. 
Test  runs on t h e   c a l c u l a t i o n   o f   f i e l d s   i n   t h e   w a t e r -  
f i l l e d   i n t e r a c t i o n  space  and w i t h  homogeneous c i r c u l a r  
and e l l i p t i c a l   c y l i n d e r  phantoms c o r r e l a t e   w e l l   w i t h  
the  exper imental   data i n   t h e   l i t e r a t u r e ,   l e n d i n g  
suppor t   to   the   accuracy   o f   the  FD-TD method fo r   nea r -  
f i e l d  exposure  condi t ions C331. 

I n  C353, FO-TD i s   f i r s t  used to   ob ta in   resonan t  
f requenc ies   o f   severa l   th ree-d imens iona l   cav i t ies  
loaded  by d ie lec t r i c   b locks .   Nex t ,   t he   resonan t  
f requency  o f  a f i n l i n e   c a v i t y   i s  computed. Last ,   the 
resonant  f requencies  of  a m i c r o s t r i p   c a v i t y  on aniso- 
t rop i c   subs t ra te   a re   ob ta ined ,  and the   d i spe rs ion  
c h a r a c t e r i s t i c s   o f   t h e   m i c r o s t r i p  used i n   t h e   c a v i t y  
a re   ca l cu la ted .  FD-TD mode l ing   resu l ts   a re  compared 
p r imar i l y   t o   t hose   ob ta ined   us ing   t he   t ransmiss ion  
l i n e   m a t r i x  (TLM) approach,  and the  two methods a r e  
f o u n d   t o   g i v e   p r a c t i c a l l y   t h e  same r e s u l t s .  

Continued on poge 16 

9. MICROSTRIP AND MICROWAVE  CIRCUIT  MODELS 

Recently, FD-TD modeling  has been extended t o  
p r o v i d e   d e t a i l e d   c h a r a c t e r i z a t i o n s   o f   m i c r o s t r i p s ,  
resona to rs ,   f i n l i nes ,  and  two-dimensional  microwave 
c i r c u i t s .   I n  C341,  FD-TD i s  used t o   c a l c u l a t e   t h e  
d i s p e r s i v e   c h a r a c t e r i s t i c s   o f  a t y p i c a l   m i c r o s t r i p  on 
a ga l l ium  arsenide  subst rate.  A Gaussian  pulse 
e x c i t a t i o n   i s  used, and t h e   e f f e c t i v e   d i e l e c t r i c  
constant  and c h a r a c t e r i s t i c  impedance  vs.  frequency i s  
e f f i c i e n t l y   o b t a i n e d   o v e r  a broad  f requency  range  v ia 
Four ie r   t rans fo rm  o f   t he   t ime-doma in   f i e ld   response .  Fig. 2O(a) 
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Fig. 20. Comparison of FD-TD Modeling Predictions With 
Measurements of 1 S21 I for a Two-Port Microstrip  Ring 
Circuit: (a) Geometry  and  Gridding of Microstrip  Circuit; 
(b) Comparative  Results  Over 2 - 12 GHZ [36] 
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I n  [36], a m o d i f i e d   v e r s i o n   o f  FD-TD i s  presented 
which  prov ides  cent ra l -d i f ference  t ime-stepping 
exp ress ions   f o r   d i s t r i bu t i ons   o f   vo l tage  and sur face 
current  densi ty  a long  arbi t rary-shaped  two-dimensional  
microwave c i r c u i t s .   T h i s  approach i s   q u i t e   d i f f e r e n t  
f rom  tha t   o f   [ 341  and C351, which u t i l i z e   t h e   o r i g i n a l  
v o l u m e t r i c   f i e l d   s a m p l i n g   c o n c e p t   f o r  FD-TD. As a 
r e s u l t ,   t h e  method of   [36]   requi res  fewer  unknowns t o  
be solved, and avoids  the need f o r  a r a d i a t i o n  bound- 
a ry   cond i t ion .  However, an a u x i l i a r y   c o n d i t i o n   i s  
r e q u i r e d   t o   d e s c r i b e   t h e   l o a d i n g   e f f e c t s  o f  t he  
f r i n g i n g   f i e l d s   a t   t h e  edges o f   t h e   m i c r o s t r i p  
conduct ing  paths.   Fig.  20, taken  from C361, shows the  
FD-TD computed S parameter, I S 2 1  1 ,  as a f u n c t i o n   o f  
f requency  for  a t w o - p o r t   m i c r o s t r i p   r i n g   c i r c u i t .  The 
r i n g   c i r c u i t ,   g r i d d e d  as shown i n   t h e   f i g u r e ,  has  an 
i n n e r   r a d i u s   o f  4 mm, o u t e r   r a d i u s   o f  7 mm, subs t ra te  
r e l a t i v e   p e r m i t t i v i t y   o f  10 and r e l a t i v e   p e r m e a b i l i t y  
o f  0.93 ( s i m u l a t i n g   d u r o i d ) ,  and i s  connected t o  two 
50-ohm 1 ines  making a 90" angle. The broadband 
response o f   t h e   c i r c u i t   i s   o b t a i n e d   u s i n g  a s i n g l e  
FD-TD r u n   f o r  an appropr ia te   pu lse   exc i ta t ion ,  
f o l l owed  by Four ie r   t rans fo rma t ion   o f   t he   des i red  
response  time-domain  waveform.  From  Fig. 20, we see 
good  agreement o f   t h e   p r e d i c t e d  and measured c i r c u i t  
response  over  the  frequency  range 2 - 12 GHz and a 
dynamic  range o f  about 30 dB. E361 concludes  that   the 
a p p l i c a t i o n   o f   i t s  FD-TD approach t o   a r b i t r a r i l y -  
shaped m i c r o s t r i p   c i r c u i t s   i s  encouraging,  but more 
work i s  needed t o  determine  the  model ing  l imi ta t ions,  
espec ia l l y   a t   h igher   f requenc ies  where  media d i  sper- 
sion  can become impor tant .  

10. SCATTERING  MODELS  FOR  RELATIVISTICALLY 
MOVING  SURFACES IN ONE  AND TU0 DIMENSIONS 

A n a l y t i c a l   v a l i d a t i o n s  have  been r e c e n t l y   o b t a i n -  
ed f o r  FD-TD model s o f   r e f l e c t i o n   o f  a monochromatic 
p lane wave by a pe r fec t l y   conduc t ing   su r face   e i t he r  
moving a t  a u n i f o r m   r e l a t i v i s t i c   v e l o c i t y   o r   v i b r a t i n g  
a t  a frequency and amp l i t ude   l a rge  enough so t h a t   t h e  
s u r f a c e   a t t a i n s   r e l a t i v i s t i c  speeds C371. The  FD-TD 
approach o f  C371 i s  novel i n   t h a t  i t  does not r e q u i r e  
a system  t ransformat ion where the  conduct ing  surface 
i s   a t   r e s t .   I n s t e a d ,   t h e  FD-TD g r i d   i s   a t   r e s t   i n   t h e  
l abo ra to ry  frame,  and the  computed f i e l d   s o l u t i o n   i s  

g i v e n   d i r e c t l y   i n   t h e   l a b o r a t o r y  frame.  This i s  
accomplished  by  implementing  the  proper r e l a t i v i s t i c  
boundary   cond i t i ons   f o r   t he   f i e lds   a t   t he   su r face  o f  
the  moving  conductor. 
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Fig. 21. Comparison of FD-TD and Analytical Results  For  the 
Envelope of the Scattered E Field VS. Time For a 
Monochromatic Plane Wave  Illuminating a Vibrating 
Mirror at 30" [37] 

F ig .  21 shows r e s u l t s   f o r  one of  t he  more i n t e r -  
e s t i n g  problems o f   t h i s   t y p e  modeled so fa r ,   tha t   o f  
ob l ique  p lane wave inc idence on  an i n f i n i t e   v i b r a t i n g  
mir ror .   Th is   case i s  much more compl icated  than  the 
normal  incidence case, i n   t h a t  it has  no  closed-form 
s o l u t i o n .  An analysis  presented i n  the 1 i t e r a t u r e  
C381 w r i t e s   t h e   s o l u t i o n   i n  an i n f i n i t e   s e r i e s   f o r m  
using  plane-wave  expansions,  where  the unknown coef- 
f i c i e n t s   i n   t h e   s e r i e s   a r e   s o l v e d   n u m e r i c a l l y .   T h i s  
analys is   serves as the   bas is   o f   compar ison   fo r   the  
FD-TD model r e s u l t s   f o r   t h e   t i m e   v a r i a t i o n   o f   t h e  
sca t te red   f i e ld   enve lope   a t   po in ts   nea r   t he   m i r ro r .  

Since it i s   d i f f i c u l t   t o  model exac t l y  an 
i n f i n i t e   p l a n e   m i r r o r   i n  a f i n i t e  two-dimensional 
g r i d ,  a long,   th in ,   rec tangu lar   per fec t l y -conduct ing  
s l a b   i s  used  as t h e   m i r r o r  model, as shown i n   F i g .  
21a. R e l a t i v i s t i c  boundary   cond i t i ons   f o r   t he   f i e lds  
are  implemented on t h e   f r o n t  and  back s i d e s   o f   t h e  
s lab.  The other   two  s ides,   para1  le1  to   the  ve loc i ty  
vec to r ,   a re   i nsens i t i ve   t o   t he   mo t ion   o f   t he   s lab ,  and 
t h e r e f o r e  no r e l a t i v i s t i c  boundary  condi t ions  are 
requ i red   there .  To min imize   the   impact   o f  edge d i f -  
f r a c t i o n ,   t h e   s l a b   l e n g t h   i s   c a r e f u l l y   s e l e c t e d  so 

Continued on poge 17 

16 



IEEE Antennas  and  Propagation Society Newsletter, April 1988 

Feature Article-Continued from page 16 

t h a t   t h e   s l a b   a p p e a r s   t o  be i n f i n i t e   i n   e x t e n t   a t  
observat ion  po int ,  P ,  d u r i n g  a we l l -de f ined  ear ly -  
t ime  response when t h e  edge e f f e c t  has n o t   y e t  propa- 
ga ted   t o  P . Since  the TM case  does n o t   p r o v i d e  
s u b s t a n t i a l l y   d i f f e r e n t   r e s u l t s   t h a n   t h e  TE case C381, 
on l y   t he  TE case i s  considered.  From  Fig. 21b, we see 
good agreement  between  the FD-TD and a n a l y t i c a l  
resu l ts   ob ta ined  f rom C381 f o r   t h e  envelope o f   t h e  
sc:ttered E f i e l d  vs.   t ime,  for  an i n c i d e n t   a n g l e  o f  
30 , peak m i r r o r  speed 20% t h a t   o f   l i g h t ,  and  observa- 
t i o n   p o i n t s   z / d  = -5 and  z/d = -50 , where kd = 1 . 
S i m i l a r  agreement i s  f ound   fo r  an  even  more ob l i que  
angle, 60" C371. This  agreement i s   s a t i s f y i n g   s i n c e  
t h e   a c t i o n   o f   t h e   r e l a t i v i s t i c a l l y   v i b r a t i n g   m i r r o r  i s  
so  complicated,  generating a r e f l e c t e d  wave having a 
spread  both i n  f requency  and  spat ia l   re f lect ion  angle,  
as w e l l  as  evanescent modes. 

11. INVERSE  SCATTERING  RECONSTRUCTIONS 
IN ONE  AND MO DIMENSIONS 

I n i t i a l  work  has  demonstratxed  the p o s s i b i l i t y  o f  
accu ra te l y   recons t ruc t i ng   one -d imens iona l   p ro f i l es   o f  
p e r m i t t i v i t y  and c o n d u c t i v i t y  C391, and the  shape  and 
d i e l e c t r i c   c o m p o s i t i o n  o f  two-dimensional  targets 
C401,  C411 f rom  min ima l   sca t te red   f ie ld   pu lse   response 
data. The general   approach  involves  set t ing up a 
numerical  feedback  loop  which  uses a one- o r  two- 
dimensional FD-TD code  as a forward-scat ter ing 
element,  and a spec ia l l y   cons t ruc ted   non l i nea r  
o p t i m i z a t i o n  code  as the  feedback  element. FD-TD 
generates a tes t   pu l se   response   fo r  a t r i a l   l a y e r i n g  
o r   t a r g e t  shape / composit ion. The t e s t   p u l s e   i s  
compared t o   t h e  measured  pulse,  and  an e r r o r   s i g n a l   i s  
developed.  Working  on t h i s   e r r o r   s i g n a l ,   t h e  non- 
l i n e a r   o p t i m i z a t i o n   e l e m e n t   p e r t u r b s   t h e   t r i a l   l a y e r -  
i n g   o r   t a r g e t   s h a p e / c o m p o s i t i o n   i n  a manner t o   d r i v e  
down t h e   e r r o r ,  Upon repeated   i te ra t ions ,   the   p ro-  
posed l a y e r i n g  or t a rge t   i dea l l y   conve rges  t o  t h e  
actual  one, a s t r a t e g y   s i m i l a r   t o   t h a t   o f  C421. 

The advantage o f   w o r k i n g   i n   t h e   t i m e  domain i s  
t h a t  a l aye red  medium o r   t a r g e t  shape  can  be recon- 
s t r u c t e d   s e q u e n t i a l l y  i n  t ime as the  wavefront   o f   the 
i n c i d e n t   p u l s e  sweeps through,  taking  advantage o f  
causal i ty.   This  reduces  the  complexi ty  of   recon- 
s t r u c t i o n   s i n c e   o n l y  a p o r t i o n   o f   t h e   l a y e r i n g  or 
t a r g e t  shape i s  being  generated a t  each i t e r a t i o n .  
Advanced s t r a t e g i e s   f o r   r e c o n s t r u c t i o n   i n   t h e   p r e s e n c e  
o f  a d d i t i v e   n o i s e  may i n v o l v e   t h e   u s e   o f   p r e d i c t i o n  / 
co r rec t i on ,  where t h e   t r i a l   l a y e r   o r   t a r g e t  shape 
i s  cons idered  to   be a p r e d i c t o r  o f  t h e   a c t i a l  case, 
which i s  subsequent ly  corrected by op t im iza t i on  o f  the  
e n t i r e   l a y e r e d  medium or   ta rge t   us ing   the   comple te  
sca t te red   pu lse .  

F ig .  22 shows t h e   a p p l i c a t i o n   o f   t h e   b a s i c  FD-TC 
feedback  strategy t o  a one-dimensional  layered medium 
i n   t h e  absence o f   no i se .   Bo th   t he   e lec t r i ca l   pe rm i t -  
t i v i   t y  and c o n d u c t i v i t y   o f   t h e  medium vary i n  a 
"sawtooth" manner wi th   depth.  The curves show 
simulated measured d a t a   f o r   t h e   r e f l e c t e d   p u l s e  
f o r   t h r e e  cases  def ined  by  the peak values of t h e  
c o n d u c t i v i t y  (0.001 S/m, 0.01 S/m, and 0.1 S/m) and 
the   co r respond ing   spa t ia l l y   co inc iden t  peak va lues   o f  
r e l a t i v e   p e r m i t t i v i t y  (3, 2, and 4 )  o f   t h e  medium. 
I n  each  case, t h e   i n c i d e n t   p u l s e  i s  assumed t o   b e  a 
hal f -s inusoid  spanning 50 cm between  zero  crossings. 
Not ing  that   the  dark  dots   super imposed on t h e  
"sawtooth"   represent   the  reconst ructed  va lues  o f  
p e r m i t t i v i t y  and conduc t i v i t y ,  we see t h a t   t h e   b a s i c  
FD-TD feedback  strategy i s  q u i t e   s u c c e s s f u l   i n   t h e  
absence o f   n o i s e  C391. 

Continued  on page I8 
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Fig. 22. Application of the  FD-TD / Feedback  Strategy to 
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F ig .  23 shows t h e   a p p l i c a t i o n   o f   t h e  FD-TD feed- 
back s t r a t e g y   t o   r e c o n s t r u c t  a two-dimensional  lossy 
d i e l e c t r i c   t a r g e t .  The t a r g e t   i s  a 30 cm x 30 cm 
square  cyl inder  having a un i fo rm  conduc t i v i t y   o f  0.01 
S/m, and a t e n t - l i k e   r e l a t i v e   p e r m i t t i v i t y   p r o f i l e  
'which s t a r t s   a t  2.0 a t   t h e   f r o n t  and l e f t   s i d e s  and 
i n c r e a s e s   l i n e a r l y   t o  a peak v a l u e   o f  4.0 a t   t h e  back 
;corner  on t h e   r i g h t   s i d e .  These p r o f i l e s   a r e   i l l u s -  
t r a t e d   i n  a perspect ive manner a t   t h e   t o p   o f   F i g .  23. 
The t a r g e t   i s  assumed t o  be   i l l umina ted  by a TM po la r -  
i zed   p lane wave t h a t  i s  d i r e c t e d   t o w a r d   t h e   f r o n t   o f  
t h e   t a r g e t   ( a s   v i s u a l i z e d   a t   t h e   t o p   o f   F i g .   2 3 ) .  The 
i n c i d e n t  waveform i s  a 3-cyc le  s inusoida l   tone  burst  
having a 60-MHz carr ier   f requency.  For  the  recon- 
s t r u c t i o n ,   t h e   o n l y   d a t a   u t i l i z e d   i s   t h e  time-domain 
waveform o f   t h e   s c a t t e r e d   e l e c t r i c   f i e l d  as  observed 
a t  two  points.  These p o i n t s   a r e   l o c a t e d  1 m f rom  the 
f r o n t   o f   t h e   t a r g e t ,  and are   pos i t ioned  15  cm t o  
e i t h e r   s i d e   o f   t h e   t a r g e t   c e n t e r   l i n e .  To s imulate 
measured  data,   the  computed  scattered  f ie ld waveforms 
are   con taminated   w i th   add i t i ve   Gauss ian   no ise .   In  a1 1 
o f   t h e   r e c o n s t r u c t i o n s ,   t h e   t a r g e t  shape  and l o c a t i o n  
i s  assumed t o  be known. 

From F ig .  23, we see t h a t   f o r  a s igna l /no i se  
r a t i o   o f  40 dB, t h e   a v e r a g e   e r r o r   i n   t h e   p e r m i t t i v i t y  
and c o n d u c t i v i t y   p r o f i l e s   i s  1.5% and  2.3%, respect -  
i v e l y .  I f  t h e   s i g n a l / n o i s e   r a t i o   i s   r e d u c e d   t o  20 dB, 
the   average  e r ro rs   inc rease  to  6.9%  and 10.4%, 
r e s p e c t i v e l y  C411. Research i s  ongoing to   determine 
means of   improv ing  the  no ise  per formance,   especia l ly  
us ing   p red ic to r /cor rec tor   techn iques   b r ie f l y   d iscussed 
e a r l i e r .   G i v e n   t h e   r e l a t i v e l y   s m a l l  amount of scat- 
t e r e d   f i e l d   d a t a   u t i l i z e d ,   t h e  FD-TD feedback  strategy 
appears  promising  for  future  development. 

12. LARGE-SCALE  COMPUTER  SOFTMARE 

The FD-TD method i s  n a t u r a l l y   s u i t e d   f o r   l a r g e -  
scale  processing  by  state-of- the-art   vector  super-  
computers  and  concurrent  processors.  This i s  because 
e s s e n t i a l l y   a l l   o f   t h e   a r i t h m e t i c   o p e r a t i o n s   i n v o l v e d  
i n  a t y p i c a l  FD-TD run   can   be   vec to r i zed   o r   cas t   i n to  
a h igh ly   concur ren t   fo rmat .   Fur ther ,   the  O ( N )  
demand for  computer memory and clcck  cycles  (where N 
i s   t h e  number o f   l a t t i c e  space c e l i s )   i s   d i m e n s i o n a l l y  
low,  and permits  three-dimensional FD-TD mode7s span- 
n ing  50 - 100  wavelengths t o  be   an t ic ipa ted  by  1990. 

L e t  us now consider  computation  t imes o f  present  
FD-TD codes. Table 1 l i s t s  computat ion  t imes  (der ived 
e i t h e r  from  benchmark runs o r  based on a n a l y s t s '   e s t i -  
mates) fo r   mode l ing  one look   ang le   o f  a 10-wavelength 
three-dimensional   scatterer  using  the  present FD-TD 
'code.  Four  computing  systems  are l i s t e d   i n   t h e   t a b l e .  
!The f i r s t   i s   t h e   D i g i t a l  Equipment VAX 11/780,  wi thout 
; f l o a t i n g   p o i n t   a c c e l e r a t o r .  The second  and t h i r d   a r e ,  
respect ive ly ,   s ing le-processor  and four-processor 
v e r s i o n s   o f   t h e  Cray-2. The f o u r t h   i s  a hypo the t i ca l  
next -generat ion  machine  operat ing  a t   an  averaqe  ra te 
o f  10 G f l o p s   ( 1 0 - b i i l i o n   f l o a t i n g   p o i n t   o p e r a t i o n s   p e r  
second).   This  last   computer i s   g e n e r a l l y   e x p e c t e d   t o  
be  avai lab le  about  1990 - 1992. 

From Table 1, it i s   f a i r l y   c l e a r   t h a t   s t e a d i l y  
\advancing  supercomputer  technology will p e r m i t   r o u t i n e  
engineer ing usage o f  FD-TD f o r   m o d e l i n g   e l e c t r i c a l l y -  
large  problems by the   ear ly   1990 's .  

An i n t e r e s t i n g   p r o s p e c t   t h a t  has r e c e n t l y   a r i s e n  
i s   t h e   r e d u c t i o n   o f   t h e  O ( N )  computational  burden o f  
FD-TD t o  O ( N 1 ' 3 ) .  T h i s   p o s s i b i l i t y   i s  a consequence 
of  the  appearance  of  the  Connection  Machine (CM), 
which  has  tens o f  thousands o f   s imp le   p rocessors  and 

Table 1. Computation Times 

Machi ne 
10-Wavelength  Model 
Present FD-TD  Code 

VAX 111780 ( n o   f l o a t i n g   p o i n t  

Cray-2 ( s ingle  processor,   us? ng 
the  VAX For t ran)   12.0 rnin 

Cray-2 (s ing le  processor ,  some 
code o p t i m i z a t i o n )  3.0 min 

Cray-2 ( four   processors,  some 
code op t im iza t i on )  1 min  (est . )  

True  10  Gflop  machine 2 sec (es t . )  

*- 
1.55 - 10 unknown f i e l d  components,  661 t ime  steps 6 

acce le ra to r  1 40.0 h 

associated memories  arranged i n  a h i g h l y   e f f i c i e n t  
manner for  processor-to-procesor  communication.  With 
the  CM, a s ing le  processor   can  be  ass igned  to   s tore 
and t ime-step a s i n g l e   r o w   o f   v e c t o r   f i e l d  components 
i n  a three-dimensional FD-TD space l a t t i c e .   F o r  
example, 1.5 * l o6  processo rs   wou ld   be   su f f i c i en t   t o  
s t o r e   t h e  6 Car tes ian components o f  E end tI f o r  each 
o f   t h e  500 x 500 rows o f  a cub ic   l a t t i ce   spann ing  
50 wave1 engths  (assuming 10 c e l l   d w a v e l e n g t h   r e s o l  u- 
t i o n ) .  FD-TD t ime  stepping  would  be  performed  v ia  row 
operat ions mapped o n t o   t h e   i n d i v i d u a l  CM processors.. 
These row  operat ions  would  be  performed  concurrent ly.  
Thus, f o r  a f i x e d  number o f   t ime   s teps ,   t he   t o ta l  
running  t ime  would  be  propor t ional   to   the  t ime needed 
t o   p e r f o r m  a s i n g l e  row  operation,  which i n   t u r n  
would  be  propor t ional   to   the number o f   v e c t o r   f i e l d  
components i n   t h e  row, o r  O ( N ' / '  1 . For  the 50- 
wavelength  cubic   la t t ice  noted above, t h i s  would  imply 
a dimensional  reduction  of  the  computational  burden 
from O(500' t o  O(5001, a tremendous b e n e f i t .  As a 
r e s u l t ,  it i s  conceivable  that  a su i tab ly   sca led  CM 
cou ld  model  one look   ang le   o f  a 50-wavelength  three- 
d imens iona l   sca t te re r   i n   on l y  a few  seconds,  achieving 
e f f e c t i v e   f l o a t i n g   p o i n t   r a t e s   i n   t h e   o r d e r   o f  
100 Gf lops.  For  th is  reason, FD-TD a lgor i thm  develop-  
ment f o r   t h e  CM i s  a promis ing  area  o f   research.  

13. CONCLUSION 

Recent  advances i n  FD-TD modeling  concepts  and 
software  implementation, combined w i t h  advances i n  
computer  technology,  have expanded t h e  scope, 
accuracy, and  speed o f  FD-TD mode l i ng   t o   t he   po in t  
where i t  may be t h r e   p r e f e r r e d   c h o i c e   f o r   c e r t a i n  
types   o f   e lec t romagnet ic  wave s c a t t e r i n g  and coupl fng 
p rob lems .   Th i s   a r t i c l e  has  attempted t o   p r o v i d e  a 
s u c c i n c t   s t a t e - o f - t h e - a r t   r e v i e w   o f  FD-TD model i ng 
app l i ca t i ons .  The reader i s  r e f e r r e d   t o   t h e  
journal   papers and r e p o r t s   l i s t e d  below f o r   d e t a i  1 s 
o f   t h e  FD-TD a lgor i thms and app l i ca t i ons .  
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managed, i t  h a s   n o   r e s e r v e   c a p a c i t y .   I f   e v e n   o n e  of a 
r a t h e r   l a r g e  number of  employees is i l l  o r  q u i t s ,   t h e  
r e s u l t  is a d i s p r o p o r t i o n a t e l y   l a r g e  effect. The 
c o n t i n g e n c y   p l a n s   e i t h e r   d o n ' t  work or d o n ' t   e x i s t .  
One o f   t h e  more f r u s t r a t i n g   e x p e r i e n c e s   o c c u r r e d   w i t h  
the   Februa ry   i s sue .   Because  of t h e   J a n u a r y  U R S I  
meet ing ,   everyone   worked   very   hard   to   ge t   the  material 
o f f   t o  New York  by t h e   u s u a l   d e a d l i n e .   I t  "sat", w i t h  
n o t h i n g   b e i n g   d o n e ,   f o r  at least a week and  one-half  
after i t  a r r i v e d .   T h i s   i s s u e  w i l l  s e r v e  as something 
o f  a test. If New York c a n   b e   r e s p o n s i v e ,   g r e a t .  If 
n o t ,  we may have t o  e x a m i n e   o t h e r   a l t e r n a t i v e s  f o r  
g e t t i n g   t h e  Newsletter o u t   o n   t i m e .   I ' l l   b e   m a k i n g  a 
f u l l  report at t h e   J u n e  AdCom meet ing .   "S tay   tuned" ,  
and I welcome a n y   s u g g e s t i o n s  o r  comments. 

On a much b r i g h t e r   n o t e ,   y o u r  Newsletter has 
t u r n e d  30 !  A c t u a l l y ,   t h e   F e b r u a r y   i s s u e  was i s s u e  1 
o f   t h e   t h i r t i e t h   v o l u m e ,   b u t  I u n d e r s t a n d   t h a t  
p u b l i c a t i o n  was not  begun at  t h e  start o f  a y e a r .  I 
h a v e   h a d   t h e   f e e l i n g   t h a t   s o m e t h i n g   s h o u l d   a p p e a r  i n  
t h e s e   p a g e s   t o  celebrate since I s t a r t e d   t h i n k i n g  
a b o u t   t h e   s i g n i f i c a n c e   o f   t h i s ,  last F a l l ,   b u t  I c a n ' t  
come up   wi th  a good i d e a   ( a n y   s u g g e s t i o n s ? ) .   P e r h a p s  
t h a t  is as i t  should   be .  We'll s i m p l y   k e e p   d o i n g   t h e  
b e s t   j o b  we can, and   be   p l eased   w i th  the growth  and 
v i t a l i t y   o f   o u r   s o c i e t y .   P l e a s e   n o t e   t h a t  I neve r   u se  
t h e   s o - c a l l e d   " e d i t o r i a l  e". The " w e "  refers t o   t h e  
A s s o c i a t e   E d i t o r s ,   o f f i c e r s ,   a u t h o r s ,   a n d   o t h e r  
members a n d   s u p p o r t e r s  of AP-S -- a n d   o u r   r e a d e r s  -- 
who p u t  a great deal of  time a n d   e f f o r t   i n t o   t h i s  
Newsletter. Thank  you  very much, one and a l l .  I hope 
t o  see as many of   you  as p o s s i b l e  at S y r a c u s e   i n   J u n e .  
Best wishes u n t i l   t h e n .  

I Feature   Ar t ic les   So l ic i ted  
Ercument  Arvos 
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T h e  AP-S Newsletter continues  to  actively  solicit   feature 
articles  which  describe  engineering  activities  taking  place 
in   industry,   government ,   and  univers i t ies .   Emphasis   is  
p l a c e d  o n  p r o v i d i n g   t h e   r e a d e r   w i t h  a g e n e r a l  
understanding  of  either a particular  technical  area,  or of 
t h e   t e c h n i c a l   p r o b l e m s   b e i n g   a d d r e s s e d   b y   v a r i o u s  
engineering  organizations  as  well   as  their   capabili t ies  to 
c o p e   w i t h   t h e s e   p r o b l e m s .   I f  you a r e   i n t e r e s t e d   i n  
submitting  an  article,  please  contact  either  Ercument  Arvas 
or Richard  Compton  to  discuss  the  appropriateness of the 
topic. 
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