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1 1 1 1 ’ ~- o n 1 t r I 0 ’t’o r ’ .oac succin;sful ito cumJ u sing  the  impulse  ro - .por . c ( -  t i  a

S roj ie a 1 r c r a t t  t a i O e t  at uo ’.’er I1 aspect  an qies  . The rsl , i c € - — t i m e  i ut  e ; i  i i

4 i 1 1i I 2 l c h  hoi ; od to  n - O r ’ ,’ r o w  r~ - - i i l t s  assoc ia ted  w i t h  t h i s  mode l .  T i ’ — - - I: i’: -

cu l t s  can ho U c , ’d to ~~~t d in  the  r ada r  ro- ;~ once of these targets over the

cr1 1 i~re  ci  O ct r u m . T h i s , in t u rn , can be used to corsputo the  response of a

tar- ct due to any i t ; c i I k ’f l t  radar waveform , regardless of wave c h a j o. or v - ur ~ er

f c o - i u o n c y .  The t ec h n ique devolv e ci on the effort n ot only aj  i-lies to t h e

ai rcraft identification portion of TPO R2E but  also to the analysis of f i r

gets i s I l i c i l  are constructed of composite materials and have radar al;corb~u r

c r it er i a l s  incorpora ted  in h i g h l y  r e f l e c t i n g  a reas .

D A N I E L  L.  ~ Al ’ I20l4EY
so l o ot  Era  m oor
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r I- ; ‘T I M U  1

IN ’I’RODUCT I 11

‘this  h -umt  - U t  1;; ~ ;i 1 I ~ It  t 1 -d as t b -  t inal rejs’rt in roe;; -once t o  the

gI l l  I 0 0 1 15 i t  I 0 i r f j ;  in  Cont i- ac t No . I- ’ l I) G ñ 2 — 7 6 — C — 0 2 0 9  between ti l l - H- or  cv

I 1~~ r a t e  R, - ; c ~~ cch C e n t e r  (ScRc ) , Su Ibu i - ’ .’ , l-Jassacliu;;,-t t -  , and t ;e A i r  !-‘o rco-

- I i S il l i l  I , Rome A i r  Dove 1 ( I h u I lo s I i t  Centel (RADC) , Grit fiss Air Force hi ~ e

N , -v Y o r E .  The ri.mary objectives of this program , pe r formed  d u r i n g  tIc :

I or j ’oI I ’ A~~rLl l~)70 t h r o u g h 30 April 1 )77 were to (1) improve and c x I - .i n l ;

-~c~n l } -u t  o I l  programs that l;,i 1 r r~-~’iousl y [seen do l ivered t o RADC and ( 2 )  to ox—

the techniques j-rev ton-d y do iV e lo pt- ol by SCRC for computing the smoothed

I1 ;l ~ ulse rec; on ce  and the ini~-oIl ci responre of  relatively simplo targets t o

comp lex t~~iq e t ; ;  w h i c h  1i~~’,’e t inc . edges , and curved surfaces . The f i r s t  ob—

j o o t~ ivI’ was cart ied ou t  and de;~cr ibed  in an in te r  [m repor t  ( 1 ]  . The second

olIj e-tivo ’ is d i o ;cu c o~ - - .I in detail in this report.

In Sec. 2 the space—time int~ ar il equation al— I-roa ch is xt1 ;;Is ’.;

to the case of sim~’l e aircraft model :;. i - :I ; n i  -100:; are ;l, ve1o~~ed f o r  co: .} u—

ti ;; ; f bi0 - ; l -; - - ; t h i I l i npu lne  ro -Sponse ol a sirn ~-1 e a ir c r a f t  model con ; .;Litia ( 1

a cy l i n d r i c a l  f us e l a g e , r e c t a ngu l a r  w i n g s ,  r e c t a ngu l a r  s ta b i li  S o  ~~ , and a

r e c ta n -u l a r  rio Idoc  . The t i c h n i - ~ uvS ar e  \ ‘e r i f l e d  by comp ar i son  w i t h  ~1l r o c t

t t ine domain measurements . O T l o o t : ; i -  i impulse  ro b - o nc e  r e cu l t s  a r o -  o i l  g d i50 i

for  t i ;  s tm ~ - i e  a ;  r c i a f t ;;lo I e l  a t  1 0 0 i i lO l I a c ; o ; -t o anglea  and ;
~~c c  i t i c  per t  101 1 1

of the I C : :  cll ; e ar t -  r e l i 1 - oi f (  s - i t  1 , - r i n g  by lo ci l  r egions  of t i e  t a t O o

‘rhis a I l e i r s  t o  be t i c  f i r s t  T I O T  lotion techni- IUC tha t  has been do ’ v -  l i l a  t o )

ia~~.i b Li se simLibe a r rcraft mod , ’ l;;

tO, - extot 0;  L ’I I  of the i mi -u i  ;e r~ ~ 
(r I S e  a u g m o -t i t a  lion  t cd i:; i - ju e  t o

c o l t i i d o r ;  5111 f in s  a t t i o I ; , - s I  is 1 1 ; - ;c u c c O s l  I n  S e ’ . 3. Iti l i r t 1~ - si laa , resu l t s

a le  ~I i  i i r ; -i lot the eX inr i le of ,i c v i  j r ider W i t h  S oI u a r o ’ t I l l o  i i i I 0 1, 001 1 11  to
- 0

it  I to - I  ratio ot 2:1 or  a ;;1 ’; je ; of  o i ; . t ect angles t h a t  oji) t rom 0 t o  J~ t~T

Il l  t - ’c .  1 t h e  t t l V o ’r o o ’ :20 tering 1 - r o b  1, -in I E r  ax i i  ~C 1 ( 1 0  1 0 0  Ofi

a ‘I. i t  I l l  i l  l v  - :mni, - t ,  I c  t a r o t  is r o fo rm u l at e s i  t (~ 1 1 0 -  i b v i n t  - ‘o 1 I c,

- ~~~~~~~- -_ ~~~~~~~~~~~ - - - - - -- - -—-~~~~~~~~~~---



b j 1 - 5 -t  t ime  d om a i n  me t hod of solution . The previously developed itera tive

ne-i i t s  1 5 1 ;  cum b t ’r n o r n c  and time consuming. The new “marching on in time ap—

i - l e , I c l i  L u  t o o t e r  and more ct r a ig i it f or w a r d . In Sec. 4 t h i s  new approach is

i , - ; ; c r i l s , ’ j  a f l s i  demonstrated on a sphere , sphere—capped cyl inder  and a c~sher ’o -

c il s . flat-end cylinder and displayed on three dimensional  p lots .  ‘rhe r e s u l t s

or , . compared w i t h  those obtained us ing  the i t e ra t ive  technique .

Th e extension of the direct time domain approach to the inverse

c at;tering problem to the case of rotationally symmetric targets at oblique

incidence is discussed in Sec . 5. The techniquos are developed and demon-

; t t a t t . e i on three targets. Conclusions are presented in Sec. 6.

-2-
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r h - ; C F I ON 2

SPAC E— T I lhh :  IN TE GRA L I-2~U A F  t i N  SOLUT I UN F r-N 51: -Il -LI - ; AIRCRAFT R h O  OS

The : 1 0 - c— t i m e  i n tegra l  equation is va l id  for  a r ; ’ cnr i 1-cot in5  t i t : :t

:;i ;a ; -e  a :i ;t  :solution techni ques h a v e  be -c deve lop ed  r - r  a number of j 1o~-O r t a i t

La:  le t  c ia -ce-: ; .O i I  . In t h i s  s :ct  i c r ;  the so lu t ion  t e cb i r l l q u e s  are b1 - ;elopch

for  a c imi lo- a i r c r a f t  model and v e r i f i e d  by comparison of c a lr u l aL ~ I an d

roo ,t OU r e d  ro lu l  I s .  Sec. 2 .1  d e s c r i b E - ;  t b i o -  g en e r a l  proble m and Sec. 2 . 2  ties—

~-r  u se:; the space-- t tr ;i , i n t egr a l  equat ion  and i ts so lu t ion  for  th i s  new La t - -~ , - t

c l ass .  The t im e  domain mea : ;u r , n;ent  pr ocedure is reviewed and the m eu n u r e l

~i n I  calc u l at e d  r e su l t s  are compared in ;1cc.  2 . 3 .  T h e  c a l cu la t ed  ;-:moot } 1

impulse response of the simple a i r c r a f t  model Li I - r o - c e r ; t e d  and discussed in

icc . 2 . 4 .

2.  1 :OO ERA L I’ROBLIT-I

The target class considered in this work consioto of a conducting

surf i - - w i t h ;  p r o t r u d i n g  w i n g s  as shown in F ig .  1. The ~ rOb1ei~ is to cal—

cub -a t e  t he smoothed impulse response of t h i s  ta rget  class as a f u n c t i o n  of

i ; ;  oc t  a n g l o.  In order to make the problem amenable to solution ~ h ex ist~~ri

SI ’ l C e — t i n l o -- if lO- -e i l  equ it i o n  techniques , the t ar get  is modeled as shown in

Fig.  2 . In Li i i ; r -n ,de l  t i i c  fu c o i b a g e  is repre:-;er i t ed  by a conduc t ing  r i gh t —

C i l  c i t i  ar  c 1 l inder and t I i ~ wings , s t ab i l i z e r s, and r u d - h e r  are rel r e ; ;ent ed

b’1 t O i n ,  f l - i t  r- - : t a n qu l a r  conduct ing p1 s i t e S .

I n t b ~ :- w o r k  i smoothed imi - -il  ;e ox - i f i t  ion is t r e~~t , d  , v o  ci  i i n - ~

t he t a rg et  r e: ;i~-o n - c  we l l  i n to  the r e : ;ou la l i c , -  re ’ i o n .  High f r equ e n cy  augmen-

t a t i on  t o ’ ; -hinl iii , - ;; -Li ct  to extend the solution over the en t i r e  f r o - iu , -n c v

‘10 1 u n .  Thcue t , chn t qu o ’s have  been de cc r  ibe l ear l  o r  f - l i  arid in Sec .  3 of

th i : ;  r - ~ , r L .

In I be ’  l r l m o -r i c i i  1 ;n~ l , o e n  1 it ion  oh- :;-c r i hoot  here , the  d o r ec t ion  of

inc - i -n di  is I i k ’ - ; i  t o  be in t O t  plane of vrnr r ’ - t t y  a nl  t i l l -  ~ I i r i : : a t i o n  iS

taken t i  be r -cr ~ end i 0 - ; I  h a t  to the l ane of :vrnni , ’ L I v  (TN mode) ;ic i l l i u : ; t  i , i t  0 -d

-3 -
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FIG. 1 Aircra ft sketch.

- 
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FIG. 2 Simple aircraft model.
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in Fig. 2. It should be noted that mo:;t of t he-Il - 1 ’ ‘ u t  s i i -  - - i t —

herent to the space—time integral equation tc’-onnii ’Je a n t  :~~ .l1 I~~
- t n ’ ,”l  C

the expense of only computation time and corn~ lexi ty. 0 cxc: ; .~~~~ , t I .  : .

lage could be any convex surface , the various t ins coil be f. ~~‘ 
- ; o - - -~~i t r .

more general straight—edge contours , and the - :y r i m ct r ’,’ c-: r i ; ; t  i s!. ~~ il be

removed to allow computation at arbitrary inci-lenc’- 5. 1 1  tul - it r a r ’,’ I-ir a-

tioru .

2.2 SPACE-TIME INTEGRAL EQUATION SOLUTION

The problem of determining the scattering by cvlin- Ier w i t :  fir ;s

attached is of great practical interest , since this serves cI. a moo- -l for

numerous missiles and, aircraft. To the authors ’ knowledge , ti rre 0cc to- :s no

adequate procedure developed for the solution of this complex ;:~ tt ’ -o in;

problem in either the time domain or the frequency domain. Thi;; ;, o t ~

describes the method for solving the problem of scattering by a cylir i 5 t

with multiple sets of fins. This is an extension of to-c~:lii- ~ iu ;; -iev,:lol Cc

earlier for cylinders with a ingle set of fins (51 . Basically this sij j roacn

consists of developing two simultaneous space-time into -jrodiff1:reu; tial equa-

tions and their subsequent computer solution by march ing on in time . These

equations contain terms which may be interpreted as:

(a) The influence of cylinder currents on other cylinder
currents.

(b) The influence of fin currents on cylinder currents.

( C)  The i nf lu e n c e  of fin currents on other fin currents.

(d) The influence of cylinder currents on fin currents.

The neighborh ood along the line -,e b; o - r o -  a fin is attached to t u e cylinder is

accounted for i; -1’ app l ica t ion  of boundary conl i L i o n s  at the edge of LI ; - fin.

2 . 2 . 1  Derivation of Space—Time Integral Equation

‘ l I e  techn [-gue used here t o  develop the sp a c e — I  ime m t  o : i  - ‘ h i  fferen—

tial equation for :-;urfaces with f i n :  a t t a ch , -  I is to consi ho -r the equivalent

of t: iLS scat t --rii;g cob ol -rn shown in  l i i .  3. In this -o l iuivahe nt - : 1  i i  ~- r ’i  ci

of t i- - r- r oh h ‘‘rn , I’ c o t i d ’ i c t i n ;  s c i r f a c , -  I l L ;  h ’etl r i - i - h a s : , d by sout  c ~~1 I t ~ t 1;

- h

- - -

~ 

- - - - ~~~~~~~~~~~~~~~ -----
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FIG. 3 Equivalent prob lem of scatterin g from surfaces with f ins attached.
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currents and the conducting fins have b,-t-i ; i d iode- h by source fin curi cult: ; .

Since these source currents are  now radiating in f tO o- space , the techniques

used for the case of sca t te r ing  from su r f a ct  ilori to can be combined with the

techniques used for the case of scattering from flat ~‘lates alone t’~ colve

the problem of sca t te r ing  from surfaces w i t h  f i n s  a t tached . The in tegra l

equation for the surface currents is obtained by considering the problem in

Fig. 3, in which the scatterer has been replaced by source currents J which

are equal to

J = di ~ II
n

Since these currents are radiating in free space, the treo-- ::l ace Gro -en ’s

func t ion  roe ’ be used to find the expression for the total H field at an ar-

bitrary point in space , which is

U(r ,t) = H
1
(r,t) + 

~~
-
~~

- 

,b
’ 

/ —4- + 
~~~~~

— — J ( r~~~T )  ‘- 

~ 
dS (1)

T t - N, c

wile ro-

r = p o s i t i o n  vector to the
observation point

r = p os i t i on  vector  to the
hi t e:r at i o n  po in t

R = J r  — r J

r — ra

c = t h e  speed of 1 i ; l i t .

A n iu i t  q r i h  i- -- p u l t  ion for the Ciii  r e n t  s t e u i s i t ; 3 n I  h i - - s ’ t ’ t air; ’ - - t h” 
~~~~~~ 

i i

ing t b ’  i r h i  t r ar - :-;p.1, - , pou nt r to i p o i n t  on t h e  - i i i  t a c o  of t O - - i t t  e i o i

and then app l y i n g t i ;  t ; i u i Iary s - n n h i t i o ns  to c~~-;t El in t ’ -im - ~~f 3. I t - i  —

f o r - t r i m ; I i -  l i m i ti n g  1 roc~~ b u r o -  and app l y i ng I I ;, li ;;in ha rv -ond i t s ’ l i  \~~~ I d’; th e -

i u i t  - u r n i  s - -~~ u t t  ion

-7



1 1 1 B t - ~J(r ,t) 2~ X ~ (r ,t) + — a X - — + — — l J(r ,T) x ~ 
1dS

n 21T J ~ Rc 3i R
S -- 5

T = t— R/c (2)

-3.
where r is now located on the surface of the scatterer. Equation (2) ic

-3.
a space-time vector integral equation for the current density J on the sur-

face of the scatterer. The first term in the right—hand side of Eq. (2)

may be considered the source term and represents the direct influence of the

incident field on the current at the observation point (r, t). The integral

term on the right-hand side of Eq. (2) gives the influence of currents at
-3.

other surface points on the current at (r ,t).

The factor of 2 in going from Eq. (1) in free space to Eq. (2) on

the surface arises due to the following well known boundary value argument.
‘-3, -3, -3,

Consider the small patch at the surface point r. The field H at r is due

to the effect of the patch plus the effect from the rest of the surface and
-3,

the incident field. If we move r just inside the conducting surface (where

we know the field to be zero), the contribution from the patch changes sign .

The magnitude of the effect of the patch is thus the same as that due to

the remainder of the surface and the incident field . Taking the limit as

the patch size goes to zero , we thus obtain for the field just outside the

surface twice the value of Eq. (1). Performing the cross product with ~

we then obtain Eq. (2).

The currents flowing on the surface are a function not only of thic

incident field but also of the currents at other cylinder surface points and

fin surface points. Equation (2) can be expanded to display these two con-

tributions explicitly and give the total space—time inlegral equation for

the cylinder surface currents as

~ +i ÷ 1 ‘ 1 1 ~ 

- 
-

~ 
-
~~~
.

= 2
~ n 

>< 

: 

(r t) + ~~~~~ a x - _ ~’ +  ~~~
— J

~~
(r , T ) \  a

R 

~~

+ a
n 

x + - J
F
(r ,T) ‘~ a

R 
dS . 

= -

F ‘ -
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In 0g .  ( 3 )  the  urn i t s  of t ime have I ,  - i n  c h i n n e d  f r o m  :;ecotid; to 1 ig b t t — m e t t - r  :;

w her e  erI e 1 i q h i t — r n e t  0 1  t s  d e f i n e d  a ;  the  t i m e  i t~ t akes  an e l e c t r o m a g n e t i c  wave

t r a v e l  u r i ’ t  a t  v e l o c i t y  c to t r a v e l  a sh i s t a r i c , - of one m e t e r .

t h e  i i it s g i s  - 1  i u I o t o t i t  ia l  t-qua t ion  for  the  f i n  cu r r , -n t  :; is i t t  a inr - d

b’v ; t i r t i z is i  with L I 1 1 - ex I t ,- - ; : ;  ion  I or  the  ele c t r i c  f ie l d  in te rms of the  e l o c —

r ic and magnetic potential: ;. The g e o m e t r y  of the problem is dic1 layo’d in

F L ; .  . i .  In  t h i s  I 5 ur t i c u l a r  f o r m u l a t i o n, the f i n s  l ie in the x—z and y—z

j l a u i ~ ’ ;  i r i s h  t h e  in c  i d o ’t i t  fi eld makes an ang l e  - m  w i t h  the x— z  j-lane . For t h is

go’o nio -t  i , the  total t -lt -ctric t ield is gi v e n  by

E(r ,t) = E
1

(r , t )  - p ~~~~~~~ - V~~( r , t )  ( 4 )

where

A = magnetic i’& ’u t  iii }-ototi t i d  such t h at H V ‘ A

= electric l o t o r i t i a l

Lu = pe rm e a b i l i t y  of :5 100 ’ .

Next , a~ -t iv t s )  I-~g .  ( - I )  the  Loren tz  gausie relation

0 • A + i ~~~ I)
-~ t

wh ere C i s  t h e  I , t t O i t t  L V  t t~~ O f : 5 ’ l o I i ’ , v t’, ldinq

+ \ ‘ (\‘ . 
~~~) 

- 
~~
,- 

0 A(r ,t) ( 5 )
I t  ‘I

Th en i j i  h y t s - ;  t I c -  h -H I i t h b  b s s t u l h a r - , c, ’ t u b i t  i i i  t li,it I Is’ c ’uiu ~- - ; ; ~- i;t of t h e  l i i i

t 1, - l i  t i t i n ti t t ’  I h u e  I i ri ‘‘an i r ; b u o -u ;  - ‘ c i  ‘ e l ;  - s r i  t lie I i n ,  1w; . (“1 s - i ; i  b ’ ’

cX~ n t - ;;;, - b is

- A ( r , t )  - 1:
1 

(r , t 
— — t  — 

I t  (;-)

9
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or , in a more simplified form

-3, BE
fl A + ; .i~ = -c 

(7)

where

2-~ - B2 
~~~ ( 

~2 
~
2 / a 2

f l A = ~~— - — — ’ A a  + — -— —  
~~~a 4 k — - —— ~~a

Bx
2 

~t2/  X X l
B

2 
Dt

2

, 
~~ ~ \Bz

2 
Bt

2
1
1 ~

the wave operator .

BA BA - ‘BA BA “ BA BA
= — + —

~ - :  a + + 
- a + -~~ 

—
~~~ +Bx ~ay Bz 

/ 
x By ~Bz Bx y Bz Bx B y z

-3- -.1 ~ - J ( r  T~‘ ‘  dS41r R

T t R

In order to obtain an expression for the fin currents directly, it
-3,

is necessary to express the magnetic vector potential A as the sum of two

components, one due to the observation point (“ self” patch) and the other

due to the remainder of the patches. If the fin grid patches are small

enough , then the current over a given oatch can he ~~srrmed crinst~ nt. ‘~ i is
-3.

makes it possible to express A as

-3. -3- -.-3. -i’ -* -
~~ 1 : ‘ J(r 1) -

A(r ,t) = 
~~ ~~~~~~~~~~~ + 

R
’ dS . (B)

Non-Self T = — R
Patches

where

2
y 2 ’  ,~~~ — — 

~~~~~ 
— 

2 ,

tt~S = area of patch containing r

6 = thickness of fin.

Substituting Eq. (8) into Eq. (7) y iel ds the fin currents dire - I lv

as

-10-
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- 1
-
~ 1 E 2 ‘ —p- 3-

[1 J ( r , t )  +
~~~ ~~~~~r ’~~~

) = — 
~~

— C ~~~~
— —

~~ 
ANC (r~

t) —
~~~~~ 

A
N S

(r f t )  (9 )

where

A
NS 

= 

-

~~
‘ J ( r

Non—Sel f
Patches T = t — R

The s u r f a ce  c u r r e n t s  c o n t r i b u t i n g  to A N 
are  both cy l inder  c u r r e n t s  and fin

c u r r e n t s .  The co n t r i b u t i o n  of both of these can l ’o ’ :;,-1 arated in Lu . (9)

and disp layed explicitly to give the - x jmo ’cslon f or  t h e  c u r r e n t  fJ ; ’ wuu ; : on

the fin

-+ x = c - 
I ~~~~~~~~~~~ 

+ A ( r , t )

- 3 A
F 

(r , t )  + 1 \ ( ~~, t )  ( 10)

NS

where Ac 
(r , t)  is the magnet ic  vector potent i i i  duo ’ to t h e  cy l i n der  c u r r e n t .

The f i n  c u r r e n t s  at  the free—space eobut ’S and at the I i u - c ’ ;’l ind eu

j o i n  5ir~ - c i l ven by the boundary c o n d i t i o n s

J (r , t )  0 , J,, ( r , t )  ~ ‘ ( f r e e — sp a ce  edge)

13 ( r , t )
0 , 3, = o (fin—c linder join) (11)

wheie

(r, t) = cu r r en t  o’cm ; eti euit ‘erpend icu I at -  to the
p d s 1t ’ or join

J,, (r , t ) = current s - omponio ’nu t h ’ s l r s l l l  ci. I s ~ the  eds;t’ or

j o i n .

— 1 1
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Thus , t h e  space—time i n t egr a l  equat ions  ( 3 )  and (10) toge ther  w i t h  the  boun-

dary conditions in Eq. (11) form the solution for the surface currents on

a cylinder with fins attached .

In most applications , the quantity of interest is the far-scattered

field . This can be computed directl y from the surface currents. The far-
-3-sfield expression for the scattered magnetic field , H , may be obtained from

Eq. (1) by noting that the contribution of the first term within the integral

becomes negligible when R becomes very large. In addition ,

a -÷ a
R r

and

1 1— -3- —

R r

Thus , the expression for the far field , with time expressed in light—meters,

becomes

-3- —

-3-5 - 3 -  1 l J ( r  T)
rH (r,t) = ~~

— 
- 

: :r~
d

_

s

R

. (12)

2 . 3  NUMERICAL SOLUTION

To obtain a solut ion of the space-time integral equations for a

cylinder with fins attached , each of the components of the problem must be

represented mathemat ica l ly .  F i r s t , the geometry of the scatterer  and the

c h a r a c t e r i s t i c s  of the inc iden t  f i e ld  must be n u m e r i c a l l y  spec i f i ed . From

these , the surface and fin currents can P’ computed using numerical t epre-

sentations of Eqs. (3) and (10) . This is accomplished by carrying ‘tit Iii -

integration and differentiation numerically and using a “marching on in time ”

procedure . The far—scattered field can be computed directly f r o m  t h c  o i i i t - n i t

densities by using a numerical representation of Eq. (12).

- - 12-
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To oIe;:cribe the scat t e l e x  g e o m e t r i c a l ly ,  L i i , :  : , c a t t , -u  m y  surface

is dj v i s i c s b  i n t s ;  c mn v i l i n ea r  pa tches  of ,- u i J - r o x l m at c - ly  equal  area w i t :  a space

- aunt h e  p o i n t  at t h e  o - , ti t er of ,-ac !; ~-atd!;. The ; ;pad ing  of these sample po in t s

(an d t hu s , the : i ze of t i r e  -ato~l ;,-c ) is chosen small enough to g ive  both a

good r e l -r o - sen t a t  ion of t O o  scnt t  t r ~ -r i t : :o - l f  and of the cu r r en t s  t ha t  ex i s t

on the cc;rtterer. The ::dinn~- 1i- poin t  spacing a f t e c ts  the  time increment t

t t  which tit ~ c u r r e n t  s b o ’ u i : i t j e o i  can be ca l cu la t ed. The t ime i n c r e m e n t  mus t

rot exc o ,- sb tirt’ time i t  take :; a wave , moving at tire spoo l of l i g h t , to t rave l

Oetweenr Lie - c lo sest  space po in t s .  This insures  tha t  tire i n t eg ra l  eguat i o n

cati he e xl ’r o ’ ; ; s t ’  { as - i r e cu rr e n i c~’ r e l a t i o n  in  t ime and t ha t  a m a t r i x  i n v e r s i o n

1 ;  tiot nec o- :; ;a r’; to sb;t i in  a c’ lut ion .

The ;1 ac~ - — t  duo i n i t o - g r a l  e q u a t i o n s  ( 3 )  and (10) represent , in j r i n ; —

ci t -h e , t O o ’ c i i  r u t  ion of the  :;s~~~tt &-x - incj robI em for cyl i r i der s  w i t h  f i n s  at-

tached for  an arb i t t  sO ‘, 1 nci ;be r-it  f i e l d .  A l t h o ugh  the e ruat ions can be so lves!

for each i n c  i d - n i t  I i t - L b  : -~ - ir a t e ly ,  i t  is \‘e ry  in e f f i c i e n t  to do so. S in ce

in most 
~ 
ract u cal s c it  t o r  I rig problems the e x c i t a t i o n  is a i’lani , wave , a more

of  f i c i e n i t  way  to s t i  p r e i ch t h i s  problem is to compute  t h e  sca t te red  response

when t i re  inc iden t  wave is air e l e c t r o m a g n e t i c  i mpulse . Once the u n u ; - u l s e  re—

;~ onr ;;e  01 di t a r s ie t  has been obta m e d  , t he r e st  once duo  to any inc t b en t  i Litre

‘cd v;- , wi; ‘so ’ ; ; o  c t rum is con ta ined  w i t h i n  the :- ; ‘r- ctr onnr of an impulse , can is-

ca i cu  LiLed i i ’ , a simp i.e c o n v o l u t i o n  j-roceobu ro - . Moreover , the impulse  m c c ~ i i ; ,

is lot  inna te l y re l i t , - ;! to ti n e actu a l  geometry of t i re  t a r g e t ,  ansi t h u s , t j o

ot en t  u 5 i I b r  lo ve lot ;  in i g  techniques to d e t e r m i n e  the  impulse re sl ’o t i : ;o  of

a sca tt , -r er  by an inspec t  i o n  of it:; go -ometrv is ever p l o-c e n t .

For t i r e  n u m e r i c a l  s o l u t i o n , however ,  it is not ~ ract i cal  to ur i c

an ideal  impulse  n o r  air  e x c i t i t  i o n .  Thus , in t l s i : ;  : ; s ’ l i u t  on a i- o s i U 1 3 i  r z ~~~b

r :n etc,- I i mp u i ;o ’ i s  used . The fc rm of t h i s  i i  I ; ; : u ; ; ; a t  ‘ ‘ t o  i t  t h r ~ or i g i n  is

the Garu : :  r i  an r e g u l a r-  I c a t i o n  of ~r n h ifl } ‘i i i : ; ;  , name I y

H ’(t )  = ~~~ 0 n t  
~l 3 )

which  c s i u i v o ’ i - i ’ ;  t~~ ’ 1 I I ,  l b  a linu t s i ;  i 1 as n s;o~ ’ r-r to in  f i n ;  i t  v .  The - t u i n ~- do—

ma in  u n i t  ~~~~; 1  a 1 o p i s i t  j o t i : ;  ‘ c u r  Pt ;~ol ‘o’~ 1 eX~ Io I ly for ho,! I es; v u  t h 1 incar

-13 -

- - -

~

--- - -~~~~~~ -~~~~ —---.-- . -- -- - -- ---
~~~ -- ~~~~- - - - - - - - - - - - --- - - - - -



dimens toni c U~) to ;t ’vo ’r al  pulse  w i d t hs  of this regularized impulse. Iii t h i s

solution consideration is limited to bodies of this size.

The currents flowing on tu e cylinder and on the fin are computed

using numerical representations of Eqs. (3) and (10) . For the purpose of

di sc u s s i n g  the numerical solution , only the x—components of these equations

will be c on r s i o i e r , ’d .  Similar representations are used for the calculation of

tire other components.

For the numerical solution , Eq. (3) for the x—componenit of the

cy linder current at sample point i and time t is represented as

- - N n ii

J (r ,t) L 2 n H
i 

— n .H
1 

+ L 
~~ F(J ) n - —

~~~~~ + n - 
—

~~~~~Cx i ‘y . yi z zi y 271 x yi R zi R

f= i

- F ( J  ) n - 
—

~~~~
- - F ( J  ) n - 

—
~~~~ ‘ AS , ( 14 )

y y i  R z zi R 1.

where

- = self-term correction factor for observation patch i
1~

(H’,H’) = the y— and z-components of the incident field at patch i,
y z -time t

N = number of grid ; - at c h i , ’;: on the cylinder and fin

F(J)  = J (r Q~~t)/R + -‘L l ( r .  , t ) / i T

J
X

ft
IS~~~

T )  = t h e  x-component  of th io ’ c u r r e n t  d e n s i t y  at  patch ~~ , time -1

I = t - R

t = time in light—t n ’ - t o ’ r - ;

R = h i  st u i r c ’  - f t  o’m t i’e i n tcq r ’at ion ~‘a tcbu ~ to the  ob ; ’r t ’at  i on

p i t c h  i : R = (x . — x ,) 2 + (y
1 

— y ,~) 2 
~ ( z .  - z )

a - 
= u n i t  normal  ~i t  ‘at dr i , (n - , n - ,n -f li  x i  y i  zu

-14 - 
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a = u n i t  v,~c t , r  f rom j a t c h ;  - - t e  patch i , ( n i  , n i , , Ii I

R lox no

x - x
i n

l,:x

y - - y ~

~Ry 
= 

R

1
= 

R

‘ s = died of I-il ti~-hr -

‘rhe t ime d i  f (o ’r en r t i a t i o n  and i n r t e r p o l  a t ion  nto -c eoocax v f or  t o o ova l  —

uat ion  of  the  in L , ’~;r ands  appear ing in Eq. ( 1 )  a re  p er fo rmed  n u m e r i c a l ly by

r~’u ’r~’s e n r t i r r o J  the  s u r f a ce  c u r r e n t  w i t h  a f o u rt h — o r d e r  po lynomia~ . In ;n d , - i

to, cclii eve t i r e  best accuracy , t ir e  f i v e Iioint :; used f o r  t I : , -  r e p u o ’ :o’nt a t  c t;

are choc, ’nr such that  the c u r r e n u t  c eva lua tes!  a;; near as possible to t 1 1 0  m i d —

silo’ of th em .

rhe nosier i cc  I ret ueo ;etr tat ion of I:~ n . (10) t oo t i re  x—comj ’onent  of

ti r e f i n  c o i r r c n u t  at  ( r . ,  t )  is obta ined  by represent ing  t i e  ;;ec;’n i t ime d e r r  —

V~~ t i V o l  ;‘f t ire  f i n  c u r ren t  by a t h r e e — j o i n t  d i f f e ren c e  a p p r o x i m a t i o n , y i o ’ l , i i  n - n

- 
( r  ‘t )  = 2 1  ( r  - , t — ‘ t~ — j  (r, ,t — 2 2 - t )

1- 1 1 i F 1
x x x

- — ~ j~~
t (r , , t — t )  - A  5~~ A ~‘ A 

- , x ..
+ ~~~~

-
~~~~~~~

-- - - — - - - + - - - - -
~~ + + -

-
~~~~~~~ 

-

I -  t - x’s x v

, cher o ’

2 1  - - n e lut  u n t o t i m e  : 1,

A ~‘ ~ ,.J ( r , t — ‘ I )
x 1 F i x

x N;-
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The space and time derivatives in Eq. (15) are evaluated using

t h r u c o ’- and f iv e — p o i n t  d i f f e r eu r c u  approximat ions .  For the t ime i n t e rpo l a t i on

a linear approximation is used .

The equat ions  for the su r face  and f i n  cur rents  are solved with a

d igi tal  computer by simp ly march ing  on in t ime . The computat ion s t a r t s  at

a point in time before  the incident  f i e ld  reaches the scatterer and proceeds

sequent ia l ly  in time in the same manner  that  na ture  would solve the problem

in the real world. It is important to note that since the minimum spacing

between space sample points on the surface is not less than At , then Eqs.

(14) and (15) give the currenrt density in terms of other currents at times

not later than (t — 2t) which are already known . Thus , the integral Eqs.

(3 )  and (10) have been reduced to recurrence  formulas in time and the need

to per fo rm matr ix  invers ions  has been e l imina ted .

Once the current densities have been computed , the far-scattered

f i e l d  can be ca lcu la ted  d i r e c t ly us ing  a numer ica l  representa t ion  of Eq.

(12). For computation purposes , Eq. (12) is expanded in rectangular coor-

dinates yielding

N ~J (r , T) ~J (r  , T)

il
S

(r , t )  = ~
‘ 

n — ~~ —
~

--—---- n ,1S~ (16)
x 4 ;r , DI rz 2 1 7  ry

N ~J (r , T)  DJ (r , , T)
H

5
(r , t)  = 

Z ~ 
n - - - -

~~~~~~~~~~~~~~
-— - -  n -\s , (17)

y 4 cr  
~=l 

rx ~1 rz ~,

N PT (r ,T) DJ (r ,T)
H ( r , t )  = - -~-~ ~~ 

--

~~~~~
—— - -— - n - -— ~~~~~~~~~

—— n ;~S , ( 18)
z 4 ’ r ,

~~~~~~ 

2 1 i  ry 21 rx ~
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The t o n e  d i f f e ren t i a t i o n  and i n u t o - rpolat ion ur ecessar - ;  for the  eva lua t ion  of

are 1.’erformed numer ica l ly  u s i n g  a f i ve—poin t  Lagrange i n te r t - o l a -

lion formula .

A sketch of t i re  geometry parameters  used for  L i ;  ;h e s c r i p t r o m i  of

tse f a r— s ca t t e r e d  f i e ld  is drawn in Fig. 4 . In th i s  sketch the  inci h e n t

f ie ld  is shown p r c n n :ag a t i t i g in the yz-plane and making an anglo: Ct. wi L l  t ine

z—axis. The scattered fie l d s  produced by the s u r f a c e  cu r ren t s  a C o  t h e n  corn-

put;s! in ti-ne two p r inc ipa l  planes.  Tire scattered f i o - l - i  is comp-uto- si in th e

v s — p icni c at angles 
~ 

w i t h  respect to t i n e  d i r ,  c;t L o t ;  of propagation of tire

incident  wave .  In this p l ane  the two o r thogona l  c - , ‘n o - n i t - t u sc : ;h to re- resent

the s c a t t e r e d  f i e l d  are the component pe rp endicu la r  to the \ ‘ z — ; - l d u r i - , i i ,

and the component t angen t  to t ir e  ~~Z~~ j ~l an ;  Ph i-  o t h e r  i lane in o:hich

the sca t te red  field is computed is t ho ’ ~ X - n ’ l d r io  , odu ich  is formed U-5 the

d i rec t ion  of propagat ion  of the m c i  io ; ’n i t  wave an~ t i ;e  x — a x i c .  In t h i s  j lau io -

the  two components used to re~ ro ’ :; o no t t l i t  c-at f - n ’  - f i e ld  d o -  the corn~ O n e nt

t~err endicular  to the p - x — p  t a m r ~~- , h h ~~~~~ , a n - h  I - - 
- 

-one - n t ;  L d n . O e n t to the

j an r i ; , H 5 
. These sca t te red  f i e l d s  are c ’m -u t , -d a t  a n g l o ’:; ~‘ , which au ~;:xt t x

iuo - a ;:;uro’oi w i t h  respect to t ir e  ~h duo - c u ni of r , i- ,i n a tj o n  of t ine  i n c - i  5 i o - t i  t~ n ave

P . .4 ‘i’ l Ni- : Is o~1Al N MEAS URIT 1ENT S

The computer pr o gr a m  i n c o r j  ‘era t i nip t u e  rue t i oshs ob ; - c’r n U s ’  in L i ; 0 -

t~recusbino l sect ion was ven t j o - si  by compari  n r s ;  t I n - c a l cu la te s!  t in;’ domain

- I n f l o O t I  ie ;h in~ ul se re ; ;l ’onuc e w i t h  measur ements  made on the 5; -o ’t r y  Re c0 ’cu r c i r  - ‘‘‘ r n —

L ou  t t a o  - sh ’ a - .u i n  :;cat ter ing  r rn ’ ;e .  ~ Th is cut  e n t  o~~~ i nueasuroosucni t system I I

w h t c h  has been i l , - ; c u i i o e ’ i  in 1, - fa i l  [h , o , ’) ] , i s i , - v i o ’ee,h in Sec. 2 . 4 . 1  and

t u e  - - u l c n l a t , - i  su s i  m; ’,r : o u r - - - ! ~~ i - -  u l t ; — a n , ’  com p - i t o - h  in - n  Sec.  2 . - L P .
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FIG. 4 Geometr y of far scattere d field.
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2.4.1 rime Domain Measurement System

The time domain scattering range is a system for obtaining a low-

noise response in the nanosecond region . It consists of a ground plane ccdt -

teriury range , a step function source , a sampling oscilloscope receiver , and

a labc - atory instrumentation computer for control and processing. The system

signal source is a high—voltage switch which generates a 300 V step function

with -n a risetime less than 100 ps. The signal is radiated , virtually undis-

torted , from a wire transmitting antenna protruding through a circular ground

plane 20 feet in diameter. This wave illuminates ti-ne target and the result—

ing scattered waveform is received on a coaxial horn antenna , which essen-

tially smoothuo’s and differentiates the signal and thus  provides the snrootired

impulse response of ti-ne target. The received waveform is sampled by a 12

GHz oscilloscope that has been triggered by the initial pulse and whose sam-

~-ling gate deflection is under the control of a small instrumentation compu-

ter. Unprocessed data are displayed on the oscilloscope CRT wi-nile t h e  sam-

; led-and-heid waveform is passed through a low-pass filter , dig itized , read

into t h e  computer , and stored on magnetic tape dutomatically . This sy ten

- Id.; been designed to correct the long-term timing drift an-nd/or amplifier

drift. In addition , the waveforms are stored in such a way that tie - ’1’ are

re el’; for the -culs;;e nuent or-orations of averaging (to remove short—term noise)

i :  h fet oeline processing. The effects of a t im , - varying baseline ait ;~~~~oui o-

tm to-h f rom measured waveforms to improve sys tem accuracy .

Tire ;al~~o : nL  c i r a r a c t ’ -r t c t o c s  - ‘ f  the n i n g n -  a s -  i -  ‘ o j o , !  an  I s im—

r lic i t;  wi th  which m u l t i— o u t a v o ;  t r ~- - r u ’n n c v — - h o r n a i n  data can be o b t a in ; ’- J . These

advantages  accrue because t i re  t ime—domain  . ; c n t ; t~ -r i n g  r a n g , ’ y i eld s  an un ;s ’ni-

taminated’  i nt e r v a l  of t ime  between the a r r i v a l  of the d i r - ct wdve  ansi is ’

a rr i va l  of unwanted r e f l e c t i o n s .  ‘ P - i ;  Jet : ;  arc u su c  1 ly locat .h a:ivs’t;, r ~ ‘ ‘no

two to f i v e  Le,;-t f rom the  t r a n s m i t t i n g  a n ten n a .  The r o ’;-o j - o n :c t ;  f r s ’m t ° : ’ -  n n ; t  - n —

na tip and L i n e  table edge occur at ap p r o x i m a t e l y  15 ns.  Titus , a “ - lea ;

window ’ , -x i ; ; t .  ; be twee n -1 ns anol 13 nu n w h i c h  can ho ’ u sed t o ’  v ies-  t I n , ’ t ar  r s

i ’  ;; - O I i c ’ ’ S .  The e n t i r e  u n ’ sj i ’ n n  h o - t w o - e n  t h e  d u , ; -  t t r s u c ; n : o n ss iotr  and L;’ t~ blo

ci h — j ~ - res; ‘on ; : ,  - f o rm - a s Ottv~ - t r  i n - n i t  I i in, - “ v u  nshow ’ I - s v u o ’s’ I he t ar n ’ - t  r , ’ ; ; i s o t i s

~ n’h a l l o w : ‘ ‘ i n n -  f s ,  “ - l i t , - ‘ s o u l ’ ( i n  I s ) u t n ~ ’ i n ; t  ‘ b  r ’ - i  l~~~~~t i s ’l s - . i ’ i i n i  - , Ut r s l i S

- ‘9 -
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t ou t e d  t r a n s i e n t  t a r g e t  responses can be v iewed w i thou t  r e so r t ing  to elaborate

and expensive anec i ro ic  chambers .  In add i t ion , a single time—domain measure-

ment obviates the requirement for tedious measurement of the amplitude and

phase responses at many frequencies.

The accuracy of t i -n e  measurement  system has been est imated for  the

results presented in this section. The peak of the incident pulse as meas-

ured on the samp ling oscilloscope is approximately 400 my, and a typical tar-

get response has a peak value in the vicinity of 10 my. When using tie- 10 my

scale on the sampling oscilloscope , the standard deviation of the sample mean

is estimated to be

0- = 0.5  my
V

if 16 scans are averaged . Thus , the estimated standard deviation of the

sample mean V is in the vicinity of 5% of the peak value of the target re-

sponse.

The signal received directly from the source is also measured .

Taking the distances between source , receiver and target into account , the

frequency response of the target is obtained by numerically deconvolving the

source signal from the response . The source is not exactly the Gaussian

smoothed impulse used for the calculated response (Eq. 13). Therefore , a

convolution procedure is carried out on the measured response to permit com-

parison with the calculated response in the time domain. The width of the

smoothed impulse is chosen to be slightly greater than the width of the

source signal. This has the effect of reducing high frequency noise in the

response. Taking the smoothed impulse width greater yet , i.e. reducing the

higher frequency contents of the incident pulse , smoothes the response fur—

ther  at the expense of a reduction in the  f a s t  s t r uc tu re  of the response.

In these measurements tire incident pulse width was about 0.59 n r c  or 7” . The

comparisons were made at smoothed impulse widths of 8’ and 16” . The target

lengths were 8” and 12” .

-20- 
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i .~~.2 Comparison of Measured and Calculated Responses

The targets chosen for comparison were 8” long and 12” leng ri gh t

circular cylinders , each of radius 2” , and each with  a set of 4”  i c -j u a n - f i n s

at t h i , -  ends , as i l lustrated in Fig . 5.

In Fig . 6 the responses of these two targets are shown at Ursa I~~j J e

oreciho-nce ~~~~ = 9Q 0 ) for an = 1. The ccr rget radius a is 2” and ta~ ui ; n o i n a l

:-ulse width is de f ined  crc 4/n = 8” . The t ime scale is t/a ( t  is in l i g b : tc-

m et e r s )  and t hi , o response has been normalized to r H/a. (See ref. 4 m r  a

discussion on scaling and n o r m a l i z a t i o n . )  The solid curve rejoresent; ; t h e

calcul ated r espon se , t ire dotted curve the convolved measured r e n t o n r i s e .

While the agreement is remarkably close , i t  is inte ro- ;,Lin to  ob-

serve the deviations (of less thanr 10% of peak value) in the rapidly fluc-

tuating peaks of the signals. These disagreements are greatly reduced wIre ni

the comparison is made at an = 0.5 (corresponding to a pulse width of 16”)

as is done in Fig. 7 for these sante targets. Inaccuracies thus begin to

appear at shorter wavelengths. It is believed that these inaccuracies are

almost entirely due to the relatively coarse patch structure of tire unumerical

representation of tire target used in the response calculations. On the basis

of experience with -n space-time integral equation calculations on other targets

with cdqo’s, it is known ti-nat even greater accuracy can be obtained by more

s i e t - i t l ; ; ;h  structuring of the target representation , in — a r t i c - u l n r , near ti-ne

fin edges.

As an additional comparison , t h e  results cr1;- given i’r Fig . H for

tire :- ; a r o ’ o  targets viewed tail—on (a = 0) w i th  an = 0 . 5.

2.~ SALc’UTATED i - :E: t h ’ i i N S i :  OF AIRC RAFT Mob o l-:l,

‘l’ b i ’  - model ch osen for Iii , - ;, 0~a l  culations is shown in I’i n . 2.  Tire

n - i l  -slated rt- .cpon;no -t; a n - - ; 1 rn t t - - - i in F i n ; ; . 9 soi l in f i r  auT o-ct angles I r c ’n o

I ’  Ih o ) ’ at 30
0 

interval ;.

tt is jflstuc i -t iv ,’ t , o  n o t ,  1 ; ,  s (O r fl  , i - : j t  i on  of ‘it ’ - ro- . ; b -u ’u n: : n- . C s ’ S - i i - S
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FIG. 5 Targets used for com parison of calculated and measured responses.
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FIG. 7 Com parison of calculated and measured res ponses , an 0,5 ,~ 90° .
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FIG. 8 Comparis on of Calculated and measured responses , o ~ 0, an = 05 .
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FIG. 9 Calculated response of aircraft model at 0~, 30w , 60°, 90°.
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FIG. 10 Calculated response of aircraft model at 90°, 1 20° , 1 50° , and 180° .
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er tine tail—on aspect ( i = 00 ) : The i n i t ia l  i - °  ~ l ive swing  is  jun t, t in , -

return i rons tin e cylinder face and t h i n  le i s l i n g  o’;ig~- ; of tire small fins. The

nro ’g~r t  ive swing at  t — -I is duos both to  t i n o’ di  f l e t  ; - n r t  i i t  ~ng e f f e c t  of the

cylinder face and tire trai ling o’si ’je of ti-ne small fins. A creeping wave ef-

fect due to small  f i n  su n - u o u t  ; i n t e rac t  i o n s ;  v i a  the c y l i n d e r  s u r f a c e  can be

seen n u o ’crr t — 1.  5 j u s t  h o - l or e  t i ne  large pu; i t i v e  T’, ’crk fronn t In ;- loading ,

Jec; of the 1ar~ (e I ins at t = 0. ‘l’hu :o is followed by a lam () e  n i e o ) a t  I V~ - . ; W i i ~~~

from t i r e  tarno’ fin n ar o’ ; I - ) es cru el fin—fin creo -ping way,’ n i t e r u n c t i o n s  ,r t

t = 8. Tire cn o - n~p t u r g  wave e f f e c t  on sonut 1 n ic i c ’ a f t e r  t i r a t , di a mj ) i n q  out no-ar

t 16. li-n F ig .  11 these e f f e ct s  are i l l u s t r a t oo s i  in more detail. ;dnuwn

are ti -ne re :j ’onr ses of t h e  same ta rge t  at 0
0 

aspect w i t h o u t  f m n us and with each

set of fins separately.  For comparison j ’u rj ’o : ;o s ,  the time scale (in light—

meters) of the grap h and the sketc ir  of the i i u c i s l o ’nt i’u i so anol the space

scale of tire target are ti-ne same ; similarly ti-ne ampi ~tude of i n c i d e n t  and

response pulses are the same scale. The beiravior described above is very

evident in th i s  series of qr,u~~ h o : .

Re tu rn ing  to Figs .  9 and 10 it i;; n ot o - d that  a;; t i n ;  J ; o i ’~’ ;;t change s,

the response from the cylinder fj Co ’ moves toward t = 0; w hi l e  t i -ne  response

from the small fins n;uoven; more rapidly toward t = 0, joining th at  of the

large fins at a = 90°. A t - r = 90° the r-’os i t i ve  peak (due to tl no - fins) near

t = 0 is strong enougir to Oh; -s J Ur o ’ tire neqat iV,i swine  ‘ x ~ - - c tc - si a t  that tin;-

from a broadside response of tie cylinder alone . The negative swings of

cylinder body , small and is r u e fin - no ; c-omioine in the l a r-no - ro -; n !-onrse near

t = +1. A f t e r  t = ~ t he reO ’o ’nce ‘so entirely due to c r ee h ’ in ;  waves.

At angles beyond 90
0
, the response m uon the cylinr der face and

tire large fins become evidenrt before t = 0 as tiney ;; h arilte with i n c r e a s i ng

r , whi le  t i re  ro os T  -onse- f rom t ; b n ; ’ smal l  f i n s d r s ws  ‘.:: ,1 ;nnatl perturbation at

t imes inc reas in g ly  l at o ’u t i n a i r  t = 0.
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SECTION 3

EXTENSION OF IMPULSE R1-~:- d’oN:E AUGMEN TA ’I-I ’)~ ‘ri - b i N I - ~u i :

The space—time integral e ‘ration approach solve s tb -ne s c a t t e r i n g

pr o b l e m  di rect ly in the t i ne  domain.  This approach is ~- c r i i d  for  any excita-

tion ; irowever , the most useful excitation has been found to be the regulan-

iz e~d (or smoothed) impulse g iven  in Eq.  ( 13) . The response du~ to t h i s

excitation , r H
5
(t
f
/a) , is the regularized (or smoothed ) impulse response of

t h e  t arge t  and is computed exact ly  wi th  the space-time integral  equation

us ing the techniques described in Sec . 2 . 2 .  This approach y ie lds  resul t s

for  targets wi th  sizes up to several  pulse widths  or , equivalent ly in the

frequency domain , several wavelengths .

A techn ique has been developed which uses the space-time integral

equation approach as the basis and extends the results to obtain the impulse

response and frequency response of an arbitrary target over the entire spec-

trum [4). This technique has been demonstrated for several smooth convex

ta rgets  inc lud ing  the sphere , tire prolate spheroid , and the sphere-capped

cylinder. It has also boo r’ app lied to targets with edges including right

circular cylinders , flat-end sphere—cap cylinders at axial incid€0ace and

square flat plates [4,5] . The purpose of the sections which follow is to

de scr i b e  the extens ion  of the impulse response a u g m e n tat i o n  technique. Sec.

3.1 : rn’jides a revi’:-;-,’ of t i-ne im pu l se  response a u gm e n r t a t i o n  teci;rn i gu n .  The

ext e r ;o - o I on to cy l inde r s  wi th  f i n s  at tached at a rb i t r a ry  incidence is described

in Sec. 3 . 2 .

3.1 REVIEW OF THE IMPULSE RESPONSE AUGMENTATION TECHNIQUE

In order to s i m p l i f y  the n o t a t i o n  in these  sections tire o l e c t r s o

ncr-g no~t ic f i e l d  ‘5 - a r i a b l  c- c: are e s lu a t c i  b to t h e ir  l i n e a r  sy stem c c r o u u i t e r j  - ar t ; ;  as

follows :

e ( t )  = i n c n i ;-nce pulse
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r 11 ( t  / a)  r ( t )  s o ;n n o o th io - ; i  iu n i o u l s n -  I , ‘: ;~ -u n i 5 e
o f

h ( t )  = i m p u l s e  n - 5 T ’ O i i s e

t/a -
~~ t = t i me

h1
1( k a ) / a E ( - ,:) = t r ans fo rm of e ( t )

K

r H~~(ka)/a ~ R(o o) = t r a n s f o r m  of r ( t )
0

1-1 ( w) = f requency  response

ka 0 = f r equency

wirere

i-i
1 

= i nc iden t  magne t ic  f i e l d  i n t e n s i t y

H 5 
= fa r  scattered magnet ic  f i e ld  in tens i ty

r = dis tance of f a r  f i e ld  observer from o r ig in
0

t/a = normalized time

ka = normalized f requency

a = character is t ic  l inear dimension of ta rget .

The scaling and normal iza t ion  that  is indicated above y ields curves w h i c h

are indepandent  of target  s i ze .

The impulse response augmentation technique , first suggested in

F 1968 12] and first demonstrated for smooth convex targets in 1973 [41 , and

for targets with edges in 1974 [5] , deals directly with the smoothed impulse

response of the targets in the f a r  field. The smoothed impulse resj’ennse is

computed using a space-time n u t o i g n c a l  equation ab j r o ar iu  and has y i e l d ed good

result:; up to body sizes of several pulse widths or , equivalently, u~; to

body sizes of several wavelo’n;s (tc ho : - . The ro’s; ions of slow varist~~,u; in tire

smoothed impulse response remain the same i n  the exact  impu l se  ro ’ ; g - o u n se;

thus Lt is on 1’; necessary to Jut ermirr o the structure of the singular r’- u i o n s

and any o t h n - r  regions of fa st v a r i a t i o n . But t he  - ; u n i s n u i a r  -or t  ions of t i n o -

--3 2-

-
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exact  impulse roo ;ponse tha t  resul t  from s ca t t e r ing  by specular p o i n t ; ;  on

smooth convex targets  can be computed ex a c t l y ,  cn n !  b r u - u r c e - , do not nnee I ts h~-

computed by so lv ing  ti-ne space-time in tegra l  equa t ion .  The impulse r s .g s s ,n n s e

augmentation technique combines the smoothed impulse response , the known

singular  contribution to tire impulse response , and ti-ne tireory of Fourier

t ransforms to produce tire total impulse r e : b - u u i ; - ; o-  and the f requency  re:;json-;c

(sys tem func t ion)  of the target  at all f requencies .

The impulse response augmentat ion technique is most e a s i ly  u n d e r -

stood by considering the most basic approach to the deconvolutior:  (or system

id e n t i f i c a t i o n )  i’roble:uu . A l inear system (in this case c - l e c t r o m o - : n n o - t i c

sca t ter ing by a t a rge t )  is character ized by i ts  impulse response b u ( t )  or ,

equivalently ,  its system funct ion (or frequency response) H ( s ) . Of course ,

h ( t) -- ---b H ( s j )

where  ~ denotes Fourier t r ans fo rm.  The exci tat ion e ( t )  of t i n e  l inear  system

in this case is the regular ized (or smoothed) impulse

n — ( n t ) 2
e ( t )  = — e  ( 19)

which produces ti-ne regularized (or smoothed) impulse r e s h -on s e  r ( t )  of

system. This response is given by

r(t) = e ( t )  * h ( t )  ( 2 ’ -’)

where * repr noor o onts  a convolut ion . In t he  j r oh d  ,-n s b e ing  consi  b r - r i h o - r ’- ,

e ( t )  is specified ana lyt ica l ly  and r ( t )  is computed by sol”iniq the -;: ace—

tin ;- in t eg ra l  equation. It is desi r~ d to f i nd  h ( t )  an d / o r  u ( s )  . T h i s  is

t i n . :  ;-1’-nt ’ -n i den t i f i ca t ion  or decon ive l c ut; bo n n ~ r ;oh l ’-n - .

~) n ue  way to solve this  problem , at l, ’5ns t  in p r inc i p le , is  t .o t r w ; - -

rm F ~ . ( 2 ’ ) )  and r e ar r 5 i u s -no -  to ui it a in

i I ( - - )

i r ( t )  = F 1 
1 0  ( . )  ( . 1 )
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where

E (w) ~~~~ e ( t)

R(w) ‘l—~ r ( t)

F ’{H(w) } is the inverse Fourier transform of 1-1(w) .

However , the estimate o f the system response r ( t )  that is computed contains

some uncer tainty or noise , and thus , the transform of the computed smoothed

impulse response ~(w) also contains some noise. In using Eq. (21) to com-

pute the estimate of the system function , it can be shown that this noise

grows exponentially [4] , and therefore , this brute force technique will not

yield valid large body results.

The impulse response augmentation technique is displayed in block

diagram form in Fig. 12 . This technique f i r s t  augments the smoothed impulse

response to remove the contribution from singular portions of the impulse

response that are known exactly.  This produces the augmented smoothed im-

pulse response ra
( t )  that is given by

r (t )  = r ( t )  — e ( t )  * f ( t )  (22 )
a a

where f a
(t)  is a suitable augmentation function that contains the known sin-

gular portions of the impulse response.

Next , the transform of the augmented smoothed impulse response ,

R (w) , is computed and divided by the transform of the incident pulse to

yield the augmented frequency response , H (w ) . This function contains noise

which increases exponentially at frequencies above some value . However , it

is known that the augmented frequency response must go to zero wi th  increa-

sing frequency . Thus , an estimate of the high frequency behavior of tire

augmented frequency response , U
a

(i
~
i
~
) ) I  is of the form

; i-i) � iS
a c

(w ) =
~~~ ( 2 3 )

a

F ( ’ . o )  ; Ui ~
‘ UI

C
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r ~~~ r0(t) 
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L R0 (~
)

~ R0(w) 
_ _ _ _ _ _ _ _ _ _ _

L E (w)
1

[Estimate I
high freq.

_ _ _ _ _ _ _ _  
H0(w)

H0(w) 
_ _ _ _ _ _ _ _ _ _ _[ F ’

~~~~~~~~~~~I Augment I

L h ( t )

h (
~

) Impulse response

FIG. 12 impulse response augmentat ion techn ique.
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w r i e l e  5) iS t n n ’  i~o ’ i n i ’ i i r ’ :  point a n t  1 - ( 
~- )  i s tire b.icj i n f r ’  : ‘ n n - n , c ; - /  - ;t rn ouo t ,- of

U (  - )  . I ’ i u 5 - ; n i 5 n ; n  s i c u m ’ ’  r t r a i r sn ; ’r u : i  0)  II  ( n )  tb -n y b c l - i  t i r e  e st i m a t e  of

of rh: so f l : io - r ’ t -  - n  o u o n j - o r i e m ’ : : ; o - u u ~se , I n , ( t )

F i n a l l y ,  t i n ; -  i nver se  of t l i o o  Ou-p:;c;rtat i - s n ;  ‘roe- - ‘ l i t r e  i s  per formed  on

w in o -b; y j o i l s l ; : n  the  ois t  L n ; f t u t , :  of t i-ne i i b s U l n ; n :  re;-noons e , h ( t )  . Moreover ,
an ; t i n n - i t ,  of C ; ; - ’ ; ; v n : t n - ; o o  f u n c t io n , , ) f ( : i )  , i~~j oisl;ained I - ,’ . r pp l , ’ n r r y  t i -ne i nve rse

of  I no a ugm en t a t  r -:n ~ n i~sjr di nr , - in t :;o ;- f i r ’  : - j e ; u ; .  - i u n i , n n to ii ( . )- a

The - :n u ’n m e n t a t i o n  f u n ~st n - i n n  r - ! i :nss -u 5t : the con t u ibut sri. : of t i c -  n m —
as lcr r cur t i o n s  of t in e  i u - n n -- u L s e F;’: ~‘Or’ C which  ore  kn ,o~~z; -Xcic’ I -

. ‘( ‘ in - ; ;e  Si n—

g m n l a r  ~‘ur t i o r r s  ;;o r i : e v u ; t r t i : , u t : -  to  not on ly  t h e  ( s i g h  fr e-~un: ;n cy br -ba ylor but

also to t t ne low f r -  - - ;ue n ; c y  u - i n c i c n ’  ir of t I n s :  u- - sn i - s ’n s e , as In the c - a n - n  of an

n oi p oilse. These c o n t r ibu t i o n s  are removed by su b t r a c t i n- j  t~nn e f f e c t  of the

augmentat i on f u n c t i o n-n  f ( t )  from the response to y ie ld  t h u  augmented  re opo n i se

as given in Pg .  ( 2 2 )  , r- .’ i n i c i i  is r r - i - ~ -~~t;;;l ( n e r o  for  c o n i y cn n i e i o c e

r ( I )  = r ( t )  — e(t) * f ( t )  ( 2 2 )
a a

or

ir Ct )  = i r ( t )  — f ( t ).
a a

Since the e f b - c t  of the high fru-gueui s;b con t ri b ’it ions  has been re-rno~- o-d , the n

it no onsor in s  to est i  sot e the manner in-n w h i c h  the- loSer  iru- -gu;-n - ,- o;:ot onl- -n to~

o n e  roars  zero  ;-; i t b  increasing f r , - u u e n n c - .

I t  iras bc- ; ’u ;  found in ~ r o ’v i o u : work ( . ~~_ i  t ;~~ the , , :- ; ;u nu- nt ot i on

f o i n o ; t i n u r - :  : ; i n o n i l d  be cb n o - -~ - n;  such t i n  it  t b n s ~~/ acco n u t ~‘r Lb’s ~ - u u i q u l a r c o n t r i—

but ions to the in’ o u t  ;e r esponse  1 u t  a t ;  the - - in n- - t n u : ’ -  -o ; :.ess a u , I n ; - ; f o rm

tb ~r t  - ; - s n t , : ij n s  on !-- 1 n u n - o r  nn w n e var i n t  n o w - n . l’io ,- f n; -  Innis w h i c h  ; s t i st ;

t h i s  s im~ P c r i t  . - ion i r s :  s i n n - ; ; ; l a n o l t y  no t n o n oo l ; i n s t  i - ; - - ; i - i ’ — f o : n i c  t i on s  t oot

c o f l t a t n n  on ly  a o r i u . g i  di. - ; c o , n t  , n o u n t - : . ; - Omo ’ i n u n c t u ’ ’ n u . , l r ;  s - n i l ’  o n  I - o r i o n  1 1 0 1 . ,

c h a r a c t e r i s t i c  u r - - ~~; 0  - ( ‘ ‘ d i -  t~ , f l ue  n n ’ ~~- o u l : - - , t b i o -  t ’ 1  . i n i)  i. t n i u n ; i , r u - i ’ s

d o — f i n n o t n ~ ’ns [ l Oj  . I t  ~~
- - a l - n o  i , -  ; n  f r s i o ; -  I ( s i  r : s n n ’ t h - - ‘ ‘ n n v , - x  I i n  i n .  I ;;

~~~ n i r u q - ~i .n y- ~~ ‘ i o n ,  of t i n t :  m t - - n i  n—r’i i-co n y ‘ n u  i tie i n-c i s b  u r i c
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would be given by the physical optics a~ 1 oximation for a:;;- n-ct ang le;: where

t t i o -  r e n : n onso- was p o l a r i z a t i o n  i u r ; l o - i  ‘ , - n i o i e u n t  , such as axial incidence on i t,,—

t i onal l y symmetric targets. For ti-ne ease of smooth convex t a u - j s - t -  with a

polarization dependent response , the first orsier physical n 1- t~~c- :. cr r r o - c t  ion

will yield tire proper singular j-ortion of I i o n: impul:;e r - - ; y s o n i ; ; e  at the l a - a l t

i ;b5~~’ . For t i r e  case of t o n ; g n t ;  w i th  0 - 1 3 , 5 : 0 the s ing ula r r , - t u u  n n s  f r o m t h e  ed’~~o

rn-ijions of these targets is obtained ii’: u : ;’  of the r u - su i t .  ‘ d - t i i  r n - - i  1 t un :o

- ; r - s u n , - t r  oc theory  of Ji I f ri c t i o n .

3 .2  APPLICATION TO CYLINDER WIT H F I N ; ;

In this section the impulse  response augmenta t ion  t ; - c t n s l i nc- is

applied to the case of a cylinder with finn5; attached. This w ork  e Xt i- un - In ; ti-ne

techniques ti -nat were developed on a previous  e f f o r t  [6] for  ti -ne C 3 : , -  ost

axial incidence to the case of oblique incidence . The app-roach usr- - ( in t in ;;

work is to combine the two techniques previously do-velog e’l f o r  open t b . i n ;

su r f a c e s  and for r i ght  c i r cu l a r  cy l in s l u - r a  to ob ta in  tire o r n 3 - n n i s e  re;nj-on:;e

of a cylinder witir fins attached .

Tir e smoothed impu lse r esponse cf th is target was s b t a i u ; e - 1  u s i n g

t i-ne ; ;pa ce— t ;  LIn e i n t e g r a l  i - -  i on ~~ I o n i  solution technique d n :;cr i  bed in Sec.

The target is centered at tire origin witir the axis  of the  cy l inde r  co i rrci-

- b un t w i th  the z— axis  as ; i n o w n l  in Fig.  13. The cyl inder  has o l o - n q t b ;  to dia—

n or - t sr  rj t i o  of 2 :1 .  E- ’our  : : -gnuo r i  f i n s  w i t h  a w id th  of c n n -  cy l i n cl o no d i  .~nn - t  0 - r

are i laced s° mn ooo ’t r o r a l l y  aroun d t l o o -  c’.- l i n der bod y .  The t sr - g o t is i l l u m i n s s i t  o- - b

by an i n c i d e n t  p lane  W aco -  wi t in  a ir  I n o:  i - i ,  un t p u t  ; ;;~ w i d t i r  e-~ ons I t o  t I n  - l e n g t h

nI tine cylinder. The ;;nnnoot ins ~~1 im pu lse  rr-:;ponle;o: of t n i n o  t~~ r s ; s  - t  was cab eon—

1 ~ited fo r  : 1, -y r- r i  ,yi’ ~i , ; -  i i !  in s ! hence t i - nc - nt r am - J o 5 f rom 00 
t o 1800 in 3p

0 
n o r ’ -—

meir t . ;  [5]  . Tire r ,’ :nort t ;n which bu ry, - (‘i ii . ; i n in’ ,s-rn t o  be in - i ’ ’ ’  I aq u , - r ’n n ’ -nnt s-i t  In

measuremen t:: ore ;itsplcii’-c in F - n j .  id for 0~ I ’  ‘° , r n J in  F i n .  15 n - - n  ‘3

0
to 180

Ti-no i mpu l se  r ’ - - g  - o r ;  - - .i n i s-n - - f r I  i - u n  t — - - ; o  ~ i ’ -  I i ’  - X t  n - n o r ,  r .0 i  i t —

. i b l o  n o u ’ ~ n ; o ’ - r ,I it ion t i n n n ’ t ion ci:: s i i ; n c u i :- . - ~1 i n n  hoc .  L i .  I - s e  1 b n o  c v l i u i . 1 . - r  s - ( t h

I i n n . : f o r ’ -  . lu q m e n t i t i on  t o n i t n - a i r  w i l l  ‘ n I i t . - ’  i 1 fin- - - i n ’ :  s f  l b ’  . n n r - n ; : o < - n n t n t j s n n
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FIG. 13 Geometry of cylinder with fin .
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FIG. 14 Smoothed impulse response of finned cylinder at various ang les of
incidence for TE polarization.
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FIG. 15 Smoothed impulse response of finned cylinder at various ang les of

incidence for TE polar ization.
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func t ions  i i i  the rec tangular  1 - 1 ~~te and t n n , - right circular cy l inder [t - j.

Thus , the augm en ta t i on  f u n c t i o n  is s J i v o - n  b y

f ( t )  = 0 -Y (t/a-T ) + p ~ ( t / a — T  ) + S U ( t / a - T
a z 1 zF j ‘ j  zF1 zj zFi

+ p S ( t - s r — T  ) + H ( t / a - T  
- 
) ‘ [J (t/a—T )

Z2  zF2 z~ Z F Z F 3

+ L )  ~~~ ( t 5 n — T  ) ~~~ -~ ( t / i - T
z Zf~~

* G (~~ r — T  )~~~3/;-  
L ’ ( ’  a -T )

- 0 -

+ A t t - a — T  
- 

) t 3 ( t - o - ’l’ )

+ A ( t - r T . 
) -  U ( t  i - T

2

A (— t - -
~~i I’ 

- .  ) 
-; 

F(~~ i fo  + T
.0 - n

+ f ( t o  — ‘1’ 
- (h i )

.5

whir- i ,-

t o  — t h e  h o o ~( i l o  I crio - u f i c u , - nr t niv. nn by t i n  j- iny s ;ool ‘
~ 

t i c s
o~ ~~~~~~~~~~~~~~ for  t i e  f in ,n t  1 -n , ‘~n ; 1 s i - i o -  in c ide i r c o -

P t i n ;  r n r j - - i I ; ; r -  e o n - I I u , ; u n - n t  duo -  to t o ,  nio -or - - i n -  of t o -  t i n

S t i re  n t ,  j ’  - - n e f f  u c i e n t  d o , , -  to t i re  r e ; ;3 i on r os f r i  sn-i tin s ; : i s i, ; :

of the fin

P 5 the impu l :nt ’ i-or - f I n  c i  i - n n S  s i n , - to t b u t -  far edge of t~ I ’  i n n

U t u S  t pseu do— i r n n n : t  j o u r  cecI l  n o - u s - n u t  c lue  t (~ s un  foe.-
Z traveling wc lv , -s on t ire f i n

0 = t l r ~ do u b l e t  c o n - f r  e c u -nut g i v e u n  joy t in s -  t l O V S i ; . n I  ‘
~~
i Coo

approximation t o i l  t n , - cy l iu udcn at axial in nei ln -n rs o - .

4]-



P = - - n e n n  n i l : ; ,  c:os- f I i ~~i , - i r t  t o o l  t h e  c v l i n d n - o  at  axial n n n c j —
i, - n sa-

P - t ine t n - a , - o u ’ b o — f r m n n r : t  ion C o t - f  l i - n i -n t  hus -  to t i , 0 - ; ; i - s - c n u l a r
m e t i : r n  r ein t i n ; s o  - F  - of t l i e  c\’ll  :1,  - no  a t  b r o a d side  m c i—

I- ‘none

t i n - t y - ; n o - u o i i — ; u u ; : t J n n i  c o e fl i cu e n t s  l u ;  to t i re  r- to,rnr
- - n ; :  C : the - - i n , - -  of t t s , -  s:v lu ;nho- i

-r ~ . t n o -  t ime  it  w i n  i ch  i- I , ;0 1 , - sr -A l u n g  edge m l  the en o - u l s e  response
. 0 1  i n , , n n i  t i ’s :  f i n  l : o - -j  e n n i n

= t i e  t inn s it  which ti:: oln-;bular contribution f ran tIre fi r
— 

5 ’ J s ’ of  t h u  fin , } ;j e :n i n ,u

T = i.. tin nue at -~b i I c I i  t i r e  s i n g u l a r  c o o r , t r i l  - n n t i o r i  fuss :  t he
i n J  in  ;-X c U r ; ;  ion t r a ve l i n g  w o o~ on tine fin bog in s ;

, T - ,T = tb;’ t inn ie  niL which the singular returns from three ei:tgo--:
.
~~~ ~ 

en - - no 3 - - -
- t n ; ;  cy lin rdr r begin

T 01 
to;;- t ime at wh icir  t ;o~ colin -A o -r creepincj s-aye o esnrS

— t  —I n/~ —jOT
4

( t  a — T 1 ) F - 
A

4
o 

to 
e

A
1 

= t ins  cylinder -nose in’~ wave coe f ficient

B = 2.051

The va lues  u : - n d  for the above I’arc,nn~:t ; oi -n c u ’ ’ s c o o n n o - t o  n zed in Table 1

Th ey were previously - - ‘ I  cn i n c - i for  the case of t ire r i g h t  c i r c u l a r  cc l i  O n  I cr  a n d

tine rectangular platc- [5 , P 1

on n c o ’  t n- o  i e rn n l , - n i L i t  i o u ,  ‘ cn i r ; t ;  i s n n  in; obtained , I n , ’ n o u 5’l, - O t e - l  frequen-

cy re  p U r i n a -  is c O U - l , i , t r - 1 by ; ; ib t r o o ; F u  n i - f  t i c  t ‘ , :un - f o r m  of the n - n m - u n t a t i o n

function from tu e n n r - I ni ;:uio . n ; , -000 ’ s o nn ou - . i ; -  i r i q h  f n n ’ o~ iu i ’~n ;;y r o t  n : - u n t  r u ; ; , - !  to

- , b t n n n n tIe : ti n - n i t  - of t i e -  t ‘tol ,i ’n -gr-o,-n t n ’- I r n - - s J i ne u n c - -: n ‘sf’nn :n - tiko - ; ;  t i n o  foim
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‘I’A i t I ~E 1

SUMMARY OF 1’ARA i11-~T1-;RP U SEI )  TO R L l ’ I - - i h F N l ’
‘I’I !E AUOINENTATION I- IO N ; ~i’ t o  oN AN O TIlE r p ur  ;Mi :N - I ’p u  i- RI- ~;‘t j t i N 0  Y i’i 2 - ; -

i\n i J  i t  - 01 I n n -  - Jalence
a s i  S C) - ‘ - - 0

S i n  n u i n 0 - t er U 10 60 90 120 150 180

0 0 1 .2 7 3  0 0 0

p 0. 701 0.686 0.355 — 0 . 3 1 7  0 .955 0 .000 -’ 0 .701
zi

Ic
1 

— 0 .  l e ’  — 0 .  i P I  — 0 .  260 0 — U .  260 — 0 .  t el  — 0 . 1 6 6

— 0 . 22 - 1  -0 . i ’ - l e - o i . 318 0 —0.  318 —0.  o ;45 1 - - 0 . 221

8
:03 

0 0 0 0 . 2 0 3  0 0 0

0 . 5  0 0 0 0 0 0.5
.0

no . 141 0 0 0 0 0 0.1-11

; 0 0 0 0 .318 0 0 0

—0.035  0.382  0 . 2 9 0 )  — : 0 . 123  0 .290  0. 1e2 — 0 . 0 3 5

‘2 
foO-1 — O . l O l t  — 0 . 0 8 1  0 — 0 . 0 8 1  - n n ~ Q j n  -0 .. s-~

A 3 
0 -0. 100 — 0 . 0 1 2  0 -0 .012 _ 0 .l06  ii

- 3 . 4 04  -2 .0 0 0 0 0
zl- 1

‘F 0 . - 0 0 0 1) 2 . 0  3. -b I

- - n  
0 0 0 4 . 0  0 0 0

— 4 . -b ~~- 1 -3 . 73 1 — 2 . 0  —3. 731 -1 . - o - n ’ — 4 . 0

1. -l i -- I n) . 2 - h — 1 . 0  Q. . n - 0 i  2. -h i-i

0 — 2 .  0 -1 — - ‘ . h - 0 0  2 . ,) — 0 .  l ’ s , i  . - ;‘-, U

.0 3

T 5. ’) 5.7 ‘- - I 5. 0)25 3. 0 37 5. o O l h 5 .7 54 5 .9

A . ‘ . 110 3 . 2 7 1  1. -lI t -1.587 1. l I n  3 . 2 7 2  3 .421 ;

1. -I 2 . 0 5  1.0 l .o  2 . 5 1.05 1.0
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wh ere t l ie ~~i u t o f f  n -  on  n i t  0 is c l u e : n e n n  such t o o t  I he j~-luoc ~n of Ii (~~~ 5 )  is - - t  ill
C 

‘ 
a

in t i n S  l i nea r  rr - i e , ’ n r  a n n A  A is computed so that  i-f (~~
. ) = i i  (;- ) . Tire one - i i o e f —

ci c a c -b
I Ic t o O t S  5n r e  P loon A i;; - 1  a , ’r ’d in I Sn In le  1. Tire r ; : sult s  for t i , o ’ e n nn j u l se  response

l nr r I  t i n s  f r - s o o n ,  n i e v  ro: : ; - ü u i ; ; s  ore d i :n i ’ l a ve s i  in Figs .  l~~— 2 I ouii  1, -scr ibed i n n  t i re

ro l lowing .

3. 3 PJ-ISUUFP

TN i n n I - u l s ’ u e o : ’ c n n n ; e  of t i n 0 ’ f;e :u ; ’ s t  o n v l i u n d o ’r for  an-c lo t  i n n s  i~~i en r 5 e  is

F i n o p i a v e - I  in 1-’i q .  10cr an - ret the  c o e L e~:h ; n u n ~u Jo i - ~ f r e c o n , - n r , - . ee : -;l on n s ’ ii .i i n n; l a ; n ’si

cnn F e - i .  i i  0. T I n e  i n n i t i c u l  r e r ; i in  of t I n s  impulse  ro-sponsc at  t n  = —4 .0 con—

s n o t ; of a A -nol -i -o , u ; ;nj - iilnoe , ans i  t~~~ i ;no s e o t ; )_ fun ct i o ,r  h o r n  t i n 0 - - v l i ; n - i - , - e i i , -

and di e. A l so ’ c on t a r n i , -d i n n tinis 1 -cndi ni ’ ; ed na ~ f t O o -  ju n o ;,) - s  r i - n ;  - n n s e  is ,nn ;

in: a la;- w t i n  a p0;; i t  u v i  sr  cnn d uo - t e the tin i o sl o .  - . - ii o n  :0 u S fo 1 1 owo’s.i -~r t t si — 0)

a n o e g a t  eve  i n - o n - e l s e  f : o :: t n ; e  f a r  f in  e Rie. Pt t / i  .1 I n O ’lo ’ ah ’pc .u s a 1

;‘; - :o’ e r s b c ’ — r u n ’. e t  t en :  Iron nu t lu c (or c-y l i n o b s n - ed-n ,’ . 1-i n iol lv , o c n i - e J - u n n ~ n W iVe  coon i ’~

o-:is ;- nvcd i t  C/a  Ci . I n n  F ig .  i n - i ’  t 1 r ~ - c or r ;n : ; o io n n d i n ,n  f u o -cu~ nnc y rr’rnpon r :~: is

s3 i o o ; l s , ’:e l .  [‘liea s~ -onsc  n u u c r ;- n sr -s l i n n o ’or lv  w i th  i n n c n a - . n s i n - ; u ~~~~ no--n do,-

ens t ; n - ls ni - in :L in the impul:o- r’ :o 1 ’;’lrSr at t~ a = — -I. l i i ,  ~~n j  ‘ I n ’S n o  t i u u o - r o -—
5, i n r ; O , O a r e  m a u n l ’o  Ou r ’ t n t h e  i nt o ’r f s  e o ’ ; ; - o~ lo ,’tw ; sn ; t A u t : ,  - n , ~~ i i - i t  o n n ~: t no ’ n~~-—

o - i n n r o ;  f r o m  ‘ I n , - f a r  I o n  c ;l i i , :s , t i n s  f a r  ‘ ‘ n i l m l  l ie cyl n u n s i s  n •- i ’ .; I t i ’  -:r S O - I  i n n s

ic. n ‘‘c

The TN imp u l ou e  n , - - ; - ~ ‘ n i s -  and  I n , O n n ’ f lCV n - n - i n n : ; , ’ n t  -~~ O r i r n , ,  0 r ’ l  n n r , i r ’ n

is si , , n - .-. u n t n  0 30 a m n~r i s  - i i n n  - i - l o u i s a ’  i n  1 - i - ; .  17 . ‘I’li ~’ u n i l  - . i  1 n et  u r n -  1 n “n o:

I :  a; n o n - i n  0-  I -p  - a I I b n -  cy i i io ln ’r lose ,n
~ 

-u - t a r o n  i t  I - n — - . 3 . m l , i  i :, Ia i i  - °u ~ ,

i t  t — 3. 5 by a “‘~ n 
ye r n o u j i i i :  ;i ’ - r n ; , u  . n  i n - n i t  i v ,  - S , p n - in n  I : n ’ ~o5i i  I c n n  - - i - n t .

a “ i’ ,n- : k w - nr r ~ I - ’ - i - i ’ ’ - - f u i i c t  n o o n  . 15  , - t n  - - - i t  t ’-t  — 1 . 5  ¶ n snn n t n -  I n n

.1- 1

- ---- 
_
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(a) Imp ulse Response
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(b) Frequency Response

FIG. 16 T E response of finned cylinder with radius a for 0 ang le
of incidence.
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F I G .  17 TE response of finned cy linder w ith radius a for 30 iH’1~~(O

of incidence.
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~1

Colic of ti -ne f r on t  face . At t/a 0 a negat ive impulse is observed -Sue to n he

fa r edge Ut t i -n e f i n .  Following t h i s  is a negat ive  t p s e u d o — f u n ct i o n  ( n o n

t ine  f a r  edge of ti--re cy l inder at t/a 2 . 5 .  F ina l ly  at t/a 5.8 ti ,;~ c u s s - f - u  n o 3

wave tha t  t rave l s  around ti -ne cy l inder can be seen. In F ig .  17b ti-ne corres—

p ounding  f requency response is displayed . This response approaches a con-

stant value at high frequencies  due to the two impulses from the ; si ’ :;s:j of tine

b i n .  The slow resonances observed at the h ighe r  f requenc ies  a n o n :  duo to t i n ’ ;

j .n t e r fe rence  between tiiese two impulses.  The more rapid n t - p ies su f e r e n n opo ed

on this slow waveform are due to in terference between the i mpulses ,  the t~~~

pse udo-func t ions  and ti-ne creeping wave.

In Fig . 18 the TN impulse response and the f requency  response of a

f inned cylinder is shown for ci 60° angle  of inc idence .  The i n i t i a l  r e tu rn

is a ~ pseudo—function from the near edge of t he f ron t face . This is fol—

lowed at t/a = -2 by a positive impulse and a nega t ive  it ~ -j ; - f rom tIn e near eei-,ne

of the f in . N e x t ,  at t/a~~ — .3 appears a “backward” t p s e u d o — f u n c t i a r n

followed at t / a =0  by a negat ive  impulse from t i -nc f a r  ed ge of t i n s -  f i n.  l l n x t  —

at t/a + . 3 a ~ 
2 funct ion occurs due to the near ed ge r 1  tIne - f a r  c y l i n d e r

lace. F i n a l l y ,  at t/a 5.0 tire creeping wave t i n t  t ravels  aroernd t i n : cy li n—

-icr -sar i be observed . In Fig.  18a the corresponding I r ; :o~ u e u n c-: u - c ;o f - o nn s ; -  is

di splayed . As the f r e o n e r c u r c y  increases , t h i s  response cont m o m -S to r ip e - l e

about a constant  value due to ti -ne i n t e r f e ro n-n e c  i ’ ; - t w n - , -n the  two e u ’i;-e~1sr -s ( r i m

t i-ne f i n  edges.

The TE impu lse r es~-o n rae  and fr e -~uencv response for  t b , ’ f i n n e d  cy i — - 
-

m u r d e r  at  ci 9~ 0 a : ;fi eet  ang le  is shown in F i n ; .  19. Ti-ne i n i t i a l  r o o t  u rn  in t i ,0~
i n n :  els e response is a t 3/ 2  p s e u d o — f u n c t i o n  t r s ) , - t i r o - r  s-i t i ,  a neg ,n t l v c  l m I m n l ; ; c .

i e xt , u t  t/a 0 appears a doubl ’t an n - b a n ega t i v e  m l  -ulsc due to t On e n o - n

from t ine  face and edge of t ire f i n .  This is f o l l o w , - ’ .I cit t/a 3.1 0 , t I m  - —

f n i : t  of a cr e e p i n g  say,; t h ,n t tr s v i ; 1; ;  around t i e  cy l u n r b i - u  . In F i n .  I S I -  t - - s

cor rs o ;p on rd  ing f r i - s  f e u ; n r r - v  n i - : ; f - o n r o o e  is shown . One can ‘i - : 5  u v ’ un ¶ hi :n I t i n n i n - no-

t ha t  t h i c  n c -  0 - i n s - - -  ri ’ :npns n r ~o increa  -;c ’: ; l i n e a r ly  w i t h  f u r - p u n - n o :  - f i n - I - -  tIne

iS n s - i s v o ’ r , i t  osci1I~ u t m - s about t I n  - o ’ V s n r  i n n - cr c ,  I : n ; ; n -  v a u u u n -  i i ; ; ,  t i

t i l e  i n r t ; n l - ’r ’- ;l ce  between t h u r  - I s ’ n i l i l s t  , i n ’ I  t i m - ~ 
‘‘~~ f - o i l  I , - — I  in s - n i t .

I- — - - -- 
~~~~~0 _  -~~ ~~~~~~ - -  _ _

~~~~~~~~~~
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(hi Fmo quen cy Res ponse

FIG. 19 TE response of finned cylinder with radius a for 900 anq le

of incidence.
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l i i i -  i’t-  im~ oil s- ;;  n s - ;p oumsi ’ i n n )  f r . - - : - j , - m 0 e - :  r - - , n - o n . o ’ -  o f  C i  : i u ; n n i - b  cy l —

i o n - I ’ u i s  l n o n , n w n n  i n n  1 - e n  .S O  f - i n  a 121
0 

an g l e  o f  i t : e1 i t u n e n o . l O n e  m i i i  i a l  r , - t u r n n

u n  i i , , -  im j n u i ; n m -  n , - , , ; - , : n i , -  i s  a t ‘ h i ; o e n n s i 5 - f u n , ; - L  , o , n n f r o m  t i n - : u n - m r  i - l : ;n _ - of 1 -n e

, - n r  I o- ,- - i f  t ine cvlioi , Ir- r . ~i- n<t , nt t 1 ,  ~~— .3  a v ery  small  ‘ m imi - O w ; s n ” t

i ; n , t i s i n n n ; n n r c t  ion O i l  ‘ - . m u  - I n  mn ;,  t i n ; :  f o r  i c ii ;  of t mn o - n m o ’ a r  1,1, , - of CIse cy l m n i - b s - u .

An innrj: 5 i 1 : ; - i i i -  t o n t i u n -  ns - cnr  f i n  i - - i ~~e is oh:- ; u v ; - - l  a t  t / a  = 0 n o i l o r w o - ; i  l~ / .n t

h i s - n - b — I ; i u n s t  ion I n o,:, the  f a r  i ~b oj~ - of ti -ne cy l m i - b e-,’ at t,’a + . 3 . ‘ l I m o ;  n m i : - i ; c r t  n v ;

m : : i - a m o n c  ~t t / a  = A u ; d~nc to tIne fa r  lin cd-b,:. Tine c r o o n i n g  wave at  t i a  — 5.0

con :  in s  s- - n,. 5 - - i n n  i - n - n i  i o n - i - I n n , ; f r - - t u c n n n : - -; r ; o : o f - ’ ’ u , : - ;; ’ is n i ~~~ ’ t n ’’ i t  i n - n  1 C f .  2 ( 1 ; .

-‘s i 5 1 f l~~ tine two i ; ;o~ i l ; - o - o ;  in  t ; e  i t n O i m n n l : ; ; - r e ;~ - m i n n s e  i n t e rf o ;r ’ -  w it )  m n a c , i n t l - - u  t --

i ;iv e  m n :  o s cu l l a t i ng  ii- e - o o : s n n o - y  - -0 1 a nn  at  ti -re h e c n n , c r  I O ; -~ j; - o n n Oes . The t

n i-; n f s- — (;; nn co ion our I ~~,
- cri ;- n ’ p n r n - ;  s- von c a t n n n , ; - - i~~st ’ r t  i - i n n  ‘1  - - f a t ~‘-u l i u t : , n  , —

-- ‘n one tie a v~’n ’. r - ;ul~nr m e ; e n  I 1 n t  ion i n  tIre fn uency us-:) - a n i s e .

l-’ i o ; .  21 l i s p in i : : :  t ine TE innnpe r l ; o -  u n - o f  ‘ in n -- - ann I lie ~‘i ’ - n : , u i - n n ~ )O1rS( of

a I e ; , n r e S  c v l i n~in :r f r r  ci 150
0 

ang le of ;n c i - i , - n i c i - . ‘l i n e  i n i t i a l  a it  r b  C ; n lo n

r - 5o -on r one  at  t,-’o ~~~~~~~ is a t - 
~‘: n e n u d o — o : m n n e - t i ’ s m n  f r - ,uis t I r e u n s - m r o- -S - -~ o -  of t i n e  n i ’ - ~~r

fj c e  of t i n o ’ e:’ lin: ,i- : . TInii is f o i l s - w i n -S it  t : o  — 2 . 5  ip. - ~n “ i - n - - O - ~- o r A ”  t -- 

a os—fc uo n c t t o n i  (ron :u t in e  f a r  - - I q s -  of t i n s ;  m o - a r  Icr ::;- of t i n e  cy l u n - I c r .  A C

- mm = 0 tim - i i;nu -eui ::o - rni - n i u - ( f a t i v c ’  sto)  fro uni  t I n , :  n n o - a !  m m ;  edge occur ;;. fI t l y —

ing t ; ,i s  ,r t  t/a  2 . 5  ci ~ : ‘ : -, - ; n -  l ; o - - f u n nc tj o n  o i ’ n ; i n r  - ; Io n - - io L f i n -  ~i- f ’  of

t i n e  f a r  cvi m l) ’ - n o  l i c~- . Tin s m o  f o l lowed  1-; ci on -i :nil osi Live mn - ; 1 mm) one ,nt

t/a  = i - I  b r s r n n  t I n ;  : as  f i n  i s I S .  F in n a l l y ,  ti,nm- c r ; - ; f - - en g  n - ma y , - e a n  be —no -en i t

t/a 5. 8 in t i n e  e m j i i  I se r i - n o :  - an s i - n  . The corneon : - o n u S  i n ; - ;  t n ,  mu ;, - -: ro- sjsonrnn e siuo n -:r ~

i n  Ii;; . 2 1 0  oga in nj - roa s : i e - : n  a c o n n n t  , n u r t  v a l u e  it  h i g h  i n -  o n- - ’- , a o~~, .  TIno - n j-—

~‘1 tong in thi to st r i c t n r c  is -Sue to L ; n o ’ en t ~ - o f e r e u m - ;  — - b it - t ~ ni t he  impulse , t~~ne

t - ; o i ’ n u d m i —  I nt - n s n n ; o  , , l ; n  1 t i t ’ er o : i . } ’  n i g wave .

F l  i .  22 ‘ I n  : i b i t , n i o ;  t i  ‘1 11 i ni :-uiie m n -n ; - s i n r ;~~ ann I n  i - - n o o n - i n c - n  n m - ; i - o n i i i -

o f ci f i n n ed cy li n i -- n o  for n lR ri ° o n n oj i’ of i n s t  - - u n , - ’ ’ . ‘ O n , ’ b u l l ’  1 , i t r n ~ i m pu lsc

t i n t  c i ; - :  - ,~or a t  the ~1 s m b  in’; o:i 1-; , s , :  I i n i ~ i i - - n ’ - ,  m u m  ‘ ‘  m n - i -  - - n - - I a t ime ::n i - : m n  I a n  i n - i

to - t m -  c - - t a r n ; ;  Iron Li ’ ’ I n - - m i t  l a i n -  i r l  t I n , , -  c i i  in ;i i - n  . ‘1 , - im~ - r n l : ; o ’ aund ir e n i t  iv,-

1 ; : ’  at  t , 0 ci u n - s i r , ’  I L - - u - I  n n n n u  l F i i m ; r  ° f ,  i n n ’ -  - n j  f i n  n - I n , - . ‘F i r , - n ‘ t m n n ; n

Ii’s to the ( ;n r b u n s  o’ d -  o’ a u - b  f o r  n - t i  i n n l i : r  i n - o s - a n  on at  I a -l , nn , - i I m u ra l lv t ;n -
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(a) Impulse Response
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(hi Freque nmn y Response

FIG. 20 TE response of finned cylinder with radius a for 120 ang le
of incidence
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(a) Impulse Response
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(h I Frequ ency Res ponse

FIG. 21 TE response of finned cy linder with radius i for 150° ang Ie

of incidence .
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FIG. 22 TE response of finned cy linder with radius a for 180° ang le
of incidence,
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creeping wave can be ;;nm-e n at t/a 6. The corresponding f r egu e n c y  r e ’n so n i se  is

displayed i i i  Fig .  22b.  This f requency  respon:-;e increases linearly with in—

c n n - a s  In ; ;  f r e q u e n c y . E-’u r t h er m or e , i t  osc i l l a tes  about t in i s  l i n e a r ly L n n ’ :r ; - i i r n i n y
-~~

v.nlutn due to tire irrtertcrence between the two impulses , t i e  double t , t b o m  t

, o - u m b u fu n c t  LOfls , and the creeping W ,nv o:
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1 0  ~l 1 4

T h y ; : On 0P A I N  IN V EROOi - :  sLA’l’Tl-:RINU — A X I A L  I N C I I u J O ( ) E

‘I’htn i n u v o - r o o t -  ; :, , n t  L i  r i ng  i — r a i n I e r ;  o - o n m n ; n  :n t s  of d o - t i - m m ’ o m n i n y  the  otr - a ;—

t u n - -  n i t  i n n  unknown it t s r i - n o  ‘i l y o n ,  i n f o r m a t i o n  about  a f ie ld  mn c i d s _ i r t  u~ ‘ i n n

t i ,, scott- n~~-r .nn , , b t i n e  n o - : ; j - a z u : ; n -  of t u n e  ; o - , i L L e r o - r  to ti -nat I o i l .  No n t  of t ine

,t t  t i -Oi f  I s  m t  m-r o l v t n q  Lin e  i n n v ; ; n : ; o - o n e a t t ~r : r i n n ’ ;  b u n i b l e m  have ( ‘ e m - n o  o m a m  r i n d o u t  n u n

In’ t r - - ; - i ’ - u i c ’ ’  is  -ni i , n i ii . ‘I’in e i nh e r e n t  a d v a n t a ge s  of n -mj-I oyinr g time- ’ I ;in o , ; i n  te- r~ I n —

n l - n n i ’ - :  ~n - c - a r  C c i  brave  been b i r ; n t  do cu n oui ’ n n t ~ -d On ’ . - K c - u i n n a u m ; h  and C o n ; - i r i f f  f i l l .

‘(‘j u l  s :n ’i ; s ’ i - , l  I l i n t  i f  j - I i y - n i c a l  optic;; c u r m o - u n t : ;  w o - r o -  - o : ;tu l at e d  s u n t ° ’ -  srI.,-:--

of t i n  - - e . n t  t e t i  n , Linen t i -n ey produced an c i n ’ ~’r ox mn n at e  imp u l :  ‘ - rc-: ;~ - o n i : ; i m  t h a t  was

tmi : ’ i - i ’ ,’ t i nt : : e - r i n n s i  ; f e n i Vat i v e  of t in e  p ro jec ted  area f u n c t i o n  of the s - n t  t ;em s r .

f l a ny  i i  - ;;, - 0nrclsers In ~n v o - developed caim lorOac hena [12 ,13 n to t ir e  i n ; 0 ’e r : e -

- - c s n t L i ’ m i u i , n  :- n , i l ’i em t - n a t  have  been -n b a s e- i  on o - x t n - u r : n i o n n s  :1 t b r i s  r e s u l t .  An—

O IL se ’ a l l  t o o c o m  h i , i  no ’) on polar i za t ion  in  fo rnnat  ion in C j S :  i nn uj i u in n ; :  r o - - n o  o ‘nn ; -s;- has

al - n; , b;- , ’n n  i b i ’ V r ’ J; 1; ’ c~ [14 ,..1 - )  . These approacines m aya re~ u’ o s b ;m e , ’S the n - n i n t t ’ - r ’ r

s f ; ’( )metry  ncr  tin v a ry i ng  - l c ; s i m i ’ o ’n : at  success .  Tinis would be i x  s-o- t;-ob on) n i c i -  tOn i -

r t ’l c n t  ion le ’t ’~~- c - u n  the m u g - r u se response m u s t  t i n e  two mier  i vative:n of tI~~- au ’ o n

( m i m i c - I L  f i n ~ is e xac t  onl y at t i m , - i e . m - I i u o ;  edge of t i n s  n i - a t t e i  on) I i t ’ l l n - , - - ; o n ,  - ,

a . ; i n r c;1 ; po in t  i n  t ic , - . A I t i - n o  the  lc ,n ;i in cn  ed- n o ; , the no ’; , ;  - i n n : ’ -  i s  a l t  o C L ’ I  I - ;

- : o ; n m o - n n t s  a r r i v i ng  Iron o t i n o ’r :;b :ace in o i n t : . Tlnoi’n n fore , t I m ’ -  o n i m y u i - -al ~; t :

- - - I - i t  i o n  i ron  : t  1-, ’ “ cr r n - -e t , - - l ”  i s ’: t In e: ;o:  c u r ,  i - t o t s  l l o w r n u o n  on 1 1 ; ,  i r e  I’ :.  i ’e r  a

c;tt’ s-n obj-  - - I  , u t  1 ‘n e  i n c r ; i ’ - n n t  - m i  500 wi -uth L: si-no r I - - i i o ’ n f m n n ’ c i b  t - On’ i n ’ : - u

( f O n t ;  on I i ecn l l i m i t )  t hen t i r e  i i , n u i ’ c t i o n  - o i r n ~~- n t s  w i l l  h ay -  - n  m u l l  , I t c t ,

u n ,  l a: t i - a l  r i ’ , - cain i i -  - l o m o e i i  in o n u s — t n— i n n -  - ‘ ‘ n o r ; - . - ‘ ‘ n o  i -  5;,- ‘ i i  1.1; n -  - i n - n t  a n n

t i ;’~ I x i o b , ’ . o n ,  L i -  ‘th or  I n o n i s f , i f  I n ; -  n h , -  if  t o ’ -  Onco I - , i - . canno n i n , n b o l e  ¶ s ~ - n

f i 1 ;o ; w n s b t I ; ,  th in I L - ,,- “ - - ‘ o r ,  -lion ” t i - r n - -, : ,  oat ’ - - a t : m ’ u - ~ i - I t t - c t  - o n ,  I n o h ’ ~ t n - n t

a n t - I  i n , - . - i - h i u s u c - n i  ‘ ‘ n - i  u r n ;  o ; o l n t n  n o n n  1:5 o l n - n u ~~ In - - u . in 1 o , ’  , - .~ o-  0 ’ r : , m  I n n ’ ~ c I ; n ’ s ~ ,

m i n t  can t m - m ; t i ’ m n ;  I~ m i n t ;  , i , , n n j n n , n t i  the  n o ’ -  - ‘ n i t  . i n I t n t ’ J i f n i ’ o ; n - n l  e~; I  - i - n-c u r n i n t  n o o n

n - n-  - - n n n  j i m - i l  t o n s .

in i n s  . i n i ’:, t i n s  n i . -’’ i S o  : n c ’dt  t - n u n  n i - - ( - 1 , -i ’ - li-u t o - u , - : ; )  . 1;  0 - m

i n  i :  - no - n ’ n a I t i n ’  - - - - n - m ’ — 11;” - u n n  t’q r n 1  i -  : ‘m i t  i s  ‘ m a  . 1’ ; in - n o  i - - i i  I I - ’ t n n i  i n ;  i n

l o I n  

——— .~~— -  —---
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the respoxnse of the scatterer incorporates both the effects of the incident

field directly arid tIre:;,.- due to tine correction currents flowing on the body

and was first suggested in 1974 [5] . By using a complete description of the

surface current iinteractions , this formulation should yield a very close

approximation to tInt’ target ; o ’ ; o r m o m t r y .

4 .1  DERIVATION OF I-t~ 1’A’r1 -  ‘N :

In order to d er i v e  t ;noos i n r v c - r s i -L o n  procedure , it is necessary to

first examine the sbir,:ct solution of the scattering problem . The direct

; -r o b l c o n r  consists at - I i ’t e rmnn i .n ing  the scattered field given a description of

the ir a ; :ident  f iel d  and t I n’ scatterer geometry . This problem is solved by

f i r s t  comm u t i n g the currents flowing on the scatterer sur face .  From these

cur r en t s  the ;nc~~t t e n i - .i field can be calculated directly.

Tire expression for the surface currents is derived from an expres-

sion for the total field at an arbitrary point in space (see Sec. 2.2.1).

This arbitrary point is specialized to a point on the scatterer surface and

tin e ap~ -ro~;r iate  boundary condit ions are applied . This y ields an-n equation

for the surface current J at point r on the scatterer surface and time t as

-
~~~~~~ -*i --3~ ~ 

-
~

J(r ,t) = 2~ x H (r , t )  + 3
c~~

’ lt) (24 )

1 - 
1 1 ~~ ~~~~ ‘ -. -~ -

J (r,t) — a x - — -I- — — 3(r ,T) x a dS
c 2u •, ~ R

2 R 3 1  R

S
I — t - R

-~
H (r,t) = incident  magnetic f ie ld

= unit vector normal to surface
n

r = position vector to observation point

-~ - -r = position vector to integration point
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R L~~~~~~~
)

= 
u _ _ _~_ _ u _

t t u n ’ s -  n i - n  l u - ; l l — n o n - - I - n-

Ti-ne lin t t o - n i : i  on t ire r n c j i n t  — l i i i , )  m ; n ~~i, ’ o h  b .~~. ( 9-I ) n’ n .s t’ I - - c - , n i ; n o - I e l e’l

t i n, - source term and r n-j-r , ? :ni - nm t s fl.  d i n t - e l  i , n f l o u ’ - u i n ’ e of the i n c - t i n ;  n t  l i i i) On

tine cumn ,-nit at tine n Oi , ;, ‘ n v , n t i m n i o  } o u m n n t  (r ,t) . M o n o - o v e r , th is fe -r n , Si , ; : ’ , —

i’lied to the i l l u n n i m o n n t ; n ’ si ~~~i d n -  i i i  t i n t -  s.:;nt 1 , - r i - n o , ‘,‘iei i~ t hs o - fam iliar n;i i’, -,ical

optics an -~-t’ox i rnOt  ion f r o m - IL In ’ - - ‘it n o ’ s ’  cur no- -n i t . Tire second t - -m m r . n r  t i  r i g h t —

han -nd ;nioi e of Eq. (24) r;-} - n  n ’ n n ; - n n t  : n n ;  m l  1 u n - i - mr - i - of cur u o mits at on sr mum - f oci-

p o inn t s  on t i n ; ’ c u rn s ’n t  at (r , t )  . It  is i mp or t a n t  to r , t o — t i u , L n t  t i m e  i n f l a o - nce

of the cu r r e n t  at o ther  p o int  - n  on t in ; -  sun Ii:,’ on t i -ne e o u r r ; - n n t  a t  ( n  , t )  is

;islayed in t hi r e by R , t i e  d i ; n t ;n n c e  b n ’ I L w i : i ’n L i e  two p o i n u t s .  Ti-n i t-u a l lows t-Lj .

(24 )  to be soly;-) h’~- a “ marc h ing onr inn  L u  ins “ n roc-e l u r r -  r a t he r t b n c n n nn -c ’n ss i—

t at in n g  m a t r i x  invers ion .

( i n - ,so t ine  o o ur f a e n ; ’  currents i-nave bis on d - ’t c r m imr a ;b  t ine f a r  scat t i - r ed

fitnld e’ O n n  be caleui.nt-.- .i from ti m -in using

0 0 - . I ~~ o~ 
—~~ ~~~. ‘ —

II (r,t) 
~

- —-- -, - - J(r , i)  x nn 01i - t ( 9 9 )

I = t - R

- -n
_
n ’

no — I i : n t , n n m o : c ’  to t I m e  f , n n - — ( i i - l - J  o i l o : n - ’ n o v o ’r
0

a ur n ; t vecl - 0 ‘ no on s t i n ’  o n ;  L e - ; n ’ .n t j o ur ~~~~ m t  t s o
r - -t ins ’  f a r — I  n o - I d  io is ,i ’ i ’ .’i- r .

L f  t ine - i n f~n~~n ’  c u r t’  n i t  ‘ ‘x i  n ’ - s o ; i m ’ n n  i~n 19; . ( 9 - 1 )  i n ;  o ; m n b n - n t  i I L o m L o - - l  i n n 19j . ~ ,I ’~~)

nt ; l i  t i , -  - ro:- s i l t  i
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-

r b i  (r ,t) = 
~~~~~ 

~~- - 

,
~ 2a x H (r’ ,I) x a

~ 
dS

1 t - R

1 ~ “

+ — — J (r ,T)  x ~ dS ’ ( 2 6 )
411 aT - - c r

T t - R

If the incident field is an impulse , then the first term in Eq. (26) is sim-

ply the term that has been recognized previously [111 to be proportional to

the second derivative of the area function . Assuming the incident wave is an

electromagnetic impulse , then Eq. (26) becomes

s 1 D - -÷ -
~~~~r H

1
(r,t) = 

-‘ 2 
a
H 

+ —
~
—

~~~~
-- J (r  ,T) x a dS (27)

s-n t

T t - R

where

÷
r H

1
(r,t) = the impulse response of the target

S( t  ) = the s i lhouet te  area of the scatterer as
delineated by the incident impulse assumed
moving over the scatterer at one ha l f  the
free—space velocity

r = distance of far-field observer from the origin
0

t = t + r
S 0

-~ i~~~

i

a
H T~

’i

J = J that resu l t s  from ann in c i s l o - nu t impu Lse.
CI C

This equation may be simplified Ii’ ’ i n n t o - ’b r ; r t  ~~is; t w i n e  to ob tain
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r I i ” ( t )  = On ( t  ) - ,  + ~~~ 1 ( m ~~~, [)  X s-s ii ,:. ( 2 d bo -n 211 !l 471 - + 1  -

-f = t — ~~

on’i~- ru-

r 1 ’ = tie ramp n o o s u ’ o n : n o - of ti,; t a r get
o 0-t -

j  = J that r e s u l t :;  f i r s~~ an in c i d e n t  i n n ; , ;  w av e f o r m .
c l-I C -

Thus ,  hr d i r e c t  cons ide r a t i on  of the  sp a c ;— t :im n s  i n n t e q ra l  c :Iu u n t i o r r  t i n e  ex i ct

r e l a t i o n s h i p  between the  ta rge t  response ar-nd t h n e  t a rge t  geome t ry  has bee-n

ob ta ined . In ;-ar t i c ula r , Eq. ( 2 8 )  g ives  the t a r - l i t ramp re:.suns;- in ten. . .  -

of both the t a r g e t  area f u n c t i o ns  and ti-ne c o n t r i b u t i o n  due to t be “ con  rc ’ction

currents ,” s-I . Moreover , i t  is impor tan t  to n-r ote that the correct i o n  c u r —
C

rents as given in Eq.  ( 2 4 )  are t ime—re ta rded  f u n c tI o n s  of cu r ren ts  at o ther

space points, and thus will be zero at the leading edge of t i , :  i n c i d e n t  n- - n t ’ s -

f r o n t  as it travels ai~ross the t a rge t .  It  is this  featin r c- , e x c l u s i ve  to t h u

t i ne  domain formulat ion , that  allows tire determinat ion of t h e  t a r q n -t  geonsety .’

f rom i ts  ramp (or e -4u i val en tl y,  impulse)  r e o o fo n s e .

4 . 2  NUMERICAL SOLUTION

In order to t 0 - . :t t he  e f f e c t i v e n e s s  of t h i s  o~ n - r o a c h , th o u- t i - e l m n n o u  
~-s

was a:o ~ lied to the class of rotation .ill’i n: ,’tonmm:tric o:cattno :; rs. Time n i t . —

t~~o u n , n a l 1 ’,’ nn v m n et r i c  s c at t o ;r in i4  ; - n i , b o i i - r r  i n :  00 :1 i ct eo i  in F ig .  23 .  For t i i  n-u case

C i ” -  s ca t t e rer  i s  symmetr ic  about the z—a n ~is , t i c  m u n e i c l o - m o t  f ie l d  r a  a x i a l l y

inc i o l e n ’i L ,  an ,ol the far field is comput- ’ i in t I n e  backoscattn - ,  di n o t  ion . ‘t b;-

- ‘ r m r t ’ r u r  of -s n o n n t a t i e n s 0 i l l y  - ; - . - m - r n o o s ’ L r :  c objec f  can -n be cano n: I s - t i - I ’ ;  - I i - , .. - n o  i i ’ s - i 1 - - ’

the radius vector p w h i c ir  vanion’ as a function of on , au ~~b I t : .  h ’ r o ] e c t  ~ - i , r no ’ - - n

f u n c t i o ; m  can be exj-re’:;sed sin: -ly as

s = ~ n -~~ (on , t )

-

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~, -,-~~ . -

.~~~~~~-~~~~~- —-  
, ——
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FIG. 23 Geometry of rotationa lly symmetr ic scatte ring problem.
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S u bst i t u t i n g  t h i s  p ro jectend  c n r o - a  f u n c t i o n  in i t o  E q .  (2 8)  a n n - i  rs . n x —

no o n nuin n o ; terms y ie lds  ti ,, inversion n o ; u ~~~;j t  n o r m  f o r  L h ; n :  r o t s -n t i o r r a l  lv :-;ynnon -oo :ILric

Ls - l n , C

s- . - -÷ I 1 - 
~ 

- ‘- -p ( z ,t )  = 2r II (r , t )  — --— — .7 ( r , ’r) x a dS - ( 2 9 )
o R 2 10 IT c-H no

T = t - P

This  on~~n i a t i o n ;  g ives p ( z , t)  in to ,n nn r ; ;  of the target  ramp r e- o ; 1oo nn , i - , w b i c n l ;  is

knro wnr , and in tern:,:: of the correct ion cu r r en t s  at e a r l i e r  t imes , W I,lelo I n i v e

o n i t l n o r  been p r e v i o usly  computed or are known to be z o - r o .

To so1ve th is  equat ion a t c c h n m n n o ~ u in  was ;ieveloped under  a r s -v i ° i ; s

n - c o o n r a r n  [5 ]  wh ich  i terated on es t imates  of the c in t i r e  t a r g e t  qeomet i- : . For

this program it was proposed to improve this tecirni que u s ing  a d i r e c t  t i o o e

domain approacir . In this approach tine t a rge t  geomet ry  is genera ted  ;:L - o : m e n i -

tially in time as the incident field moves across the target. Geometry

values  are de termined from the incident field , previously computed cJc-com;- tn:

values , and correction currents set up on the structure as a result of sur—

f a c e  current intenoaction.

A flow char t  of Cl,;: direct solution procedure rs snnown in F i n . 24.

Tin; s~i ’ner.;nl a n  ~‘r o s c l n  is to step along tine target contour inn e- 4u allv— o;n-a ci-sl

interval :n. Ti-ne value of ,- (z,t) is comnuted at the ri nn n t -r ‘ o f  eec-In i n n t e r v a l  

tint : a t  wh i c h  t i n e -  i n i t i a l  r e t u r n - n  I ran I_ i - os _ u t  cu r t  rn - . r c - I ; ,  . : t no - - - far

f ic  i i  oin, ;erver .  Tin s i n - n n m r s - . : t i-nat tine c o r r e c t i o n  c u r m ’e n t n  at that tin s - ar e

s-n f n m ; ; o : t  ‘ : m n n  onl y of c ur r e n t s  f l o r i - : m n u - n  on t i -ne  h~~~m ’t ion of t i n e  t a r  m , ’t ;,‘ l n ooo;;- c ’snr — 
—

tou ’ is alr e r;l’: known .

Tine sol~~~ m o - n n s  ! ‘r e c o : ’ I u n e  I ) e m m r n m o n  w i t h - n  an  , - - : t r u : o , , t ,  ( i t  .~~(i , t )  ‘ o r I n .

n ir s’ i n t e m  ~‘.n-m l a lonu t is-  t~n r ’ ,n e t  c o n t o m u n  . Tine - i I  i - n ’ s - n t  of t i n s  i n ’ t  ‘ - n o v o l  n =

, O l i t s - n i n Y ( I  ii ’, ’ , n n ’n : ; m n n n j n- i t i m ’ -  t , n u  g r I t 15 l oc a l lY ,’ o l ’ h e r n i . n I  a t  I l o i s , - , - . l a r  ~
- ‘ ‘~~ t n t .

The v a l ’r n -  o f ) ( z , t )  i t  t I , ,  co - m t - i  of i n n - - n n t ’ ’no ’. m , l i s  - ‘ -n - - n o ‘ u t - - h  ‘ n o r :  I I : . ( 9 - ’ )

by i’s n i i  t n ; t i -ne or i i i  m n : t  ; n n l  i 3 l v i n q  

~~ , t I



~

- -

CALCULATE ~~ E S T I M A T E  OF
pIz , t )FROM PHYSICAL OPTICS

STRUCTURE GEOMET RY FOR p(z 1 t)

ESTIMATE LOCATION OF CENTER
OF NEXT INTERVAL , z ,,~

COMPUTE CORRECTION CURRENTS
AT CORRESPONDING FAR FIELD TIME

COMPUTE p I~n +i t I USING r 0H~ (r , tl
AND CORRECT ION CURRENTS

LE _ _ _

IMPROVE EST IMATE OF LOCATION OF z,~~

RECOMPUT E CORRECT ION CURRENTS

R n cAI c InLATE , ‘ ( z ~~~~ )

NO 
IS , i z , 1 t) ’ 0? 

—

YES

STOP

FIG. 24 Direct time domain solutio n procedure.
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From t n m i  s coot u m , n t e , t i n e  geomet ry  p a r a m e t e r s  n e c m - : n : n ,  r oy for t i m e  c a l c u l a t i o n  of

t i n s  c m m r r o ’ c - C i o n  c u r r e n n t n - m a re  s t r u c t u r e d .  T i n i s  is accompl isio~.- s-l b c o i n  n t r u c t u  ni- s

a band arouxr ;i  the tarq;-t  wi-nose w i d t h  is equal to tha t  of the  c o nr t o u r  in ter -

va l .  The band is then  d i v i ded  in to  patches of equal a rea .  Tine l o c a t i n , u n  of

t 5i ’n i t i 5 ~ c f  the band on . ,  t he  corresponding r ad ius  vector ~o ( z . ,  t )  , and the

:on:o} - n ) n n e i r t s  of t i -ne un i t  normal  at p ( z . , t )  are  also n n u - c - e : :;ar- 1’ input; , .
I

Once t ine  ;Jeonnc ’try of the f i r n n t  band has been st r u c t u r n  - ‘ 1 , then an

e s t i m a t e  is made of the  location of the center  of the n n e x t  band . This  is

obtained by p r o j e c t i n g  the  u n i t  normal at p ( z
1

, t)  fo rward  f rom p ( z
1

, t )  fo r

onre i n t e rva l  l eng th  and then f i n d i n g  the z
2 

corres~n on dinq  to t u e  end of the

interval. In order to compute the value of p at z
2
, it is necessary to cons -

~-ut ’~ ti-ne correction currenrts at ti-ne time t
2 

at which  t i re  i n c i den t  f i e l d

reaches z 2 . Tin s computation is done by an improved vers ion of the program

ROTSY which-n solves the direct scattering problem for rotationally symmetric

targets. The details of this computation are described in Appendix 8.1.

Tire radius vector p (z
2 1 t) is then computed from Eq. (29) using the correction

currents at t
2 
and the value of the far scattered field t the t ime  t ,~ at

which the initial return from z
2 
reaches the far field observer.

Tire accuracy of tire results obtained from tine ROTSY program is

improved if the target is divided into al ’l’c-oxinatc-ly equal bands. In order

to insure this for the inversion solution , a second estimate is made of the

locat ion of t i re  band center , z .  This estimate is obtained b’. constructing

the barn ’ ) a long  the l i n e  b e t wee n  fl(z
1
,t) and the f n n : t  n : n - n t l m a t - ’  of ~~(z  ,t )

.-‘On c t i n , t i-n e correct ion c u rr e n t n r  are  computed fo r  t b -  second e s t i m a t e  of z
2

and p ( z
2

1t )  i s  r e c a l cu l a t ed  f r o m  Eq.  ( 2 9 ) .

F -r e - l i  v a l n u n ’  of ~~0 (z . , t )  is t O n - n t -si to det,’rmr in , - n f it n o ’ n ro’- - l , l t j V e

I f  it  i s ,  then -n  the  i n v e r s i o n  procedure  t e r m i n a l ’ ’ : ; . I f i t  is net , then  t in,-

I n - O n s e t  n :  ‘ - s l a m ’s ’ t i - r a  i an ’ h i , i n n - i  i ir e  . ‘m .m n’ ; m t r’rl arìui the t n u - :tn u ’ m g  of band

i ~ 1 h s ’ - ni n m n . In this n sn n numn- no , the  i n v ’ - r s i o n n  t i - -- - h n u - n m u - - - n o - n ; ’ r . i t ’ - - - t i n , ’ t . , n , : - - n

- - ‘ -c i  - C no - .- on -  - )m rem C n i l  lv in C mc ’ - .

L - ‘  -- ~~~~~~~~ .
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4.3 RESULTS

In order  to t e n t t h u s  d ir e c t  so lu t ion  l o r o c e r I n u r c  dn , - o n -n n  ibed in L i i ; ’

~ ;:~~i O U ;n  ~ u - C t i a f l , a e n o u n n j n u t i ’ r  i - r i ’ -  raw IhVFRD was so it Li u n  to r im. ) lement  C

n e c ; -d u mr e .  This -no ’s~ rain w ,r s n - i n ; - : ; )  to compute  Li i i -  c o n u t r o s - o r n .  O C t I n - f o u r  n o t  a—

t ionall y symmetric  ob~~;-c- t o o  shmr ~~ nn i n n  F ig .  25 :

(IL ) A n-n~n lm ; :re

(2) T~ cy l inder  w i t i m  t ;~~o : : j - l n r - O o -  c~ .n j o r

(3) A cylinrder vi tin a flat I t u n i C  end and a n-;jsl;c’rc-—capjied
back end

( 4 )  A cy linder Si t  i n  a - b i o : r e— c , n ~ - n i- ni front :rrd and a flat
hack enrd .

For ti-ne four  o b j e c ts,  the r a l  iou : ;  o f t h ; . ’ .
~ 

- u n - n c-al cn e q u f l e n n t S  u -Jo ; 0 . 5  mets _ o s .

TIne radius of the cyi in i du ’ r lni o . i y W dn S a lso 0 .5  n o m e t c r n n  and i ts  l eng th  was 1

m ec er .  In all cases t i n e  m c i - b u t  f i e ld  n- ;an -; axially in c ident  and ti -ne f a r

field was calculatm- -i tmr ti-ne b,nckccatten r s ij r ; : c t i O n r . Ti-ne ’ ran)  r e : ;J ’on :n cn s of

the four  object ;r are ;li ’p i c t i - s-i in Fig . 26. Sl u i c e  t h c - o ~e ‘ o s - nn im o ’ f o u r  o bj ; c t o .

were also ‘aced to t i - n o t  t in , :  i t i r a t  iv’- - s o lu t ion  t e c i m n u i que which sos ~--r e v i ou s l y

dove loped [51 , va l id  com s) ’ . n n  i : ; ; i ln n can i i , ’  made I io - tW ; en t i r e  two a) ’)  r oac lu es .

The implementation of t i -i s d i rect  so lu t ion  procedure gave , in gen-

eral ,  very good resul t; ;.  For all  four  t a rget s  the coirtours were re~ -ro .nlu ce0

with a higin level of acctnracv . The oni-,’ dfn-snuin :jnancies tended to occur at-i tim - -

bac k of t i re  t a rge t s  where t i re  tor i -n t  size was slightly overestimated . Per—

: ,o-n ’t’tiVol [-Lot -: were made of t in e  actual t a r n j c -t c -n s n l t o u o : n  and tIm e a i - J - o o x i r n a t l e m i : n

to the contours using both tin e direct and i tn - ra t  ISo ’ proc s- i r . u n o . - -n . Tire coordi—

n a t o -  a o n i s  and the view angle for t i m e  p lots is : ‘ b r o s n ’rr i n  Fi g .  27 .

The n - ’ : ; n u  I Cs o u s t  - r i n n ’  0 for t i n s -  f a n - n i  t a rg et s  .1110 - shown in - n Figs. 25 —

31. . For Cia ; ca ;r e  at t ine  o:n i ’}n sre (Fi  j. 28) , t h u s :  i- o ’: n u l t n n  a re  v~-n’ y . l o : . i ’ t - )  the

, no t n m s - n l c n a r n t n n n i r .  Tine front of t in - ’ ;n~ -hn ’m : n is r , - : - m s i o i o n c i - oi - - o - u n c t l ’ ;  n u n - i  t h n , ’ r , ’ r s

‘mn ly a ns l i  n 1 ;t  out ’ s  r i - n .  t u ncu t j o i n  of ‘ i-ne lo. n ’ L. i ’ a r  tine c’,’ l i n - i n ’c w n th tv - o h u n - n  -

CJ~~of ~ (Fig. 29) , a g a i n  t h u - m n ’  u n - u  t I ~n r ~ i ’X , ’ t  r i - p n i s i o n - t  m an S a t  I i n :  f r u i t  :1- 1, -n

e.n~- end t i n ’  - ‘ s i n ‘ h o t  I y i -nn). - n no s j~”l k i t  nn l u - ’ n  i -  - - n . ‘ T i m ; -  c’vl i n m . ) ’  u so u - h e  r s  c o - t i —
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INc h DENT WA V E I

o ) OBJECT I

INCIDENT WAVE
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0,5m h O r n  05m

b)OBJECT 2

INCIDENT WAVE
- _-_-. .—-

l O r n  05 m

c ) OBJ ECT 3

I ’ ii IOENT WAVE /____ ——___
- - ~~~~~~ - -----— - _ __ - -_- -

O~~m I h O r n

t- I OB JEC T 4

FIG. 25 Geometry of objects used for  test of inversion procedure.
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FIG. 27 Coordinate axes and view ang le for perspective p lots.
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S
Iterative Solut ion

Ih I Direc t Solu tion

( u . i  Act ual Cofltouit

FIG. 28 Contour est i i l n ,i l l ’ iu ~or a sphere

68



~~~~~~~~~~~~~~~~~1
(a) Iter ative So luti o n

( b) Direct Solution

Ic> Ac t u al Contour

FIG. 29 Contou r est imates for ,n cylinder with two sphere caps.
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a) Iterat ive Solution

Ib) Direct Soluti on

Ic > Actu al Cont our

FIG, 30 Contour estimates for a cylinder with a f lat front end and
a sp here capped (nit -k end -
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(a> Iterat ive Solution

hI Direct Solution

n -b Act iiai Cont o ur

FI G. 31 Contour esti mates for cylinder with a sphere- capped
fron t end and a flat back end.
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mated quite accurately and is also somewhat nc’ s oot I L- i L h u , n n ,  u tt  i n ; n . n t ; o  obtained

using the iterative procedure .

Fig. 30 shows the results for tire cylind~-r with t h n e  f l a t  f r o n t  end

and the sphere-capped back end . This estimate also very closely approximates

the target geometry . Tire flat front end is accurately recovered and there is

again less oscillation along the cylinder sides than for ti-ne iterative re-

sults. As with the previous targets , there is the overestimation of the back

sphere cap. It should be pointed out that for this target , it was deter-

mined from the initial p(z,t) estimate that the front end of the target was

flat and the geometry parameters were structured accordingly.

The results for the cylinder with the sphere—cap front and flat

end back (Fig. 31) were not as accurate as for the other targets. This was

expected , however , because of the difficulty in obtaining the num erical
accuracy in the correction current computation necessary to exactly cancel

the tail of the ramp response. Nonetheless , the direct approach did give

a fairly close approximation to the flat back. It also very accurately re-

produced the sphere-capped front and cylinder sides.

In comparing the direct solution to the iterative solution , the

results indicate ti-nat tine direct approach gives a better estimate for some

cases while the iterative approach is better for others. Tine iterative solu-

tion is more accurate in reproducing the back sphere cap while the direct so-

lution tends to approximate the cylinder sides more effectively and in gen-

eral , give smoother target contours. The direct solution does, inowever ,

have one very important advantage . Ti-ne solution technique allows for a sub-

stantial decrease in run-n time . The run time using ti-ne direct approacir is

cut by a f,t;:tao equivalent to the number of iterations necessary f a r  coin-

“ ‘~- -u ’- cn ” - -  in i h o n :  it sr ’s t l’s ’ c  t ’c l s n iq u e . This  a’ van st ass  ~ comoinr eol  w i t h  tire

rather marginal differences inn the ue-::ul,ts ;oi,tained , nnna k es  the d na oct tech—

n i o n u s  .i more favorable approach.
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- h O -  NA I N I NVI }— . - C C - A T  IN-I  I N - ; — 0 )~~J , 1  ,Sii -: IN C  I h o )  9 - F

tn  t o n i , ;  n n e c n -  lo in  tin ’ - o . u . n b , 1-’ n :u n u n  i : r v ; n  n o  :;catti ’riir’j by ii — tati ’o r n .-nl iy

oo’: :un m,- t r L c- t o  Jet n-s w; thi ‘ ‘ n o t  n o u n  innci .io - ;so - e i ;s c c , u i : : r ’ ) n - r s o i .  I t  i S  - ‘sn ,  L o s ’

the geomc tr- : n O  .11 sea t teno r - ~ : .  ‘ 1 :  i ’ i.t - i~~ n n-;i I n  Lion- s;n:. -.ult.rnm ’.- -o ’.u n; n o ’ ’ -  e s o i i u - 0  of

i t ; ;  ns ’: ;t - en n n - ne nn nt tL/~ n ~‘oIono i ; n t n e n n m  b~- n t i .  c l a n : ;  of r ’o t a n i o n . r l l - ,  :c.’n o o : n ’ : u -ic

t . n r . ; i - t : ;  a t  a r 9 o n - t n o n n - :  ( C n n - - s o r )  , n n m - ; l ; -  a t ’ - - i  , , - r v , t r o , m u .  ho- 0 - n ~ ic-n 5 . 1  si - ,” - :  a

b a ck q r au ;n d  of I ne Prob lem and t , i n n v e r s t - : ; c , u t t - - n o  L i m o ;  a o u s t  no .ns are - i;- r I ved

in Sec. 5.2. The firn n t o m n o o l o ’ r  n u:: : no o -sp onse of a n -s -u r v i l  o O ’ - .u r - n - n -  i r e  1 - o t c i n

is develoo e~l ~ i 
-;~~ e . 5. 3 , n m m - ) - u . n - i l  in the n u u m - n , - r ical solut m o o n  r ,  ‘ci - ‘ i n - s i  . -  C o r a L

is s-io:~ncn ;b - ~i in .1cc. 5.4. Time  r e s u l t: ;  fur thiee tar-nets nrc l n o o : n . --n tc’ - i in

Sec. 5 .5 .

5 . 1  n - h - : N E C ~\ 1, PROBLEM

It  has been known fo r  some t ime  t ha t  t i m , - i m p u l s e  no r - s b - s i ne ; -  of a

s cat t e r e r  in tIne p h y s i c a l  op t ics l i m i t  is ti -ne s ;oc -m -J d er i v a t i v e  of i t,  I n - r u —

jec tc-J area func ttun r [11] . E ;j u i v a l e nn t l v  , t i n e  tarn -r h r r - s p a u u : s s :  i t n n - o l  I 15

the  pr o j e c t - - i a rea  fun-u c t i o n .  Based on this physical a t - t ie s  a I y o n o u x i r . n~n t o o n m ,

reasonably accu ra t e  schemes i-nave been developed for  o b t a i n n i u n n u  t~~n ; , -t  ~n eom-

et r e  f r o m  ti-ne area f u n c t i o n  [12 , 13] . Tin i s  t ec irn ique  is s t r i c t l y  v a l i d  on l - ,-

i n ;  t I n t :  l i m i t  of vet - .- h i~~h i f requencies ,  or o-n J nmL v .1n~ L- n t l y ,  a t t n- e l i  a n P u n o ’ :  OoiS;’

of t i n s -’ ramp response. ‘.;Inenn ton - . - -.~av ;-len -uoi t ir is of t ine en’ kr  co f  tine C - nm - : -

d i m e n s i o n , the  so lu t ion  is ;lc~~r o i l e i due t o ’  C i i ; :  ; o st i ’ n n ’ o ’ of  su r f a c e  c ; u r n i : n s t

i n t er  m~~t ions;; . Using t I n ; -  : ; l . a e n : — t  m u mue i nu t e g r a l  o d o m e u t ion t o - c l n n r i 5- ’n ; - s , t o n s  e f —

f - :ct s  of t inese “ o : o r r i n c t i -  u m e ’u r r , n : o t n s ’ c . n n r  h-s i n c  i n -ni nI . This  w a n - n I c r et  ii ’  o n . -

[ a ]  t o u r r o t a t i o n a l ly syr-nmotric bodies at axial inc~ -ieiuce . U s in n a  u n

it -rative tu ’e ,m n lso ;r, ’ . In Sec. 4 of I n o u n - n  no ,  - ‘ n o t  t b  t o - - i m n n ; - : o u ’ ’  W OO ;  m m n ’ , o n t  i i o1

f r r  d i r e c t  n ; o o t i u t  ion fat t: - o  n-n c l ass  of t , n n o ’ i ’ - t  o n .
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n o  t i m e  t i in’ ;:;i;-aI o N - n  i C S  ~T - I  0 , : - ~~ im a t l O i s , t i re n e:s~e)u n .3 ’ : inn -o-lar ~ :n,n—

L i e n j ab , o - - ’ n o - I i - n n t  . t - ; b i o - o ;  t i n e  n -f f, tot of : o j n u e c t  i - - n m  cun t e n t : ,  is inclu- )i,:’b in

tinc n . ,l’,’:;n; ; , i t is - on tn - ° i . i t  tine- o i i f f n.nt - - n os-a - inn L:re r O : . -. i o n : r n n ; i ; s  at t .o 1 a ri z .~ —

tt nsi; n inn t o ’  - i ; n o o - o - t i i n u i - r  L b - n ; I O L L ; I  t o  1 : 0 - o i l  o n - n  r ’m ; e n -  n n n  t i n e , s ur f ar ;-  c : u u ’ ,’, n —

ttur;-n; in 0 ’ .-, ’ :  o ilU,- , t ;Un; ;n. ‘Finn;; i , i c t  p e o n - n i t : ;  Cr ,- .rO-o - - u ,m oil a non-er,- u n n - n o-m . u l

class  , ‘~~ t , n n - ; ; t ; m  t - n ’  ‘,‘ i 0 I o ’ s i  th a t t i re  co L iC L o i u o S u n i -  h ’S t W ;e i m  local a L ;u ’v ,nm n sn - e - nt - I

i - n - ’s r ,ll surf,s-c- - c on tn -- nm n ’ in-; I -- ;:o- i wn n. In l i o n s  n - - art it i n-; . 1 : 5 : 5 - 0 : 0 0 -- i tact t°n’

Stu n- I , n c - - is c - o u r v o -x a nu s - i  ratu tiom uo.nll y s , o ’ oo- o i- t u i to  ann -u t o i n t  t i n e -  a r m’ ; is  of i n o C j - i o u . n - - --

w i t i n  n o e s ; , to t I m e  . ux I s  o f  • i o t a t i o n r  is a n n - to: , in. -u : ;Ol t n;n o ; , ’nflrn ,, - tr ,’ ,nm ~aut a

o u r  ~~~~~~~~~~~~ tOO t : n - - axis of rotatiousal ::\ ‘no~~i ’t : - .’ is .us - ; n : o l n:o;-s- I . i t  i ~
m :i -I n , -vo ’d  n t  t l n e  n ’ ;- o ’ ; o m ’, t s i  of t h , o ’~~dn (or equivai:- nst) - n tr , condit - rom

ton e - n- -octal i o n v sr s~- n o .1 tt e r in g ~-robl e~ r cqu i rc -s ‘‘ in : ; ’  u /Ou t s o o n  at  n r : ’.’ e- r . n l  -n-l i —

0~ n o .  ‘k i te ;  n of  t h i s  t - u r - o ; ’t -class  - - N ~~ ‘a - in F ig .  32 .

dh a l e  t h i s - :  t a eo r et r c . i t s-iev ;.t O i no o o :n ;t  w h i c h  ton - i lows is valid for tin- -

cl ass of t ..t ’ge t . ’ ;i~~~Ct i h~ d ohi o;s , t )u e  nn im c r i ca l  imp l e m e n t a t i o n  of t ine  t~~c i n ~

n I t  ~~n n no n-n on- l im i ts .)  to b r o a d s id e  i n ci i ’ ,:nucc ( i . e .  , 
~~

- ‘ - t o .  anos-b icular to ti;c s- iX i 5

of . s ’ . -nn - r n n m : - t r y )  . The t o  -.t cases w e r e  n-u a n n l n e r e , a pro l a t e  s n - l i e n - c - i d  and a cy l na -

der.

5 . 2  DERIVA’i ’ i n - n % OF lNVb .; C~oE SCATTER t N o  E - 2 U A ’i I O N C

h e  wr i t - ’ t i n ; -  Ia~ — f i e l d  ~~o O ~ a n n e , ’ in  C i u o n n o . n of the t ime—retarded  sur—

taco  c u r r e n t s:

r i I ( r  ,t  ) = -~~~~ -,- - ‘ J ( r , t )  x on dl , ( 3 0 )
o o f ~~~~

‘ 3t~~~ . no
in-

wo n - ‘u e

~ is ‘N- n li rn:ct ; ‘ o m i of sb. snov .ut LOS ,
r

C)

C t + on • r
f r ( n - u

r n s  on p o i n t  O l i  t O n :  s n n n o f . i n - S.
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FIG, 32 Inverse scattering of rotationally symmet ric surface - ,
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~~~~~~ -- - .- - - - - - - .--~~~~~~~~~~~~ - - - - - - - -~~~~ - -  ~~~- - - -- -~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~ ‘ - - - .--~~~~~

‘ l i o n - u  t n n : m , ’ ci i ’ ; l i n s  s - n i , :  ci no i n; sm r :SUCIO t h a t  a n n  impu lse  f r o m  t i n: o r igi n  n t  t = 0

a r r i ve s  in - n t I n , :  t o m  f i e l d  , iL  = 0. The unit:; of tiuns ’ m m :  l i q l n L — n n n o - t , - n  o n - .  n- :

w i  11 div  i s - I n s the  m ; u r i l , i c n , -  n s u r r m : n n t  at ~n poi n i t  in t o  two n o o n n o t o ; , t h a t  due to ,  C : . -

i n c i d e n t  f i e l d  and t ine p ar t  d o n e t ‘ i t m o  - o o t i n n o ~ our t a c o -  ;u r  r ’ o -non t s

~J ( r , t )  = J (r , t )  + J (r , t )  (31)
P0 C

u rn -ore

- ~n n c
J (r,t) = 2a x II ( n o , t )  ( 3 2 )

P0 n

Clue I o n - not dunn- t o m  tj;oO inc m n - i c n ; t  f i eld , L; ;  in-lent lc.u I I’’ tin;: sun s - c r -  canon ‘ont in

the zero order j’hysi -al optics ajoo :rioeimation~ ,nns i

= , a x ~~J ( r , t )  x a~~) dl ( 3 3 )

is ca lled t i n e  “ cor rect ion c u r u - , - u r t ” . h - u n - ,

- 1 ~~~~
f is LI - - o o o - i - r . u ’ - :  5-,

r j n n  a p o o n o t  ‘ou r  n-he ‘ . n r f a c c ,

= m u~~ r ,

- n  - (i  - r ) ,  5- ,

the n - u n  t i s - ,  - n o o  - n no 1 o r

T 1e in - - n - n - - n i t f i ’ ’ h - )  I n n  , n s s m i n , - . b  n o ,  i i ~ .1  n . n m 0 )  , l m n i \ ’ i n s  n t  t i m - - o ’ o  n - t i n  a t  ‘ -
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~inc~-H (r, t) = ~ (t + r), for (t + r) > 0H r r
0 0

( 3 4 )

0 , for (t + a . r)  < 0

The solution of these equations will proceed in the usual method of step-

ping along in time. Accordingly we divide S (the surface illuminated at the

retarded time t corresponding to far field time t
f
) into a part which is

presumed known from determination at an ea r l ie r  instance of t
f 

and the new

part ,fS , which is unknown and which is just illuminated by the beginning of

the incident ramp. Hence , we rewrite Eq. (30) as

-
~

- -* 1 ~ 
-‘ -÷ -

~
- 1 ~ 

- - - -* ‘ -
r H(r

0l tf
) = ~j~~- t ~

-
~~ J (r ,t) x 

r 
dS + 

~~

—

~~~~

--- 

,
J J(r ,t) x a dS (35)

As s-As

Since the incident ramp has just passed over the new area As there are no
a- —)-- -*

contributions from AS to the surface currents J(r ,t) for r in (S- is); i.e.,

the integral  in Eq. (33)  is also over the known area (S- .-~.s). Similarly, at

a point r in As , there can be no contribution to J(r ,t) due to surface cur-
rent in (S-As). The two integrals in Eq. (3~ ) are thus completely separa-

ted.

Consider first ti-ne integral over the known region. To evaluate

this, the surface current J must be computed. The integral Eq. (33) con—
-~

tains r as an integration point. It is necessary to separate out the e f f e c t

of the local region S~ about r in order to obtain J(r ,t) o : xj u l i c i t l y  in

terms of the incident field and the retarded currents elsewhere on ti-ne c ur -

face. Analytically S~ can be considered to be an infinitesima l l’ . n t c h r  abom.mt

i’, while in the numerical solution S
C 

is ti-ne surface io s - n t o : i u  with cennter r

of the numerical repre ;nn :nut .’n t ion of ti-ne target. The integratio ns over S is

performed in Appendix 8.3 and gives rise to a “self patch c om ro’ e tnr n ;u fac-

tor ’, y which IS d. ’i -o ’ n n i i n ’ n t  upoS psnb ai ’i z a tion , i ’ .n t c in  c u r v a t u r e  ar m .)  ~‘ . u t  e l m

size. Inn accordance with the result of Appendix 8.3 wi mc forrnnul atn- ax-

E-r000sion:o (31.) —(33) as

- 77-



‘J(r ,t) = J~~01
(r 1 t) + J ( r ,t) (36 )

where

-~ -
~ 1 ~ inc ~J~ 01
(r~ t) = — (2~ X ii (r,t)) (37)

is the first order physical optics current and includes the effect of the

self-patch; and where

J
~~

fti t) = 

5-S 
~n 

x [~ J(r ,T) x a
R
] dS (38)

is the correction current due to the remainder of ti-ne surface. Note ti-nat
±
J in this integral in turn consists of the sum of the retarded first order

physical optics currents and the correction currents at the integration-u point
-I-

r~~, as in Eq. (35) . In the numerical  solution we need only store J at all

points (~~~~,T) and compute the contribution due to J~ 01
(r~~ T) directly when

integrating Eq. (38). Also , as will be indicated later , the quantity of

interest is actually 3J (r,t)/I)t. Differentiating En-j . (38) and integrating

n-numerically over the discrete patches , we can take the derivative inside tinc

integral for these patches whicin are fully covered by ti-ne incident field ,

while we need special treatment for the patches which are only partially

excited by the incident field and for winich 3S/3t is non—zero. Anticipating

the results of the next subsection we will approximate this effect by sub-

stituting an effective area for the nominal patch area.

For an incident ramp we have simply:

3 ~inc~~~- I
~~~~~~ll (r  , T )  = —p-

K

for (T 4. r )  >0 ani o i zero otherwise . We t h u s  w r i t n -  rnum eric .rll: :
r
0

i , t  (r,t) - a ‘
~ .! (r~~, T )  ‘ ii

C i i t  ~~
- - 

i X - -- - x a
i t  271y ;n N - - t K. ~

non— :a’lf
( 1 1 )
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Where the summation is over all patches ~ except the self-patch and where

As
~ 

is understood to be an effec tive area for partially excited patches.

This is the expression that is coded in the computer program . The process of

evalua ting this expression will be referred to later as the process of “up-
±

dating the correction currents ” . Note that J at time t is given in terms
± C

of the J at other points at previously calculated time point T = t - R.

We are now in a position to compute the second integral of Eq. (35)

to obtain the contribution of the known area (S - As) to the far field. As

was done above , we take 3/3t inside the integral , keeping in mind the diff i-

cul ty  of partially excited patches. Substituting Eq. (36) into the second

integral of Eq. (35) we write :

11
(S AS) 

= r H ~01
(~~~ t

f
) + 

~
(r ,t )

where

~~ ~ ~‘ ~~nj  x ~~~~~~~~~~~~~ 
~r 

As .

or , making use of Eq. (5) and expanding the vector trip le product:

± -~~ 
a~~~~~, 

~r H (r ,t ) = — — 

~ 
•~~ lAs ,

0 P01 0 f 27r L .  I .  nj r J

9.
where summation is over all patche s with r . in (s—As). We recogn ize this as

the projected area function of the physical optics approximation , mod i f ied

by the individual self-pa tch correction factors, y , . (We also remember ti-nat

As. is an effective area for partially excited patches.) The other part of

II is written as

a-
r H (r ,t ) = — —i (r ,t) x ~ dS (40)
o c  o f  4Tt - 3t r

0
s-As

This is also evaluated numerically by summing cvLor a l l  patches w i t h  r . i n

-7 9- 
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(S—AS) . (In this integral we need not n-Worry about partially excited patches ,

since the correction currents are still zero at that time , so that such pat-

ches can simply be omi tted.)

We return now to tine first integral of Eq. (35) over the: new region

As. We note that J(r ,t) in this integral consists only of tine term

since the incident field has just j.ae. n-un-I over each i-atch in this region so

that there are no contribution-us from the surface currents at other patches.

We can thus write the first order pinysical optics contribution of tbnL new

region entirely in terms of known quantities by rewriting Eq. (35).

1 3 ‘ -‘- -
~~ 

-
~~~± -

~ 
-
~I ( r  , t ) II — 

~
— I J ( r , t )  x ~ dS = r H ( r  , t ) — r H — r H

o f 4T1 - ) t  
- P01 r 0 ~ f o P01 o c

As
(4 1)

where r U  is the k nown ramp response of the surface and where i 8
POl 

and

r H are tine contributions to the far field due to the known region (S--~S).o c
‘Fine left-hand side of Eq. (41) can be integrated directly , as shown in the

next subsection. Since the self-term correction factor (as it appears in

Eq. 37) is dependent upon the surface geometry and the polarization , we can

obtain the geometry characteristics by comparison of the responses at the

two polarizations.

We can see now how the inversion process would proceed :

1. For ti-ne specular point the right—hand side of Eq. (41)
is simply the leading edge of the ramp response, hence
solution of the integral will yield ti-ne geometric prop-
erties of the region surrounding the specular point.

2. snowing ti-ne region (S—AS) , update the correction currents
J up to the retarded time cor~ esponding to tIr e new far
f~ eld time t ;  compute J and J at tine retarded time

C l~ lI

and their contributions ii and Ii to the far field.
c P01

3. Subtract these contributions from ti-no known ramo resoonse.
Do this for botin polariza tirni~rn- .

4. From t i re  r e m a i n i n g  c o n t r iir u t i o n s  to t I e  f a r  f i e l d  i l e n - l u e c
the geometric propertin-s of the new region-u ‘-N .
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5. Tine  e n t i re  u o m n m f a c n S is now known . Step to a la t e r

t i m e  C
f 

ainci r n - I - n - - a t  f o r  a n m ~ -w r e g i o n  1.

It remain -na to relate t i m ; -  characteri u - t n o s  of t i re  s u r f a c e  to t i -ne

lead ing  ‘odqc of its first o ) rn - I ; - m ramp response.

5.3 FIRST ORDER RAMP RESPONSE OF C U R V I L I N E A R  PATCH

We want to reformulate tine following integral , which represents t m , o :

known c o n t r i b u t i o n  to t ine  f a r  f i e l d  of t ime  new unknowrr  region S:

1 3  ‘ a -  ,= -

I(r ,t ) = — n — s-I (r,t) X s-i dS , ( 4 2 )
o f 4 tn  - I t  . ,  Pa l r

As

where :‘.S is a region -n of as yet  unknown geometry an-nd where t
f 

is such that

‘~.S is just covered by ti -ne inc ident  f ie l d  at t i n e  cor responding retarded t i ne s

t = t
f 

+ 
~ 

r .  This is i l l us t r a t e d  in F igure  33. We need to f ind  an cx-

press ion  fo~ th i s  i n t e g r a l  in terms of the geometric properties of ‘S.

Hv the result of A~opns : nd ix  8. 3 wnn- have ti-nat

I ‘n-rIO -s- 
- - 1 ~ inc  -*

3 ( r , ° )  = . 1 (r ,t) — (2a  x H (r , t )  — J (r, t).
P 0) 1 n

To n l e t n - - m n i n m n ’  ~ i t  in  n n u c e ’ ; : u a r v  t o o  write J explicitly in its u,v componennts

(see ,\rng’;’ndix 8.3):

inic inc
,.t ( m  ,t.) S (r , t )

n - I V
( r , tj  = - - - -

~~~
-—

~~~~
- - - , S (r , t )  — -—  , (S b )

1 — .: v 1 +

= - —  -‘ H s - n u n - I  w i n e r e  (~l 4 )

R is ti -ne r a d i u s  of t o - - ;;;- i f — n -  nt - In .  ‘t in - c r r t  n c . n l  -men -nt i c a n o n - ’  n u n  t in a t  t I , n -
0

v,nl o n , ’ of R m o o n  m n : ’ o i r t  m i o n n i  t o  i_ i n n ’  n - s -n l o n o  - if t I -  inn eu : b : ’ mmt n .n ’ :m ;- .0 (r, t) . b-S

once t I n  is s- n :; follows: T i m e  n n u u ’ j n i i t  n h ’  o f  ~m SC 
nt (r , t ) u s  q l v n ’ n o  h m y  l - ~~ . 3-i .

J
in n o

( r t  ) = (a r )  + , a’ r u i n s  C In’ ,’ n-m . n ’ t n ; m t o m ’ i c  n t  i n n  u n n t e o ; m - n t  n o n n  n - r i : , t  n O n  ‘ a’ -

-8 1-



se l f—pa tch  is the retarded excitation:

iflc -*~. ~~J (r ,T) = (a r ) + T
r
0

± ± +
or , using the usual definitions R = r - r  , T = t — R :

inc~~~. inc~~J (r ,T) = J (r ,t) - R —  (a R).
r
0

Note that if the curved patch is perpendicular to A , the dot product term

is small in comparison to R. On the other hand , if ~he patch is nearly tan-

gent to A ,  
~~~~ 

R)..~±R. If we average the effects of 2 points on oppo-

site sides of r, we can thus simplify the above as

inc ~~
- -. inc -~~

J (r ,T) = J (r,t) —R. (45)

inc ~Tinis is greater than zero for R< J  (r,t), hence the radius of the self—

n-itch is

inc ~R = J ( r , t ) .
0

T hu s  is i L l : m o : t m n - n t , ’ o i  in Fig . 34: The s e l f — p a t c h  that  c o n t r i b u t e s  to ti- inn sur—

t , n - ’ e o m r r n - n t  at. (r ,t) for the leading edge of the incident ramp is only a

;;rnall rn-gion about r. Wa consider now two directions of polarization of
‘i nc

A and A , where a A x a
x p p X no

0

ha and .‘ i n ’ in t h i n  yz plane). In Appendix 8.4 it is shown t h a t  i t  we

trains ;no rnnu °J f r om tn hn ~: u ,v n - : o n o r n - I n  t m n - i t n o  system of Eqs. (43) to the x, , - coordi-

nate  a v n n t ” r m  n - mn -.i form the cross product required in Eq. (42) , we can w r i te

/ n - n o: n - i n c
f i t  (r ,t) a if (r , t)

- ‘ - - n -  X X
J( r ,t) x a = 2(a - n ) o -n--- - - - + - .- (Sn ’)

no n r - -f-
0 0
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L EADING EDG EOF
I N C I D E N T R A MP

- - 
- 

LEADING EDGE
“ O F IN C I D E NT R A M P AT

- PR EV IOUS I T E R A T I O N  ST E P

UNKNOWN REGION A S

~‘ K N O W N  PATCHE S
ESTABL ISHED
B Y P R E V I O U S
ITERAT IONS

FIG. 33 Unknown region A S  for body with rota tional symmetr y.

EFF~~~T IVE SELF

FIG. 34 Self - patch integratio n at point inside AS.
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l b s -  u n- o :n - n  C s - n  in  c n o n - ) ; ; n - —  t n - r u n s  m r ,  u n e g i n - ”  t e i l , n-Such can-noel  win ; ’n t i r e  s - r b o O v i :  i ;  i f l t e—

‘or a t e S  0 0 0 o j i ’  C su r f s - n e o  w i t h - n  p lane  synn u nn et r y  about the yz  plane (as i o n  t In e  case

f m o n o  ou r  b o ;i i ; j  of r evo lu t ion ) . -

1 n - t  us c o n c e n t rat e  on-n the a component , and s u b s t i t u te  0 .  ( 4 6 )
- p -

a nmo h t i e  va lue  of ll ~~~ in the expression for  t i-ne f a r  f i n - i d  con t r ibu t ion  ( u s i n g

t + a
f r

0

t + 2 ( a  r )
f r

i. r _______I ( r ~~~t f
) = 

271 3t (1 + ( )  ~~~~ 3
m 

dS

As

or

I (r  , t ) = 0-0 - . ( 4 7 )
p o f 2~ nsf ,j ( l + ~~ ) p roj

Cs

He mn .u we 1-nave w r i t t e n  dS - = ( A  
. 

A ) n-IS , t he p r o j e c t ;o n -h  arooni s-in i i
- 
= t f + N ( A

r r ) .  Note t inat  t = O°at  t ine f a r  edge of n~5 whe re the  J m , i i-

n - sq  ed:; - of th~ ramp has j u s t  a r r ived  and is >0 in the mos t  of ~s. Jo i n-mo

u n - e t c  t in in t

(K - K )
U V -

4

Since the contribution to the irntcngral s-it the edge goes to m e n u , w;- no ’o: l- m c t

t h in  effect of time variation of the inten -oratiou n limits and t ak e  the  t u n e

- I c -r iv at i v e  i n s ide  ti -ne i n t e g r a l :

(IS -1 u r o j  ‘ -I (r  , t ) = --— 
~~~

-
~

--- - - - -‘-- n - n o - )
p o f . . 0  ( 1 f C)

‘I’ i s  in t e g r a l  c nn; be performed n i v o ’r  C - , in ’s- wr i t i n n ’ ;  - i s -~ inn t er m . ; oc t 
-

The limits of t are t = 0 , n s o i ’ n e n - m j -i i n u d i n i n - i  C~ - t I n e  f a r  c-Sq, if ~5 ,

-n :rs - i t = 
- 
C = 2 -

- ( A r ) , cor to - n . - - , - i nn 1 1 : 0  n ti i n  t I ho- - m a i l  i n - h -  t n -  of 5 (which n o

- 84 -
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edge of the known region) . Expand dSproj 
from a point , e , on the near edge:

dS - ~
‘dS - ‘d

2 S -

dt 
= 

~
dt n e 

(At -t) + 

dt
2 

e 

~~~~~)
2 

+

and expand

1 
2 = 1 - 2~~ + 3~;

2

(1 +

Integrating and retaining only second order terms

2 (K K ) ’ d s  -
‘n 2

2 — ; proj : A 
proj At u v proj - At

711 — I dt ° ~ + 2 2 
— 

dt 2
~~

‘ Ie ‘,dt ‘e ‘~
Similarly, for the other polar ization, we obtain

n d S  .
‘
\ ‘d

2
S - 2 (K — K  ) dS - 2

2711 = 
pro~ At + ~~~~~~ 

At 
+ 

u v pr~~~ At
x 0 dt j - 2 2 2 dt 2 (50)

dt ,e - ,- e

The first two terms of these are the projected area of the new reg ion As ,

i .e .

As - I + 1
pro~ — x p (51)
211 

— 

2 ‘

which is the polarization-independent physical optics term. Also , approxi-

mately, subtract Eqs. (49) and (50) obtaining

, I — I

K - K = _2L 2 —.f~-- (52 )
u v 1 + 1  At

\_ x p - /

To obtain K ,K  we need another relationship. At the specular point we can

use the fact that (see Appendix 8.2)

dS -prej _ 71

V K K
U V
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resulting in a quadratic equation in K
u 
or when corn-ibined wi th  E- ~~. ( 5 2 ) .

On the preceding page, it is assumed that K K  ~ 0. In Ajn~ncnd~ x

8.6 the case of a specular return from a cylindrical surface is describe-i.

At a nonn— specu lar point , we make use of our assumption that S is a surface

of revulution about the 2-axes. In Appendix 8.2 it is shown that

1
= — 2 ( 5 4 )

~~v l + ~~~~

We know rn -os the  projected area of the new reg ion , from Eq. ( 4 1 ) ,  asS we k n ow

i ts  d e n at h  fr o m  our choice of t
f • Us ing  t h e  expression 7ivern -  in-u A p r e r n - d i x  9 . 5

r e l a t n - n q  tile projected area of a section of a body of revolution to its di-

mensions  we can solve for the -3, z coordinates  of the new reg ion  f o r  the c-ri-

entation dO/dz , and hence for K and K .  (We can also find i~~ /dz
2 

fran: the

relation

1 0

K = - 
d d m  5

u 
~~~~

- 2
1 +  ~—n--- -

dz /

which  is u s ef u l  for  the i n i t i a l  es t imate  of the loca t ion  of the  n e x t  unknown

reg i o n . )

Ti-ne new reg ion  is thus  completely speci f i ed  i n :  t h i s  an a l c ai s .  Some

conmients are r m e j n - i r e d  here i nd i c a ti nn g  the a ss a mur t i o n s  musi c  i n  t i n - i s  p r oc e s s :

t i n - c  new r e s - n - n - o n i  cons i s t s  of two m a rt s , one to each s ide of the h :n -awn  r c s - o~~cn .

m l’: fo r  b roads ide  or ax ia l  inc idence  w i l l  t i - i e e e  two r e s - n -~~ens h a ve  t n - c  s ai-ue

- ; eom etn i c  ::ro:pert ~~e s-n - . For g e n e r a l  obl i~~’ce i :n -c i i c ! . c c ,  or f o r a inn -s-i’. n - sn.t. n - s --~~t

t o n s - u  l e f t — n  l o st  s ,muucct r ’: as s um e d  here, it wo-al -n i be r e c . i r e d  ‘, O ’s- .Se ~-n s- -nones :; in -

noo n-ire caimo-licate ni rrs-s-c n-n ,us of  c u r v e  f it t  n -n - ;  n - s - i  f cnn-i tn,s - bes -’t e x t n : n s l o : n  of n - h e

c - o r - i t o ’s-I n ’ in eac h d i r e c t i on  co n s i s t e n t  w i t h ; n - n -s- ca i~~u i . ; t s -’s - o aver  i-u -a ‘:a~~’~:, - s  s-~~

ton e sur n- nc-i i~-r o aP cr t i ; ’s . :0 505 s - n p  rocess s-’i~~~~ C5 S tO Ce S r o stc nu ’ i ext 5: Is -s-S s-u

t o m e  n~ t on - -s - i o mreec:nteS mis - me , a l r ; n , s- .iLn h n-t has not ben --n n- :o - 1 , -a s - r o t - S .
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5. 4 to :n-s-o I Sm m J p’l’ l 0 )O -J PROCIIDURE

By way of s u m m a r y ,  we out l i ne  here  the n o t c h -  by stn :-h - ( cove r s  ion ns-ro-
e, n - I u m e , soc imple rnenn t ed  in the computer program INV R S .

1. i~~o ‘ n - mt  of t i r e  rarn~m responses H ( t )  and H ( t )  . Tin -cone n -nr c
ob t a in-ned  f r o m  ti -ne s~sI ce --t ime  in t eqr a l~ e q u a t i o n  solu-
t ions , as n -h c ’s c r i b ed  e l sewhere  ( 4 ) ,  a u g m e n t e d  by the  ideal
specular response at t = O  (see Appendix 8.6), and given
numer i ca l ly at reg ular i n t e r v a] s  of t .

2.  Ana lys i s  of S p o en -n l ar  R e t u r n

Equat io ns (41 )  t lnroug h u (45 )  are app lied a t the l ead ing
edge of t i n s - :  response in the limit as ‘,t ÷ 0 (i.e. we
a c t u a l ly ca l c u l a t e  the derivat ives of t ine responses ) ,  to
establish the curvatures at the specular n:oiun -t. The
accuracy of tiii~ process is limited by the finer-ness with
which tine ramp response is specified. On tine as :ouuu nh tion
tha t  the target  is a bod y of r evo lu t ion, and knowing t i n - n -
angle of incideince , we can es tabl ish  bands along the ra-
dius of revolution through this point. Tinis is our f i r s t
known region .

3. Extrapolate from the kr~own region by a small  di~~t n - u n n e o :  ‘
s-

to each side to obtain the approximate center of ti-ne next
bands .  The pa r t  of these bands that will be illurnuinatc’n- °

in accordance w i th  step ( 4 )  is our new r e g i o n  As.

4. Choose the  f a r  f i e l d  t ime ,  t~~, such tha t  t i m c  l e ad ing  edge
of the  in c iu ’lent  ramp j u s t  re~~ches the far  edge in-n the 2~-- Z

plane  of tine new region AS at the retarded time

t = t  + a  • r
f r edge

0 -

5. ‘s-
~0 o h a t n s  t I m e  s u r f ace  correc t ion- i  c u r r e n ts  at a l l  oo intno , i, in

t I n - :  known le 5ion up to their re-coloective retsrden -l t n-m ol es

t . = t + a r  . , ucninq I n s - ;. (39).
n. f r i -

0

6. C a l c u l s -n t~: t I n ’  - n o m n i t m ; h i o i t  n - - o n  - of t I n e  t- n e m w : n -  req n - - m r  t o o  t I m :  far
f ( c -  L i  a t  t i m e  t~ s- ( f o r  each p o l a r i z a t i o n )  m n o n u n u q  E-~s. ( 3 0 )
n - inn - I (-(0) . 5ubt~ act t h i e o ; n - o  f m om the k:uon--.- n r ic on ; o n m o - c o c ; he

rena inn - r i , :  r I S n i r u , -  to t ine new n -n J n -on .

7 . A t h o l :  ~~5,s- e x : — n - n o ; . -i n o n s  ( . 1 1 ) ,  (- (2 ), (-(4) - i n n - h  I I n ’  r’’sult o;
A h n n n c . n i i x  8 . 5 ,  m o  c : n , n r , r e t n o r u n o e  t i m , -  s- -o n ; ,  l u . ’ ci  t o r i -  as-ow ri--tn - on .
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h , ;t , i t o l n - o h m ‘ - n t c i n - ’ - s  a l i n m  tim e r s - n s - h i u s  of  n o - 0 , n - t  ion , ‘ v i n i c i n

~ a ;n a e : m  n - I;n o ec-;i n t I m e  e et i t i : n  ~n t ’ t I m e  u ne - s  r e g i o n .  tin: hive
neS’ s- ’X t 0 ’O O n - i: I our Kn no wn i region -i n n o l cont lu rn -in - t ° o mni p o int
( 3) u n t i l,  t I n : -  i ’m n t i r n a  n - r u r f s - r e n - :  i n n  c o v o - i ’ed. (n- n m a b n - sb y

o r  revo,lut i - ur n it is on ly  necessa ry  to nass h a l f w s - n - . ’ over
n - h o e  t a r n - J e t . )

At  po in t  ( 2 )  , the anal ysis  of t ine sloecula r  r e t u r n , t b o o , - i - t ermina-

t i on  is u s - m n - nd - u or  the  n a t u r e  of L o i c  s p e c u l a r  n o o m r m n - n n- :e . ‘ l i n a C  is , wiretI s-:x~ one or

ho n - b  of t i n e  s-:ti t v s -n t u r e s  ar e  m n-r n , (see Jo; ‘ ; - e m m - i  ix  8. 1:) . In  n - I n c  case of n - I s -  n-n - h e r e —

Cs -i ( ( i o n - h  cy l i im n i e’i vi e -n - io n -h cnn b roadsicl  , for  cxs -n :mop le  cur e  of t i n e  c - u r v a t u r m : n-n i on

zero , and tine i n i t i al  k o n - a w i r  r e g i o rn  is t h e ’ -  o n t  n - r e  cy l i nd e r  bac on-b y .

TI -ne core of ti-ne process , point  ( 5 )  , the upda t ing  of the s u r f a c e

c u r r e n t s  is s i m i l a r  to t i e  usual  sma c e—t ime  i n n - t i - - o r - n - i ( - n - l o c a t i o n  s c a t t e r i n g

so lu t ion-n  [4 , 5 1 ;  except tha t  Ciere t ine t i me — d er iv - st i ’i e of the co r r ec t ion  cur-

r en ts  are ca lcu la ted  r a t i o o - r  than  the usual  to ta l  s u r f a c e  c u r r e n t .  Also , the

- i r r e n --t i o n  c u r r e n t s  are e n-r i c u l a t e d  at  the -xac t  r ’ - t a r d e n - b  t ime corrcsrs-onociun-o ;

to ttne t hr  f i e ld  t i n n -  ;nur ’i s - :r  cons n Je rat i on , in n-Si n- tion to i Inc calculan- ion-n-on-

at  the r e g u l a r  t ime g r i d .  The patch -n interaction of the ~oIi
’e c t i o - o -o curreont s

(Eq . 39) are ca lcu la ted  at  the  r e t a rded  t imes T toy interpolation on ti ne time

cr 15 , winnireas time effects of tine i n c i o i e u n t  field are calcul,nntn c-- h n-nxact lv.

5. 5 INVERSE SCATTERING RESULTS

I-be m s - r e s e n t  m ere the r e su l t s  of cxc r e- i s i n q  the computer  ;nros- J r n-nnn -

INVRS on t i m - n -  t ’ait c a n o e s  of a n -~h mn - re , a p r o l a t e  s ( o iu cr o i d  s u n s - I  a -o~ - ; r n -  r s - : — :~~i(  i I

cy l inder , all viewed at broad,o j o i n s .

A q u adr a n t  of ti-ne c r o s s — o s n e t  L n ; r  of a sphere is com} aL~e n-i w i t h - n

r~i: -; n jlt  f rom the in ’s-s’ m- ;s- : s c a t t , o m  m g  c a l c u l a t i o n  (cm F l - n . 35. Tan s- arrow i o n - m m  -

ca tes the  di rec t i o n  of i n c i d e n ce .  Cros,-nc s  i n d i c at e  t o n i ’ sam~s-le o i l  nt s  of t ine

c a l c ul  n t ~~o h c on tou r .  Tine s-nn - ;e ’’emnn -’n’n t:  i n ;  very good n i t -  to o t O o i -  i s - i o o t  p O i n t  c~~ln - -ou —

I n t e d  near the axis of s’,’mmco t u - - . At tn-~~o s  po in t , t i m e  n ( 0  ; , oe t i h s n - n  of I

new n ’ ’ 4 b o f l  i s  much s m a l le r  tim i n ito-n ; : m i r f , m o i ’  ,iosua; bonn:’ a -nm - m l m  i t  u s - n  icr t I m e

cal co n l a t i o n  of t i n s - -  c o r r ect  i n n  emit re u rt’ - ln - oii o l o; I n  n -i i n n - n i - n  i o n — m m in th e i t O  i - ,-

-n -n eS t  ( ‘ 0 0 ; ’ . Jo o s - or a - -o t- nVs -’ (ir,iwnn0 ~5 o l iv e S  in F i g .  3 / i .

-
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FI G. 35 Inverse scattering results — cross—section of sphere quadrant.

(a) True Contour Ib) CaIcuIat~d Contour

FIG. 36 Inverse scattering results — sphere.
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A s i m i L a r  set of ( ; u w i ; i t s i s  r u n t d i n  I I d . .  37 ~~~ 3~ n ;

r o l u t e  ii~~r o i h  ot  _~: l a x i s  r a t i o  w it h it: m uj o r  iX~~~ 5 d i e d  Hr •ixi s or

rot it;o: . The c o nt o u r  u ;  ;~~~ my nt .  t o ;  t h is  u~c C r  is ‘ J r  q ry ei , u l t .~~ ; i ; ;  r h  r L

is a 5% t~~ r~~:;t ; m ; tc oZ t h e  s i ze .  Thin s m a l l  rio; i s is. is In ac cu r a cie s

ifl t: • SL ’, cular p o n t arctic; : n , c s u n~ d P ,  n i :;; ; n ; ;  in  t h: i r ; o r 1 - s ~ r~~ ; r c —

s~~n t . n t  ion ot the r~nnp  r :;r on : ;e.

The r ;;ult fr ;  th~ s~ re— cI 1~ s” cv l i i i ’ 1 r ar e  r r~~~r nt’ t in

30 a;n i ‘(u. The y l i n  o r  j u ; th  was 3 times it:; d i n r r c t r .  The r e s ul t s

of ; s ens c c ;  ; 1 c s ;  • ; t  15: 0 t o  than  fu r  the other  test cases.

Jis;  r;eVci ;l rof lu ; ’ ; : .  in t •n;;ai’ .’uis of t P iS :a;;u: The an a l y si s of the

spc c; rl a r  n o i n t  ( a . ;  dr’:;~~; ; t i  in ‘c er;J L:: 8. ( )  r equires  separa t ing  the nart

of the  res[c :1ne due to ::e c y iin d er  ( w h i c h  has a de ~nie nce of h a l f — i n t e g r a l
; owcr s of t ime ) f rom the i su r onuc iuc to the smoothl y curved cat (which  has

a j cuencic;ice of jntt ~ r i  wets ; of  t ime ) . The numerical r spr e sen ta t ion  of

the  ramp response ava i lab le  was too course to permi t  an accura te  a n a ly s i s

of th is type .  Instead , ; i s ; ;onab lu  values  for the dimensions of the c y l i n —

ice as mig h t be ex pec ted f rom the an alysis  of more accurate re ur onre  da ta ,

were utilized in the solution. The remainder of the contour generation is

;e ’ mc)nab l y good u n t i l  the region closest to t h e  axis of symmetry i s  reached.

~-iere we have the same e f f e c t  noted for  the case of the suhere , namely  t ha t

small inaccuracies in the calculation of the correction currents can pro—

duce large errors in that part of the contour ~;hich is nearly parallel to

thu  direction of observation. The error is larger in the case of the cvl-

inder than for the sphere , because of the much larger surface area n ’zer

wh ich  the surface current error is accumulated.

In surmnary n It has been demonstrated that inverse :;rattcring of

rotationall y :‘/mmetr tc t r u es using t h e  space—time int era] e hua t on .i; —

reach v ie i e is reasonable accurate results for obi ojue incidence. •‘c ;r~~ t r

specuLar analysis requi cc’; the representation of t n rc;;; onne at i r i t u a l s

.05 R, where R i s  t he  body radius (Pt=O ~ 2’R was available to; tflese

t;e;t cases )  . Inaccuracies in thor on f i c e  e u rr e r t  ion cui r lit S II ; ~ io l ~~ b 1’.

be i n-h reve l Pu ;r e at er  a t t en t i o n  t o  the dctajl~ o f i n n ;  x s ;t a t  in it
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FIG. 37 Invers e scattering results — cross-section of prolate sp heroid.
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(a t T rue Contour

(b) Calculated Contour

FIG. 38 Inverse scatte ring results — prolate spheroid.
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FIG. 39 Inverse scattering results — cross-section of sphere-capped cy linder.
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t h e i;; ;t j;t of the to ; ; ; ;  n u t  t i a l  t i n e  n i n e  is s~ : he; l o t  t h~ - , n ;  of  ax i i i

i t i c t i e n i L e i i i  ~ eC t l O t i  ‘I .  A l S O , i 1th ou ~ 1i t ;; te:;; none :: w r fir Pt i i ;  .1

in c~ t r u c e , it ho;: l e t ;  i ; ; i n c a t e n i  i n  t~~e ho;1 1 of t i; .  ~~~~~~~~~~~~~ t i n t  to .~ c i

cur; P ~~~~~ ~- ; t d t orbit ; try, but k n own , .n r ; n 1 ;  of ; l ; : l ’ i e nn :  on w i  f, i  of

r o tat  1011.

- r-- j -—
~~~~~~ 

-
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SuCT i O N  ~
; ; ~Pt~vi ~~‘ii c i : ;  l i i : ;  lo f t

In th is stud y th e t r ! ;n ;J  ;jue  for comj;ut i r ;j  the  :;noot 1 ) 1 1 1  Oli h i 1 ::e r e —

h o r n : ;  has been estended  to the  case of s c at t er i ng  f rom s imple a i r c r a f t
;-~~de is.  ‘l’h;esc r:;o ic I: ; r i ; ; : ;  ist of a cy lindrical la ne 1,; r e and r ;:ta;;~ u I n i

p 1~~te  W i f l~~S , :;t abi l iner s, and r u d der .  To t h e  knowledge of t h o se w r i t e r :

t h i s  is t h e  f ir s t  t oni th a t  a successfu l  so lu t ion ;  for  t h i s  r blem son h er;

repor ted .  Secondly ,  d ir ec t  t im e  domain techni tue :; ha’.e 1 u ; n he v iope l for

sol ution of t Ine i r n v :rse scatt :r ;ig r aPie r ;  i nv o l v i  n ;  r o t a t i on al  I :  sym-

m e t r ic  tar t e t : ; .  1±i~ t h n  t h e  ease of axial 1r1cJ ;e i ;cc  :;ri i t i e  case of o h i i gu e

in; : tnT ;;ce W; tO cons id r ed .  T u e  usc: 01 1)0 1 or izat  ion : n i n i ro n t n : ;  nub l ed  t i n e

;L :ve io r m en t  of a sol u t i o n  fo r  the  C,; :;  of i r h i  iquc inc n 1 : - n e . l in a l l y , tech;—

n i, uc;; for  comput ing  te ire ui~~o Y e ; l 0 f l  h a v e  been P v; I on’’ l o r  the  case

of cy l inders  w i t h  f i n s  at Loch ;  1 vi tl~ n o n — a x i a l  i f l C  n d  ne ; . T ine  1 n i t ;  f a t  no in

of these t echn i  h ut s 1S t u e  sj ;ac :- — t i m e  1st  ‘~~ç ; o l  ‘ pon t ; in n t :~ r o o d ; to  t : ;

solution of the e lec t rona inc t :ic  :O~ l t t o r i f l g  Pr r i  n . T I ;  a coup i :  l wit : r h :

~nnc ul ;;e response augmenta t ion  t i - c h i n  1~~ ;’ , is i n  , h t o  .j ~ ld L~ t i  I in ;  also

r on ;  oo~ e or the fr e iu c r ; c y  respon ;u ov ‘r i :  t ; t : n e s n  !c tr;;n .  T l t  s, in t u r n

can be uscd to c om p u t e  t h e  response of a to ;  ; t dii ; to i i i , ’ ;n c r  n i t  rod ;;

wa ve f o r n , r e g a r d le ss  of n- at-c shi ai’e or ; i r r  ~ce f r ;  lu -n ;c i .

Num er i ca l  procedures were developed for  t h e  solution of a : ;p a u - -

t i n e  i r .te ;r a l . i n u a t ion for  comput in ; tue  : S O Ot ; ; : !  O f t h i l s e  le ;; ! onoo  of simi le

a i r c r a f t  models consi : -;t i n i q  of a cy l i nd r i ca l  f u s e l a g e  w i t : ;  r~~c to ; i ;u l ar  - l a t e

win gs , stabilizers , and rudder. Thtesu nio c e lut c’s w e r e  :-;ti;siOS : of

viously developed techniques for con:;: u t i ng  t h o  :n i o o t l n c  I i m j ; i l s c  cc;;; o;ise

of a c’:lincier with ; siajie f i n :  attached. They :0; ; : : ;  o f  of the :; i mu i t a n t e e n ; :

solution of two :;; a;: — t: C :  i n t egr a l  a n  Lions for the ; of l  fac:: O r ;  i ; I . The

an h— field type  ohu a t i o n  , is fo r  the cyl in dr  t e al  ;u ; ’la ~; su r l  ace c u r r a n t

and i t  i n c lu d e ; ;  t ‘ n c e f fe c t  of c u r r e n t s  on the f u s e  lag ’ on;I cnn; ; i t; on the

y r  ng;; , s tabi l i .;’r , ;t i n 1  r;nd (h ; . The ;o ;’on l ~- ; u ~~f ion , an :—f ~~I t ’. e n u t —

Li on . i s  for t h e  c u r ren t  on t h e  w ings , : :t abi  l i zer , n i h  ; ; ; i lc r and i t  i n —

c l i i i :; the e f f e c t  of both the win , r~t ab i  1;  s r  .in i ; u l l ’ ;  Cu t  r ; ; t  s . i : i i t In
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U: ;~ 
- l~ii.’ c o n  : i t  . l ’ i ; ; a  1 y , i t  t ! ;e hi , c n ; u i ; ;  ‘,‘ f i t  no ~~ ;; i ;  1;; : o r ;  t ; i, s a c—

i n  
~~

‘ I :~~ ~:i ’,’ ;;i ca l  h i n d s ; , - , ‘ ; ; h i tj o n s  i i i ’ .qj i;; f t o  s i  u t ’ .’ t he  c n ; r ; nt  in

t h a t  ; i ’ ; o ’ n .  ‘[‘h i . ; t ’ ; b ;n i ;~uc wa:; v e r i f i e d  i ; ’  ~h i ; ; t t n:i h n ; r n n n ;  c a l c u lat i o n s

n ;  ;; i l i c :  o f a im~,1 o e n  s:;; and found  t i  h o ’  u n  ~ o oh n r i  ~n i t  . Thie i ’ d —

ni ;cn w.1: ; i o n n o ;n ; ; t ;~ i t e d  on a; ;  c i i r c ; o f t  ;n n i ; ’i  t b n . ; t  eo ;;o ;s t i of a cy li ; ;; ;

:: ; :c ; o , ; e  w i t h  rs-; ’ t o i ; ;u l ar  f u n ; ;  ; .~~ i ’: ;ei ;t  m y w i n y ; ; , :1 a bi l i se r s  .n n i i  r i ; ;  1 r .

The: ;c r ~ :n lt s  a re  j or t  i cu l a ;  lv ;;; ‘ ; r a ;  i n ;  a ; id  t i~~ t ;:c ; ; ; n : ; i c - : ;  d ’V ; ioh  cd t ore

du ’ cn  I I  h e  x to rnded t n  note  r i - f in e d  a ir c r a f t  m o d e l s .  The: ;e ;n ’;r e r e f  t i n d

‘i dol s  c o u l d  co; i; : ist  of :-;~~iso tl ;  f ; n : : : l a r p ;  r ’ l r c ; ; - ; ;t at i o ;i~ w l n l e I n  ro : r ;  close !

1; ; r . x o:hnte t he  t e a l  a i r c r a f t .  In  a d d i t ion  t h u  wi ; ;e ; , , st o h i i  u s er ’ , and c u d —

f e r n  co u l d  be r eb rc ’ s c t r t e I  by qu a d r i l a t e r a l  f l a t  p l a t e s  ;r e ;t  ad i f  th ~; now

l i m i t;  s~ r e e t a n cj u l a ;  P l ot  p l a t e  ;l eo ;ni , ’t r ic s .

The impu l se  r e n d  ions ; - a u gme n t a t i o n  t echn i que was suc : e : . ; ;u l l y c x —

e;:;;.h ; i to the case of sc- . n t t e r ;  my f rom a c y l i n d e r  w i t h  a sin gl  r~~~a i i  of f i n s

t cac i i ed  for  obli que in c i den c e .  The a ugm ent a t ion  f u n c t i o n s  h o  t h u s t a r g e t

s , ; ’  h a ; ’  i on tnc  resu l t; ;  b r ; -v i .ously ‘ bt a  m e d  f o r  thin 005 s of S cot to p l ,n  t o ;

a n ;  r ~qhit c i r c u lar  c li;; Ic ’ i : ; .  By u s i n g  a combina t ion  of t h o o~: tie sets  of

a ;  ro’ n t . n t  ion fu n c t  i o n , tin- necessary a u g m e n t a t i o n  f u m e ;  ion f or  t i n ’  case of

a cvi  t i n i e r  ;~ i t h n  fins o tt a c b ; ; t was ob t a i n e d . R e s u l t s  w i - r e  corn ; ; :n t e , ;  for a

L o n e r  w i t ; ;  a l e r ; ; t i ;  to diameter ratio of 2:1 and with one set of s h u n a r e

P t n i s  whose  s is-  was e ; u~~ l to the cylinder diameter attached . These r esult ,

‘.s’ cre ob t a in , ’ i t o ;  anoc ’t ang les  of 0
0 , 3Q 0 

60~ 9Q 0 
i i O~~, 150

0
, and 180

0
.

The r e s u l t  i my in; i t ]  ire r e : j o r ; : :c-s c l e a r ly  show t i ;e  s i n g u l a r  , ‘e n t n  i l i n t  ions f r o m

t b: .  “4 n r i o u s  s c at t e r i ng  cc : ;n t e r s  on t h i s  more comp lex t a rq et  . The om; a r ; 1 r ;

f r e j u on i cy  responses d i  :;p lOy  r ipp l e s  t h a t  correspond to t h e  i n L c r f c ’ t e ;;r; ’

b c tnn’ t ’ n i  th e  r c ’L : ;r n ; ’ ;  f rom t i t e : : - 1; f f e r e r ; t  : ;c a tt ~~r inq  c e ; ;t e r ; . The rc ’ ;:u lt s

‘f t h i s  i s- cl int  S me c o n t i n u e  to b e  e n c - o s ; r a h i n ;  , ; r ; , i  .— h o u J . h be ox  t . m ; d e  h ‘ i’  pr o n e

e< te lex t a r get s  a nd  to n on — r c ;c t a nrj ; ; 1  ar f i n  p i n t  t t r o t , .

A t ime i o n a ; ; i  , 1 h h i 1 , I r h i  t ;  the  m v , - i S  ~~: , i t t  m lii ; ; , f ] m  was ‘h e—

ve1o~~r d  and demons t rat ed  in  t h i s  st u d y .  T h u . ; a i ; r ; i . i e h  at  n Lii w ; I  1 . n

t in; ’ tn t ;:’; r i i  eq u a t i o n  t h a t  r e p r e s e n t  :; the  1 nvel- i- n i i i  ; c)c ; s5 . i i  ‘V 0 l i m O  If ,

in i t ; ’  ,;tjve t c , ’i ;ni i p n o  W i s  d :v c ’ i o h ’c ’ h  for th e soluti~~ n of t i n s  m n n o i s u n

;u , t t t o n  m i i i  a; 1m ; ’ i to f.’;;; t ,ir ’;c i ~; - ‘ ; ; ,  I r\ ’  e m ; ’ ; , ,  h i :  t I n t s  , - t t o t  t 0 I i ;  ‘ h
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L i : : ; , ’  i ’ n ’ ; . n i ! m  s o t u t  n i t ’ c [ i n n j ; ’e ’  w a .  d;;v ’l o ~~;’ i  t ’ ; r  i i ; ’  so l u t ion of  t L i ~~ ~n v c r  —

s oon , ‘ : i , i t  ion w i  n ;  : in ; ’ ,! is; t i~ same f o u r  t , n r ’p ’ t n :  t h a t  w er e  ex a m i ; ; ’! pr ’  —

v i  ‘a., i y .  h,’;;’ul s s r ,  i b i s; ;n t ’d  f o r  t I ;  case of a x i a l  i nc idence  fa r  a sh ’ ; ; ; re ,

: n ;;, ; c ’ — c , n ;  o;1i~~.i ,’i , or;’! u f l i t — e n d  :n ! f m e r e — c a p  cy l i n d e r .  The ‘ h u t  ct so lu t i on

is ‘ o n .  1 h ; u ’ ru ’s ; ;  l i  :on ; a; c-i w ; - l  1 w i t h ;  those  oht ,n  um ed  u s ing  is ,c; i t  r at i v e  ; ;o lu—

t u n  i~~’ i n ; ; ; ; ; ;  i n t l  n o t e  in cloae  , n ; n  ec’;ieSt is; t i n ~ oc t u a l  t a r g e t  i ; ; ” i ; ; i :t r i e s .

: 1~ 
y; v, ’r , t h ~ m a j o r  , n ;{ ’ ,- a ; m t o i j ;  of thu ; direct solution to ’h’ ;rigue is t h u a t  i t

Ce :s i r c o  sub. ; t a m i t i a i  l y i n s; ;  comp;mtcr t i r e  to  i l ’t a i n  LI ; ’ :  s o l u tio n . Iru J ; l t i  —

Lion  Li L l o  caSe of a x i a l  inc idence , the e ,n sc  of obi I we in c i d e rn c e  i i i : ;  also

o n ; : :  t . l er e d  for  the  i r m v ~-rse  problem . In t- h ;~ can ’ of o f : l  i rue  i n c i d e n ce  t h e

d ir e c t  t ime domain t ech n i ques were  d e v - 1 c 1 j ’e - ; I  f o r  tIes so lu t ion  of t i ;  i n v e r s e

:e o tt c r i n g  rob l em u s i n g  p o l a r i z a t i o n  i n f o r m a t i o n  to n e t h e r  w i t h  the  t , ;rj o t  ‘ S

ramo r - ;;po;ise. As an examp le of these techniq u e s ,  th e  ca:;e of hroa;!;:;’!e

inc idence  on t h r e e  t a rge t s  was considered . The r e s u l ts  w e re  o b t ai r o ; i  fa r

t he case of a s’;i tere , a sphere—cap  cy l inder , and a p r o l a t e  :;p b ;ero nd . The°o

r e s u l t s  y ielded a geometry e s t ima te  which was in close agreement wit h t i n ; ’

o c t ;m ~~l geometry except at  the ends of the t a r g e t s .  It  was f i n d that th u s

technique requires only a single observation angle f ; ; n - t i ; ’  case ‘1 broadside

incidence.

h ’, ,f ~h ’.
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hiased on l’oiariz,m t ion lit il  m o n  ion ,” Aj’i lindl P l m y s ie ’ n , h e i r ’; ; V m l ; ’ ; ,
1~~!, .

1 s. :’- . K. ; ‘I i ; n c I ; n : n  r i .ini I t .  . Ho; rio;; , ‘ Po la r  ; ~at ion ‘t iii ;;a t II;;; 1;, Pro : I Ic ’
m yers ion of a Per l et 1, - i  ‘ ‘ i ;  in, ‘t in~; Prolate Sph e r o i d , “ I 1-bId1 T r : m r ; : , . on
AP , 1976.
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i~ P ‘
~ : : i  L) I X

8.1 UI, k’ 5.’P: f , 7 ; ’ ’i:-’ i’ P’ll l : i ’l ’Ldh m;L I~~U A ’ l ’ I ’ f l  :P;1,U ’i’I’ii ‘ h ’ P P ! i h i P U E

‘ha i m i ’ l ’ o i ’  ‘;,t L i -  si I it ion for t h u s  oc r ;:; s c a t ter i nc  ,r ohlem d i —

i n n  ,-~c c t  ;‘in , i t  is  ;;ec’cS ;,; r ’,’ to c ’smniu t ; ’  the  cor roc t  101; c u r ren t s ,

.1 , ro n tne surfuci ’ . I ’ i ; eSe cc ;r o - t i t : ;  r .;~ie~ ’’nt: L I , ’.; e f f e c t  at a g i v e n  paint

, iu i  t I~, ow t , i c e  of c,rrr ’.’nn t s ihlawi;uq at  o ther  ;:u u ’ f a o e  uaifltS. In t h i s  com a—

L ;nt  l o u n ; ; ; :’ is n;ade of the rotat ; on.:; l :; ‘: ‘r ’un otry  of tI;; t a r get .  This a l lows

fo r  a s s b . . t a i;t i al  r e d u c t i o n  in the computer  time and memory reci;;rsmc;,to .

‘line c ; eomet r .’ of the r o t a t i o n a l l y  symmetr ic  scott’ ; ir;l robi’s;’, is

Jn ,s ; l oved  in F i g .  23 .  For conven i ence  the ’  I ’o l a rlz at :  ;. ‘if tn :: ir ; e i d’:ot

f i e l d  was t aken  to be v e r t i c a l, s in ce the :~ rcfor’:n c’:- is orbutn ’s o~’ in rot ;-

t :on;all ’ s’mmetric problems . The s ca t t e r e r  s u r f a c e  is d cl  irn e,i b’,’ t . ’: con-

tour

p = p ( z )

- ‘nbc-re t ( th e  usua l  cylindrical coordinate) is thn e ’,li ;t an c o  f r om  the z— a x i s .

The contours, produced in t h e y
~~~

O plane , :;t a r t s  at  the  most positive point

in z and moves along the curve in the negatfve z-direction . The :,i.irfacc is

then generated b-; rotating the contour about t in ~ n-—axis. The unit vectors

or in te res t  are

the un i t  vector normal  to t In e ’  su r f a c e
n

0
2 

= the u n i t  vc ’t ’;r  t o n n n ; r : t  to  the .ini- f a c e  which  l i e s  in t I n s

~~lane ‘ ; u ’r , . s u t ’  b-: t ;  ;:—.sxis and tI~ oosnt :on vector
r . ( T h is  co r ro , ;n  and : to, a in t i n ’  sp :;er i ca l  coon m n a t
sv st ;e .)

a tIne uunit vector ta; nt to toe’ suri ,nc; ‘~~~b n i c t n  is err’, a —
d i cu l a r  to m~~. (Th i s  cor r e s ; io n i i : ;  to a ,

, 
in  t o ’  s~’her  n c~~i.

coordinate ;~i;te n . )

I t  is also c o nv e n ien t  to d e f i n e
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~~ -~~~~~~~~ ‘-

1
g - ~~~~~~~~~~ --

/ i + :~ -~~V \ d z /

d p

=

which yield the following relations

a
2

g a ~~~~~~ ga

a
3

a
~l

a g~ - g ~~n p p z

The expression for the total surface current J, which was derived

in Section 4.1, is repeated here for the case of an incident ramp waveform

= 2~ x i~~(~~ t) + 
~~R

(r F t) (56)

where

JCR~~~
t) 

~~ 
‘ 

~n 
~~~~~~~~~~~~~~~~~~~~~~ 

J
R
f t ,T ) x a:’ ds . 

I

By virtue of the rotational symmetry in this problem , the total surface cur—

rent can also be written as

= 

~ 2 ~ R 
( 9 ~ ,t) cos ~ + a 3 JR (Z

~~
t) sin ~

where 
~ 

is the position coordinate in the a
2 

direction. Combining these

two equations and solving for yields the coupled integral equations:
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~~~

-- .-

~~~~~~~

—

~~~~~~~~~~~~~~~~~~~

J
cR

2
~~~z

,t) = I f
a [~~~~ ~~~~~1J

(i
~~
:)dS ’

+ S + 
~~~~~~~~~~~~~~ 1J R

3
~~~~~~~~

h T (58a)

JcR3
(
~z~

t) = 
~~~ S + 

~~~~~~~ 
J
R
2

( 1 T) dS
~

+ 
~ ~d

3~
3 

+ 
~~~~~ 

J
R
3
(
~~~

1T)
~~~

’ (58b)

where

= — g p ~ + g; ( z_ z ) )  cos 4~ — pg
~~! cos

2 ..
= — (z—z ) sin ~

= I~~g g p  + g g p  — g g  (z — z ) ~~sin2
~

= gp — g (z—z )~~cos ~~~ gp~~cos ~~

The initial approach taken for the solution of Eq. (58) was that

employed in the direct time domain Ilution . A grid is structured , as des-

cribed in Section 4.2 , on the portion of the target whose geometry has been

determined . The incident field is taken to be a ranip defined by

1 o ; t + z < 0
H~~(z, t) =

I t + Z  ; t +~~ �0

-103-
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For the numerical calculations Eq. (58) is represented as

J
CR

2~~
i~

t) = + 

~~ 
), 

~
aij

~~~~± 
+ 
+~~~~} J R 

(z~~i T) ~~~
j 2. Ij .Q i j 2.

I = t -R ,
1J~~

+ ~ Y ), 
~~~ 

+ 
~~~~~~~~ R

3
~~~ j

1 T )  n~S ( 5 9 a )

j 2. i j Q. ij 2 .  )
T t - R ..

J
CR

3~~
i~

t) = + + 

~R2~~~~
’
~~ 

“ ;~~~~~

2. ~~i3i. ~~~ T = t - R . .
i J L

+ 
~~~

‘ ~ ~dj~ Q ~~ + -_~
-_ 4’

~ ~~~~~~~~~~~ 

A S . , ( 59b)

j 9. ‘ ijil ij 9. ,i
I = t - R .

iJ

where

z. designates the band on which the observer is located.

z. designates the band on which the integration point is located.

designates the patch on band j on which the integration point
is located .

f . . = — cos ~~~~ ~~~ + g .(z . — z i l  cos ~‘ - p g .
al]9- I L J ii i~ ~. j 1 i

. 2
f - - = — sin i,5 (z. — z .)
bi j 2. Q i j

= sin2
~~ ~ 9 g ~~i — g g.P . - g .g

1~ 
(z. - z .).

= cos ~ ,({
g .P . — 9 . ( ~ . -~ . ) T  cos 4’ , - g.H .~~

R . - = the distance between the oimsei ’vot  ion p o i n t  and the  t n t  ;‘-
gration point .
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= the area of patch 9..

The t ime differentiation and interpolation necessary for the eval-

uation of the integrands it-i Eq. (59) are performed numerically by represent-

ing the surface current with a fourth-order polynomial. In order to achieve

the best accuracy, the five points used for the representation were chosen

such that the current would be evaluated as near as possible to the middle

of them. The correction currents J
R
(z .

~~
t) are computed for the time at

which the leading edge of the Incident field reaches z . . This insures that

all non-zero contributions to 
~cR 

come from portions of the target whose

geometry is alread y known .

For the calculation of p (z ,t) it is necessary to evaluate the time

derivat ive of integral

I(r,t) = .1 ~~CR 
(r ,T) x 0

r 
dS (60)

S 
1 t - R

-~ -~
For the numerical implementation I(r ,t) is represented as

I(z ,t) = a . , J
2
(z~~ T) + b . , J

3
(z ., T );A S . (61)

where

a .9. = - 
~~~ 

COS ~~~ )
9.

. 2
b . = — sin ;

~
‘i2. I

The t ime deriva t ive of the sum I(z ,t) is calculated using the central deri-

vative formula

aI (z,t) — I(z ,t + c )  — I(z,t — C)

at — 
2e

where £ .01 .
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The results obtained using this numerical implementatio n gave

solutions which were quite close to the actual target ca in t a ur .  They did

not , however , reproduce the contour exactly. In art attempt to improve the

results , it was found that a more precise computational method was needed

to account for the surface current interaction caused by the leading edge

of the incident ramp waveform. The effect of the derivative in the expres-

sion for 
~CR 

combined with the derivative necessary for the computation

of p(z ,t) is to necessitate integrating an impulse in discrete space—time

steps. This discontinuity occurs only at the leading edge of the incident

ramp since the second derivative of the ramp at (z,t) is zero after the

leading edge passes.

To obtain a new numerical representation the expression for the

derivative of the correction currents , aJ
CR

/at was expanded , to yield

0- -~
DJ (r,t)

at ~~~~~ 5 .1 ~n 
x [ —~ + ~~~ (J pO

r 11 + 
~cR~~~”~) 

x ( e 7 )

S T t — R

where

+ + -4-i -is.
J (r ,T) = 2a x H (r ,T).
P0 n R

Since the discontinuity occurs only at the leading edge , the contribution

to aJ
CR

/at due to ~J is the only portion of the equation which must  he

refined . It is necessary , then , to obtain a numerical representatiu;i for

a~ (r,t)
CR1 ~~ .r ~n 2 

+ 
R 3i , 

J
PO

(1
~~~

T )X
~~ R 

(63)

For the numerical model the target is repr esented by a grid at

circular patches. Each patch is considered to be’ in one of three ; : t; it e ; ;  , i t

time I depending on whether the leading o;Iqc’ of the i n c id en t  f i e l d  has not

yet reached , is located in , or has passed throu’th t l ~~- ~eit e h .  If the
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incident field has not yet reached the patch , then and , consequently,

J
CRl

Iat are zero. If the incident field has passed through the patch, then

there is a contribution only from the h R  term in Eq. (63) since the

is zero. For this case , Eq. (63) can be represented numerically

in terms of its two components as

a~ (z ., t)
CR1

2 
i 1 1

at = + > 
~~aijI 

+ g )  
~~~~ 

AS~ (64a)

z ~ ~~~~

~~j (z , , t )

3 
= + + 

~diji 
. 

~~~~ ~_j25~ AS
9. 

(64b)

If the leading edge of the incident field is within the patch ,

then Eq. (63) can be expressed in terms of the fraction of the total putch

area which is encompassed by the incident field. For this case, the com-

ponents of aJ
CR1

/at can be written as

aJ
CR1

2 
= 

~ ~~a ij~ 
+ 

~~~~~ ~~~~~ ~~~ 
+ ~~~— (65a)

9- ‘— iJL i j~~.

aJ
CR1

3 
= 

~ Y ~~cij9. 
+ 

~dI~~9- g ) [
..
~~

_
~~~ 

-c 
~~

-

~~

----

~ ~~
-
~~

--- (65b)

j 1 ~ ij 9 -  i~~ 
I

where

aA [2 2 ’ 2 - -lfx~ la
2 

dx-~~~~= x / a - x  + a s i n —~ - - J ~~~~

“ 2 2 dx
~~— = - 2 /a -x

2 AS
a

TI
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- 1 ‘~ .
~ i 2 I 2 ’r 2 2~R(a a ) — t(a •a ) — /IR(a a ) — t ( a  a ) — 1 — (a a ) i R  — tp R p p

~~ I i  p R p p~ p j ’  ~[,
x =  —

,, 2
1 -  (a ~ap p

2 r 2 2 ‘
~~‘... (~~ 

.
~~j ) +  rR (~ ~~~~ 

) ( ~ 
•
~~~ 

)— t ’/jR(~ • a  ) — t ( ~ 
.
~~~ ) 1 l - (~ ~~~ ) Ft - t

dx P p 
~ 

p R p p .,,‘
~~ 

p R p p~~ L ~
dt 

2
1 —  (~ ~~p p

a
R 

= u n i t  vector from the integration point to the observation point

= unit vector in the direction of propagation of the incident field

(
~ - a )  —

~~~~~ 
(~ S -

~~~ ~Ft p n 1~i it n p

‘. ( ,~ 
_

~~~~ ) j  (
~ ~~~~~ ~~~~~ ~~~~~ 

)
~R p n n  Ft n p

In the refinement of the numerical representation then , two dif-

ferent techniques are employed . The contribution to aJ
CR
/
~
t due to is

computed using Eqs. (64) or (65) depending on the state of the integration

patch. For the contribution of 
~CR 

to 3J
CR
/at in Eq. (62), the techniques

devised for the direct approach are still used.

This second approach succeeded in further improving the approxi-

mations to the target contour. Although the solutions still did not exactly

reproduce the target geometry , they have two basic advantages over the pre-

vious approach. First the contours produced tend to be more smooth than

those previously obtained and secondly, the techniques itself yields a more

:t ~u I€’ solution. The results presented in Section 4.3 were obtained usii;g

this second approach.

8.2 USEFUL DIFFERENTIAL GEOMETRY REr.xrroNsHlr’s

Consider a surface of revolution about the z-a xis , where ~e give

the radius of rotation p = p ( z )  . Denote ;ien ivat es by ‘
~~ d i ‘J z , e t c . No te

that p has the opposite sign ~‘t z and t hat  p~~ is a lways n e g a t iv e .  A poi; mt
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Ii; ’ s u r t , , ’ , ’ i s

r = (p  cos 4’ p s i n  ~ , z )

Cn i , ’;i in ’  t h e  I’ t jitcij;a l coord i r n o t ; ’s a = —z and v = 4 .  We t h e n  have ’

r = ( — p  cos ‘ , — p on 4 , — I) , where F r~~~
2 

= 1 + , ,

+

r (—p sin 4; , p eon; 4; , 0) , where G r j” =
‘V V V

a = r /~~
‘
~
; .  = 

~u U V V

on,1 where an element 01  l eng th  is given by

(d ~Y = II du~ + C dv 2

The u n i t  normal is

- cos ~‘ , O~~I~ ;‘ ,j = 0 X .1 =
0 U V ci;

The Ocean,; order relation;; a re

r
uu 

= (p ” cos 4’ , p’ s i n  , 0)

r vv 
= ( -p  cos 4’ , -p s i n  4’ . 0)

w i t h

L 
- 

r • a = ,/~ C
uu fl

:~ r • a - - ‘ ,h F
VV Ii
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‘I’

‘ t h e ’  
~~~

, ii u c i~’.i1 c;uu v ,Itu r ’ ’ : o u , ’  t h en

K =
U In.

= — l/ (o’F

i a ;  ,i ;‘r ;t . i t ~~’ ; ; i ’ h n e r o n c  bo th  curvat;ni en ; ~~~~ K Q , For a t’y l ir; ;i, ’r C
;

K K • Our e t i a le , ’  of p r i nc  i~’,il c oor d i nat e :  assures t i n . i t

C r • r = 0
U V

nn ,.1

1’) u a 0.
uv Ii

C . t I t I ’ I ’ ;:; ; c \ ’L ’i ; ) N  i ’v i : R Sl-Ii , 1- ’— PA TCII

‘l i ne fol  law i 10 d m 1  fe es  f rom r ev  i ion : :  f o r m u l  at  j a I l : :  [ 4 ]  b’. the  inc  lo-

s ; , ’;; , ‘ ‘ t i ; ,  ~- f i ’ . ’ , ’t O f  r et ar , 1;i t iou ;  ; ‘ i ~ t I ; , ’ ; ;u r f a i ’ e -  c u r r e n t  ov , ’r  t i uc  : ; c  I t ’— :  i t c h .

1’ , : , - , :< : ; ‘ ‘ n , r i  t a r  t I c  :n u r t ’ ai - , ’ e; n r o ’ n i t  is

.I(r , t )  = .i x L~’ J ( r ’,T) x ~ } OC ’ 
. ( e e )

2 , ii P
S

w in ) ;  I c  . “ ‘,; ) ; n a t ’ ’ t i n , ’ p a r t  a t thi jin n ; i t , ’ - ; i . i l  d u i t ’  t i :  l a t e : ;  ;- ; ‘ o r ; t , u n l l r u ’ t  r

s ’, d ire ct ju t’ 1 i it ; ; ‘n ; .

(r , t )  = a x -If J ( r , t )  x a LI: : ’ 
, ((‘7)

i ’ - n Ft
S

5~1;~ ‘ 1 , ’

i n ;  t h ~ u n i t  in ’  ‘ i t ” s n  I i t I
11

P = ~~~ = -
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_ _  -.-“ . ‘-~~~~~~~~~~~~~~~~ -- ‘
~~~~-.‘.-~~~~~~ ‘- -.‘

~~~~~ 
-

~~~
-

~~~~
‘
~~~~

= HIP
Ft

‘I = t - R

1 1 ~= — + —

R J T

t’rite R as a Taylor expansion about r:

~‘ —I- * .- 1 0- 2 1 -~~ 2
-it = r - r r du + r dv i’- — r du + — r dv + r dudv , (68)

U V 2 uu 2 vv uv

where u ..v are princi pal coordinates. Using the relationships of Appendix

8.2 we form :

a = - —h (EK du2 + GK dv
2
). (69)

n Ft 2R U V

Se-parat~ J(r ,T) into its two components

0 - 0 -
J(r ,t) = J a + J .2.” , where

u u v v

0- , -9- ‘9- -
~r = r + r du + r dv , hence

U U uu uv

0- 0-
r r
uu uva a + — du + — dv , and similarly (70)

~ ~ v’E

0- 0-

r rvv uv
a a

V V 
v’G

Expandi2~g the vector triple product in (67) and 
considering only thc’ J~

component to second order :

— 1 1 1 —  

- - - - - . - - 



x X ~~~ tL~~~
n 

a
R
)

J 
- ~~~~ a ) a ~

- ,. EK du
= ~~~~~~~~ J! (E lK du 2 

+ GI~ dv
2
) I + £ U 

+ (7 1)
U~~~. 2R U V - U Ft

= 

~~~~u 2R 
(EK

u
dU

2 
- G K d v2 )

In the above , terms in odd powers of du or dv have been omitted , because

their contributions will cancel when integrating . Similarly, for the 3 ”

component , obtain

x x = ~~~~ (GK dv~ - EK du
2
) . (7 2 )

We can expand

0- 0- 
B J ( r , t )  Bj (r , t )

j (r ” , T )  = J (r , t) + R + ( T — t )
U U BR

We now assum e that is the same everywhere on the patch; ie.

+ 0-
BJ ( r ,T )  BJ ( r , t )

U U U— 0  andBR BT Bt

then
0- 0- 0-

.3 (r ’ , ”r ) B.3 (r ” , i)  J ( r , t )
U U — 

U

~~~u 2 + 
RBt

R R

Simi la r ly ,

J (r , t )
~~~~~;= 

V

The quan t i t i e s  J ,  J ” and a , a can thus be taken outs ide  the in tegra l  of
U V U V

Eq. (67), which can be rewritten

-112-



0- + 1 r i (~~~~~u 2 
- GK dv

2

. 3 ( r , t )  = 
~T . .J

~~
(r

~
t)  

~~ 
— J ( r , t) 

~Vj S R
3 “ dS (73)

We wi l l  in tegrate  over a c i rcular  patch of radius R ,  by letting

/ E ’ du = R cos 0 ;  /‘c dv = R sin S and dS ’ = Rd Rd O

This integrat ion yields

+ + -

j (r, t )  ~ J (r , t) — ~ .3 (r , t ) ,  ‘ - ‘ Ft ( 7 4 )
C - U U  L ‘~ J o

We will have occasion to use the abbreviation

- K
U V R . (75)

4 0

Rewri t ing Eq. (66) , we can subst i tute the above resul t :

3 ( r , t)  = J6
(r , t )  + i— ,r ... dS

S — S~

= ~~~~ 
- + L 

~
‘ ... dS

ii U v v 27r
S — S

C

where the integrals are now over the reduced area , excluding the self-patch.

Hence:

J
~~
(
~~

i t) ~~ 

-

‘ .. dS

(76)

J (r~, t )  —i---- —i- C .. dS
v l -t-~~ 211

5
.
_ S

c 
v ,
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~~~~~ ‘ “~~~~~~~~ 
- ‘.“

~~~~~~~ 
-‘ -

~~~‘ “ “ - 
‘

It wi 11 a :n;~ - F c-; ‘S Pt - ; ‘oi n ’ . . ‘ i ; ; ,  ‘ in  u I a ;.‘x it ‘ t I • j S a -

J (i , t )  = -
: 

-

~~~~ 5
~1 . . .

v o l  • ‘ i :: n i n e s - n  r ‘a,) t , ’ b; ’ , - y a l : n , i t , ’ . )  L I ;  t . ‘ n l ’  “ i i -  manner  i” .  :;e ’ror at  ing  i n t o

( I t  Oi l , ’ of  t i n e  e ; ’ n n b ” ; r ; . ’ : ; t . s i a zero , = 1

5 . - ‘I’ X~. ’ :CNA’I’ION ot’ t i i ~i.i’—i ’A ’rcI1 cop .p,jtc’j ’ U 0 Ti ; ‘Fhl t I ‘t ’ ‘ : t , ’t’i ’ i i  flO;nPJ)T ~~~Tl
si: l i - I t t

The quantity to he ,‘V ;l;rate ) in t in ’ ’ r.ir field ; r ; t  ‘-: ~raI i~~. (30)

J(r ,t) x ii
r0

‘. ,‘ a re  ~n t , ’ee: : t, -d  in simpl i f y i n g  the f i r s t  o rde r  p h y s ic al  o~ ’tccs  ca i ; t r i L ’u —

tion

~inc
J - ‘i nc  ‘In c—- x a , where  C = 2a x ii

r n
0

‘( is defined in Appendix 8.3, and

,a i s the d i r e c t i o n  of the far f i e l d  n.~h ich  is
r
0 assumed to lie in the ‘.‘r ~:1arle at an’;le  a

wi t h  the z a x i s .

Tile inc .i .iet ’.t f i e l d  H
mnc 

t r a v e l s  in the n a ’ q a t ~~ve 
~ r 

d i r e c t  i o n .

H~~~~~(r t )  = H m n c
(~~~~~)

= a x a
x r

0
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l i i  w : i e i ’ ’  e i t h e r

a = ~i ; Tn mode , or
I i

a = a  ; TE mode.
ii i- i

inc~ m c - .
‘ ln ; c  .3 a J aJ 

— U U 
+ 

V V
— 

l -~~ l + A

‘7an ;a 13cr the  ‘i l l  mode :  =
ii x

inc ,~ .. ,, inc
.3 = 2 a  ~~(a x a ) H

U U in  x

inc - inc
j = 2 a  (a x a ) I I

V v n x

It  is convenient to write out the various Unit vectors in Cartesian form :

= (1 , 0 , 0)
x

a = (0 , sin a , cos -n )
r
0

= (0 , - cos a , sin a)
p

= (n , n , n
n x y z

= (u , U , U
u x y z

= (v , v , 0) ,
V x y

n a k a n g  use of ’ the  assumotion tha t  the target is a body of rotation about

the z—axis (see Appendix 8.2).

• (~2. x a ) = a a — n U
U 0 X ~‘ O  y z

• (.i x .i ) = v n
V fl X ‘,‘

a x a = (u ecu a — u sin a , -- u cos a , u sin 3
U r y z x x

0
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x = (v cos ~ , —v cos a , v sin a)
V r y x x

0

n ow two po in t s  sy mme t r ic abou t t. i ;e y z p lane:  t b -  ijUantitlce U ,

v ,  a;;;) n have opposite s igns .  h e n c e  neg lect in g t erm s tha t  w i l l  ca n cel

when integrating :

U ii — 0 U U COS a — u sin ‘Ii C l i  con; n.

211 inc~~ y z  ,y~ z y z ~~~~y z
r x 1 — 1 , 1 + ’
0 -

Only for t h u  case a = 90
0 

(broadside incidence) , this reduces to n -n ir ’ . j  l y

inc.3 ‘ x ~ ds 2H ~ dS p ro j
r x

=

where

dS , = ( a  ~~ i ) d S .
proj a r

In the above , the expressions in Appendix 8.2 were used . Using a similar —

-r oceii -are we f ind  that  for the other polarization & = aH p

i nc~-3inc 2~i a
x~~ dS=—  ds ‘

I
r ( 1 ÷ ~~ ) pro ]

if  and only if a = 90°.

S

3.5 P.RO J E CTED AP I I A  OF NE WLY ILLUMINATED REGION

The proj ca : t. - ’t area of the  ne~’i ;-e~j i on needs to Pc r e la t e -)  t .,’ its

ori ,’t ;t .ation is order to d e ter m i n e tb ’ coord ina tes and ;b ’r  i v a ti ’.a’:; of t h y

new re qi o n .

The reg ion is i l lu ’ -;t r i t a ’ )  in c u a ’ : -n s— s ec t i o n  a: n~l !:‘.-r:~ h~~- ’t1ve in

41. It is a ‘- 1  ics of a ;kewha ~~n I about t h e  be I~ of lot ~ t ins ;. Ce
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F I G . 41 Projected area of newl y i l lum inated region.
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consider f irst  onl y one side of the new region , although in general there

will be two disconnected pieces.

The projected height at a point ( y , z) is given by

h =
2

where p
2 

is the radius of revolution through the point (y
2

, z 2
) ,  the far edge

of the new region . Defi ne sim ilarly p
1
, the near edge of the region .

Let ~ be the surface norma l at x = 0
n
0

= (0,1, — p ) / / l +p” 2 ’
n
0

then

2
L(S . ~

‘ 
h(~ ~~ ) dsproj , n r

0 0

~1

where

= (0 , sin a, cos ~) is the direction to the far f ie ld .
r
0

This expression needs to be simplified .

The average value of h is

h 4 
(h~ - h2

) = ~~~ 
- p

2
)

where p is the average of p
1

,p
2 

and ~ p = p
1 

- P2
. If ~ is taken as the

value in the region cen ter , h is then an underestimate of the el.fective h.
av

An upper limit on the e f fec t ive h is

h = 2v’p 2 - ~ 2 ’ 
= 2/pAp

t 2
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where again p is the value in the center .

Here we take an in termedia te value

h f f  = 2

which is also the value obtained for a sphere, which can be calculated ex-

actly. also note that

= dz /1÷p 2

Hence obtain

ASproj = ~ /~~5’ (Az sin a + A~ cos a)

where Ap = p
1

-p
2 

and Az = - z
1
.

In the case of general oblique incidence , the AS on the two sides

are diff eren t, but in the case of ct=90 ° we mul tiply the above by 2 , to

account for both sides. For the case of a=90°, including both pieces of

the new reg ion , we write

As -

Az
TV p LI. p

i.e. we can obtain Az and hence p ” = A p /Az since ASproj  
and pAp are known

from the far field response.

In the case of a = 0°, it is simpler to use the fact of rotational

symmetry and write

ASpr o j  = 1T(p~ — p~ )

or

F As
l i  / 2 proj

I’
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l-” .: general oblique incidence , the main problem is in determining the rela-

t iv e  size of the ro’~ loan;  O~i each side.

8.6 INITIAL RAMP RESPONSE OF SPECULA R POINT

As a first step in the inverse scat ter ing process , the leadi n g

edge of the ramp response is analyzed in order to obtain the geometr ic  char-

acteristics of the specUlar point. The response of a cu rv i l i nea r  patch was

derived in Section 5.3. Specializing those results to the specular point

au; ) writing S for t ue  projected area and t for t i n e  time since Incidence

1 ds 1 d
2
S ~

2 (K - K )  
dS t

2
r H  (t) = 

2 d ~ + 
2 

dt
2 ~o 2 4~r dt o 2 ( 7 7 )

/ ‘K — K -
2 (K - K )  2 3

u V dS U V d s  t
2 1 dt c 2 2 o T

at  /

‘ l’Int ~ rir u t two terms are t ho  proj ected ar ea to second orde r ,. the last term s

are the polarization dependent physical optics corrections , where the sign

is + f a r  x o l . t r I ~ , a t i a i n  and — for y polarization.

The , h i ’ t l V , n t l o f l  of the above assumed that both curvatures were n , ’ui-

c ,-t ’o. .-~J31 t ional  terms sr i  se if on1y one of the  curva tu res  is n o n — c u t e  as

nt FLe case of a cy l inder  viewed at broadside.

‘he prna h e ct ed  area of a cyl inder Vlewed at hta ; , i . I n ;  i k ’  is

S = 2L / t ( a - t i ’4 )

where a i , ;  t h e  r e P  us. At t close  to zero we can .t i ’i’ i cxmmatt’

‘IS = 2L t a  t d t .

‘On USC t h i n ,  ‘ ‘x t ’ r u n n S l ; ) r n  for dS in  Eq. (4 I ~) for  the  i n t e ’ u u a l  aver t be selt’—

i at e -h  to ob tain  t b ’  next , p o l a r i z a t i o n  ,) n-j ’n - ii ; hn’i; t t l-rm :
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l~ a L 3/.’ i )  - ‘r P ( t )  ~
- ‘ t 

‘ 
I -

~
- r 1 ( t )  I i ’s)

~ r ... o r

In  I ne , n ) ; ;  ‘Ce , I-n e ; n ’ ,’ ’ i t . . - ‘3 t h e  I n e t  a I 1 1 0 , I’ = —~~~ , i t ; - )  a h~ 
~~

tin . m n i t L a l  i a n ;  a’;) , ; n n ’ . , ’  ot  t ) n , -  n t ) ’ ;  ‘ . 1 . -  3 1V , ’ l l  by :. (77). ‘i’b.~~~~~~. n ’ n i ;  nfl

t u e ‘ . ‘L n r i z ~~t io t l  ‘ I n  .‘isl - - nl t tern r,- t ’r , 
~~‘ ‘ I I nc  ‘ 1;; ’  01 x—poh ai i Z - n ’ n - i ; , n-  —

sig n U’ I ’ — n ’ v l . ; t i c a t  ion.

In  t he i nv , ’I’n ni ‘ n,; -du ;  - in.  - I ak .  t u a .  - . n  S - of t ne I n’ . ‘on a - I n

t i n e  t i - no u ’ ; ; I a r i c , n t  ;o n n ;  and t i n t  101 t i n e  t ’  ;;eric , - ol a V - i . - ; -  I n s ; ” - .

, - ‘ f n c ; ’ ’t ; t  of t . ; n L ; ; ,I ’ ’n ’ e i ; ; l e f l L ; ’ , by tlq . (78), i n n  ox)  ‘ ‘ 1 ’ ~~ ; to b ; ,

F u m  t }n e  U e u l n l i n l I u l J t I ;’,; . ‘i n n .’ I.’ tilO caps , t)n.a two ‘r n f l c l u ’,tl ciirv .it n i , ’;; a t

t he c n n — n i le a t ’ t n ; ’  bon;iIa,lr\’ , ~nd hen c e , t ) ; ’ ’ i ’a ; i  us n is n e t  l~~ i n c l i ’ .’ LI;’;

n -i;, t Ie , - ); ot  ni-c t ion 5.3. t-t ~~. (79) ti ;~’ in  g i v e n ;  t h e  i ’ - n; - ;l S of t h e  c~’1i n ;a e i

For r ‘I. ’ c n n  ‘ e , the ideal ; ; :  c e n t  1 a i i i  ; } ‘o i ;n  e of a - is ; I at  - n ) ’  1 ; cc -  i l

is e v a i ; i , ; t - ’  P The are,;  f u n c ti o n  of a t ’rolat . ; - . ; ) - ; ; e l o i J v i e a t - )  i t  .;nn alc

w i t h  run ;;’ ‘ct; to th e ~— ,nxu ; (axis of rat,;t ; a n ; , n l  - ‘ ‘irn’e -t iv) is

3(t) n- a b(t  — t 2 , - )  ~/ 
Is

-shor e

t 0  it ti m ,’ 01 i f l C i , i -  1 ; i i 5  n t  - ; ‘  n ) eUi~ li’ olfit ,

a , ) ,  - I n c  t , n c  a l i t ; c . I ; l ’ ’ -

1 i s t ‘ .- - . 1 : 1 1  5 01 i ’ ‘t - i t ion (~~)

11 t m  con; m - + S I n n  ii

‘ ‘ . 115)  I ‘no dec iv~.u I i VCII 01 I h a ’  n i’ , n ’s.’ , ; - v i i  - , I i n  - n ’ t - 1 ;  at;) - .t i I i i ’ i n

in 7 n. (77) y t c l  i n n
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~~~~~~~~~

2 2 2 2 K — K ’1 2a b  a b  t a b ’  u v t
r H ~t; = — t — ______ — ± — n —

o r 2B 4B 3
~
”2 2 2B 2 

,
,

- 2

I “K - K ’
2 

2 K -K 2 
-

~ 3
u V a b ~~~ u v - a b  

~~~~~~~~ 
(80)

1 2 ,  2 J 2B 2 . 3/2 6
,‘4B

The top signs here refer to the x-polarization .

At broad side (a 90°), which is the test case of this report , the

above reduces to

r H ( t )  = t - ~~~~~ ± 
~ ( u

2 v1 
~2 

~ 
‘K - K 2 

b 
K~~~ K ’, b~~~t

3 
(81)

For a sphere , both polarizations reduce to

2
r H ( t ) =~~~ t~~~ n .~~. (82)
o r  2 4 2
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Rome Air Development Center

RAEC plans and conducts research , exploratory and advanced
development programs in command, control, and cownunications
(C3) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are communications, electromagnetic guidance and control ,
surveillance of ground and aerospace objects, inte7ligence
data collection and handling, information system technology ,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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