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CHAPTER I 

INTRODUCTION

Rigorous s o l u t i o n s  f o r  s c a t t e r i n g  problems may be ob ta ined  i f  t h e r e  

e x i s t s  a c o o r d i n a t e  system in which the  f i e l d  components can be 

s e p a r a t e d .  In p r a c t i c e ,  t h e s e  cases  a r e  few, and occur  only fo r  s p e c i a l  

s c a t t e r e r s ,  i . e . ,  s p h e r e s ,  c i r c u l a r  c y l i n d e r s ,  e t c .  To so lve  problems 

of  more genera l  n a t u r e ,  an i n t e g r a l  equa t ion  f o rm u la t ion  may be used.  A 

numerical  t e c h n i q u e  such as t h e  moment method i s  then  used t o  so lve  t h e  

i n t e g r a l  e q u a t i o n .  In t h i s  work t h e  a t t e n t i o n  i s  focused on the  

p e n e t r a b l e  n o n - c i r c u l a r  c y l i n d e r s  of  i n f i n i t e  l e n g t h ,  and t h e  Plane Wave 

Expansion Gale rk in  (PWEG) i s  employed t o  so lve  t h e  i n t e g r a l  e q u a t i o n s .

A b a s ic  i n t r o d u c t i o n  t o  t h e  moment method i s  given by Harr ington  

[1 ]  and v a r ious  examples and numerical r e s u l t s  a r e  p r e s e n t e d .  Richmond 

[ 2 - 3 ]  in t ro d u c ed  s o l u t i o n s  f o r  s c a t t e r i n g  by d i e l e c t r i c  c y l i n d e r s  of 

i n f i n i t e  l e n g t h ,  where he employed th e  Pu lse  Basi s  Po in t  Matching 

(PBPM) t e c h n i q u e .

Although a v a r i e t y  of  convent ional  t e c h n iq u e s  has been used by 

g e o p h y s i c i s t s  f o r  many y e a r s  as suggested  by Ward [ 4 ] ,  many improvements 

a r e  being made and v a r io u s  EM-techniques a re  be ing in t r o d u c e d .  Ward [4 ]



prov ides  an e x c e l l e n t  h i s t o r i c a l  overview of  geophys ica l  methods and 

t h e i r  f u t u r e  deve lopments .

Parry  e t  a l .  [5 ]  t r e a t  the  problem of  EM -sca t te r ing  from c y l i n d e r s  

of  a r b i t r a r y  c r o s s - s e c t i o n  in  a conduct ing  h a l f  space by o b t a i n in g  some 

i n t e g r a l  e q u a t io n s  in terms of t h e  s u r f a c e  c u r r e n t s  and so lv in g  them by 

expanding t h e  unknown c u r r e n t s  in terms of some quadradic  a l g e b r a i c  

f u n c t i o n s  and p o in t  matching.

D'Yakonov [6 ]  t r e a t e d  t h e  problem of a c i r c u l a r  c y l i n d e r  in a 

homogeneous h a l f  space .  This paper  i s  r a t h e r  involved  and d i f f i c u l t  t o  

f o l l o w .  This problem was l a t e r  c ons ide red  by Howard [ 7 ] ,  and some 

numerical  s o l u t i o n s  were g iven .  Ogunade [8 ]  a l s o  cons id e red  D'Yakonov's 

[ 6 ]  problem and provided  some numerical  r e s u l t s ,  however, t h e r e  seems to  

have been an i n c o r r e c t  symmetry in  e qua t ion  (21) in  t h i s  paper 

(Richmond, P e t e r s  [ 9 ] ) .  Ogunade and Dosso p r e s e n t  more numerical  

r e s u l t s  in  [10] .

During t h e  p a s t  decade ,  c o n s id e r a b l e  r e s e a rc h  and development  

e f f o r t  has been devoted t o  underground r ad a r  a t  the  E le c t ro S c ie n c e  

La bo ra to ry .  Most e f f o r t s  have been c o n c e n t r a t e d  on system des ign  

[ 1 6 -1 9 ]  p ropaga t ion  and s c a t t e r i n g  [2 0 -2 6 ] ,  experimental  measurement and 

d a t a  c o l l e c t i o n  [27-29]  i d e n t i f i c a t i o n  and imaging [30-35]  and 

computa t iona l  model ing [36 ] .

The purpose of  t h i s  d i s s e r t a t i o n  i s  t o  develop an e f f i c i e n t

computa t iona l  model f o r  EM -sca t te r ing  by l o s s y  d i e l e c t r i c  c y l i n d e r s  of

i n f i n i t e  l en g th  bu r ied  in t h e  e a r t h .  I t  i s  hoped t h a t  a f requency

spectrum ob ta ine d  from th e  computa t iona l  model and a f u t u r e  ex te n s io n  of



t h e  model would enable  o b ta in ing  t r a n s i e n t  EM-sca t te r ing  r e s u l t s  f o r  the  

underground r ada r  t a r g e t s .  I t  i s  be l i eved  t h a t  an unwanted f i l l e d  

t r e n c h  response in t h e  t r a n s i e n t  echo of a bu r ied  t a r g e t  may be 

i d e n t i f i e d  and u l t i m a t e l y  e l im ina te d  which in t u rn  would he lp  to  enhance 

t h e  d e s i r e d  echo.  An e f f o r t ,  however, has been made to  provide a 

fo rm ula t ion  f o r  general c a s e s ,  but  s p e c i f i c  examples are  given fo r  

r e c t a n g u l a r  c y l i n d e r s .

A d d i t i o n a l l y ,  i t  i s  hoped t h a t  the  numerical r e s u l t s  given here  

w i l l  provide a d d i t i o n a l  i n s i g h t  and lead  t o  a s imple ex p la n a t io n  of  the  

e f f e c t  of t h e  a i r - e a r t h  i n t e r f a c e  so t h a t  some s imple approximations  may 

be employed. One such an approximation i s  the  use of the  plane wave 

r e f l e c t i o n  and t r a n s m is s io n  c o e f f i c i e n t s  a t  t h e  a i r - e a r t h  i n t e r f a c e  t o  

account  f o r  most of t h e  i n t e r f a c e  e f f e c t s .  T h i s ,  in t u r n ,  would 

e l i m i n a t e  t h e  c o s t l y  e v a lu a t io n  of Sommerfeld i n t e g r a l s .

The fo rm ula t io n  of the  i n t e g r a l  equa t ions  a re  based on th e  

p o l a r i z a t i o n  c u r r e n t  r e p r e s e n t a t i o n  fo r  d i e l e c t r i c  bodies  proposed by 

Rhodes [ 3 7 ] ,  wherein a s c a t t e r e r  may be rep laced  by a volume of 

p o l a r i z a t i o n  c u r r e n t s  which produce the  c o r r e c t  s c a t t e r e d  f i e l d  

everywhere.  The i n t e g r a l  equa t ions  ob ta ined  invo lve  the  e l e c t r i c  f i e l d  

i n s i d e  t h e  s c a t t e r e r  as the  unknown f u n c t i o n .  These i n t e g r a l  equa t ions  

a r e  then  so lved  by expanding the  unknown f i e l d s  in terms of  some plane 

waves with unknown c o e f f i c i e n t s .  G a l e r k i n ' s  method i s  used t o  ob t a in  a 

s e t  of N s imultaneous l i n e a r  equa t ions  with N unknowns, where t h e  N 

unknowns a re  t h e  c o e f f i c i e n t s  of the  plane  waves in the  expansion .  A 

s imple m at r ix  inv e r s io n  and m u l t i p l i c a t i o n  then  gives  the  s o l u t i o n  f o r



t h e  unknown c o e f f i c i e n t .  The problem of s c a t t e r i n g  by c y l i n d r i c a l  

inhomogenei t ie s  in a lo ssy  medium i s  p re s e n t ed  by P e t e r s  and Richmond 

[ 3 8 ] ,  volume p o l a r i z a t i o n  c u r r e n t s  a re  used t o  o b t a in  an E - in t e g ra l  

equa t ion  and an H - in teg ra l  equa t ion  which then are  solved by th e  moment 

method. The same approach i s  taken  here  except  t h a t  a l l  t h e  i n t e g r a l  

e q u a t ions  in t h i s  d i s s e r t a t i o n  a re  based on the  e l e c t r i c  f i e l d .  This 

proved t o  be more s t a b l e  f o r  o b t a i n in g  a convergent  s o l u t i o n .

A. THE STRUCTURE OF THE niSSERTATION

This d i s s e r t a t i o n  i s  b a s i c a l l y  composed of two p a r t s :  The f i r s t  

p a r t  d e a l s  only with the  s c a t t e r e r s  in a homogeneous ambient medium in 

t h e  absence of t h e  a i r - e a r t h  i n t e r f a c e .  The second p a r t  dea ls  with 

bu r ie d  s c a t t e r e r  where a Sommerfeld i n t e g r a l  i s  used t o  account  fo r  

t h e  e f f e c t s  of  t h e  a i r - e a r t h  i n t e r f a c e .

Chapter  I I  gives  a general  fo rm u la t ion  f o r  the  EM-sca t te r ing  by 

l o s s y  d i e l e c t r i c  c y l i n d e r  immersed in a homogeneous lo s s y  medium f o r  an 

e l e c t r i c  and a magnet ic  l i n e  source e x c i t a t i o n s .  In Chapter  I I I ,  t he  

p lane  wave expansion i s  i n t r o d u c e d ,  t h e  E-wave s c a t t e r i n g  fo rm ula t ion  

de r iv e d  in Chapter  II  are  s p e c i a l i z e d  to  r e c t a n g u l a r  c y l i n d r i c a l  

s c a t t e r e r s .  In a d d i t i o n ,  some numerical  r e s u l t s  a r e  given and 

d i s c u s s e d .  In Chapter IV, a s i m i l a r  t r e a tm e n t  of t h e  H-wave s c a t t e r i n g  

model i s  given and some s p e c i f i c  r e s u l t s  a re  prov ided  f o r  a r e c t a n g u l a r  

c y l i n d r i c a l  s c a t t e r e r .



In Chapter  V, a bas ic  i n t r o d u c t i o n  t o  t h e  a i r - e a r t h  i n t e r f a c e  

e f f e c t  i s  made fo r  both an e l e c t r i c  and a magnetic l i n e  source on the  

i n t e r f a c e .  Some r a d i a t i o n  p a t t e r n s  a re  included  and d i s c u s s e d .  In 

a d d i t i o n ,  some he lp fu l  h i n t s  are  given f o r  e v a lu a t i n g  th e  Sommerfeld 

type  i n t e g r a l s  encountered in t h i s  d i s s e r t a t i o n .  In Chapter  VI, a 

genera l  moment method fo rm ula t ion  i s  given f o r  the  EM -sca t te r ing  by 

b u r ie d  c y l i n d r i c a l  geomet r ies  f o r  an e l e c t r i c  and a magnet ic  l i n e  source 

e x c i t a t i o n s .  These s c a t t e r i n g  models a re  then  s p e c i a l i z e d  fo r  bur ied  

r e c t a n g u l a r  c y l i n d r i c a l  geomet r ies  f o r  an e l e c t r i c  l i n e  source 

e x c i t a t i o n  in Chapter  VII ,  and a magnet ic  l i n e  sou rce  e x c i t a t i o n  in 

Chapter  V I I I .  In Chapter  IX, a d i s c u s s io n  of  the  computer t ime req u i r ed  

i s  given .  A comparison i s  made with t h e  computat ion t ime f o r  a Pulse  

Bas is  Point  Matching (PBPM) and a Plane Wave Expansion Gale rkin (PWEG) 

s o l u t i o n s  f o r  the  same t a r g e t .

The t ime harmonic convent ion  e J ' ^  i s  assumed th ro ughou t  t h i s  work 

and supp res sed .



CHAPTER II 

FORMULATION OF MOMENT METHOO

A. INTRODUCTION

A two-dimensional  moment method fo rm u la t ion  i s  to  be developed in 

t h i s  c h a p te r  f o r  t h e  s c a t t e r e d  f i e l d s  of a lo s s y  d i e l e c t r i c  c y l i n d e r  

immersed in a homogeneous lo s s y  ambient medium. Both e l e c t r i c  and 

magnet ic  l i n e  c u r r e n t s  a re  t o  be used as s o u rc e s .  The s o l u t i o n  wil l  

have t h e  c a p a b i l i t y  of t r e a t i n g  a c y l i n d e r  of r a t h e r  general  c ross  

s e c t i o n .  Figu re  1(a)  shows th e  general  geometry whereas Figure 1(b) 

shows t h e  s p e c i a l  case  of  most i n t e r e s t  h e r e i n ,  i . e . ,  a r e c t a n g u l a r  

c y l i n d e r .  This i s  because t h e  t a r g e t  of  i n t e r e s t  a t  p r e s e n t  

happens to  be t h e  r e f i l l e d  t r e n c h  in which a pipe  has been p lac e d .  The 

reg ion i n s i d e  t h e  c y l i n d e r  i s  de s igna ted  as Region I with e l e c t r i c a l  

pa rameters  and *̂ 1» and th e  region  o u t s i d e  t h e  c y l i n d e r  i s

d e s igna ted  as Region II  with c o n s t i t u a t i v e  parameters  ^2 » ^o> and ®2*

In the  r e c t a n g u l a r  model i t  i s  assumed t h a t  x-dimension i s  g r e a t e r  than 

o r  equal t o  y -d im ens ion ,  and t h a t  t h e  l eng th  and width of  the  

r e c t a n g u l a r  c y l i n d e r  a re  2a and 2b m e te r s ,  r e s p e c t i v e l y .  The



LINE
SOURCE

REGION

REGION
E

LINE
SOURCE

REGION

( € 2 ’ 2 ’ ^ 2   ̂
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F igure  2-1 .

( b )  RECTANGULAR CROSS SECTION

Elec t romagne t i c  s c a t t e r i n g  model f o r  two-dimensional 
l o s s y  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r s  ( reg ion I) 
immersed in a lo s s y  homogeneous ambient medium (region 
I I ) .

c o o rd i n a t e s  of t h e  l i n e  source  a r e  des igna ted  by ( x s , y s ) .  Region I i s  

c ons ide red  t o  be homogeneous and s o u r c e - f r e e .

P e t e r s ,  e t  a l .  [ 9 ] ,  has p re se n ted  a two-dimensional  moment method 

fo rm u la t ion  f o r  both p a r a l l e l  and p e rp e n d ic u l a r  p o l a r i z a t i o n s  of  the  

i n c i d e n t  f i e l d .  When the  i n c i d e n t  e l e c t r i c  f i e l d  i s  in the  z d i r e c t i o n ,  

t h e  f o rm u la t ion  t o  he used fo l lows  d i r e c t l y  from P e t e r s ,  e t  a l .  [91.

This shows a g r e a t  numerical  s t a b i l i t y  and convergence.  This s o lu t io n  

f o r  the  or thogonal  e x c i t a t i o n  proved to  be u n s t a b l e .  Thus fo r  the  TEg 

c a s e ,  a new fo rm ula t ion  i s  in t roduced  which does e x h i b i t s  improved 

numerical s t a b i l i t y  and convergence.



The purposes  of t h i s  c ha p te r  are  b a s i c a l l y  the  p r e s e n t a t i o n  of the  

th eo ry  f o r  t h e  e l e c t ro m ag n e t i c  s c a t t e r i n g  models and th e  fo rm ula t io n  of 

numerical  t ec hn ique  t o  solve t h e s e  mathematical formulas .  In t h i s  

c h a p te r  t h e  general  model of Figure 2 - la  i s  t r e a t e d  f o r  any a r b i t r a r i l y  

shaped c r o s s - s e c t i o n  of a two-dimensional c y l i n d e r .  This w i l l  be 

s p e c i a l i z e d  f o r  the  model of  Figure 2 - lb  in the  next  c h a p te r .

B. E-WAVE SCATTERING BY TWO-DIMENSIONAL LOSSY DIELECTRIC CYLINDERS

1. E l e c t r i c  Line Source E x c i t a t i o n

An i n f i n i t e l y  long t ime harmonic e l e c t r i c  l i n e  source with uniform 

c u r r e n t  of 1 ampere i s  r a d i a t i n g  in a homogeneous medium I I  with complex 

p ropaga t ion  con s ta n t  ^2» produces a f i e l d

(Y l e - p  I) ?  ( ? - l )

where Kq i s  t h e  modif ied Bessel func t ion

^2 = , ( 2 ' 2 a )

w = 2nf , ( 2 . 2b)

' 2  '



I 7 - 7 J  = /  (x-Xs)Z + {y-y^f  > and (2 .3 )

(Kg' ^ s )  i s  t h e  c o o rd in a te  of t h e  l o c a t i o n  of t h e  l i n e  sou rce .

When the  above l i n e  source i s  r a d i a t i n g  in t h e  presence  of the  

s c a t t e r e r ,  t h e  t o t a l  f i e l d  everywhere i s  t h e  sum of  the  i n c i d e n t  f i e l d  

and the  s c a t t e r e d  f i e l d .  This f i e l d  i s  given by

' ( x . y ) = % . y r ^ x . y )  '

where ( x ,y )  i s  t h e  f i e l d  r a d i a t e d  by th e  sou rce  in t h e  ambient 

homogeneous medium I I  (see Figure 2) in  t h e  absence of  t h e  s c a t t e r e r  

given by Eg. ( 2 . 1 ) ,

T ( x ,y )  i s  t h e  t o t a l  f i e l d  observed when t h e  source  r a d i a t e s  in the  

presence  of  t h e  s c a t t e r e r .

Both E (x ,y )  and E(x,y)  a re  measurable  q u a n t i t i e s ,  and d i f f e r e n c e  

of  t h e s e  two f i e l d s  renders  t h e  s c a t t e r e d  f i e l d  ^ ( x , y ) .

To c a l c u l a t e  Y ^ ( x , y ) ,  one may r e p l a c e  t h e  s c a t t e r e r  by a vo lum etr ic  

e q u i v a l e n t  p o l a r i z a t i o n  c u r r e n t  "Jeq which when r a d i a t i n g  in a 

homogeneous ambient  medium gives  t h e  c o r r e c t  s c a t t e r e d  f i e l d .  The 

e q u iv a l e n t  volume p o l a r i z a t i o n  c u r r e n t  i s  given by Har r ing ton  [39 ] .

jeq(x .y)  ■ j" (h- '2>Ë(x,y)  '

where and ^2 ore  assumed t o  be con s ta n t  th ro ughou t  each r e s p e c t i v e  

reg ion  (homogeneous),  and



F, , i s  t h e  t o t a l  unknown f i e l d  in region  I .  
( x , y )

E ^fx .y )  i s  given by

' z ( x . y r  ^

where d s ' i s  t h e  d i f f e r e n t i a l  c ro s s  s e c t i o n a l  a rea  of  t h e  c y l i n d e r ,  and

| p _ p ’ | = / ( x - x ' ) 2  + ( y - y ' ) 2  . ( 2 . 6 b )

From Eq. ( 2 . 5 ) ,  (2 .6 )  and ( 2 . 4 ) ,  t h e  fo l lowing  i n t e g r a l  equa t ion  i s  

ob ta ined

( e  e )
E)(x.y) = E>(x.y) 2 ^  JJ E l ( x ' , y ' ) K j ï 2Û V | ) d s '

The unknown f u n c t i o n  in t h e  above i n t e g r a l  equa t ion  i s  E^(x,y)  or  t h e  

f i e l d  i n s i d e  t h e  s c a t t e r e r .  The unknown f u n c t i o n  appears  both i n s i d e

and o u t s i d e  t h e  i n t e g r a l ,  t hus  t h i s  i s  a Fredholm i n t e g r a l  equa t ion  of

t h e  second k in d .  To ob ta in  a s o l u t i o n ,  E  ̂ i s  expanded in terms of  some 

known b a s i s  f u n c t i o n  *^n(x,y) with unknown c o e f f i c i e n t  C ^ 's .

^ z ( x .y )  " n=l ^n^n(x ,y )  *

S u b s t i t u t i n g  th e  above expansion in Equation (2 .7 )  gives

N r  w^p 1

^ z ( x ,y )  " n=l / n ( x , y )  " 2i  cs ' ' n ( x ' , y ' ) ' ^ o ^ ^ 2 l^ " ^
( 2 .9 )
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where t h e  C^ 's  a re  unknown. To e v a l u a t e  a s e t  of s imul taneous  l i n e a r  

eq u a t io n s  may be ob ta ined  by choosing a s e t  of s u i t a b l e  t e s t i n g  

f u n c t i o n s ,  m u l t i p l y i n g  th e  above equa t ion  by t h e s e  t e s t i n g  f u n c t io n s  and 

then  i n t e g r a t i n g  over  t h e  c r o s s - s e c t i o n  of  the  s c a t t e r e r .  Various 

c ho ic e s  of t e s t i n g  methods e x i s t .  However, the  two most common ones are 

po in t  matching and G a le rk in .  The f i r s t  invo lv es  use of  d e l t a  f u n c t i o n ,  

and th e  l a t t e r  makes use of b a s i s  f u n c t i o n  used in t h e  expansion of 

unknown f u n c t i o n  in Eq. (2 .8 )  as a t e s t i n g  f u n c t i o n .  I t  i s  d e s i r e d  t o  

apply a t e s t i n g  which makes use of  r e c i p r o c i t y  theorem in 

e l e c t r o m a g n e t i c  t h e o r y ,  t h i s  theorm s t a t e s

J i  ^m * ^n dSm = J j  J n  " dSp . ( 2 . 1 0 )
^m Sn

where

and Jp a r e  and c u r r e n t  modes, and a r e  f i e l d  

g e ne ra te d  by t h e s e  c u r r e n t  modes, and and a r e  t h e  c r o s s - s e c t i o n  

a r e a s  of  and c u r r e n t  e lem en ts .  A major  advantage of  

implementing a s o l u t i o n  inv o lv in g  t h e  above theorm i s  t h a t  a symmetric 

impedance m a t r ix  i s  ge n e ra te d .  The Ga lerk in  method i s  used to  t ak e  

advantage of  t h e  above p r o p e r t i e s ,  a l s o ,  i t  prov ides  a g r e a t  numerical  

s t a b i l i t y  and convergence.  To apply Gale rk in  t e s t i n g ,  both s id e s  of  Eq.

( 2 .9 )  a re  m u l t i p l i e d  by th e  t e s t i n g  f u n c t i o n  *^m(x,y) ^nd i n t e g r a t e d  

over  t h e  c r o s s - s e c t i o n .  One o b t a i n s  t h e  fo l lowing  s e t  of  s imul taneous 

l i n e a r  e q u a t i o n s ;

11



N
V = I  C Z m = 1 , 2 , . . . ,  N , (2 .11 )
m n=l  n mn

where

\  - l i  F m (x .y )E ) ( ' - y )d s  "  '

and

^mn"cs*'n(x,y)'"ni(x,y)^^“ gr ^n(x',y')Fm(x,y)Ko(^2lP"P

(2 .13)

The matr ix  form of  Equat ion (2 .11)  can be w r i t t e n  as

[Zmn][Cn] “ [Vml > (2 .14)

where [Z^n] i s  a (NxN) impedence m a t r ix ,  [Gp] i s  t h e  unknown column 

m a t r ix ,  and [V^] i s  a known vo l tage  column m at ix .  For a nons ingu la r  

[Z^nl  the  above m at r ix  equa t ion  can be solved num er ica l ly  with the  a id  

o f  a d i g i t a l  computer .  Thus

[C„J = . (2 .15)

Once th e  [Cp] m at r ix  has been de te rmined ,  '^eq i s  e v a lua ted  by 

: ions  (2.5)  c 

(2 .5a )  t o  ob ta in

eq

Equat ions (2 .5 )  and ( 2 . 8 ) .  In tu rn  E (x ,y )  can be c a l c u l a t e d  from Eq.

tü̂ ll [ S ^ ^

^ z ( x ,y )  " 2 i  ~  m=l cs '"'n{x ■ ,y - )'^o^^2l * ( z . lR )

12



The above equa t ion  i s  v a l i d  fo r  a l l  s c a t t e r i n g  a n g le s .  However fo r  

b a c k s c a t t e r e d  case some computation t ime may be saved by using the  

fo l lowing

The p e r t i n e n t  numerical values  (V^) may be s to r e d  when s e t t i n g  up the  

vo l t a g e  column m a t r ix .  These values  a re  then r e t r i e v e d  when the above 

equa t ion  i s  used t o  c a l c u l a t e  the  b a c k s c a t t e r e d  f i e l d .  This  r e s u l t  can 

be ob ta ined  by r e c i p r o c i t y .  Consider ing F igure  1, t h e  l i n e  sou rce  has a 

c u r r e n t  d i s t r i b u t i o n  J ^ . S .  = <S(x-Xs)<S(y-ys)» and r a d i a t e s  a f i e l d

ET(x,y)  given by Equation ( 2 . 1 ) .  A p a r t i c u l a r  c u r r e n t  mode Jp in  the
—  ^  — I

s c a t t e r e r  i s  given by where i s  t h e  t o t a l  f i e l d  of moc

n in t h e  s c a t t e r e r .  gene ra te s  the  n^h mode of  t h e  s c a t t e r e d  f i e l d
- s  ^  N

where t h e  t o t a l  s c a t t e r e d  f i e l d  due to  t h e  s c a t t e r e r  i s  '^(x,y)  = 1
■rf T

n* Applying r e c i p r o c i t y  t o  a t y p i c a l  c u r r e n t  mode in  t h e  s c a t t e r e r  

and '^L.s.  on t h e  l i n e  source  gives

_  _s  _  _i
J i  J l .S .  • En ds = J i  Jn • E (x ,y )  ds . (2 .18)
L.S.  O.S.

or

En(%s, Ys) = j “ ( ^ l - ^ 2 )  i i  En(x,y)  '  E^(x,y)  ds
cs

j “ (^l-^2)Cn i i  E n(x ,y )E z(x ,y )  ds 
cs

= jw(=l-=2)CnVn • (2 .19)

13



Thus, Equat ion (2 .17 )  i s  ob t a in e d .

All of  t h e  s i n g l e  c r o s s - s e c t i o n  i n t e g r a t i o n  encounte red  so f a r  are  

easy to  e v a lu a t e  n u m er ica l ly .  The double c r o s s - s e c t i o n  i n t e g r a t i o n  of 

Equation (2 .13)  i s  r a t h e r  t e d i o u s  because of the  s i n g u l a r  po in t  (x = x ' ,  

y = y ' ) .  Richmond [40]  has given an i n t e g r a t i o n  t ec h n iq u e  f o r  

e v a lu a t i o n  of the  i n n e r  most c r o s s - s e c t i o n  i n t e g r a t i o n  of Equation

( 2 .1 3 ) .  A c a re f u l  r e a p p l i c a t i o n  of  the  same t ec h n iq u e  can a l s o  be used 

t o  e v a lu a t e  t h e  o u t e r  most i n t e g r a t i o n .  This  i s  e s p e c i a l l y  usefu l  f o r  

c o n s id e r in g  s c a t t e r i n g  by c y l i n d e r s  with a r b i t r a r y  c ro s s  s e c t i o n .  For 

t h e  r e c t a n g u l a r  c r o s s - s e c t i o n  shaped c y l i n d e r s ,  t h e s e  i n t e g r a t i o n s  a re  

e v a lu a te d  in a c lo s e d  form as wi l l  be i l l u s t r a t e d  in  f u t u r e  c h a p te r s  fo r  

s p e c i f i c  c a s e s .

?.. Ez-p lane Wave Incidence

The f i e l d s  of  a z - p o l a r i z e d  i n c i d e n t  plane wave a re  given by 

1 -Y gP . r .
Eg = Eo e . (2 .20)

where E^ i s  ampl i tude  of  t h e  inc idence  plane  wave which i s  to  be s e t  

t o  u n i t y ,  p = -xcos^i  -  y s in ^ i  i s  t h e  u n i t  v e c to r  in  d i r e c t i o n  of

p r o p a g a t io n ,  r  = xx + yy i s  r a d i a l  p o s i t i o n  v e c t o r ,  and <j). i s  t h e  angle

of  i n c idence  as shown in Figure 2-2.

The i n c i d e n t  f i e l d  can now be w r i t t e n  in t h e  form 

. Y_(xcos*. + y s i n f . )
E; = e . (2 .21)

14



REGIONREGION 
H

Figure  2-2 .  Eg-plane wave i n c i d e n t  on t h e  s c a t t e r e r .  

From Eq. (2 .12)

V = i i  F , ds
m es m(x,y)

(2 . 2 2 )

In t h e  f a r  zone,  t h e  s c a t t e r e d  f i e l d  can be ob ta ine d  by using  asym ptot ic  

form of Kq(y2 I‘p-‘P* I ) i n  Equation (2.16)

15



L  i i  M X . ,
z 2ti Jgiyg M cs M

. (2.23)

The f a r  f i e l d  approximation has been used as i l l u s t r a t e d  in Figure 2-3.  

where

1 p - p '  I = p -  p ' c o s  ( ({ij-i})’ )

= p -  ( x ' c o s * s + y ' s in $ s )  • (2 .24)

When <j)-j =(|)s (B a c ksc a t t e re d  case)

eB - S - ( p ,*  ) = . ^ ü î l ! £ Î l / 3 r  I  C V • (2 .25)
Z S 2n m=l

Where i s  now given in Equat ion (2 .2 2 ) .

C. H-WAVE SCATTERING BY TWO DIMENSIONAL LOSSY DIELECTRIC CYLINDERS

1. Magnetic Line Source E x c i ta t ion

An i n f i n i t e  magnet ic  l i n e  source with uniform c u r r e n t  Mg l o c a t e d  at  

(xsjYs ) when r a d i a t i n g  in t h e  homogeneous medium (^2>’̂ o»'^2) genera te s  

t h e  f i e l d  given by

. (2 .2« ,
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REGION
( x ’, y )

REGION

p  = V x 2 +  y 2

P ‘= V x ' 2  +  y'2

IN FAR ZONE

- F W - p ' c o s  { cf>s-<l>')

Figure  2-3.  I l l u s t r a t i o n  o f  t h e  f a r  f i e l d  approximation fo r  
t h e  s c a t t e r e d  f i e l d .
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The correspond in g  e l e c t r i c  f i e l d  gene ra ted  by th e  above magnet ic  c u r r e n t  

i s

E = ^  K, ( y„|  p-p I ) (j)LS > (2.27a)
2i r  J. <: 3

where

‘I’LS " + ycos*Ls ; and (2.27b)

= t a n ' l  / y - y s
X-Xc

where i s  t h e  u n i t  v e c to r  i s  d i r e c t i o n  of  't’Ls shown in Figure 2-4 

and i s  t h e  modif ied  Bessel f u n c t io n  of  o rd e r  one.

The f i e l d  s c a t t e r e d  by t h e  d i e l e c t r i c  c y l i n d e r  i s  given by

s _s  s
^ ( x , y )  = - jwA(x,y)  -  ^V(x,y)  . (2 .28)

__s
where A i s  t h e  e l e c t r i c  v e c to r  p o t e n t i a l  given by

\ ' x , y )  = ^ e a ( x ' . y ' ) Ko  ' (2 .29)
2i t  cs =9 o n

V(x y)  i s  t h e  s c a l a r  p o t e n t i a l  given by

V(x,y)  ° !  P s C ' t K o ' T g l P - P ' ! ) ' ' '  •
2tte2

P g f* ' )  i s  t h e  s u r f a c e  charge d e n s i ty  on th e  s u r f a c e s  of  t h e  s c a t t e r e r .  

d£ '  i s  t h e  d i f f e r e n t i a l  l i n e a r  element on th e  c on tour  of  the  s c a t t e r e r  

as  shown in Figure 2-4.  (The prime d e s ig n a t e s  i n t e g r a t i o n  over  the  

source  r e g i o n . )
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MAGNETIC
LINE
SOURCE

REGION
I

REGION
I

tan
LS

I x , y  )

<6 = -  X s i n  d> +  y cos  6
~ L S  ” l s  r LS

Figure  2-4.  E lec t rom agne t i c  s c a t t e r i n g  model fo r  magnetic l i n e  
source  e x c i t a t i o n .

19



Region I i s  source  f r e e  thus

% = (3 .31)

The incrementa l  c u r r e n t  dl  in an elemental  l eng th  a t  t h e  p e r im e te r

i s  ob ta ined  from th e  normal component of  ÏÏeq as

dl  = [Jeq(%) 'n(%)]d% . (2 .32)

where n(&) a u n i t  normal out  of reg ion I as i l l u s t r a t e d  in Figure 2-4.  

For a t ime harmonic s o u rc e ,

dl  = jüxiO . (2 .33)

where dQ i s  t h e  t o t a l  charge in e lement  d£. From Equat ions (2 .32)  and

( 2 . 3 3 ) ,  and knowing pg ,
d£

p  (£) = d e q ( ^ ) . n  (&) . (2 .34)
s jw

S u b s t i t u t i n g  Equat ion (2 .34 )  in  Equat ion (2 .30)  y i e l d s

jw2nE_

Noting t h a t  only p In t h e  i n t e g r a t i o n  i s  dependent  on (x ,  y ) ,  t a k i n g  the  

g r a d i e n t  of  v (x ,y )  g ives

= -_ Z !_  ;  [ J e q ( & ' ) ' n ( £ ' ) l K i ( Y 2 | p - P ' l ) p d & '  (Z '^^a)

j  (1)211 ̂ 2 ^
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where

p = cos*x + siiKtiy, and (2.3fih)

—S
Now E(x,y)  can be w r i t t e n  as (from Equations ( 2 . 2 8 ) ,  (2 .29)  and (2 .36)

+ _  I [ J ^ ' ) ' n ( 2 ' ) ] K i ( Y 2 | p - ?  ! ) % & ' .
jwZnEg ^ (2.37)

The i n t e g r a l  equa t ion i s  formed by s u b s t i t u t i n g  f o r  Jeq from Equat ion

(2 .5 )  in Equation ( 2 .3 7 ) ,  t r a n s p o s in g  Equat ion (2 .4 )  and s u b s t i t u t i n g  

from Equat ion (2.37)  t o  ob ta in

2 y A 1
—Î - T  “  V n l C l - E o J  _ T  -------------

^ (x ,y ) =  E(x,y)    2 i  ^ ( x ' , y ' ) K q ( Y 2 | p - p ' | ) d s

Y r ?  e 1
/  [ Ë ^ ( x ' , y ' ) - n ( £ ' ) ] K , ( Y J 7 v | ) p d 4 ' -  

ZmEg * (2.38)

The unknown f u nc t ion  in t h e  above i n t e g r a l  equa t ion  i s  T ( x , y ) ,  the  

f i e l d  in region I .  The unknown func t ion  appears  both i n s i d e  and o u t s id e  

t h e  i n t e g r a l .  To solve t h i s  i n t e g r a l  e q u a t io n ,  i t  i s  convenient  to  

expand the  t o t a l  magnetic f i e l d  i n s i d e  the  s c a t t e r e r  ( reg ion  I) in terms 

o f  a se t  of  bas i s  func t ion  F ^ ( x ,y ) ,  thus
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“I -  V
*(x,y) n=l ^ n^n(x ,y )

( 2 . 3 9 )

Where th e  unknowns are  t h e  Cp's .

Using Maxwell 's  equa t ion  we ob ta in  t h e  expansion fo r  t o t a l  e l e c t r i c  

f i e l d  in Region I .

N

^ (x ,y )  " n=l ^n ' 'n (x ,y )
( 2 .4 0 a )

where

n ( x ,y ) = X
9Fn(x,y)  ^ 9F^(x,y)

- -  y (2 .4 0 b )
ay ax

= 1 ( 2 . 4 0 c )

jwe 1

I t  w i l l  be shown in f u t u r e  c hap te rs  t h a t  F’p ( x , y )  and p w i l l  be 

s i m p l i f i e d  f o r  a p roper  choice of  bas i s  f u n c t i o n .

S u b s t i t u t i n g  Equation (2.40a)  in Equation (2 .38 )  y i e l d s

(x ,y )

N
P I  C 

n=l " n ( x , y ) ' cs

/A ^  \

. 1 —  / [ F ^ ( J l ' ) - n ( £ ' ) ] K ^ ( Y 2 | p - P ' l ) p
2ire,

( 2 . 4 1 )

and again the  C^ 's  a re  t h e  unknowns.
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I t  i s  d e s i r e d  t o  o b t a in  a s e t  of s imultaneous  l i n e a r  equa t ions  

given by Equat ion (2 .11)  by implementing t h e  r e c i p r o c i t y  theorem of 

Equation ( 2 .1 0 ) ,  thus  t h e  Ga lerk in  t e s t i n g  i s  used in above e q u a t io n .  

The in n e r  product  of  T|j,(x,y) i s  formed with both s i d e s  of  Equat ion

( 2 .4 1 ) ,  and i n t e g r a t e d  over  t h e  c ro s s  s e c t i o n  of  t h e  s c a t t e r e r .

Using Eq. ( 2 . 2 7 ) ,  t h i s  y i e l d s

'‘<«'1,1 N

j j  f  s i n *  + '̂''“( x . y )  cos»,  A  K , ( y , | p - p  | ) d s
2ir cs \  9x  ̂  ̂ s

(2 .42)

and

(9 E )

^mn“ ^cs ^ n ( x , y ) '  ^ i i (x ,y )^^"  ^  ^cscs  ^ n ( x ' , y ' )

-    t i%-Kho ,, ,
m( x , y )

2tte2

• p [ T ^ ( 4 ' ) . n ( & ' ) ] K ^ ( Y g |? - T r ' | ) d 4 'd s  . (2 .43)

where ‘I’ls i s  de f ined  in Equation (2.27b)  and p i s  d e f ine d  in Equation 

( 2 .3 5 b ) .

The d i f f i c u l t y  encounte red  in e v a l u a t i n g  th e  above i n t e g r a l s  i s  

dependent upon th e  choice  of  t h e  b a s i s  f u n c t i o n s .  The i n t e g r a t i o n  in 

t h e  f i r s t  term i s  r a t h e r  s t r a i g h t  forward s in ce  t h e r e  i s  no s i n g u l a r  

p o i n t s  involved  in the  r eg io n .  The i n t e g r a l s  of  second term of  Equat ion
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(2 .43 )  invo lve  a s i n g u l a r  po in t  (when x=x‘ and y=y') but  i t  can be 

e v a lu a t e d  in t h e  same manner d i sc u s s e d  f o r  Equation ( 2 . 1 3 ) .  Perhaps 

t h e  most d i f f i c u l t  term in Equation (2 .43)  t o  i n t e g r a t e  i s  the  t h i r d  

t e rm .  This  term invo lves  a s e t  of  s i n g u l a r  po in t s  on th e  c r o s s - s e c t i o n  

con tour  f o r  t h e  i n n e r  most i n t e g r a t i o n  around th e  c r o s s - s e c t i o n  c o n to u r ,  

and ano th e r  s e t  of s i n g u l a r  p o i n t s  in t h e  c r o s s - s e c t i o n  f o r  the  o u t e r  

most i n t e g r a t i o n  over  t h e  c r o s s - s e c t i o n .  I t  i s  sugges ted  t h a t  when 

approx imat ing th e  s c a t t e r e r  by a s e t  of  ove r l app ing  small c i r c u l a r  

c y l i n d e r s ,  t h e  s u r f a c e  charge d e n s i t y  due to  a l l  c e l l s  be in c luded  and

summed. For a r e c t a n g u l a r  c r o s s - s e c t i o n ,  however, a l l  t h e  i n t e g r a l s  of

t h e  Equat ions (2 .42)  and (2 .43)  can be e v a lu a te d  in c lo se d  form f o r  a 

p ro p e r  choice  of t e s t i n g  f u n c t i o n .  This w i l l  be i l l u s t r a t e d  in f u t u r e  

c h a p t e r s .

A f te r  num er ica l ly  s o lv in g  f o r  C^ 's  t h e  s c a t t e r e d  f i e l d  can be found

by ,

P  = 1 VXp • (2 .44)

where i s  given by Equation (2 .29)  and "Jgq i s  given by Equat ions

( 2 .5 )  and (2 .4 0 a ) .

(x»y) 2ir m=l m
z •

(2 .45a)

where

? n ( y ' . v ' ) x p  = z ^ 3 F m ( x ' , y ' ) < i n 4  + 3 F m ( x ' , y ' ) ^ n < * ^  • ( 2 . 4 5 b )
\  3 ?  a x '  J
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Thus

' ( x . y ) 2n m=l
i j ,
cs dy'

s i n *

+ -’/■ .IcosA K^fYglP-P ' I jd s '
A
z (2.46)

The above i s  v a l id  f o r  a l l  s c a t t e r i n g  a n g le s .  However fo r  

b a c k s c a t t e r i n g ,  some computat ion t ime may be saved by using

, = - j w p 2 ( : l - : 2 )  I  OnVm S
s * s ni—1

(2 .47)

where i s  given by Equat ion ( 2 .42 ) .

2. Hz-Plane Wave Incidence

Using expansions s i m i l a r  t o  t h o se  i nvo lv ing  th e  Ez-Plane Wave 

in c i d e n c e  c a se ,  one may ana lyze  a z - p o l a r i z e d  plane magnetic  f i e l d  

i n c i d e n t  on th e  s c a t t e r e r  as shown in Figure 2-5.  The in c i d e n t  f i e l d s  

a r e  given by

Til .  ; „ ^ j 2 { x c o s + , . y s i n * , )

Ti  _ ,Tri
E = ^^(H xp )  = -nig e

T2 (xcos* .+ y s i n * . )
(2 .4 8 a )

where H = 1 i s  assumed and 
0

where (|). = - x s in ÿ .  + ycos#^ (2 .48b)
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REGION

2

REGION

Figure  2-5.  Mg-plane wave i n c i d e n t  on th e  s c a t t e r e r .

Og = /il2. i s  t h e  t h e  i n t r i n s i c  impedance of homogeneous Region I I .

From Equat ion ( 2 .4 2 ) .

V„ = „  ds .
2 c s  I ay 1 ax U

\  /  (2 .49)

To c a l c u l a t e  t h e  f a r  zone s c a t t e r e d  f i e l d .  Equat ion (2 .46)  can be 

u t i l i z e d  where 1 ) i s  rep laced  by i t s  a sympto t i c  form and using

a s i m i l a r  f a r  f i e l d  approximation as in Figure 2-3 and Equations (2.23)  

and (2.24)  y i e l d s
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_s
H(p 2 tt I  2Yg m=l  ’’1

JJ ( 3 F m ( * ' . y ' ) , ,nA  + » F m ( x ' . y ' ) r n ,A
'  âÿ» S g j iCS

-Y ( x ' c o s *  t y ' s i n *  ) 
e S S ds

-Ï2P

rp

y

(2 .50)

(|)s i s  the  angle  of  s c a t t e r e d  f i e l d  as shown in Figure 2-3.  When 

t h e  b a c k s c a t t e r e d  f a r  f i e l d  i s  given by

_B.S.
H(p,*g)

/A A \
JWYgPLEi-egJ

2 tt

-Y,P

Cm̂ m
( 2 . fin)

i s  given by Equat ion ( 2 .4 9 ) .

In t h i s  c ha p te r  a l l  t h e  d e r i v a t i o n s  have been very general  and can 

be a p p l i e d  d i r e c t l y  t o  any s u i t a b l e  two dimensional e l e c t r o m a g n e t i c  

model by s imply chosing a s u i t a b l e  expansion f u n c t i o n .  I t  i s  however 

e s s e n t i a l  t h a t  a s t a b l e  convergence be o b t a in e d .  Thus t h e  f i r s t  t e s t  to  

be made i s  a convergence t e s t .  In t h e  fo l lowing  c h a p te r s  t h e s e  t h e o r i e s  

a re  a p p l i e d  t o  s c a t t e r i n g  by a two dimensional lo s s y  d i e l e c t r i c  

r e c t a n g u l a r  c y l i n d e r s  h e r e a f t e r  r e f e r r e d  to  as r e c t a n g u l a r  c y l i n d e r s .

In each case a convergence t e s t  i s  inc luded which e x h i b i t s  t h e  

r e l i a b i l i t y  of the .num er ica l  s o l u t i o n .
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CHAPTER I I I

E-WAVE SCATTERING BY LOSSY DIELECTRIC RECTANGULAR CYLINDERS 
OF INFINITE LENGTH IN A LOSSY HOMOGENEOUS MEDIUM

A. INTRODUCTION

In t h i s  c h a p t e r ,  t h e  plane  wave expansion i s  in t roduc ed  and an 

example of t h e  convergence p r o p e r t i e s  i s  given.  Examples of t y p i c a l  

s c a t t e r e d  f i e l d  p a t t e r n s  a re  p re se n ted  fo r  the  cases  of a lo ssy  

r e c t a n g u l a r  c y l i n d e r  in a f r e e  space environment  and f o r  an a i r  c y l i n d e r  

in  a lo ssy  ambient medium.

B. PLANE WAVE EXPANSION

The expansion of t h e  f i e l d  i n s i d e  t h e  c y l i n d e r  in terms of a s e t  of 

b a s i s  f u n c t io n  Fp i s  given in Equat ion ( 2 . 8 ) .  The cho ice  of Fp as a 

spectrum of  plane  waves i s  such t h a t  each Fp s a t i s f i e s  t h e  Helmholtz 

wave equa t ion  i n s i d e  t h e  c y l i n d e r .  Since the  e l e c t r i c  f i e l d s  are  

z - d i r e c t e d ,  i t  i s  only n eces sa ry  t o  t r e a t  the  s c a l a r  problem. Thus the 

b a s i s  fun c t io n  equa ls

_ , , - j fnX -jgny
Fp(x ,y )  = e e . (3 .1a)

From Equat ion (2.40b)
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ELECTRIC 
LINE SOURCE

2 a

REGION I

2 b

REGION E

Figure  3-1. E-wave, e l e c t r o m a g n e t i c  s c a t t e r i n g  model fo r  a 
l o s s y ,  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  of i n f i  
l e n g t h  immersed in a lo s s y  medium.

n i t e
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Fp = - jk^ (cos*n  X - s in*p y )

= - j k ^ f c o s t p  X -  sin<j)  ̂ y )  F^(x ,y)  . (3 .1b)

From the  wave equa t ion  and Equat ion (3 .1 )

fn + 9n = kl  . ( 3 . 2 a )

where

fn = kicos^n  , (3 .2b)

9n = k i s i n f n  , (3 .2c)

A = (n -1)  2% , (3 .2d)
n ~ i r ~

k, -  . (3 .2 e )

'1  '  " o t ' r ,  - j

where ‘t’p i s  shown in Figure 3-1.  Observe t h a t  once the  number of  terms 

N r e t a in e d  in t h i s  plane wave expansion i s  g iven ,  the  ind iv id u a l  Fq 's  

a re  comple tely s p e c i f i e d ,  thus  Equation (2 .8 )  becomes

■ j, V ■
To ob ta in  a s e t  of s imultaneous l i n e a r  equa t ions  such as Equation

( 2 .1 1 ) ,  Equat ion (3.1)  is  s u b s t i t u t e d  in Equat ions (2.12)  and (2 .13 ) .  

The terms of the  e x c i t a t i o n  column mat r ix  now t a k e  the  form
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3 b - j f  X - j g  y ___
V = -  i i e e k (y„ ip -p  | )dxdy ; m = 1 , 2 , . . . , N  . 
in 2ti - a -b  u <: b

(3 .4 )

The impedance mat r ix

Z = J 'I ] J J J
- a -b  2 IT - a - b - a - b

- j f - x '  - j g _ y '  - J ' v
e e e e K^(y2 I p - p ' 1 ) '^x 'dy 'dxdy 

“ Rmn + 3|nn . ( 3 . Sa)

The f i r s t  i n t e g r a l  may be i n t e g r a t e d  in c lo sed  form t o  ob ta in

R = 4 s in [ ( fm + fn )a ]  s in[(gm+9n)b]  . (3.Sb)
(fm+fn)(9m+9n)

The second term of  Equat ion (3 .5a )  i s

^ 3 - j f _ x '  - j g  y '  - j f  X - jg  y
^  ̂ '  K „ ( Ï2 |p - p ' | ) < lx 'd y 'd x d y  .

(3 .5c)

where

2 \
. ( 3 . M )

1 2u

To e v a lu a te  Equat ions (3 .4 )  and (3 .5c)  we u t i l i z e d  the  s p e c t r a l  

t r a n s fo r m  of ( Y2 I t ^ - 1^'I ) i s  u t i l i z e d
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“  - f | x - x ' I
K ( y | p - p ' | )  = J e_ _ _ _ _ _ _ c o s [ g ( y - y ' ) ]  d a  •

0  C 0 T
( 3 . fia)

From the  wave equa t ion

( 3 . fib)

Note t h a t  f  and g should not be mistaken wi th  fp and gp in Equat ion 

( 3 .2 a ) .

This t r a n s fo rm  i s  e a s i l y  ob ta ined  by r e d e f in i n g  some parameters  in 

t h e  form given by Tyras [41] .

S u b s t i t u t i n g  Equation ( 3 . fia) in Equation (3 .4 )  with x'=Xs and y '= ys  

and changing t h e  o rd e r  of i n t e g r a t i o n  one o b ta in s

m
jump J

2 IT 0
1 i  i  e e e '  ̂ c o s g [ ( y -y  )]dxdy
f  -a-b  s

dg • 

(3 .7)

The i n t e g r a t i o n  over  t h e  c r o s s - s e c t i o n  i s  e a s i l y  e v a lu a te d  in a c losed  

form to  o b t a i n .

(3 .8a )

where
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X > a

-fx
j e

2 ( V j f )

+fx
-a _< Xs _< a

X < -a

(3 .8b)

and

■jgy s s in [ (g rn -g )b ]  ^ s in [(gm+g)b]  . ( 3 . 8c)

(9m"9) (9m+9)

Thus t h e  only remaining i n t e g r a t i o n  i s  the  j dg which wi l l  be
0

encountered f r e q u e n t l y  th roughout  t h i s  d i s s e r t a t i o n .  This i n t e g r a t i o n  

must be eva lua te d  r a t h e r  c a r e f u l l y ,  and i t  wi l l  be f u l l y  d i scussed  in 

Chapter  V.

To e v a lu a te  Ŝ m in  Equat ion ( 3 . 8 c ) ,  Equat ion (3 .6a )  i s  s u b s t i t u t e d  

i n t o  Equat ion ( 3 . 5 c ) .  Rear ranging th e  o rder  of  i n t e g r a t i o n s  y i e l d s

Gj. I
’ a b a b

J M  J
—9 —D—9 —[)

dg. (3.9)
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The i n t e g r a t i o n s  on y and y '  are e a s i l y  e v a lu a te d .  The i n t e g r a t i o n  on x 

can be e v a lua ted  by i n t e g r a t i n g  f i r s t ,  from -a to  x'  where | x ' - x ( = ( x ' - x ) , 

and then  from x ' t o  a ,  where j x - x ' | = ( x - x ‘ ) .  The r e s u l t ,  dependent  only 

on x ' ,  i s  r e a d i l y  e v a lua ted  to  ob ta in

(3.10a)

where

s in [ f m + f n )a ]  _  ^

( f n + j f ) ( W n )

- j ( V - i ^ ) = s i n [ ( f m _ j f ) a l

+ ej ( f n - j f ) 3 s i n [ ( f m + j f ) a ]  s in [ ( fm + fn ) a ]  

( t n - j f ) ( V j n  ( fn - j f ) ( f m + f n )
(3.10b)

and

r,F = s in [ ( g n + g ) b ] s i n [ (g m -g ) b ]  ^ s in [ (gn_g )b ]s in [gm + g)b l  .

( g n + g ) ( g m - g )  ( g n - g ) ( g m + g )
(3 .10c)

The s c a t t e r e d  f i e l d  can be obtained by s u b s t i t u t i n g  Equat ions (3 .1 )  and

( 3 .6 )  in  Equat ion (2.16)  and e v a lu a t in g  the  i n t e g r a l s .

' z ( x , y ) J .  c „  /  4  (F„-GE^dgm=l M 0 Y m m
(3.11)
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where i s  given by Equat ion (3 .8b)  and q|tV i s  given by Equat ion (3 .8c)
"m

by r ep l a c in g  y^ by y .  The above equa t ion i s  v a l i d  f o r  a l l  s c a t t e r i n g  

a n g le s .  For t h e  b a c k s c a t t e r e d  c a s e ,  i . e . ,  (x ,y )  = ( x s , y s ) , t he  fo l lowing 

may a l s o  be used.

jB S. " . ( 3 .1? )
z ( x s . y s )  TT m=l m m

i s  given by Equation ( 3 . 8 a ) .  The f a r  zone s c a t t e r e d  f i e l d  can be 

c a l c u l a t e d  us ing Equation ( 2 . 2 3 ) ,  and Equation ( 3 . 1 ) .  In a d d i t i o n .  

Equations (2 .25)  and (3 .8a )  may be used to  c a l c u l a t e  t h e  f a r  zone 

b a c k s c a t t e r e d  f i e l d .

C. CONVERGENCE

Two computer programs were developed based on t h e  moment method

fo rm ula t ion  given above.  These programs a re  inc lude d  in t h e  Appendices

A and B. To e v a lu a te  t h e  number of plane waves r e q u i r e d  in t h e  

expansion of  Equat ion ( 3 . 3 ) ,  t h e  program i s  run f o r  i n c r e a s i n g  va lues  of 

N. A t y p i c a l  r e s u l t  i s  given in Figure 3-2.  This example gives  the  

r e l a t i v e  b a c k s c a t t e r e d  f i e l d  in t h e  form of  the  s c a t t e r i n g  a t t e n u a t i o n  

f u n c t io n  (SAF) [42 ] .  The SAF i s  t h e  normalized s c a t t e r e d  f i e l d  obta ined 

by d i v id in g  th e  s c a t t e r e d  f i e l d  by the  f i e l d s  of  an imaged l i n e  source

in a ground plane  p o s i t i o n e d  a t  t h e  c e n t e r  of  the  s c a t t e r e r .  For the

r e c t a n g u l a r  s c a t t e r e r  under  c o n s i d e r a t i o n ,  t h e  p i c t o r i a l  d e f i n i t i o n  of 

t h e  ground plane  i s  shown in Figure 3-3a f o r  b a c k s c a t t e r e d  c a s e ,  and 

Figure 3-3b f o r  b i s t a t i c  c a se .  In t h e s e  f i g u r e s ,  t h e  ground plane i s
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LINE SOURCE

20

cr, =.0012

<rz= 4
<r, = .003

l A<  -10 X— X— X— X— : X X — X ——X — X "X

h -2 0

N ( NUMBER OF P L A N E  WAVES INCLUDED IN B A S I S  F U N CT I O N S E T  )

Figure  3 -2 .  Convergence Curve fo r  the  RTUNLE or  RCYLEGP
computer program which uses plane  wave expansion 
Gale rk in  method a t  inflMHz. S c a t t e r i n g  A t tenua t ion  
Funct ion i s  p l o t t e d  as a fu n c t io n  of  N the  number of 
p lane  waves in the  expansion .
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s p e c i f i e d  by th e  plane  which inc ludes  the  z - a x i s ,  and i s  normal to  the  

b i s e c t o r  of the  ang le  between "pg and "p,

The s c a t t e r e r  i s  a Im square c y l i n d e r  with r e l a t i v e  p e r m i t t i v i t y  of

Gp^=2 and c o n d u c t i v i t y  of .0012 s/m. A l i n e  source  i s  lo c a t e d  a t  

Xs=1.5m and ys=Om in a homogeneous medium with sr^=4.  and 02=.003 s/m.

As t h e  number of  plane  waves N, used to  r e p r e s e n t  t h e  f i e l d  i n s i d e  the  

c y l i n d e r  i s  i n c r e a s e d ,  the  s o lu t i o n  converges t o  a s i n g l e  va lue .

F igure  3-2 i n d i c a t e s  t h a t  N=fi i s  s u f f i c i e n t  t o  ob t a in  a reasonab ly  

a c c u r a t e  s o l u t i o n  f o r  t h e  p a r t i c u l a r  case .

A convenient  way t o  determine N a t  which convergence may occur  can

be based on t h e  phase d i f f e r e n c e  between th e  p lane wave t r a v e l i n g  in  the  

x - d i r e c t i o n  ( i . e . ,  4q=0 d i r e c t i o n .  See Equat ions (3 .1 )  t o  ( 3 . 3 ) ) ,  and 

i t s  ne ighbor ing  p lane  wave t r a v e l i n g  in 4^=2n/N d i r e c t i o n ,  t h i s  may be 

e xpressed  as fol lows

= g - jG i ( x c o s * i + y s in 4 i )

= e •j 3ix
(3 .13a)

and

= e -j g i (x cos*2 ty s in^2 )
= e“'^'^l^cos ( ^ )  

N
y =o

(3 .13b)
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OBSERVATION  

POINT

GROUND
PLANE/

/

( x ’ v' ) m a g e  o f  
S ’ s  t h e  s o u r c e

( a)

Figure  3-3.  P i c t o r i a l  d e f i n i t i o n  f o r  t h e  S c a t t e r i n g  A t tenua t ion  
Func t ion a) b a c k s c a t t e r e d ,  b) b i s t a t i c  s c a t t e r i n g .
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Figure 3-3.  (con t inued)  
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where Yi=ai+jBi  and ai=0 i s  assumed wi thou t  l o s s  of g e n e r a l i t y .

The phase d i f f e r e n c e  between and E2 a t  x=a(a^b i s  assumed as shown in 

Figure  3-1) i s

ÛI& = - c o s [ ^ ) ]  • (3 .14)

This phase d i f f e r e n c e  may be a r b i t r a r i l y  chosen ,  t h u s ,  a value fo r  N can 

be c a l c u l a t e d .  Expe r im en ta l ly ,  i t  was determined t h a t  A&=-%/5 i s  an 

i n i t i a l  s u i t a b l e  phase d i f f e r e n c e .  N i s  now given by

N = In te g e r  [______^ _______ ] > 4 . (3 .15)
c o s - l [ l -  _ü  1

BBia'

Determina t ion of  N from Equat ion (3.15)  i s  dependent  on "a" and "3i"  the  

phase con s ta n t  i n s i d e  t h e  c y l i n d e r .  The "M" in Equation (3.15)  

sugges t s  t h a t  t h e r e  should be a t  l e a s t  fou r  plane  waves in the  

expans ion .  For va r ious  values  of  N, i s  c a l c u l a t e d  from Equat ion 

(3 .1 4 )  and i s  p l o t t e d  in Figure 3-2.

D. BACKSCATTERED FIELD

1. Far Zone

The f i r s t  example f o r  which the  b a c k s c a t t e r e d  f i e l d s  a re  t o  be 

computed i s  a Im by .5m r e c t a n g u l a r  s c a t t e r e r  with ep^=4, o]=.3ms/m 

which i s  lo c a t e d  in a f r e e  space environment .  A z - p o l a r i z e d  plane wave 

i s  i n c i d e n t  on t h i s  s c a t t e r e r  a t  an angle  (j>i, as i s  shown in Figure 3-4. 

The echo width p a t t e r n  i s  given in Figure 3-4.  The frequency  used is
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0,8
or. = 0 . 3 m s / m  

Mo
  P L A N E  WAVE E XPANSI ON { R C Y L P W E  )

o  o  o  P U L S E  B A S IS  P O I N T  MATCHING ( R E C T )
0.6

Q  0 . 4

X

0.2

3 0 0 3 6 0120 180

C D E G R E E S )

2 4 06 0

Figure  3-4.  Far zone b a c k s c a t t e r e d  p a t t e r n  f o r  plane  wave 
in c id e n c e  a t  lon MHz.
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lOOMHz and i s  used th roughou t  t h e  remainder  of t h i s  s e c t i o n  un les s  

s p e c i f i e d  o t h e r w i s e .  The maximum b a c k s c a t t e r e d  f i e l d  i s  ob ta ined  when 

th e  plane wave i s  i n c i d e n t  a long y or  -y ax is  (4^=90° or  4i = 27n ° ) .  

There i s  com para t ive ly  s m a l le r  b a c k s c a t t e r i n g  a t  x and -x d i r e c t i o n  

(<j>i=n° and 180°) .  The r e s u l t s  of  pu l se  b a s i s  p o i n t  matching program 

[43]  i s  a l s o  inc luded  f o r  comparison which shows e x c e l l e n t  agreement  

with the  plane wave expansion r e s u l t .

2. Near Zone

As a second example,  c o n s id e r  a l .m by .5m a i r  f i l l e d  r e c t a n g u l a r  

c y l i n d e r  l o c a t e d  in a homogeneous d i e l e c t r i c  medium with =4. and 

02=.3ms/m as shown in t h e  model of  Figure  3-5 .  The e l e c t r i c  l i n e  

source  i s  p laced  a t  t h e  r a d i a l  d i s t a n c e  of  p=2m and t h e  r e l a t i v e

b a c k s c a t t e r e d  f i e l d  i s  c a l c u l a t e d  as a fu n c t io n  o f  4^. The SAF versus

4i i s  shown in F igu re  3-5 .  The r e s u l t  of an a l t e r n a t i v e  computer 

program (RCYLPWE) i s  a l s o  inc luded  which shows a Idb d e s c r i p a n c y .  The

program RCYLPWE i s  inc luded  in Appendix A along with a complete

d e s c r i p t i o n .

E. BISTATIC SCATTERING

1. Far Zone

The complete  s c a t t e r i n g  p a t t e r n s  fo r  t h r e e  cases  of  plane  wave 

in c id e n c e s  a t  4i=0° ,  45°,  and 90°,  and f o r  a Im by .5m r e c t a n g u l a r
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t h e  frequency i s  100 MHz.

43



c y l i n d e r  have been computed and given in Figures  3-6 ,  3-7,  and 3-8,  

r e s p e c t i v e l y .  The b i s t a t i c  p a t t e r n  f o r  a z - p o l a r i z e d  plane  wave 

i n c i d e n t  a long x -ax i s  ( * i= n ° ) i s  shown in Figure 3-6.  A s t rong  forward 

s c a t t e r e d  lobe i s  i n d i c a t e d  a t  *=180°. This lobe wi l l  s h i f t  and the  

symmetry wi l l  be a l t e r e d  i f  *-j i s  changed.  For example,  a t  *i=46° (see 

F igure  3-7) t h e  symmetry i s  no lo nger  main ta ined  because of the  none 

symmetric physica l  s i t u a t i o n .  The maximum i s  now ob ta ined  around 

*=210°. I n i t i a l l y ,  t h i s  r e s u l t  seemed s u s p ic io u s  s in c e  t h e  maximum

value  of  t h e  s c a t t e r e d  f i e l d  i s  not  in the  forward d i r e c t i o n  and thus

prompted f u r t h e r  i n v e s t i g a t i o n s .  Some approximate methods were

c ons ide red  and proved not u s e f u l .  Some of t h e s e  methods wil l  be 

d i sc u s s e d  in a f u t u r e  s e c t i o n .  Richmond's pu lse  b a s i s  po in t  matching 

showed e x c e l l e n t  agreement  and i s  a l s o  shown in Figure 3-7.  I f  we 

f u r t h e r  i n c r e a s e  t h e  i nc idence  angle  t o  90° so t h a t  now th e  plane  wave 

i s  i n c i d e n t  a long y - a x i s ,  t h e  symmetry i s  ob ta ined  about  *=270° where 

t h e  main forward lobe i s  maximum. This i s  shown in Figure 3-8 along 

wi th  t h e  pu l se  b a s i s  po in t  matching r e s u l t  which i n d i c a t e s  e x c e l l e n t  

agreement .

2. Near Zone

The t h r e e  cases  cons idered  here  p lace  t h e  l i n e  source  at  

( P s , * s ) = ( 2 m , 0 ° ) ,  ( p s , * s ) = ( 2 m ,  46° ) ,  and ( P s , * s ) = ( 2 m ,  9 0 ° )  which are  

analogeous t o  * j = 0 ° ,  45°, and 9 0 °  cons ide red  in the  p rev ious  s e c t i o n .

A Im by .5m a i r  f i l l e d  r e c t a n g u l a r  c y l i n d e r  is  lo c a t e d  in a homogeneous
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medium of  =4. and 02=.3ms/m. The r e s u l t s  a re  shown in Figure 3-9,  

3-10,  and 3-11.

The f i e l d  i s  observed a t  a rad ia l  d i s t a n c e  of  p=2m. Figure 3-9

shows the  b i s t a t i c  p a t t e r n  when the  l i n e  sou rce  i s  l o ca t ed  a t

( P s » 4 s )  = (2m,0°) as a func t ion  of obse rva t ion  angle  <t>. This p a t t e r n  

shows l a r g e  forward s c a t t e r i n g  and small backlobe .  The p a t t e r n  i s  

symmetric about  <{>=180° as expected.  When the  l i n e  sou rce  i s  moved to  

(pg ,* s )  = (2m, 45° ) ,  the  shape of the  p a t t e r n  i s  changed and th e  

symmetry i s  no longer  m ain ta ined ,  and the  main lobe i s  s h i f t e d  t o  around 

<j)=240° as may be observed in Figure 3-10.  Figure 3-11 shows the  

b i s t a t i c  p a t t e r n  fo r  the  l i n e  source a t  (ps><f>s)=(2ni, 90° ) .  A s t rong  

forward lobe and a s m a l le r  back lobe i s  observed (4^270° and 4^90° 

r e s p e c t i v e l y ) .  The p a t t e r n  i s  now symmetric about  4^270°. Also 

inc luded  in F igures  3 -9 ,  3-10,  and 3-11 are  t h e  r e s u l t s  of  RCYLPWE which 

show good agreement in each case .  The s l i g h t  descr ipancy  i s  due to  the  

n a tu r e  of  the  numerical  t echn iques  used.

F. SCATTERING VERSUS FREQUENCY

In t h i s  s e c t io n  t h r e e  l i n e  source l o c a t i o n s  a re  c o n s id e red .  In

each case  the  frequency i s  var i ed  from lOMHz up to  300MHz and the

S c a t t e r i n g  A t tenua t io n  Funct ion i s  c a l c u l a t e d .

A l.m by .5m a i r  f i l l e d  r e c t a n g u l a r  c y l i n d e r  i s  immersed in a 

homogeneous medium with c%=.003s/m. Figure 3-12 shows

b a c k s c a t t e r e d  SAF versus f requency f o r  t h r e e  l i n e  source l o c a t i o n s .  The

48



LS

2 m

0 . 5  m- 5

-10

<5 - 1 5

  FOUR FOLD S Y M M E T R Y

o  o  O p l a n e  w a v e  e x p a n s i o n  ( R T U N L E )
-2 0

- 2 5
2 4 06 0 120 3 0 0180

(p ( DEGREES)

3 6 0

F i g u r e  3 - 9 .  Near  zone  b i s t a t i c  s c a t t e r i n g  p a t t e r n  f o r  an e l e c t r i c
l i n e  s o u r c e  e x c i t a t i o n  p l a c e d  a t  ( P s , 4 ^ ) = ( 2 m ,  n° )  and
a t  inn MHz. The o b s e r v a t i o n  p o i n t  i s  a t  p=2m.

49



SOURCE

2m

(Tg :  0 . 3 m s  / m  

Mo

0 . 5  mZ  - 5

I— 10

- 1 5

  FOUR FOLD SYMMETRY ( R C Y L P W E )
o  o  O P L A N E  WAVE EXPANSION ( RTUNLE )

- 2 0

- 2 5
3 0 0 3 6 0180

ep ( DEGREES)

2 4 06 0 120

F i g u r e  3 - 1 0 .  Near  zone  b i s t a t i c  s c a t t e r i n g  p a t t e r n  f o r  an e l e c t r i c
l i n e  s o u r c e  e x c i t a t i o n  p l a c e d  a t  ( p s , * $ )= (% " ,  45°)
a n d  a t  100 MHz. The o b s e r v a t i o n  p o i n t  i s  a t  p=2m.

50



LS

•2m

0 . 5  m

- 5

-10

- 1 5

------------  FOUR FOLD S Y M M E T R Y  ( R C Y L P W E )

o  O o  P L A N E  WAVE E X P A N S I O N  ( R T U N L E )< - 2 0

- 2 5
3 6 02 4 0 3 0 0120 180 

( DEGREES)
6 0

F i g u r e  3 - 1 1 .  Near  zone  b i s t a t i c  s c a t t e r i n g  p a t t e r n  f o r  an e l e c t r i c
l i n e  s o u r c e  p l a c e d  a t  ( p s »<t>s)=(2ni,9n°) and a t  i n n  MHz.
The o b s e r v a t i o n  p o i n t  i s  a t  p=2m.
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dashed l i n e  shows the  SAF versus  f requency fo r  a l i n e  source l o c a t e d  at  

(PS'*s)=(2m, n ° ) .  The s o l i d  l i n e  shows the  SAF versus f requency fo r  a 

l i n e  source  l oca ted  a t  (Ps,<l>s) = (2m, 45° ) ,  and th e  dash-do t  l i n e  shows 

t h e  SAF versus f requency f o r  a l i n e  source l o c a t e d  a t  (ps ,*s)=(2m, 90°) .  

a t  low f re q u e n c ie s  the  r e c t a n g u l a r  s c a t t e r e r  looks t h e  same to  an 

o b s e rv e r  a t  the  o b s e rva t ion  p o i n t .  This i s  the  so c a l l e d  Rayleigh 

r e g i o n .

In a d d i t i o n  to  moment method, two approximate methods were 

i n v e s t i g a t e d  c o n s i s t i n g  of  an a p e r t u r e  i n t e g r a t i o n  s o l u t i o n  and physical  

o p t i c s  type  of s o lu t i o n  f o r  d i e l e c t r i c s .  For a p e r t u r e  i n t e g r a t i o n  

approach ,  an a p e r t u r e  i s  d e f in e d ,  the  Equivalence c u r r e n t s  Jg d e n s i t i e s  

a r e  determined [44]  and i n t e g r a t e d  to  give the  s c a t t e r e d  f i e l d .  To 

c a l c u l a t e  the  f a r  zone b a c k s c a t t e r e d  f i e l d  us ing  t h i s  approach the  

a p e r t u r e  i s  def ined  as shown in Figure 3-13.  The a p e r t u r e  f i e l d  i s  the 

t o t a l  r e f l e c t e d  f i e l d  e va lua ted  a t  t h e  a p e r t u r e  and th e  e q u iv a l e n t  

c u r r e n t s  a re  = 2n x ÏÏ. The s c a t t e r e d  f i e l d  ob ta ined  by t h i s  method

i s  shown in Figure 3-13.  This does not agree with t h e  moment method 

r e s u l t s .  The phys ica l  o p t i c s  approximation assumes th e  f i e l d  in the  

s c a t t e r e r  i s  the  same as t h a t  of  a i n f i n i t e  s l a b  of t h e  same t h ic k n e s s  

( i . e . ,  d i e l e c t r i c  s lab  with t h ic k n e s s  of 2b) [45] .  Using the  physical  

o p t i c s ,  a vo lumetr i c  p o l a r i z a t i o n  c u r r e n t  i s  de f ined  and i n t e g r a t e d  to  

g ive  t h e  s c a t t e r e d  f i e l d .  The f a r  zone b a c k s c a t t e r e d  f i e l d  ob ta ined  by 

phys ica l  o p t i c s  i s  given in Figure 3-13.  This r e s u l t  agrees  well with 

th e  a p e r t u r e  i n t e g r a t i o n  r e s u l t ,  but does not agree with the  moment 

method s o l u t i o n .
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An anologous s e t  of curves  as Figure 3-13 i s  ob ta ined  f o r  the  

forward s c a t t e r i n g  c a s e ,  and i s  shown in Figure 3-14.  The a p e r t u r e  

d e f ine d  f o r  forward s c a t t e r i n g  i s  a l s o  shown in Figure 3-14.  The 

a p e r t u r e  f i e l d  i s  t h e  d i f f e r e n c e  of  the  t o t a l  t r a n s m i t t e d  f i e l d  and the  

i n c i d e n t  f i e l d  e v a lu a t e d  a t  the  a p e r t u r e .  The a p e r t u r e  f i e l d  and 

phys ica l  o p t i c s  r e s u l t s  f o r  forward s c a t t e r i n g  shown in F igure  3-14 

agree  more c l o s e l y  with t h e  moment method s o l u t i o n  than  th e  analogous 

r e s u l t s  f o r  b a c k s c a t t e r i n g .

F i n a l l y ,  a comparison i s  given in F igure  3-lR between a moment 

method s o l u t i o n  f o r  s c a t t e r i n g  by a l .m -square  a i r  f i l l e d  c y l i n d e r  

immersed in a homogeneous medium wi th  ep^=4. and 02=.nn3s/m and an exact  

s o l u t i o n  f o r  an e q u i v a l e n t  (equal  c r o s s - s e c t i o n a l  a r e a s )  a i r - f i l l e d  

c i r c u l a r  c y l i n d e r  immersed in t h e  homogeneous medium of  t h e  same 

e l e c t r i c a l  pa rameters  as given above.  These ge omet r i e s  a re  shown in 

F igure  3-15.  For low f r e q u e n c ie s  as one may expect  t h e  two s c a t t e r e r s  

a r e  not  d i s t i n g u i s h e d .  This  p rov ides  a good check on th e  v a l i d i t y  of 

t h e  moment method s o l u t i o n .

G. SUMMARY

In t h i s  c h a p t e r ,  the  mathematical  fo rm u la t ion  f o r  E-wave s c a t t e r i n g  

by a two-dimensional  l o s s y  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  immersed in a 

l o s s y  homogeneous medium was p r e s e n t e d .  A convergence curve was 

i nc luded  and some numerical r e s u l t s  were p r e se n ted  and d i s c u s s e d .  A 

comparison between a moment method s o lu t i o n  f o r  a square  c y l i n d e r  and an 

e xac t  s o l u t i o n  f o r  an e q u iv a l e n t  c i r c u l a r  c y l i n d e r  was in c lu d e d .
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Figure 3-15.  Comparison of  b a c k s c a t t e r i n g  ve rsus  f requency f o r  a 
1 m square c y l i n d e r  and an e q u iv a l e n t  c r o s s - s e c t i o n  
a rea  c i r c u l a r  c y l i n d e r .  The e l e c t r i c  l i n e  source 
i s  lo c a t e d  a t  (Ps,<l>s) = {2m, 0°) .

In the  next  c h a p te r ,  t h e  H-wave s c a t t e r i n g  by a two-dimensional  

lo s s y  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  i s  t r e a t e d .

57



CHAPTER IV

H-WAVE SCATTERING RY LOSSY, DIELECTRIC RECTANGULAR 
CYLINDERS OF INFINITE LENGTH, IN A 

LOSSY HOMOGENEOUS MEDIUM

A. INTRODUCTION

In t h i s  c h a p t e r ,  t h e  plane wave expansion i s  a p p l i e d  t o  the  H-wave 

s c a t t e r i n g  fo rm u la t ion  p re s e n ted  in Chapter  I I .  Some examples of the  

convergence p r o p e r t i e s  a re  given .  Examples of  t y p i c a l  s c a t t e r e d  f i e l d  

p a t t e r n s  a re  p r e s e n te d  f o r  cases  of a l o s s y  r e c t a n g u l a r  c y l i n d e r  in a 

f r e e  space environment  and f o r  an a i r  c y l i n d e r  in  a l o s s y  ambient 

medi urn.

B. PLANE WAVE EXPANSION

The general  moment method fo rm ula t ion  f o r  H-wave s c a t t e r i n g  by 

d i e l e c t r i c  c y l i n d e r s  p r e se n ted  in Chapter  II  i s  s p e c i a l i z e d  t o  ana lyze  

t h e  geometry d e p ic t ed  in  Figure 4-1 ,  where,  a (2a)  by (2b) l o s s y  

d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  of  i n f i n i t e  l e ng th  with t h e  e l e c t r i c a l  

pa rameters  i s  immersed in homogeneous medium whose e l e c t r i c a l

parameters  a re  S2, ' 2̂> The source  i s  a t ime harmonic,  i n f i n i t e  

magnet ic l i n e  source placed a t  (xg,  yg) or  (pg,  ^g) .
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Figure  4-1.  H-wave e le c t r o m a g n e t i c  s c a t t e r i n g  model f o r  a lo ssy  
d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  of  i n f i n i t e  l eng th  
immersed in a lo s s y  homogeneous medium.
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As shown in Figure 4-1 ,  t h e  z - a x i s  c o n s t i t u t e s  t h e  c y l i n d e r  a x i s .  The 

magnet ic  f i e l d s  i n s i d e  t h i s  c y l i n d e r  are  expanded in terms of  a s e t  of 

b a s i s  f u n c t io n  Fm(x,y) s i m i l a r  t o  Equat ion ( 3 . 3 ) .  Choosing th e  plane 

wave b a s i s  fu n c t io n  given in Equation (3 .1 )  one o b t a i n s

■ j ,  ■. ■

For t h i s  plane  wave expans ion .

' I . . , •

where

4)n = -xsinOn + ycos^n • (4 .3 )

(fin i s  the  u n i t  v e c to r  a s s o c i a t e d  with n^h p lane  wave t r a v e l i n g  in 

d i r e c t i o n  of  p^=xcos*^ + ys in*^  as shown in Figure 4-1 and i s  t h e

i n t e r i n s i c  impedance of Medium I .

I t  i s  d e s i r e d  t o  o b t a in  a s e t  of  s imul taneous  l i n e a r  equa t ions  as 

given  by Equation ( 2 .1 1 ) .  To o b ta in  t h e  e lements  of  the  v o l t a g e  m at r ix  

column (V^). Equat ions (3 .1b)  and (2 .27a)  a r e  s u b s t i t u t e d  in Equat ion 

(2 .42 )  t o  ob ta in

a b _ j f  X _ i q  y

=.lZL_ M  e e K^(Y^|p-pJ)cos((|)^-<|)^^<-)dxdy » (4.4)

where i s  d e f ine d  in Figure 2-4.
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Equat ion (2.43)  fo r  Z^n may be expressed  as the  sum of  t h r e e  terms

^mn = R'mn + S'mn + Tmn • (4 .5a)

The e v a lua t ion  of  R'^n and S'^n i s  s i m i l a r  t o  Equat ions (3 .5b)  and 

( 3 .5c )  r e s p e c t i v e l y .  Using Equations (3.1b )  and ( 2 .4 3 ) ,  the  equa t ions  

f o r  R'mn and S'mn a re  reduced to

R'mn = cos ( 4^-4)n)Rmn > (4.5b)

and

S'mn = cos ( <|)|ii-(t>n)Smn . (4 .5c)

Rmn and S^n a re  given by Equations (3 .5b)  and (3 .10a)  r e s p e c t i v e l y .

The remaining term in Equat ion (4 .5a)  i s  ob ta ined  using Equat ion (3 .16)  

in  t h e  l a s t  term of Equat ion (2.43)

j  I

- j f x  - jg^ y  ^ .
e e (?^-p)K^(Y2 | p - P ' | ) d t ' d x d y  .

(4 .5d)

where

c , , f r ^  , (4 .5e )
2

2t!£2

and V and Z have been normalized by ( - j k . n , ). 
m mn 1 1

I n t e g r a t i o n s  in Equations (4 .4)  and (4.5d)  a re  e va lua ted  t o  a 

c lo se d  form by using th e  t r ans fo rm  of  t h e  modif ied Ressel func t ion
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Ki(y 2 I P - P ' I )• Taking t h e  g r a d i e n t  of  both s id e s  of Equation- (3 .6a )  

y i e l d s

K , ( yJ p - p ' | ) c o s + = I _  c o s [ g ( y - y ' ) 1  .
^ y 0 f

2 (4 .6a)

  ”  - f | x - x ' I
K, ( Y , | p - p ' | ) s i n < i )  = 1 _  j ge s i n [ g ( y - y ' ) 1  do •

 ̂  ̂ V 0 f (4.6b)

f  and g a re  given in Equat ion (3 .6b ) .

To e v a lu a t e  Equation ( 4 . 4 ) ,  t he  above two r e l a t i o n s  a re  used with 

<l>=<t>Ls>p' = Ps x'=Xs and y '=y^.  Changing t h e  o rd e r  of i n t e g r a t i o n s  y i e l d s

V = _ z l _  J l  
n> 2%ni 0 f

fCOS(j)

a h - j f  X - jg  y - f | x - x  |
i  J e e sgn(x -x  ) e c o s [g ( y -y  )]dxdy

-a-b = ^

a b - j f  X - jg^y - f | x - x  |
+ g s in è  J j  e e e s i n [ g ( y - y  )]dxdy

-a -b  5
dg

(4 .7 )
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^  - j f  X - f | x - x  
V = -1 i 1  s i n *  i J e e dx
"1 2wn  ̂ 0 f  m _a

b _jg y
g i e s i n [ g ( y - y  )]dy

-b

^  - f  X - f | x - x  I
+ cos* i sgn (x -x  )e e dx

b - jg  y 
f  J e co s [g (y -y  )]dy

-D ^
' dg 

(4.8)

V = -1 i 2
II n. 0 f G"! + GE* dg

( 4 . 9 a )

where

and GE^ a re  given in Equat ions (3 .8b)  and (3 .8c)  r e s p e c t i v e l y .

go'' = - i  s in [ ( g m - g )b ]  _ ^^^s s in [gm+g)b]N ,
'  ( g m - 9 )  (gm+g) /

(4 .9b)

and

_e^^s s i n [ ( f m + j f ) a ]  ^ ^

( fm + j f )

J ^ e -e
2(fm+jf)

-a < Xc < a )

^ J r  e -e
2 ( f m - j f )

fx s s i n [ ( f m - j f ) a ]  

( f m - j f )
X <-a . (4 .9c)
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To e v a lu a t e  t h e  i n t e g r a l s  in T^n, (Equat ion (4 .5d ) )  t h e  two usefu l  

t r a n s fo r m s  of  Equat ions (4 .6a)  and (4.6b)  a re  used ,  but  f i r s t ,  t he  

i n t e g r a t i o n  path z i s  broken i n t o  fou r  segments and de f ined  as f o l l o w s ;  

c o n s id e r in g  Figure 4-1

from ( a , - b )  t o  ( a ,h )  , n(&i) = x

from ( - a , b )  t o  ( a ,b )  , n(&2) = Y

from ( - a , - b )  t o  ( - a , b )  , nf&g) = -x

from ( - a , - b )  t o  ( a , - b )  , n(&4) = -y

( 4 . i n )

Also,  t h e  in n e r - p ro d u c t  (^^ • n ( & ' ) )  in Equation (4 .6d)  i s  found 

from Equat ions (4 .3 )  and (4.10)  as

/
- s in ^ n  ; f o r  

cosOn ; f o r  &2

s i n f n  ; f o r  üg 

-cos*n ; f o r

S u b s t i t u t i n g  Equat ions (4 .11)  in ( 4 . 6 d ) ,  i s  now given by

- j f „ a  - j g  V'
- s i n *

(4.11 )

( cos(}î K^(Yj,| p - p j  ) s ina ^  + sin*j^K^(Y^| p - p j  )cosot^)dy'

® - j f  X' - jg^b  
cos*^ J e  e ( cos<1)̂ Kj ( y^|  P-P;,| ) s i n a ^

64



s i n ( t ) | ^ K i ( Y ^ | p - P ^ l ) c o s a ^ ) d x '

^  j f _ a  - j g  y '  
s in^n  J e  e (cos<|)^Kj(yj,| p-p^I ) s in a ^

- siri(i)^K (̂Y |̂p-p3l)cosa )̂dy'

® - j f  X' j g  b 
cos^n J e e (cos<j)^K^(Y;,|p-p4 i ) s i n a ^

-a

- sin<i)^K̂ (Y2lp-P4l)cosâ )dx ' dxdy (4.12)

where (<|)̂  . p) = s1n(*-*^ )  was used above (p i s  the  u n i t  v e c to r  in  the  

d i r e c t i o n  of  "p). To avoid confus ion with and (|)̂  ̂ (j) i s  changed t o  a

and s u b s c r i p t e d  accord ing  to  t h e  path of i n t e g r a t i o n .

P- Po

I P -P . I = / ( x - a ) 2  + ( y - y ' ) 2  ; a.  = t a n “  ̂ ( M l )
i  J. x -a

’' ( x -x ')2 + (y-b)2 ; a = t a n ' l  (Z z^ )
x-x '

P-P3 I = / ( x + a ) 2  + ( y - y ' ) 2  5 oy = t a n “  ̂ (/zY.'.)

P-P4 I ~ / (x - x ' ) 2  + (y+b)2 ; = t a n ' l  ( ÿ : ^ )

( 4 . 1 3 )
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The r e l a t i o n s  given in Equat ions ( 4 . fia) and ( 4 . fib) may now be used 

in  Equat ion ( 4 .1 2 ) ,  and th e  i n t e g r a l s  a re  r ea r ranged  so t h a t  the  l i n e  

and c ross  s e c t i o n a l  i n t e g r a l s  a re  e v a lu a te d  t o  a c lo sed  form. A f te r  

some regrouping T^n i s  now given by

T =  ̂ /  1 
mn —  0 7

^2

s in 4^cos4^g(S l-S5)

+ s in4^s in4^f (S2-Sfi )

+ cos4^cos4^g(S3-S7)

-  cos4^s in4^f(S4_S8) dg (4 .14)

where

- j ( f n - j f ) a  
SI = 4e FI • R1

- j ( f n - j f ) a
32 = -4e F2 • G2

-jQnb
53 = 2e F3 • R3 .

-jQnb
54 = 2e F4 • G4 .

- j ( f n + j f ) a
55 = 4e F5 • G5

- j ( f n + j f ) a  
Sfi = 4e Ffi • Gfi

J9nb
57 = 2 e F7 • G7 .

J9nb
58 = 2e FR • G8 .

(4 .15a)

(4.15b)

(4 .15c)

(4.15d)

(4 .15e)

(4 .1 5 f )

( a . l 5 g )

( 4 . 1 5 h )
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where

FI = F2 2 s 1 n [ ( f m + j f ) a ]  . (4.1R)
( f m + J f )

F3 = F7 = ZFEmn (FEmn i s  given in Equation ( 3 . i n b ) )

F4 = F8 = 2j e^^"’̂ ' ^ ^ ^ ^ s i n [ ( V j f ) a ]

-  ^ j ( f n - j f ) a g i n [ ( f ^ + j f ) a ]  ^ s in [ ( f m + f n ) a ]  . ( 4 . 17 )

FR = FG = 2 s i n [ ( V j f ) a 1  . ( 4 . 1 8 )

G1 = G5 = 2G0mn where

Rn = - i  /  s in [ ( g n + g ) b ] s i n [ ( g m - g ) b ]  _ s i n [ ( g n - g ) b l s i n [ ( g m ^ g ) b ]  
" ' (9n+9)(9m-9) (9n-9)(9m+9)

(4 .19)

G2 = G6 = 2GEmn ; (GEmn i s  given in Equat ion ( 3 . i n c ) )

G3 = s in [ ( g m - g )b ]  _ s in [ (gm+g)b]  \  . ( 4 . ? n )
(9m~9)  (gin+gl

G4 = s i n [ ( g m - g ) b ]  + s i n [ ( g m + 9 ) b ]  . ( 4 . 2 1 )
( g m - 9 )  (9m+9)

G7 = s in [ (g m -g )b ]  _ ; ’̂ '^‘̂ s in [(gm+g)b]\  . (4 .22)
( 9 m - 9 j  (9m+9)
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r,R = 5 in [ (gm -g)b ]  ^ “^'^'^sin[(gm+g)b]

' (gm-9)' ■■Tgm“ g T ~
( 4 . 2 3 )

These s t e p s  now complete ly  f i l l  t h e  mat r ix  e lements  of Equation ( 2 .1 4 ) .  

Now th e  m a t r ix  can be i n v e r t e d  to  solve  f o r  the  response m at r ix  [Cp].  

The s c a t t e r e d  f i e l d  can be c a l c u l a t e d  by s u b s t i t u t i n g  Equat ion (3 .1 )  

i n t o  Equation (2 .46)

z ( x » y )  2ÏT m=l

+ cos*^fos^Ki(Y2 | p - p ' |  % d x ' d y '  , (4 .24)

where Equat ions (3 .2b)  and (3 .2c)  have been used.  Constant  p i s  de f ined  

by Equation ( 2 .4 0 c ) .

Using Equation (4.6)  in Equation (4.24)  and s im p l i f y in g  y i e l d s

z ( x , y ) 2ir m = l

a b

V 0 f

"  - f | x - x ' I  ^
+ COS* i s g n ( x - x ' ) f e  c o s [ g ( y - y ' )]dg

m 0 f ) d x 'd y '

( 4 .2 S )
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I n t e r c h a n g i n g  t h e  o r d e r  o f  i n t e g r a t i o n s  and  r e a r r a n g i n g  t e r m s  g i v e s

z ( x , y ) 2 ïï m=l

0  ̂ T

, - j f  X' - j g  y '  - f | x ' - x |
cos<() f J J e  e s g n ( x ' - x ) e  c o s [ g ( y ' - y ) l d x ' d y '

OS

- j fmx '  -jgmV'
+ sin*mg j j  e e s i n [ g ( y ' - y ) ] d x ' d y '  

OS
dg (4.26)

where t h e  arguments of t h e  f u n c t i o n s  have been rea r ranged  so t h a t  the  

r e s u l t s  of Equation (4 .7 )  may be used t o  s im p l i f y  t h e  above compl ica ted 

r e l a t i o n .

Comparing Equat ions (4 .26)  and ( 4 . 7 ) ,  and e v a lu a t i n g  the  

c r o s s - s e c t i o n a l  i n t e g r a t i o n s  t o  a c lo sed  form,  the  s c a t t e r e d  f i e l d  i s  

f i n a l l y  given by

z ( x ,y )  TT m=l 0 T dg

(4.27)

F^,  G^, GE^, and GÔ  a re  given by Equat ions ( 3 .8 b ) ,  ( 4 . 9 c ) ,  ( 3 . 8 c ) ,  and

(4 .9b)  r e s p e c t i v e l y ,  with (Xg, y s )  r ep laced  by ( x ,y ) .

The above equa t ion  gives  t h e  b i s t a t i c  and b a c k s c a t t e r e d  f i e l d s .

A d d i t i o n a l l y ,  when the  b a c k s c a t t e r e d  f i e l d  i s  needed,  i . e . ,  ( x ,y )  = 

(Xg,yg) ,  some c a l c u l a t i o n  t ime may be saved by using t h e  fo l lowing
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J i V m  •

This was ob ta ined  by r e p l a c in g  (x ,y )  with (xg .ys)  in Equation (4.2R) and

(4.27)  and comparing th e  r e s u l t i n g  equa t ions  with Equat ions (4.R) and 

( 4 . 9 a ) .

The f a r  zone s c a t t e r e d  f i e l d s  may be found by us ing  Equat ion (3 .1 )  

in  Equation ( 2 .5 0 ) ,  and e v a lu a t i n g  the  r e s u l t i n g  i n t e g r a l s .

C. CONVERGENCE

Two computer programs RTIJNLH and RCYLHGP were developed based on 

t h e  fo rm ula t io n  given in t h i s  c h a p t e r .  RTUNLH and RCYLHGP programs are  

i nc lude d  and f u l l y  d i scussed  in Appendices C and 0. RCYLHGP was 

developed t o  enable  t h e  c a l c u l a t i o n  of  f a r  zone,  near  zone, and back and 

b i s t a t i c  s c a t t e r i n g  p a t t e r n s ,  whereas ,  RTUNLH was developed t o  i nc lude  

a l l  t h e  above c a p a b i l i t i e s  but was r e s t r i c t e d  so t h a t  x and Xg > a .

This  r e s t r i c t i o n  i s  made so t h a t  the  e f f e c t  of  an a i r - e a r t h  i n t e r f a c e  

may be modeled. The a i r - e a r t h  i n t e r f a c e  i s  d i scussed  e x t e n s i v e l y  in the  

f o l low ing  c h a p te r .

Two examples of  convergence are  shown in Figure 4-2.  The 

b a c k s c a t t e r e d  f i e l d  is  c a l c u l a t e d  and p l o t t e d  f o r  i n c r e a s i n g  numbers of 

p lane  waves (N) in the  expans ion .  In Figu re  4-2a,  a Im by Im square a i r  

f i l l e d  c y l i n d e r  immersed in a homogeneous d i e l e c t r i c  medium with r̂p_ = 4 

and ap = .Onis/m i s  modeled. The l i n e  source i s  lo c a t e d  a t  (x s ,y s )  =
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Figure 4-2.  Convergence curves fo r  RTUNLH and RCYLHGP computer 
programs which use plane wave expansion Galerkin 
method a t  i n n  MHz. (a)  fo r  square a i r  f i l l e d  c y l i n d e r ,  
(b) fo r  a r e c t a n g u l a r  a i r  f i l l e d  c y l i n d e r .  S c a t t e r i n g  
a t t e n u a t i o n  func t ion  i s  p l o t t e d  as a fu n c t io n  of N 
t h e  number of plane  waves in t h e  expansion .
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(5m,nm). The curves of Figure 4-2a suggest  t h a t  the  s o l u t i o n  converges 

t o  a s i n g l e  va lue  f o r  N > fi f o r  RTUNLH computer program. Several p o in t s  

a r e  a l s o  c a l c u l a t e d  by RCYLHGP computer program to  confirm the  

convergence.  The frequency used i s  lOD MHz.

The second example i s  shown i s  Figure 4-2b.  A Im by .5m,

a i r - f i l l e d  r e c t a n g u l a r  c y l i n d e r  immersed in a homogeneous medium with 

^ r2 = 4 and = .3ms/m i l l u m i n a t e d  by a magnet ic  l i n e  source p laced a t  

( x s , y s )  = (2m,Om). The curve f o r  both programs seems t o  have converged 

t o  a s i n g l e  va lue  a t  N > 6 .

To get  an idea  about  how many plane waves must be inc luded  in the

expans ion ,  a s i m i l a r  e s t i m a t e  as d i scussed  f o r  E-waves in  Chapter  I I I

may be used f o r  t h e  expanded H-wave in the  c y l i n d e r .  In Figure 4-2a the  

from Equation (3.14)  co r respond in g  t o  each N i s  a l s o  in c lu d e d .

D. BACKSCATTERED PATTERNS

1. Far Zone

The f i r s t  example f o r  which th e  b a c k s c a t t e r e d  f i e l d s  a re  t o  be 

computed i s  a Im by . 5m lo s s y  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  with ep^ = 

4. and c^=.3ms/m immersed in a f r e e  space environment .  An H z-po la r ized  

p lane  wave i s  i n c i d e n t  on t h i s  s c a t t e r e r  a t  an angle  <i)-j as shown in 

F igure  4-3.  The f a r  zone b a c k s c a t t e r e d  p a t t e r n  i s  p l o t t e d  and i s  shown 

in  Figure  4-3.  The frequency used i s  IDD MHz. The maxima of 

b a c k s c a t t e r e d  f i e l d  a re  ob ta ined  a t  i nc idence  ang le s  of and 270° at  

which Ex i s  i n c i d e n t  on the  l a r g e r  f aces  of t h e  c y l i n d e r ,  and th e  minima
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F i g u r e  4 - 3 .  F a r  zone  b a c k s c a t t e r e d  p a t t e r n  f o r  a z - p o l a r i z e d
m a g n e t i c  p l a n e  wave i n c i d e n c e  a t  100  MHz.
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of  s c a t t e r e d  f i e l d  a re  ob ta ined  a t  i nc idence  ang le s  of n° and lRn° fo r  

which Ey i s  i n c i d e n t  on th e  s m a l le r  f ac e s  of the  c y l i n d e r .  In a d d i t i o n ,  

some r e s u l t s  of  a pu l se  b a s i s  po in t  matching program i s  a l s o  included 

which i n d i c a t e  t h a t ,  i f  enough equa t ions  a re  i n c l u d e d ,  t h e  s o lu t i o n  

approaches  t h a t  of  the  p lane  wave expansion .  Four incremental  cases  fo r  

t h e  pu l se  b a s i s  po in t  matching shown in Figure 4-3 are  f o r  N = 32, 72, 

128, and 200. I t  i s  appa ren t  t h a t  the  pu lse  b a s i s  method has not ye t

converged f o r  N = 200, but  t h e  plane wave expansion has a l r e ad y

converged f o r  N = 12.

2.  Near Zone

As a second example,  cons ide r  an a i r  f i l l e d ,  Im by .5m r e c t a n g u l a r  

c y l i n d e r  immersed in a l o s s y  homogeneous medium with = 4 and 

o%=.3ms/m. A magnet ic  l i n e  source i s  placed a t  ( p s ,* s ) = ( 2 m ,* s ) '  This 

model i s  shown a t  top of  the  Figure 4-4.  S c a t t e r i n g  A t tenua t io n  

Func t ion  ve rsus  ij) i s  shown in Figure 4-4 f o r  b a c k s c a t t e r  f o r  i n c r e a s i n g  

va lu e s  of  N; 6 , 7,  8 , and 9. For N=8 and 9,. t h e  p a t t e r n  i s  e x a c t ly  the  

same,  t h i s  sug g e s t s  t h a t  t h e  s o lu t i o n  has converged a t  N=8 . The r e s u l t  

o f  t h e  pu l se  b a s i s  p o in t  matching shows e x c e l l e n t  agreement with the  

p lane  wave expansion  a t  the  maxima, b u t ,  more equa t ions  a re  needed 

( i . e . ,  N > 2nn) t o  o b t a in  b e t t e r  agreement  a t  minima. This i s  because 

t h e  p u l se  b a s i s  po in t  matching s o lu t i o n  has not  y e t  converged a t  minima 

r e g i o n s .  This  was i n v e s t i g a t e d  by us ing  N = 32, 72, 128, and 280 and 

comparing th e  p a t t e r n s .  Only N = 200 case  i s  inc luded  in Figure 4-3.
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Figure  4-4.  Near zone b a c k s c a t t e r e d  p a t t e r n  f o r  t h e  model shown 
above. The l i n e  sou rce  i s  palaced a t  a r ad ia l  
d i s t a n c e  ps=2m, and th e  frequency i s  10(1 MHz.
(RCYLHP) i s  t h e  Plane Wave Expansion Computer program 
used t o  ob ta in  the  above r e s u l t s .
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(The frequency used i s  i n n  MHz.) Obtaining a converged s o l u t i o n  by the  

pu l se  b a s i s  method i s  c o s t l y  and has not been c a r r i e d  o u t .

E. BISTATIC SCATTERING PATTERNS

1 . Far Zone

The complete s c a t t e r i n g  p a t t e r n s  f o r  t h r e e  cases  of plane  wave 

i n c id e n c e s  a t  = n ° ,  45°,  and 9 n ° ,  and f o r  a Im by .5m lo ssy  

d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r  with and a i= .3s /m lo c a t e d  in a

f r e e  space environment  have been computed and given in Figures  4-5 ,  4-5,  

and 4-7 ,  r e s p e c t i v e l y .  A H z-po la r ized  p lane  wave i s  i n c i d e n t  on the  

s c a t t e r e r  a t  *i=G° as shown in Figure 4-5 .  The b i s t a t i c  s c a t t e r i n g  

p a t t e r n  shown in Figure 4-5 shows a s t rong  forward s c a t t e r i n g  and 

com para t ive ly  weak b a c k s c a t t e r i n g ,  and as expected th e  p a t t e r n  i s  

symmetr ical  about  180°. (The frequency used in t h i s  s e c t i o n  i s  100 

MHz.) Also inc luded  in Figure 4-5 ,  i s  t h e  pu l se  b a s i s  po in t  matching 

r e s u l t  f o r  N=200. As d i sc usse d  in  Figure 4 -3 ,  b e t t e r  agreement  would be 

o b ta ined  by i n c r e a s i n g  N in t h e  po in t  matching s o l u t i o n .  For a plane 

wave i n c i d e n t  a long 4 5 ° - a x i s ,  the  b i s t a t i c  s c a t t e r i n g  p a t t e r n  i s  shown 

in Figure 4-5 .  A small lobe i s  observed a t  about  70° and a g r e a t e r  lobe 

i s  observed a t  approximate ly  230°. The p a t t e r n  does not have a po in t  

about  which i t  i s  symmetr ic .  For a plane wave i n c i d e n t  n e a r l y  a t  

4q=90°, t h e  b i s t a t i c  s c a t t e r i n g  p a t t e r n  of Figure 4-7 i s  o b t a in e d .  This 

i n d i c a t e s  a small b a c k s c a t t e r e d  lobe and a l a r g e  forward s c a t t e r e d  lo b e .  

As expec ted ,  t h e  p a t t e r n  i s  symmetr ical  about  approx im ate ly  270°. The
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pu l se  b a s i s  poin t  matching s o lu t i o n s  inc luded in F igures  4-6,  and 4-7- 

show a 5° d i sc repancy  in the  p o s i t i o n  of  the  maxima and minima as 

compared to  the  plane wave expansion s o l u t i o n s .  In p a r t ,  t h i s  i s  caused 

by numerical  approximations of  the  t r i g o n o m e t r i c  f u n c t i o n s  by the  

computer.

2. Near Zone

The t h r e e  cases  cons idered  inc lude  l i n e  sou rces  a t  

(Ps»4s) = (2m,45°) ,  and (Pg,'l's) = (2m,9n°) which a re  analogous t o  *j=n°,

45°,  and 90° as cons idered  in previous  s e c t i o n  f o r  a Im by .5m a i r  

f i l l e d  r e c t a n g u l a r  c y l in d e r  immersed in a l o s s y  homogeneous medium with 

Ep^ =4 and c^^.Sms/m. The s c a t t e r i n g  p a t t e r n s  a re  given in Figures  4-8 ,  

4-9,  and 4-10. The f i e l d  i s  observed a t  a r a d i a l  d i s t a n c e  p=2m, and the  

frequency  of e x c i t a t i o n  source i s  100 MHz. In each c a s e ,  a pu lse  ba s i s  

p o i n t  matching s o lu t i o n  i s  provided fo r  comparison.  The b i s t a t i c  

s c a t t e r i n g  p a t t e r n  fo r  a l i n e  source placed a t  (Ps>‘̂ s )=(2m,0 °) i s  shown 

in  Figure 4-8. This p a t t e r n  shows a s t rong  forward s c a t t e r i n g  and 

s i g n i f i c a n t l y  sm a l le r  b a c k s c a t t e r i n g .  The p a t t e r n  i s  symmetric about 

180° as expected.  For a magnet ic l i n e  source l o c a t e d  at  

( * ŝ»‘̂ s) = (2m,45°) , the  b i s t a t i c  s c a t t e r i n g  p a t t e r n  i s  shown in Figure 

4 -9 .  The p a t t e r n  i s  no longer  symmetric and the  lobes are  o f f s e t  

a c c o r d in g l y .  When the  magnetic  l i n e  source i s  moved to  

(Ps, ' ! ’s) = (2ni ,90°) , the  b i s t a t i c  s c a t t e r i n g  p a t t e r n  of Figure 4-10 i s  

o b t a i n e d .  The p a t t e r n  i s  symmetric about  270° where t h e  maximum of  the  

forward s c a t t e r i n g  lobe i s  ob ta ined .  In each c a s e ,  t h e  pu lse  bas i s
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po in t  matching s o l u t i o n  shows reasonab le  agreement  f o r  t h e  number of 

equa t ions  N u t i l i z e d .  For the  region o f f  the  main beam, i . e . ,  the  

backlobe r eg io n ,  the  match may be improved by i n c r e a s i n g  N in the  Pulse  

Basis  Point  Matching.

F. BACKSCATTERING VERSUS FREQUENCY

In t h i s  s e c t i o n ,  t h r e e  e x c i t a t i o n  examples a re  given f o r  a Im by 

.5m a i r  f i l l e d  r e c t a n g u l a r  c y l i n d e r  immersed in a l o s s y  homogeneous 

medium with and 02= . 3s/m.  For t h e s e  t h r e e  l o c a t i o n s  of the

e x c i t a t i o n  l i n e  s o u rc e ,  b a c k s c a t t e r e d  f i e l d s  a r e  c a l c u l a t e d  f o r  var ious  

f r e q u e n c i e s .  These curves a re  shown in Figure 4-11 .  I t  i s  apparen t  

t h a t  a t  low f r e q u e n c i e s ,  i . e . ,  <4QMHz, where t h e  dimensions of  the  

s c a t t e r e r  a re  small as compared to  t h e  waveleng th ,  t h e r e  seems to  be no 

d i s t i n c t i o n  between the  t h r e e  cu rves .  This  i s  the  so c a l l e d  Rayleigh 

r e g i o n .  However, when th e  frequency i s  Increased, t h e  s c a t t e r i n g  i s  

d i f f e r e n t  f o r  t h e  t h r e e  e x c i t a t i o n s  shown in F igu re  4-11.

To check the  r e l i a b i l i t y  of  the  moment method f o rm u la t ion  given in 

t h i s  c h a p t e r ,  t h e  f requency p l o t s  of  F igure  4-12 i s  p r e s e n t e d .  F i r s t  an 

a i r  f i l l e d ,  Im square c y l i n d e r  immersed in a l o s s y  homogeneous medium of  

ep^=4. and 02=.QQ3sAn i s  c o n s id e r e d .  A magnet ic  l i n e  source l oca ted  

a t  (Ps ,*s)=(2m,Q°)  i s  the  source of  e x c i t a t i o n .  This  model i s  shown in 

F igure  4-12.  The r e l a t i v e  b a c k s c a t t e r e d  curve ve rsus  f requency  is  shown 

as the  s o l i d  l i n e  in Figure 4-12. An e q u iv a l e n t  s c a t t e r i n g  model f o r  an 

a i r - f i l l e d  c i r c u l a r  c y l i n d e r  of  the  same c r o s s - s e c t i o n a l  area as the
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square  c y l i n d e r  immersed in t h e  same l o s s y  homogeneous medium as be fo re  

i s  c o n s id e r e d .  This  model i s  a l s o  shown in Figure  4-12.  The dash l i n e  

shows th e  e xa c t  r e l a t i v e  b a c k s c a t t e r e d  f i e l d  as a f u n c t io n  of  f requency 

f o r  the  c i r c u l a r  c y l i n d e r i c a l  model . At low f r e q u e n c ie s  where the  

dimensions of  the  square  a re  small with r e s p e c t  t o  the  wave leng th s ,  the  

two s c a t t e r e r s  a re  i n d i s t i n g u i s h a b l e  t o  t h e  o b s e rv e r  and th e  c u r r e n t  

moment i s  t h e  same and appear s  t o  be i d e n t i c a l l y  d i s t r i b u t e d  in both 

models .  However, a t  l a r g e r  f r e q u e n c ie s  where t h e  e l e c t r i c a l  dimensions 

a re  l a r g e r ,  t h e  c u r r e n t  d i s t r i b u t i o n  i s  d i f f e r e n t ,  and t h e  two s c a t t e r  

curves  a re  no longer  i d e n t i c a l .

G. SUMMARY

In t h i s  c h a p te r  t h e  H-wave s c a t t e r i n g  by lo s s y  r e c t a n g u l a r  

c y l i n d e r s  immersed in a l o s s y  homogeneous medium was c o n s id e r e d .  The 

moment method fo rm u la t ion  p r e s e n te d  in Chapter  I I  was s p e c i a l i z e d  h e r e ,  

and some numerical r e s u l t s  were p r e s e n t e d .

In t h e  next  c h a p te r  a b a s ic  i n t r o d u c t i o n  of  t h e  e f f e c t s  of  a i r -  

e a r t h  i n t e r f a c e ,  and t h e  s o l u t i o n  of t h e  Sommerfeld i n t e g r a l  i s  

p r e s e n t e d .
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CHAPTER V

AIR-EARTH INTERFACE AND THE SOMMERFELR INTEGRAL

A. INTRODUCTION

The p a r a l l e l  and p e r p e n d ic u l a r  plane wave r e f l e c t i o n  c o e f f i c i e n t s  

fo r  the  a i r - e a r t h  i n t e r f a c e  a re  given .  These c o e f f i c i e n t s  a re  then used 

t o  ob ta in  r a d i a t i o n  p a t t e r n s  f o r  a magnet ic  l i n e  source  and an e l e c t r i c  

l i n e  source when they  a re  lo c a t e d  d i r e c t l y  on th e  i n t e r f a c e .  I t  w i l l  be 

shown t h a t  t h e  l i n e  source  r a d i a t i o n  p a t t e r n s  can be reasonab ly  

approximated by (1+R), where R i s  R^ f o r  an e l e c t r i c  l i n e  source and R̂

f o r  a magnet ic  l i n e  sou rce .  F i n a l l y ,  some recommendations a re  included 

f o r  e v a lu a t i n g  th e  Sommerfeld type  i n t e g r a l s  encountered in t h i s  

d i s s e r t a t i o n .

B. REFLECTION COEFFICIENTS

The s imple model of  Figure 5-1 i s  used f o r  d e r iv in g  a plane wave 

r e f l e c t i o n  c o e f f i c i e n t .  As shown, t h e  y z -p l a n e  c o n s t i t u t e s  the  

i n t e r f a c e  between Region I ( f r e e  space)  and II ( e a r t h ) ,  and th e  x -ax i s  

i s
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Figure 5-1. The magnetic l i n e  s o u rc e ,  and i n t e r f a c e  model used
t o  d e r ive  t h e  r e f l e c t i o n  and t r a n s m i s s io n  c o e f f i c i e n t s ,

normal t o  t h i s  i n t e r f a c e .  Consider  a magnet ic  l i n e  source with a z 

d i r e c t e d  magnet ic  c u r r e n t  Mq , l o ca t ed  on th e  i n t e r f a c e  along 

z - a x i s .  This l i n e  source r a d i a t e s  a f i e l d  in the  homogeneous e a r th  

region  given by

(5 .1 )

or

h:  =
 ̂ »  f  I X I

jwE2Mo j e ■ ' cos(gy)dg 
?rf 0 ?

(5 .2 )

where Equation (3 .6)  was used.

The boundary c o n d i t io n s  a t  the i n t e r f a c e  are

I I I  
n  X (ÏÏ -  Tf ) = "Jg , ( 5 . 3 a )
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and

n X ( r  - T  ) = -Ms , ( S . 3b)

where

n = X . ( 5 . 3c)

For t h e  s i t u a t i o n  de p ic t e d  in Figure 5 -1 ,  t h e  e l e c t r i c  s u r f a c e  c u r r e n t  

d e n s i t y  ÏÏs i s  zero and th e  magnet ic  s u r f a c e  c u r r e n t  d e n s i t y  Mg on the  

i n t e r f a c e  can be expre ssed  as

M = zM 6(y) = i cos(gy)dg  • (5 .4 )
S o  ÏÏ 0

From Equat ion ( 5 . 2 ) ,  and f o r  t h e  e a r t h  region  where x<fl

= _jwE2Mo J e f* cos (gy)dg  . (5 .5 a )
Z 2 ir 0 F

Applying Maxwell ' s equa t ion  t o  above y i e l d s

i e f* cos (gy)dg  ; x<0 . (5 .5b)
y 2ir 0

From Equat ion (5 .5a )  t h e  r e f l e c t e d  magne t ic  f i e l d  may be expres sed  as

^r  ^ -jwczMp J Riie^^cos(gy)dg ( 5 .6 a )
z 2 tt 0 F

When the  o b s e rv a t io n  po in t  i s  below th e  l i n e  source  , t h e  r e f l e c t e d  

e l e c t r i c  f i e l d  has t h e  form.

E[ = j  e ^ * c o s ( g y ) d g  x<0 • ( 5 . 6 b )
y 2n 0 w

qn



From E q u a t i o n  ( 5 . 2 )  t h e  t r a n s m i t t e d  f i e l d  i s  o b t a i n e d  f o r  x>0 as

hT = _ jwG2Mo J T e f°*cos (gy)dg  . ( 5 .7 a )
z 0 II f  ’

Again app ly ing  Maxwell 's  equa t ion  t o  above in Region I

f  T ;  °*cos(gy)dg  . (5 .7b )
y  ^ 0 II f

2nE^

Now th e  f i e l d s  are  matched a t  t h e  boundary. From Equat ions  ( 5 . 3 a ) ,  

( 5 . 5 a ) ,  ( 5 . 6 a ) ,  and (5 .7 a )  i t  fol lows  t h a t

-  i  1 (1+R.) -  T cos(gy)dg = 0 . (5 .8 )
2 it 0 f  II II

Thus

T||=l+R|| . (5 .9 )

Also ,  from Equat ions ( 5 .3 b ) ,  ( 5 . 4 ) ,  ( 5 . 5 b ) ,  ( 5 . 6 b ) ,  and (5.7b)

-  i  ^Q^ii cos (gy)dy  - i |o i  ( 1+R ) cos(gy)dg 
- o f  2 it 0 II

2 it£^

= -  i  cos(gy)dg  . ( 5 . in )
IT 0

Thus,  from Equation (5 .9 )  and ( 5 . 1 0 ) ,  i t  can be shown t h a t

T|| = _ l f l L _  . (5 .11a)

ê i f+ £ 2fo

R|l = • (5 .11b)

e i f + e 2fo
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where

= Ï 2 = jkg  = j w /% '=2 . (5 .11c)

fo -  = Yq = jko  = j o j / y o ^ o  . ( 5 . l i d )

El = Eo , (5 .11e)

and

An analogous c o n s id e r a t i o n  fo r  an e l e c t r i c  l i n e  source renders  and 

T i ,  o r ,  a s imple a p p l i c a t i o n  of d u a l i t y  to  Equations (5 .11a)  and (5.11b)  

g ives

T = 2 ; i f  . (5 .12a)
-*■ u i f + U 2 f o

R = %lf-W2fo . (5 .12b)
wif+U2fo

Rii and Rj_ a re  F r e s n e l ' s  plane wave r e f l e c t i o n  c o e f f i c i e n t s  and Tn 

and Tx a re  t h e  corresponding  t r a n s m is s io n  c o e f f i c i e n t s .

S u b s t i t u t i n g

f  = T^cos*. , (5 .13a)

fo  = ToCOS*i , (5 .13b)

and

g = jTgSincf i  = . (5 .13c)

in T||, R||, T^, and R̂  gives  the  f a m i l i a r  forms of T and R as
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The above equa t ions  a re  in complete agreement with Equation (5 .11c)  and 

( 5 . l i d ) ,  and a re  compatib le  with the  S n e l l ' s  law.

T. 2n2C0S4i
ngcos^i+nicos^ i

P ^  n 2 c o s * i -n ic o s * t  .
" n2cos*i+nicos0t  

I  = Znicosfi . 
rqcosOi+ngcosOt

P  ^  micos4i-m2COS*t .

nicos<f)i+n2COS(f)t

where 02 and ni a re  i n t r i n s i c  impedances of  media I I  and I 

r e s p e c t i  ve ly .

(5 .14a)

(5.14b)

(5.14c)

(5.14d)

C. LINE SOURCE RAOIATION ON THE AIR-EARTH INTERFACE

Consider  t h e  s i t u a t i o n  d e p ic ted  in Figure 5-3 ,  where an a i r - e a r t h  

i n t e r f a c e  ( p a r a l l e l  t o  y z - p l a n e )  i s  lo ca t ed  a t  x=d. A l i n e  source  i s  

placed below the  i n t e r f a c e  a t  po in t  ( x ' , y ‘ ) .  The f i e l d s  a t  any po in t  

(x ,y )  below th e  i n t e r f a c e  i s  the  sum of the  d i r e c t  and the  r e f l e c t e d  

waves. A t y p i c a l  d i r e c t  and r e f l e c t e d  ray i s  shown in Figure 5-3.

E ^ ^ x , y )  = -  J c o s [ g ( y - y ' ) ]
z   ̂ ^  2 it 0 f

- f | x - x ' - f ( 2 d - x - x * )
+ Rj ê dg

; X < d ,

( 5 . 1 5 )
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REGION I

7 ; * /  /  /  / 7 V  /  / /  / /  / / / / y  / T V  /  /  7 7 /  / /  /  7 7  y  / v v  /  /

REGION lE 
[e^, cr̂  ^fi^) \

Figure  5-2.  Typical  ray geometry f o r  r e f l e c t i o n  and t r a n s m i s s io n  
a t  a plane  boundary between Regions I and I I .

LINE SOURCE
IMAGE

AI R- EARTH
INTERFACEREGION I

v / y / I / / / / / / / Xz v / / / / / / / / / /

REGION I

LINE SOURCE

Figure  5-3.  D e f in i t i o n  of  a general  c o o rd in a te  system and the  a i r -  
e a r t h  i n t e r f a c e  and the  l i n e  sou rce .  The plane 
i n t e r f a c e  i s  p a r a l l e l  to  y z -p l a n e  and i s  l o c a t e d  a t  x=d,
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where Ig i s  t h e  e l e c t r i c  c u r r e n t  on th e  l i n e  source

The f i e l d  observed a t  a po in t  (x ,y )  in a i r  may be expre ssed  as

, “  - f ( d - x ' )  - f o ( x -d )
E (x ,y )  = -   ̂ e e c o s [ g ( y - y ' ) ]  dg ; x>d .

z 2n 0 0 f
(5 .16)

where and a re  given by Equat ions (5 .12a)  and ( 5 .1 2 b ) ,  and f  and fg 

by Equat ions (5 .11c)  and ( 5 . l i d ) .

For a bu r ied  magnet ic  l i n e  source the  correspond in g  magnet ic  f i e l d  

observed  a t  a p o in t  (x ,y )  below the  i n t e r f a c e  i s

j c ° s [ 9( y - y . ) ] (
z 2tt o f  \  " /

;  X  < d , (5 .17)

and t h e  magne t ic  f i e l d  observed a t  a po in t  (x ,y )  above t h e  i n t e r f a c e  i s

« - f (d - x ' )  -fg(x-d)
H?(x,y)  = _ i^fZ^o  J e e c o s [g ( y -y  ' ) ]dg

z 2ir 0 f
;  X  > d . (5.18)

Using Equat ions  (5 .15)  and (5 .16)  a near  zone p a t t e r n  i s  ob ta ined  

f o r  an e l e c t r i c  l i n e  source  harmonic a t  IDOMHz, and l o c a t e d  on th e  

i n t e r f a c e  ( i . e . ,  d=x‘=0).  The e a r t h  medium i s  r e p r e s e n t e d  by Er^=4 and 

02=0, and t h e  f i e l d  i s  observed a t  a r a d i a l  d i s t a n c e  p=2m. This p a t t e r n  

i s  shown in F igure  5-4 ,  where the  e a r t h  region i s  between *=90° and
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Figure  5-4. Near zone r a d i a t i o n  p a t t e r n  of  an e l e c t r i c  l i n e  source  
p lac e d  on t h e  a i r - e a r t h  i n t e r f a c e  f i e l d  i s  observed 
a t  a r a d i a l  d i s t a n c e  p=2m, and th e  f requency  i s  ino MHz.
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*=270°. The two a d d i t i o n a l  curves in Figure 5-4 a re  t h e  r a d i a t i o n  

p a t t e r n  of an e l e c t r i c  l i n e  source r a d i a t i n g  in a homogeneous e a r th  on 

i n t e r f a c e  and r a d i a t i o n  p a t t e r n  of an e l e c t r i c  l i n e  source r a d i a t i n g  in 

homogeneous f r e e  space.  The c u r r e n t  i s  kept  c o n s ta n t  in a l l  l i n e  source 

c a s e s .  Note t h a t  the  f a r  f i e l d  of a l i n e  source  in a l o s s l e s s  

homogeneous medium i s  p r opo r t iona l  to  ep-1 /4 .  Thus,  t h e  d i f f e r e n c e  in 

t h e s e  two l e v e l s  is  caused by th e  change in Cp. For t h e  case where t h e  

e l e c t r i c  l i n e  source i s  placed a t  the  i n t e r f a c e ,  one can use r e c i p r o c i t y  

and a t e s t  c u r r e n t  source far from the  i n t e r f a c e  t o  show t h a t  the  

r a d i a t e d  f i e l d  i s  modif ied by a f a c t o r  (1+Ri).  For t h e  example of 

Figure  5-4 a t  *=180°, R i= l /3  and the  e l e c t r i c  f i e l d  from th e  l i n e  source 

i s  inc re ase d  acco rd in g ly .  I t  i s  a l s o  observed t h a t  the  power from the  

e l e c t r i c  l i n e  source on t h e  i n t e r f a c e  i s  r a d i a t e d  p r im a r i l y  i n t o  the  

e a r t h  medium. A p lo t  of (1+Ri) i s  a l s o  inc luded  in Figure 5-4 which 

i n d i c a t e s  t h a t  the  approximation i s  very good in a i r  region and at  

normal i nc idence  in e a r t h  r eg ion .  The approximation may be improved by 

in c lu d in g  th e  e f f e c t s  of t h e  l a t e r a l  waves. This i s  i l l u s t r a t e d  by the  

s o l i d  curve in Figure 5-4.  For a lo ssy  e a r t h  however,  t h e  r a d i a t e d  

energy in to  t h e  e a r th  region i s  a t t e n u a t e d .  A t y p i c a l  case i s  shown in 

Figure  5-5 f o r  02=3ms/m.

Using Equations (5 .17)  and (5.18)  some near  zone p a t t e r n s  were 

ob ta ined  f o r  a magnet ic l i n e  source (harmonic a t  100 MHz) l o c a t e d  on 

i n t e r f a c e .  Figure 5-6 shows th e  r a d i a t i o n  p a t t e r n s  f o r  a magnetic l i n e  

source  on the  i n t e r f a c e ,  in homogeneous e a r t h ,  and in homogeneous a i r .

The f a r  zone magnetic  f i e l d  fo r  the  magnet ic  l i n e  source i s  p ropo r t iona l  

t o  Gp3/4. For the  case where t h e  i n t e r f a c e  i s  in t roduced  the  approximate
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Figure  5-5.  The same as Figure 5-4 ,  except  t h e  e a r t h  i s  lo ssy  
( a 2 = . n 0 3 s / m ) .
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Figure  5-6.  Near zone r a d i a t i o n  p a t t e r n  of  a magnet ic  l i n e  
source  placed on the  a i r - e a r t h  i n t e r f a c e  f i e l d  
i s  observed a t  a r ad i a l  d i s t a n c e  p=2m, and the  
f requency i s  IDO MHz.
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s o l u t i o n  i s  ob ta ined  by in t ro d u c in g  a f a c t o r  given by (1+R||) which i s  

a l s o  p l o t t e d  in Figure 5-6.  As shown, t h i s  approximation i s  not as good 

as the  e l e c t r i c  l i n e  source  c a se .  This s u g ge s t s  t h a t  t h e  e f f e c t s  of the  

l a t e r a l  waves a r e  more impor tan t  in t h i s  c a se .  For a lo s s y  e a r t h ,  the  

energy r a d i a t e d  i n t o  t h e  e a r t h  i s  a t t e n u a t e d .  A t y p i c a l  case  i s  shown 

Figure  5-7 f o r  a2=3sm/m.

D. LIMITING CASE

The l i m i t  i s  examined he re  as t h e  l i n e  sou rce  approaches the  

i n t e r f a c e .  Let us c o n s id e r  Figure 5-8a where an e l e c t r i c  l i n e  source  i s  

p laced  a t  ( x ' , y ' )  above th e  i n t e r f a c e  in t h e  f r e e  space r eg ion .  The 

f i e l d  observed a t  (x ,y )  above th e  i n t e r f a c e  i s

jwuo
z ’ ~TTE , ( x , y )  = ] e ^ ' c o s [ g ( y - y ' ) ]  

0

(5 .19)
"  ' - f o | x + x '

 ................. dg] Rj e__________ c o s [ g ( y - y ' ) ]+
0

t h e  l i n e  source i s  then  moved towards t h e  i n t e r f a c e  u n t i l  i t  i s  d i r e c t l y  

p laced  on i t ,  i . e . ,  x '=0

lim (F ( y , y ) )  = _jw;o 7 ( 1 + R i )  c o s [ g ( y - y ' ) 1  ,
x'+O z 2ir 0

( 5 . 2 0 )

where = -R^, and R^ i s  given by Equat ion (5 .1 2 b ) .  Using t h i s  in 

Equation (5 .20)  and f u r t h e r  s im p l i f y in g  gives
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Figure  5-7.  The same as Figure 5-5,  except  the  e a r t h  lo ssy  
(o2=.0n3s/m).
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(x', y' )

REGION H

( Cg.G-g./Zg)

( a )
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REGION E

LINE SOURCE

( b )

Figure  5-8 .  (a)  An e l e c t r i c  l i n e  source  placed a t  ( x ' , y ' )  above
th e  i n t e r f a c e  and moved towards t h e  i n t e r f a c e ,  

(b) The same e l e c t r i c  l i n e  source  placed a t  ( x ' , y ' )  
below the  i n t e r f a c e  and moved towards the  
i n t e r f a c e .  Tn each c a se ,  the  f i e l d  i s  observed 
a t  ( x , y ) .
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F ( y ,y )  .  .jwWQt; J " C°sC9(y-y’ ) ]  rtv ; x > 0 . (5 -21)
Z ÏÏ 0 uof + U2^o

Now, l e t  us c o n s id e r  Figure 5-8b where t h e  same e l e c t r i c  l i n e  

source i s  placed below the  i n t e r f a c e .  The f i e l d  observed a t  (x ,y )  above 

t h e  i n t e r f a c e  can be expressed as

" f x ' -fo%
E , ( x . y )  .  - i T 2  J T i e  c o F [ g ( y - y ) ]  ,

z 2ïï 0 fo

moving the  l i n e  source towards the  i n t e r f a c e  imp l ie s

(5 .2 2 )

l im (Ç = J ' ^ 2  1 T j  e ^ ^ c o s [ g ( y - y ' ) ]   ̂ (5 .23
x'+O z 2ïï 0 Î

s u b s t i t u t i n g  f o r  from Equat ion (5 .12a)  and s im p l i f y in g  give

—f  q X

E (x ,y )  .  J " c o s [ g ( y - y ' ) ]  ; X > 0  . (5 .2 4 )
 ̂ ÏÏ 0 Uof + U2fo

which i s  e x a c t ly  the  same as Equation ( 5 .2 1 ) .  This can a l s o  be proved 

by using r e c i p r o c i t y  theorem which i s  not inc luded he re .

The procedure i s  t h e  same f o r  a magnet ic  l i n e  sou rce .

E. SOME REMARKS ON THE EVALUATION OF THE SOMMERFELU INTEGRAL

The Sommerfeld type  i n t e g r a l s  encounte red  in t h i s  d i s s e r t a t i o n  a re

in general  of the  form
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I = j F ( f , g ) dg ; = Yo + .
o f  ^

The i n te g r a n d  may be s i n g u l a r  depending on f , which can be

expressed  as

( 5 . 2 5 )

2 2 « 2 f  = -W 2 + + g (5 .26)

where e '2  i s  t h e  real  p a r t  of the  £2 .

I t  can be seen from Equat ion (5.26)  t h a t  fo r  a l o s s y  c a s e ,  t h e  above 

i n te g r a n d  does not  have any s i n g u l a r i t i e s ,  t h u s ,  i t  can e a s i l y  be 

e v a lu a te d  n u m e r i c a l ly .  For a l o s s l e s s  c a s e ,  however,  t h e  i n te g ran d  i s  

s i n g u l a r  when

g = gc = w/uo£2 ' . (5 .27)

To get around t h i s  problem, the  i n t e g r a t i o n  path can be chosen as 

fol lows

I =
91

i
+

,9c
i F dg 
91 T

+
I ? ' »

(5 .28)

^ ....  V . «

I I I 2 I 3

where

gi  = g c / ' ^

I l  i s  easy t o  e v a l u a t e .  I 2 i s  e v a lu a te d  by in t r o d u c in g  th e  fo l lowing  

t r a n s f o r m a t i o n .

3  ̂ = 9c -  9^ = ; 0 = 0 . (5 .29a)
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(5 .29b)

91
I ,  = - j  i I  d g  .

 ̂ 0 g
(5.30)

To e v a lu a t e  I 3 t h e  t r a n s fo r m a t io n

? ? ? ?
“ = g - g ^  = f  ; a = 0 .

9 g

(5.31a)

(5.31b)

I -  = i  f .  d a
0 g

(5.32)

May be used ,  thus  t h e  i n t e g r a l  of Equat ion (5 .25)  t a k e s  t h e  form

/

91
I =  J  F  d g  +  (

0 T

9,1 T
]  F 3d g + J Fa da  ; a 0 
0 fg 0 fg

91 “
- j  J  _F d3  + j  Fda  ; a = 0 .

0 g 0 g
(5.33)

“  a^
The J  da  may be approximated by j da ,  and a s u f f i c i e n t l y  l a r g e  “1 

0 0
may be chosen f o r  a good approx im at ion .  The value  of  a j  i s  dependent  on

how f a s t  or how slow th e  i n te g r a n d  i s  decay ing .  For t h e  i n te g ra n d s

e ncoun te red  in t h i s  work aj  = 10x[maximum(| 0 2 ! 5 1K q| .gc )3  proved to  be

s u f f i c i e n t .
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The above i n t e g r a l s  have been programmed using  Simpson's  i n t e g r a t i o n  

method and th e  program i s  included in Appendix E. F can be any 

no ns ingu la r  fun c t io n  of g.

F. SUMMARY

In t h i s  c h a p te r  the  r e f l e c t i o n  c o e f f i c i e n t s  f o r  p a r a l l e l  and 

p e r p e n d ic u l a r  p o l a r i z a t i o n s  were p r e s e n t e d ,  some p a t t e r n  were given fo r  

r a d i a t i o n  by l i n e  sources  on an a i r - e a r t h  i n t e r f a c e .  F i n a l l y ,  some 

remarks were made about  the  i n t e g r a t i o n  of Sommerfeld i n t e g r a l .  In the  

next  c h a p t e r ,  moment method fo rm ula t io n  of and s c a t t e r i n g  by 

bu r ied  c y l i n d r i c a l  geometr ies  i s  p r e s e n t e d .

l u n



CHAPTER VI

MOMENT METHOD FORMULATION FOR SCATTERING BY BURIED, 
LOSSY DIELECTRIC CYLINDERS OF INFINITE LENGTH

A. INTRODUCTION

In t h i s  c h a p te r  an e le c t r o m a g n e t i c  s c a t t e r i n g  model f o r  buried  

c y l i n d r i c a l  geometr i es  i s  i n t ro d u c ed .  The i n t e g r a l  e q u a t ions  f o r  E-Wave 

and H-wave s c a t t e r i n g s  a r e  p r e s e n t e d ,  and t h e  moment method i s  used to  

so lve  t h e s e  i n t e g r a l  e q u a t io n s .  Two s e t s  of  s im ul taneous  l i n e a r  

e q u a t io n s  ob ta ined  here  a re  a m o d i f ic a t io n  of  t h e  system of  l i n e a r  

e q u a t io n s  ob ta ine d  in Chapter I I .  This m o d i f i c a t i o n  i s  In t roduced  to  

i n c o r p o r a t e  t h e  r e f l e c t i o n  a t  the  a i r - e a r t h  i n t e r f a c e  i n t o  the  

s o l u t i o n .

Figure  6-1 shows a plane  cut  of t h e  e l e c t r o m a g n e t i c  s c a t t e r i n g  

model.  The z - a x i s  i s  p a r a l l e l  t o  t h e  ax i s  of  t h e  c y l i n d e r ,  and x=d 

p lane  c o n s t i t u t e s  the  a i r - e a r t h  i n t e r f a c e .  The reg ion  i n s i d e  t h e  

s c a t t e r e r  i s  des igna ted  by I o^) ,  and e a r t h  reg ion e x te r n a l  t o

t h e  s c a t t e r e r  i s  de s igna ted  by II  ^2» The source  of

e x c i t a t i o n  i s  a l i n e  source at  (’̂ s j '^s ) or (* ŝ> For t h i s  model
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EARTH

Figure  6-1 .  E lec t rom agne t i c  s c a t t e r i n g  model f o r  a lo ssy  
d i e l e c t r i c  c y l i n d e r  of  I n f i n i t e  l eng th  burlec 
In e a r t h .

I s  c ons ide red  w i thou t  l o s s  of  g e n e r a l i t y .  Thus the  l i n e  sou rce  can be 

p laced  e i t h e r  on t h e  I n t e r f a c e  or w i th in  t h e  e a r t h  medium.

B. E-WAVE SCATTERING BY BURIED, LOSSY DIELECTRIC CYLINDERS OF 
INFINITE LENGTH

A uniform t ime harmonic.  I n f i n i t e  e l e c t r i c  l i n e  source  I s  placed  at  

(^s>^s)  shown In F igure  6-1.  In homogeneous Medium I I ,  t h i s  l i n e  

source  r a d i a t e s  a f i e l d  given by Equat ion ( 2 . 1 ) .  For t h e  model of 

Figure  6 -1 ,  t h e  t o t a l  f i e l d  I n c i d e n t  on t h e  s c a t t e r e r  Is  t h e  sum of the  

d i r e c t  I n c i d e n t  wave and th e  wave r e f l e c t e d  a t  the  I n t e r f a c e  and then 

In c i d e n t  toward t h e  s c a t t e r e r .
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where from Equat ion (5 .15)  one may ob ta in  

“  - f | x - x s |
[ i d  ^ _ jwuo j e c o s [ g ( y - y s ) ]  ^ ,

z 2ir 0 f

and

“ - f ( 2 d - x - x s )
p i r  ^ _ jwuo ] Ri e c o s [g ( y -y s ) 1  ,

z 2tt 0 f

( 6 .1 a )

(6 .1b)

(6 .1c )

where I g ^ l  i s  assumed and i s  the  r e f l e c t i o n  c o e f f i c i e n t  given by 

Equat ion ( 5 .12b ) .

In the  presence of t h e  s c a t t e r e r  and th e  i n t e r f a c e  t h e  f i e l d  a t  any 

p o in t  i s  given by

(R. 2)

where E^^ and E^”" a re  d i r e c t  and r e f l e c t e d  i n c i d e n t  f i e l d s  due t o  t h e

l i n e  source  given by Equat ion ( 5 . 1 ) .  E^^ and Ê "" a r e  d i r e c t  and

r e f l e c t e d  s c a t t e r e d  f i e l d s .  A t y p i c a l  ray geometry demons t ra t ing  t h e s e

q u a n t i t i e s  a re  shown in Figure 6-2 f o r  an elemental  s c a t t e r e r .  Note 

t h a t  m u l t i p l e  r e f l e c t i o n s  between th e  i n t e r f a c e  and t h e  s c a t t e r e r  are

i m p l i c i t l y  con ta ined  in  t h i s  s o l u t i o n .  E^^ and Ê "" a r e  expressed

-sd
”  - f I X - X  ' I
i e_______ c osÇ g(y -y ' )1  dg
0 f

ds

( 6 . 3 a )
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Figure  6-2.  I l l u s t r a t i o n  of t y p ic a l  d i r e c t  i n c i d e n t  and r e f l e c t e d  
i n c i d e n t  f i e l d s ,  and d i r e c t  s c a t t e r e d  and r e f l e c t e d  
s c a t t e r e d  f i e l d s  fo r  an element of the  s c a t t e r e r .

and

-sr
» - f ( 2 d - x - x ' )
J Rif___________ c o s [ g ( y - y ' ) ]
0 f

d s '  ' 

(6 .3b)

where Jgq i s  the  e q u iv a l e n t  volume p o l a r i z a t i o n  c u r r e n t  placed a t  the  

p o s i t i o n  of  the  s c a t t e r e r  given by Equat ion ( 2 .5 ) .  Using Equat ion (2 .5 )  

in  Equation (6 .3 )  y i e l d s

”  - f | x - x '
i  e_ _ _ _ _
0

c o s [ g ( y - y ' ) ]  dg ds

( 6 . 4 a )
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and

. s r > ' o ( = r ' 2 J
2tt

j f l
0

■f (2d -x -x '  )
c o s [ g ( y - y ' ) ] dg d s ' .

(6 .4b)

[ ^ ( x . y )  i s  the  f i e l d  i n s i d e  the  s c a t t e r e r  t o  be ob ta ined  by 

e v a lu a t i n g  Equat ion (6 .2 )  in  Region I .  Af te r  r ea r ra n g in g  Equat ion (6 .2 )  

and using  Equations (6 .4a)  and ( 6 .4 b ) ,  the  fo l lowing  i n t e g r a l  equat ion  

i s  ob ta ined .

E ; d ( x , y )  + E ^ ^ ( x , y )  = E ^ ( x . y )  -

“ - f l x - x ' l  « - f ( 2 d - x - x ' )   ̂ ,
] e c o s [ g ( y - y ' ) ]  ^ ] R±e c o s [ g ( y - y ' ) ]
0 f  0 f

dg d s ' .

( 6 .5 )

The unknown fun c t io n  in t h e  above i n t e g r a l  equa t ion  i s  t h e  f i e l d  in

Region I (E^).  This unknown appears  both in t h e  i n t e g r a l  and out  of  the  

i n t e g r a l ,  t h u s ,  i t  i s  a Fredholmz i n t e g r a l  equa t ion  of t h e  second kind.  

The above i n t e g r a l  equa t ion  i s  a modif ied form of i n t e g r a l  equa t ion 

given by Equat ion ( 2 . 7 ) .  The two a d d i t i o n a l  terms a re  E ^ a n d  E^r due 

t o  the  r e f l e c t i o n  a t  t h e  i n t e r f a c e .  The p r e s e n t  i n t e g r a l  equa t ion  i s  

so lved in the  same way as Equat ion (2 .7 )  was so lved .  To avoid 

r e p e t i t i o n ,  the  a t t e n t i o n  i s  d i r e c t e d  t o  t h e  two new te rm s .  The unknown 

fun c t io n  E^(x,y)  i s  expanded in terms of  some known f u n c t i o n s  with 

unknown c o e f f i c i e n t s  as in Equat ion ( 2 . 8 ) ,  then  s u b s t i t u t e d  in the 

i n t e g r a l  Equat ion ( 6 . 5 ) .  A f te r  the  Gale rkin t e s t i n g  is  c a r r i e d  out
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(d i scussed  in Chapter I I ) ,  t h e  fo l lowing  system of  l i n e a r  e q u a t ions  i s  

ob ta ined

N
(V + AV ) = I  C (Z + AZ ) N . (fi.fi)
'  m m' n=l n '  mn mn'

where V̂, and Z^n a re  given by Equat ions (2 .12)  and (2 .13)  r e s p e c t i v e l y .  

AVm and AZ^p a re  given by

“  - f ( 2 d - x - X g )
j  R i e  
0

cosg(y-ys) ds

and
( 6 . 7 )

AZ i i  i i  F „ ( x ' , y ' ) F ^ ( x , y )
mn 2IT cs cs "

"*® - f ( 2 d - x - x ' )
j Rje co s [g (y -y ' ) ]d (

(6. 8)

d s ' d s .
0 f

A f te r  s o lv in g  t h e  system of l i n e a r  Equat ion (fi .fi) ,  t h e  s c a t t e r e d  

f i e l d  i s  ob ta ine d  as

Ez(x,y )  = E=d(x,y)  + E ^  (x ,y ) (6 . 9)

where E^^(x,y)  i s  given by Equat ions (2 .16)  or  ( 2 . 1 7 ) ,  From Equat ions 

(6 .4 b )  and ( 2 . 8 ) ,  £ ^ ' ' ( ^ ’■7) ob ta ined .

“  - f ( 2 d - X - X ' )
I Rj_e cos[g(y-y')]dq
0 T

( f i . in)
d s ' .

112



For t h e  b a c k s c a t t e r e d  case where (x ,y )  = ( x ^ ,y ^ ) ,  E^^(x,y)  can a l s o  be 

ob ta ine d  by

E z ' ( * s ' ? s )  = W ' r ' z )  V ' ‘„, •

AVm i s  given by Equation ( 6 .7 ) .

C. H-WAVE SCATTERING BY BURIED, LOSSY DIELECTRIC CYLINDERS OF INFINITE 
LENGTH

The e l e c t r o m a g n e t i c  s c a t t e r i n g  model of Figure 6-1 i s  used with the  

e l e c t r i c  l i n e  sou rce  rep laced  by a magnetic l i n e  sou rce .  In homogeneous 

medium I I ,  t h e  magnet ic  f i e l d  r a d i a t e d  by t h i s  magnetic l i n e  source i s  

given by Equat ion ( 2 .2 6 ) .  In t h e  presence  of t h e  i n t e r f a c e ,  the  t o t a l  

f i e l d  i n c i d e n t  on t h e  s c a t t e r e r  due to  t h e  l i n e  source i s  t h e  sum of 

d i r e c t  i n c i d e n t  and r e f l e c t e d  i n c i d e n t  f i e l d s

hJ = + k' /  . (6 .12)

S u b s t i t u t i n g  from Equat ion (3 .6 )  i n t o  Equat ion (2 .26)  y i e l d s

^ i d  ^  _  j w = 2  J  ; f | * " * s l c o s [ g ( y - y s ) ]  , (6 .13a)
z 2ir 0 f

and th e  r e f l e c t e d  i n c i d e n t  f i e l d  is

HÎr = _ j R ,e " ^ ^ ^ '^ ' ' ^ " ^ 4 o s [ g ( y -y s ) ]  , (6 .13b)
 ̂ 2ïï 0 f
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where Rn i s  t h e  p lane  wave r e f l e c t i o n  c o e f f i c i e n t  given by Equat ion 

( 5 .1 1 b ) ,  The s c a t t e r e d  magnet ic  f i e l d  a t  any po in t  i s  t h e  sum of d i r e c t  

s c a t t e r e d  f i e l d s  and s c a t t e r e d  r e f l e c t e d  f i e l d s

(6 .14 )

where

_sd  _sd
H = 1 _  V X A 

;o
(6 .15)

_sd
A i s  t h e  e l e c t r i c  v e c to r  p o t e n t i a l  given by Equat ion ( 2 .2 9 ) .  From 

Equat ions  ( 3 . 6 ) ,  ( 2 . 2 9 ) ,  and (6 .15)  t h e  d i r e c t  s c a t t e r e d  f i e l d  is  

ob t a in e d  as

“  - f | x - x ' I
i e________c o s [ g ( y - y ' ) 1  dg
0 f

ds '  .

(6 .16)

In te r ch a n g in g  t h e  o rde r  of d i f f e r e n t i a t i o n  and i n t e g r a t i o n  and us ing a 

well  known v e c to r  i d e n t i t y  y i e l d s

,sd
- h l l

« - f l x - x ' l
J e________ c o s [ g ( y - y ' ) ]  dg
0 f

(6 .17)

ds.

J e q  is  t h e  e q u i v a l e n t  e l e c t r i c  volume p o l a r i z a t i o n  c u r r e n t  in the  

s c a t t e r e r  given by Equation ( 2 . 5 ) .
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Using the  r e f l e c t i o n  c o e f f i c i e n t  Rn as given by Equat ion (5.11b)  in 

above e q u a t io n ,  t h e  s c a t t e r e d  r e f l e c t e d  magnetic f i e l d  i s  ob ta ined as

_jsr «> - f ( 2 d - x - x ' )
^ j fR|i e  ' c o s [ g ( y - y  )dy]

A
-  y

« - f ( Z d - x - x ' )   ̂ ^
J gRII e____________ s in [ g ( y -y < ) d g ] d s '  . 

(6 .18a)

Thus

- f ( 2 d - x - x ' )
= j _  J i  J ( x ' , y ' )  J l i L i ____________ s i n [ g ( y - y ) d y ]

z 2 n cs X 0 f

“  - f ( 2 d - x - x ' )
+ J ( x ' , y ' )  i fRu e c o s [ g ( y - y ' ) d g ] d s '  . 

(6 .18b)

where and Jy a re  the  x and y components of t h e  e q u iv a l e n t  e l e c t r i c  

volume p o l a r i z a t i o n  c u r r e n t .

The t o t a l  magnetic f i e l d  a t  any po in t  is  the  sum of the  d i r e c t  

i n c i d e n t  and the  r e f l e c t e d  in c i d e n t  f i e l d s  due t o  the  magnet ic  l i n e  

source and d i r e c t  s c a t t e r e d  and s c a t t e r e d  r e f l e c t e d  f i e l d s  due to  the  

s c a t t e r e r .  A t y p i c a l  ray geometry d e s c r i b in g  t h i s  s i t u a t i o n  f o r  an 

elemental  s e c t i o n  of the s c a t t e r e r  i s  shown in Figure 6-2 ,  where t h e  

E - f i e l d  may be rep laced  by H f i e l d  f o r  the  case under c o n s i d e r a t i o n .
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Thus

( G . 19)

As i t  was d i sc usse d  in Chapter  I I ,  i t  i s  p r e f e r r e d  to  o b t a in  an i n t e g r a l  

equa t ion  invo lv ing  the  e l e c t r i c  f i e l d  as the  unknown f u n c t i o n .  This 

cho ic e  improved the  convergence of the  s o lu t i o n  s i g n i f i c a n t l y  (see 

Chapter  I I ) .  To o b ta in  an i n t e g r a l  equa t ion  invo lv ing  Ë l ,  Maxwell 's 

e qua t ion  i s  used to  f in d  P d ,  p f ' ,  and p r  in Region II  from THd^ 

p f ' ,  HSd, and ï ïsr  r e s p e c t i v e l y .  Then th e  r e s u l t i n g  equa t ion  i s  

e v a lu a te d  in Region I .

Thus,  one may w r i t e

f i d  + £ i r  = e I _ [Sd _ [ s r  ; in  Region I ,  where [ i d  i s  given by

Equat ion ( 2 .2 7 a ) ,  and from Equat ion (6.13b) [6 . 20)

J  r
1__  V X H

JWEc

- f (2d-X-Xg)
^ J gR|i e____________ s i n [ g ( y - y s ) ]

0 f

- f ( 2 d - x - X g )
(6 . 21)

c o s [ g ( y - y s ) ]+ y  i  fRpG
0

r  i s  given by Equat ion ( 2 . 3 7 ) ,  which i s  found by us ing  Maxwell 's  

e qua t ion  in Equation (6 .15)  and using l o r e n t z  c o n d i t i o n ,  p r  ig found 

from Equation (6 .18a)  as fo l lows
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E
_ s r  

i   V X H

JWGr

= ~1 i i  V X
. - cs 

2ttjü)£
J g q ( x ' , y ' ) x

« - f ( 2 d - x - x  ' )
^ j fRii e____________ c o s [ g ( y - y ' ) ]

- ”  - f ( 2 d - x - x ' )
_ ÿ  i gR|i e s i n [ g ( y - y ' ) ]  ^g ds.

(6:22)

Using t h e  above q u a n t i t i e s  in Equat ion (6 .20)  and s u b s t i t u t i n g  f o r  Jeq 

from Equat ion (2 .5 )  y i e l d s  t h e  fo l low ing  i n t e g r a l  e q u a t io n .

_ i d
E(x ,y )  + E(x ,y )  = E(x ,y)   --------   i i  E(x,y)K (7 „ | p - p ' | ) d s

2lV cs 0

Ï 2 ( = r " ? )

21TG2

- I
E ( x ' , y ' )  • n ( & ' ) K^(ï2lP-P'I)pd&'

i i  V x ' E ( x ' , y ' ) x
cs

2nG2

“  - f ( 2 d - x - x ' )
j gRii -

“  - f ( 2 d - x - x ' )
^ ] fR|| e____________ c o s [ g ( y - y '  ) ]dg

s i n [ g ( y - y ' ) ]  ^g d s '  .

(6 .23)

The unknown f u n c t io n  in the  above i n t e g r a l  equa t ion  i s  "f(x,y)  which 

appears  i n s i d e  and o u t s i d e  of the  i n t e g r a l s ,  t h u s ,  t h i s  may be 

viewed as a Fredholm i n t e g r a l  equa t ion  of  the  second kind ,  f d  and p 

have been de f ined  p r e v i o u s ly .  The above i n t e g r a l  equa t ion  i s  b a s i c a l l y
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t h e  same as t h e  i n t e g r a l  equa t ion  in Equation (2.38b)  except  here  two 

a d d i t i o n a l  terms due to  t h e  r e f l e c t i o n  a t  the  i n t e r f a c e  a re  added.  This 

i n t e g r a l  e qua t ion  i s  solved in t h e  same way as Equat ion (2.38b)  was 

so lv e d .  To avoid r e p e t i t i o n ,  t h e  a t t e n t i o n  i s  focused on th e  r e f l e c t e d  

t e rm s .  A f t e r  expansion and t e s t i n g  ( see  Chapter  I I )  t h e  new system of 

l i n e a r  e q u a t ions  i s  as fol lows

(5 .24a)

where and Z^n a r e  given by Equat ions (2 .42)  and (2 .43)  r e s p e c t i v e l y  

and .

_ i r
4V = Ji F ( x ,y )  • E(x ,y )  ds m = l , 2 , . . , N  . 

m cs m
(6.24b)

S u b s t i t u t i n g  from Equat ions (2 .40b)  and (6 .21)  in  Equation (6.24b)  

y i e l d s

“  -f (2d-x -Xg)
3Fm(x,y) J gRiie s i n [ g ( y - y g ) ]

ay 0 f

- f ( 2 d - x - X g )
9Fm(x.y) j fRiie c o s [ g ( y - y g ) ]

ax 0 f
ds

( 6 . 2 4 c )
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T e s t ing  th e  l a s t  term in t h e  i n t e g r a l  equa t ion  (6.23)

AZmn CS cs

Vx
/ °° - f ( 2 d - x - x ' )  _

? „ ( x ' , y ' ) x (  ;  J fR ,e   ̂ co sL 9 (y -y ' ) ]d g

- f ( 2 d - x - x ' )  ^ ,
_ p J gRiif____________ s i n [ g ( y - y ' ) ] ' d s ' d s  .

where F^ (x,y)  and P are  given by Equat ions (2.40b)  and (2 .40c)

r e s p e c t i v e l y .

A f u r t h e r  s i m p l i f i e d  form of  AZ^n i s  given by

AZmn
Ji ii
cs cs

2nE2

3Fm(x,y) 9 F n ( x ' , y ' )

3y ay'

9 - f ( 2 d - x - x ' )
] 9 Rile c o s [ g ( y - y ' ) ] d g  ^ ( Fm(x,y) 9 F n ( x ' , y ' )

3y 9x‘

+ 3Fm(x,y) 8 F n ( x ' , y ' ) \  J fgRne  ̂ ^ ^ s i n [ g ( y - y ' ) ] d g  
ax à y

(6 .25)

“  9 - f ( 2 d - x - x ' )
3Fm(x,y) a F n ( x ' , y ' )  j f R n e  cos [g (y -y  ' ) ]dg

ax ax’ 0 f
d s ' d s

(6 .26)

A f t e r  so lv in g  the  system of l i n e a r  equa t ions  ( 6 .2 4 ) ,  t h e  s c a t t e r e d  f i e l d  

i s  ob ta ined  by

Hz(x,y)  = H^‘̂ (x ,y)  + H^‘' ( x , y )  . (6 .27)

119



i s  given by Equat ion (2 .46)  or Equat ion ( 2 .4 7 ) .  To c a l c u l a t e  

Equat ion (2 .40)  i s  s u b s t i t u t e d  in Equation ( 2 . 5 ) ,  from which and

Jy a r e  de te rmined .  S u b s t i t u t i n g  f o r  J^ and J^ in Equat ion (6.18b)  

y i e l d s

H : ' ( x , y )
2 i  m=

i i
m=l cs

« - f ( 2 d - x - x ' )
3F m (x ' ,y ' )  J gRwe s i n [ g ( y - y ' ) ]

gÿi Q f dg

«> - f ( 2 d - x - x ' )
a F m (x ' , y ' )  j fRiie cosCg(y -y ’ ) ]

0 f
dg d s '

(6 .28)

P i s  given by Equat ion (2 .4 0 c ) .

The above equa t ion  in general  may be used t o  c a l c u l a t e  t h e  b i s t a t i c  

o r  b a c k s c a t t e r e d  f i e l d s .  However, f o r  b a c k s c a t t e r e d  c a s e ,  i . e . ,

( x ,y )  = ( x s , y s ) ,  a comparison of  Equat ion (6 .28)  wi th  Equat ion (6 .24)  

r e v e a l s  t h a t  t h e  fo l lowing  can be w r i t t e n

where AV̂  i s  given by Equat ion ( 6 .2 4 c ) .

(6 .29)

D. SUMMARY

In t h i s  c h a p t e r ,  an e l e c t r o m a g n e t i c  s c a t t e r i n g  model f o r  bu r ied  

tw o-d im e ns iona l ,  c y l i n d r i c a l  geometr ies  was p r e s e n t e d .  In te g r a l  

eq u a t io n s  i n vo lv ing  th e  unknown e l e c t r i c  f i e l d  i n s i d e  t h e  s c a t t e r e r  f o r
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p a r a l l e l  and p e rp e n d ic u l a r  p o l a r i z a t i o n  were d e r iv e d .  To so lve  t h e s e  

i n t e g r a l  equa t ions  the  moment method was used and co r respond in g  l i n e a r  

equa t ions  were d e r ive d .

In the  next  c h a p te r ,  t he  E-wave s c a t t e r i n g  model i s  s p e c i a l i z e d  to  

bu r ied  r e c t a n g u l a r  c y l i n d e r s  and th e  moment method fo rm u la t io n  p resen ted  

here  i s  app l i ed  by choosing a s e t  of ba s i s  and t e s t i n g  f u n c t i o n s .
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CHAPTER VII

E-WAVE SCATTERING BY BURIEB, LOSSY DIELECTRIC 
RECTANGULAR CYLINDER OF INFINITE LENGTH

A. INTRODUCTION

An E-wave s c a t t e r i n g  model f o r  lo s s y  d i e l e c t r i c  r e c t a n g u l a r  

c y l i n d e r s  bu r ied  in e a r t h  i s  p r e s e n t e d .  This model may be used t o  

s im u la t e  a tunnel  or  a t r e n c h  geometry.  The moment method fo rm u la t ions  

a r e  p r e s e n t e d .  Then th e  number of plane waves in t h e  expansion t o  

o b t a in  convergence i s  c o ns ide red .  Some numerical  r e s u l t s  a re  p resen ted  

and d i s c u s s e d .

Figu re  7-1 shows a plane  cut  of the  e l e c t r o m a g n e t i c  s c a t t e r i n g  

model . A (2a) by (2b) r e c t a n g u l a r  d i e l e c t r i c  c y l i n d e r  i s  bu r ied  in 

e a r t h  region d e s ig n a t e d  by II ( e 2 , nz, og). The z - a x i s  i s  a long t h e  

a x i s  of  the  c y l i n d e r  and x=d plane  c o n s t i t u t e s  t h e  a i r - e a r t h  i n t e r f a c e .  

For t h e  sake of  s i m p l i c i t y ,  a<Xg<d i s  assumed. I f  d>a, t h e  tunnel  

geometry i s  modeled (F igure 7 - l a ) ,  and i f  d=a, t h e  t r e n c h  geometr i es  i s  

modeled (Figure  7 - l b ) .  Most of t h e  geometr ies  c ons ide red  in t h i s  

c h a p te r  a re  f o r  f i l l e d  t r e n c h e s  and t u n n e l s .  This r e f l e c t s  t h e  i n t e r e s t  

o f  one of t h e  suppo r t ing  agencies  but  does not r e s t r i c t  the  

a p p l i c a b i l i t y  of t h e  t e c h n iq u e s .
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Figure  7-1.  The e l e c t r o m a g n e t i c  s c a t t e r i n g  model fo r  
(a)  a bu r ied  t u n n e l ,  and (b) a t rench  
geometry.
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B. PLANE WAVE EXPANSION

The system of  l i n e a r  Equat ion ( 6 . 6 ) has a l r e ad y  been d i scussed  fo r  

an i n f i n i t e - l e n g t h  c y l i n d e r  of  a r b i t r a r y  c r o s s - s e c t i o n  shape and fo r  

general  b a s i s  f u n c t i o n s .  Here i t  s u f f i c e s  to  choose the  b a s i s  f u n c t ions  

and e v a lu a t e  t h e  c r o s s - s e c t i o n a l  i n t e g r a t i o n s  in a c lo sed  form in the  

same manner as d i scussed  in Chapter  I I I .  The s e t  of s imultaneous l i n e a r  

equa t ions  ob ta ined  are 

N

* ‘‘V  - j i  + iZ„„)  ; m = 1 , 2 , 3 .......... N . (7 .1 )

V̂  and Zmn a re  now given by Equations (3 .8 )and  (3 .5 )  r e s p e c t i v e l y ,  and 

from Equat ions (6 .7 )  and ( 3 .1 ) .

,V = Æ  i J ; J V  
2 tt - a - b

From Equations (6 . 8 ) and (3 .1 )

*** ~ f ( 2 d - x - X c )
J Rj_e c o s [ q ( y - y s ) ] d g

0 f
dxdy . 

( 7 .2 )

AZ = c.  * J * j
mn 1 _a_b -a-b

~ - f ( Z d - x - x ' )   ̂ ,
j Rie c o s [ g ( y - y ' ) ]
0 f

dx 'dy 'dxdy (7 .3 )

Cl i s  given by Equat ion (3 .5d ) .

In te rchang ing  the  o rder  of the  i n t e g r a t i o n s  in Equat ion (7 .2 )  and 

rea r ra n g in g  te rm s ,  one ob ta ins
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"  n - f (2d-Xg)
AV = -  i f ü o  i _________

f'i 2ïï 0 f

3 - j f  X fx b _ j g  y

J e  e dx i e c o s [g ( y -y  )]  dy
-b

dg ,

or

AV = m

“  - f ( 2 d - X s )
_ Jwwo J Rie

ir 0 f (f», • GE:) ^9 .
(7 .4 a )

where

F - s i n [ ( f m + j f ) a ]

~ 1 W T “
(7 .4b)

i s  given by Equation ( 3 .8 c ) .
m

Changing t h e  o rde r  of i n t e g r a t i o n  and r e a r r a n g in g  terms in 

Equat ion ( 7 . 3 )  y i e l d s

“  - 2fd
AZ = C i 

mn 1 0 f

a - j f  X ' f x '  a  _ j f  X fx
J e  e dx'  i  e e dx

-a -a

^ - j g „ y '  - g j
i  i e e c o s [ g ( y - y ' ) ]  dy 'dy 

-b-b

or

- 2fd
'  SCj I (F„ . F ,  . G E „ )  dg (7 .5 )

Fm and a r e  given by Equation ( 7 .4 b ) ,  and GE^n i s  given by Equat ion 

(3 .1 0 c ) .
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Afte r  s o lv ing  t h e  system of l i n e a r  equa t ions  (7 .1 )  f o r  C p ' s ,  t he  

s c a t t e r e d  f i e l d  i s  c a l c u l a t e d  by

E ; ( x ,y )  = + E f  , (7 .6 )

where E^^ i s  given by Equat ions (3 .11)  or ( 3 . 1 2 ) ,  and E^"' i s  found from 

Equa t ions  (6 .10)  and (3 .1 )  as

.2w
Ê Cx-y) " C„ J ( F ,  - GE*) dg .

(7 .7 )

i s  given by Equat ion (7 .4b)  and GE  ̂ i s  given by Equat ion (3 .8c )  with 

yg rep l a ce d  by y .  An a d d i t i o n a l  way t o  ob ta in  t h e  b a c k s c a t t e r e d  f i e l d  

( ( x , y )  = (Xg.y^))  i s  by comparing Equations (7 .7 )  and (7 .4 )  which y i e l d s

AVpi i s  given by Equat ion ( 7 . 4 ) .

C. CONVERGENCE

Two computer programs were developed to  model the  a i r - e a r t h  

i n t e r f a c e  and bu r ied  s c a t t e r e r s .  These programs a re  c a l l e d  RTUNLE and 

RCYLEGP. The former uses  t h e  c lo sed  form e v a lu a t i o n  f o r  t h e  c r o s s -  

s e c t i o n a l  i n t e g r a l s ,  whereas ,  the  l a t t e r  uses numerical i n t e g r a t i o n  fo r
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t h e  c r o s s - s e c t i o n a l  i n t e g r a l s .  These computer programs are  inc luded  and 

f u l l y  d i scussed  in t h e  Appendices 8 and F.

To t e s t  t h e  convergence of the  s o l u t i o n ,  a t y p i c a l  convergence t e s t  

i s  made. The s c a t t e r e d  f i e l d  i s  c a l c u l a t e d  f o r  i n c r e a s i n g  number of 

plane  waves in the  expansion (N). For t h i s  purpose ,  a i m  square tunnel

with and o^=.0012  s/m bu r ied  1 m below th e  i n t e r f e r e  in an e a r t h

with 6^2=4 and O2=.003 s/m,  i s  c o n s id e red .  The source  of e x c i t a t i o n  i s  

an e l e c t r i c  l i n e  source  l o c a t e d  on th e  i n t e r f a c e  d i r e c t l y  above the  

t u n n e l .  Figure 7-2 shows th e  r e s u l t i n g  b a c k s c a t t e r e d  f i e l d  versus  

i n c r e a s i n g  number of  plane  waves spanning th e  f i e l d  i n s i d e  t h e  t u n n e l .  

The s o l u t i o n  i s  converged f o r  N>6 . A f te r  convergence t h e  s o l u t i o n  seems 

t o  be very s t a b l e  and th e  curve i s  smooth f o r  t h e  range shown. Using 

Equat ion ( 3 . 1 4 ) ,  a va lue  f o r  A# i s  inc luded  f o r  a l l  va lues  of N and i s

inc lude d  in Figure 7-2 .

An approximate model can be developed t h a t  can be used t o  e x p la in  

much of t h e  d e t a i l s  o f  s t r u c t u r e  of t h e  s c a t t e r i n g  p a t t e r n s  t o  be 

computed us ing th e  above more p r e c i s e  numerical  a n a l y s i s .

F i r s t ,  t h e  f i e l d s  r a d i a t e d  i n t o  t h e  " e a r th "  medium by an e l e c t r i c  

l i n e  source  a t  t h e  i n t e r f a c e  a re  given by

^em " ^homo ^

where a r e  t h e  f i e l d s  r a d i a t e d  i n t o  a homogeneous e a r t h  medium

and
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i s  t h e  plane wave r e f l e c t i o n  c o e f f i c i e n t  fo r  inc ide nce  on the  

i n t e r f a c e  from th e  " ea r th "  medium.

This approximation v/as confirmed in Chapter V.

Second, the  f i e l d s  s c a t t e r e d  by the  t a r g e t  a re  a l s o  i n c i d e n t  on the  

i n t e r f a c e .  This r e q u i r e s  t h a t  a second ( i+Ri)  f a c t o r  be i n t ro d u c ed .

Thus the  SAFj f o r  the  case f o r  t h e  i n t e r f a c e  could be approximated by

S 'F l  '  (SAF)homo

where (SAF)homo i s  the  s c a t t e r i n g  a t t e n u a t i o n  fun c t io n  when the  

t a r g e t  and source a re  conta ined  in a homogeneous medium. Note t h a t  the  

n o rm a l iz a t i o n  used in t h i s  d i s s e r t a t i o n  did not i nc lude  t h e  i n t e r f a c e ,  

i . e . ,  t h e  n o rm a l iza t ion  f a c t o r  was the  f i e l d s  of a l i n e  sou rce  a t  the 

image p o s i t i o n  in a homogeneous medium. I f  t h e  i n t e r f a c e  had been 

i nc luded  in the  n o rm a l iz a t ion  p rocedure ,  the  SAF would t o  a f i r s t  

approx imation be dependent  only on th e  t a r g e t .

Another  f a c t o r  t h a t  appears  in the  a p p r o p r i a t e  forms a re  the  

s c a t t e r i n g  p a t t e r n s  of the  " tu n n e l s " .  R e fe r r ing  t o  Figure 3-4 ,  i t  i s  

seen t h a t  only a small lobe appears  a t  ij>=180°. This i s  the  region f o r  

which we wi l l  be observ ing  t h e s e  t a r g e t s .  Thus i f  one con s id e r s  t h e  

f a c t o r s  d i scussed  above,  the  s c a t t e r i n g  p a t t e r n  of the  tunnel  in a 

homogeneous medium and the  s c a t t e r i n g  p a t t e r n  of t h e  l i n e  source on the  

i n t e r f a c e ,  then th e  computed r e s u l t s  t o  be shown a re  t h o se  t h a t  would be 

a n t i c i  pa ted .
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D. SCATTERING PATTERNS

Some examples of b i s t a t i c  and b a c k s c a t t e r e d  p a t t e r n s  a re  given fo r  

a f i l l e d  t r e n c h  and some tunnel  geomet r i e s .  A fami ly  of  curves  is 

p r e se n ted  f o r  i n c r e a s i n g  va lues  of "d",  t h e  depth of  t h e  c e n t e r  of the  

t u n n e l .  The t r e n c h  or tunnel  (see Figure 7-1)  i s  modeled by a 1 m by .5 

m r e c t a n g u l a r  c y l i n d e r  of i n f i n i t e  l eng th  with ep^=2 , (j^=.0012  s/m, and 

U1=U0" The e a r t h  i s  modeled by a medium with s/m, and

U2=P0* The frequency used i s  100 MHz. The e le c t r o m a g n e t i c  s c a t t e r i n g  

model i s  shown in F igure  7-3.  An e l e c t r i c  l i n e  source  i s  p laced on the  

i n t e r f a c e  p a r a l l e l  t o  z - a x i s  a t  (xs=d,yg) .

1. B acksca t te red  P a t t e r n s

Figure  7-3 shows va r ious  b a c k s c a t t e r e d  p a t t e r n s .  When d=a=.5m, a 

t r e n c h  geometry i s  modeled. The b a c k s c a t t e r e d  p a t t e r n  f o r  t h i s  t rench  

geometry i s  shown in Figure 7-3,  which i n d i c a t e s  a s t ro n g  b a c k s c a t t e r e d  

f i e l d  in regions  d i r e c t l y  above the  t r e n c h .  A f te r  a minimum a t  |y |« .5m 

r e g i o n ,  the  b a c k s c a t t e r e d  f i e l d  i n c r e a s e s  s l i g h t l y  and then  f a l l s  

r a p i d l y  as |y |  i s  i n c r e a s e d .

For va lues  of d>a tunnel  geometr ies  a re  modeled. Some 

b a c k s c a t t e r e d  p a t t e r n s  a re  included in Figure 7-3 f o r  t u n n e l s  bu ried a t  

d=.75m, Im, 1.25m, and 1.5m. These p a t t e r n s ,  in g e n e r a l ,  fo l low the  

same shape as t h a t  of the  t r e n c h ,  except  t h a t ,  the  p a t t e r n  i s  widened 

and reduced in magnitude f o r  most reg ions  c lo s e  t o  the  s c a t t e r e r .

This i s  caused by th e  s c a t t e r i n g  p a t t e r n  of the  tunnel  and i s  not an
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i n t e r f a c e  phenomena. Figure 7-3 sugges t s  t h a t  ( fo r  the  case under 

c o n s i d e r a t i o n )  f o r  deeply bu r ied  t u n n e l s ,  t h e r e  i s  not a d i s t i n c t  

maximum above t h e  t u n n e l ,  while  fo r  sha l lowly  bu r ied  tunnel  f o r  t h i s  

c a s e ,  t h e r e  i s  a d e f i n i t e  maximum d i r e c t l y  above th e  t u n n e l .

To i n v e s t i g a t e  t h e  e f f e c t  of t h e  a i r - e a r t h  i n t e r f a c e  on the  

b a c k s c a t t e r i n g  p a t t e r n s  of a t rench  and a t u n n e l .  Figures  7-4 and 7-5 

a r e  p r e s e n t e d .  Figure  7-4 shows the  b a c k s c a t t e r e d  p a t t e r n  f o r  the  

t r e n c h  geometry d i scussed  in Figure 7-3.  In a d d i t i o n ,  an analogous 

b a c k s c a t t e r e d  p a t t e r n  i s  given fo r  a case where the  a i r - e a r t h  i n t e r f a c e  

i s  removed ( i . e . ,  a i r  region i s  r ep laced  with Region I I ) .  This p a t t e r n  

shows t h a t  the  a i r - e a r t h  i n t e r f a c e  changes t h e  b a c k s c a t t e r e d  p a t t e r n  

c o n s i d e r a b l y .  For t h e  case  shown. Figure 7-4 sugges t s  t h a t  the  

i n t e r f a c e  enhances t h e  b a c k s c a t t e r e d  f i e l d  in  t h e  v i c i n i t y  of the  

t r e n c h .  This i s  because t h e  source and obse rva t ion  po in t  are  in the 

immediate v i c i n i t y  of t h e  top  of t h e  t u n n e l .  Note t h a t  the  i n c r e a s e  in 

t h e  S c a t t e r i n g  A t tenua t ion  Funct ion (SAF) l eve l  a t  when the  source i s  a t  

t h e  top  of  t h e  t r e n c h  may be ob ta ined  by m u l t ip ly in g  t h e  SAF with no 

i n t e r f a c e  by ( 1+Ri )2  where i s  t h e  plane wave r e f l e c t i o n  c o e f f i c i e n t  

f o r  a wave in  t h e  tunnel  normally i n c i d e n t  on the  i n t e r f a c e .  The decay 

in  t h e  p a t t e r n  as y i n c r e a s e s  i s  caused by th e  d i r e c t i o n a l  p a t t e r n  of 

the  l i n e  source  on th e  i n t e r f a c e  as shown in Chapter  V. For the  case of 

t h e  tunnel  (F igure  7 - 5 ) ,  t h e  l i n e  source  p a t t e r n  i s  not  s i g n i f i c a n t .  We 

a l s o  no te  t h a t  t h e  p resence  of the  i n t e r f a c e  i s  approx imate ly accounted 

f o r  by th e  ( l+ R i j^  f a c t o r .  In t h i s  ca se ,  t h e  i n t e r f a c e  fo r  which R^ i s  

computed i s  t h a t  between medium II and f r e e  space .
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This (1+Ri)2 f a c t o r  i s  t h a t  suggested  by B ur re l l  and P e te r s  [47] .  

The f i e l d s  r a d i a t e d  by t h e  l i n e  source  i n t o  t h e  medium a re  i n c re as e d  by 

(1+Rj_) as was d i sc u s s e d  in Chapter  V. The t o t a l  s c a t t e r e d  f i e l d s  are  

a l s o  i n c r e a s e d  by (1+Ri) on r e f l e c t i o n  a t  t h e  i n t e r f a c e .

2. B i s t a t i c  S c a t t e r i n g  P a t t e r n s

As a f i r s t  example of b i s t a t i c  s c a t t e r i n g  p a t t e r n ,  an e l e c t r i c  l i n e  

sou rce  i s  p laced  on th e  i n t e r f a c e  a t  ( x s , y s ) = ( d , 0 ) and t h e  s c a t t e r e d  

f i e l d  i s  observed on t h e  i n t e r f a c e  a t  y=-2.5m t o  y=2.5m i n c r e m e n t a l l y .  

This  model i s  shown in Figu re  7-6.  Some b i s t a t i c  s c a t t e r i n g  p a t t e r n s  

a r e  inc luded  in F igu re  7-6 f o r  a t r e n c h  geometry and some t u n n e l s  

b u r i e d  a t  d=.75m, Im, 1.25m, and 1.5m. For t h e  t r e n c h  case  (d=a=.5m), 

t h e  b i s t a t i c  p a t t e r n  i s  maximum d i r e c t l y  above t h e  t r e n c h  and i t  f a l l s  

r a p i d l y  as |y |  i s  i n c r e a s e d .  For tunnel  geometr i es  (d>a) t h e  general  

shape of  t h e  b i s t a t i c  p a t t e r n  i s  s i m i l a r  t o  t h a t  of  the  t r e n c h  and i s  

reduced in ampl i tude  and widened as d i s  i n c r e a s e d .  I t  i s  a l s o  noted 

t h a t  t h e  b i s t a t i c  p a t t e r n  f a l l s  with a s lower r a t e  f o r  deeper  t u n n e l s .  

This  i s  p r i m a r i l y  caused by th e  s c a t t e r i n g  ang le s  becoming more 

r e s t r i c t i v e  as t h e  depth i n c r e a s e s .

To i n v e s t i g a t e  t h e  e f f e c t  of  the  a i r - e a r t h  i n t e r f a c e  on the  

b i s t a t i c  p a t t e r n s  of  a t r e n c h  and a t u n n e l .  Figu res  7-7 and 7-8 a re  

p r e s e n t e d .  Figu re  7-7 shows th e  b i s t a t i c  s c a t t e r i n g  p a t t e r n  f o r  the  

t r e n c h  geometry d i sc u s s e d  in  Figure 7-6.  In a d d i t i o n ,  a s i m i l a r  

b i s t a t i c  s c a t t e r i n g  p a t t e r n  i s  given f o r  a case where t h e  a i r - e a r t h  

i n t e r f a c e  i s  removed ( i . e . ,  a i r  reg ion i s  rep laced  by Region I I ) .
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Figure 7-7 sugges t s  t h a t  the  b i s t a t i c  p a t t e r n  i s  enhanced by i n t e r f a c e  

in t h e  v i c i n i t y  of  the  t r e n c h  ( i . e . ,  |y |<1.5m) by a f a c t o r  of  ( l+ R i ) ^ ,  

where Rj_ i s  the  plane  wave r e f l e c t i o n  c o e f f i c i e n t  between reg ion I and 

a i r .  As |y |  i s  i n c r e a s e d ,  t h e  p a t t e r n  f a l l s  r a p i d l y ,  p a r t i a l l y  because 

of  t h e  e f f e c t  of  the  r a d i a t i o n  p a t t e r n  of  t h e  l i n e  source  on the  

i n t e r f a c e  as d i sc usse d  in Chapter  V. The p a t t e r n  f o r  the  n o - i n t e r f a c e  

case  remains unchanged f o r  l a r g e  va lues  of |y |  f o r  t h e  range shown. 

Figu re  7-8 shows an analogous s e t  of p a t t e r n s  f o r  a tunnel  bu r ied  at  

d=1.5m. I t  i s  apparen t  t h a t  the  i n t e r f a c e  produces only minor changes 

in t h e  b i s t a t i c  s c a t t e r i n g  p a t t e r n .  For t h i s  case R^ in the  (1+Ri)2 

f a c t o r  i s  between regions  II  and a i r .

As a second example of  b i s t a t i c  s c a t t e r i n g  p a t t e r n ,  an e l e c t r i c  

l i n e  source i s  placed on th e  i n t e r f a c e  a t  ( x s ,y s )= (d ,1 .5 m )  and the  

s c a t t e r e d  f i e l d  i s  c a l c u l a t e d  on th e  i n t e r f a c e  from y=-2.5m to  y=2.5m. 

The b i s t a t i c  s c a t t e r i n g  p a t t e r n s  a re  shown in Figure 7-9 f o r  a t r e n c h  

geoemetry and f o r  a tunnel  bu r ied  a t  d=.75m, Im, 1.25m, and 1.5m. I t  i s  

noted t h a t  because of t h e  none symmetr ical  phys ica l  s i t u a t i o n ,  the  

p a t t e r n s  do not  have any symmetry. I t  i s  apparen t  t h a t  the  general  

shape of  the  p a t t e r n  i s  b a s i c a l l y  t h e  same f o r  a l l  c a s e s ,  excep t  t h a t  as 

t h e  tunnel  i s  bu r ied  d e e pe r ,  t h e  p a t t e r n  widens and i s  reduced in 

magnitude as i s  expected .

E. BACKSCATTERING VERSUS FREQUENCY

In t h i s  s e c t i o n  two s e t s  of  f requency curves a re  p r e s e n t e d ,  one fo r  

a t r e n c h  geometry,  and th e  o t h e r  f o r  a tunnel  geometry.  In each case  a
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curve f o r  t h e  no i n t e r f a c e  case i s  inc luded  f o r  comparison.  In 

a d d i t i o n ,  a s e t  of f requency curves f o r  an e q u iv a l e n t  c r o s s - s e c t i o n  area 

c i r c u l a r  c y l i n d e r  i s  provided f o r  t e s t i n g  th e  v a l i d i t y  of the  moment 

method s o l u t i o n .

The s c a t t e r i n g  model f o r  a t r e n c h  geometry i s  shown in Figure 7-10, 

where a 1 m by .5 m lossy  r e c t a n g u l a r  t r e nc h  of bu ried in an e a r t h  

medium, i s  cons ide red .  For t h i s  model , a b a c k sc a t t e r e d  f i e l d  versus  

f requency  curve ( s o l i d  l i n e )  i s  shown in Figure 7-10 which shows 

i n c r e a s e s  in r e l a t i v e  s c a t t e r i n g  with f requency.

The dashed curve in Figure 7-10 is  the  r e l a t i v e  s c a t t e r i n g  curve 

f o r  t h e  case  where the  i n t e r f a c e  i s  removed and the  same source l o c a t io n  

i s  m a in ta ine d .  The two curves a re  r e l a t e d  as has a l r e ad y  been 

d i s c u s s e d .  S im i la r  r e s u l t s  a re  shown in Figure 7-11 except  t h a t  R^2 i s  

used in l i e u  of where R n  i s  the  r e f l e c t i o n  c o e f f i c i e n t  between 

reg ion  I and a i r ,  and R^2 i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  between region 

I I  and a i r .  I t  i s  again noted t h a t  t h e  presence of t h e  i n t e r f a c e  can be 

accoun ted f o r  in a simple way and y e t  r easonably a c c u r a t e  r e s u l t s  can be 

o b t a i n e d .

Also inc luded  in Figure 7-11 a re  two analogous b a c k s c a t t e r e d  versus  

f requency  c u rv e s ,  fo r  an e q u iv a l e n t  c r o s s - s e c t i o n  area c i r c u l a r  

c y l i n d e r .  The c i r c u l a r  c y l i n d e r  i s  composed of  the  same medium (Region 

I I ) .  Comparing t h e  corre sponding curves f o r  the  r e c t a n g u l a r  and the  

c i r c u l a r  c y l i n d e r s ,  i t  i s  apparent  t h a t  a t  low frequency regions ( i . e . ,  

<50 MHz) t h e  s c a t t e r i n g  curves t h a t  are  t h e  same f o r  each cor responding 

c a s e .  As the  frequency in c r e a s e s  t h e  corresponding  s c a t t e r i n g  curves
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d iv e r g e .  These curves a re  a good t e s t  f o r  t h e  s o l u t i o n  of moment method 

a t  low f r e q u e n c i e s .

F. SUMMARY

In t h i s  c h a p t e r ,  t h e  E-wave s c a t t e r i n g  by bu r ied  lo s s y  d i e l e c t r i c  

r e c t a n g u l a r  c y l i n d e r s  was c o n s id e red .  Moment method fo rm u la t ions  were 

p r e s e n te d  and a convergence curve was inc luded which showed e x c e l l e n t  

convergence.  Some numerical  r e s u l t s  were a l s o  p re s e n ted  and d i sc u s s e d .  

I t  i s  aga in noted t h a t  the  presence  of  t h e  i n t e r f a c e  can be accounted 

f o r  in a s imple way and y e t  r easonab ly  a c c u r a t e  r e s u l t s  can be ob t a in e d .  

In t h e  next  c h a p te r  H-wave s c a t t e r i n g  by bur ied  l o s s y  d i e l e c t r i c  

r e c t a n g u l a r  c y l i n d e r s  i s  p r e s e n t ed .
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CHAPTER V I I I

H-WAVE SCATTERING BY LOSSY DIELECTRIC RECTANGULAR CYLINDERS
OF INFINITE LENGTH

A. INTRODUCTION

The e l e c t r o m a g n e t i c  s c a t t e r i n g  model developed in Chapter  VI i s  

s p e c i a l i z e d  t o  a r e c t a n g u l a r  s c a t t e r e r .  Again a plane  wave expansion i s  

used in t h e  moment method fo rm u la t ion  as a s e t  of b a s i s  f u n c t i o n s .  A 

convergence t e s t  s i m i l a r  t o  t h a t  used in Chapters  VI and VII i s  a p p l i e d  

and which g ives  comparable  r e s u l t s  f o r  t h e  moment method. Some numerical 

r e s u l t s  a re  p r e s e n t e d  and d i s c u s s e d .  The r e s u l t s  can be e x p la in ed  in a 

manner s i m i l a r  t o  t h e  i n t e r p r e t a t i o n s  of Chapter  VII.  The major  

d i f f e r e n c e  i s  t h a t  t h e  (1+Ri)2 f a c t o r  i s  rep laced  by (1+R||)? f a c t o r .

The H-wave e l e c t r o m a g n e t i c  s c a t t e r i n g  model i s  t h e  same as t h a t  f o r  

E-wave as shown in Figure 7 -1 ,  excep t  t h a t  t h e  e l e c t r i c  l i n e  sou rce  i s  

r ep la ce d  by a uniform t ime harmonic magnet ic  l i n e  so u rc e .  Using t h i s  

model ,  t h e  moment method fo rm u la t io n s  a re  d e r iv e d .

B. PLANE WAVE EXPANSION

The system of  l i n e a r  equa t ion
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Figure  8 -1 . The convergence curve fo r  computer program RTUNLH 
f o r  a bur ied  t u n n e l .  S c a t t e r i n g  A t tenua t io n  
Function i s  c a l c u l a t e d  fo r  i n c r e a s in g  va lues  of N, 
t h e  number of plane waves in the  expans ion.  The 
f requency used i s  100 MHz.
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was ob ta ined  by app ly ing  moment method t o  I n t e g r a l  Equat ion ( 6 .2 3 ) ,  

where % and Z^n a r e  given by Equat ions (4 .9 )  and (4.5)  r e s p e c t i v e l y ,  and 

AVn, and AZ  ̂ a r e  given by Equat ions (6.24c)  and (6.26)  r e s p e c t i v e l y .

Using Equat ion (3 .1 )  in Equation (6 .24c)  y i e l d s

AV . - £ i  J 
2ir -a -b

00 - f  ( 2 d - x - Xg  )
1 i l L ! ___________ s i n [ g ( y - y s ) ]  ^ ^
0 f  n

CO - f  ( 2 d - x - X g  )
J ! ! i ! ___________ c o s [ g ( y - y s ) ]  <;os
0 f m

dxdy ,

(8 . 2)

where Equat ion (3.2b)  and (3 .2c )  has been used.

S u b s t i t u t i n g  Equation (3 .1 )  in Equation (6 .26)  y i e l d s

 ̂ - a - b - a - b
2nE2

“  2 - f ( 2d - x - x ' )  ^ ,
s i n *  s i n *  1 g « I I  e  c o s [ g ( y - y ' ) ]

m ^n 0 : f

“  - f ( 2d - x - x ' )
+ (sin* cos* + cos* sin* ) i  ^_________  s in [g (y -y  Q  jg

m n m n Q f

cos* COS*, i
“  2 - f ( 2d - x - x ' )

m "n 0
c o s [ g ( y - y ' ) ]  ^g dx 'd y 'dxd

( %. 3j
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where Equat ions ( 2 .4 0 c ) ,  ( 3 . 2 b ) ,  and (3 .2c )  have been used t o  s im p l i f y  

t h e  c o n s ta n t  term.  In te rchang ing  th e  o rd e r  of i n t e g r a t i o n  and 

r e a r r a n g i n g  terms in Equat ion (8 .2 )  y i e l d s

- 1  J  R i t  e
2 nni  0

- f ( 2 d - X s )
- j g j

siniji^g J e s i n [ g ( y - y ^ ) ]  dy

cos*^f J e c o s [ g ( y - y ^ ) ]  dy I f  "
-a

e dx dg

( 8 . 4 )

Or,

00 - f  ( 2d - Xg  )

( 8 . 5 )

i s  given by Equation ( 7 .4 b ) .  GE|||| i s  given by Equat ion (3 .8c )  and GÔ

i s  given by Equation ( 4 .9 b ) .

In a s i m i l a r  manner.  Equat ion (8 .3 )  i s  reduced to

 ̂ 00 - 2df
A Z  =  ( E 1 - E 2 )  J  R i i  e  

mn o f
2 tt£2

(sin<|)^ sin<f.^g -  cos*^ cosO^f )

) ^ - j g „ y  - jg_y
i i  e e c o s [ g ( y - y ' ) ]  dy 'dy

-b -b
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 ̂ 'j - j g  y' - jg  y
+ (cos 6 s i n é  + s in *  c o s * ]  fg J J e e s i n [ g ( y - y  ’ ) ]d y 'd y

I I I  I I  I I I  I I  - D - D

a - j f ^ x '  fx '
J e e 

-a

a - j f „ x  fx

-â
dx'  i e e dx

Or,

dg ,
(8 . 6 )

“  - 2df  
a7 = _ 4 ( :1 -S2)  J R|l e 

mn :  0 f
TTE2

(s1n+^sin+„g2 - cos*^cos*„f2)

+ ( c o s * ^ s i n * ^  + s i n * ^ c o s * n ]  fg

Fn'  Fm>dg • (8.7)

GEmn i s  given by Equation ( 3 . 10c) ,  GOmn i s  given by Equat ion ( 4 . 1 9 ) ,  and 

Fp and a r e  given by Equat ion ( 7 .4 b ) .  In o rder  t o  make AVm and AZ^n 

compatib le  with and Z^n de r ived  in Chapter  IV, AVm and AZ^n have been 

normalized to  - j k i n i .

A f t e r  so lv in g  Equation (8 .1 )  f o r  C p ' s ,  t h e  s c a t t e r e d  f i e l d  may be 

obta ined  by Equat ion (6 .28)  as

N
( x .y )  .  I c

 ̂  ̂ m=l m
ZttEj

a b
J i

-a-b

“  - f ( 2d - x - x ' )
3Fm(x' , y ' )  j gR|| e s i n [ g ( y - y  ) ]  dg

3y' 0 f

- f ( 2d - x - x ' )
9F m (x ' ,y ' )  J fRii e c o s [ g ( y - y ' ) ] d x ' d y '

(8.8)
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S u b s t i t u t i n g  f o r  Fni(x,y) from Equat ion ( 3 . 1 ) ,  and s i m p l i f y i n g ,  the  

s c a t t e r e d  f i e l d  i s  reduced to

 ̂  ̂ M a b
H""(x,y) = -3 < ^ (n -^ 2 )n i  %  ̂ j j

z 2 ir m=l "1 - a -b

i gRii e ^ ^ ^ i n [ g ( y - y ' ) l d y  
m 0 f

cos
- f ( 2d - x - x ' )   ̂ ,

^ J £Rjie_________  c o s [ g ( y - y ' ) ] d g d x 'd y '

(8.9)

I n te r ch a n g in g  th e  o rd e r  of i n t e g r a t i o n  and rea r ra n g in g  th e  terms and 

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

-  ̂ N ”  - f ( 2 d -x )
y\  = - j w ( c i - c 2 ) n i  j R|| e

z TT m=l 0 f

dg ,

where i s  given by Equation ( 7 .4 b ) .  GE  ̂ and GÔ  a re  given by Equations

(3 .8 c )  and (4 .9b)  r e s p e c t i v e l y ,  with y^ rep laced  by y.

For b a c k s c a t t e r e d  f i e l d ,  some computational  t ime may be saved by 

u s ing  t h e  elements  of the  vo l tage  column. This may be v e r i f i e d  by 

r e p l a c i n g  (x ,y )  by ( x s ,y s )  in Equat ion ( 8 . 9 ) ,  and comparing th e  r e s u l t  

wi th  Equation ( 8 .4 ) .
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( V V  J l

AVm i s  given by Equation ( 8 . 5 ) .

C. CONVERGENCE

A computer program was developed to  model the  a i r - e a r t h  i n t e r f a c e  

and a buried  s c a t t e r e r .  This program i s  c a l l e d  RTUNLH and i t  i s  inc luded 

in  t h e  Appendix C. To check the  convergence c h a r a c t e r i s t i c  of  t h i s  

program, t h e  program i s  used t o  c a l c u l a t e d  t h e  r e l a t i v e  s c a t t e r i n g  fo r  

i n c r e a s i n g  values  of "N" th e  number of plane  waves in t h e  expans ion.  A 

t y p i c a l  curve i s  shown in Figure 8-1.

The s c a t t e r i n g  model used t o  ob ta in  t h i s  curve i s  shown a t  top of 

F igure  8-1 .  This model i s  a Im square  f i l l e d  c y l i n d r i c a l  tunnel  with 

Cr i=2 . ,  and oi=.0012 s/m bur ied  a t  d=1.5m in e a r t h  with ^ r 2=4 and O2= . 0n3 

s/m.  The i n t e r f a c e  i s  t h e  x=1.5m plane  and t h e  f requency  i s  100 MHz. As 

shown in Figure 8-1 ,  the  e x c i t a t i o n  l i n e  source i s  l o c a t e d  at  

(xs>ys)  = ( l*5ni ,0) .  As d e p ic t e d  in Figure 8-1 ,  the  s o l u t i o n  seems t o  have 

converged f o r  N>6 . This convergence curve has the  same behav io r  as the  

convergence curves p resen ted  in e a r l i e r  c h a p te r s  thus  t o  avoid 

r e p e t i t i o n ,  i t  i s  not d i scussed  f u r t h e r .  The A$ co r responding  to  every 

va lue  of N i s  c a l c u l a t e d  from Equation ( 3 . 1 4 ) ,  and i s  inc luded  in Figure 

8 - 1 .
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D. SCATTERING PATTERNS

Some examples of b i s t a t i c  and b a c k s c a t t e r e d  p a t t e r n s  a re  given f o r  a 

f i l l e d  t r e n c h  and some f i l l e d  tunnel  geomet r ie s .  A family  of  curves  is  

p r e s e n t ed  f o r  i n c r e a s i n g  values  of "d",  the  depth of  the  c e n t e r  of the  

t u n n e l .  The t r e nc h  or  tunnel  (see Figure 7-1)  i s  modeled by a Im by .5m 

r e c t a n g u l a r  c y l i n d e r  of  i n f i n i t e  l eng th  with ^ r i= 2 , s /m,  and

^1=^0 . The e a r t h  i s  modeled by a medium with ^ r 2=4 , s /m, and

^2=^0 * The frequency used i s  100 MHz. The e l e c t ro m ag n e t i c  s c a t t e r i n g  

model i s  shown in Figure 8-2.  A magnet ic l i n e  source i s  p laced  on the  

i n t e r f a c e  p a r a l l e l  t o  z - a x i s  a t  ( x s , y s ) ,  and i t  can be moved in 

± y - d i r e c t i  on t o  ob ta in  va r ious  e x c i t a t i o n  c a se s .

1. B a c k s c a t t e r in g  P a t t e r n s

Figure 8-2 shows va r ious  b a c k s c a t t e r i n g  p a t t e r n s  f o r  some t r e n c h  and 

tunne l  geom et r i e s .  When d=.5m, a t r e n c h  geometry i s  modeled. The 

b a c k s c a t t e r i n g  p a t t e r n  f o r  t h i s  t r e n c h  shows a s t rong  r e l a t i v e  

b a c k s c a t t e r e d  f i e l d  in r eg ions  d i r e c t l y  above the  t r e n c h .  The r e l a t i v e  

s c a t t e r e d  f i e l d  dec reases  as the  | y | - o f f s e t  i s  inc re ase d  u n t i l  | y | « 2 . 2m, 

where an apparen t  nu l l  i s  o b t a i n e d ,  beyond t h i s  po in t  the  f i e l d  again 

i n c r e a s e s  f o r  the  range shown.

For va lues  of  d>.5m tunnel  geomet r ies  a re  modeled. Some 

b a c k s c a t t e r i n g  p a t t e r n s  a re  in c luded  in Figure 8-2 f o r  t u n n e l s  bur ied  a t  

d=.75m, Im, 1.25m, and 1.5m. P a t t e r n s  fo r  sha l lowly  bur ied  t u n n e l s ,

i . e . ,  d=.75m, l .m,  have the  same general  shape as t h a t  of  the  t r e n c h ,  but
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Figure  8-2 .  The b a c k s c a t t e r i n g  p a t t e r n s  fo r  t r e n c h  and tunnel  
g e o m e t r i e s .  The magnet ic  l i n e  source i s  placed 
on th e  i n t e r f a c e ,  p a r a l l e l  t o  z - a x i s ,  and moved 
from y=-2.5m t o  y=2.5m in c r e m e n t a l l y .  The frequency  
i s  100 MHz.
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a re  widened and reduced in magnitude .  As th e  t u n n e l s  a re  bu r ied  deeper ,  

t h e  b a c k s c a t t e r e d  f i e l d  i s  no longer  maximum d i r e c t l y  above t h e  t u n n e l ,  

t h i s  case i s  shown in Figure  8-2 fo r  t u n n e l s  bu r ie d  a t  d=1.25m, and 1.5m.

To i l l u s t r a t e  t h e  e f f e c t  of t h e  a i r - e a r t h  i n t e r f a c e  on th e  

b a c k s c a t t e r i n g  p a t t e r n s  of  a t r e n c h  and a t u n n e l ,  F igure s  8-3 and 8-4 a r e  

p r e s e n t e d .  F igure  8-3 shows th e  b a c k s c a t t e r e d  p a t t e r n  f o r  t h e  t r e n c h  

geometry d i sc u s s e d  in Figure 8-2 .  In a d d i t i o n ,  an analogous 

b a c k s c a t t e r e d  p a t t e r n  i s  given f o r  a case where t h e  a i r - e a r t h  geometry i s  

removed ( i . e . ,  a i r  region  i s  r e p l a c e d  with reg ion  I I ) .  This p a t t e r n  

shows th e  s i g n i f i c a n t  e f f e c t  of  a i r - e a r t h  i n t e r f a c e  on t h e  b a c k s c a t t e r e d  

f i e l d s  a t  va r ious  p o i n t s .  However, t h e  approximate  model d i sc u s s e d  in 

Chapte r  VII does not  seem t o  f i t  as wel l f o r  t h i s  p o l a r i z a t i o n .  As 

s ugges ted  by Figure  8 -3 ,  the  a i r - e a r t h  i n t e r f a c e  not  only changes t h e  

b a c k s c a t t e r i n g  p a t t e r n  of  a t r e n c h  more d r a m a t i c a l l y ,  but  i t  a l s o  reduces 

t h e  magnitude of t h e  b a c k s c a t t e r e d  f i e l d  as would be p r e d i c t e d .  However 

t h e  approximate  s o l u t i o n  i s  not as a c c u r a t e  as was t h e  case  f o r  t h e  

e l e c t r i c  l i n e  s o u rc e .  An analogous s e t  of curves  i s  shown in F igure  8-4 

f o r  a tunnel  bu r ie d  a t  d=1.5m. For t h i s  c u rve ,  t h e  approximate  model 

seems to  work b e t t e r  than  t h e  t r e n c h  case  of F igure  8-3.

2. B i s t a t i c  P a t t e r n s

As a f i r s t  example of b i s t a t i c  s c a t t e r i n g  p a t t e r n ,  a magnet ic  l i n e  

sou rce  i s  placed on th e  i n t e r f a c e  a t  ( x s , y s ) = ( d , 0 )  and t h e  s c a t t e r e d  

f i e l d  i s  observed on t h e  i n t e r f a c e  a t  y=-2.5m t o  y=2.5m i n c r e m e n t a l l y .  

This  model i s  shown in Figure 8 -5 ,  where b i s t a t i c  s c a t t e r i n g  p a t t e r n s  a re
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Figure 8-5.  B i s t a t i c  s c a t t e r i n g  p a t t e r n s  f o r  some t r e n c h  and tunnel  
geom et r i e s .  A magnet ic  l i n e  sou rce  i s  pl aced on the  
i n t e r f a c e  a t  ( x s , y s ) = ( d , 0 )  p a r a l l e l  t o  z - a x i s ,  and the  
s c a t t e r e d  f i e l d  i s  observed a t  p o in t s  on the  i n t e r f a c e  
a long y - a x i s  (from y=-2.5m to  y=2.5m). The frequency 
i s  100 MHz.
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i nc luded f o r  a t r e n c h  and some t u n n e l s  bur ied  a t  d=.75m, Im, 1.25m, and 

1.5m. For t h e  t r e n c h  model where d=.5m, a maximum i s  ob ta ined  d i r e c t l y  

above the  t r e n c h .  The s c a t t e r e d  f i e l d  i s  reduced f o r  inc re ase d  

| y I - o f f s e t s  up t o  | y | = l ,  a f t e r  which i t  smoothly i n c r e a s e s  fo r  l a r g e r  

| y I - o f f s e t s .  For tunne l  geometr ies  (d>.5m),  t h e  p a t t e r n s  shown in Figure 

8-5 d e p ic t s  maxima d i r e c t l y  above th e  tunnel  and smoothly dec reas ing  

s c a t t e r e d  f i e l d  f o r  i n c r e a s i n g  | y | - o f f s e t s .

Figure 8-6 shows a comparison between th e  s c a t t e r i n g  p a t t e r n  of  a 

t r e n c h  geometry and t h a t  of an analogous case with t h e  a i r - e a r t h  

i n t e r f a c e  removed ( i . e . ,  a i r  region i s  rep laced  with region I I ) ,  and 

Figure  8-7 shows an analogous s e t s  of  p a t t e r n s  f o r  a tunne l  geometry 

bu r ied  a t  d=1.5m.

A second example of b i s t a t i c  s c a t t e r i n g  p a t t e r n  i s  p resen ted  in 

Figure  8-8 ,  where t h e  s c a t t e r i n g  model of Figu re  8-5 i s  used with the  

excep t io n  t h a t  t h e  e x c i t a t i o n  l i n e  sou rce  i s  moved t o  ( x s , y s ) = (d ,1 .5 m ) .  

The p a t t e r n s  p re s e n ted  in Figure 8-8 are  f o r  a f i l l e d  t r e n c h  and some 

t u n n e l s  bu r ied  a t  d=.75m, Im, 1.25m, and 1.5m. I t  is  apparen t  t h a t  as 

t h e  depth of b u r i a l  of  tunnel  (d) i s  i n c r e a s e d ,  the  p a t t e r n  i s  reduced 

and widened, and t h a t  t h e  nul l  d i r e c t l y  above th e  tunne l  remains very 

much in p l a c e ,  while  t h e  one to  the  l e f t  of tunnel  g r a d u a l ly  moves 

f u r t h e r  away and becomes sha l low e r .

E. BACKSCATTERING VERSUS FREQUENCY

In t h i s  s e c t i o n  two s e t s  of f requency curves a re  p r e s e n te d ;  one f o r  

a t rench  geometry and th e  o th e r  f o r  a tunnel  geometry.  In each case an
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analogous curve  f o r  no the  i n t e r f a c e  case  i s  i nc luded  f o r  comparison.  A 

Im square  t r e n c h  with ^r\=2, and ai=.0012  s/m in a e a r t h  medium with 

Cr2=4 and 02=.003 s/m f o r  a magnet ic  l i n e  sou rce  pl aced  on th e  i n t e r f a c e  

a t  ( x s , y s ) = ( d , 0 )  i s  shown in F igure  8-9.  This  geometry r e p r e s e n t s  the  

e l e c t r o m a g n e t i c  s c a t t e r i n g  model of  a f i l l e d  t r e n c h .

The c o r re spond ing  b a c k s c a t t e r i n g  curves a r e  shown in Figure 8-9 .

The dashed curve i s  t h e  f requency  curve f o r  a t r e n c h ,  whereas ,  t h e  s o l i d  

curve  i s  t h e  f requency curve f o r  the  case  where t h e  a i r - e a r t h  i n t e r f a c e  

i s  removed ( i . e . ,  a i r  r eg ion i s  r ep la ce d  by reg ion  I I )  and the  same 

source  geometry i s  r e t a i n e d .  Comparing t h e s e  two c u r v e s ,  i t  i s  apparen t  

t h a t  t h e  i n t e r f a c e  reduces  t h e  s c a t t e r i n g  as would be p r e d i c t e d  and t h i s  

r e d u c t io n  appear s  t o  be r e l a t i v e l y  nonuniform f o r  v a r io u s  f r e q u e n c ie s  in 

c o n t r a s t  t o  t h e  e l e c t r i c  l i n e  source c a s e s .  The shape of the  two curves 

appears  t o  be almost  t h e  same f o r  f requency  range shown. Figure 8 - in  

shows a s e t  of  curves  analogous t o  F igure  8-9 f o r  a r e c t a n g u l a r  tunnel  

geometry.  The e l e c t r o m a g n e t i c  s c a t t e r i n g  model i s  a l s o  shown. Comparing 

t h e  curve  f o r  bu r ie d  r e c t a n g u l a r  tunnel  (dashed l i n e )  and th e  curve  fo r  

t h e  r e c t a n g u l a r  tunne l  in t h e  absence of a i r - e a r t h  i n t e r f a c e  ( s o l i d  

l i n e ) ,  i t  i s  a ppa ren t  t h a t  t h e  two have t h e  same shape f o r  f requency 

range shown and t h a t  t h e  i n t e r f a c e  e f f e c t ,  seems to  be uniform a t  var ious  

f r e q u e n c i e s .  In f a c t ,  i t  seems l i k e  t h e  i n t e r f a c e  s h i f t e d  t h e  s o l i d  

curve  by a - 7 .5  dB a pp rox im ate ly .  From a s i m p l i s t i c  po in t  of  view, t h i s  

f a c t o r  may be approximated r e a sona b ly  by a (1+R||)2 f a c t o r  as d i sc u s s e d  in 

Chapte r  VII ,  where Rn i s  t h e  plane  wave r e f l e c t i o n  c o e f f i c i e n t  a t  the  

i n t e r f a c e .  The f i r s t  (1+R||) f a c t o r  i s  due t o  t h e  t o t a l  i nc idence  f i e l d
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on t h e  s c a t t e r e r ,  and a second (1+R||) f a c t o r  i s  due t o  the  s c a t t e r e d

f i e l d ,  due t o  the  induced c u r r e n t s  in the  s c a t t e r e r .  For t h e  model shown

in Figure 8-10,  Rn« (neg le c t in g  t h e  e f f e c t  of l o s s  as suggested by
3

curves of Figure (8-10) and (1+R||)2 = ( i  __1)2 which im pl ie s  approximately 

a -7 dB s h i f t  of the  s o l i d  curve t o  ob ta in  t h e  dashed curve in Figure 

8-10.  This approach f a i l s  fo r  the  t a r g e t  a t  t h e  s u r f a c e .  This 

s i m p l i s t i c  approximation i s  s u f f i c i e n t l y  a c c u r a te  f o r  t h e  case under 

c o n s i d e r a t i o n ,  thus  t h e  c o s t l y  ev a lu a t io n  of t h e  Sommerfeld i n t e g r a l s  may 

not  be necessa ry  in t h i s  ca se .  I t  i s  hypothes ized  t h a t  the  approximate 

model gives  b e t t e r  r e s u l t s  as the  s c a t t e r e r  i s  bu r ied  deeper .

F. SUMMARY

In t h i s  c h a p t e r ,  a moment method fo rm ula t io n  f o r  H-wave s c a t t e r i n g  

by bu r ied  lo ssy  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r s  was given .  A 

convergence curve was p r e s e n te d ,  and va r ious  numerical  r e s u l t s  were 

i nc luded  and d i sc u s s e d .
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CHAPTER IX 

CPU-TIME CONSIUERATIONS

One advantage  o f f e r e d  by using  t h e  plane  wave expansion i s  t h a t  the  

number of  l i n e a r  e qua t ions  r eq u i r e d  t o  so lve  a given problem i s  

c o n s id e r a b l y  l e s s  than  the  number of l i n e a r  e q u a t io n s  r eq u i r ed  to  so lve  

t h e  same problem via  a pu lse  b a s i s  method. This i s  very c r i t i c a l  in 

terms of t h e  CPU-time requ i r ed  t o  so lve  a s e t  of s imul taneous  l i n e a r  

e q u a t i o n s ,  u s u a l l y ,  a mat r ix  i n v e r s io n  or  a gauss  e l i m i n a t i o n  r o u t in e  i s  

r e q u i r e d  t o  s o lve  such a system. Thus,  t h e  e f f i c i e n c y  of t h e  o p e ra t io n  

i s  h igh ly  dependent  on the  e f f i c i e n c y  of  t h e  m a t r ix  i n v e r s io n  r o u t i n e .  

For t h i s  r ea s o n ,  i t  i s  convenient  t o  choose a m a t r ix  r e d u c t io n  t ec hn ique

such as t r i a n g u l a t i o n  or g a u s s ' s  e l i m i n a t i o n .  This u s u a l l y  r e q u i r e s  a y  

n3 o p e r a t i o n s  (one o p e ra t io n  u s u a l l y  c o n s i s t s  of  an a d d i t i o n  and a

m u l t i p l i c a t i o n )  t o  t r i a n g u l a t e  t h e  m at r ix  where N i s  t h e  number of

l i n e a r l y  independent  equa t ions  t o  be s o lv e d ,  and y  o p e r a t i o n s  a re  

r e q u i r e d  t o  so lv e  t h e  m a t r ix .  I t  i s  p o s s i b l e  t o  use a compact"scheme 

f o r  gauss ian  e l i m i n a t i o n  [48]  such as C r o u t ' s  method t o  so lve  t h e  system 

o f  t h e  N l i n e a r l y  independent  e q u a t i o n s .  The CPU-time r eq u i r ed  f o r  

s o lv in g  N s im ul taneous  l i n e a r  equ a t io n s  by C r o u t ' s  method i s  

p ro p o r t i o n a l  t o  N^. A s u b ro u t in e  implementing t h e  C r o u t ' s  method i s  

inc lude d  in t h e  appendix ( c ou r te sy  of P r o fe s s o r  Richmond).

166



I t  i s  p o s s ib l e  t o  subd iv ide  a moment method computer program i n t o

four  major p a r t s  in terms of the  types  of the  o p e ra t io n s  i n vo lve d ,  such

as :

1) s e t t i n g  up the  g e n e ra l i z e d  impedance mat r ix

2) s e t t i n g  up the  g e n e ra l i z e d  vo l tage  column

3) s o lv ing  th e  matr ix

4) c a l c u l a t i n g  the  f i n a l  r e s u l t s ,  i . e . ,  SAP or  echowidth . . .  .

P a r t s  2 and 4 a re  not very c r i t i c a l  in terms of the  amount of  the

r e q u i r e d  CPU-time, whereas ,  p a r t s  1 and 3 u s u a l l y  r e p r e s e n t  t h e  t ime 

consuming o p e r a t i o n s .

Depending on how a moment method s o l u t i o n  i s  formula ted and th e  

type  of expansion and t e s t i n g  used,  t h e  four  o p e ra t io n a l  c a t a g o r i e s  are  

weighted d i f f e r e n t l y  in terms of the  r eq u i r e d  CPU-time. For example:  

RCYLPWE program p resen ted  in Appendix A uses  four  f o ld  symmetry and- 

s t a nd ing  plane  wave expansion and Galerkin t e s t i n g ,  w h i l e ,  RTUNLE 

computer program p res e n ted  in Appendix B uses  t r a v e l i n g  plane wave 

expansion and Galerkin t e s t i n g .  Thus,  t h e  former may r e q u i r e  more t ime 

t o  s e t  up the  g e n e ra l i z e d  impedance m at r ix  than  the  l a t t e r ,  but  the  

former i s  much f a s t e r  in s o lv ing  th e  m at r ix  than th e  l a t t e r .  In 

c o n t r a s t ,  a s imple pul se  b a s i s  po in t  matching r e q u i r e s  a s h o r t  s e t - u p  

t im e ,  but  i t  uses much lo nger  t ime to  i n v e r t  the  m a t r ix .  In f a c t ,  the  

t ime r eq u i r ed  fo r  s o lv ing  th e  mat r ix  becomes so g r e a t  f o r  l a r g e r  N ' s ,  

t h a t  i t  becomes economical ly  i n f e a s i b l e  f o r  l a r g e r  geomet r i e s .

This i s  i l l u s t r a t e d  in Figure 9-1 ,  where a comparison between the 

Pulse  Basis  Point  Matching (PBPM) and a Plane Wave Expansion Galerkin
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(PWEG) i s  given in form of the  CPU-time and the  number of r equ i red  

l i n e a r  equa t ions  N as a func t ion  of f requency .  The CPU-time va lues  are 

t h e  r e q u i r e d  t ime t o  ob ta in  a convergent  s o l u t i o n  f o r  the  p a r t i c u l a r  

s c a t t e r e r  shown. These t imes are  t y p i c a l  of the  VAX-11/780 Computer in 

t h e  E le c t roS c ie nc e  Laboratory computing f a c i l i t i e s ,  and may vary 

c o n s id e r a b l y  on o t h e r  computers .  However, r e g a r d l e s s  of the  computer 

speed ,  t h e  r e l a t i v e  speed of the  PBPM and PWEG methods would be very

s i m i l a r  t o  t h a t  of Figure 9-1.

For the  PBPM computer  program, t h e  CPU-time i n c r e a s e s  very s lowly 

f o r  f r e q u e n c ie s  s m a l l e r  than 80 MHz (see Figure 9 - 1 ) ,  in f a c t ,  in t h i s  

r e g i o n ,  t h e  PBPM program i s  f a s t e r  than the  PWEG program. The 

a d d i t i o n a l  t ime r equ i r ed  by PWEG program in t h i s  region i s  p a r t i a l l y  due 

t o  t h e  t ime requ i r ed  to  s e t  up the  g e n e ra l i z e d  impedance m a t r ix .  As the  

frequency  i s  inc re ase d  beyond 80 MHz, t h e  s o l u t i o n  t ime f o r  PBPM program 

i n c r e a s e s  r a p i d l y  as more equa t ions  a re  needed t o  ob ta in  a convergent

s o l u t i o n .  In c o n t r a s t  to  t h i s ,  a much f a s t e r  s o l u t i o n  i s  ob ta ined  by

PWEG program from fewer l i n e a r  e q u a t io n s .  The small r a t e  of i n c r e a s e  of 

t h e  r eq u i r e d  CPU-time and the  fewer needed l i n e a r  equa t ions  makes the  

PWEG method very a t t r a c t i v e  f o r  h igher  f r e q u e n c ie s  or l a r g e r  geom et r i e s ,  

while  a t  low f re q u e n c ie s  PBPM i s  more s u i t a b l e .  I t  i s  hypothes ized  t h a t  

f o r  l a r g e r  values of  N, the  CPU-time becomes a fun c t io n  of  N^.

The e x c i t a t i o n  source used in the  s c a t t e r i n g  model of  Figure 9-1 i s  

a uniform t ime harmonic e l e c t r i c  l i n e  source .  An analogous s e t  of 

curves  i s  given in Figure 9-2 fo r  a magnet ic  l i n e  source e x c i t a t i o n .

The moment method fo rm ula t ion  fo r  t h i s  case i s  more involved and the
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Figure  9-1.  Comparison between the  Pulse Basis  Point  Matching 
(PBPM) and a Plane Wave Expansion Galerkin (PWEG) 
methods. The CPU-time and the  number of l i n e a r  
e qua t ions  "N" needed to  ob ta in  a convergent  s o lu t i o n  
i s  p l o t t e d  f o r  var ious f r e q u e n c ie s .  The e x c i t a t i o n  
i s  due t o  a uniform e l e c t r i c  l i n e  source and the  
computer programs used are  RECTPPE and RTUNLE fo r  
PBPM and PWEG r e s p e c t i v e l y .
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e q u a t io n s  "N" needed t o  o b t a in  a convergent  s o l u t i o n  
i s  p l o t t e d  f o r  va r ious  f r e q u e n c i e s .  The e x c i t a t i o n  
i s  due t o  a uniform magnet ic l i n e  source  and the  
computer  programs used a re  SQCYLH and RTUNLH f o r  
PBPM and PWEG r e s p e c t i v e l y .
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execu t ion  t ime f o r  t h e  computer programs are  l o n g e r  than th e  e l e c t r i c  

l i n e  source  c a se .  Figure  9-2 b a s i c a l l y  shows t h e  same r e l a t i v e  CPU-time 

behav io r  f o r  PBPM and PWEG as t h a t  of Figure  9 -1 ,  and s i m i l a r  

conc lu s io n s  may be drawn.

The maximum frequency or  t h e  s i z e  of  the  s c a t t e r e r  t o  be modeled by 

th e  PWEG tec h n iq u e  may be l i m i t e d  by t h e  economic c o n s i d e r a t i o n s  of 

CPU-execut ion t im e .  Modern high d e n s i t y  core  memories in conduc t ion 

w i th  added v i r t u a l  memories may soon e l i m i n a t e  most of t h e  l i m i t a t i o n s  

imposed by memory s i z e .  The VAX-11/780 computer can accommodate 

app rox im ate ly  a 1000 by 1000 m a t r ix  of  complex elements  in i t s  

a d d r e s s a b l e  memory of  about  2 Gbytes [50 ] .

171



CHAPTER X 

CONCLUSIONS

The o b je c t  of t h i s  r esea rch  has been to  ob ta in  an e f f i c i e n t  

computa t iona l  model f o r  the  s tudy of  EM-sca t te r ing  by b u r i e d ,  p e n e t r a b l e  

n o n - c i r c u l a r  c y l i n d e r  of i n f i n i t e  l e n g t h .  This model can be used to  

model two-dimensional  s c a t t e r e r s  In e i t h e r  a lo ssy  h a l f  space or  In a 

l o s s y  homogeneous medium.

The Plane Wave Expansion Galerk in  method p resen ted  here  o f f e r s  

se ve ra l  advantages over the  Pulse Basis  Point  Matching. I t  g ives  a 

s t a b l e  convergence f o r  a fewer number of l i n e a r  e q u a t i o n s ,  i t  provides  

reduced i n t e g r a t i o n  t ime f o r  a r e c t a n g u l a r  based c y l i n d e r ,  where t h e  

c r o s s - s e c t i o n a l  i n t e g r a l s  a re  e v a lu a te d  in c lo sed  form. A d d i t i o n a l l y ,  

t h e  va r ious  o p t im iz a t io n s  provided  by PWEG, enab le s  model ing of  l a r g e r  

s c a t t e r e r s  t h a t  was not p o s s ib l e  p r e v i o u s ly .

In Chapter  I I I  and IV, some numerical  r e s u l t s  were included  f o r  E- 

wave and H-wave s c a t t e r i n g  by a r e c t a n g u l a r  c y l i n d e r  immersed in a 

homogeneous ambient  medium. The s c a t t e r i n g  p a t t e r n  ob ta ined  in Chapter 

I I I  and IV were then  used to  develop an approximate model t o  exp la in  

much of the  d e t a i l s  of the  s t r u c t u r e  of t h e  s c a t t e r i n g  p a t t e r n s  ob ta ined  

by th e  more exact  s o lu t i o n s  ob ta ined  by e v a lu a t i n g  the  Sommerfeld
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i n t e g r a l s .  In Chapter V the  r a d i a t i o n  p a t t e r n s  of  a l i n e  sources  placed 

on th e  a i r - i n t e r f a c e  were o b t a in e d .  I t  was i l l u s t r a t e d  t h a t  t h e s e  

p a t t e r n s  may be approximated by (1+Ri) f a c t o r  fo r  an e l e c t r i c  l i n e  

source  and (1+R|i) f a c t o r  f o r  a magnet ic  l i n e  s o u rc e .  I t  i s  apparent  

t h a t  t h e  simple approximation does not  i nc lude  t h e  l a t e r a l  type  waves. 

Exclusion of the  e f f e c t  of  l a t e r a l  waves i s  more d r a s t i c  f o r  the  case  of 

t h e  magnet ic  l i n e  s o u rc e ,  because t h e  l a t e r a l  wave i s  more s i g n i f i c a n t  

f o r  t h i s  p a r t i c u l a r  p o l a r i z a t i o n  because of  i t s  a s s o c i a t i o n  with t h e  

Brewster  angle  [51 ] .  I t  i s  a l s o  shown t h a t  t h e  f a r  f i e l d  of  a magnetic 

l i n e  source in a homogeneous l o s s l e s s  medium i s  p ro p o r t io n a l  t o  cp-1 /4  

and f a r  f i e l d  of a magnet ic  l i n e  sou rce  in t h a t  medium i s  p rop o r t io n a l  

t o  Ep3/4.

In Chapter  VII ,  E-wave, and in Chapter  V I I I ,  H-wave, s c a t t e r i n g  by 

bu r ie d  lo s s y  d i e l e c t r i c  r e c t a n g u l a r  c y l i n d e r s  of  i n f i n i t e  l eng th  were 

cons ide red  and some s c a t t e r i n g  p a t t e r n s  were p r e s e n t e d .  I t  was 

i l l u s t r a t e d  t h a t  a s imple model may be used t o  ob ta in  t h e  e f f e c t  of  the  

a i r - e a r t h  i n t e r f a c e .  This approximate model sugges t s  t h a t  SAP f o r  a 

bu r ie d  s c a t t e r e r  may be ob ta ined  by m u l t i p l y in g  th e  SAP of s c a t t e r e r  

immersed in homogeneous e a r t h  medium by (1+R)2, where R i s  equal to  R^ 

f o r  an e l e c t r i c  l i n e  source e x c i t a t i o n ,  and Rn f o r  a magnet ic  l i n e  

source  e x c i t a t i o n .  The f i r s t  (1+R) f a c t o r  i s  in t roduc ed  to  account  f o r  

t h e  p resence  of the  i n t e r f a c e  on th e  f i e l d  r a d i a t e d  by t h e  l i n e  sou rce .  

The second (1+R) accounts  f o r  t h e  r e f l e c t i o n  of the  s c a t t e r e d  f i e l d s  by 

t h e  i n t e r f a c e .  Thus the  t o t a l  of (1+R)2 f a c t o r  i s  r eq u i r e d  to  

approximate the e f f e c t  of the  i n t e r f a c e  on the  s c a t t e r e d  f i e l d s .  This
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approximation seems to  work b e t t e r  fo r  the  e l e c t r i c  l i n e  source 

e x c i t a t i o n .

A. SUGGESTIONS

The EM-sca t te r ing  models p re se n ted  in t h i s  d i s s e r t a t i o n  may by 

ex tended so t h a t  f i n i t e  sources  may by modeled. This would invo lve  

u t i l i z i n g  a F our ie r  t r a n s fo rm  and s o lv ing  th e  above problem numerous 

t im es  fo r  va r ious  va lues  of the  t rans fo rm  argument .  This however may be 

avoided  by u t i l i z i n g  th e  method of S t e ep e s t  descen t  f o r  case s  where t h e  

s c a t t e r e r  i s  lo c a t e d  f a r  enough so t h a t  t h e  asympto t i c  e v a lu a t i o n  of  the  

p e r t i n e n t  i n t e g r a l s  i s  p o s s i b l e .

A problem of i n t e r e s t  in underground r ada r  i s  t h e  c ro s s e d  d ip o le  

t r a n s m i t t e r - r e c e i v e r  antenna p a i r s .  This enab les  c o n s id e r a b l e  i s o l a t i o n  

between t h e  t r a n s m i t t e r  s igna l  and th e  rece ived  s i g n a l .  The EM- 

s c a t t e r i n g  r e s u l t s  of  the  two d i f f e r e n t  p o l a r i z a t i o n s ,  t h e  p a r a l l e l  and 

t h e  p e r p e n d ic u l a r  p o l a r i z a t i o n  may be combined t o  ob t a in  a s o l u t i o n  f o r  

such an antenna system [52] .

F i n a l l y ,  t h e  s c a t t e r i n g  models should be t e s t e d  f o r  va r ious  

m a t e r i a l  c a s e ,  i . e . ,  good conductors  and poor c onduc to r s .  This would 

de te rmine  some of t h e  l i m i t a t i o n s  t h a t  the  method may have.
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APPENDIX A

Computer program RCYLPWE uses Plane Wave Expansion Galerkin with 

f o u r  f o ld  symmetry. The f i e l d  i n s i d e  t h e  s c a t t e r e r  i s  expanded as

E ( x . y )  = j ,  *  b n F S ' ( x - y )  *  •
(A . l a )

where

Fn^(x .y )  = c o s ( f ^ x )c o s (g ^ y )  , (A . lb )

Fn^(x ,y )  = s i n ( f ^ x ) c o s ( g ^ y )  ,

Fn° (x ,y )  = c o s ( f ^ x ) s i n ( g ^ y )  , ( ^ . I d )

and

F ° ° ( x ,y )  = s i n ( f ^ x ) s i n ( g ^ y )  . (A . l e )

The s u p e r s c r i p t s  correspond t o  evenness  or oddness w . r . t  x and y.

From th e  wave equa t ion  i t  i s  shown t h a t

i  + 9n = kl  > ' ' - Z a )

where
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and

f  = k . c o s è  , (A,2b)
n 1 n

= kjSin<j)^ , (A.2c)

é = (n-1)  TT _ (A.2d)
n T f P T T ?

k^ = • (A.2e)

Fol lowing th e  same d e r i v a t i o n  procedure  as d i sc u s s e d  in Chapter  I I ,  f o r  

t h e  e l e c t r i c  l i n e  source e x c i t a t i o n  we ob ta in  an i n t e g r a l  equa t ion  of 

t h e  form of Equat ion (2 .7 )  which can be reduced t o  fou r  s e t s  of 

decoupled systems of s imul taneous  l i n e a r  e q u a t i o n s .  These system of 

equ a t io n s  a r e :

= C  " = ' •  2 .  3 ..............N, (A.3b)

j ,  %'^n,n = C  ™ = 1. 2, 3, . . . . N .  («-3c)

and

= C  n, = 1.  2.  3. . . . .  N, (A.3<i)
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where £ ^ (x ,y )  has been expre ssed  as a sum of  odd and even 

symmetr ical  f u n c t i o n s  of  x and y

E^(x ,y )  = E®®(x,y) + E°^ (x ,y )  + E*°(x ,y )  + E°° (x ,y )  , (&.4)

f o r  an e l e c t r i c  l i n e  source  e x c i t a t i o n  i t  was shown in Chapter I I  t h a t

E ; ( x ,y )  = I Kq ( ï 2Pi ) ’ (A'5a)

i s  shown in Figure A-1, and

I = -jwPo . (A. 5b)
2tt

t hus  from Equat ions (A.4) and (A.5) one can o b ta in  t h e  fo l low ing :

= 1  (K„(Y2 Pi)  + * '=o'^2‘’4 »  '  (A .sa)

= 1  -  '^o<’' 2 ‘>2> -  Kot'rgP;) + '  (A.6b)

E®“ ( x ,y )  = I  ( K „ ( ï 2 Pi) + K^(Ï2 P2 > -  K^(Ï2P3) - Ko<’' 2 ‘’4 »  '  ( a . 6 c )

= 1  (K.tYgPi!  -  Ko'XgPg) * Ko ' ï jOa!  -  l^o(’' 2 ‘’4 »  '  (A.6d)

For a uniform l i n e  source  of  u n i t  c u r r e n t  e x c i t a t i o n  placed a t  ( x j ,

y i ) .  Equat ions (A.4 ) ,  (A.5) ,  and (A.6) can be achieved by r e p l a c in g  th e
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(x,y)

ORI GI NAL LINE SOURCE

4 U.yJ,

3J<
4

+

U ,y t

+

+

Figure  A-1. P i c t o r i a l  i l l u s t r a t i o n  of fou r  f o ld  symmetry 
where a l i n e  source  i s  r ep laced  by four  l i n e  
sources  with d e s i r e d  symmetry.
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t h i s  l i n e  sou rce  with four  l i n e  sources  of  c u r r e n t  s t r e n g t h  at
4

(X2,y2) ,  (X3,y3) ,  and (x4 , y 4 ) r e s p e c t i v e l y  as i l l u s t r a t e d  in 

Figure  A-1. The p o l a r i t y  of the  c u r r e n t s  i s  chosen so t h a t  t h e  d e s i r e d  

symmetries  w . r . t  x and y are  o b t a in e d .  This i s  i l l u s t r a t e d  p i c t o r i a l l y  

in  Figure A-1. To s im p l i f y  t h i s  f i g u r e  t h e  p o i n t s  ( x i , y i ) ,  (X2,y2) ,  

(X 3 .y s ) ,  and (x4 , y 4 ) a re  only des ig n a t ed  by 1, 2, 3,  and 4. Also the  

l i n e  source e x c i t a t i o n s  a re  s i m p l i f i e d  as

I KQ(YgP.) = i = 1, 2, 3, 4.

The Vm's of  t h e  Equat ions (A.3) invo lve  a c r o s s - s e c t i o n a l  i n t e g r a t i o n  

which can be e v a lu a te d  e a s i l y ,  because t h e r e  i s  no s i n g u l a r i t y  invo lved .  

These a re  g iven by

C  = l l  f E ° ® ( x , y )  ds , (A.7b)

C  = FnTfX'y) E°G(x,y) ds , (A.7c)III cs m

C  = E°° (x ,y )  ds , (A.7d)
m cs M

where F^ 's  a r e  de f ine d  in Equat ion ( A . l ) ,  and E ' s  a re  de f ined  in 

Equat ion (A .6 ) .

The Amn, Bmn, Gmn, and n^n a r e  given by
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V n  = l i  K „ ( Y j p ) d s ' d s ,
(A.8a)

»mn = i i  C ' X ’y '  C ( * - y )  *  + C ( x - y )  C ^ y y y l  K ,( ^2P)ds 'd s  •
(A.8b)

Cmn " l i  C * ” '-''* *  + H H  C < ’'-5'> K o ' ^ z ' l d s ' d s  '
(A.8c)

»mn ■ >> O ^ - y  C l x - y )  "  i l l i  C ("- ) ' )  KotYgPlds'ds •
(A.8d)

where

2 f/s f-
n .  “  . ■ (A.8d)

2ïï

and

P = / ( x - x ' ) 2  + ( y - y ' j 2

in t h e  Equations ( A .8 a ) - (A .8 d ) , the  i n t e g r a l s  of  t h e  f i r s t  terms a re  

e v a lu a te d  in a c lo sed  form with no d i f f i c u l t y ,  b u t ,  the  i n t e g r a l s  of the  

second terms are  d i f f i c u l t  to  e v a lu a t e  because of the  s i n g u l a r i t y  po in t  

a t  which p=0. A method t h a t  has been in troduced  by Richmond [2 ]  f o r  the 

po in t  matching i s  app l i ed  here  t o  e v a lu a te  t h e s e  i n t e g r a l s .  The method 

invo lves  d iv id in g  the  c r o s s - s e c t i o n  over which th e  i n t e g r a t i o n  i s  to  be 

c a r r i e d  out  i n to  many square c e l l s ,  and approximat ing th e  i n t e g r a t i o n
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over  t h e  c r o s s - s e c t i o n  by a sum of the  i n t e g r a t i o n  over t h e  c r o s s -  

s e c t i o n  of each c e l l .  A f u r t h e r  approximation can be made i f  t h e  s i z e s  

o f  t h e  c e l l s  are  chosen small enough so t h a t  Fp 's  of Equat ion (A .l )  can 

be assumed t o  vary very s lowly over t h e  c r o s s - s e c t i o n  of  a c e l l .  These 

app rox imat ions  reduce the  i n t e g r a t i o n s  of the  second terms of the  

eq u a t io n  (A .8a)- (A.8d)

F (x ,y )  F ( x ' , y ' )  K (y ,p )  d s ' d s  
c scs  n 0 -

NC NC

1=1 j = l  i e l l i  ^Ll l j  Ko(T2^ i j )  d s . ds .  .
(A.9)

Approximate s u p e r s c r i p t s  f o r  F^ and Fp may be used as I f  a p p l i e s  to  

each Equation (A.8 ) ,  and NC i s  the  number of  c e l l  in t h e  c r o s s - s e c t i o n .  

R e f e r r in g  t o  Figure A-2» r-jj i s  de f ined  as

r . j  = / ( x . - X j ) 2  + ( y ^ - y j ) ?  > (A-10)

where (xi ,y- j )  d e f in e s  a po in t  in c e l l  i and ( x j , y j )  d e f in e s  a 

p o in t  in c e l l  j .  The square c e l l s  may be r ep laced  by a c i r c u l a r  c e l l  

which has t h e  same c r o s s - s e c t i o n  a rea  and i s  c e n te re d  a t  the  c e n t e r  of 

t h e  corresponding  c e l l  [ 2 ] .  Without i n c lu d in g  t h e  d e t a i l s  the  f in a l  

form i s  given as fol lows
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Figure  A-2. P i c t o r i a l  i l l u s t r a t i o n  f o r  e v a lu a t i n g  t h e  c ro s s  
s e c t i o n a l  i n t e g r a l s .
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J
celA ,  U u  ' " ' V i j '  = <

i

yz
(A . l i a )

C i s  t h e  r a d iu s  of  t h e  e q u iv a l e n t  a rea  c i r c u l a r  c y l i n d e r  and

R.. = / ( X . - X j ) 2  + (Y.-Yj)Z > (A.11b)

where

(Xi ,Yi)  and (Xj ,Yj )  a re  t h e  c e n t e r s  of c e l l i  and c e l l j  

r e s p e c t i v e l y .  1% i s  t h e  modif ied Bessel  f u n c t i o n  of t h e  f i r s t  kind of 

o r d e r  one,  Kj and Kq a r e  t h e  modif ied  Bessel  f u n c t i o n s  of  the  second 

kind and o rd e r s  one and zero r e s p e c t i v e l y .

RCYLPWE program i s  s e t  up so t h a t  va r ious  o u tpu ts  may be ob ta ined
•SJ

s e l e c t i v e l y .  I t  can be s e t ^ t h a t  to  give  s i n g l e  o u tpu ts  or an a r r a y  of 

numbers. Three major  loops t o  be d i sc u s s e d  a re  shown in Figure A-3. 

These a r e :  f requency loop ,  b a c k s c a t t e r i n g  lo o p ,  and b i s t a t i c  s c a t t e r i n g

loop .  The s t a t e m e n t  number of the  s t a r t  of t h e  loop i s  a l s o  inc luded  in 

F igure  A-3 f o r  easy r e f e r e n c e  to  the  program l i s t i n g  in subsequent  

pages.

To ob ta in  a f requency  p l o t  from 10 t o  300 MHz. FMCMX i s  s e t  equal 

t o  300, and IFMC i s  s e t  to  d e s i r e d  number of  p o in t s  t o  be c a l c u l a t e d .

To ob ta in  a b a c k s c a t t e r e d  p a t t e r n s  IBS i s  s e t  equal t o  t h e  number of
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43 DO J F =  I , I F M C
F M C =  J F *  FMCMX /  FLOAT ( I F M C )

2 9 0 DO J I = I , I B S
P H I =  ( J I -  I ) *  3 6 0 . /FLOAT ( I B S - 1  )

4 3 8
DO J K = I ,  I B I S S
P H I = (  J K - I ) * 3 6 0 . / F L 0 A T ( I B I S S - I  )

F igu re  A-3. Three major  loops used in t h e  computer program 
RCYLPWE.
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p o in ts  needed between 0° t o  360°: f o r  g e t t i n g  a B i s t a t i c  S c a t t e r i n g  

p a t t e r n  IBISS i s  used s i m i l a r l y .  I t  must be kept in mind t h a t  only one 

of  the  t h r e e  i n p u t s :  IFMC, IBS, IBISS, may be used a t  a t ime .  Other 

i n p u t s  may be used in combination t o  o b t a in  d e s i r e d  o u tp u t s .

The RCYLPWE program can model an e l e c t r i c  l i n e  sou rce  e x c i t a t i o n  or 

a plane wave e x c i t a t i o n .  I f  IPW=1, t h e  plane wave e x c i t a t i o n  i s  used,  

and the  outpu t  i s  the e c h o w i d th / \ 2 > and i f  IPW=0, e l e c t r i c  l i n e  source 

e x c i t a t i o n  i s  used and the  ou tpu t  i s  the  S c a t t e r i n g  A t tenua t ion  Function 

(SAF).

The fo l lowing  is  a l i s t  of t h e  inpu ts  f o r  RCYLPWE program in the

o rde r  they  appear  in l i n e  29 of t h e  l i s t i n g :

ERl: R e la t i v e  d i e l e c t r i c  con s ta n t  of region I .

SIGl: Conduc t iv i ty  of region I in s/m.

ER2: R e la t i v e  d i e l e c t r i c  con s ta n t  of region I .

SIG2: Conduc t iv i ty  of region I in s/m.

FMCMX: Maximum frequency in MHz f o r  t h e  f requency p l o t .

AWM: The leng th  ( in meters )  of t h e  c r o s s - s e c t i o n  of  the

r e c t a n g u l a r  c y l i n d e r s  (see Figure 2 - l b ) .

BWM: Width ( in  meters )  of  the r e c t a n g u l a r  c y l i n d e r  (see Figure

2 - l b ) .

PHI: The p o la r  angle  a t  which the  l i n e  sou rce  i s  l o c a t e d  or a

p lane  wave i s  i n c i d e n t  (F igure 2 -1 ) .

IWR: I f  1, a l l  t he  ge n e ra l i z e d  impedance m at r ix  e lement  and the

v o l ta ge  column element  are  w r i t t e n  in a f i l e  FOROin.DAT.

In a d d i t i o n ,  t o  above, the  s o l u t i o n s  of the  p lane wave
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c o e f f i c i e n t s  a re  a l s o  w r i t t e n  in t h e  above f i l e .  IWR=0 

o t h e r w i s e .

IFILD; I f  1, t h e  f i e l d  i n s i d e  t h e  s c a t t e r e r  i s  w r i t t e n  in FOROIO.

DAT f o r  va r ious  po in t s  in t h e  f i r s t  q ua d ra n t .  Must be s e t  

t o  zero o the rw ise .

IWRC: I f  s e t  to  1, the  var ious  elements  in CROIJT s u b ro u t in e  i s

p r i n t e d  on the  screen f o r  debugging purposes .  Set to  zero 

o th e r w i s e .

IPW: I f  s e t  t o  1, t h e  plane wave e x c i t a t i o n  i s  used and th e

ou tpu t  i s  echowidth/À2 , i f  s e t  t o  z e ro ,  t h e  l i n e  source 

e x c i t a t i o n  i s  used,  and t h e  ou tpu t  i s  (SAF).

IBS: I f  > 1, t h e  b a c k s c a t t e r i n g  p a t t e r n  i s  c a l c u l a t e d  f o r  IBS

p o i n t s ,  with angles  d iv ided  e q u a l l y .  Otherwise i t  MUST BE 

SET TO 1.

IBISS: The same as above, except  f o r  B i s t a t i c  S c a t t e r i n g  P a t t e r n s .

I f  not needed,  i t  MUST BE SET TO 1.

IFMC: Number of f requency p o in t s  t o  be c a l c u l a t e d  f o r  a f requency

p l o t .  I f  not used i t  MUST BE SET TO 1.

lEQ: I f  s e t  t o  1, the  program a u t o m a t i c a l l y  c a l c u l a t e s  NEQ the

number of plane  waves needed in the  expansion to  ob ta in  a

convergent  s o l u t i o n ,  and NY th e  number of c e l l s  in y-  

d i r e c t i  on f o r  t h e  i n t e g r a t i o n  r o u t i n e s .  I f  s e t  t o  z e ro ,  

t h e  program asks fo r  t h e  va lues  of NEQ and NY to  be inpu t  

by th e  u s e r .
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RLS: Radial  p o s i t i o n  of  the  l i n e  sou rce  ( in  m e te r s ) .

RCYLPWE program uses  va r ious  o p t im iz a t i o n  t e c h n i q u e s ,  one of  which 

i s  t h e  use of  Gaussian i n t e r p o l a t i o n  t e c h n i q u e .  This i s  done by 

s u b r o u t i n e  INTERP in l i n e  216. In s te a d  of  c a l c u l a t i n g  a value  of  a 

Bessel  f u n c t io n  many t im e s ,  a t a b l e  of r e q u i r e d  numbers i s  c a l c u l a t e d  

only a t  a few p o i n t s  and i s  k e p t .  The needed va lues  as they  a re  needed 

a r e  then  e x t r a p l a t e d  from t h i s  t a b l e .  Another o p t im iz a t i o n  i s  made in 

r educ ing  t h e  va lues  of t h e  Bessel f u n c t io n  needed to  a minimum by not  

c a l c u l a t i n g  any va lues  f o r  redundant  c a s e s ,  i . e . ,  cases  where t h e  same 

argument  f o r  Bessel  f u n c t i o n s  occur  over  and over  aga in .
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0001 C
0002 C
0003 C
0004 C
0005 C
0006 C
0007 C
0008 C
0009 C
0010 C
0011 C
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040 20
0041
0042
0043 41
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063

LINK WITH CPOÜT & MBEZIO

THIS PROGRAM (RCYLPWE.FOR) USES PLANE WAVE EXPANSION AND 
GALERKIN MEIHDD TO CALCULATE THE SCATTERED FIELD BY 
A LOSSY DIELECTRIC INFINITE RECTAMGULAH CYLINDER 
FOR AN ELECTRIC LIKE SOURCE PARALLEL TO AXIS OF THE CYLINDER.
THE CYLINDER IS  LOCATED IN A LOSSY HOMOGINEOOS MEDIUM.
THE PROGRAM USES FOUR FOLD SŶ Ü-ETRY

WRITTEN BY JAMAL IZADIAN NOVEEBER 1981.

CDHPLEX BKK(25,25),FNEE(25),FH0E(25),FNEO(25),FNOO(25)
C0!-1PLEX FMEE(25) ,FMEO(25) ,FH0E(25) ,FE!00(25) ,FK(75)
COÎ'IPLEX OIN(25.25) ,DMN(25,25) ,EIIN(25,25) ,FMN(25,25)
COtlPLEX A(25) ,B(25) ,C(25) ,D(25) ,FA(25) ,GA(25)
COflPLEX GC,VEE,VOE,VEO,VOO,CXP,CYP,SXP,SYP,CXL,CYL,SXL,SYL 
COtlPLEX BGXP,EGYP,EGXL,EGYL,EGXl,EGX2,EGX3,EGX4,FN,FM,a),a) 
OOt'lPLEX EZI,FM F,FPF,a 'lG ,G PG ,Sl,S2,S3,S4,SSl,SS2,SS3,SS4 
OOt-lPLEX SFPF,SFMF,Sa4G,SGPG,FMXP,G-IYP,FNXL,GNYL 
COtlPLEX CII,aK,CVl,EPl,EP2,ETA2,CST,CSS,EZl,EZS,SEE,SOE,SEO,SOO 
CaiPLEX GAEa,GAM2,BI,BK,BIl,BKl,GR,Kl,K2,SF,SG,REE,RDE,REO,RDO 
DIMENSION XMC450) ,YM(450)
INTEGER P
DATA FP,TD2/12.566 3 7 0 6 1 4 4 ,0 ./
DATA ETA,PI, T P/376.730366239,3 .14159265359,6.28318530718/
DATA IC C ,N Y X ,IS IZ E ,ra ,IT B L /25 ,30 ,10 ,0 ,0 /
DATA E0,U 0/8.85418533677E-12,1.25663706144E-6/ 
c a l l  g e t c p ( i t l )
READ (7, *) ERl ,SIG1, ER2, SIG2, FMCMX, AWM, BWM, PHI, IWR, IFILD, IWRC 

&, IPW. IBS, IBISS, lEMC, IEQ,RLS 
IFRSCT=IBISS 
IBISS=IABS(IBISS)
WRITE(1 0 ,* )IBS,IBISS,IFMC
IC=(IBS-1) * (IBISS-1) + (IBS-1) * (IEMC-1) + (IBISS-1) * ( im C -1 )
IF(IC.NE.O) GO TO 600
WPiI=PHI
IF(lEQ.EQ.O)TYPE*,'GIVE NEQ & NY = '
IF(lEQ.EQ.O)ACCEPT*, NEQ,NY 
IFdFKC.CJT.l) GO TO 41 
TYPE*,'GIVE FMC='
ACCEPT*,FMC 
IF(FMC.LT.O) GO TO 600 
DO 500 JF=1,IFMC
IF  ( IFMC. GT. 1 ) FMCOF*FMCMX/FLOAT (IFMC)
112=1 
AM=AWM/2 .
BM=BWM/2.
0MBGA=TP*FMC*1.E6
BTSl=a'lEGA*OKEGA*UO*ERl*EO
BET1=SQET(BTS1)
EP1=Q4PLX(ER1*E0,-SIGl/a4EGA)
EP2=ER2*E0*(1.,.0)
IF(TD2.GT.l.E-10)EP2=ER2*E0*a4PLX(l.,-TD2)
IF  (SIG2 .GT. 1 .E-10 ) EP2=a'lPLX (ER2*E0 ,-SIG2/a4EGA)
ETA2=CSQRT(U0/EP2)
GAM2=a'lEGA*CSQRT (-U0*EP2)
GAHl=a'lEGA*CSQRT (-U0*EP1)
K1=(0.,-1.)*GAH1
K2=(0.,-1.)*GAH2
BET2=AIMAG(GAM2)
BTS2=BET2*BET2
KAV1=TP/BET1
WAV2=TP/BET2
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0064 CPH=1.-PI/(14.*BET1*AM)
C065 IF(ABStCPH).GT.l) GO TO 25
0066 DPH=flOCS(CPH)
0067 IF{IEQ.EQ.1)MEC!=1.+PI/(2.*DPH)
0068 25 IF(NBQ.LT.2) NEQ=2
0069 IF(NEQ.GT.ICC)GO TO 600
0070 IF  (lEQ. EQ. 1) MY=15. *BETl*Hffl/PI
0071 IF(NY.LT.6 .AND.lEQ.BQ.1 )NY=6
0072 IF(NY.GT.NYX) NY=NYX
0073 NY=2*(NY/2)
0074 NX=INT (AM/EM)*NY
0075 NX=(NX/2)*2
0076 l«2=NY/2
0077 NX2=NX/2
0078 K4=NX2*NY2
0079 DPH=.5*PI/(NEQ-1)
0080 DO 90 J=1,NEQ
0081 PH=(J-1)*DPH
0082 FA(J)=K1*C0S(PH)
0083 GA(J)=K1*SIN(PH)
0084 90 CamNUE
0085 IX=NX/2
0086 IY=NY/2
0087 DX=AF)M/NX
0088 DY=H®1/NY
0089 DX2=DX/2.
0090 DY2=DY/2.
0091 C FIND THE EADIOOS OF BQOIVLANT CIROJIAR CEUl
0092 ■ CM=£QRT (DX*DY/PI)
0093 GC=GAM2*CM
0094 CALL EEEZl0(GAH2*a4,BI,BK,BIl,BKl,l,-l)
0095 CSS=(1.-GC*BK1)*(EP1-EP2)/EP2
0096 CST=GC*BI1*(EP1-EP2)/EP2
0097 CIK=CSS*2.*FP*a4*BIl/GAM2
0098 CII=CSC*2.*FP*CM*BI1/GAN2
0099 CVl^ErA2*a4*BIl
0100 RAB=SQKT(Am*AI’)K+B('JM*BHM)
0101 21 DELTO=(EAB-DX)/ISIZE
0102 IF(DX.GT.DELIR) GO TO 23
0103 ISIZE=ISIZE+5
0104 GO TO 21
0105 23 DO 22 I=1,ISIZE
0106 H^I*DELTR.
0107 CALL EBK0Z(GAM2*RR,BK,-1)
0108 FK d)=BK*ai
0109 22 CCMTINÜE
0110 TY PE*,'ISIZE=',ISIZE
0111 M=0
0112 Y=DY2
0113 C SET UP THE COORDINATES OF CENTERS OF CELL M
0114 DO 40 J=1,NY2
0115 X=DX2
0116 DO 30 1=1,NX2
0117 M=H+1
0118 XK(K)=X
0119 YI4(M)=Y
0120 30 X=X4DiX
0121 40 Y=Y+DY
0122 DO 42 J= l,2 5
0123 DO 42 1=1,25
0124 42 B K K (I,J)= (0 .,0 .)
0125 C SET UP IMPEDANCE MATRIX
0126 DO 200 K=1,NEQ
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0127 FM-FA(H)
0128 Œ=GA{H)
0129 DO 180 K=M,NEQ
0130 FN=FA(N)
0131 GI')=GA(N)
0132 FHF=FK-FH
0133 FPF=FN+FK
0134 a4G=GN-ai
0135 GPG=GI«3'1
0136 IF(K.NE.N) GO TO 31
0137 SF=CSIN(2.*FN*AM)
0138 SG=CSIN(2.*GN*BM)
0139 S1=AM*BM
0140 IFCM.EQ.DTOEN
0141 S3=.5*BH*SF/FN
0142 REE=2.*(S1+S3)
0143 R0E=2.*(S1-S3)
0144 RBO=(0.,0.)
0145 RDO=(0.,0.)
0146 GO TO 33
0147 END IF
0148 IF(K.EQ.NEQ) THEN
0149 S2=.5*AM*SG/GN
0150 REE=2.*(S1+S2)
0151 BOE=(0.,0.)
0152 RE0=2.*(S1-S2)
0153 KX >=(0.,0.)
0154 GO TO 33
0155* END IF
0156 S2=.5*AM*SG/GN
0157 S3=.5*BM*SF/FN
0158 S4=.25*SF*SG/FN/'GN
0159 REE=S1+S2+S3+S4
0160 RDE=S1+S2-S3-S4
0161 RE0=S1-S2+S3-S4
0162 EOO=S1-S2-S3+S4
0163 GO TO 33
0164 31 SFMF=CSIN(FMF*AM)
0165 SFPF=CSIN(FPF*AM)
0166 Sa4>CSIKOlG*BH)
0167 SGPG=CSIN(GPG*BM)
0168 SSl=SFMF*Sa'!G/FMF/GI'IG
0169 SS2=SFI'!F*SGEG/FMF/GPG
0170 SS3=SFPF*Sà'ÎG/FPF/a4G
0171 SS4=SFPF*SGPG/FPF/GPG
0172 REE=SS1+SS2+SS3+SS4
0173 R0E=SS1+SS2-SS3-SS4
0174 RB0=SS1-SS2+SS3-SS4
0175 EOO=SSl-SS2-SS3+SS4
0176 33 COTTINUE
0177 a4N(M,N)=REE
0178 r»-lN{M,N)=KOE
0179 M l#l-1
0180 N1=N-1
0181 IF (K . GT.1 )EKNm,N1)=REO
0182 IF  (M. GT. 1 ) F m  ( m , N1 ) =HX)
0183 180 CONTIMJE
0184 200 COÎTIMJE
0185 DO 160 P=1,K4
0186 XP=XI'i(P)
0187 YP=YM(P)
0188 JPP=(P-1)/IX +1
0189 IPP=P-(JPP-1)*IX
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0253 a4N(M,N) =a4N(M,N) +PŒE(K) *F1!EE(K) *CIK
0254 D!IN(N,N) =DMN(M,N) +FHOECK) *FNOE(N) *CIK*SIGX
0255
0256 N1=N-1
0257 IF  (K.GT. 1) Q'IN (m ,N l)  =EMN ((41 ,N1) +FŒO (K) *FNEO (N) ^
0258 IF(K.GT.l)FHN(Ml,Ni)=FMN(Ml,NI)+FMOO(M)*FKOO(N) •
0259 GO ÏO 80
0260 35 BK=EKK(II,JJ)
0261 04N(K,N) =aiN(M,N) +FMEE(M) *FNEE(N) *BK
0262 Dt® (K,N) =D('IN(M,N) +FMOE(K) *FNOE(N) *BK*SIGX
0263 K1=H-1
0264 N1=N-1
0265 IF(K .GT.1 ) IMN(Ml, N I) =EMN(Ml,NI)+FKEO(M)*FNEO(N) ■
0266 IF  (K. GT. 1 ) FMN ( m , NI ) =FMN (Ml ,N1) +FHOO (M) *FNOO (N)'
0267 80 CONTINUE
0268 SIGX=-1.
0269 ILP=-IN
0270 100 XL=-5(N
0271 SIGX=1.
0272 SIGY=-1.
0273 XL=XN
0274 ILP=IN
0275 JLP=-JN
0276 120 YL=-YN
0277 140 cam N O E
0278 160 CCMTIinE
0279 T Ï P E * , ' N J = ' , N J
0280 NJ=0
0281 IF(IW R.EQ.l) THEN
0282 WRITE(10,2)
0283 DO 210 M=1,NEQ
0284 DO 210 N=H,NEQ
0285 WRITE(10,3)M,N,CMN(M,N) ,D(#(M,N) ,EMN(M,N) ,FMN(M,
0286 210 CCXJTINÜE
0287 END IF
0288 IF(IWR.BQ.1 )WRITE(10,9)
0289 IF  (IWR.BQ.1 )WRITE(10,4)
0290 DO 500 JI= 1 ,IB S
0291 IF (IB S .G T .1 )P H I= (JI-1 )* 3 6 0 ./FLOAT(IBS-1)
0292 PH1=.0174533*PHI
0293 PH2=PI-PHl
0294 PH3=PI+PH1
0295 PH4=-PH1
0296 CS1=C0S(HI1)
0297 SN1=SIK(PH1)
0298 CS2=COS(PH2)
0299 SN2=SIK(PH2)
0300 CS3=COS(PH3)
0301 SN3=SIK(PH3)
0302 CS4=COS(PH4)
0303 SN4=SIN(PH4)
0304 XLS1=RLS*CS1
0305 YLS1=RLS*SN1
0306 XLS2=RLS*CS2
0307 ÏLS2=RLS*SN2
0308 XLS3=RLS*CS3
0309 ÏLS3=RLS*S1Î3
0310 XLS4=RLS*CS4
0311 YLS4=RLS*SN4
0312 C SET UP THE VOLTAGE MATRIX
0313 DO 240 M=1,NBQ
0314 FH=FA(M)
0315 Q4=GA(M)
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C316 SE E =(0 .,0 .)
0317 9 0 E = (0 .,0 .)
0318 SEO =(0.,0 .)
0319 S C O = (0 .,0 .)
0320 DO 220 P=1,K4
0321 X=XK(P)
0322 Y=YI'i(P)
0323 FMXP=FM*X*(0.,1.)
0324 ® !Y P=G M *y*(0.,l.)
0325 EX3XP=CEXP(FHXP)
0326 EGYP=CEXP(GIIYP)
0327 CXP=.5*(EGXP+1./EGXP)
0328 CYP=.5*(EGYP+1./EGYP)
0329 SXP=(0.,-.5)*(EGXP-1./EGXP)
0330 SY P=(0.,-.5)*(EG yP-l./EG Y P)
0331 FMEE(M)=CXP*CyP
0332 FMOE(M)=SXP*CXP
0333 FHEO(M)=CXP*SYP
0334 FFCO(H)=SXP*SYP
0335 IFdPW .EQ.DTHEN
0336 PSIl=X*CSl+y*SNl
0337 PSI2=X*CS2+y*SN2
0338 PSI3=X*CS3+y*SN3
0339 PSI4=X*CS4+y*SN4
0340 EGX1=CEXP(GAM2*PSI1)
0341 EG;<2<EXP(GAM2*PSI2)
03 42 EGX3=CEXP(GAM2*PSI3)
0343 BGX4=CEXP(GAM2*PSI4)
0344 CVl=(l.,0.)*DX*Dy
0345 GO TO 219
0346 END IF
0347 X1=XLS1-X
0348 yi=yLSi-y
0349 X2=XLS2-X
0350 y2=yLS2-y
0351 X3=XLS3-X
0352 y3=yLS3-y
0353 X4=XLS4-X
0354 y4=yLS4-y
0355 EH1=SQET(Xl*Xl+yi*yi)
0356 EH2=SQRT(X2*X2+y2*y2)
0357 RH3=SQKP(X3*X3+y3*y3)
0358 RH4=SQRP(X4*X4+y4*y4)
0359 CALL HBK0Z(GAM2*KH1,EGX1,-1)
0360 CALL 1BK0Z(GAM2*RH2,EGX2,-1)
0361 CALL 1EK0Z(GAM2*EH3,BGX3,-1)
0362 CALL KBKOZ (GAH2*BH4, BGX4 ,-1 )
0363 219 VEE=EGX1+BGX2+EGX3+BGX4
0364 V0E=EGX1-EGX2-EGX3+EGX4
0365 VE0=EGX1+EC3X2-EGX3-BGX4
0366 VD0=EGX1-EGX2+EGX3-EGX4
0367 SEEsSEE+FŒE (M) *VEE
0368 SOE=SOE+nX)E (K) *VOE
0369 SEO=SEO:FMEO(M)*VEO
0370 SOO=SOO+FMOO (M) *V00
0371 220 CCfmKUE
0372 A(K)=SEE*CV1
0373 B(K)=S0E*CV1
0374 FÜ=H-1
0375 IF(H.GT.1)C(M1)=SE0*CV1
0376 IF{M.GT.l)D(ya)=SOO*CVl
0377 240 CCtJTIlîüE
0378 IFC1KR.EQ.1)THEN
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0379 DO 202 K=1,NBQ
0380 202 KRITE(10,5)M,A(M),B(K),C(K),D(K)
0381 WRITE (10,9)
0382 EKD IF
0383 m = I!E Q -l
0384 KN2=IJEC?-2
0385 ism=o
0386 CALL CR0UT(CMN,A,ICC,ISVH,H-JEC,I12,NEQ)
0387 CALL CR0UT(D(®,B,ICC,ISYI4,IKRC,I12,KN1)
0388 CALL CROUT(EKD,C,ICC,IS7M,IWRC,I12,NN1)
0389 CALL CRCUT(FHN,D,ICC,ISYM,IKRC,I12,NN2) '
0390 IF(IJ® .E0.1)raEM
0391 V®TIE(10,6)
0392 DO 244 M=1,NEQ
0393 V’Rn'E(10,5)M,A(K) ,B(M) ,C(K) ,D(M)
0394 244 CONTINUE
0395 WRITE (10,9)
0396 END IF
0397 DO 242 J=1,NEQ-1
0398 I=KEQ-J
0399 C (I+1)=C (I)
0400 242 D(I+1)=D(I)
0401 C(1) = ( 0 . ,0 . )
0402 D (1 )= (0 .,0 .)
0403 D(K EQ )=(0.,0.)
0404 C FIND IHE FIELD IN CELLS OF FIRST QUADRANT
0405 IF(IF ILD .N E .l) GO TO 45
0406 WRITE(10,8)
0407 • DO 248 L=1,K4
0408 E Z 1 = (0 .,0 .)
0409 XL=XM(L)
0410 YL=ÏM(L)
0411 DO 246 N=1,NEQ
0412 FN=FA(N)
0413 G»=GA(N)
0414 FNXL=FN*XL*(0.,1.)
0415 GKÏL=GN*ÏL*(0.,1.)
0416 EGXL=CE!(P(FNXL)
0417 EGYL=CEXP(GI«L)
0418 OCL=.5*(EGXL+l./EGXL)
0419 CXL=.5*(BGÏL+1./EGÏL)
0420 SX L=(0.,-.5)*(EG X L-1./EG X L )
0421 S ÏL = (0 .,-.5 )* (E G ÏL -1 ./E G ÏL )
0422 FNEE(N)=CXL*C7L
0423 PNDE(N)=SXL*C!fli
0424 FKEO(N)<XL*SÏL
0425 FNOO(N)=SXL*SÏL
0426 EZ1=EZ1+(A(N) *FtæE(N) +B (N) *FKOE (N) -tC (N) *FNEO (K) 4D (N) *FNOO (N) )
0427 246 CŒITIKUE
0428 CX=.0174533
0429 RE=REAL(E21)
0430 AIE=AIKAG(EZ1)
0431 AMP=CABS(EZ1)
0432 PHASE=ATAN2(AIE,RE)/CX
0433 WRITE(10,11)XL,YL,AHP,PHASE
0434 248 CCX3TIKUE
0435 45 IF(IW R.EQ.l)('nUTE(10,9)
0435 PHS=PH1
0437 IF(IFRSCT.EQ.-1)PHS=PHS+PI
0438 DO 500 JK=1,IBISS
0439 I F (IB ISS .G T .l)THEN
0440 PHI=(JK-1)*360./ELQAT(IBISS-1)
0441 PHS=.0174533*PHI
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0442 E ®  IF
0443 XLS=RLS*COS(PUS)
0444 yLS=RLS*SIK(PHS)
0445 C FIND THE BACKSO\TTERED FIEIB
0446 E Z S = (.0 ,.0 )
0447 DO 290 L=1,K4
0448 XL=XK(L)
0449 iT^WUL)
0450 XN=XL
0451 YN=YL
0452 SIGX=1.
0453 SIGY=1.
0454 DO 280 U = l ,2
0455 YY=YLS-YL
0456 YS=YY*YY
0457 DO 270 L 2= l,2
0458 XX=XLS-XL
0459 XS=XX*XX
0460 IFdPW.EQ.DTHEN
0461 PSI=XI,*OOS (PHS) +YL*SIN (PHS)
0462 BK=CEXP(GAM2*PSI)
0463 GO TO 47
0464 E ®  IF
0465 EOH=S0Kr(XS+YS)
0466 CTUIi MBK0Z(GAM2*PvCH,BK,-l)
0467 47 E Z 1 = (0 .,0 .)
0468 DO 260 K=1,NEQ
0469 IF (U .G T .1 .0 R .L 2 .G T .l) GO 10 269
0 4 7 0 ' FN=FA(M)
0471 GN=GA(N)
0472 FKXL=FK*XL*(0.,1.)
0473 GNYL=GK*YL*(0.,1.)
0474 EGXL=CEXP(FNXL)
0475 EGYL=CEXP(GNYL)
0476 CXL=.5 * (EGXL+l./EGXL)
0477 CYL=.5*(EGYL+l./EGYL)
0478 SXL=( 0 . , - . 5 ) * (EGXL-l./EGXL)
0479 SYL=( 0 . , - . 5 ) *(EGYL-1./EGYL)
0480 FNEE(N) =CXL*CYL
0481 FNOE(N)=SXL*CYL
0482 HŒOCN)=CXL*SYL
0483 FNOO(N)=SXL*SYL
0484 269 EZ1=EZ1+( A (N) *FNEE (N) +B (N) *FKOE (N) *SIGX+C (N) *FNEO (N) *SIGY
0485 &4D(N)*FNOO(N) *SIGX*SIGY)
0486 260 CONTINUE
0487 EZS=EZS+EZ1*BK
0488 SIGX=>-1.
0489 270 XL=-XN
0490 SIGX=1.
0491 SIGY=-1.
0492 XL=XN
0493 280 YL=-YN
0494 290 CaiTINUE
0495 EZS=-CST*EZS
0496 IF  dPVJ. EQ. 1) EZS=EZS*CSQKT ( .5*PI/G »î2)
0497 AZS<ABS(EZS)
0498 IF(IWR.BQ.1)V!RITE(10,*) 'AZS=',AZS
0499 EWIrfP*AZS*AZS/VlAV2
0500 DB=.0
0501 C FIND THE NORMALIZED SCATTERING ATTENUATION FUNCTION
0502 IF(IPW.BQ.O)THEN
0503 GR=2.*GAM2*RLS
0504 CALL f!BKOZ(GR,BK,-l)
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0505 EZ1= ( .  0 , - 1 .  ) *OI1EGA*U0 *EK/TP
0506 AZI=CABS(EZI)
0507 IF(BVR.EQ.1)V.'RITE(10,*) ‘AZI=’ ,AZI
0508 AZ^!=AZS/AZI
0509 DB=20.*ALOG10(fiZM)
0510 TYPE1,NE0,1K,NY,FK,DB,PHI
0511 WRUE (10,1) MEQ,NX,NY,FHC,DB,PHI
0512 GO TO 599
0513 END IF
0514 TXPEl, NEQ, NX, NY, FMC, BÆ, PH I
0515 WRITE ( 10 ,1  ) MEQ, tK , NY, FMC, E!'/L, HII
0516 599 IFdBS.BQ.l.M D.IBISS.EQ.l-AND.IFHC.EQ.DQO TO 20
0517 112=2
0518 500 C am M JE
0519 600 cam N U E
0520 IF  (1ÎVJ. EQ. 1) WRITE (10,14)
0521 IF(IPW.BQ.0)WRITE(10,13)
0522 WRITE(10,9)
0523 VJRITEdO,*) ' ERl & SIGl = ' , ERl,SIGl
0524 W RITEdO,*)' ER2 & SIG2 =',ER2,SIG2
0525 WRITE(10 ,*) ' flWH & Bl-M = ' ,flWM,BWM
0526 WRITEdO,*) ’RLS=',RLS,'PHI=',WPH
0527 c a l l  g e tc p ( i t2 )
0528 t i i r .e = ( i t2 - i t l ) / lO O ,
0529 WRITEdO,*) ' CPU TIME (SEC) = ' ,TIME
0530 TYPE*,' CPU TIME (SEC) = ',TIME
0531 WRITEdO,*) 'RCYLPWE.FOR'
0532 1 FORMAT d X ,3 I5 ,6 F 1 2 .6)
0533- 2 FORMAT(5X, 'M' ,4X, 'N ' ,13X, 'd-lN' ,21X, 'DMN' ,21X, 'EMN' ,21X, 'FMN')
0534 3 FORMATdX,2I5,8F12.6)
0535 4 F0RMAT(5X, 'M' ,18X, 'VEE' ,21X, 'VOE' ,21X, 'VEO' ,21X, 'VDO')
0536 5 FORMAT(1X,I5,5X,8F12.6)
0537 6 FORMAT(5X,'H',18X,' A ' ,2 1 X ,' B ' ,21X ,' C ' ,2 1 X ,' D ')
0538 8 F0RMAT(5X,'X',9X,'Y',11X,'AMPLITUDE',3X,'PHASE')
0539 9 FORMAT(IHO)
0540 11 FORMATdX,2F10.5,5X,2F12.6)
0541 13 FORMAT(3X, 'NEQ' ,3X, 'NX' ,3X, 'NY' ,6X, 'FMC ,9X, 'SAF' ,9X, 'PH I')
0542 14 FORM AT(3X,'NEQ',3X,'NX',3X,'NY',6X,'FM C,9X,'EW L',9X ,'PH I')
0543 CALL EXIT
0544 END
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APPENDIX B

The computer program RTUNLE uses t h e  f o rm u la t ion  of Chapter  I I I  and 

Chapte r  VII.  I t  i s  capab le  of  t r e a t i n g  a r e c t a n g u l a r  s c a t t e r e r  in a 

homogeneous ambient  medium or  in a l o s s y  h a l f  space .  To i n c lu d e  th e  

e f f e c t s  of  the  h a l f  space IGROND i s  s e t  t o  one o t h e r w i s e ,  i t  must be s e t  

t o  ze ro .  All t h e  i n p u t s  n e c es s a ry  t o  execu te  t h e  program i s  shown in 

l i n e  15 and 17 in t h e  l i s t i n g .  This program has t h e  same type  of 

i n t e r n a l  DO loops as d e s c r i b e d  in F igure  A-3 f o r  RCYLPWE program. Here, 

on ly  the  new in p u t s  a re  d e s c r i b e d .

NEQ: Number of  p lane  waves t o  be inc luded  in t h e  plane wave

expans ion ,  r e s t r i c t e d  t o  c o n d i t io n  in l i n e  53. This w i l l  be 

used by t h e  program when l i n e  24-25 and 48-52 a re  not t o  be 

execu ted .

DM; The x - c o o r d i n a t e  of  t h e  a i r - e a r t h  i n t e r f a c e  plane  p a r a l l e l  t o  

y z - p l a n e  as shown in Figure 7-1 .  DM i s  in m ete rs .

XLS: X-coord ina te  of  t h e  e l e c t r i c  l i n e  sou rce  l o c a t i o n  ( in  m ete rs )

as  shown in Figure 7-1.  In t h i s  program th e  r e s t r i c t i o n  

< XLS < DM i s  made.
~T~

VIS: Y-coord ina te  of  t h e  e l e c t r i c  l i n e  source  ( in  m ete rs )  as shown

in Figure 7-1 .
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IGROND; I f  s e t  to  one, the  a i r - e a r t h  i n t e r f a c e  w i l l  be inc luded  in 

t h e  model as shown in Figure 7-1.  I f  s e t  t o  zero only the  

homogeneous ambient medium i s  c ons ide red .

IZMN: I f  s e t  t o  one,  the  elements  of the  g e n e r a l i z e d  impedance

m at r ix  i s  s t o r e d  in f i l e  FORHS.DAT f o r  cases  where t h e s e  

elements  a re  needed a g a in .  I f  s e t  t o  z e ro ,  t h e  program does 

not  c a l c u l a t e  t h e  elements  of g e n e r a l i z e d  impedance m a t r ix ,  

i n s t e a d  i t  reads them from f i l e  F0R4^8.0AT.
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0001 C T h is  i s  progcam (ETUNLE.TOR) R ectan g u la r TONneL E z -p o la r iz a t io n ,
0002 C I t  u se s P lane  Wave Expansion G a le rk in .
0003 C
0004 C MRITTEN BY JAMAL IZADIAH DECEMBER 1981.
0005 C
0006 COMPLEX A(2 5 ) ,V (25),D V (25),V T(25),Z (2 5 ,2 5 ) ,DZ(2 5 ,2 5 ) ,ZT(25,25)
0007 CaiPLEX FA(25) ,GA(25) ,B(25) ,EZ1,EZI,EZS
0008 COMPLEX ajMl,ajM2,EUMr,RHN,SMN,FN,FM,GN,GM,Sl,S2,FKFM,GNGH
0009 CaiPLEX C2,CST,Cl,a,EPl,EP2,GAta,GAM2,GAM2S,Kl,K2,EXF,EXG,BK
0010 DIMEMSION XM(IOO) ,YM(100)
0011 COMMON / J I /  GAH2S,CAM2,a-IEGA,ER2,SIG2
0012 COMMON FN,FH,GN,G'1,AH,BH,DH,XLS,YLS
0013 DATA P I , T P/3 .14159265359,6.28318530718/
0014 DATA E0,UO/8.85418533677E-12,1.25663706144E-6/
0015 DATA IK R C ,IC C ,I12,ISX M /0,25,1,0/
0016 READ (7 ,*) ERl ,SIG1 ,ER2 ,SIG2 ,FHa-lX,NEQ,»JH,EHM,DM,XLS, YLS,IWR
0017 &, IFILD, IBS, IBISS, IEÎ1C, IGROND, IZMN
0018 c a l l  g e tc D ( i t l )
0019 IF ( (AMtV2.).GT.DM.OR.XLS.GT.DM) GO TO 500
0020 WRITE(1 0 ,* )MAX(IBS,IBISS,IFMC)
0021 C J= (0 .,1 .)
0022 CX=.0174533
0023 NY=1
0024 21 TYPE*,'GIVE FKC,NEQ,NY='
0025 ACCEPT*,FMC,NEQ,NY
0026 IF(FHC.LT.O)GO TO 500
0027 NX=(AWH/BHM)*NY
0028 m=mV2 .
0029 . BM=BKM/2.
0030 DO 500 JF = 1 ,IH C
0031 IF  (IFMC.GT.I) FEX;=JF*Fra'lX/FLOAT(IEWC)
0032 0MEGA=TP*FMC*1.E6
0033 EPKMPLX (ER1*E0 ,-SIGl/OHEGA)
0034 EP2<MPLX (ER2*E0 ,-SIG2/a4EGA)
0035 GAMl=a'lEGA*CSQET (-U0*EP1)
0036 GAM2=a-lBGA*CSQET (-U0*EP2)
0037 BETl=AIF3\G(GAEa)
0038 GAH2S=GAM2*GAM2
0039 K1^CI*GAM1
0040 K2=^CJ*GAM2
0041 CST=-CMEGA*OMEGA*U0*(EP1-EP2)/TP
0042 C1=-CI*OMEGA*UO/TP
0043 C2=CJ*0MEGA* (EP1-EP2)
0044 DX=AMVNX •
0045 DY=BWM/NY
0046 DX2=DX/2.
0047 DY2=DY/2.
0048 CPH=1.-PI/(14.*BET1*AM)
0049 IF(ABS(CPH) .GT.DGO TO 19
0050 DPH=AC0S(CPH)
0051 KEQ=1.+PI/(2.*DPH)
0052 KEQ=2*NEQ
0053 19 IF(NEQ.LT.6)HEQ=6
0054 H=0
0055 Y=-Bti+DY2
0056 DO 20 J=1,NY
0057 X=^AK+DX2
0058 DO 22 1=1,NX
0059 M=H+1
0060 XM(M)=X
0061 YM(M)=Y
0062 22 X=X+DX
0063 20 Y=Y+DY
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0190 1 FORMAT(5X,'H',4X,'N' ,13X,'ZMN' ,20X, 'DZMN' ,20X, ' ZIEIN' 25X)
0191 2 F0RE!AT(1X,2I5,8F12.6)
0192 3 FORE'AT(lHO)
0193 4 FORMAT(5X,'H',12X,' VM ' ,21X,'DVM',21X,'VTM',21X)
0194 5 F0RMAT(1X,I5,8F12.6)
0195 6 FORMAT(5X,'X',9X,'Y',13X,'AMPLITUDE',3X,'PHASE')
0196 7 FOREiAT ( IX, 2F10 ,5 ,  5X, 2F12.6  )
0197 8 FORMAT(IX,3 1 5 ,6F12.6)
0198 9 FORM ATOX,'NEQ',3X,'NX',3X,'NY',6X,'FM C',9X,'SAP')
0199 10 FORMATOX, 'NEQ' ,3X, 'NX' ,3X, 'NY' ,6X, 'FMC ,9X, 'SAP')
0200 c a l l  g e tc p ( i t2 )
0201 tiine= ( i t 2 - i t l  ) /lOO.
0202 W RITEdO,*)'ERl & S IG 1= ',E R l,S IG l
0203 W RITEdO,*)'ER2 & SIG2=',ER2,SIG2
0204 WRITEdO,*) 'AWH,BWM,DH,XLS,YLS=' ,AWM,BWM,DM,XLS,YLS
0205 w r i te d O ,* )  ' cpu tin '.e= ', t im e , 's e c '
0206 WRITEdO,*) 'RTUNLE.FOR'
0207 w r i te  (10,*) ER l, SIGl ,ER2,SIG2 ,FE!C,EEQ,AJ-,’M,H-M,D!'1,XLS, YLS, K®
0208 & ,IFILD,IBS,IBISS
0209 STOP
0210 END

fUKCriONS AND SÜBPCOTINES REFERENCED

0001 c
0002 SUBROUTINE SPCIEM(SUKr,10123,IGROND)
0003 Ca-iELEX GAM2S,GAM2,GAHOS,FQ,RC,F,FO,PP,SUEa,SUM2,£UH3,SOMT
0004 COMPLEX FN,FM,GN,a4,CJ,FFl,FF2,FF3,DSOM
0005 REAL KO
0006 Ca-ïiON /JI/GAM2S,GAM2,0HEGA,ER2,SIG2
0007 C0HMO4 FN,FM,GN,a4,AM,EM,DM,XLS,ÏLS
0008 DATA P I,T P /3 .1415S 265359 ,6 .28318530718/
0009 DATA E0,U0/8.85418533677E-12,1.25663706144E-6/
0010 C J= (0 .,1 ,)
0011 KO=OMEGA*SQRT(EO*UO)
0012 GAM0S=-K0*K0*(1.,0.)
0013 GC=OMEGA*SQRT(UO*ER2*EO)
0014 GCS=GC*GC
0015 G1=GC/SQRT(2.)
0016 C SET UP FOR SUMl & SUM2
0017 I F (10123.LT.3)DEL=PI/10./(AM+EM)
0018 I F (10123.BQ.3 )DEL=PI/10. / (AM+EM+EH)
0019 NS=G1/DEL
0020 IF(NS.LT.20) NS=20
0021 HF=2*(KS/2)
0022 DEL=G1/NP
0023 NP=ie+l
0024 DEL3=DEL/3.
0025 £ u ra = (o .,o .)
0026 SU H2=(0.,0.)
0027 DO 100 1=1,2
0028 SIGN=1.
0029 DO 100 J=1,NP
0030 Vf=(3.-SIGN)*DEL3
0031 IF(J.EQ .l.O R.J.EQ .M P) l\'=DEL3
0032 IF(I.E Q .2)G 0 TO 31
0033 G=(J-1)*DEL
0034 GO TO 33
0035 31 B=(J-1)*DEL
0036 BS=B*B

203



0037 G=SQKT (œS-BS)
0038 33 GS=G*G
0039 F=CSQRT(GAH2S+GS)
0040 FO=CSQFT (GAKOS+GS)
0041 IF(IGROKD.EQ.1)RC=(F-FO)/(F+FO)
0042 IF  (10123. EQ. 0 ) FF=FF1 (G, F) *CEXP (-F*)3LS)
0043 IF(I0123.B3.1)FF=FF1(G,F)*RC*CEXP(F*(-2.*DH+XLS))
0044 XF(I0123.BQ.2)FF=FF2(G,F)
0045 IF  (10123 .BQ. 3 ) FF=FF3 (G, F) *RC*CEXP ( -2 . *F*m )
0046 IF  (SIG2.NE.0 .AND. I .  EQ. 2) FC!=B/F
0047 IF(SIG2.EQ.0 .AND.I.EQ.2 )FQ=( 0 . , - l .)
0048 IF (I .E Q .l)  SUm=SUMl4W*FF/F
0049 I F ( I . EQ. 2) SUFi2=ajM241V*FF*FQ/G
0050 100 SIGN=-SIGN
0051 C tj-pe* , 'n p l= ' ,np
0052 ALPH1=10 .*AKAX1 (K0,GC,C7ffiS(GAII2) )
0053 C SET UP FOR SUM3 & SUM4
0054 DELAL=DEL
0055 NS=ALPH1/DELAL
0056 IF(KS.LT.20)NS=20
0057 NP=2*(NS/2)
0058 DELAL=ALPH1/NP
0059 NPT=KP/4
0060 NP=NP+1
0061 EU tO =(0.,0 .)
0062 SIGN=1.
0063 DELA3=DELAL/3.
0064 IABORT=0
0065 DO 200 I=1,NP
0066 Hl=3.-SIGN
0067 W=va*DELA3
0068 IF(I.EQ.1.0R.I.BQ.NP)W=DELA3
0069 34 ALPHA=(I-1)*DELAL
0070 ALPHS=ALPHA*ALPHA
0071 G=SQRT(ALPHS+GCS)
0072 GS=G*G
0073 F=CSQKr(GAM2S+GS)
0074 FO=CSQRT(GAHOS+GS)
0075 IF  (IGROND. EQ. 1 ) R O  (F-FO) /  (F+FO)
0076 I F (10123.EQ.0 )FF=FF1(G,F)*CEXP(-F*XLS)
0077 I F (10123.BQ.1)FF=FF1(G,F)*RC*CEXP(F*(-2.*DH+XLS))
0078 IF(I0123.EQ.2)FF=FF2(G ,F)
0079 I F (10123.BQ.3 ) FF=FF3(G,F)*RC*CEXP( - 2 .*F*DM)
0080 IF(SIG2.NE.O)FQ=ALPHA/F
0081 IF(S IG 2.E Q .0)FQ =(1 .,0 .)
0082 DSUH=W*FF*FQ/G
0083 SüM3=ËUM3-œSüM
0084 IF(IABORT.EQ.l) GO 10 300
0085 IF(CABS(DSÜM) .LT. (C7\BS(SUM3)/1000.) .AND.I.GT.NPr.AND.
0086 &W1.EQ.4.)THEN
0087 IAB0RT=1
0088 ODELA3
0089 GO TD 34
0090 END IF
0091 200 SIGO-SIGN
0092 C ty p e * , 'n p 2 = ',n p
0093 300 SÜKr=SUMl+SüM2+SüM3
0094 RETURN
0095 END

0001 C
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0002 œîîPLEX FUNCTION FF1(G,F)
0003 CaiPLEX FN ,FH ,G N ,G M ,F,a,TI,T2,T3,FH PF,a® E,CÎIPG ,Sl,S2
0004 COMMON FN,FH,œ,ai,AM,FM,D1,XLS,YLS
0005 C J= (0 .,1 .)
0006 C TYPE*,'FP1,W1,FM,DM,XLS,YLS=',AH,BM,DH,XLS,yLS
0007 FUPF=FM+CJ*F
0008 a4MG=ai-G
0009 a-iPG=ai+G
0010 S1=BM
0011 IF(C A B S(a»E ). GT. 1 . E-6) S1=CSIKOUE*BM)/Q4FE
0012 S2=BM .
0013 IF(CABS(GtIPG) .CT.l.E-6)S2=CSIN(aiPG*BH)/GMPG
0014 T1=CSIN(FMPF*AM)/FMPF
0015 T2=CEXP(-GJ*G*\XS)*S1
0016 T3=CEXP(GJ*G*YLS)*S2
0017 FF1=T1*(T2-W3)
0018 RETURN
0019 END

0001 c
0002 Ca-ffiLEX FONCTION FF2(G,P)
0003 COMPLEX FN,FM,GN,a4,F,SKKl,SNK2,SNK3,SNK4,SNK5,SNK6,SNK7,SNK8
0004 COMPLEX EX1,EX2,T1,T2,T3,T4,T5,T6,C3
0005 COMPLEX GNPG,G®C,a'!PG,a'ttE,FHFN,FNPF,FHHF,FMPF,FNMF
0006 COfIMCN FN,FM,GN,04,AM,BM,DM,XLS,XLS
0007 C TXPE*,'FF2,AM,BM,DM,XLS,YLS=',AM,BM,DM,XLS,YLS
0008 G J= (0 .,1 .)
0009 GNPG=GN+G
0010 GNMG=GN-G
0011 (34PG=GM+G
0012 a®*3=aH3
0013 FMFN=FM+FN
0014 FNPF=FN+GJ*F
0015 FMMF=FM-CJ*F
0016 FMPF=FM+CJ*F
0017 FNMF=FN-CJ*F
0018 SNK1=BM
0019 IF(CfiBS(GNPG).GT.1.E-6)SNK1=CSIN(GNPG*BM)/GNPG
0020 SNK2=BM
0021 IF(CABS(a#E) .GT.l.E-6)SNK2=CSIN(a®E*BM)/GWE
0022 SNK3=EM
0023 IF(CfiBS(GI®E) .GT.1.E-6)SNK3=CSIN(G®E*BH)/G®E
0024 SNK4=EM
0025 IF(CABS(GMPG).GT.l.E-6)SNK4=CSIN(aiPG*BM)/GMPG
0026 Siæ5=fiM
0027 IF(CftBS(FHFN) .GT. 1 . E-6)SNK5=CSIN(FMFN*AM)/FMFN
0028 SNK6=AM
0029 IF(CAES(FMMF).GT.1.E-6)SNK6=CSIN(FMMF*AK)/FMMF
0030 SNK7=AM
0031 IF(CABS(FMPF).GT.1.E-6)SNK7=CSIN(FMPF*AM)/FMPF
0032 SNK8=SNK5
0033 EX1=M
0034 IF(CABS(FNPF).GT.1 . E-6)EX1=CEXP(CJ*FNPF*AM)/FNPF
0035 EX2=-M
0036 IF(CABS(FNMF). GT.l.E-6)EX2=CEXP(-GI*FNMF*AM)/FNMF
0037 T1=SNK1*SNK2
0038 T2=SNK3*SNK4
0039 T3=-SNK5/FNPF
0040 T4=EX1*SNK6
0041 T5=^EX2*SNK7
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0042 T6=StJK8/FNHF
0043 FF2=-C3* (T14T2) * (T34T44T5fI'6)

.0044 RETURN
0045 END

0001 C
0002 COriPLEX FUNCTION FF3(G,F)
0003 COMPLEX FtJ,FM,GN,a-l,GI,F
0004 COMPLEX SNK1,SNK2,SNK3,SNK4,SNK5,SNK6,T1,T2,T3
0005 COMPLEX FNPF, FMPF, G1\IPG, OHiG, GNH3, GMPG
0006 CCKIMCN FN,FM,GN,ai,flM,EM/HI,XLS,YLS
0007 C TÏPE*,'FF3,AH,BH,n4,XLS,YLS=',W1,BM,DH,XLS,YLS
0008 G J = (0 .,1 .)
0009 FNPF=FN4CJ*F
0010 FHPF=FH-KU*F
0011 GNPG=GN+G
0012 G1HG=GM-G
0013 GNH3=GN-G
0014 aiPG=a4-K3
0015 C T ÏP E * ,'G ,F = ',G ,F
0016 C TYPE*,'FNPF,FHPF', FNPF,FMPF
0017 SNKl=m
0018 IF  (CABS (FNPF) .GT.l.E-6)SNKl=CSIN(FNPF*AFi)/FNPF
0019 SNK2=AM
0020 IF(CABS(FMPF).GT.l.E-6)SNK2=CSIN(FMPF*AM)/FMPF
0021 SNK3=BM
0022 IF(CABS(GNPG).GT.1.E-6)SNK3=CSIN(GNPG*BM)/GFPG
0023 SNK4=EM
0024 IF(CABS(GMMG).Gr.l.E-6)SNK4=CSIK(GMMG*BM)/aiMG
0025 SNK5=BM
0026 IF(CABS(GNMG). GT. 1 . E-6)SNK5=CSIN(GNM3*BM)/GF)HG
0027 SNK6=EH
0028 IF(CABS((34PG) .GT.l.E-6)SNK6=CSIN(GMPG*BM)/G4PG
0029 T1=SNK1*SNK2
0030 T2=SNK3*SNK4
0031 T3=SI1K5*SNK6
0032 FF3=n*(T24T3)
0033 RETURN
0034 END
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A P P E N n i X  c

The program RTUNLH i s  based on th e  fo rm ula t io n  given in Chapters IV 

and V I I I .  All o the r  d e s c r i p t i o n s  are  analogous to  RTUNLE.
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0001 C T h is  i s  program  (RTüNUi.FOR) R ectan g u la r TUNnel u s in g
0002 C H z -p o la r iz a t io n  w ith  e l e c t r i c  f i e l d  fo rm u la tio n .
0003 C I t  u ses P lane  Wave Expansion G a le rk in .
0004 C
0005 C JVRITTEN BY JAMAL S. IZADIAN HARŒ 1982.
0006 C
0007 COMPLEX A(25) ,V(25) ,DV(25) ,VT(25) ,Z (25,25)
0008 COMPLEX FA(2 5 ) ,GA(25),B(25),HZ1,HZI,HZS,GR
0009 COtiPLEX Eüfir,RHN,SFK,FN,FH,a'l,C31,Sl,S2,FNFM,G'X3H
0010 Ca-IPLEX CST2,CST1 ,CV1 ,GJ,EP1 ,E P 2 ,I3 A H 2 ,G A M 2 S
0011 COMPLEX C l , K1, K2, EXF, EXG, BK, BKl, ETAl, FTAJ2
0012 DIMEIISION PHY(25),XM(500),YM(500)
0013 CCMtiCN / J I /  GAM2S, GAM2,OMEGA,ER2, SIG2, EP2
0014 COfDlCM /JERK/ CST1,CST2,CSMN
0015 C a r a  FN,FM,GN,GM,AM,EM,DM,XLS,YLS,CSN,SNN,CSM,SNM
0016 DATA P I,T P /3 .14159265359,6.28318530718/
0017 DATA EO,U0/8. 85418533677E-12, 1 . 25663706144E-6/
0018 DATA H\’R C ,IC C ,I12,ISY M /0,25,1 ,0 /
0019 READ(7,*)ERl,SIGl,ER2,SIG2,FHa‘LX,NEQ,AWM,BV#î,DM,XLS,YLS,IWR
0020 &, IF IID , IBS, IBISS, in iC , IGRCKD, IZMN
0021 c a l l  g e tc p ( i t l )
0022 IF((A!-flV2.).GT.DM.0R.XLS.GT.DH) GO TO 500
0023 WRITE(1 0 ,* )MAX(IBS,IBISS,IFKC)
0024 C J= (0 .,1 .)
0025 CX=.0174533
0026 NY=1
0027 201 IF(IFMC.BQ.1)TYPE*,'GIVE FKC,NEQ,MY='
0028 IF(IFMC.EQ.1)ACCEPT*,FMC,NEQ,NY
0029 . IF(FMC.LT.O)GO TO 500
0030 DO 500 JF=1,IET1C
0031 IF  (in iC .G T .l ) FMC=JF*FMa'lX/FLOAT ( im c )
0032 NX=(AWM/EWM)*NY
0033 AM=AS'3V2.
0034 EM=H'JM/2.
0035 0MEGA=TP*FKC*1. E6
0036 EPl=a-lELX (ER1*E0 ,-SIGl/OMEGA)
0037 EP2=a'lPLX (ER2*E0 ,-SIG2/0HEGA)
0038 ETA1=CSQRT(U0/EP1)
0039 ETA2=CSQRT(U0/EP2)
0040 GAM10('1EGA*CSQRT (-U0*EP1)
0041 BETl=AIKAG(GAt-a)
0042 GM!2=a-lEGA*CSQKr (-00*EP2)
0043 GAH2S=GAM2*GAM2
0044 K1=-CI*GAM1
0045 K2=-CJ*GAM2
0046 CSTi=^4EGA*0[4EGA*UO* (EP1-EP2) /TP
0047 CST2=-(EP1-EP2)/ (TP*EP2)
0048 CV1=^1./(ETA1*PI)
0049 C1=CJ*0KEGA*(EP1-EP2)*ETA1/PI
0050 DX=AiaVMX
0051 DY=BWM/NY
0052 DX2=DX/2.
0053 DY2=DY/2.
0054 C C PH =1.-PI/(1 4 .*BET1*AM)
0055 C IF(ABS(CPH) .GT.DGO TO 19
0056 C DPH=AC0S(CPH)
0057 C 1-IEQ=1.+PI/(2.*DPH)
0058 C NE(3=1:EQ*2
0059 C19 IF(KEQ.LT.6)NEQ=6
0060 M=0
0051 Y=-EH+DY2
0062 DO 20 J=1,NY
0063 X^AK+DX2
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0127 V{K)=CVl*SUHr
0128 120 IF(B\’R.EQ.l)ï,'RITE(10,5)M,V{K) ,DV(M) ,VT(M)
0129 IF ( n<R. FQ. 1 ) VKIÏE ( 10,3 )
0130 CALL CR0UT(Z,V,ICC,ISiK,IWRC,I12,NEQ)
0131 IFdKR-FQ.DTOEN
0132 UK[1E(10,3)
0133 WRITE(10,10)
0134 DO 108 M=1,NEQ
0135 108 KRITE(10,5)H,V(K)
0136 WRITE(10,3)
0137 H® IF
0138 IF(IFILD.EQ.O) GO TD 45
0139 C FIKD FIELD IKSIDE THE TUNNEL
0140 WRITE(10,3)
0141 IVRIT'E(10,6)
0142 DO 300 L=1,KK
0143 HZ1=(Û.,0.)
0144 X=XM(L)
0145 Y=yH(L)
0146 IF(X.LT.O.OR.Y.LT.O) GO TO 300
0147 DO 400 N=1,NEQ
0148 FN=FA(N)
0149 GKN3?.(N)
0150 EXF=CEXP(-GJ*FM*X)
0151 EXG=CEXP(-CJ*GK*Y)
0152 400 HZ1=HZ1+EXF*EXG*V (N)
0153 RE=REAL(HZ1)
0154 AIE=AI.«®G(EZ1)
0 1 55 . PHASE=ATAN2(AIE,RE)/ex
0156 AHP=CABS(EZ1)
0157 WRITE(10,7)X,Y,AMP,PHASE
0158 300 CONTINUE
0159 WRITE(10,3)
0160 C FIND SCATTERED FIEI®
0161 45 DO 500 JK=1,IBISS
0162 IF(IB ISS.G T.1 )YLS=( ( IB ISS -1)/2+ 1-JK )*.0625
0163 H Z S=(0.,0 .)
0164 DO 600 M=1,NEQ
0165 IF(IBISS.GT.1)THEN
0166 PH=PKY(M)
0167 CSM=COS(PH)
0168 SNM=SIN(PH)
0169 FM=FA(H)
0170 GM=GA(M) •
0171 CALL SPCTRH(SüHr,l,IGRCKD)
0172 A(M)=SUMT
0173 END IF
0174 600 HZS=KZS+V(K)*A(M)
0175 HZS=C1*HZS
0176 AZS=CABS(HZS)
0177 RLSO=SQRT (XLS*XLS+YLS*YLS)
0178 RLSS=SQRT(XLS*XLS+YLSS*YLSS)
0179 GR?(RLSO+ELSS)*GAH2
0180 IF(CABS(GR).GT.80.) THEN
0181 BK=CSQRT( .5*PI/GR)*CEXP(-GR)
0182 GO TO 47
0183 END IF
0184 CALL MBK0Z(GR,BK,-1)
0185 47 HZI=BK*(-GAM2/ETA2/TP)
0186 AZI=CABS(KZI)
0187 AZM=AZS/AZI
0188 IF(IWR.EQ.1)VJRITE(10,*) 'AZS=' ,AZS
0189 IF(IW R.EQ.1)WRITE(10,*)'AZI=',AZI
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OISO DB=20.*ALOG10(AZN)
Cl 91 IF (IB S .G T .l) 112=2
0192 TYPE8,KEQ,NX,Ny,FMC,DD,YLS
0193 WRITE(1 0 ,8 )NEQ,NX,Ny,FMC,DB,YLS
0194 XF(m !C.BQ.l.AN D.IBS.B2.1.A i€).IBISS.EQ.l)G 0 TO 201
0195 500 œtJTXNUE
0196 WRITE(10,9)
0197 1 F0RWAT(5X, 'M' ,4 X ,'N ' ,13X, 'ZMN' ,24X, 'DZKN' ,26X,'Z'H'1N'25X)
0198 2 F0RMAT(1X,2I5,8(2X,G12.6))
0199 3 FORMAT(IHO)
0200 4 FORMAT(5X,'W',13X,' VM ' ,25X,'DVM',23X,'VTH',21X)
0201 5 FORMAT(IX, I 5 ,6 ( 2X, G12 .6 ))
0202 6 FORMAT(9X,'X',9X,'Y',13X,'AMPLITUDE',3X,'PHASE')
0203 7 FORMAT(1X,2(2X,G10.5),5X,2(2X,G12.6))
0204 8 F0RMAT(1X,3I5,6F12.6)
0205 9 FO RM AT(3X,'NEQ ',3X ,'NX ',3X ,'NY ',6X ,'FKC,9X,'SA F')
0206 10 FORMAT(5X,'H',18X,' A ’ )
0207 c a l l  g e tc p ( i t2 )
0208 t i j t ie = U t2 - i t l  ) /IC O .
0209 VJRITEdO,*)'ERl & S IG l= ',E R l,S IG l
0210 WRITE(1 0 ,* ) 'ER2 & SIG2=',ER2,SIG2
0211 WRITE (1 0 ,* ) 'AWM,BWM,DM,XLS,YLS=',AWH,BWM,DM,XLS,YLS
0212 w r i te d O ,* )  ' cpu t im e = ', t i m e , 's e c '
0213 WRITE(10,*) 'RTUNLH.FOR'
0214 w r i t e (1 0 ,* )ERl,SIG1,ER2,SIG2,FMC,NEQ,AWM,H-M,DM,XLS,YLS,IWR
0215 &, IF IID ,IB S ,IB ISS
0216 STOP
0217 END

EUNCTIONS AND SUBROUTINES REFERENCED

0001 C
0002 SUBROUTINE SPCTRM(SUMP, 112, IGRam)
0003 CaiPLEX GAM2S,GAM2,GAHOS,FQ,RC,P,FO,FF,SUm,£UM2,SUM3,SUMT
0004 COflPLEX FN,FH,GN,ai,CJ,FFl,FF2,PF3,EP2,DSUH
0005 REAL KO
0006 COÎ’iMCN /JI/GAM2S,GAi'i2,a4EGA,ER2,SIG2,EP2
0007 COMMON îW,FM,GN,GM,AfI,EM,DH,XLS,YLS,CSN,SNN,CSM,SMM
0008 DATA P I , T P /3 .14159265359,6.28318530718/
0009 DATA EO,U0/8. 85418533677E-12,1 .25663706144E-6/
0010 C J = (0 .,1 .)
0011 K0=a4EGA*SQRT (E0*U0 )
0012 GAMOS=-KO*KO*(1.,0.)
0013 GC=OMEGA*SQRT(U0*ER2*E0)
0014 GCS=GC*GC
0015 G1=GC/SQRT(2.)
0016 C SET UP FOR SUMl & SUM2
0017 C I F (112.LT.3 )DEL=PI/10. / (AM+EK)
0018 DEL=PI/10. /  (AH+EM+BH)
0019 NS=G1/DEL
0020 IF(NS.LT.30) NS=30
0021 NP=2*(KS/2)
0022 DEL=G1/NP
0023 NP=NP+1
0024 DEL3=DEL/3.
0025 SUH1=(0.,0.)
0026 SUMi2=(0.,0.)
0027 DO 100 1=1,2
0028 SIGN=1.
0029 DO 100 J=1,NP
0030 V)=(3.-SIGN) *DEL3
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0031 IF(J.B Q .l.O R .J.EQ .N P) h^DEL3
0032 IF(I.EQ .2)G D TD 31
0033 G=<J-1)*DEL
0034 GO TO 33
0035 31 B=(J-1)*DEL
0036 BS=B*B
0037 G=SQRT(GCS-BS)
0038 33 GS=G*G
0039 F=CSQKT(GAM2S+GS)
0040 FO=CSQFT (GAMOS+GS)
0041 RC=(EO*F-EP2*FO)/ ( EO*F+EP2*FO)
C042 IF (I12 .B Q .1 )FF=FF1(G,F)* (CEXP(-F*XLS)+IGRCKD*RC
0043 &*CEXP(F* (-2.*m+XLS) ) )
0044 I F (112 .EQ.2 .At©,IGRCKD.BQ.1 )FF=FF3(G,F)*RC*CEXP( - 2 .*F*DM)
0045 IF  (112. BQ. 2) FF=FF2 (G,F) +IGRœD*FF
0046 IF  (SIG2 .IŒ. 0 . At®. I .  EQ. 2) FQ=B/F
0047 IF  (SIG2. EQ.0 .AND. I . EQ.2 )FQ=( 0 . , - l .)
0048 IF ( I . BQ. 1) SUta=SütÜ W*FF/F
0049 IF  ( I . EQ. 2) SUM2=SUM2-i«*FF*FQ/G
0050 100 SIGN=-SIGN
0051 C ti-pe* , 'n p l= ' ,np
0052 ALHIl=10.*AfAXl(K0,GC,CABS(GAM2) )
0053 C SET UP FOR SUM3 & SUM4
0054 DELAL=DEL
0055 NS=ALPH1/DELAL
0056 IF(NS.LT.30) NS=30
0057 NP=2*(NS/2)
0058 DELAL=ALPH1/NP
0059 NP=NP+1
0060 SUM3=(0.,0.)
0061 SIGN=1.
0062 DELA3=DELAL/3.
0063 DO 200 1=1,NP
0064 K=(3.-SIGN)*DELA3
0065 IF (I .E Q .1 .OR.I.EQ.NP) W=DELA3
0066 ALPHA=(I-1)*DELAL
0067 ALPHS=ALPHA*ALPHA
0068 G=EQRT(ALPHS4GCS)
0069 GS=G*G
0070 F=CSQRT(GAM2S+GS)
0071 FO=CSQRT(GAMOS+GS)
0072 RC=(E0*F-EP2*F0)/ (E0*F+EP2*F0)
0073 IF(I12.EQ .1)FF=FF1(G ,F)* (CEXP(-F*XLS)+IGRCKD*RC
0074 &*CEXP(F* (-2.*m+XLS) ) )
0075 IF (I1 2 .E Q .2 .AND.IGRO'©.EQ.1 )FF=FF3(G,F)*RC*CEXP(-2.*F*DM)
0076 IF  (112. EQ. 2) FF=FF2 (G, F) +IGRO®*FF
0077 IF(SIG2.NE.0 )FQ=ALPHA/F
0078 IF (S IG 2.E Q .0)FQ =(1.,0 .)
0079 DSUM=V\>*FF*FQ/G
0080 SUtS=SUM34DSUM
0081 C IF(CABS(DSUM).LT.(CABS(EUM3)/1000.))GO TO 300
0082 200 SIGN=-SIGN
0083 C ty p e * , 'n p 2 = ',n p
0084 300 SUHT=SUta+SUM2+EUM3
0085 RETURN
0086 END

0001 C
0002 COt-lPLEX FUNCTION FF1(G,F)
0003 CaiPLEX FN ,FM ,O T,ai,F ,G I,T l,T2,T3,FH PF,aiM G ,a’IPG,Sl,S2
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0004 CaiELEX CSYrSNY
0005 CCfffiCN Ft:,FH,QI,ai,AH,EH,DH,XLS,yLS,CSN,SNK,CSH,SNH
0006 C J= (C .,1 .)
0007 FHPF=FM+GJ*F
0008 G'ÏÎGKÏ'i-G
0009 aiPG=aiH<3
0010 Sl=Btl
0011 IFCCABSCQH-iG) .G T .l,E -G )Sl=C SIN (attC *B H )/aiI«
0012 S2=BM
0013 IF  (CABS (OIPG) .G T .l. E-6) S2=CSIN(ai£G*BH)/a®G
0014 T1=CSIK(FMPF*AK)/FMPF
0015 T2=CEXF(-CJ*G*ltS)*81
0016 T3=CEXP(CJ*G*ÏLS)*S2
0017 CSl’=T2-tT3
0018 SNY=-CJ*(T2-T3)
0019 FFl=Tl*(SNM*G*Sirir-CSM*F*CSY)
0020 RETURN
0021 END

0001 C
0002 COMPLEX FUNCTION FF2(G,F)
0003 COMPLEX FN,FM,œ,a4,F,SNKl,SKK2,SNK3,SNK4,SKK5,SNK6,SNK7,SNK8
0004 CaiFLEX EX1,EX2,T1,T2,T3,T4,T5,T6,CJ,FXE,FX0,SNY,CSY,PEX,EXH
0005 Ca'lPLEX EXBH,EXBP,SYBH,SYBP,CSBK,CSBP,S1,S2,S3,S4,S3,S6,S7,S8
0006 COMPLEX EXBHN,EXBPN,Carl,CST2,Fl,F2
0007 COMPLEX GNPG,GNMG,01PG,GTE,FHFN,FNPF,FMMF,FMPF,FMMF
0008 COÎ-mi FN,FH,GN,ai,AM,EM,DH,XLS,YLS,CSN,SNN,CSM,SNM
0009 COMMON /JERK/ CST1,CST2,CSMN
0010 C J= (0 .,1 .)
0011 GNPG=GNK3
0012 G®)S=GK-G
0013 G'1EG=G1+G
0014 G'UE=GM-G
0015 FMFN=FM+FN
0016 FNPF=FN+GI*P
0017 FMMF=FM-GJ*F
0018 FMPF=FM+GI*F
0019 FNMF=FN-CJ*F
0020 SNK1=EM
0021 IF(CABS(GNPG) .GT.1.E-6)SNK1=CSIN(GNPG*BM)/G4PG
0022 SNK2=BM
0023 IP(CABS(G»C) .GT. 1 .  E-6) SNK2=CSIN (G4!E*BM) /G4^E
0024 SNK3=BH
0025 IFCCABS(GNMG) .GT.l.E-6)SNK3=CSIN(G®E*BM)/GME
0026 SNK4=Etl
0027 IF(CABS(G1PG) .G T .l .E -6 )SNK4=CSIN(G'IPG*BM)/aiPG
0028 SNK5=AM
0029 IF(CABS(FMFN).GT.l.E-6)SNK5=CSIN(FHFN*AM)/FMFN
0030 SNK6=flH
0031 IF(CABS(F1S-1F) .GT.1.E-6)SNK6=CSIN(FMÎ-!F*AM)/FMHF
0032 SNK7=AM
0033 IF  (CABS (FMPF) .GT.1.E-6)SNK7=CSIN(FMPF*AM)/FMPF
0034 SNK8=SNK5
0035 EX1=CEXP(CJ*FNPF*AM)/FNPF
0036 EX2=CEXP(-CJ*FNHF*AM)/FN1'1F
0037 Tl=St«l*SNK2
0038 T2=SNK3*SNK4
0039 T3=SNK5/FNPF
0040 T4=EX1*SNK6
0041 T5=EX2*SNK7
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0042 T’6=Sî;K8/Ftî'lF
0043 FXE=CI* (T3-T4+TS-T6)
C044 FXOCJ* (T3-T4-T5-K16 )
C045 CSy=THT2
0046 SNY=-GI*(T1-T2)
0047 F1=FXE*CSY*CS!T1*CSMN*4.
0048 EXBMN=CEXP(-CJ*GN*BM)
0049 EXBPN=CEXP(CJ*GN*BM)
0050 EXBM=CEXP (-GJ*G*BM)
0051 EXBP=CEXP (CJ*G*BH)
0052 SYEH=-CJ*(EXEM*SNK2-EXBP*SKK4)
0053 SYBP=-CI* (EXBP*SKK2-EXEM*St«(4)
0054 CSBM=EXEM*SNK2+EXBP*SNK4
0055 CSBP=EXBP*SKK2+EXEM*SNK4
0056 EXM=CEXP (-CJ*FNI-1F*AM)
0057 PEX=CEXP (GJ*FNPF*MI)
0058 Sl=4.*EXM*St(K7*SNY
0059 82=^4. *EXM*St«7*CSY
0060 S3=2. *EXBMN*FXE*SYBM
0061 S4=2. *EXBHN*FXO*CSBH
0062 S5=4.*PEX*SNK6*SNY
0063 S6=4.*PEX*SNK6*CSY
0064 37=2.*EXBPN*FXE*SÏBP
0065 S8=2. *EXBPN*FXO*CSBP
0066 C iœ iTE(8,*)'F ,G ,SN Y =',F ,G ,SN Y
0067 C WRITE( 8 ,* ) 'CSN,SNN,CSM,SNM=',CSN,SNN,CSM,SNM
0068 C W R ITE (8,*)'S1 ,S5= ',S1,S5
0069 C iœ iTE (8,*) 'S 2 ,S 6 = ',S 2 ,S 5
0070 . C W R ITE (8,*)'S3 ,S7= ',S3,S7
0071 C W R ITE (8,*)'S4 ,S8= ',S4,S8
0072 F2=^SNN*CSM*G* (S1-S5) +SNN*SNM*F* (S2-S6) +CSN*CSM*G* (S3-S7)
0073 &-CSK*SNM*F*(S4-S8)
0074 F2=F2*CST2
0075 FF2=F1+F2
0076 C M RITE(8,*)'FF2=',FF2
0077 RETURN
0078 END

0001 c
0002 COtiPLEX FUNCTION FF3(G,F)
0003 COMPLEX FN,FM,GN,a'I,GJ,F,COTl,CST2
0004 COMPLEX Stœi,Sl!K2,SNK3,SNK4,SKK5,SNK6,Tl,T2,T3
0005 COtiPLEX FNPF,FHPF,GNPG,GMt4G,GKM3,aiPG,SKY,csy
0006 COMtm EN,FM,GN,ai,M,EM,DM,XLS,YLS,CSN,SNN,CSM,SMM
0007 ca if 'iœ  / jerk /  c s t i , cst2 , cshn
0008 G J= (0 .,1 ,)
0009 FNPF=FN+CJ*F
0010 FMPF=FH+C3*F
0011 GNPG=GNfG
0012 (3#1G=(3'1-G
0013 GNMG=GN-G
0014 a-lPG=Œ+G
0015 SNKl=m
0016 I F (CABS(FNPF).GT.l.E-6)SNK1=CSIN(FNPF*AM)/FNPF
0017 SNK2=AM
0018 IF(CABS(FMPF) .GT.l.E-6)St«2=CSIN(FHPF*M)/FMPF
0019 SNK3=BM
0020 IF(CABS(GNPG) .GT.l.E-6)SNK3=CSIN(a'IPG*BM)/GKPG
0021 SNK4=EM
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Ü022 IF (CABS ( a m )  .GT.l.E-6) SKK4=CSIN(am*EH)/am
0023 SKK5=EM
0024 IF(CABS(Gim) .GT.l.E-6)SNK5=CSIK(GM1G*BM)/G»X3
0025 SNK6=EM
0026 IF (CABS ( a m )  .GT.l.E-6) sNK6=csiN(am*EH)/am
0027 T1=SIK1*S[®2
0028 T2=St!K3*St-K4
0029 T3=St«5*SKK6
0030 CSY=K-«3
0031 ENy=-CI*(T2-T3)
0032 FF3= (Sr®{*SNM*G*G+CSH*CSH*F*F) *CSY
0033 FF3=FF3+(SNN*CSM-CSN*SW!) *F*G*SNY
0034 FF3=T1*FF3*CST2*8.
0035 RETURN
0036 El®
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APPENDIX D

Program RCYLHGP i s  the  same as RTUNLH, excep t  I t  does not inc lude  

t h e  a i r - e a r t h  i n t e r f a c e ,  and i t  can model plane  wave inc idence .
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0001 C
0002 C
0003 C
0004 C
0005 C
0006 C
0007 C
0008 C
0009 C
0010 C
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034 2(
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0052
0063

LINK WITH CRDUT & MBiSlO

THIS PROGRAM (RCYLHGP.FOR) USES TRAVELING PLANE WAVE EXPANSION AND 
GAiLERKIN METHOD TD CAUXTLATE THE SCATTERIM3 ATTOMATTON 
FUNCTION OF A LOSSY DIELECTRIC INFINITE RECTANGULAR CYLINDER,
FOR A mCNETlC LINE SOURCE PARALLEL TO AXIS OF THE CYLINDER.
THE CYLINDER IS LOCATED IN A LOSSY K)I«GINEOUS MEDIUM.

WRITTEN BY JAMAL IZADIAN MARCH. 1982.

COMPLEX C(25) ,A(25) ,FA(25) ,GA(25) ,FNEE(25) ,Z (25,25) ,V(25)
CaiPLEX FMEE(25) ,FMXP,aiYP,EGXP,EGYP,sumc,Sums 
COMPLEX GC,VEE,EGYL,BGXL,BGX1,FNXL,GNYL,SEE,HZ1,HZS 
COMPLEX EUMT,RMN,SMN,FN,FM,GN,GM,S1,S2,FNFH,GNGM,HZI 
COflPLEX CST2 ,CST1, CVl ,C J , E P l, EP2 ,GAM1 ,GAM2 ,GAH2S, GR 
CaiPLEX C1,CI,K1,K2,BI,BI1,BK,BKl,ETAl,ETA2,DET 
DIMENSION PHY(2 5 ),XM(1000),YM(1000),LL(25),MH(25)
INTEGER P
COMMON / J I /  GAM2S,GAM2,0HEGA,ER2,SIG2,EP2 
CaiMCN /JERK/ CST1,CST2,CSMN
COMMON FN,FM,GN,01,AM,EM,Dt-l,XLS,YLS,CSN,SNN,CSM,SNH 
DATA P I ,T P /3 .14159265359,6.28316530718/
DATA E0,U0/8.85418533677E-12,1.25663706144E-G/
DATA IW R C ,IC C ,I12,ISY H /0,25,1,0/ 
c a l l  g e t c p ( i t l )
C J= (C .,1 .)
READ (7 ,  *) ERl, SIGl ,ER2 ,SIG2 ,FMa'IX,AWM,BWM,Di4,XLS, YLS, IWR, IFILD, IWRC 

& , m j .  IBS, IBISS, IFMC, lEQ, IGRCKD, IZMN 
PHI=ATAN2(YLS,XLS)/.0174533  
RLS=SQRT(XLS*XLS+YLS*YLS)
WPH=PHI
WRITE (10,*) MAX (IBS, IBISS, IFMC)
CX=.0174533
IF(IEQ.BQ.O) TYPE*,'GIVE NEQ & NY='
IF(IEQ.BQ.O) ACCEPT*,NEQ,NY 
IF(IET!C.EQ.1)TYPE*,'GIVE ÎMC='
IFdFMC.EQ. 1)ACCEPT*.FMC 
IF(FMC.LT.O)GO TO 500 
DO 500 JF=1,IFMC
IF(IFMC.GT.1 )FHC=JF*FMaiX/FLOAT(IFMC)m=mv2 .
BM=BWM/2.
0HEGA=TP*FMC*1.E6 
EPl=aiPLX(ERl*EO ,-SIGl/affiGA)
EP2=CMPLX (ER2*E0, -SIG2/aCGA)
ETA1=CSQRT(U0/EP1)
ETA2=CSQRT(U0/EP2)
GAFa=a'lEGA*CSQRr (-U0*EP1)
BETT=AIKAG(GAF’il)
GAM2=Ot'lBGA*CSQRT (-U0*EP2)
GAH2S=GAM2*GAH2 
mV2=300. /  (SORT (ER2) *FKC)
VJAV1=300. /  (SORT (ERl) *FKC)
Kl=-CJ*GAFa
K2^CJ*GAH2
CST1^0MEGA*0(4EGA*UO* (EP1-EP2) /TP 
C ST 2^ (EP1-EP2) /  (TP*EP2)
CVa=-GAM2/(ETA1*TP)
C1=CJ*0MEGA* (EP1-EP2)*GAM2*ETA1/TP
CI=-CJ*0KEGA*EP2/TP
TYPE*, 'flOL=', (AWI4AÎAV1)
IFdEQ.BQ.DTHEN
NY=15.*BET1*AM/PI
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0064 IF(NY.LT.8.AIE.IEQ.BQ.1)NY=8
0065 CPH=1.-PI/(14.*BET1*AM)
0066 TyPE*,'CPK='.CPH
0067 IF(ABS(CPH) .GT.DGO TD 19
0068 DPH=ACOS(CPH)
0069 NEQ=1.+PI/(2.*DPH)
0070 19 IF{NEQ.LT.6)NEQ=6
0071 KEQ=KEQ*2+2
0072 a ®  IF
0073 NY=2*(Ky/2)
0074 KY=KY
0075 NX=1KT (AM/HD *NY
0076 NX=(NX/2)*2
0077 DX=MVNX
0078 DY=HÆ1/Ny
0079 DX2=DX/2.
0080 DY2=DY/2.
0081 DXY=DX*DY
0082 M=0
0083 Y=-BK+DY2
0084 DO 20 J=1,NY
0085 X=-Wî+DX2
0086 DO 22 1=1,NX
0087 M=M+1
0088 XM(M)=X
0089 YH(K)=Y
0090 22 X=X4DX
0091 20 Y=Y+DY
0092 KK=M
0093 IF(KK.GT.IOOO) GO TO 500
0094 DPH=TP/^EQ
0095 DO 90 J=1,NEQ
0096 PH=(J-1)*DPH
0097 PHY(J)=PH
0098 FA(J)=Kl*œS(PH)
0099 90 GA(J)=K1*SIN(PH)
0100 IF(1ZMN.BQ.0)THEN
0101 DO 92 K=1,NEQ
0102 DO 92 N=H,NEQ
0103 92 R E A D { 8 ,2 )I,J ,Z (I,J )
0104 GO TD 404
0105 END IF
0106 IF(IKR.EQ.1)VJRITE(10,D
0107 DO 100 H=1,NEQ
0108 PHM=PHY(M)
0109 CSM=COS(PHM)
0110 SIffi=SIN(PHM)
0111 FM=FA(M)
0112 ®=GA(M)
0113 DO 200 N=M,NEQ
0114 h ik =fi;y (n)
0115 CSN=COS(PHN)
0116 SNN=SIN(PHN)
0117 CSMÎ ’=COS(PHH-PHN)
0118 FN=FA(N)
0119 GR=GA(N)
0120 FKFH=FN+FM
0121 GI'm=GNH3'l
0122 S1=AK
0123 ' S2=BM
0124 IFCCABS(FNFK).GT.1.E-6)S1=CSIN(FNFM*AM)/FKFM
0125 IF{CABS(GN31) .GT.l.E-6)S2=CSIN(Gt'K34*BM)/GIX31
0126 R^!N=4.*Sl*S2*CSIiN
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0253 290 A(N) =A (N) +EK1*FN’EE (N) *COS (PHN-PH)
0254 END IF
0255 292 HZS=KZS+V(K)*A(N)
0256 H zs=a*H zs*D xy
0257 IF  (IR',’. EQ. 1 ) HZS=HZS*CSQRT (. 5*PI/GAM2)
0258 AZS=CAES(HZS)
0259 IFCBvlI.EQ.DVnilTEdO,*) 'AZS=' ,AZS
0260 EVffr=TP*AZS*AZSAiAV2
0261 DB=.0
0262 C FIKD IHE IDRI-’ALIZED SCATTERIEX3 AriENUATION FONCTION
0263 IFtIR;.EQ.O)THEN
0264 GR=2.*GAH2*RLS
0265 IF{CABS(GR).GT.80) TîiEN
0266 BK=CSQRr ( .5*PI/CR) *CEXP (-GR)
0267 GO TD 555
0268 END IF
0269 O 'I i  FEEZIO (GR,BI, BK,BI1,BK1,0 ,-1 )
0270 555 HZI=CI*BK
0271 TÏPE*,'H ZI= ',H ZI
0272 AZI=CABS(KZI)
0273 IFCIWR.EQ.DWRITEdO,*) 'AZI=' ,AZI
0274 AZK=AZS/AZI
0275 IF(AZN.NE.O. ) DB=20. *ALOG10(AZN)
0276 'm>E9,NEQ,NX,NY,FHC,DB,PHI
0277 WRITE(1 0 ,9 )NEQ,NX,NY,FHC,DB,PHI
0278 GO TD 599
0279 END IF
0280 TYPE9,NEQ,NX,NY,FMC,EWL.PHI
0281 VJRITEdO,9)NBQ,NX,NY,FHC,EWL,PHI
0282 599 IFdBS.EQ.l.AND.IBISS.EQ.l.AHD.IFÎlC.EQ.DGO TD 201
0283 IF (IB S .G T .l)112=2
0284 500 CONTINUE
0285 600 CONTINUE
0286 IF  (IPVJ. EQ. 1 ) VJRITE (10,14)
0287 IF(m j.EQ .0)M R ITE(10,13)
0288 WRITE(10,3)
0289 W RITEdO,*)' ERl & SIGl = ',ER1,SIG 1
0290 WRITE(1 0 ,* ) ' ER2 & SIG2 = ',ER2,SIG 2
0291 VJRITEdO,*) ' AWM & BWM = ' ,AVJM,BMM
0292 VJRITEdO,*) 'RLS=' ,RLS, 'PHI=' ,WPH
0293 c a l l  g e tc p ( i t2 )
0294 t i i n e = ( i t2 - i t l ) / 1 0 0 .
0295 WRITEdO,*) ' CPU TIME (SEC) = ' ,TIME
0296 TYPE*,' CPU TIME (SEC) = ' ,TIME
0297 VJRITEdO,*) 'RCYLHGP.FOR'
0298 1 F0RHAT(5X, 'M' ,4X, 'N ' ,13X,'ZMN' ,24X, 'DZMN' ,26X, 'ZTI>1N'25X)
0299 2 F0RMAT(1X,2I5,8(2X,G12.6))
0300 3 FORMAT(IHO)
0301 4 F0RMAT(5X,'H',13X,' VM ' ,25X,'DVM',23X,'VTM’ ,21X)
0302 5 F0RMAT(1X,I5,6(2X,G12.6))
0303 6 F0RMAT(5X,'H’ ,18X ,' A ')
0304 8 FORMAT (5X,'X ',9X,'Y ',13X,'AM PLITUDE',3X,'PHASE')
03 05 9 F0RMAT(1X,3I5,6F12.6)
0306 11 FORMAT(1X,2(2X,G10.5),5X,2(2X,G12.6))
0307 13 FORMAT (3X .'N E Q ',3X ,'N X ',3X ,'N Y ',6X ,'FM C ',9X ,'SA F ',9X ,'P H I')
0308 14 FORMAT(3X. 'NEQ' ,3X, 'NX' ,3X. 'NY' ,6X, 'FMC ,9X, 'EVJL' ,9X, 'P H I')
0309 CALL EXIT
0310 STOP
0311 END

0001 C
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0002 EO'BKXJTINE SPCTRfI(£UOT, 10123)
0003 CaiFLEX G»12S,GAK2,GAM0S,FQ,RC,F,F0,FF,SUMl,SUy.2,S[]H3,£UHr
0004 CCKiFLEX r a , FM, ® , Œ , G J, F F l, FF2, FF3, EP2, DSÜH
0005 REAL KO
0006 COHHOM /JX/GAM2S, GAM2 ,a-lEGA, ER2, SIG2, EP2
0007 CaîMCN FN,FH,GM,»l,AM,BM,ai,}<LS,ÏLS,CSn,SNN,CSH,Sim
0008 DATA P I ,T P /3 .14159265359,6.28318530718/
0009 DATA E0,U 0/8.85418533677E-12,1.25663706144E-6/
0010 CJ=( 0 ,,1 • )
0011 KO=a'!EGA*£QKT (EO*UO)
0012 GA110S=-K0*K0*(1.,0,)
0013 GC=a'IEGA*SQKr (UO*ER2*EO)
0014 GCS=GC*GC
0015 G1=GC/SQRT(2.)
0016 C SET UP FOR SUfU & SUM2
0017 IF  (10123 .LT. 3 ) DEL=PI/10. / (All+EH)
0018 I F (10123.EQ.3 )DEL=PI/10. / (AM+CM+BM)
0019 NS=G1/DEL
0020 IF(NS.LT.20) NS=20
0021 NP=2*(KS/2)
0022 DEL=G1/NP
0023 NP=I4Pfl
0024 DEL3=OEL/3.
0025 sum =(o .,o .)
0026 SOM2=(0.,0.)
0027 DO 100 1=1,2
0028 SIGN=1.
0029 DO 100 J=1,NP
0030 »=(3.-SIGN)*DEL3
0031 IF(J.B Q .1.0R .J.E Q .N P) Vf=DEL3
0032 IF(I.B Q .2)G 0 OD 31
0033 G=(J-1)*DEL
0034 GO TO 33
0035 31 B=(J-1)*DEL
0036 BS=B*B
0037 G=SQRr(GCS-ES)
0038 33 GS=G*G
0039 P=CS(3RT(GA î2S+GS)
0040 FO=CSQRT(GMiOS+GS)
0041 I F (10123.BQ.2 )FF=FF2(G,F)
0042 IF(SIG2.NE.0 .AUD.I.BQ.2 )FQ=B/F
0043 IF(SIG2.EQ.O.AND.T.BQ.2)FQ=(0.,-1.)
0044 IF  ( I .  EQ. 1) SUM1=SÜM1-HJ*FF/F
0045 IF d .E Q . 2) SüH2=£0H2-HÎ*FF*FQ/G
0046 100 SIGN=-SIGN
0047 C ti-pe* , 'n p l= ' ,np
0048 FACT=5.
0049 ALPK1=FACT*AMAX1(KO,GC,CABS(GAM2))
0050 C SET UP FOR SUM3 & SÜM4
0051 delal=del
0052 NS=ALPH1/DELAL
0053 IF(KS.LT.20)NS=20
0054 NP=2*(NS/2)
0055 DELAL=ALPH1/MP
0056 NFT=®/4
0057 MP=HRH
0058 C ty p e * , 'n p  & n p t  = ',n p ,n p t
0059 SÜM3=(0.,0.)
0060 SIGK=1.
0061 C IABORT=0
0062 DELA3=DELAL/3.
0063 DO 200 1=1,NP
0064 W1=3.-SIGN
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0065 W=V,a*DELA3
0066 IF  ( I . EQ. 1 .OR. I . BQ. FJP) W=DELA3
0067 34 ALPHA=(I-l)*DELAL
0068 C t y p e * , ' i  & w = ' , i ,w
0069 ALPHS=ALPHA*AI.PHA
0070 G=SQKU(ALPHS+GCS)
0071 GS=G*G
0072 F<SQRT(GAM2S+GS)
0073 FO=CSQRT (GAHOS+GS)
0074 IF(I0123.BQ.2)FF=FF2(G,F)
0075 IF  (SIG2. NE. 0) FQ=/iLPKA/F
0076 IF (S IG 2.E Q .0)FQ =(1 .,0 .)
0077 DSUM=V.’*FF*FQ/G
0078 S0M3=SUM3hDSUM
0079 C IF(IABORT.BQ.I) GO TO 300
0080 C IF(CADS(DSUM).LT. (CABS(EUM3)/1000.).AND.I.CT.NFT.AND.Wl.BQ.4
0081 C &)THEN
0082 C LFB0RT=1
0083 c (f=DELA3
0084 c GO TD 34
0085 c END IF
0086 200 SIGN=-SIGN
0087 C ti 'p e * ,'n p 2 = ' ,np
0088 300 SUKr=SUHl+SUH2+SUM3
0089 RETURN
0090 END

FUNCTIONS AND SUBROUTINES REFERENCED

0001 C
0002 C
0003 COMPLEX FUNCTION FF2(G,F)
0004 CaiFLEX FN,FM,GN,a.l,F,SNKl,SNK2,SNK3,SNK4,SNK5,SNK6,SNK7,SNK8
0005 COt'lELEX EX1,EX2,T1,T2,T3,T4,T5,T6,GI,FXE,FX0,SNÏ,CSY,PEX,EXM
0006 Ca-IPLEX EXEH,EXBP,SYEM,SYBP,CSBM,CSBP,S1,S2,S3,S4,S5,S6,S7,S8
0007 CaiPLEX EXBMN,EXBPN,CST1,CST2,F1,F2
0008 COÎ-IPLEX GNPG, GNMG, (31PG, GMFK, FMFN, FTIPF, FFW , FMPF, FNMF
0009 COt'IMON FK,FM,GN,a-I,AM,BI,D(4,XLS,YLS,CSN,SNN,CSH,SNM
0010 CaiKCN /JERK/ CST1,CST2,CSMN
0011 C J= (0 .,1 .)
0012 GNPG=GNfG
0013 GNMG=GN-G
0014 aiPG=GM+G
0015 Q-lMG=a-i-G
0016 FMFN=FM+FN
0017 FNPF=FN+CJ*F
0018 FKMF=FM-CJ*F
0019 FMPF=FK+CJ*F
0020 FNMF=FN-CJ*F
0021 SNK1=BM
0022 IF(CABS(GNPG).GT.I.E-6)SNK1=CSIN(GNPG*BM)/GNPG
0023 SNK2=BM
0024 IF(CABS(aiMG) .GT.l.E-6)SNK2=CSlN(G1tiG*BM)/GHI'X3
0025 SNK3=BM
0026 IP  (CABS (GNMG) .GT.1.E-C)SNK3=CSIN(GI®:G*BM)/G1'J1G
0027 SNK4=EM
0028 IF(CABS(a4PG) .GT. I . E-6) SNK4CSIN (G4PG*BM) /GIPG
0029 SNK5=AH
0030 IF(CABS(FMFN).CT.1.E-6)SNK5=CSIN(FHFN*AH)/FHFN
0031 SNK6=AM
0032 IF(CABS(FNMF).GT.l. E-6)SNK6=CSIN(FMMF*AM)/FMMF
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APPENDIX E

Subrou t ine  SMRFLD2 i s  based on th e  fo rm ula t io n  of Sec t ion  E in 

Chapter  V. The program uses  Figure 5-3 as i t s  model.  The eva lua te d  

i n t e g r a l  i s  ou tput  as SUMT. The r e s t  of the  i n p u t s  a re  s e l f  

e x p l a n a t o r y .
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0001 SÜBROUTIKE SMEFLD2(X, Y,XP,ÏP,D,ER2, SIG2, FMC,101 ,SUHT)
0002 C
0003 C THIS IS  PROGRAM (EMRFLD2.P0R) KHICH USES SIMPSON'S
0004 C RULE TO INTEGRATE A SUMI4ERFEID INTEGRAL FROM ZERO TO INFINITY,
0005 C IT CAN BE USED TO TEST A MODIFIED BESSEL FUNCTION K0(Z)
0006 C IF  101= 1 RC IS  THE ELECTRIC REF. COEF.
0007 C IF  l O l ^ l  RC IS  THE ffiGNETlC REF. COEF.
0008 C IF  101= 0 RC IS  = 1 .
0009 C IF  I01> 1 RC IS  = -1 .
0010 C
0011 C PROGRAM hRITTEN BY JAMAL S. IZADIAN NOV.-81
0012 C
0013 COMPLEX GAM2S,GAH2, F , FF. SUM, SUH2, 5UH3, £UH4, SUNT, EP2
0014 CaiPLEX S1,S2,S3,GAH,GAM0S,FQ,C1,F0,RC,EF,C2,AA,EXAA,Z
0015 REAL KO
0016 DATA P I ,T P /3 .14159265359,6.28318530718/
0017 DATA E0,U0/8.8541S533677E-12,1.256637O6144E-6/
0018 IFdA B SdO l) .GE.1)ARG=2.*D-X-XP
0019 I F (lABS(1 0 1 ).BQ. 0 )ARG=ABS(X-XP)
0020 0MBGA=TP*FKC*1.E6
0021 KO=CMEGA*SQRT (EO*UO)
0022 GAM0S=-K0*K0*(1.,0.)
0023 EP2=aiPLX (ER2*E0, -SIG2/0HEGA)
0024 GAM2S=-OMEGA*OMEGA*UO*EP2
0025 GAM2=CSQRT(GAM2S)
0026 C l= ( 0 . , - 1 . )  *OMBGA*U0/TP
0027 GC=a-iEGA*SQRr (U0*ER2*E0 )
0028 GCS=GC*GC
0029 C2=( ( 0 . , 1 . ) *OMEGA*UO*SIG24GAMOS-GCS)/8.
0030 G1=GC/SQRT(2.)
0031 C SET UP FOR su m  & SUM2
0032 DEL=PI/10. / (ARG+Y-YP)
0033 NS=G1/DEL
0034 IF(NS.LT.40) NS=40
0035 NP=2*(NS/2)
0036 DEL=G1/NP
0037 NP=NPfl
0038 DEL3=DEL/3.
0039 s u m = (o .,o .)
0040 SUM2=(0.,0.)
0041 DO 100 1=1,2
0042 SIGN=1.
0043 DO 100 J=1,NP
0044 Vf=C3.-SIGN)*DEL3
0045 IF(J.E Q .1 .0R .J.EQ .N P) W=DEL3
0046 I F d .E Q .2 )GO TO 31
0047 G=(J-1)*DEL
0048 GO TO 33
0049 31 B=(J-1)*DEL
0050 BS=B*B
0051 G=EQRT(GCS-BS)
0052 33 GS=G*G
0053 P=CSQRT(GAM2S+GS)
0054 FO=CSQKT (GAMOS+GS)
0055 IF(I01.EQ .1)R C =(F-F0)/(F+F0)
0056 IF  (lO l.E Q .- 1 ) RC=(E0*F-EP2*F0)/ (E0*F+EP2*F0)
0057 IF (IA B S(I01).E Q .0)R C = (1.,0 .)
0058 IF(IA B SdO l) .G T.1)R G =(-1,0.)
0059 EF=CEXP(-F*ARG)
0060 CS=COS(G*(Y-YP))
0061 FF=RC*EF*CS
0062 IF(SIG2.NE.O. AND.I.BQ.2 )FQ=B/F
0063 IF(SIG 2.B Q .0.A N D .I.B Q .2)FQ =(0.,-1.)
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APPENDIX F

Computer program RCYLEGP i s  t h e  same as RTUNLE e x c e p t ,  t h i s  has 

used Trapazo idal  r u le  t o  i n t e g r a t e  a l l  t h e  i n t e g r a t i o n s  over the  c ross  

s e c t i o n .  The t r e a tm e n t  i s  s i m i l a r  to  RCYLPWE of  Appendix A. In 

a d d i t i o n  t h i s  program models the  a i r - e a r t h  i n t e r f a c e .  When the  

i n t e r f a c e  i s  not modeled,  t h e  plane  wave in c ide nce  e x c i t a t i o n  may a l s o  

be used.
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0001 C
0002 C
0003 C
0004 C
0005 C
0006 C
0007 c
0008 C
0009 c
0010 c
0011 c
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028 •
0029
0030
0031
0032
0033
0034
0035 20
0036
0037
0038 41
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062

LINK WITH CHUT & MBEZlO

m i s  PROGRAM (RCYLEGP. TOR) USES lEAVELIKG PLANE WAVE EXPANSION 
AND GALERKIN HEl’HOD TO CALCULATE IHE SCATTERED FIELD BY 
A LOSSY DIELECTRIC INFINITE RECTANGULAR CTLIKDER, At®
FOR AN ELECTRIC LINE SOURCE PARALLEL TO AXIS OF THE CYLINDER. 
THE CYLINDER NAY BE IM1ERSED IN A LOSSY HOMOGEICEOUS MEDIUM,
OR IT MAY BE BURIED IN A LOSSY HOMOGENEOUS EAR'IH.

(VRITTEN BY JAMAL IZADIAN JAN. 1982.

COflPLEX BKK(2 5 ,2 5 ) ,FNEE(25) ,FHEE(25) ,FK(75) ,a iN (2 5 ,2 5 )  ,B (25) 
CaiPLEX A(25) ,FA (25) ,GA(25) ,D a4N (25 ,25) ,CT1'IN(25,25)
COMPLEX EZSR,C1,GC,VEE,SUMT,SDD
COMPLEX EGXP,BGYP,EGXL,BGYL,£)GX.l,FN,FM,GN,Œ
CaiPLEX EZI,FPF,GPG,SS1,SS2
COflPLEX SFPF,SGfG,FMXP,a'IYP,FNXL,GNYL
COflPLEX C SF,ai,C TK ,C V l,EPl,EP2,B rA 2,C Sr,C SS,EZl,EZS,SEE
COtiPLEX GAH1,GAH2,BI,BK,BI1,BK1,GR,KI,K2,REE
DIMENSION XM(450),YM(450)
INTEGER P
DATA FP,TD2,CX/12.56637061 4 4 ,0 .,.0 1 7 4 5 3 3 /
DATA ETA ,PI,TP/376.730366239,3.14159265359,6.28318530718/
DATA IC C ,N Y X ,ISIZ E ,N J,IT B L /25,30,10,0,0/
DATA E0,U0/8.85418533677E-12,1.25663706144E-6/ 
c a l l  g e t c p ( l t l )
READ (7 , *) ER l, SIGl ,ER2, SIG2 ,FMfflX, AWt1,Hit4,Df4,XLS, YLS, IWR, 

&IFILD,IWRC,IPM,IBS, IBISS, IFÎ1C, lEQ, IGRCKD 
PHI=ATAN2 (YLS,XLS)/ .0 1 7  4533 
RLS=SQRT (XLS*XLS+YLS*YLS)
WPH=rai
IF(lEQ .EQ .0 )TTfPE*, 'GIVE NEQ & NY = '
IF(lEQ .EQ .0 )ACCEPT*,NEQ,NY 
IF(IFM C.GT.l) GO ID 41 
TYPE*,'GIVE FMC='
ACCEPT*,FMC 
IF(FMC.LT.O) GO TO 600 
EO 500 JF=1,IEÎ1C
IP  (IFMC. GT. 1 ) FMC=aF*FHa'lX/FLOAT ( IFMC)
112=1
AM=AWM/2.
BM=BWM/2.
0MEGA=TP*FF;C*1.E6
BTSl=a-lEGA*CMEGA*UO*ERl*EO
BET1=SQRT(BTS1)
EP1=CMPLX(ER1*E0, -SIGl/aiEGA)
EP2=ER2*E0*(1.,.0)
I F (TD2.GT.1 .E-10) EP2=ER2*E0*aiPLX( 1 . ,-TD2)
IF  (SIG2. GT. 1 . E-10 ) EP2=a-IPLX (ER2*E0 ,-SIG2/0f1EGA) 
ETA2=CSQFT(U0/EP2)
GAH2=aiBGA*CSQRT (-U0*EP2)
GAfa=a'!EGA*CSQFT (-U0*EP1)
K1=(0.,-1.)*GAM1
K2=(0.,-1.)*GAM2
EET2=AIKAG(GAM2)
BTS2=BET2*BET2
MAV1=TP/BET1
WAV2=TP/BET2
C PH =1.-PI/(1 4 .*BET1*AM)
DPK=ACOS(CPH)
IF(lEQ.BQ.1 ) N E Q =(l.+PI/( 2 .*DPH))*2  
IF(NEQ.LT.4) NEQ=4

229



0063 IF(KEQ.GT.ICC)CX> TO 600
0064 IF (lEQ. BQ. 1) MY=15. *BETl*Hi,'M/PI
0065 IF(NY.LT.6.AtO.IEQ.BQ.l)NY=6
0066 XF(Ny.GT.NÏX> NY=NYX
0067 NY=2*(NY/2)
0068 NX=IKT(«l/m)*NY
0069 NX=:(^%/2)*2
0070 NY2=MY/2
0071 NX24K/2
0072 KK=tK*NY
0073 DPK=1P/KEQ
0074 DO 90 J=1,NEQ
0075 PH=(J-1)*DFH
0076 FAtJ)=Kl*COS(PH)
0077 GA(J)=K1*SIN(PII)
0078 90 CWJTINUE
0079 Dx=^a•^4/ îx
0080 DY=HWNY
0081 DXY=DX*DY
0082 DX2=DX/2.
0083 DY2=DY/2.
0084 C FIKD THE RADIOUS OF EQUIVLMW CIRCULAR CELL
0085 CH=SQKr{DX*DY/PI)
0086 GC=GAK2*a4
0087 CALL MBEZlO (GAri2*ai,BI,BK,BIl,BKl,1 ,-1 )
0088 CSF^a4EGA*CMEGA*üO*(EPl-EP2)*DXY*DXY/TP
0089 CSS=(1.-GC*BK1)*(EP1-EP2)/EP2
0090 CST=GC*BI1*(EP1-EP2)/EP2
0091 . CIK<SS*2.*PI*a4*BIl/GAM2
0092 ai=CST*2.*PI*Q4*BIl/GAM2
0093 CVl=-ETA2*a4*BIl
0094 Cl=(0.,-l.)*OMEGA*U0/TP
0095 EAB=SQET(AWH*AViM+El-m*HvM)
0096 21 DELTR=(RAB-DX)/ISIZE
0097 IF(DX.GT.DELffi) GO TD 23
0098 ISIZE=ISIZE+5
0099 GO TO 21
0100 23 DO 22 1= 1 ,ISIZE
0101 RR=I*DELTR
0102 CALL MBK0Z(GAM2*RR,BK,-1)
0103 FK(I)=BK*CII
0104 22 CONTINUE
0105 TYPE*,’IS IZ E » ',IS IZ E
0106 H=0
0107 Y=-BM+DY2
0108 C SET'UP THE COORDINATES OF CENTERS OF CELL M
0109 DO 40 J=1,NY
0110 X=*-AM+DX2
0111 DO 30 I=1,NX
0112 M=H+1
0113 XM(«)=X
0114 YI4(K)=Y
0115 30 X=X4DX
0116 40 Y=Y+DY
0117 DO 42 J= l ,2 5
0118 DO 42 1=1,25
0119 42 B K K (I,J )= (0 .,0 .)
0120 C SET UP IMPEDANCE MATRIX
0121 DO 200 H=1,NEQ
0122 FH=FA(H)
0123 0!=GA(K)
0124 DO 180 N=M,NEQ
0125 FN=FA(N)
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0126 GlSf=GA(N)
0127 FPF=FN+FM
0128 GPG=GNK3Î
0129 SFPF=CSIN(FPF*AM)
0130 SGPG=CSINtGPG*EH)
0131 SS1=M
0132 IF(CABSCFPF) .G T J .E-G)SS1=SFPF/FPF
0133 SS2=BM
0134 IF  (CABS (GPG). (TT. 1 . E-6) SS2=SGPG/GPG
0135 PEE=4.*SS1*SS2
0136 Daw(M,N) = ( 0 . ,0 . )
0137 a4N(M,N)=REE
0138 180 (XNHM3E
0139 200 CONTINUE
0140 DO 160 P=1,KK
0141 XP=»1(P)
0142 YP=»1(P)
0143 JP=(P-1)/IK +1
0144 IP=P-(JP-1)*NX
0145 DO 140 L=1,KK
0146 XL=XH(L)
0147 YL=»1(L)
0148 OL=(Ir-l)/NX+l
0149 IL=L-(JL-1)*NX
0150 YY=YP-YL
0151 Ys=YY*yy
0152 XX=XP-XL
0153 xs=xx*xx
0154 . II=1+IABS(IP-IL)
0155 JJ=H IA B S(JP-JL)
0156 K3H=SQKT(XS+YS)
0157 IF(EDH.LT.n<2) (30 TO 79
0158 IF (E K K (II,J J ) .E Q .(O .,0 .))ÏH E N
0159 C fili INTERP(KOH,BKK(II,JJ),DEI,aR,FK,ISIZE)
0160 BKK (JJ,II)=BK K(II, J J )
0161 N j= ia+ i
0162 Et® IF
0163 79 DO 80 K=1,NEQ
0164 FK=FA(M)
0165 (3M=GA(M)
0166 FMXP=FM*XP*(0.,-1.)
0167 a4Y P=a-l*Y P*(0.,-l.)
0168 BGXP=CEXP(FMXP)
0169 BGYP=CEXP(Q1YP)
0170 FMEE(M)=EGXP*EGYP
0171 DO 80 K=H,NEQ
0172 FN=FA(N)
0173 GI#GA(N)
0174 FN XIfFN *XL*(0.,-l.)
0175 GKYL=a'i*YL*(0.,-l.)
0176 BGXL=CEXP(FtC(L)
0177 EGYL=CEXP((3NYL)
0178 FNEE(tg)=EGXL*EGYL
0179 IF(IGKOt®.EQ.l)CALL SM!FLD2(XP,YP,XL,YL,DM,ER2,SIG2,FHC,l,a]Mr)
0180 IF  (IGRCt® .BQ. 1) MI=NI+1
0181 IF  (IGRCf® .BQ. 1) DQ'M (M,N) =DCtW (14, N) +FKEE (M) *FNEE (N) *SUm*CSF
0182 IF(KDU.GT.DX2)G0 TO 35
0183 a4N (M,N) =04N (M,N) +FMEE (M) *FNEE (Nl) *CIK
0184 GO TO 75
0185 35 BK=BKK(II,JJ)
0186 a4N(M,N) =aiN(M,N)+FMEE(M)*FNEE(N)*BK
0187 75 IF  (IGIO® .BQ. 1) CHIN (M,N) =CI4N (M,N)-HXMN (M,N)
0188 80 cam K U E
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0252 204 a4N(M,N)=Cn-lN(H,N)
0253 END IF
0254 I£M4=0
0255 CALL CR0üT(a4N,A,ICC,ISYM,IWRC,I12,NEQ)
0256 IF(IWR.BQ.1)THEN
0257 VvRITE(10,6)
0258 DO 244 H=1,NEQ
0259 WRITE(10,5)M,A(K)
0260 244 CraTIHJE
0261 WRITE(10,9)
0262 n ®  IF
0263 VgRITE(8,*)KK,NX
0264 C Fil®  THE FIELD IK CELLS OF FIRST QUADRANT
0265 IF(IF IL D .N E .l) GO TO 45
0266 MRITE(10,8)
0267 DO 248 L=1,KK
0268 E Z 1 = (0 .,0 .)
0269 XL=XK(L)
0270 yL=»UL)
0271 DO 246 I4=1,NEQ
0272 FK=FA(N)
0273 GKT=GA(N)
0274 FNXL=FN*XL*(0.,-1.)
0275 GNYL=GK*ÏL*(0.,-1.)
0276 BGXL=CEXP(FNXL)
0277 BGYL=CEXP(C-t'IYL)
0278 FNEE(N)=EGXL*BGYL
0279 EZl=EZl+A(N) *FNEE (N)
0280 246 OMTINUE
0281 C IFCXL.CT.O.AND.ÏL.CT.O) THEN
0282 RE=REAL(EZ1)
0283 AIE=AIKAG(EZ1)
0284 AMP=CABS(EZ1)
0285 PHASE=ATAN2(AIE, RE)/CX
0286 WRITE(10 ,11)XL»7L,AMP,PHASE
0287 WRITE(8 .* )L,AHP,PHASE
0288 C END IF
0289 248 CCKTINUE
0290 45 IF(IWR.BQ, 1 )WRITE(10,9)
0291 PHS=PH1
0292 DO 500 JK=1,IBISS
0293 IF(IBISS,GT.1)THEN
0294 PH I=(JK-1)*360./FLQAT(IBISS-l)
0295 PHS=CX*PHI
0296 El® IF
0297 XLS=RLS*COS(PHS)
0298 YLS=RLS*SIN(PHS)
0299 C FIND THE BACKSCATTERED FIEID
0300 E Z S =(.0 ,.0 )
0301 EZSR=(0.,0.)
0302 DO 290 L=1,KK
0303 XL=XM(L)
0304 ÏL=»UL)
0305 yy=YLS-YL
0306 YS=ÏY*Yir
0307 XX=XLS-XL
0308 xs=xx*xx
03 09 IFdPW.BQ.DTHEN
0310 PSI=XL*OOS(PHS)+YL*SIN(PHS)
0311 BK=CEXP (GA1!2*PSI)
0312 GO TO 47
0313 END IF
0314 Rai=EQRr(xs+ys)
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0378 8 rora’AT(5X,'X’ ,9X ,'Y '' ,13X,'AMPLITUDE',3X,'PHASE')
0379 9 FOMATdHO)
0380 11 FORMAT(IX , 2F10. 5 , 5X, 2F12.6)
0381 13 FORIATOX,'NEQ',3X,''NX' ,3X, 'NY' ,6X, 'F œ ' ,9X, 'SAP' ,9X, 'H i l ' ')
0382 14 FOMAT(3X,'NE0'.3X.''NX' ,3X. 'NY' ,6X, 'FMC ,9X, 'LVŒ,' ,9X, 'PHI'')
0383 CALL EXIT
0384 END
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APPENDIX G

Program LSOIFP c a l cu la te s  near  f i e l d  pa t te rn s  of e l e c t r i c  or 

magnetic l i n e  sources on or o f f  an in t e r f a c e  between media I and I I .

The model fo r  t h i s  program i s  Figure 5-3,  except region I i s  not 

r e s t r i c t e d  to  f ree  space.  The program always assumes the  l i n e  source is  

in medium I I ,  where in the l im i t  i t  can be moved to  be placed on the 

i n t e r f a c e .
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0007 COMPLEX EP1,GAM0S,FQ,F0,RC,EF,BI,BK,BI1,BK1
0008 DAIA P I ,T P /3 .14158265359,6.28318530718/
0009 DATA E 0,U 0/8 .854185336778-12,1 .25663706144E-6/
0010 C TÏPE*,'ER1,SIG1,ER2,SIG2=',ER1,SIG1,ER2,SIG2
0011 D1=D-XP
0012 IFtX.GT.D)K=X-D
0013 ARG=2.*D-X-XP
0014 0MEGA=TP*FMC*1.E6
0015 EP2=01PLX(ER2*EO,-SIG2/014EGA)
0016 EPl=OIPLX(ERl*EO,-SIGl/a'!EGA)
0017 GAM2S=-Ot'IEGA*OKEGA*UO*EP2
0018 GfiM2=CSQKT(GAM2S)
0019 GAM0S=^a'lEGA*CI4EGA*U0*EPl
0020 GC=CMEGA*SQRT(U0*ER2*E0)
0021 GCS=CC*GC
0022 G1=GC/SQKT(2.)
0023 C SET UP FOR SUMl & SUM2
0024 DEL=PI/10./(ARGIV-YF)
0025 NS=G1/DEL
0026 IF(N S.LT.40) NS=40
0027 NP=2*(KS/2)
0028 DEL=G1/NP
0029 MP=NPfl
0030 DEL3=DEL/3.
0031 su m = (o .,o .)
0032 EOM2=(0.,0.)
0033 DO 100 1=1,2
0034 SIGK=1.
0035 DO 100 J=1,NP
0036 Vf=(3.-SIGN)*DEL3
0037 IF(J.B Q .1.0R .J.B Q .N P) W=DEL3
0038 IF (I.E Q .2 )G 0  ID 31
0039 G=(J-1)*DEL
0040 GO ID 33
0041 31 B=(J-1)*DEL
0042 BS=B*B
0043 G=EQRT(GCS-BS)
0044 33 GS=G*G
0045 F=CSQRT(GAM2S4GS)
0046 FO=CSQRr(GAMOS+GS)
0047 IF(I01,B Q .1)EC =(F-F0)/(F+F0)
0048 IF(I01.BQ.-1)RC=(EP1*F-EP2*F0)/(EP1*F+EP2*F0)
0049 WRITE( 8 .* ) ■G,F,PO,RC=',G,F,FO,RC
0050 IF(IA B S(I01).B Q .0)R C = (1 .,0 .)
0051 IF(IA B S(I01).G T .1)R C = (-1 ,0 .)
0052 IF(X.GT.D)RC=1.+RC
0053 IF(X.LE.D)EF=CEXP(-F*ARG)
0054 IF(X.GT.D)EF=CEXP(-F*D1-F0*H)
0055 CS=COS(G*(Y-YP))
0056 FF=RC*EF*CS
0057 IF(SIG2.NE.0.AND.I.EQ.2)FQ=B/F
0058 IF (S IG 2.E Q .0.A N D .I.E Q .2)FQ =(0.,-1 .)
0059 IF  ( I .  EQ.l) SUm=SUMl-Hf*FF/F
0060 IF(I.EQ.2)SUM2=SUM2-HV*FF*FQ/G
0061 SIGK=-SIGN
0062 100 C am H JE
0063 ALPH1=5.*AMAX1(GC,CABS(GAM2),CABS(CSQKT(GAMOS)))
0064 C SET UP FOR SUH3 & SUM4
0065 DELAL=DEL
0066 NS=ALPH1/DELAL
0067 IF(NS.LT.40)MS=40
0068 NP=2*(NS/2)
0069 DELAL=ALPH1/NP
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0070 NP=NP+1
0071 SÜM3=(0.,0.)
0072 SIGK=1.
0073 DELf3=DELAL/3.
0074 DO 200 1=1,NP
0075 V,’=(3.-SIGN)*DELA3
0076 IF  ( I . BQ. 1 .OR. I . EQ. NP) t.t^DELAS
0077 ALPHA=(I-l)*DELAL
0078 ALPKS=ALKiA*ALPHA
0079 G=SCKT (ALPHS+GCS)
0080 GS=G*G
0081 F=CSCKT(G»I2S+GS)
0082 FC=CSQKr(GAMOS+GS)
0083 IF(I01.BQ.1)RC=(F-FO) / (F+FO)
0084 IF  (101. BQ. -1 ) KO (EP1*F-EP2*F0) /  (EP1*F+EP2*F0)
0085 IF (IA B S (I0 1 ) .B Q .0 )R O (l.,0 .)
0086 IF(IA B SdO l) .G ï ' . l ) R O ( - l . , 0 . )
0087 IF(X.CT.D)R01.+KC
0088 IF  (X. LE. D) EF=CEXP C-F*i«G)
0089 IF(X.GT.D)EF=CEXP C-F*D1-F0*H)
0090 CS=(X)S(G*(Y-YP))
0091 FF=RC*EF*CS
0092 IF(SIG 2.N E.0 )PQ=ALPHA/F
0093 IF (S IG 2.E Q .0)FQ =(1 .,0 .)
0094 Sum=a)M3 ■rt\(*FF*FQ/G
0095 SIGN=-SIGN
0096 200 CCMTIKÜE
0097 SUKT=SUM1+S0M2+SUH3
0098 C HH=2.*D1+(X-XP)
0099 c Rœ2=SQKT (HH*HH+ (Y-YP) * (Y-YP) )
0100 c CALL m EZl0(G A M 2*R Œ 2,B I,B K ,B Il,B K l,0,-l)
0101 c TYPE*,'BK,SÜMT=',BK,SüWT
0102 RETURN
0103 END
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APPENDIX H

Subroutine MBEZl<j> (courtesy of Professor  Richmond) i s  used to  

c a l c u l a t e  the modified Bessel funct ions of order zero and one.

SZ: i s  the complex argument of the  Modified Bessel Function to  be

c a l c u la te d .

SBI: the  ca lcu la ted  Modified Bessel Function of f i r s t  kind of 

order zero.

SBK: the  ca lcu la ted  Modified Bessel Function of second kind of 

order zero.

SBIl: the  same as SBI except of order one.

SBKl: the  same as SBK except  of order one.

• ID: i f  zero,  only zero order funct ions  are c a l c u la te d .  I f  one,

only func tions  of order one are ca l c u la te d .  IF > 1, both 

orders  of zeros and ones are ca l c u la te d .
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C064 bm=2
0065 IP(ID.BQ.O)bB=l
0066 IF(ID.B0.1)MA=2
0067 DO SO NP1=NA,KB
0068 N=®1-1
0069 IF(R .G T .9.)G 0 TO 50
0070 AC2=C2
0071 AS2=S2
0072 T = l.
0073 X=l.
0074 y=.o
0075 DO 20 0=1,1000
0076 T=T*R4/(J*(K+0))
0077 X=X+T*AC2
0078 Y=y+T*AS2
0079 AY=DABS(Y)
0080 AM=DABS(X)
0081 IF(AY.GT.AM)AH=AY
0082 IF(T.LT.AH/FMX)GO TO 21
0083 AC21=AC2
0084 AC2=AC21*C2-AS2*S2
0085 20 AS2=AS2*C2+AC21*S2
0086 21 REIZ=X
0087 IMIZ=Y
0088 IF (N .E Q .0 )œ  TO 25
0089 REIZ=R2*(X*C-Y*S)
0090 IKIZ=R2*(X*S+Y*C)
0091 25 AC2=C2
0092 . AS2=S2
0093 T = l.
0094 PSI=-AIC
0095 IF(K .EQ,l)PSI=.5-AIiG
0096 X=PSI
0097 Y=-'EHETA
0098 DO 40 J= l,1 0 0 0
0099 IF(N.EQ.1)G0 TO 30
0100 P S I= P S I+ 1 ./J
0101 0^i'*R 4/(J*J)
0102 GO TO 35
0103 30 a P = tJ+ l)* J
0104 P S I= P S I+ (J+ .5 )/JP
0105 M * R 4 /J P
0105 35 DX=T*(AC2*PSI+AS2*THETA)
0107 X=X4DX
0108 y=Y+l’*(AS2*PSI-AC2*THETA)
0109 AY=DABS(Y)
0110 AM=DABSCX)
0111 IF(AY.GT.AM)AM=AY
0112 IF(DABS(T*PSI).LT.AM/FMX)GO TO 41
0113 AC21=AC2
0114 AC2=AC21*C2-AS2*S2
0115 40 AS2=AS2*C2+AC21*S2
0116 41 REKZ=X
0117 IMKZ=Y
0118 IF(N.EQ.O)GO TO 70
0119 REKZ=C/F-(X*ZRE-Y*ZIH)/2.
0120 IMKZ=-S/R-(Y*ZRE+X*ZIK)/2.
0121 GO TO 70
0122 50 AC2=C
0123 AS2=S
0124 m=4*N*N
0125 I = - l
0126 T =l.
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0127 XM=1.
0128 \K =.0
0129 XP=1.
0130 YP=.G
0131 T l= l .
0132 DO 60 J= l,1 0 0 0
0133 K=2*J-1
0134 T=(KU-K*K)*T/<J*R8)
0135 ABO^DflBSCT)
0136 IF(ABT.LT.1.E-30)GO TO 61
0137 IF{ABT.Gr,Tl)00 TO 61
0138 T1=ABT
0139 XM=XK+I*T*AC2
0140 YK=»Î-I*T*AS2
0141 XP=XP+1*AC2
0142 ÏP=YP-T*AS2
0143 AC21=AC2
0144 AC2=AC21*C-AS2*S
0145 AS2=AS2*C+AC21*S
0146 60 I= - I
0147 61 1=1
0148 IF(K .E Q .1)I=-1
0149 J=1
0150 IF(ZIM ,LE.0)J=-1
0151 K=I*J
0152 IF(ZRE.GE..O)GO TO 66
0153 XI=^K*YP+ (XM*CY2-ÏK*SY2) *EPX2
0154 YI= K*XP+(XM*SY2+YM*CY2)*EPX2
0155 . GO TO 68
0156 66 XI=XM+K* (XP*SY2-YI>*CY2) *01X2
0157 YI=YI1+K* (XP*CY2+YP*SY2) *EMX2
0158 68 KEIZ=(XI*CT2+YI*ST2)/STPR
0159 IKIZ=(YI*CT2-XI*ST2)/STPR
0160 REKZ=TK*(XP*CT2+YP*ST2)
0161 IMKZ=TK*(YP*CT2-XP*ST2)
0162 70 FIZ=DCMPLX(REIZ,IMIZ)
0163 FKZ=DCMPLX(REKZ, IMKZ)
0164 IF(ISC.GT.O)GO TO 74
0165 IF (R .L E .9 ,)G 0 TO 78
0166 I F (ZRE.LT..0 ) FIZ=FIZ/EZ
0167 IF(ZRE.GE..O)FIZ=FIZ*EZ
0168 FKZ=FKZ/EZ
0169 GO TO 78
0170 74 IF(R.GT.9.)G0-TO 78
0171 IF(ZRE.LT..O)FIZ=FIZ*EZ
0172 IF(ZRE'.GE..O)FIZ=FXZ/EZ
0173 FKZ=FKZ*EZ
0174 78 IF(N.EQ.1)G0 TO 79
0175 BI=FIZ
0176 BK=FKZ
0177 GO TO 80
0178 79 BI1=FIZ
0179 BK1=FKZ
0180 80 CCNTIMJE
0181 81 SBI=BI
0182 SBK=BK
0183 SBI1=BI1
0184 SBK1=BK1
0185 RETURN
0186 END
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APPENDIX I

Subroutine CROUT (courtesy of Professor  Richmond) uses Grout 's  

method to  solve a system of simultaneous l i n e a r  equat ions .

C: the  NxN matrix to  be solved.

S: the  e xc i ta t ion  column as inpu t ,  and the so lu t ion  as output .  

ICC: maximum number of l i n e a r  equations or unknowns.

ISYM: se t  to  zero i f  C is  symmetric, otherwise se t  to 1.

IWR: i f  one, the subroutine p r in t s  some numerical values for

debugging purposes,  otherwise se t  to zero.

112: i f  1, inve r t s  and so lves ,  i f  2, i t  only solves .

N: number of unknowns or l i n e a r  equations to  be solved.
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Ü063 SA=CABS(SS)
C064 SN3R=SfyCN3R
0065 PH=.0
0066 IF(SA.GT.0.)HI=57.29578*ATAN2(AIKAG(SS) ,REAL(SS))
0067 44 V!RITE(6,3)I,SNDR,H1,SS
0068 VjRITE(6,5)
0069 100 REITTON
0070 EKD
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APPENDIX J

Program RECT (courtesy of Professor  Richmond) modified s l i g h t l y  to 

c a l c u l a t e  some curves for  checking the  r e s u l t s  of some of the programs. 

I t  c a l c u la te s  the s c a t t e r e d  e l e c t r i c  f i e l d  from a rec tangu la r  

c y l in d r i c a l  s c a t t e r e r  considered throughout the d i s s e r t a t i o n .  Some of 

the  outputs  of t h i s  program are included in Chapter I I I .  This program 

uses Pusle Basis Point Matching (PBPM).
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0001 C LINK VOTH CFOÜT S EftNK
0002 C THIS IS  PECGRAM RECT. FOR FOR EZ '
0003 C
0004 Ca-iPLEX H 0,H l,E a4,E P,EZ ,C II,C Sr
0005 CaiPLEX C (500,500),V (500)
0006 DIMENSION XC500),Y(500)
0007 DATA ETA,PI,TP,EO/376.727,3.14159,1
0008 1 F0RMAT<1X,8E15.4)
0009 2 PORI‘iAT(lX ,3I5,8F12.6)
0010 5 FORMAT(IHO)
0011 7 FORMAT(7F10.5)
0012 11 FORMAT ( l ia )
0013 c a l l  g e tc p ( i t l )
0014 IDM=500
0015 TYPE*,'GIVE IBS,IBISS,PJII='
0016 ACCEPT*, IBS,IBISS,PHI
0017 IFRSCT=IBISS
0018 IBISS=IABS(IBISS)
0019 VJRITE (10,*) IBS, IBISS, ICTIC
0020 201 TYPE*,'GIVE FMC,NY'
0021 ACCEPT*,FMC, NY
0022 IF(FMC.LT.O) GO TO 300
0023 SIG=.3E-3
0024 ER=4.
0025 0EÎEGA=TP*FKC*1.E6
0026 TD=SIG/ (a-lEGA*ER*EO)
0027 EP=ER*a'lELX(l.,-TD)
0028 . Ea4=EP-l.
0029 IFMC=1
0030 AM=1.
0031 BM=.5
0032 NX=(AH/BM)*NY
0033 WAV=300./FKC
0034 AIr=AK/WAV
0035 TYPE*,'AL=',AL
0036 BL=BH/t'ffiV
0037 AK=TP*AL
0038 BK=TP*BL
0039 DX=AK/NX
0040 DY=BK/KY
0041 K=0
0042 YY=DY/2.
0043 DO 20 J=1,NY-
0044 XX=DX/2.
0045 DO 1 8 '1 = 1 ,NX
0046 K=K+1
0047 X(K)=XX
0048 Y(K)=YY
0049 18 XX=XX-H3X
0050 20 YY=YY+DY
0051 N=KX*NY
0052 CK=SQRT(DX*DY/PI)
0053 CALL HANK(CK,H0,H1,1)
0054 C II= l.+ E a 4 * (.0 ,.5 )* (P I* Œ * H l-( .0 ,2 ,
0055 B1=EEAL(PU)
0056 CST=-( .  0 ,1 .  ) * (1 . , 1 . ) *OC*Bl*ECH/( 2 /
0057 DO 200 1=1,N
0058 XI=X(I)
0059 YI=Y(I)
0060 C (I ,I )= C II
0061 DO 200 J= I,N
0062 IF(J.EQ .I)G O  TO 200
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0063 XJ=X(J)
0064 yj=Y (j)
0065 R=SQRT ( (XJ-XI)**2+(YJ-YI)**2)
0066 CALL HANK(R,HO,H I,0)
0067 C (I,J)= .5*PI*œ *(.0 ,l.)*E C M *B l*H 0
0068 200 cam N U E
0069 112=1
0070 DO 600 JI= 1 ,IB S
0071 IF (IB S .G T .l)PHI=(J I - 1 ) *360./FLOAT(IBS-1)
0072 PHR=.0174533*PHI
0073 CPH=œS(PHR)
0074 SPH=SIN(PHR)
0075 DO 202 1=1,N
0076 XI=X(I)
0077 YI=Y(I)
0078 PSI=XI*ŒH+YI*SPH
0079 V(I)  =<3‘1PLX(COS(PSI) ,S IN (P S I))
0080 202 CQmKüE
0081 IKI^O
0082 ISYM=0
0083 CALL CR00T(C,V,IDM,ISYK,IV'!R,I12,N)
0084 112=2
0085 C DO 220 J = l ,4
0086 C NS=55-KI*10
0087 c DO 220 I=NS,NS+5
0088 c FACT=(4AV/TP
0089 c WRITEdO,*) ' X=' , (X(I)*FACï) , ' Y='  ,  (Y(I)*FACT)
0090 c RE=REAL(V(D)
0091 . c AIE=AIMAG(V(D)
0092 c AMP=CABS(V(D)
0093 c PHAS=ATAN2 (AIE,RE)/.0174533
0094 c ïffilTEdO ,*) 'EZ1=' ,AMP, 'PHASE=' ,PHAS
0095 C220 CONTINUE
0096 IF(IFRSCT.EQ.- 1 ) PHR=PHR+PI
0097 DO 600 JK=1,IBISS
0098 IFdBISS.GT.DTHEN
0099 PHI=(JK-1)*360./FLOAT(IBISS-1)
0100 PHR=.0174533*PHI
0101 END IF
0102 CPK=COS(PHR)
0103 SPH=SIM(PHR)
0104 E Z = (.0 ,.0 )
0105 DO 250 1=1,N
0106 PSI=X (I) *CPH+Y (I) *SHÎ
0107 250 EZ=E2+V(I) *aiPLX(COS(PSI) ,SIN(PSI) )
0108 EZ=CST*EZ
0109 EZA=CABS(EZ)
0110 EWL=TP*EZA*EZA
0111 WRITE(10,2)M,NX,NY,FMC,EWL,PHI
0112 TYPE2,N,NX,KY,FMC,EnL.PIII
0113 IF(IBS.EQ.1.AND.IBISS.EQ.1)G0 TO 201
0114 600 CaWINUE
0115 W RITEdO,*)’ FMC EWL NX XY
0116 300 c a l l  g e tc p ( i t2 )  

WRITEdO,*) ’PHI=',PHI0117
0118 WRITEdO,*) 'AMM=' ,AM, 'B(vM=' ,BM
0119 tiine= ( i t 2 - i t l )  /lO O.
0120 ty p e * , 'c p u  tim e s e c s = ',t im e
0121 CALL EXIT
0122 END
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APPENDIX K

Program SQCYLH (courtesy of Professor Richmond) modified s l i g h t l y  

to  c a l c u l a t e  magnetic s c a t t e r e d  f i e l d  from a r ec tangu la r  c y l in d r ica l  

geometry considered in t h i s  d i s s e r t a t i o n .  Some of the outputs  of t h i s  

program is  included in Chapter IV. I t  uses Pulse Basis Point Matching 

(PBPM).
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0001 c LINK WITH CROJT & DfffiEZlO
0002 COMPLEX a-lK(500,500) ,A(500)
0003 COMPLEX EGR,C3>,GR,HZI,HZS,CJX,CJY,BKK,EKX,BKY
0004 COMPLEX EP1,EP2,ETA2,GAH2,CST,BX,BK,BU,BK1
0005 DIMENSION XN!(5 0 0 ),YM (500)
0006 DATA. F P /1 2 .5663706144/
0007 DATA E TA ,PI,TP/376.730366239,3.14159265359,6.28318530718/
0008 DATA E0,U0/S.85418533677E-12,1.25663706144E-6/
0009 1 F0RMAT(1X,2I5.6F12.3)
0010 2 F0RMAT(1X,F12.6,I5,6F12.6)
0011 5 FORMAT(IHO)
0012 9 FORMAT(1X,3I5,6F12.6)
0013 READ (7 , *) ERl, S IG l, ER2, SIG2, FMQ'IX, AKH, BWl ,DM, XLS, YLS, IWR,
0014 &IFILD,IWRC,IPW.IBS,IBISS,imC,ICMN
0015 WRITE (10 ,*) MAX (IBS, IBISS, lEMC)
0016 CALL GETCP(ITl)
0017 20 TYPE*,'GIVE FMC, NYY'
0018 ACCEPT*,FMC,NYY
0019 112=1
0020 ICC=500
0021 CX=.0174533
0022 PHI=ATAN2(YLS,XLS)/CX
0023 RLS=SQRT(XLS*XLS+YLS*YLS)
0024 PH=CX*PHI
0025 AM=Atm/2.
0026 Bt'I=BtvW2.
0027 DO 500 JF=1,IFMC
0028 IF(IFMC.GT.1 )FMC=JF*FMCMX/FLOAT(IFMC)
0029 a4BGA=TP*FKC*l.E6
0030 BETl=aiEGA*SQRT (U0*ER1*E0 )
0031 EPl=a4PLX(ERl*E0,-SIGl/affiGA)
0032 EP2=ER2*E0*(1,,.0)
0033 IF (S IG 2 .G T .l.E -1 0 ) EP2=CMPLX(ER2*E0,-SIG2/aiEGA)
0034 ETA2=CSQRT(U0/EP2)
0035 GRH2=O!-iEGA*CSQRT(-U0*EP2)
0036 VJAV2=300./FHC/SQRT(ER2)
0037 C NY=5.*BET1*AWM/TP
0038 NY=KYY
0039 NY2=NY/2
0040 NY=2*NY2
0041 IF(NY.LT.2)NY=2
0042 KX=IRT (AM/BH) *NY
0043 NX2=NX/2
0044 NX=2*NX2
0045 N’EQ=KX*NY
0046 IF(KEQ.GT.ICC)(30 TO 600
0047 DX=AKM/NX
0048 DY=BWH/NY
0049 DX2=DX/2.
0050 DY2=DY/2.
0051 a4=DX/SQKT(PI)
0052 CALL HBEZ10(GM12*a-î,BI,BK,BIl,BKl,l,0)
0053 CST=-a4*(EPl-EP2)*BIl/(DX*EPl)
0054 H=0
0055 Y=-BM+DY2
0056 DO 40 J=1,NY
0057 X^AM+DX2
0058 DO 30 1=1,NX
0059 M=M+1
0060 XH(M)=X
0061 YH(K)=Y
0062 30 X=X-H3X
0063 40 Y=Y+DY
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C064 IF(iaifi.BQ.O)CO TO 299
0065 DO 50 J=1,NEQ
0066 DO 45 1=1,NEQ
0067 45 a 4 fJ(I,J ) = ( . 0 , . 0 )
0068 50 a'lN(J,J) = ( l . , . 0 )
0069 DO 200 K=1,NEQ
0070 X=XK(K)
0071 Y=ÏH(M)
0072 DO 180 N=1,KEQ
0073 IF(K.EO.N)CO TO 180
0074 XN=XM(K)
0075 YN=»!(N)
0076 XX=X-XN
0077 YY=Y-YN
007 8 KH=SQKT (XX*XX+YY*YY)
0079 CALL ^BEZl0(GAH2*F!H,BI,BK,Bn,BKl,l,0)
0080 BK1=CST*EK1/KI
0081 J=1+(N-1)/NX
0082 I= N -(a -l)* tK
0083 NP=N
0084 IF(I.GT.NX2)NP=N-1
0085 MJ=N
0086 IF(J.CT.NY2)NU=N-NX
0087 KV=MJ+NX
0088 NQ=NP+1
0089 CMN(M,NP)=a4N(M,HP)-XX*BKl
0090 CMN (M,NQ) C-IN (K,NQ) +XX*BK1
0091 a4N(M,NU)=CI'lN(H,NU)-YY*BKl
0092 a4N(M,NV)=CMN(M,NV)+YY*BKl
0093 180 CaJTINUE
0094 200 CONTIMJE
0095 299 CONTINUE
0096 DO 500 JI= 1 ,IB S
0097 IF(IBS.GT.1)PHI=(JI-1)*360./FLQAT(IBS-1)
0098 PH=CX*PHI
0099 CPH=COS(PH)
0100 SPH=SIK(PH)
0101 XLS=RLS*CPH
0102 YLS=RLS*SPH
0103 DO 240 M=1,NEQ
0104 X=XM(H)
0105 Y=YM(K)
0106 IF{IPf/.EQ.O)CO TO 238
0107 PSI=X*CPH+Y*SPH
0108 GP=GAM2*PSI
0109 EGIt=CEXP(GP)
0110 GO TO 240
0111 238 XX=XLS-X
0112 YY=YLS-Y
0113 YS=YY*YY
0114 EH=SQRr(XX*XX+YS)
0115 GI«3AM2*EH
0116 CALL m EZ10(G R ,B I,B K ,B Il,B K l,0,0)
0117 EGRfEK
0118 240 A(K)=EGR
0119 IKRC=0
0120 ISYM=1
0121 IFCIQIN.EQ.O.AKD.JI.EQ.DTHEN
0122 DO 298 H=1,NEQ
0123 DO 298 N=1,NEQ
0124 298 READ(8,*)aiN(M,N)
0125 112=2
0126 END IF
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OISO DB=20.*AL0G10(AZN)
CI 91 TYPE9,KEQ,NX,NY,FMC,r©,PHI
0192 WRITE (10,9) NBQ,NX,NY,FMC,DB,PHI
0193 C IF(NY9.LT.100)GO TO 20
0194 400 IF (IB S .G T .l)112=2
0195 500 CaîTINUE
0196 CALL GETCP(IT2)
0197 TIM E=(IT2-IT1)/100.
0198 WTOTEdO,*)'ERl £ S IG 1= ', ERl,SIG l
0199 W RITEdO,*)'ER2 & S1G2=',ER2,SIG2
0200 IRRITE( 1 0 ,* ) 'FMC ,XLS ,PHI = ' ,FMC,XLS,EHI
0201 WRITEdO,*) 'AM=' ,AM
0202 WRITEdO,*) 'CPU TTKE=' ,TTME, 'SEC
0203 WRITEdO,*) 'SQCYLH.FOR'
0204 600 CALL EXIT
0205 END
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