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- 
-\ O S E P A C I

I Ii ;i d a ~ t I ~ e ~ p e e  t r i  1 I i n c I - oh ii e r I. I I i s ;i d v i c
1 ) 1 - a U t urn  t i C 1 1 1 v p r e  w h t ( f l  fl~~ n o  i s e s I t ii iii k no w ri ~ cc t r u m
a n d c x  t r a e  t i ii g ( ci i  h a n c i n g ) S p e e  t r a I c o r n  p u n  en  t s t o w h i c h t h e
n o i s e  i s  a d d i t i v e .  I h e  s t e a d y  s t a t e  p e r f o r m a n c e  o f  t h e  ‘ U J I  i s
p r e s e n t e d  f o r  t h e  g e n e r a l  c a s e  of  m o l t  i p l e  s p e c t r a  1 1 i f l e s
T h e  t h e o r e t  i c a l  s t e a d y s t a t e  S N R  p e r f o r m a n c e  of  t h e  S I P  i s

h o w  n t o be  t h a  t of  a s p e c  t r u m  a ii a 1 v z er  w i t h r e s o 1 u t 1 o ~
J e t  e r m  i n e d  h e  t h e  1 e n g t  h of  t h e  a d a p t  i v i  1 v w e  I g h  t ed t : lp p r  -:
ci e 1 a v 1 i n c  w h i c h I s u s e d t 0 i n ip I em e n t t h e  d e ‘~ I c e .

I N  I S I P  A T  I V P  I N I : O R M A T  I O N

l h ~~s d o c u m e n t  w a s  p r e p a r e d  u n d e r  N U S C  I’ r o i c c t  N o .
- I S !  — 0 0 , P r i n c i p a l  I n v e s t i g a t o r , H r .  N .  I . .  O w s  h v  ( C o d e

l i i i )  a n d  .\ t v y  Su h p r o j  r e t  a n d  T a s k  No . SF 1 1  1 2 1  1 1 0 — 1  SN ’-
P r o g r a m  ~l a n a g e r , .1 . N c e l v , N A V S I I I I ’ S  C o d e  P~1 S — ~~0 2 -  1 1 3 .  \ d d i  —

t 1011 1 1 s u p  po r t w i  s p r o  v i J r  d u o d e  r P r o i c c  t N o  . A - H 7 N — - 1 3
P r i n c i p a l  I n v e s t i g a t o r , U .  ( ; c ’ l f o n d  ( C o d e  ~~\ 2 4 )  , a n d  N a v e  S~ i I -

p r O i c e t  a n d  T a s k  N o .  X 2 1 X 2 - u 3 7 9 4 , P r o g r a m  ~l a n a g c r , C A P T  V .
A n d e r s o n  ( C o d e  P M I - - 1 2 I )

T h e  a u t h o r  o f  t h i s  m e m o r a n d u m  i s  ] o c a t e c l  a t  t h e  N e w
l o n d o n  L a b o r a t o ry , N a v a l  U n d e r w a t e r  S y s t e m s  C e n t e r , N e w  L o n d o n ,
Connec t I c u t  0 6 3 2 0 .
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• I N r P U l ) t J ( : I  I i  i N

I o r ma 1 y s i p  n a 1 J e t  ec t I ( i l l  I~ 
r o b  I c iii s ii t i ii I i st  i ii

~~~! i 1 r , , i  d e t e c t i o n  p r o c e s s or ’  i s  r e~~i i i  t e d  t o  d e t e c t  sp e c -
r 1 1 1 n e  s i n  t h e  p r  e se n  cc ’ o f a ii i cl ii i I I v ~ ‘ h r o  r i d  h a n  ci n o  i s

H c k p r 01111 d • 1 Ii C 01) t I in u rn  ( LM S ) ii e t cc t i ) r I 11 t Ii i s i ii S I i i i  c c
r e . t i i l t e s  e x a c t  k n o w l e d g e  o f  b o t h  t h e  s i g n a l  a r i d  n o i s e
s p e c t r a .  h o w e v e r  , i n  g e n e r a l  t h i s  t y p e  o f ’ :i p r i o r i  I n o w  -

I e d g e  o f s i g n a I a n d no  i s e s p e c  t r a i n o t  a v a i 1 a h I e • I f
t h e  s i g n a l  i s  h a n d  l i m i t e d  I I • e . S p e c t r a  I )  a n d  t h e  no  i so
i s  b r o a d b a n d , t h e n  t h e  s i g n a l  c o m p o n e n t  i s  c o r r e l  l a t e d
f o r  t i m e  l a g s  w h i c h  a r c  l a r g e  c o m p a r e d  to t h a t  f o r  t h e
n o i s e .  T h i s  d i f f e r e n c e  i n  c o r r e l a t i o n  t i m e  c a n  h o  e x p l o i t -
ed t o  bu  i I d a s e l f —  a d j  l i s t  i ng  f l i t  er wh I c Ii w i  1 1 a u  t o r n a t  i c a l l  v
e x t r a c t  t h e  s p e c t r a l  c o m p o n e n t  f r o m  t h e  b r o a d b a n d  n o i s e
i n d e p e n d e n t  of  t h e  f r e q u e n c y  of  t h e  S p e c t  N i l  c o m p o n e n t
Su c h  a n  a d a p t  i C C  f i  I t  er  h a  s b e e n  c a l  l e d  i ‘ ‘ S p e c t r a  I L i  n o
E n h a n c e r  ( S I t : ) 1 1 • “ Th i s d o c u m e n t  p r c s e n  t s a s t  e a d ~
s t a t e  a n r i l v s i s  of  t h e  S E E , d e r i v e s  t h e  a d a p t i v e  f i l t e r
c o n t r o l  a l g o r i t h m s  r i n d  c o n v e r g e n c e  c h a r a c t e r i s t i c s  a n d
c o n s i d e r s  t h e  l i m i t i n g  c a s e  of  a w h i t e  C a u s s i a n  n o i s e

I b r i e  k g r o u n d

The i n t e n t  of t h i s  d o c u m e n t  is to show t h a t  t h e  S i t :
i s a 0 r i d  a i~ 

t i V e no  i se p r  e — wh i t one r a n d s 1 p n a I n o t  c I r t’ i 1 t c r
w h i c h  a u t o m a t  i c a l l v  f o l l o w ’ s any s p e c t r a l  c o m p o n e n t s  i n  t h e
pre~~~nc c of b r o a d b a n d  n o i s e .  It is o b s e r v e d  t h a t , i n
f a c t , t h e  l o c a l  S N R  a t  t h e  o u t p u t  of t h e  n o t c h  t i  i t e r . i . c ’ .
w i t h i n  t h e  h a n d  d e f i n e d  by the r e s o l u t i o n  of t h e  a d ; i ;  I i V e
f i l t er , is  no t in c r e a s e d  b ut ra t her r e m a i n s  c o n s t a n t .
I- I n a 1 1 y , I n g e n e  r a 1 , 1 t i s I n t e n d e d  t o p 1 v e so me  a dcl i t i oil
i n s i g h t i n t o  t h e  SEE o p e r a t i o n  to a s s i s t  b o t h  in e x p l o i t i n g
i ts p o t e n t i a l  and u n d e r s t a n d i n g  i t s  l i m i t a t i o n s .

I I .  STEAI)Y S’I’ATE A N A L Y S I S

A f i i n c t  i o n a l  d i a g r a m  o f  t h e  s p e c t i a l  l i n e  e n h : i r i c e r
S LI : 1 I s g I v en i n  F i gu  r e I . T h e  s I p n o  1 p h i t s n o  i Se  i n p u t

\ ( t )  s(t) + n ( t )  I l l

I ‘-. p i i )  C c  s s c , I  I Ii t W I )  C In a i i i i  e I s : t h e  . I p 1 1 . 1  I e c I I i i i  I O i l  c l i  .i i i  ii - I
, i i i ~ b I l l ’  . I p I i . I  I . i n i , i l  I . I ~ 1 1 ) 1 1  I i r i i t i t ~ ’ l  I I ,  . j p l i i I .1 I i i ,  i t

I I  1 1 1 1 1  • I ‘ i i  • i - . I . I i i i  I I • I • I I i  I I t i i . ,  I I
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o u l e — co  r r e 1 a t  o t he b r’ oa d b a i r d a d d  i t I v e 111) 1 so c u rn p t i c - n i t
ii ( I  ) f r o m  n ( t - ó ) , a i id a n  a d~i p t  I vi ’  I v w I  I p h i  ed t
e I a I i n o  t r ov I d e a m n I m u m  Me a ni Sq ii a r u ’ , I  I: r r r ( ‘.1 P

c s t I in a t e , ~ ( t ) o f t ho i p ir a 1 s f t  ) . 1’Ii e s i p ii :i I c - i i i  ‘ I I a -

t i o n  ‘h a n n e  1 s u b t r a c t s  t h e  M S E  c - s t  i t r i a l  o r ’  ‘~ 
( I  ) I r u e  t i e

s i g n a l — p l u s — n o i s e  i n p u t  to p rov i d e  r u t  c ’ r r o r  s i g r i a  I (
~ 

)
Ni e p o w e r  i n t h e  e r r o r  s I p i t a 1 1 s t h e n  Ui i n I in i - ‘ I ’t 1 W I t ii i i ’  5 —

p cc t to t he we i p lit s i n t h e  t a p p e d  de 1 a 1 I n e . S i i i : e t h e
no i se i n t h e  s i p na I c a rice 1 1 a t ion c h ann c’ I , ii (t ) , I s u t n i c o  r -

r e l at ed w i t h t h e  n o i s e  i n  t he  s i g n a l es t i m a~~i o n  c h r u n ni U
n 1 

( t )  = n
0 (t- ~~) , the p r o c e s s  of m i n i m i z i n g  t h e  ‘ r r o r -  out

p u t  p o w e r  w o r k s  p r i m ~i r i  l y on  r e d u c i n g  ‘ l i t’ s i g n a l  l o w e r  i n
t h e  e r r o r  o u t p u t .  ‘rho M S E  e s t i m a t o r , s ( t )  , i s  t h e  d o s i  r e d
S L E  o u t p u t .  I h i s  e s t i m a t o r  r e p r e s e n t s  ‘t c l e a n e d - u p ’ , I
1 o w add i t i v e rio i s e , v e r 5 o n  o f t h e I n Ut s I p r i o  I ~ om O r i o n  I
s ( t  ) w h i c h  w i  1 1  be c a n c e l  led be s ii bt r r i c t  t o p  ~ f t

L e t  t h e  s i g r ~ a I c o r n  p o n e  n t o f t he  I ri ~~ l i t  Cl) ii 5 1 5 t U I
s p e c t r a l t e r m s  rind he r e p r e s e n t e d  b~

s (t) = . ( t  ) IJ ~~

w h e r e  
~~ 

( t )  i s  t h e  c o m p l e x  e n v e l o p e  of ’ - I  ~ c c  ct r a  I 5: p r u a l
a t  f r e q u e n c y :a 1.  I f  t h e  s u p e r s c r i p t  I ’ ’  j s  t h e  m a t r i x
t r a n s p o s e  o p e r a t o r , t h e n  t h e  s i g n a l  p l u s  0 1 5 € ’  v e c t o r  \
i s  d e f i n c ’ d w h e r e

= 
~~ 

(t - ‘
~ 

x ( t  - -S - A )  ‘ - -
~ - I I. l i ’ ) ]  I 3 )

= ~T ~ \T I ! )

s u c h  t h a t

s ( t - ’ S - [ I . - I J A ) ]  ( 5 )

N 1 
[n 0 (t - 5 )  n 0 (t - 5 - A )  n~ ( t  - - 5 - [ L  - I ]  A ~~~. (6)

A s i g n a l  d e l a y  m a t r i x

= .“ 

~~I 1 (~~)

wi t h 1 t!i c o l u m n
T [ -~~ e 1 6 - .1 W j  (

~~+ ‘~
) - w 1 ( 5 +  1. - i  J ‘.1] ( 5 )

S
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I It C t) ii 11111 C t I Ofi w I t h a s I g ii a I c u rn p I t’ ~ e Ii V e lop I 0 c t o r I t I III - ) 1

P ( 1  ) c~ 
1
~

1
~ 

t 
~ ( t  I 

ui  
• I r - ‘I t ]  ( I )

- i  rn i t ‘ . r - i ~ r I I I I I ~~ I lU t i i  0 ’  pose ~~I ) )

= I ii + N .
- — 10 )

Not icc’ that

s ( t )  = 1~~I~ ‘ 1 1 )

w he r o 1T = I I • I i s r un M — e 1 cm en t v c’ c t o r . I e f i n i  ru It c’
m a t r i x  c o m p l e x  c o n i u g a t e  t r a n s p o s e  o p e r a t o r  ‘ ‘ I I ’ ’ , w c ’ i i t h t
v e c t o r  4~ i s  g i v e n  h y

= [w 1
* w 2~ W [ * J (1 2 1

w h e r e  ‘ ‘ ‘ ‘  d e n o t e s  t h e  c o m p l e x  c o n  j u l g i u t e .  I h u ’  c ’ r r r ’  o i l  0 1 1

is now expre ssed by

(t) = x(t) - 
~~(t) (13 )

= x ( t  I - ~•~
I) F — W 11 N (I

w I t h i’ X pee t ed , i • c . steady sta t e power , Lu u’ i i i  L’ o i’ cc I i t c l
si gnal and noi se g i v e n  b y

E u ( t )  2 } = ~
{ f s ( t )  2 } - 2Re (W

HDE (p s~~~( t )  +

WHD R D HW + E { n 0(t) ~~
I + W R N N W .  ( I i n )

Iii (1 1 ), the t’o 1 l o w i n g  de f i n  i t  ions have bc’c’ n m a d e

E { I = s t a t  i St  i c a I C X P C C  t i l t I O I l  O~~~C’ NIt 01’ ( I S

E ( E L ~~ I = R (si gn u 1 cot ’ re l o t ion m a t  r ix )  I t ’

an d

~
( NN 11 

~ = 1
~NN (no j se c o l  e I at i o n  m a t  ri x ) . (1

6

-~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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‘FM No .
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‘the m i n i  mum Va I r i e 1 ) 1  L i ~~ 
2 w i t  Ii r’e~~b uu ’ c I l o  W j s

ob ta i n e d  b y  s o l v i n g

: ~~~~~~~~ + 2 1 1 0 ( 11 0 
1 1 W  ( I S )

for W M SI : to y i e l d  (1 9 )

= [HR U
t1 

+ R N N J l)R I . (20)

U s i n g  t he i d e n t i t y
- 1 M + p = - 

H 
[MPM

11 
+ Q J - ‘MI > (21)

(2(,) b e c o m e s

H - i  -I I I 1Ic = R 1) (I - [D R D + R  ] D R  H)R I.
— ‘ISE NN NN SS  N N ss— (22)

To ob t a i n  an e x p r e s s i o n  for the MS E , E{ I t ( t  2 } ari d si g n a l
es t i m a t o r  c h a n n e l  o u t p u t  po wer ,(22) is us ed in (14) a n d

= 
~ 

+ 
~ 

2 
( 2 3 1

re s p e c t i v e l y t o y i e l d

1 1 ( t )  1 2
11 M S E  = S + N - 1TR D 11 [I) R 55 1u 0 + 1

~N N  
- 1  

( 2

ar i d

= I TR U[1 )R 0U + R N N I h R 55 l .  ( 2 5 )

In (2 4) the si g n a l  a n d  n o i se p o w e r  have b e e n  d e f i n e d  a s

S = E { I s ( t ) 1 2 ) 
I T h)

a n d

N = E ( I  Ii i t )  I 2 • (2 7)

7

‘

~ 
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1 1 1 .  1) 1 5 ( 055 I O N  OF S T P A I ) Y  S T A l l  S i ) :  I l k !  Ok ~~~\ N i l

Equa t i o n s  ( 2 2 )  and (25) are th e g e r u c - r i I  u ’ . \p r e s ;io n s f o r
the op t i mum (‘ISP) SI F f’ i 1 t or w e i g h t  s a rid u c ~ r ce  t t’ d S I t .  out Put
power re s p e c t i v e l y  f o r M s p e c t r a l  c o m p o n e n t s  i n  a c o r r e l a t e )
n o i s e  b a c k ground. The f o l l o w i n g  s p e c i a l  c r i s e s  w i l l  bi ’ con-
sidered : (a) sm a l l  s i g n a l  to noi se r a t i o  and (b) nu s i n g l e
spectral component. The s m a l l  s i g n a l  to n o i  s ’  r a t i o  crust ’
w i l l  i n d i c a te that the general s t r u c t u r e  of th e S i t : s i g n n u l
es t i m a t i o n  c h a n n e l  is the c l a s s i c a l  “ ( n o i se) p r e - w h i t c ’ n m d
(signal) ma tch ” f i l t e r  op erator. The s i n g l e  sp c ct r :u l com-
ponent ca se w i l l  i l l u s t r a t e  that th e S i t  s i g n a l  m a t c h e d
fil ter f u n c t i o n  is i rtr p l e m e m t ed by a s i m p le P i s c r c ’ t e  P ar l or
Transform (OPT) f i l ter with e f f e c t i v e  3dB f i l t e r  w i d t h , i . e .
reso lu t ion , equal to (1/LA ) li z and center frequenc y ( (l u l l  to
the frequency of the spectral component. R e c a l l  I. i s  the
number of f i l t e r  taps and A is the t e m p o r a l  s p a c i n g  b e t w e e n
taps. Small si g n a l  t o n o i s e  r a t i o :  A s t h e s i g n u u l 1 ) 0 5 ( 1
te rms on the d i a g o n a l  of R

$ 5  
b e c o m e s  s m a l l  r c ’lat i c c  t o t h e

n o i s e  power terms on the d i a g o n a l  of  R N\ , tir e ~I~~l: w e i g h
v e c t o r  W 9~~ ( 2 0 )  a n d  S L L  e x p e c t e d  ou t p u t p oser Et y (’~~ 

- 1 
~ 2~~ )

a pp ro ;tch

= R~~ U R 1  (25)

and

y ( t ) 2~ 
9 SF  

= i
TR n h1 R~~~lu~~~~i L H )

Firs t , the structure of the SEE si gn a l e s t i m a t i o n  c h a n n e l
as dictated b y  (28) is e x a m i n e d .  F i g u r e 2 g i v e s a f u n c t i o n a l
block diagram of the SLE p r o c e s s o r  a n d  i n d i c a t e s  tir e i nnipor-
tant f i l t e r  ope rations in the signal ost i rnu ;a t  ~ orr c h n u n r ~~’ l

Observe that tir e matrix f i l t e r  op e r a t i o n , R , . on th e d e l a y e d
da t a ~‘c c t or X is c l e a r l y  a n o i s e  p r e wh i ten i~!~ fri n o t ion. lii i
s c a l a r  f i l t e r  o p e r a t i o n  i s  e q u i v a l e n t  t o  a s i p n : i  I m a t c hed
f 1 1 t er . Th I s c nit be seen h~~ exam in i n p t h e  S I P  on t p u t t  in
more d e t a i l .  The out p ut , s (~ 

) , is p1 y e n  P c

,-.‘ I I~~U - ls (t) = 1 R F) R X (30)
— ss NN—

“I
= p D 11x ( 3 1)

~ ~ 1 nm—n---w

8

‘
: 
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w h c’ r c

( iuu — u r n )  t —
Fnm E !’S

n
(t) S

m
(t) } e-

is the c o r r e l a t i o n  b e t w e e n  the m th and fl
th 

spectral com-
pon ent , complex e n v e l o p e s  and = R~~ X is r e f err ed to
as the noise p r e w h i t e n e d  data v e ctor. The term

cx = n H x (33)

= 
~~w

(t i j~~~~~~~~
> 1)t~]~~

JW n~~~~,j)

- ,W n~~e ri (~~5k (  )w it

since X .,,,) is recogn i zed as the Discrete Fourier Transtorm
(DFT) oY the noise prewhiten ed data waveform x

~~(t) . The 1)F ’r
is evaluated at frequency t>i . As indicated by (31), the
output of the ~

th DFT filter channel is wei ghted b’. the
factor M and summed togeth e r  wit h  the outputs of the

M = 1
’tm

(M - l ) other c o r r e s p o n d i n g l y  w e i g h t e d  DFT f i l t e r  o u t p u t s .
N o t i c e  that for cor r e l a t e d  t o n a l s , i . e .  

~nm~ 
0 for n~ m ,

co u p l i n g be t w e en DFT f i l ter outputs occurs. This un desire-
a b l e  effect could lead to time v a r y i n g  ( i n t e r m o d u l a t i o n )
effects characterized by periodic signal suppression due to
destructive combining of out of phase spectral components.
This type of b e h a v i o r  is a d i s t i n c t  p o s s i b i l i t y  in an a d : tp
t i v e  r e a l i z a t i o n  of the SLE~ wher e i n  the r e q u i r e m e n t  for short
a d a p t a t i o n  time for r e a l i z a t i o n  of 

~~ SE (see S e c t i o n  I V )
a l l o w s  for r e s i d u a l  c o r r e l a t i o n  betwe ~ n comp lex e n v e l o p e
functions w h i c h , in fact , become more u n c o r r e l a t e d  on 1~’ as
the c o r r e l a t i o n  a v e r a g i n g  t i m e  i n c r e a s e s .  The i d e a l  situa-
ti on , of course , is where 

~mn 
0 for nir~ rt s u c h  t h a t

M 
Hs (t) = 

~ 
Pmm I) 

m~-w (36)

~f.= 1

and each DFT channel output is w e i g hted p r o p o r t i o n a t e l y to
the power in the s p e c t r a l  l i n e .

9
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7
The SL I .  o u t p u t  p o w e r  E {  y ( t )  f o r  t h e  s m n u  11 s i g n a l

to n o i s e  r a t i o  c a s e  w i t h  u n c o r r e l a t c d  sp e c tr a l  c o m p o n e n t
e n v e l o p e s  and ur lcorrela ted noise can he o b t a i n e d  from (29).
For this case R is a diagon al m a t r i x  w i t h  m th element

?mm ’ the OFT ma~~~ix is such that = ~ (dirac delta),
i .e. orthogonal car riers and R N 

= Ni wh e~ E1 I is an I. by I.
identity matrix. \ccordingly , ~29) reduces to

1.

F { J y ( t ) J 2
}l~~I S F  

= ~~~~~ P m~ 
( 3 7 )

It is important notice that accor ding to (37) the only ‘.‘.av
to increase the SEE output si g n a l  to no ise r a t i o  is to
increase the resolution of the adaptive nr’r f i l t e r s ,  i . e .
by increasing the length of the adaptive tapped d e l a y  l i n e
I in F i gure  1 .

An e x a c t  e x p r e s s i o n  f o r  S L E  o u t p u t p o w e r  f o r  a s i n g l e
spectral line in additive uncorrelated noise is obtained
from (25), namely (p 11 

= S)

2 s2 ~E{~~y (t)j 
} 

- 
= L ,. ( 3 5 )MS L m + IS

N

T h e r e f o r e , e v e n  f o r  s m a l l  S / N  if the tappe d delay l i n e  l e n g t h
L is made sufficiently large the spectral l i n e  can he
“enhanced” to the extent allowed by the resolution of the L-
point OFT. The MSE weight vector for the case of a
single spectral line in uncorrelated ’ hoise is obtained from
( 2 0 )  as

W =~~~ 
_ _ _ _ _  D (39)—MSE N i + 1 S

By noting that E. (Iy (t)1 2} is of the form

2 2 ’  2E{ I y ( t ) I  I = L~~~S + ~ IN , ( 4 0 )

the SLE output si gnal to noise ratio is g iven by

SNR O t  = L~ ’ ( 4 1 )

= L
~~

NR i n )’ (42)

11
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T h u s , for exa mp l e , a sing le spectral l i n e  w i t h  5NP 11 = - 2 0 d B
can be enhanced to SNR O IJt = 0 dB w i t h  a n  i~~ l O 0 tri p ( l c ! a v
l i n e .

A q u a l i t a t i v e  e x ample of p r e c i s e l y how the SEP w o a l d
function for a hypothetical spectral s i g n a l  rind P road l i n i - !
n oise i s informative. r i g u r e s  3 ( a ) ,  (b) rind (c) g i v e  t h e
power spectrum of the SEE input , the noise prewh itener out
put and the m atched filter output. A s i g n a l  c o n s i s t i n g  o f
two spectral li n e s , plus “colored” b roadband noi se is c o n - -
sidered in Fi gure 3(a). The colored n o i s e  i n ;  c h n i r n t c l c r i : e d
by  a slop ing spectrum which , a s  a r e sult of t h e  p r e w h i t ~’n i n g
m a t r i x  f i l t e r  operation i s  “m a g i c n u l l y ” t r nii isform e d i n t o  nu
flat noise power spectrum of lev e l  N )(Pi gure 3 ( h ) ),  ‘Fhe
OFT matched f i l t e r s  then center a t  th~ l i n e  f r e q ue n c i es f

1and f2 and e x h i b i t  filter c h a r a c t e r i s t i c s  dete r m i n e d  by a
3dB main lobe of 1/LA (Hz) and 1 3 .f dB down first s i d e -
lobes , i.e. a uniformly wei ghted I)FT. Notice that on a
p e r  H e r t z  b a s i s  a t  f 1 and  f 2 t he  S N R  r e m a i n s  a t  2 d B  and -1 dB
r e s p e c t i v e l y .  H o w e v e r , t h e  broadband SNR t h e o r e t i c a l l y con-
tinues to increase as I, i ncreases.

12
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An adapt i v e 1 east mean sq un i re ( I.M~ ) i ca I i 7 at i OH 01

th e SI, l u t i  I i~~~i n g  t h e  m e t h o d  of s t e e p e s t  ( g r a H c n t  i - c —
cent a t t e m p t  s inn i n  i m i nrc the error o u t  p u t  l o w - e r  n i t  t i m e  t
w i t h  r e s p e c t  t o  t h e  wei g ht vector t = t  = ~c( i) . ‘l’here-
f o  r c ,

I c ( t . ) 1  [x( t
~~
) ~~ W

H
(i)X (i)J fx (t i ) *  X II ( i ) w ( i ) j  ( 43)

= t x (t .) - 2 R e ~~K~~( i ) X (  i )x (t~~) 
} + W~~( )~~(i) 

2~ (24)

The gradient of (-13) w i t h  respect to ls’ (u) is

~~~~c ( t ) 1
2 

= - 2 X (  i ) x (t ) * + 2 X ( i (1) W ( i ) (15)

= - 2X (i) € * (t .) (-t h )

w h i c h d e t e r m i n e s  t h e  s t e e p e s t  d e s c e n t  t a p p e d  d e l a y  l i n e
w e i g h t  v e c t o r  c o n t r o l  a l g o r i t h m

W ( i + l )  = W ( i ) - 2 u X ( i ) c ~( t . ) ’ . ( 4 7 )

I n ( 4 7 ) ,  t he  c o n s t a n t  P d e t e r m i n e s  t h e  r a t e  of c o n v e r g e n c e
to  a s t e a d y s t a t e  e s t i m a t o r  a n d  t h e  s t a b i l i t y  ( a d a p t a t i o n
no i s e )  o f t h e  f i n a l  e s t i m a t e  of  

~~~~~~~~~~ 
. T h e e x p e c t e d  v a l u e

of ( 4 7 )  a f t e r  K i t e r a t i o n s  of (4~~’) u s

E {W (K)} = M ( K )

= [I 
+ 2~ (OR 5 ~~ + R N N )l N (O) 

- ( 4 8 )

- 2p~~~ I + 2 ( 1  (I) R
5 5

I) 0 
+ R

N N )] 
k I)R , 1 ( 2 9

which i n  t h e  1 i n n u i t  K~~-” c a n  be ’ shown to converge to (20),
• e . i 

~ ~i r e I nu t i y e  to the iflnI x i m u m  e I p en v a 1 uc ~ I ‘ of
OR - 0 • R , , s a t i s f i e s  the bound

I 4

•0

- ~~~ . ““5 .  ~~ - - 
- 

- —.~~~~-—- 

- 
- 
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p ( ( J I l l  1 0 0 - 7 2

- ‘ 0 .  ( 5 1 ) )
A 1

(or ni ncorrel a t e d s p e c t r a l  e n v e l o p e s 5 u n c o r r e l u t e d  f l u  i S ) ~-
a n d  resolvable spectral l i n e s  u’ m n J t h e  r i t e  o f
enhancement for the m th spectral c~~m~iOnie nt is c o n t r o l l e d
by the t i m e  constant

T = 
+ 2

~
’(
~~m m~ 

N ) ‘ (51)

T h e  m a t e r i a l  i n  t h i s  s e c t i o n  f o l l o w s  pre~’io1i s work (fo r
example [2]) e~~nic t l y  and the reader is referred t o  t h i s
work for a d d i t i o n a l  r e s u l t s  on c o n v e r g e n c e  p r o p e i - t es a n d
s t ead y state m i s a d i u s t m e n t .

V . StJ M~1 A R ” i’

T h e  S p e c t r a l  L ine Enhancer i s  a d e v i c e  f o r  a d a p t i v e
broadband noise p rewhite n ing a n d  s p e c t i ’ n u l l i n e  e x t r a c t i o n.
I t has been shown that because t h e  S E E  is e s s e n t i a l l y  -t n
adap tive d i s c r e t e  Fourier Transform F i l t e r  (OFT) brink ( o n e
OFT chan eel per spec tra ] line ) its u l t i m a t e  stead y state
SNR performance is no better than that d e t e r m i n e d  b y the
resolu tion of the [)FT. Perh aps the m o s t  i m p o r t a n t  a s p e ct
of the SIP is that it performs a back ground noi se n o r m a l  i nra-
tion function by vi r t u e  of its p r e w h i t e n i n g  c a p n ~ ! ’ i l i t v .

1
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