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ABSTRACT 

®\m i n f l u e n c e of CCD n o n - l i n e a r i t i e s on the performances of 
an MTI (Moving Target I n d i c a t o r ) r e ceiver i s examined. C l u t t e r . 
At t e n u a t i o n (CA) and Improvement Factor ( I F ) are evaluated using 
the non l i n e a r c h a r a c t e r i s t i c of a CCD delay l i n e both f o r a 
si n g l e and a double c a n c e l l e r . 

The a n a l y t i c a l technique adopted can be used f o r more complex 
MTI's. Some experimental r e s u l t s are then shown. 

INTRODUCTION 

An MTI i s a c i r c u i t able t o detect useful moving t a r g e t s i n 
a ground (or sea or weather) c l u t t e r environment whose power i s 
40-60 dB above the sign a l power using the d i f f e r e n t doppler spectra 
of c l u t t e r and s i g n a l . 

L a t e r , no doppler c a r r i e r i s thought present i n c l u t t e r 
spectra; as a p o i n t of f a c t widely known techniques ( f . i . adaptive 
MTI) are used t o cancel t h i s c a r r i e r , i f present, and can be 
adopted also when CCD's are used. 

I t i s u s e f u l to remember t h a t nowadays MTI's, w i t h 40-60 dB 
IF are implemented using d i g i t a l devices i n a t r a n s v e r s a l FIR 
c o n f i g u r a t i o n thus needing high r e s o l u t i o n , high speed A/D 
converters (7-10 bits/200nsec). 

I n the e a r l y s i x t i e s MTI's were implemented a n a l o g i c a l l y 
using quartz delay l i n e s whose small dynamic range compelled the 
designer t o cascade many stages w i t h proper f i l t e r s . 

The same must be done w i t h CCD's: dynamic range lower l i m i t s 
due to the device thermal noise, clock residues and r e s i d u a l 
t r a n s i e n t s , normally are declared by the f a c t o r y ; b u t upper l i m i t s 
due to non l i n e a r i t y are not known and they are the most important 
f a c t o r i n f l u e n c i n g the usable dynamic range i n MTI's. 

Abrupt non l i n e a r i t i e s has been studied (1) (2) to evaluate 
the best p o s s i b l e radar performances; the same has been done f o r 
an i n p u t hard l i m i t e r used t o have c l u t t e r residues at noise l e v e l 
whichever the precessor. 

These non l i n e a r i t i e s cause a spreading of c l u t t e r spectrum 
thus l i m i t i n g the c l u t t e r a t t e n u a t i o n . Recent papers have 
analyzed the i n f l u e n c e of i n p u t q u a n t i z a t i o n noise on the poss i b l e 
c a n c e l l a t i o n ( 3 ) . 

I n t h i s paper the i n f l u e n c e of a t y p i c a l CCD non l i n e a r i t y 
on the maximum allowable dynamic range i s examined. 

The parameter commonly used t o describe the performance of an 
MTI i s the Improvement Factor ( I F ) which i s defined as the r a t i o 
between s i g n a l t o c l u t t e r r a t i o a t the output and the same r a t i o 
at the i n p u t of the MTI. The si g n a l can have each po s s i b l e speed 
so i t i s common to average s i g n a l 

*Communication I n s t i t u t e Univ. of Rome - Via Eudossiana 18 - 00184 
Rome 
Selenia S.p.A. Via T i v u r t i n a km. 124 - 00131 ROME 

146. 



power on a l l f r e q u e n c i e s . I f G i s t h e averaged s i g n a l g a i n o f t h e MTI I F 

i s d e f i n e d by t h e f o l l o w i n g e q u a l i t y 

( i ) I F = 4̂4-° = ^-CA 

CA i s the c l u t t e r a t t e n u a t i o n ( r a t i o between o u t p u t and i n p u t c l u t t e r po 

w e r ) . I t i s easy t o r e a l i z e t h a t , i n t h e above h y p o t h e s i s , I F and CA r e ­

p r e s e n t a measure o f the same c h a r a c t e r i s t i c . L a t e r the CA . v / i l l be used 

to e s t i m a t e the p e r f o r m a n c e o f the MTI's; i t i s w o r t h remind t h a t i t i s 

u s e f u l t o have an o u t p u t c l u t t e r power s m a l l e r t h a n n o i s e power. O n l y s i n 

g l e and dou b l e c a n c e l l e r s w i l l be a n a l y z e d , but many c a n c e l l e r s can be 

examined u s i n g t h i s t e c n i q u e . Moreover i t can be o b s e r v e d t h a t t h e i m p l e 

m e n t a t i o n v/hich uses cascaded c e l l s a l l o w s a c o n t r o l l o f dynamic ranges 

i m p o s s i b l e f o r FIR. i m p l e m e n t a t i o n . 

2 - C l u t t e r A t t e n u a t i o n f o r a s i n g l e and a dou b l e c a n c e l l e r 

A s i n g l e c a n c e l l e r , s k e t c h e d i n f i g . l , makes a d i f f e r e n c e betv/een the 

p r e s e n t s i g n a l and t h a t one sweep d e l a y e d . The r e a l d e l a y l i n e T (a CCD 

d e l a y l i n e ) i s t h o u g h t a non l i n e a r d e v i c e y = g ( x ) f o l l o w e d by a l i n e a r 

d e l a y l i n e . I f i n p u t c l u t t e r i s supposed g a u s s i a n i n shape i t i s known 

i t s a u t o c o r r e l a t i o n f i m c t i o n ^ 

m R„ M*** - - * G„fO= Jg= e f e 

The o u t p u t o f t h e s i n g l e c a n c e l l e r (£ ( t ) ) has the a n t o c o r r e i n t i o n t u n c -

R K(r)= 7(t).6[t+t) = [x(t)-y(t-T}j[x(t+T)^ y(t-T+rjj 

So t h e CA f o r a s i n g l e c a n c e l l e r [cA 1] i s 

w CA", R**(°)/R£e(o) = 1 

I f t h e d e l a y l i n e i s l i n e a r [ y ( t ) = x ( L)] Chen RXx(0) R x x ( O ) 

(5> CAV ^ - * r

 1 , -r 
as i t i s w e l l known. A dou b l e c a n c e l l e r can be implemented c a s c a d i n g two 

s i n g l e s t a g e s . The non l i n e a r i t y o f t h e second st a g e i n c r e a s e s the o v e r 

a l l n o n - l i n e a r i t y e f f e c t o n l y by a v e r y s m a l l amount; the f o r m e r s t a g e 

h a n d l e s a non c a n c e l l e d c l u t t e r ( a h i g h e r l e v e l ) , w h i l e t h e l a t t e r a can 

e e l l e d one. Owing t o the s p e c t r u m s p r e a d i n g due t o the non L i n e a r i t y t he 

f i l t e r i n g i s s m a l l e f f i c i e n t . The o u t p u t o f the second c a n c e l l e r i s 

(6) z(fc) = e(t) - e f t -TJ 

so 

(7) R* z(o] « Z R £ Ê(o) - Z R U (TJ 
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and using eq. (3) 

(8) FU ( o ) , 2 j R x x l o J + R j ^ C o ) - R 3 x ( T j - B X ^ - T J - R x * (T) - R « , * ( T ) + 

*tfW*l^) } 
and i t i s easy to evaluate the CA2 ( c l u t t e r a t t e n u a t i o n f o r a double can­
c e l l e r ) which f o r l i n e a r i t y becomes 

(9) C A L - -1 

3 - Non l i n e a r i t y a n a l y s i s 

i f 3 -4fCT) 4- f(2T)J 

The CCDdelay l i n e s non l i n e a r i t y i s u s u a l l y evaluated i n two d i f f e 

rent ways: the former uses the second and t h i r d armonic d i s t o r s i o n c o e f f i ­

c i e n t s (Reticon R5102/03); the l a t t e r uses the d i f f e r e n t i a l gain used i n TV 

s p e c i f i c a t i o n s . I n the former case the non l i n e a r i t y , described by the gene 

r a l formula 

(10) 9 ( x) - <ux + a i x 1 + Q.3X3 

a„x' 

where s are constant ( q u a s i - 1 i n e a r i t y ) , i s completely described by ai , 

a 2, a 3. Knowing the second and t h i r d armonic f o r a f i x e d input l e v e l i t 

i s easy to c a l c u l a t e [ 4 ] a 2 and a 3 ( l a t e r & 1 w i l l be considered always 1) 

a . 

a 3 

A 2 / A i a n d A3/A1 a r e c h e r a t i o s of second and t h i r d armonic and E i s 
ak amplitude of the t e s t s i g n a l ; f o r the case A-wA1 1 ,..=43 dB and 

-50 dB i t i s obtained 

(11) 

where A 

the peak 

A V A I | ( 

(12) 

Such a d e s c r i p t i o n i s non u s e f u l f o r a radar; each non l i n e a r i t y w i t h i t s 

c l i p p i n g e f f e c t i s important. A f t e r an experimental a n a l y s i s curves of d i f ­

f e r e n t i a l gain ( f i g . 2 ) have been obtained. So the curves of f i g . 3 and fig.4 

[ g a m and I/O t r a n s f e r f u n c t i o n ] have been obtained by a computer simula­

t i o n f o r two d i f f e r e n t d i f f e r e n t i a l gains i n u s e f u l dynamic range (!%-*•*/ 

.1 dB; b%—>~ .5 dB). The curves of f i g . 3 have been obtained using a 1 6 t h 

degree polynomial whose even c o e f f i c i e n t s (odd are zero) are reported i n Ta­

ble 1. With the needed i n t e g r a t i o n the a^ [ s . ( 1 0 ) ] have been evaluated (s. 

f i g . 4 ) ; i t i s obvious t h a t the simmetry of curves determine the even coef­

f i c i e n t s to be n u l l . 



4 - CA e v a l u a t i o n i n non l i n e a r i t y region 

me 

To evaluate the e f f e c t s of non l i n e a r i t y on the c l u t t e r spectra the 

ithod proposed i n [ 4 ] [ 5 ] t o evaluate the a u t o c o r r e l a t i o n f o r odd n o n l i n e a 

r i t i e s has been extended to even non l i n e a r i t i e s . So also cross C o r r e l a ­

t i o n [eqs (3) and ( 8 ) ] can be evaluated. As a p o i n t of f a c t using the cha 

r a c t e r i s t i c f u n c t i o n method 

x ^ x(t) < > FW = / x e~JU*^* 

(13) 

-co 

i t i s po s s i b l e to w r i t e 

(14) 
(OO 

4Tr z 

J ~ OO CD 

t h a t f o r a gaussi an c l u t t e r becomes 

H*) j G(l)C didu 

(15) C (H)^,fJ r e ' J 

A f t e r a few passages, w i t h the n o t a t i o n 

(16) K - W* 

i t i s obtained 

ci7) R n ( r j s f Hjte h K F - k 

when 

(18) 

k 4 1-1/ 1 

- eb 

I f F(»)=G(.) then eq. (17)describes the output a u t o c o r r e l a t i o n . So the coef 

f i c i e n t s h K G must be computed to know R e e ( 0 ) and R ^ e ( 0 ) . As g(x) i s a sum 

of f i n i t e terms, G(.) i t s e l f i s the l i n e a r combination of the c h a r a c t e r i ­

s t i c f u n c t i o n s of each addend of the polynomial (10) x m (m=l*n). 

So h 

(19) I T K Ó ^ J i j ^ K h f 
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where 

(20J 

and 

(21) 

Using t h e simmetry o r an tir.imme t r y o f each addend i t i s o b t a i n e d 

f o r m odd 

(22) h 
f 0 k evén 

K m ~ 

f o r in even 

(23) h 

Z TT j 
T 

0 k odd 

odd 

Eq. ( 1 9 ) can be t h o u g h t i s a m a t r i x p r o d u c t 

(24) h & -

[ H ] 

se w i t h n = l ; f o r i and K odd eq . ( 2 2 ) 

(25 ) Mm = 

= J - j.cV 

o b t a i n e d f r o m t h e 

can be w r i t t e n 

h i 

( 

The f o l l o w i n g r e c u r r e n c e f o r m u l e s can be used 

(2 6 ) H ^ 2 ^ _ H l - k 

h H V n o-z h i m 

where h l m i s o b t a i n e d f r o m eq. ( 2 5 ) w i t h K= L. For m and k even the c o r r e s p o n 
d e n t e q u a t i o n s a re 

h(k-iz)M _ Yv\-h . h 0 ( m t z j _ g^Avw-l) ( 2 7 ) 

So m a t r i x H can be e v a l u a t e d a l l o w i n g the c o m p u t i n g o f vet: t o r e "hf,= [ h j G , h 

''* nnC J• S o t h e addends needed t o compute f o r m u l a ( 4 ) can be e v a l u a t e d 2 ° 
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co , 1 

(28) 

t h u s o b t a i n i n g 

(29) C f l 1
 3 a r a 1 — 

J » TFT - ^ ^ P ^ J 
f o r t he s i n g l e c a n c e l l e r and 

(30) CPi\ _ 1 . 
1 mo n • J 

f o r t h e d o u b l e c a n c e l l e r . The b e h a v i o u r s o f CA1 and CA 2 are s k e t c h e d i n f i g 

5 f o r two d i f f e r e n t f (T) v a l u e s [.99,.999]. 

For the d o u b l e c a n c e l l e r are shown t h e v a l u e s o b t a i n e d f o r the non l i n e a ­

r i t y d e s c r i b e d by eq. (12) and t a b l e 1 f o r d i f f e r e n t i a l g a i n .1 dB and .5 dB, 

There i s a s m a l l CA g a i n due t o the b e t t e r non l i n e a r i t y w h i c h can n o t be 

a p p r e c i a t e d f o r a s i n g l e c a n c e l l e r . The f a c t t h a t CA 2 f o r .1 dB decreases 

s h a r p l y b e f o r e CA f o r .5 dB i s due t o the non l i n e a r i t y i t s e l f (as simu 

l a t e d ) . ~~ 

5 - E x p e r i m e n t a l r e s u l t s 

The R e t i c o n d e l a y l i n e 5103 has bee used i n o r d e r to implement the 

d o u b l e c a n c e l l e r . I n p u t s a m p l i n g r a t e i s 250 nsec, as t h e r a d a r i s t h o u g h t 

to use 500 nsec p u l s e s and two samples f o r p u l s e . 

The most i m p o r t a n t c o n s t r a i n t s i n the d e s i g n a r e : 

1) i n e f f i c i e n c y c o m p e n s a t i o n 

2) f y s t e m d e s i g n t o o b t a i n l i n e a r i t y o f b o t h c a n c e l -

3) f i x e d echoes c a n c e l l a t i o n 

4) c l o c k r e s i d u e s r e d u c t i o n 

A s o l u t i o n i s proposed t o reduce t h e i n c o m p l e t e charge t r a n s f e r ( i n e f f i ­

c i e n c y ) w i t h t h e s h o r t - c i r c u i t e d lumped-parameter d e l a y l i n e ( d e l a y i s h a l f 

o f s a m p l i n g p e r i o d ) . That d e l a y l i n e i s c o n n e c t e d t o CCD i n p u t i n p a r a l l e l 

f o r m ( s . f i g . 6 ) ; the g e n e r a t o r impedance matches t h e l i n e one. 

The e x p e r i m e n t a l r e s u l t s d e m o n s t r a t e d t h e v a l i d i t y o f proposed so­

l u t i o n . I t has been shown t h a t i n o r d e r t o s a t i s f y the system r e q u i r e m e n t s , 

r e f e r r e d t o r a i n c l u t t e r l e v e l ( w i t h t h e mean s p e e d - r e l a t e d t o d o p p l e r f r e 

quency) and ground and sea c l u t t e r , the a p l i f i c a t i o n (^20dB) t h e f i r s t can 

c e l l e r o u t p u t s i g n a l i s e s s e n t i a l CCD i n p u t d.c. v o l t a g e a d j u s t e m e n t s and 

s a m p l i n g and h o l d i n g c i r c u i t s have a l l o w e d t o o b t a i n optimum f i x e d echoes 

c a n c e l l a t i o n and c l o c k r e s i d u e s r e d u c t i o n ( s . f i g . 7 - 8 ) . The i n p u t s i g n a l 
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o f d o u b l e c a n c e l l e r ( f i g . 7 ) i s an optimum-speed t a r g e t wi th -40,-50,-60 dB 

l e v e l r e l a t e d t o IV (maximum i n p u t s i g n a l ) . D e t a i l s o f d o u b l e c a n c e l l e r 

o u t p u t are shown i n f i g . 7 , so t h e c l o c k r e s i d u e s are below -60 dB l e v e l . 

For the MTI d e s c r i b e d above, the c a n c e l l a t i o n r e s i d u e s are as sho­

wn i n f i g . 8 , 

6 - C o n c l u s i o n s 

The CCD non l i n e a r i t i e s a re n o t v e r y h a r d c o n s t r a i n t s to MTI f i l t e r s 

d e s i g n . 

The MTI f i l t e r , w h i c h has been d e s c r i b e d , p r o v i d e s the c l u t t e r a t ­

t e n u a t i o n and t h e f i x e d c l u t t e r r e s i d u e s t o a c o n v e n i e n t l e v e l f o r n o r m a l 

m i l i t a r y and c i v i l r a d a r a p p l i c a t i o n s . 

The t i m e and t e m p e r a t u r e s t a b i l i t y appear t o g u a r a n t e e the s y s t e m 

r e q u i r e m e n t s . 

CCD s h i f t r e g i s t e r a l l o w s t h e a c c u r a t e d e l a y c o n t r o l , t y p i c a l o f 

d i g i t a l t e c h n i q u e s , w o r k i n g on analogue i n p u t , w i t h t h e o b v i o u s a d v a n t a ­

ges o f Lower c o s t , l o w e r power c o n s u m p t i o n , i n c r e a s e d r e l i a b i l i t y , l e s s 

s i z e o f whole f i l t e r t han c o n v e n t i o n a l d i g i t a l approach ( 1 t o 5+7). 
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F i g . 5 S o l u t i o n proposed to reduce the 

i n e f f i c i e n c y 

a) -40 dB (below l V p p ) 

b) -50 dB 

c) -60 dB 

Fip . 7 Output o f double c a n c e l l e r t o optimum speed t a r g e t 

A ^ A A A ^ A ^ A ^ A A / ' ^
V

/ ^ A \ ^ ^ / ^ y ^ ^ ^ A A ^ ^ ^ / , ^ ^ ^ ^ ^ A Ê
a P o s i t i v e i n p u t s i g n a l ( . 5V) 

' A A ^ \ / \ / \ r \ / \ 

I 

b) n e g a t i v e i n p u t s i g n a l (- ,5V) 

c) i n p u t s i g n a l 

Fig.C C a n c e l l a t i o n r e s i d u e s to f i x e d echoes 
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