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ABSTRACT 

An a d a p t i v e   d i g i t a l  matched f i l t e r  s t r u c t u r e  i s  developed  for  the case 
where t h e   i n p u t   s i g n a l  is of known form  and f i n i t e   d u r a t i o n  and  the  input 
no ise   has  a power spectral densi ty   which is a l l -po le .  The e f f e c t  of no ise  
spectrum i d e n t i f i c a t i o n   e r r o r s  on system  performance is inves t iga ted   bo th  
t h e o r e t i c a l l y  and  experimentally.  I t  is  shown t h a t ,  when the  noise  i s  h igh ly  
c o r r e l a t e d ,   t h e   a d a p t i n g   s t r u c t u r e   l e a d s   t o   s i g n i f i c a n t  improvement i n  t he  
output   s ignal- to-noise   ra t io   (and  hence i n  t h e   d e t e c t i o n   c h a r a c t e r i s t i c s )  
w i t h   r e l a t i v e l y   s h o r t  measurement times. This   suggests  the use  of  switching 
l o g i c   t o   a l l o w   n o i s e   a d a p t a t i o n   o n l y  when measurements i n d i c a t e  a h igh ly  
correlated  noise   background.  

1. INTRODUCTION 

Most s i g n a l   d e t e c t i o n   s y s t e m s ,   p a r t i c u l a r l y   t h o s e  which a r e  optimum i n  
some sense, a re   des igned   t o  be o p e r a t e d   i n  a fixed  noise  environment. It is  
h i g h l y   d e s i r a b l e  i n  many s i t u a t i o n s   t o  have  avai lable   sys  terns which are 
r e l a t i v e l y   i n s e n s i t i v e   t o   i n p u t   n o i s e   s t a t i s t i c s .  Such systems are p a r t i c -  
u l a r ly   u se fu l ,   f o r   example ,  when the   no ise  is s t a t iona ry   ove r   on ly  a s h o r t  
time i n t e r v a l .  

A reasonable   approach  to   this   problem is  t o   c o n s i d e r   d e t e c t i o n  schemes 
which  have  been made a d a p t i v e   t o  a class of i npu t   no i se s   by   t he   add i t ion  of 
a noise- ident i f ica t ion   sys tem.  The inc reas ing  use  of d i g i t a l   t e c h n i q u e s  and 
t h e   g e n e r a l   a v a i l a b i l i t y   o f   d i g i t a l   f a c i l i t i e s  permit the  easy  implementation 
of   such   ident i f ica t ion   sys tems.  Of par t icular  s i m p l i c i t y  are those  designed 
t o   e s t i m a t e  parameters i n   a n  assumed a l l -po le   no i se  spectral dens i ty   func t ion  
[ l l  

A wide class of d e t e c t i o n  schemes uses  matched filters followed  by 
threshold  comparators [ 2 ] .  I n   f a c t ,   f o r   t h e   d e t e c t i o n   o f   s i g n a l s  of known 
form i n  Gaussian  noise ,   such  detectors  are optimum [ 2 ]  i n   t h e  Neyman-Pearson 
sense [ i . e .   f o r  a f i x e d   f a l s e  alarm probab i l i t y   ( l eve l )   t hey   g ive   t he   g rea t -  
e s t  p robab i l i t y   o f  a h i t  (pDwer) ]. These  matched f i l t e r s  have   t ransfer  
func t ions  which  depend  on the input   no ise  spectrum [ 3 ] .  This  paper   considers  
a class of a d a p t i v e   m a t c h e d   d i g i t a l   f i l t e r s :  i . e .  filters which  operate on 
sampled-data  and whose t r ans fe r   func t ions  are determined  from estimates of 
the input   no ise  power spectral dens i ty .  

I n  t h e   n e x t   s e c t i o n ,   t h e   r e a l i z a b l e   t r a n s f e r   f u n c t i o n   o f   t h e  matched 
d i g i t a l   f i l t e r  i.s obtained.  Although the d e r i v a t i o n  is a s t ra ight forward  
extension  from  the  continuous case, it does  not   appear   to  be commonly a v a i l -  
able i n   t h e   l i t e r a t u r e .  

* 
This w x k  w a s  p a r t i a l l y  s u p p x t e d  by the National  Science  Foundation 
under G r a n t  GP-1647. 
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2 MATCHED DIGITAL  FILTERS 

The matched d i g i t a l   f i l t e r  ie shown schemat i ca l ly   i n   F ig .   1 ,  where T is 
the sampling  interval   and H(e) is the   sampled  t ransfer   funct ion of a l i n e a r  
t i m e - i n v a r i a n t   d i g i t a l  fi lter w i t h  impulsive  response  h(nT) . The input  con- 
sists of sampler of a knawn r i g n a l  s (  t) and  of  an  additive random noise  n( t) , 
aaaurned t o  *be a wide-sense  r ta t ionary  process   with  zero mean and power spectral 
d e n s i t y  5 ( Z )  . The f i l t e r  H(z) i e  t o  be chosen  to maximize the   ou tput  S/N 
power r a t i o .  

I n  complete analogy wi th  the continuous case [3  , the output   noise  
variance r\ and the rquared  output  signal  component) a t  time t = NT can be 
w r i t t e n  a8 

or 
f H(z")S(z ) Z  

-1 -N 
Z 1' 

where c a p i t a l  let ters have been used to   denote  the z-transforms of lower case 
time functions  and where i n t e g r a t i o n  is around  the  uni t  circle in   the   counter -  
clockwise d i r e c t i o n .  

a l e n t l y  [ 4 ] ,  the term fl - bsI(where 1 is a Lagrangian  mult ipl ier .   Differ-  
e n t i a t i n g   w i t h  respect t o  H(z'1) under the i n t e g r a l   s i g n  and  equating  the re- 
s u l t   t o   z e r o   y i e l d s  

It  i e  des i r ed  t o  choose z )  so as t o  maximize the r a t i o  a& or ,   equiv-  

Hence the  integrand  can be set  e q u a l   t o  a func t ion  X ( z )  which is  ana ly t ic   in -  
s i d e  the u n i t  circle [ 5 ] :  

The noise  spectrum can be f a c t o r e d   i n t o  two components 6 (2) and 5- (2) 
having poles and  zeroes O d .  ins ide  and  only  outs ide the u n i t  circle respec t ive ly .  
Th i s   f ac to r i za t ion   shou ld  be performed so that  @+(z) does  not  possess a pole 
or   zero  a t  i n f i n i t y   a n d  so that  5- ( z )  [which is j u s t  a+( 2- l )  ] does  not  possess 

+ 
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a   po le   o r   zero   a t   the   o r ig in  [ 6 ] .  Then Eq. ( 5 )  becomes 

Now l e t   t h e   c o e f f i c i e n t  of 1 i n  Eq. ( 6 )  be expressed   as   a   par t ia l   f rac t ion  
expansion of the  form 

where  the  term [ ] contains  only  poles  which  are  inside  the u n i t  c i r c l e  and 
the  term [ ] contains only poles   outs ide  the u n i t  c i r c l e .  Then  Eq. ( 6 )  can 
be wr i t t en   a s  

If the  funct ion H(z) i s  phys ica l ly   r ea l i zab le ,   t hen   t he   l e f t   s ide  of Eq. ( 8 )  
is  ana ly t ic   ou ts ide  the u n i t  c i r c l e :   t he  r i g h t  s ide  is ana ly t ic   ins ide   the  
u n i t  c i r c l e  by def in i t ion ;   therefore   bo th   s ides  must  be  equal t o  a  constant 
which  can be shown t o  be zero [7 1 . Since  the  value of 1 is a r b i t r a r y   f o r  our 
purposes [ 3 ] ,  it may be set equal t o  u n i t y  and we have 

as   the   t ransfer   func t ion  of  the  realizable matched d i g i t a l   f i l t e r .  I f  
p h y s i c a l   r e a l i z a b i l i t y   c a n  be  ignored,  then i t  fo l lows   d i r ec t ly  from Eq. (4 )  
[or from Eq. (9 )  3 tha t   the   matched   f i l t e r  i s  [ 8 ]  

When the   s igna l  s ( t )  is of f i n i t e   d u r a t i o n ,  N can  always  be  chosen  large 
enough so t h a t  S (  2-1) 2-N is ana ly t ic   ou ts ide   the  u n i t  c i r c l e .  (This  i s  
equivalent  t o  delaying  the  signal  long enough so t h a t  i t  vanishes fo r  negative 
time.) I f ,  i n  addi t ion  the power s p e c t r a l  d e n s i t y  @ ( z )  of the  noise is a l l -  
pole,   then N can  be  chosen  large enough so t ha t   t he  term [ ]+ i n  Eq. (9)  is 
ana ly t ic   ou ts ide   the  u n i t  c i r c l e .  I n  this case  the  matched f i l t e r   t r a n s f e r  
function  reduces t o  Eq. (10) where N [degree of S ( C 1 )  ] + [degree of 
l /@-(z]] .   Since  the  noise   has   been assumed t o  be a l l -po le ,  i t s  s p e c t r a l  
densi ty   can  be  wri t ten  as  
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where the polynomial D (  z) , given  by 

D(z) = 1 + Ul z + . . . + U z - ~  -1 
P 

has zeroes  only  inside the u n i t  circle.  Note that  any scale fac tors   can  be 
ignored  s ince  they  do  not   affect  the S/N r a t i o  improvement. 

For the a l l -pole  case, the  matched f i l t e r  is given  by 

The output   noise   var iance  of  Eq. (1) becomes 

and the squared  output   s ignal  component 4 is  given  by Eq. (3)  as 

Thus t h e   g r e a t e s t  (optimum) output S/N power r a t i o  is  

For the white noise   case,  the matched f i l t e r  of Eq. (13) becomes 

When the noise  spectrum is  unknown, it would be reasonable  to  use this 
matched f i l t e r .  Then, i f  the a c t u a l   ( b u t  unknown) spectrum i s  given by  
(ll),  the output  S/N power r a t i o  would be 

The adapt ive scheme t o  be considered w i l l  be d i scussed   i n  the next s ec t ion  
znd is based- on  approximating the polynomial  D(z)  of Eq. ( 1 2 )  us ing  es t imates  
ai of the p parameters ai i n  that  equation: 

A 
D(z) = 1 + aiz A -1 A + . . . + upz-P (19) 
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A 
The adaptixe matched f i l t e r  H(z) w i l l  then be given  by Eq. (13) w i t h  D(z) re- 
placed  by ~ ( 2 ) .  The S/N power r a t i o   a t   t h e   o u t p u t  of this f i l t e r  when the  in- 
put  noise is actual ly   given  by Eq. (11) w i l l  be 

3. ADAPTIVE SCHEME 

The adaptive scheme is based on the  es t imat ion  of   the p parameters  of 
khe noise power spectral dens i ty ,  2 = (al, 42 ,  . . . , ap) . The computed es t imate  - a of 1 is  used to   ad jus t   the   parameters  of the matched f i l t e r ,   a s  shown i n  
Fig. 2. The estimation  technique has been  descr ibed  previously  [ l ]  and is 
based on l e a s t  mean square  regression. The b a s i c   s t e p s   i n   t h e   i d e n t i f i c a t i o n  
computation  are as follows: 

1. From N sample pa in t s  of the   input   s igna l ,  the p + 1 mean lagged 
products   are  computed: 

N- j 

2. The pxp matrix F = ( f l  i-j I : i ,  j = 1, . . . , p) is formed  and in- 

3 .  The estimate 5 is computed from 

verted.  
A 

A 
a = -F -1 - 

It has  been shown [ l ]  that the e r r o r   v e c t o r  - 2 is asymptotically  normally 
d i s t r ibu ted   w i th   ze ro  mean and  covariance matrix asymptot ic   to  F - ~ / ( N - P ) ,  
f w i t h  the  normalization  implied  by @ ( z )  = l/D(z)D(z-l) I .  Thus the per u n i t  
standard devia t ions  of the e r r o r s   i n   t h e   c o e f f i c i e n t s  are roughly ,112 which 
gives  some basis on which to inves t iga t e  the e f f e c t  of parameter identifica- 
t i o n   e r r o r s  on S/N improvement. 

A 

I n   t h e  one-pole case when the s i g n a l  is a s ingle   pu lse ,  s ( z )  = 1, the  
S/N improvement can be found d i r e c t l y   i n  terms of the pole   pos i t ion  a and the 
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error i n  the c o e f f i c i e n t  measurement c . It  is 

w i t h  

. k  - l + a  
2 

2 
- 

PW l - a  . 

Figure 3 shows the average S/N mprovement as a function  of  pole  posit ion 
fo r   va r ious   e r ro r s  which  correspond t o  record lengths  of roughly 200-1000 
points .  It is seen that when the noise i s  h igh ly   co r re l a t ed  ( la1 near 1) the 
e f f ec t s   o f  measurement e r r o r s  are not  great  and allow s i g n i f i c a n t  improvement 
over a s ing le  fixed f i l ter .  Only the case when S ( z )  = 1 w i l l  be cons idered   in  
the remainder  of  this  paper,   since the in t roduct ion  of s ignal   parameters   tend 
t o  obscure the r e s u l t s .  The use of longer   s igna ls  allows in t eg ra t ion  of s i g n a l  
energy  and w i l l  usua l ly  lead to  performance i provement. It is  of i n t e r e s t  
t o   n o t e  tha t  when the noise i s  near ly  white ( % I  near  zero) , the measurement 
e r r o r s   r e s u l t   i n  a f i l t e r  which is  less e f f ec t ive   t han  the fixed f i l t e r  of 
Eq. ( 1 7 )  . Thus, i f  the noise is r e l a t ive ly   uncor re l a t ed ,  it may not  be 
profitable t o  attempt noise   adaptat ion.  This suggests that  switching  logic  
be used to   a l low  adapta t ion   on ly  when measurements i nd ica t e  a h ighly  correlated 
noise  background. The switching cri teria would  depend  on the record length,  
the s ignal- to-noise   ra t ios ,   and the r e l a t i v e   c o s t s  of false alarms and misses. 

When the  noise spectral dens i ty  has more than  one  pole, similar r e s u l t s  
ob ta in ,   a l though  the   ca lcu la t ion  of average S/N improvement for  a l l  ranges 
of the parameters becomes inconvenient.  Figure 4 shows the r e s u l t s   f o r  the 
two-pole case as a function  of u when ul = 0 . 5 .  It  i s  s e e n   t h a t   f o r  nominal 
errors i n  the coe f f i c i en t   i den t ig i ca t ion  the average S/N improvement i s  again 
a r e l a t ive ly   i n sens i t i ve   func t ion  of  measurement e r rors ,   and  that  good per- 
formance  can be obtained when the noise is h ighly   cor re la ted .  It  i s  ex- 
pected that  this conclusion is va l id   i n   h ighe r   o rde r  cases. 

4. EXPERIMENTAL RESULTS 

I n  order t o  inves t iga t e  the behavior of the  adaptive matched f i l t e r  un- 
der real is t ic  condi t ions,  the proposed  adaptive scheme w a s  implemented  on an 
IBM 7094 computer. The cor re la ted   no ise  was obta ined   by   f i l t e r ing   rec tangu-  
la r ly   d i s t r ibu ted   independent  random numbers. Record lengths  of 1000 po in t s  
were used,  and  10  single  pulse  signals were added t o  the noise  sample a t  d i s -  
t r i b u t e d   p o i n t s   i n  time. O f  importance are the actual  d i s t r i b u t i o n   o f  the out- 
put  S/N fo r   va r ious   i npu t  S/N; the de tec t ion  possibilities based on the out- 
put   ampli tude  densi ty   dis t r ibut ion:  and the behavior of the system when the 
noise i s  not all-pole (the s t r u c t u r e  problem) . 
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Figures  5 and 6 show measured  output S/N improvement i n  the one-pole 
case f o r  low and  high  input  S/N r anges ,   r e spec t ive ly .  It is seen  that the 
average S/N improvement a g r e e s   w i t h   t h e   t h e o r e t i c a l  resu l t s  of   F ig .   3 ,   bu t  
t h a t   t h e  s t a t i s t i ea l  spread  depends  heavi ly  on t h e   s i g n a l   l e v e l .   F o r  small 
i n p u t  S/N, t h e  S/N improvement is r a t h e r   u n s t a b l e .   T h i s  is t o  be expected 
s i n c e  some s i g n a l s   i n   t h i s  case t e n d   t o  become completely  submerged i n   t h e  
n o i s e .   F o r   l a r g e r   s i g n a l s   t h e   o p e r a t i o n   o f   t h e   a d a p t i v e   f i l t e r  becomes 
more c o n s i s t e n t ,  as would be e x p e c t e d   i n t u i t i v e l y .   F i g .  7 shows a p l o t  of 
the  measured mean and  var iance  of   the S/N improvement f o r  a s i n g l e   f i x e d  
po le  a t  0.9 as a func t ion   of  the i n p u t  S/N. The d e c r e a s e   i n   t h e   v a r i a n c e  
of S/N improvement is quite  pronounced. The average S/N improvement de- 
creases w i t h  i n c r e a s i n g   s i g n a l   s t r e n g t h   b e c a u s e  the s i g n a l s   p r e s e n t   i n t e r -  
f e r e   w i t h  the no i se  spectrum i d e n t i f i c a t i o n   a n d   d e g r a d e  the est imate   of  
al - 

To ga in  more i n s i g h t   i n t o   t h e   o p e r a t i o n   o f  the f i l ter  u n d e r   d i f f e r e n t  
s i g n a l   l e v e l   a n d   n o i s e   c o n d i t i o n s ,  the inpu t   and   ou tpu t   ampl i tude   dens i t i e s  
f o r  a 1000 poin t   record   and  a one-pole  noise spectral d e n s i t y  were t a b u l a t e d  
F igs .  8 and 9 show t h e s e   d e n s i t i e s   u n d e r   a d v e r s e   c o n d i t i o n s   [ r e l a t i v e l y  low 
c o r r e l a t i o n  (a = .7) a n d   r e l a t i v e l y  low s i g n a l   s t r e n g t h   ( i n p u t  S/N = 1.5)]. 
It is  seen  tha& i n  this case the s i g n a l s   t h a t  are n o t   b u r i e d   i n   t h e   n o i s e  
are recovered  by the matched f i l t e r .  The d e t e c t i o n   p r o b a b i l i t y   i n   t h i s  
case is typ ica l ly   i nc reased   f rom 3/10 t o  5/10 w i t h  a much lower t es t  l e v e l  
( f a l s e  alarm probab i l i t y ) .   F igs .   10   and  11 show the   input   and   ou tput  ampli- 
t u d e   d e n s i t i e s  when t h e   s i g n a l   s t r e n g t h  is h i g h e r   ( i n p u t  S/N = 2.0)  and the 
no i se  more c o r r e l a t e d  (a = 0 .9 ) .  Here t h e  improvement in   de t ec t ion   capa -  
b i l i t y  is more pronounced ,   and   the   de tec t ion   probabi l i ty  is raised  f rom 
a b o u t  3/10 t o   v e r y   n e a r l y  1 w i t h  a ve ry  small l e v e l .  The "T" and I'U" sym- 
b o l s  a t  t h e   t o p   o f   F i g s .  9 and 11 indica te   the   ampl i tude   o f  the matched 
f i l t e r  t r a n s i e n t   r e s p o n s e  a t  p o i n t s   a d j a c e n t   t o   t h e   s i g n a l .   T h u s ,  the f a l s e  
s i g n a l s   i n  these p l o t s  are a s s o c i a t e d   w i t h  real  s igna l s   and  are not   proper-  
l y   f a l s e  alarms. T h i s   i n d i c a t e s  a t r ade -o f f   be tween   de t ec t ion   capab i l i t y  
and  determinat ion  of  time of occurrence.  

Another   impor tan t   cons idera t ion  is the   behav io r  of t h e  f i l t e r  when 
d i f f e ren t   o rde r   app rox iman t s  are used i n   t h e   n o i s e  spectral densi ty   model .  
When the no i se  is  a c t u a l l y   a l l - p o l e  i t  is  important  that  the   o rder   o f   the  
approximant be a t  least  as g r e a t  as t h e   a c t u a l   o r d e r  of the noise  spectral 
dens i ty .   Th i s  is  i l l u s t r a t e d   i n   F i g .  1 2  which shows the  measured mean and 
var iance   o f  S/N improvement f o r   t e n   s i n g l e   p u l s e   s i g n a l s   i n  1000  record 
p o i n t s  as a func t ion   of  the number of   poles   used  in   the  noise   model .  The 
n o i s e   i n  this case was a l l - p o l e   w i t h  3 p o l e s  a t  *j . 8  and - . 5 .   F o r   f i r s t  
and  second  order   approximants   to   the  noise   spectral   densi ty ,   the   performance 
is r e l a t i v e l y   p o o r ;   f o r  a three-pole  model the  performance i s  r e l a t i v e l y  
good;  and f o r   l a r g e r  numbers  of poles   the  performance is  p r a c t i c a l l y  un- 
a f f e c t e d  'by the   o rder   o f   the   no ise   model .  

@ ( z )  = (1 - .9z ) (1 - .9z) -1 2 2 (25) 

I n   t h i s  case the  performance  improves  s teadi ly  w i t h  t h e  number o f   p o l e s   i n  
the n o i s e   m o d e l   a n d   f i n a l l y   s t a b i l i z e s   f o r  p = 6. Thus when the no i se  i s  
n o t   a l l - p o l e  i t  i s  impor t an t   t o   u se  a l a r g e  number of   parameters   in  the a l l -  
po le  model. It  is  n o t e w o r t h y   t h a t   s i g n i f i c a n t  S/N improvement  can be ob- 
t a i n e d   i n  t h i s  c a s e ,   d e s p i t e   t h e  fac t  t h a t   t h e  model  chosen is inappropr i a t e .  
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Since the performance  of  the  adaptive  matched f i l t e r  depends  largely 
on the no i se   be ing   h igh ly   co r re l a t ed ,  it is  i n t e r e s t i n g   t o   i n v e s t i g a t e   t h e  
f i l t e r ' s   b e h a v i o r   w i t h  a per iodic ,   determinis t ic   noise   background  and  s ingle  
pu l se   s igna l s .   Th i s  w a s  done  with 200 p a i n t   r e c o r d s   o f   r e p e t i t i v e   s i n e ,  
square ,   and   t r iangle  waves wi th  3 scattered s i n g l e   p u l s e   s i g n a l s .  A t h i r d  
order   no ise  model w a s  assumed. The amplitude  of the noise  background was 
decreased  by  factors  of  435,  748,  and 2610 respec t ive ly ,   wi thout   decreas ing  
the   s igna l   ampl i tude .  T h i s  i n d i c a t e s  a marked a b i l i t y  of the   adapt ive  
scheme t o  m i m i c  h i g h l y   r e g u l a r   s t r u c t u r e s  and  suggests the use  of such 
schemes in   pa t t e rn   r ecogn i t ion   p rob lems .  

5. CONCLUSIONS 

1. Performance is r e l a t i v e l y   i n s e n s i t i v e   t o   i d e n t i f i c a t i o n   e r r o r s ,   t h u s  
a l lowing  short   measurement   t imes  and  fas t   adaptat ion  in   quasi-s ta t ionary 
environments. 

2. The adap t ive   ma tched   f i l t e r s   can  be use fu l   i n   con junc t ion  w i t h  th reshold  
d e t e c t i o n  i f  the noise  i s  h i g h l y   c o r r e l a t e d .  

3 .  The use  of  high  order  al l-pole  models i s  j u s t i f i e d   f o r  a wide v a r i e t y  of 
noise spectral dens i t i e s ,   p rov ided  that  the time required  to   measure p + 1 
nean  lagged  products  and  invert  a pxp mat r ix  i s  t o l e r a b l e .  

4.  The adaptive  matched f i l t e r  i s  v e r y   e f f e c t i v e   i n  removing h igh ly   r egu la r  
d e t e r m i n i s t i c   p a t t e r n s  from random s i g n a l s .  
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3 .  

4. 

5. 

6. 
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Fig. 7 - Measured mean and variance of S/N improvement for 
10 s ing le   pu l se   s igna l s   in  a 1000 point record  vs.  
input S/N for fixed  one-pole noise .  

u.2 



N I 1  6oo 

t 
D '  
E 
N T 480 
T 
Y 

360 

240 

I2 0 

I 
I 

I 
I 

I I 

I I 
I I 

-500 -400 -300 -206 -a0 0.0 a 0 2 4 0 3 0 0 s Q o ~  

co I mil- IN WTS - S m l E S  SlGWL llLpuTK€ 

1 

0 ;  640 
Y i  
P '  
U 
T 

D 
N 
E 
s 480 
1 
I 

Y 

360 

a0 

I2 0 

0.0 

. T1-T-rrr-rIt-rT-l-1-r-Tr-T-r 

, CSUT y N ~ 1 5  

l----r---'--- 

-XI0 -*oa -340 -2ao -Do 00 100 200 300 400  500 

Figs. 8 and 9 - Measured  input  and  output  amplitude  density for 
a 1000  point  record with relatively  uncorrelated 
one-pole  noise  and  input S/N = 1.5 . 



I 1 60.0 
N 
P 
U 
T 

D 
N 
E 
s 480 

T 
I 

36.0 

240 

I2 0 

00 

---- 
I 7--- 7--- 
I 

I 
I 

I 
I I I I 

I t 

0 I 60.0 

P 
U 
T 

Y 

I 
T 
Y 

36.0 

240 

I2 0 

00 

Figs. 10 and 11 - Same as Figs. 8 and 9 except  the noise is  
more correlated and input S/bl = 2 .0  

114 



I I /=AN I 
30 

2 0  

F i g .  12 - Measured mean and variance of S/N improvement for 
10 s i n g l e   p u l s e   s i g n a l s   i n  a 1000 point   record  vs .  
number of poles i n  the noise  model.Noise spectral 
dens i ty  i a  all-pole. 

35 c 

309 

250 

200 

150 

100 

50 

0 

4' \ 
I 4 

I 
I \ 

P-- 
\ 

I 
I 

I 
I 

I 

\ 

1 2 3 4 5 6 7 8  

NvI%R OFPOLES- 
NNOSEMOOa 

F ig .  13  - Measured mean and variance of S/N improvement for 
10 s i n g l e   p u l s e   s i g n a l s   i n  a 1000 point  record vs. 
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