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A F S T R ACT

The c a in  in  s i~~n a l - t o - n o i s e  r a t i o  w i t h  r e sn e c t  to a b a n d n a s s

f i l t e r  was i n v e s t i ~~atec 1 as a f~in c t i o n  of in ~)u t  si~~n a l - to  - n o i s e  r~i t i o  f er  a W i e n e r

f i l t e r , a m a t c h e d  f i l t e r , and t h e  t h r e e  c o mn o n en t  a d an t i v e  f i l t e r . E a c h  pro-

ce s so r  wzI S ac ,pl ied to two s o u t h e r n  K an i ch a t k a  e v e f l t s  r e c o r ded  a t  a s i n ~~Ie

s i t e  at  t h e  A l a s k a n  Long P e r i o d  A r r a y  ( A L P A )  and  b u r i e d  irs two  no i se  sam-

oles r e c ar d e d  t h e r e .

A r e nr e s e n t a t i ve  s o u t h e r n  K a m c ha t k a  e a r t h q u a ke  se i sr n ou r a m

was f o r m e d  by a v e r ag i n ~ s n e c t r a  of e v en t s  f r o m  t h a t  r e c i on .  T h e  W i e n e r

f i l t e r  used  t h e  r e s u l t i ng  a v e r ai ~e n o w e r  sn e c t r um  but  no si g n a l - n o i s e  c o r r e l a -

t ion  t e r m s  to a c h i e v e  a ~ to 6 dB m a x i m u m  i~a in  ove r  t h e  b an dp a ss  f i l t e r .  The

a v e r a g e  e v e n t  was also used  as a m a t c he d  f i l t e r , w h i c h  had a c a i n  of ~r o m  6

t o  10 dB over the  b an d n a s s  f i l t e r . W i t h  t h e  he lp  of a M o n t e  C a r l o  s i m u l a t i o n

to d e t e r m i n e  t h e  ne s t  f o r m  for  t h e  f i l t e r  w e i c h t s , t h e  t h r e e  c om n o n e n t  adan -

t i v e  f i l t e r  had a ca i n  of f r o m  10 to 17 dB over  t h e  b an d o a s s  f i l t e r ,
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SECTiON 1

I
This  r ep o r t  d e s c r i b e s  the  p e r f o r m a n c e  of t h r e e  i m p o r t a n t  pro-

c e s s o r s  f o r  s e i s m i c  d a t a ,  t h e  W i e n e r  f i l t e r , t he  m a t c h e d  f i l t e r , and t h e  t h r e e

c o m p o n e n t  adapt ive  ( T C A)  p r o c e s s o r . Each has  been o p t i m i z ed  as f a r  as pos-

s ib le  fo r  the  p r e s e n t  app l i ca t ion .

The data u s e d  h e r e  w e r e  sin g l e - s i te  Alaskan Long Per iod  A r r a y

( A L PA )  s ig n a l s  and n o i s e  s amples,  Sing l e - s i t e  data were  used  because  the  de-

tec t io n p rob l em is more  s e v e r e  for  a s ini ~le i n s t r u m e n t  t h a n  f or  ars a r r a y ,  and

because  the  ~. r en d  at p r e s e n t  is toward  dep loymen t  of sing l e - s i t e  i n s t ru m e n t a -

t ion  (Se ismic  R e s e ar c h  O b s e r v a t o r i e s )  and small  ar r a y s  ( I r a n i a n  Lo ng Period

A r r a y ) .  ALPA data  were  used  because  t h e y  are  of hi g h qual i ty  and b e c a us e

the  n a t u r e  of no i se  and si~~rsals at ALPA is well known,

Syn t h e t i c  data were  p r ep a r e d  by s e l ec t i ng  a 2 0 4 8 - p o in t  s e g m e n t

of se ismic  noise , samp led eve ry  two seconds , and adding to it a su i t ab ly scaled

si gna l , o r ic i n al l y recorded  at hi g h si g n a l -t o - n o i s e  r a t i o  ( S N R ) ,  to f o r m  a com-

pos i t e  t r a c e .  The ra t io  of the  scaled si g n a l  peak  to the  r o o t - m e a n - s q ua r e

(RMS ) va lue  of the  noise preced ing  the  t i m e  at which  the  si gna l  was added was

the  t r u e  i n p u t  s ii ~n a l -t o - no i s e  ra t io,  For  the  ma tched  and Wiener  f i l t e r s , dif-

f e r e n t  scale f a c t o r s  w e r e  used  f o r  each t r a c e  so tha t  all had the s ame  S N R,

For the  T C A , a common scale f a c t o r  was u s e d  so tha t  t he  s i gna l  was not dis  -

t o r t e d . T h i s  p r o c e d u r e  h a s  t h e  a d v a n t a g e  over u se  of si gna l s  as r e c o r d e d  t h a t

t h e  t r u e  SNR and peak  a r r i v a l  t i m e  a re  k n o w n  e x a c t l y ,  and  can be v ar i e d  by

t h e  e x p e r i m e n t e r

The s ic na l  b u r i e d  in n o i s e  is ca l led  the  t e s t  e v e n t .  A n o t h e r

e v e n t  is  r e q u i r e d  for  irno l e i i e n t a t i o n  of t h e  W i e n e r  ar i d m a t c h e d  f i l t e r  and is

1 — 1  
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c.~il led the  r e f e r e n c e  even t .  Desc r i p t i ons  of t h e  no ise  s a mp les and t e s t  even t s

u s ed  in t h i s  s t u d y a r e  g i v e n  in Tab le  1-1 , a n d  the  e v e n t s  a r e  p l o t t e d  in Fi g u r e

1— 1.

The g e n e r a l  e xp e r i m e n t a l  p r o c e d u r e  was as fofl ws . The t e s t

ev e n t  was b u r i e d  in n o i s e  at v a r i o u s  known SNR ’ s , and t h e  P r o c e s s o r  u n d e r

stud y ap p l i e d  to th ~ c omp o s i t e  t r a c e ,  The  r a t i o  of the  l a r g e s t  peak  in t he  sig-

nal a r r i v a l  i n t e r v a l  to the  RM S value  of the  p r e c e d i n g  noise  was ca lcu la t ed .

The  SNR was also c a l c u l a t e d  for  t h e  same compos i t e  t r a c e  f i l t e r e d  be tween

0. 024 FIn and 0. 0~~
Q Hz , the  f r e q u e n cy  r a n g e  whe re  the  SNR of s e i s m i c  events

is exp e c t e d  to be l a rg e .  The  d i f f e r e n c e ( i n  dB) be tween  these  r a t ios  was the

ca i n  of the  p r o c e s s o r  over th e  band pass f i l t e r  and was p lot ted as a f u n c t i o n  of

inpu t  SNR,

It is u s e f u l  to p r e s e n t  ga ins  r at he r  than  absolute  SNR ’s because

c a m s do no t  i n c r e a s e  i n d e f i n i t e l y wi th  inpu t  SNR , but  s a t u r a t e  at some maxi-

mum value .  The band pass  f i l t e r  was chosen as a s t a n d a r d  because  it is a

r ou t ine  f o r m  of s ign a l  i m p r o v e m e n t  whose p er f o r m a n c e is well known.

A s c h e m a t i c  f o r m  for  the  r e su l t s  is shown in Fig u r e  1-2 . The

h o r i 7 on t a l  axis is i n p u t  SNR and the  v er t i c a l  axis is SNR ga in  over the band -

pass  f i l t e r , Both scales a r e  in dB , a l thoug h rio va lues  are  shown

At low values  of i npu t  SNR the si gnal  is so f a r  below the noise

t h a t  t he  peak of t he  p r o c e s s o r  output is not c o n t r i b u t e d  b y the  si gnal. Cons e-

q u e n t ly , the  ga in  is not  a f u n c t i o n  of the inpu t  SNR, At su f f i c i e n t  input SNR ,

t h e  p r o c e s s o r  o u t p u t  is d e t e r m i n e d  by the  si gnal , a l thoug h , hopefully, the

l) a n dn a ss  f i l t e r s ’ ou tpu t  is s t i l l  due to noise.  At th is  point  the g a i n  of the

p r o c e s s o r  beg in s  to i n c r e a s e .  At some hig he r  SNR the  b and pass f i l t e r  peak

is due  to t h e  s i g n a l , and t h e r e a f t e r  l i t t le  g a i n  is o b t a i n e d ,  In some cases  the

g a i n  may  d ec r e a s e .  In any  case , the  SNR g a i n  r e a c h e s  a m a x i m u m , as shown

in Fi g u r e  I- ’L , and t h i s  n i ax imumn g a i n  is t a k e n  h e r e  as a me a s u r e  of p r o c es  -

sor p e r f o r m a n c e .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The c u r v e s  p r e s e n t e d  h e r e  a re  not as r e g u l a r  as imp lied by

the p r e c e d i n g  p a r a g r a phs , in  tha t  t h e y  may disp lay k i n k s , i l l - d e f i n e d  shoul-

de r s , or  o c c a s i o n a l ly no s h o u l d e r s  at all. Since the  exact behav io r  of both

si gnal  and noise  a re  known in a s tud y such as th i s , each  u n u s u a l  f e a t u r e  could

be exp la ined  by a de ta i led  e x a m i n a ti o n  of the  data and the p r o c e s s o r . Such an

e xp l a n a t i o n  is not a t t e m p t e d  because , while the  bas ic  process  g iving r i s e  to

s igna l  and noise are d e t e r m i n i s t i c, f r o m  the geop h y s ic i s t ’ s point  of view they

a re  random . Both noise  and si gnal  a re  thoug ht of as being drawn f r o m  some

popu la t ion , and are  unl ike ly to occur  a g a i n .  Thus onl y the most  general  fea-

t u r e s  of t h e  r e su l t s  are repeatable, arid dev ia t ions  f r o m  them must  be expect-

ed and t r e a t e d  as f l u c t u a t i o n s,

P
I — f  
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SE C T I O N  11

W I E N E R  F i L T E R

The Wiener  f i l t e r  is one whose  o u t p u t  i s  c l ose st  t o  t h e  d e s i r e d

si gnal  in the  leas t  mean  squa re  s e n s e. , in t h e  f r e q u e n c y  c1on~a in , i t  t a k e s  t h e

fo l lowing f o r m :

(1) + 1 5
— 

ss sri I 1F - 

~ 
± (/)  ± (f ~ + (~I 

1-

ss sn ns nn

where  the th i s a r e  the  c r o s s -  and au to -power  s p e c t r a  of the s i gn a l  arid t i e i~~e .

Thus , if x is the  t e s t  even t  which it is d e s i r ed  to e x t r a c t  fr o m  the noise  San-

p le z , the th’ s a re  def ined  as fo l lows:

(/) = ~~(w )  • ~‘* ( w)  ( l I— ~~)
rin

(/ )  E ( 1e )  . ~ *( w)  (I~i — 3)
Sn

(I) ( w)  ‘~ *((,) ) (11—4)

If )  ~ ‘( ee , )  • ~ * ( ‘ )  ( 11— - ‘ )

ss

svhere  u is the a ngu l a r  f r e q u e n cy , t h e  s y mb o l  deno te s  a F o u r i er  t r a n s  -

f o r m , and * deno te s  a complex  c o n j u g a t e .

The W i e n e r  f i l t e r  in the  f o r m  of e q u a t i o n  ( H - I )  is in a s e ns e

4 t r i v i a l .  R e w r i t i n g  it  u s i ng  e q u a t i o n s  ( l i -f l  t h r o u g h ( 1 1— S ) ,  we h a v e  the  fol low-

i n g .

V
F = ________ 

-. ( ( C ) ) ’ \ ( e r i )  +~~~( I e ) ) 7 ’~ ( ( . ; )  
(Ii —

~~‘(( s )
’~~* ( Ie I)  + (~ )~~(~ ) ~ ~~( , ) ~

‘*( ,) +~~~ ( I ) 7* ( I e)

ii — I



The d e n o m i n a t o r  of equa t io n (11-6) can  be f a c t o r e d  as can  the  n u m e r a t o r , as

fo l lows :

F ~ (w) (~ (wJ + ~ (w) ) * 
(11-7)

(~~ (w) ± ~‘(w)) (~~(w)  + (e )  )

The o u t p u t  of the  f i l t e r  is F t i m e s  the inpu t  ~‘(~~) + ‘
~ (~~) , and is:

F ~(w) + ~~(( u)} = 
x(~~ ~~~ ~~~~ {~~~w~ +~~ (w )}  = ~~(w) . ( 11-8)

(~~(w) + ~‘(w ) )  (~~(w)  + ~‘(w) )
‘

T h i s  r e s u l t  means  tha t  if the  s i g n a l  and noise  are known exact l y, t he  si gna l

can be e x t r a c t e d  exact ly f r o m  the  noise,  The u t i l i ty  of the  Wiener  f i l ter  is ,

of c o u r s e , that  the f o r m  of equat ion ( I l - I )  can also be used when signal  and

noise  a re  only  approximate ly known,

The p rob lem , then , is to e s t ima te  the t e rms  in equat ion (I l - i) .

The noise  powe r s p e c t r u m  th n can  be found  f r o m  the noise preceding the

s i g n a l  a r r i v a l , and , as usual , we will a s s u m e  that  the noise is s t a t i o n a r y  so

tha t  t h i s  power s p e c t r u m  can  be used  to e s t i m a t e  the  power s p e c t r u m  in the

pr e s e n c e  of the si gnal.  A model f o r  the s igna l  m u s t  be a s s u m e d  in o r d e r  to

ca lcu la te  ~~~~~~~~ , A model is al so  r equ i r ed  to f ind  the c rosspower  t e r m s  th~~~,

and no s a t i s f a c t o r y  way of doing th is  has  been  found ,

The noise powe r s p e c t r u m  was e s t ima ted  by segmenting a

.L048-p o in t  s e r i e s  into 8 s e c t i o n s  of ‘~~ 6 poin ts  each , f i l l ing  wi th  z e ro s  to make

g048 p o i n t s , arid F o u r i e r  t r a n s f o r m i n g ,  At each f r e q u e n cy ,  the  power  was the

s u m  of the  sq u a r e s  of the  real  and imag i n a ry  p ar t s . These  power s  were  aver-

age d  a t  each f r e q u e n c y over  all 8 s egm e n t s  to i n c r e a s e  the  r e l i a b i l i t y of t he

e S t 1 11 11 t e 5
/

The  s i g n a l  power s p e c t r u m  was f o u n d  b y a v e r a g i n g  powe r spec~

r a f r o m  se ven  southern Kamchatka events together. Each had b e e n  normal in ed 

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



to  un i t  a rea  b e f o r e  a v e r a g i ng ,  to e l im i n a t e  t h e  i n f l ~~era e of m a g n i t u d e  The

a v e r a g e  power  s p e c t r a  a r e  shown in F i g u r e  11-1.

Phase  sp e c t r a  f o r  th e s e  e v e n t s  \~‘ere c o r r e c t e d  for  j u m p s  of

~~ liv add ing  or s u b t r a c t i ng  ~ ‘r w h e n e v e r  such  a j u m p  was  f o u n d .  T h e n

their linear trend was removed by subtracting the quantity ( f/ f ~~) i/; 0 f r o m  the

phase angle at frequency £ , where I is the Nyquist f r e q u e n cy  arid ‘I’ ~~~~~~~~

the phase at the Nvquist frequency of the transverse component. This had the

e f f e c t  of moving each signal without distortion so that i t  was c e n t e r e d  on z e r o

t i m e ,

Finally, the seven c o r r e c t e d  phase  s p e c t r a  were  a v e r a g e d  to-

g e t h e r  for  each c o m p o n e n t  and are s h o w n  in Fi g u r e  II-~L . In reg ions  w h e r e

the si gnal  power  is low , the phase  s p e c t r u m  is m e a n i n g l e s s , bu t  over th E  si g-

nal band the slope of the phase s p e c t r u m  is i n d i c a t i v e  of the  ph a s e  v e l o c i t y  of

the signal .

An amp li tude s p e c t r u m  was ca l cu l a t ed  for  each  c o m p o n e n t  b y

e x t r a c t i n g  the  squa re  roo t  of the  power  s p e c t r u m , and the  i n v e r s e  t r a n s f o r m

of this amplitude and  phase  s p e c t r u m  found and plotted iii Fig u r e  11- 3 . These

s y n t h e t i c  si gna l s  show the e f f e c t s  of n iu l t i p a t h i ng  ( w h i c h  is also visible in the

scallop ing of the power spectra in F i gu r e  I I - ! ) ,  of d i spe r s ion , and  of t he  h i g h e r

g roup  v e l o ci ty  of Love w a v e s  t h a n  Ray lei g h waves . This  t i m e - d o m a i n  s i g n a l

will also be used  as a m a t c h e d  f i l t e r , and  is d e n o t e d  as s ( t ) .

The a ver a t ’ e c o r r e l a t i o n  c o e f f i c i e n t  b e t w e e n  the sy n t h e t i c  sig-

• nal found  h e r e  and s e v e n  in d e p e n d e n t  e v e n t s  f r o m  s o u t h e r n  K am c h a t k a  w a s

0. 69, wi th  a s t a n d a r d  d e v i a t i o n  of 0. 08. The a v e r a ge  c o r r e l a t i o n  b e t w e e n

K A M — ~ 31 — 1 9 A L  and t h e  s a m e  s e v e n  e ven t s  was  0 , t i  ~‘ ‘ i t h  :i st  n d a r d  d e v i a  —

t i o n  of 0. 18 , T hese  me - a n  cu r  r e l a t i o n s  a r e  i n d i s t i n g u i s h a b l e  t i n t  t h e  s t a n d —

u r n  d e v i a t i o n  f or  the s s-i th e tic signal is less t h i n  I C r  t h t  r e a l  ( I n C ’ I h~~S

rn .- an s  th at although there is no a d v a n t a g e  in  t e r n i s  of g a i n  in u s i n g  t h e

11— 1
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sy n t h e t i c  w a v e f o r m , t h e r e  is a hi gher likelihood of d e t e c t i n g  a s i g n a l  u s i n g

the  s y n t h e t i c  w a v e f o r m , s i n c e  c i e t i ’c t i u i ri is a yes  — n o  d e c i s i o n  d e p e n d i n g  on a

th r e s  hold

The a s s u m p t i o n  is o r d i na  rily made that si g n a l  and n o i s e  a re

u n c or r e l a t e d  so t h a t  t e r m s  like ma~ be i g n o r e d , While t h i s  is t r u e  on

t h e  a v e ra g e , cive r the  s h o r t  s e c t i o n s  of da t a  used h e r e  t h e r e  wi l l  be some ap-

p a r e n t  c o r r e l a t i o n  b e t w e e n  s i g n a l  ar id noise  due to the  r a n d o m  n a t u r e  of t h e

n o i se . F u r t h e r m o r e, at low enoug h va lues  of si g n a l - t o - n o i s e  r a t i o , the  cor-

r e l a t i on  t e r m  I! will d o mi n a t e  the  n u m e r a t o r  of e q u a t i o n  (1 1- 1) ,  s ince  it is

p r o p o rt i o na l  to t he  f i r s t  power  of t h e  s i g n a l  ampl i t u d e , wh i l e  is propor-

t i o n a l  to t h e  s q u a r e  of t he  si gna l  amp l i tude.  C o n s e q u e n t ly , i t  is i m p o r t a n t  to

i n c l u d e  f in  t he  W i e n e r  f i l t e r,Sn

The t e r m s  c on t r i b u t i n g  to t h e  Wiene r f i l t e r  f o r  the  t r a n s v e r s e

c o m p o n e n t  a r e  p lo t t ed  in Fi g u r e  11-4 . H e r e  a sig n a l - t o- n o i s e  r a t i o  of 10 dli

has  been  u s e d , and  !i • I and I!I p l o t t e d  on the  same sca le  as a func-
ss ‘~~~ ‘ Sn

t ion  of f r e q u e n c y .  Since the  p h a s e  ang le of the  noise  is r andom , the  phase  of

I!) is also r an d o m , and is not shown ,
sn

The i n f l u e n c e  of t he  si g n a l - n o i s e  c o r r e l a t i o n  t e r m s  is shown

exp l i c i t l y in F i g u r e  1I-~~ whe re  t h e  W i e n e r  f i l t e r  is  shown  fo r  the  same  sig-

nal and  noise , a t  10 dl’ s i g n a l - t o - n o i s e  r a t i o , wi th  and w i t h o u t  the  c o r r e l a t i o n

t e r m s . For c om p a r i s o n , t h e  band pa ss  f i l t e r  u s e d  h e r e  is a l so  shown,  It is

c l ear  t h a t  t h e i r  inc lus ion  makes  a si g n i f i c a n t  d i f f e r e n c e  to the  f i l t e r  w e i g h t s .

The t e r m  I!’ in  the n u m e r a t o r  also in t r o d u c e s  a ph a s e  s h i f t  i n t o  t h e  f i l t e r .
sn

H a v i ng  e s t a b l i s h e d  the  i m p o r t a n ce  of t h e  s i g n a l — n o i s e  c o r r e l a —

t i on  t e r m s , t h e  nex t  s t e p  i s  to  ca I c  u l R t e  them f o r  an u n k n o wn  s ig n a l ,  The

ave r a g e  a m p l i t u d e  of !‘ is e a sy  e no u g h  to f i n d , bu t  its ph ;i  s e, is u n p r e d i c  t —

able , s i n c e  t h e  no i se  p h a s e  is i r an ( l on ~ v a r i a b l e  depe n d i n g  on t h e  d et a i l s  ci i

t h e  t i m e  d o m a i n  n i c i t i o l i , and can  t a k e  on w i t h  e q u a l  p r o b a b i l i t y  a ny  v a l u e  o v e r

11-7
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its whole range .  The p robab i l i ty  d i s t r i b u t i on  f u n c t i o n  of the power , b y con-

t r a s t , is peaked at the mean power , so t h at t he powe r at a g iven  f r e qu e n c y  is

much m ore  p r ed i c t a b l e  than  the  phase. There  are  m a n y  t ime se r ies  having

the same p ower s p ec t r u m  but  d i f f e r e n t  phase  spectra , and these  t ime ser ies

d i f f e r  in tha t  t he i r  e n er g y  appear s  at d i f f er e n t  t imes .  ln p r ac t i c e , this ran-

domness  in the d i s t r ib u t i o n  of e n e r g y  in the time domain , and the r esu l t ing

r a n d o m n es s  of the p h ase s p e ct r u m , was impossible  to mode l .

To e x a mi n e  the  p e r f or m a n c e  of the  Wiener  f i l t e r , it was cal-

culated for  a n u m b er  of si g n a l - to - n o i s e  rat ios  and app lied tn  si gnals  bur ied

at the appropr ia te  level in noise, Var ious  models of the noise phase  were

examined.  The noise phase  was taken to be i ts  expected value of z e r o , o r to

be a random number , or to be equal to the signal  phase. None of these choices

was as effect ive as omitting the correlation te rm en t i r e l y. Consequentl y, all

resul ts  for  the Wiene r fi l te r p r e s e n t ed  he re  assume that (f) 0. The f i l ter
Sn

weig hts  are th en  as follows :

F = 
(h + t h  ‘ 

(11-9)

The gain of the Wiener f i l ter  ove r the band pass f i l ter  is shown

as a f u n c t i o n  of input SNR in Fig u r es  11-6 and 11-7, In the f ir s t  fi g u r e d the

noise samp le is varied while the tes t  event  is held cons tan t , and the opposite

is t rue  in Fig u r e  11-7 . More cor re la t ion  is seen between resu l t s  with a com-

mon tes t  event than  those with a common noise samp le , because the per for-

mance  of Lhe f i l t e r  is pr inc ipally a ffec ted  by t he co r r e lati on be tween  t e s t  and

r e f e r en c e  events  r a t h e r  t han  b y the u n i f or m l y low co r r e l a ti on  be tween  the

noise and r e f e r en c e  even t ,

Gains a re  r a t h e r  low compared  to those  f r o m  o t h e r  p r o c e s s o rs

s t u d i e d h e r e .  Peak g a i n s  v a r i e d  f r o m  ,~ to 6 dli and o c c u r r e d  at f r om  6 to H

11-10 
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dB input SNR. Outpu t  w a v e f o r m s  fo r  an i n p u t  SNR of 10 dB are  shown fo r  the

Wiener  f i l t e r  in Fig u r e  11-8 and f o r  the band pass  f i l t e r  in Fi gure  11-9 , fo r

K A M -2 3 1 - 1 9 A L  bu r i ed  in noise  samp le N C ’ I - 3I 1 - O8 A L.

W i t h o u t  th - si g n a l - n o is e  c o r r e l a t i o n  t e r m s  the Wiener  f i l t e r  is

j u s t  a z e r o - phase  f i l t e r  with a shape which  s up pr e s s e s  m o r e  of the noise (and

of the  si gna l)  than  does the simp le r e c t a n g u l a r  bandpass f i l t e r .  Since no qual-

i ta t ive ly d i f f e r e n t  op e r a t i on s  are  p e r f o r m e d, it is not s u r p r i s in g  tha t  the  ga i n

ove r the band pass f i l t e r  should not be large.  We may also conclude  f r o m  t h e

small changes  in pe rfo rmance  when  the noise sample was changed  tha t  the

noise and si gnal  spec t ra l  peaks  are f a i r ly well separated, at leas t  for  tha t  sig-

nal.
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SEC TION III

M A T C H E D  FiLTER

P r e w h i t e nin g  fol lowed b y m a t c h e d  f i l t e r i n g  is the op t imum de-

t e c t i o n  s c h e m e  (Capon , G r e e n field , and Lacoss , 1969), P rewh i t en ing  is ac-

compli shed  by dividing the  t r a n s f o r m  of the t r ace  to be p roces sed  by the pow-

er sp e c t r u m  p(~~ ) of the noise ,  The ma tched  f i l ter  used he re  is the syn the t -

ic s ig n a l  developed in the  prev ious  s e c t i o n  on Wiener  f i l t e r ing , and is con-

volved wi th  the p rewhi t ened  input  t r a c e  to y ield an output  y -

Using  the  nota t ion  of the  p r e v i o u s  sect ion , where x ( t )  is the

tes t  even t , z ( t )  the  noise , and s ( t )  the ma tched  f i l ter  waveform , the  opera-

t ions of m a t c h e d  f i l t e r i n g  and p r e wh i t e n i ng  can be combined into  one expres-

sion in the f r e q u e n c y  domain , as fol lows.

= 
x ( w )  + z ( w ) }  s*(w)  

, ( I l l — i )
p( w)

C o m p a r i n g  th i s  e x p r e s s i o n  to tha t  for  the  Wiene r f i l t e r  w i t h o u t

cr o s s c o r r ela t i o n  t e r m s  (equat ion ( 11-9)) , it is evident  tha t  the Wiener  f i l t e r

outnut  is app rox ima te ly the  p r e w b i t e n e d  ma tched  f i l t e r  o u t p u t  convolved wi th

the  r e f e r e n c e  wave fo rm. Intui t ively,  it would seem tha t  such  convo lu t ion  can

only r educe  the  si g n a l - t o -noise ra t io  and tha t  the  Wiener  f i l t e r  should d i sp lay

less g a i n  t h a n  does the  m a t c h e d  f i l te r . It will be seen tha t  th i s  is the  case.

The ou tpu t  of t he  f i l t e r  ( equa t i on  ( I l l - i ) )  is p r o po r t i o n a l  to t h e

input , but  wi th  u n k n o w n  scale f a c t o r .  In o r d e r  to f i nd  c o r r e c t  peak amp l i t udes ,

we ca lcula te  a m u l t ip l i ca t ive  scale f a c t o r  for  the  r e f e r e n c e  w a v e f o r m  t h a t  will

e n s u r e  tha t  m a t c h e d  f i l t e r i n g  a w a v e f o r m  wi th  it  self  in the a b s en c e  of no i se

111— 1
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will yield a peak ampli tude equal to t ha t  of the o r i g inal si gnal .  Th i s  r equ i re -

m e n t  is s a t i s f i e d  i f :

I 
{ 

g s~~’~ = s ( t )  ( 111—2)
p ( w )  max max

where  g is the des i red  scale f ac to r , I denotes  i nve r se  Fou r i e r  t r a n s f o r m a -

t ion , and t h e  s u b s c r i pt ‘max ’ denotes  t ak ing  the maximum of a w a v e f o r m .

Then :

s (t )
g = 

max 
— , (111-3)

~
‘(w ) ~‘*( w)

p ( w ) ~ max

The f u n c t i o n  in the denomina to r  of equat ion  (111-3) is the  p rewhi tened  autocor-

relat ion f u n c t i o n  of the r e f e r e n c e  w a v e f o r m,

The scale f ac to r  g thus  found  is not a f u n c t i o n  of the t e s t

event , so that  it can be used  to e x t r a c t  an unknown  event.  The ma tched  f i l t e r

peak will be somewhat  smal le r  t han  the  t r u e  value because  of less  than  per-

f ec t  co r r e l a t i on  be tween  tes t  and r e f er e n c e  event s , hu t  t h i s  loss wil l  be onl y

about 3 dB for  a co r re l a t ion  of 0. 7,

Gains  as a f u n c t i o n  of input  SNR a re  s h o w n  in  Fi g ur e s  111-1

and 111-2 in the  same f o r m a t  as in the p r e v i o u s  c h ap t e r . Fi g u r e  111-1 , 1cr

c o n s t a n t  s ig n a l , shows some s imi l a r i ty in the  shape  of t he  g a i n  c u r v e s  as the

noise  is v a r i e d , as fo r  the Wiene r f i l t e r , a l thoug h the levels a re  d i f f e r e n t .

Ag a i n , this  is because  the  ga in  is d et e r m i n e d  b y the t e s t  e v e n t - r e f e r e n c e

even t  c o r r e l a t i o n , r e f e r e n c e  e v e n t - n o i s e  c o r r e l a t i o n  b e i n g  u n i f o r m l y low .

T h e r e  s no obvious  s i n i i l a r i t v  be tween  g a i n s  f o r  the  s ame

c o m p o n e n t  f r o m  d i f f e ren t  even t s  in FH gur e  111-2 , w h e r e  the  n o i s e  samp le  i s

h e l d  c o n s t a n t .  T h i s  is b e c a u se  the  most  i mp o r t a n t  f a c t o r , t h e  c o r re l a t i o n

be tween  t e s t  and r e f e r e n c e  e v e n t , i s  not  c o n s t a n t . F u r t h e rm o r e , p r ew b it en -

ing  r emoves  some of t he  e f f e c t  of v a r y i n g  t h e  noi r t ’  s amp le .

111— ,~ 
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There  is clear  s i m i l a r i ty  be tween Fi g u r e s  Il l - i  and 1II-~ wi th

F igures  11-6 and 11-7 , the c o r r e s p o n d i n g  W i e n e r  f i l t e r  r e su lt s .  The Wiener

f i l t e r  r e su l t s  are roug hl y para l l e l  to the  m a t c h e d  f i l t e r  r e sul t s , componen t

by component , but  lie about 3 dB below them,  This  is c o n s i s t e n t  with the dis-

cuss ion  ear l ier  in th i s  chap t e r  w h er e  i t  was pointed out  t h a t  the Wiener  f i l t e r

output  is j u s t  the matched  f i l t e r  ou tpu t  convolved with a r e f e r e n c e  waveform.

This p r o c e s s  of convolut ion  can now be seen to lose abou t 3 d13 in t e rms  of

output  SNR.

A p lot of matched f i l te r  ou tpu t s  for  K A M - 2 3 1 -1 9A L  bur ied  at a

t r u e  SNR of 10 dli in noise samp le N OI- 3 1 1-O 8 A L  is shown in Fig u r e  111-i .

The peaks occur  at the  si gnal  a r r i v a l  t ime ra the r  than  at the  peak a r r iva l  t i m e

as do p r o c e s s o r s  which do not c o n c e n t r a te  the signal e n e r g y  into a sing le point .

I

l u — s
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SECTION IV

THREE COMPONENT ADAPTIVE FILTER

The t h r e e  c o m p o n e n t  adaptive f i l t e r  ( T C A )  examined  h e r e  has

been d e s c r i b e d  by S t r a u s s  (1976) ,  It makes  use  of all t h r e e  components  of

the seismic r e c o r d  s imu l t aneous l y and desi gns  a d a t a - d e p e n d e n t  f i l t e r  fo r

eac h of a l a rge  n u m b e r  of over lapp ing s e g m e n t s  of t h e  r ecord .  The f i l t e r  ap-

plied to the v e r t i c a l  and radial  c o m p o n ent s  has l a r g e  f i l t e r  wei g h t s  at f r equen-

cies where  the  p hase  ang le be tween  those  c o mp o n e n t s  is QO d e g r e e s ;  i. e.

Ray lei g h waves onl y a re  passed,  The t r a n s v e r s e  f i l t e r  c o e f f i c i e n t s  a re  la rge

when t r a n s v e r s e ly -n o l a r i z ed  e n e rg y  is p r e s e n t , so t h a t  Love waves a r e  pass-

ed. Only e n e r g y  in phase  with the v e r t i c a l  mot ion  is c o n s id e r e d  in the  des i gn

of the  t r a n s v e r s e  f i l t e r , in o rder  to avoid con fusion  of  R a y lei g h waves wi th  of f -

a z i m u t h  Love waves .

The basic  desi gn  of th i s  f i l t e r  is f ixed , and o p t i m i z a t i o n  of i t s

p e r f o r m a n c e  can  come only th roug h v a r i a t i o n  of p a r a m e t e r s. The p a r a m e t e r s

examined h e r e  were  the  l eng th  of the over l app ing data  s e gm e n t s , t h e  n u m b e r

of s e g m e n t s  overlapped at each t ime  point , and the dependence  of the f i l t e r

wei g hts  on t h e  data.

It was found th a t  t h e r e  was no si g n i f i c a n t  d i f f e r e n c e  in p e r f o r-

mance  when  64 point  or 128 po in t  ove r l apping s e g m e n t s  w e r e  u s e d , and  t h i s

r e su l t  is c o n s i s t e n t  wi th  p r ev i o u s  s t ud i e s .  Some d egr a d a t i o n w us  oh ser v ed

when  32 po in t  and 2- 56  po in t  s e g m e n t s  w e r e  u s e d , so t h a t  a f ’ -l  p o i n t  s e g men t

was used  in t h i s  s t u d y in the  i n t e r e s t  of r e d u c e d  c o m p u t a t i o n a l  t i me .

Next , f o u r  s e g m e n t s  of data  w e r e  ove r l apped , r a t h e r  t h a n  onl y

two as in all p r ev i o u s  st u d i e s . It was  hoped t h a t  t h i s  would r e s u lt  in m o r e

lv- ’  
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rap &d adaptat ion, due to s h o r t e r  in t e rva l s  between in i t ia l  s egment  po in t s , but

wi thou t  r educ t ion  in f r eque ncy r e so lu t ion  due to dec reased  s eg m e n t  l eng th .

However , no d i f f e r e n c e  in p e r f o r m a n c e  between th i s  processor  and tha t  over-

lapp ing onl y two s egm e n t s  was found , a l thoug h f r o m  32 to 256 poin t  s e g m e n t s

w e r e  examined .  T h e r e f o r e , the o r i g ina l  v e r s i o n  was re t a ined , again  in the

i n t e r e s t  of c o m p u t a t i o n a l  speed

In both Love and Ray lei g h f i l t e r s , the f i l t e r  weig ht is a f u n c t i o n

of an ang le. For the Ray leigh f i l t e r  the  r e l evan t  ang le is tha t  be tween the

phases of the ve r t i ca l  and radial  Four i e r  components  of motion , while for  the

Love f i l t e r  it  is the  ang le in space be tween  the ho r i zonta l  par t ic le  motio n and

the d i r e c t i o n  of p ropaga t ion .  Since it would be impossible to examine  all func-

t ional fo~~ ns for t h e s e  f i l t e r  weig h t s , a Monte  Carlo method  was adopted to

f ind  reasor i a~~~ candida tes .

The model used fo r  the Love wave f i l t e r  desi gn is i l lus t ra ted

in Fi g u r e  IV-! . An o n - a z i m u t h  Love wave S~ and noise are  p r e s e n t .  The

noise is a s sumed  to have equal amplitude N in t r a n s v e r s e  and radial  direc-

t ions  and random phase  with respect  to the ve r t i ca l  Four ie r  component  of

motion .  Since onl y mot ion  in phase  wi th  the  ve r t i ca l  is cons ide red, the e f -

f ec t ive  noise ampli tude is its t r ue  amnli tude mult ipl ied by the cosine of its

( r a n d o m )  phase  ang le ‘/ . The ang le /3 in Fi g u r e  IV-1  is:

N cos Y
/3 = tan ’ 

S~ + N cos 
( I V - f l

and we d e s i r e  the  d i s t r i b u t i o n  of th is  ang le , g iven tha t  the phase  ang les of the

t r a n s v e r s e  and r ad i a l  componen t s  of the  no i se , and Y , a re  d i s t r i b u t e d

u n i f o r m ly over  the  r ange  of 0 to 2~~ .

This  p r o b l e m  would be d i f f i c u l t  to solve anal y t ical l y, bu t  lends

itself  to t h e  Mon te  Car lo  me thod , At each  si g n a l - t o - n o is e  r a t io  of i n t e r e s t ,

we choose a l a r g e  n u m b e r  ( s a y  1000) of p a i r s  of i ndependen t  n u m b e r s

IV- 2 
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and ~
‘ u n i f o r m l y d i s t r i b u t e d  between  0 and 2 -y r , and compute  the  co r re spond-
r

ing  va lues  of /3 . The p r o b a b i l it y  d i s t r i b u t i o n  f un c t i o n  is found  by c o u n t i n g  the

n u m b e r  of t i m es  each value of /3 o c c u r s .

The si g n a l - t o - n oi s e  r a t i o  used h er e  is a n a r r o w b a n d  r a t i o  of

two F o u r i e r  amp li tudes , r a t h e r  than  the  wideband  rat io  of peak to r o o t -m e a n -

square  amp l i tude  used to m e a s u r e  g a i n . The na r rowbari d rat io is s t r o n g ly

dependent  on the  d i s t r i b u t i o n  of si gnal  and noise e n e r g y  with fr e q u e n c y .  The

ph a se  of the Lov e wave is a r b i t r a r y  with r e sp ec t  to that  of the v e r t i c al Ray-

lei g h so the e f f e c t i v e  Love wave ampli tude is smaller t han  that  found f ro m  a

Spec t r urn.

We can get  an idea of the bes t  wei g h t i n g  f u n c t i o n  by ca lcu la t ing

the d i s t r i b u t i o n  f u n c t io n  of /3 f o r  a few values of the si gn a l - t o - noise  ra t io  in

the r ange  of i n t e r e s t .  Such f u n c t i o n s  are  shown in F igure  IV-2 for  n a r r o w -

band si g n a l - t o -n o i s e  ra t ios  of 4 , 2 , 1 , 0, 5 , and 0, 25 , co r r e spond ing  to wide-

band si gnal - to - noise  ra t ios  f r om  about 20 to -4 dB f o r  a typ ical tes t  event  and

noise sample used he re,

The weig ht ing func t ion  was chosen  to be the one shown in Fi g-

u r e  IV -3  with cen ter  point  (~~ 0. 0° for  f r equenc ie s  be tween 0. 024 Hz and

0. 059 Hz and z e r o  outside tha t  passbarid.  The probabi l i ty  of g et t i n g  any use-

f u l  i n f o r m a t i o n  at f r e q u e nc i e s  whe re  the  si gna l - to - noise r a t io  is less than

about  one can be seen to be v e r y  small  fr o m  Fi g u r e  IV -Z  so these  f r e q u e nc i e s

ou ts ide  the si gna l  band a r e  igno red .

The R a y lei g h wave f i l t e r  was desi gned  in much the same way.

Fi g ur e  IV-4 shows the  r e l evan t  ang les , wh ich  are now in phase  space r a t h e r

t h a n  c o o r d i n a te  space as fo r  the  ~~ ve wave f i l t e r .  The equa t ion  f o r  the  a n g l e

w h i c h  is j u s t  90 deg rees  f o r  pure  Ray leigh waves , is

I V -4
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FIG U R E  JV - 3

TCA WEIGHTING FUNCTION
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and a Monte Carlo s imula t ion  gave the d i s t r i b u t i o n  f u n c t i o n s  shown in Fi g u r e

J V-5.  Again , Four ie r  components  outs ide  the usua l  passband were zeroed ,

and ins ide  the  passband the weight ing  f u n c t i o n  shown in Fig u r e  IV-3 was ap-

plied wi th  = 90°.

Three  combinat ions  of si gnal and noise samples were process-

ed , as usual.  The resu l t s  are  presented  in Figu res  IV-a  for con s t an t  si gnal

and Fi g ur e  IV-7 fo r  c on s t a n t  noise. As for the Wiener and matched  f i l t e r s ,

t h e r e  is s t r o n g e r  c o r r e l a ti o n  between cu rves  for cons tan t  si gnal  than  for ones

with cons tan t  noise .  Presumably this is because one s ignal  f i ts  the model

used to f ind the f i l t e r  weights  b e t t e r  than another , whe rea s  all noise samples

agree  about  the same. Output  waveforms  for the TCA at inpu t  SNR of 10 dli

are shown in Fi g ur e  IV-8.  The e f f ec t  of s e g m e n t i n g  the  data is c lear .

Gains for the TCA var ied  from 9 to 17 dB , and o c c u r r e d  over

a r ange  of input  SNR f r o m  8 to 16 dB, These g a i n s  are g r e a t e r  t han  those  oh -

ta m ed f r o m  the matched or Wiener f i l t e r s,  It may be that  this s u p e r i o r p e r -

f o r m ar i c e  is due to the fac t  that  the TCA needs no i n f o r m a t i o n  about  the  nhase

or amplitude spec t r a  of the si gnals , which are  s t a t i s t i c a l  va r i ab le s , but de-

pends on quan t i t i e s  which are t rue  c o n s t a n t s  of the mot ion.  For example , it

is more  c e r t a i n  tha t  the phase ang le between ve r t i c al and radia l  c o m p on e n t s

is 90 degrees  fo r  Ray leig h waves than  that  the power spec t rum takes  on a

g i v e n  value at 20 - second  per iod f o r  events  f r o m  K am c h a t k a .

IV - 8  
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SECTION V

CONC LUSIONS

In this  r epor t  the p e r f o rm a n c e  of t h r ee  p r o c e s s o r s  fo r  s ing le-

si te  seismic data is p re sen ted .  The p r oc e s s o r s  are the Wiener  f i l ter , the

matched  f i l t e r , and the  t h r e e  component  adaptive f i l t e r ,  Si gnals were  bur i ed

in noise at known sig n a l -t o - n o i s e  ra t ios , and the ou tpu t s  of the p r o c e s s o r s

were comoared  to that of a band pass f i l ter ,

The Wiener f i l t e r  used a syn the t i c  r e f e r e n ce power spec t rum

and had i ts  gr e a t e s t  improvement  in signal - to -noise ratio when c o r r e l a t i o n

t e rms  between the si gnal  and noise were ignored .  The gain of this f i l ter  over

the band pass f i l t e r  r a n g e d  f rom 2 to 6 dB , depending on the noise and si gnal

samples examined,

A p r e wh i t e n e d  matched  f i l t e r  u s ing  the same r e f e r e n ce event

(as the Wiener  f i l t e r )  disp layed f rom 6 to 10 dB improvement  over the band-

pass f i l te r . B y the n a t u r e  of the matched  and Wiener  f i l t e r s , the matched

f i l t e r  is expec ted  to have b e t t e r  ga in .

The t h r e e  component  adapt ive f i l t e r  y ielded f rom 10 to 17 dB

improvement  over the  bari dpass f i l t e r  when a weig ht ing  f u n c t i o n  based  on the

probabi l i ty  d i s t r i b u t i o n  f u n c t i o n of the va r iab les  of the s u r f a c e  wave p a r t i c l e

motion was employed.

For all p r o c e s s o r s  the  g a i n s  f o u n d  when si gnals  w e r e  held  con-

s t a n t  w e r e  m o r e  c o n s i s t e n t  t han  when  noise  samp les w e r e  held c o n s t a n t .  This

is p r e s u m a b ly b e c a u s e  de t a i l s  of the  noise  are  less i m p o r t a n t  in d e t e r m i n i n g

ga in  t h a n  a re  d e t a i l s  of t h e  si g n a l  be ing  soug h t .
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