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ABSTRACT

Th i s  t hes i s  desc r i bes  an  i nves t i ga t i on  o f  t he  app l i ca t i on  o f  adap t i ve  

f i l t e r i ng  t echn i ques  i n  e l ec t r oca r d i og r aphy  (ECG) ,  w i t h  pa r t i cu l a r  

r e f e r ence  to  exe r c i se  t es t i ng .  The  ma i n  ob j e c t i v e  i n  t h i s  s t udy  was  t o  

obse r ve  t he  e f f ec t i veness  o f  adap t i ve  me t hods  f o r  no i se  r educ t i on .  A 

numbe r  o f  t echn i ques ,  i nc l ud i ng  ave r ag i ng ,  we r e  t es t ed  f o r  compa r i son  

and  t he  l i m i t a t i on  and  i nadequacy  o f  t hese  t echn i ques  i n  no i se  r educ t i on  

we r e  used  as  t he  bas i s  f or  ex t end i ng  t he  app l i c a t i on  o f  adap t i ve  

f i l t e r i ng  t echn i ques .

The  t heo r y  and  app l i ca t i on  o f  adap t i ve  f i l t e r i ng  r e l a t i ng  to  no i se  

r educ t i on  i n  ECG  has  been  deve l oped ,  based  upon  the  adap t i ve  t r ansve r sa l  

f i l t e r  us i ng  t he  U i d r ow -Ho f f  a l gor i t hm .  The  app l i ca t i on  o f  a  new  

ve r s i on  o f  t he  adap t i ve  f i l t e r ,  r e f e r r ed  t o  t he  m i n i ma l  t i me - sequence  

adap t i ve  f i l t e r  to  enhance  the  ECG,  was  t e s t ed  i n  o r de r  to  i mprove  

cance l l a t i on  w i t h  l ess  d i s t o r t i on .

The  cohe r ence  f unc t i on  was  s t ud i ed  as  t he  ba s i s  f or  se l ec t i ng  e l ec t r ode  

p l acemen t  f o r  pa r t i cu l a r  adap t i ve  f i l t e r i ng  app l i ca t i ons .  The  adap t i v e  

f i l t e r i ng  t echn i que  was  f ound  to  be  an  app r op r i a t e  me t hod  f or  no i se  

r educ t i on  and  can  i mp rove  t he  s i gna l - t o - no i s e  r a t i o  by  up  to  15dB.  I t  

was  a l so  f ound ,  t h rough  the  assessmen t  o f  t he  r esu l t s  p r esen t ed  f rom  22  

pa t i en t s ,  t ha t  t he  use  o f  adap t i ve  f i l t e r s  i n  t he  exe r c i se  ECG i s  

app ropr i a t e ,  a f t e r  t he  r emova l  o f  a  d . c .  va r i a t i on .





























ex t ended  to  t he  use  o f  r ea l  da t a ,  and  app l i ed  i n  exe r c i se  t es t i ng .

The  r esu l t s  con f i r med  t ha t  a  new  ve r s i on  o f  adap t i ve  f i l t e r  uias no t  

pa r t i cu l a r l y  e f f ec t i ve  f o r  s i gna l s  such  as  evoked  po t en t i a l s  when  f as t  

adap t a t i on  was  r equ i r ed .

Expe r i men t a l  i nves t i ga t i on  o f  t he  ECG  s i gna l  enhancemen t  by  t he  me t hod  

o f  adap t i ve  p r ocess i ng  was  pe r f o r med  i n  t h r ee  s t ages .  The  f i r s t  s t age  

was  conce r ned  w i t h  t he  i den t i f i ca t i on  o f  no i se  and  spa t i a l  

cha r ac t e r i s t i cs  w i t h  r espec t  to  e l ec t r ode  p l acemen t  on  t he  body  

sur f ace .  I t  was  obse r ved  f rom  an  exam i na t i on  o f  t he  co r r e l a t i on  

p rope r t i es  o f  r eco r d i ngs  ob t a i ned  f o r  va r i ous  e l e c t r ode  p l acemen t s ,  

tha t  t he  ECG  s i gna l  occup i es  t he  same  f r equency  bands  i n  each  

r ecor d i ng  and  d i f f e r s  on l y  i n  t he  t ype  o f  no i se  con t r i bu t ed .  In  

gene r a l  as  e l ec t r ode  sepa r a t i on  i s  i nc r eased ,  t he  co r r e l a t i on  w i t h  

r espec t  to  t he  no i se  con t en t  dec r eases .  I t  was  obse r v ed  t ha t  a  

m i n i mum  o f  10mm  sepa r a t i on  be t ween  e l ec t r odes  was  nec ess a r y  to  

e f f ec t i ve l y  app l y  t he  adap t i ve  f i l t e r i ng  p rocess .

The  second  s t age  o f  t he  s t udy  was  conce r ned  w i t h  t he  r emova l  o f  t he  

ske l e t a l  musc l e  ac t i v i t y  by  use  o f  LMS  adap t i ve  f i l t e r i ng .  Va r i ous  

f ac t or s  t ha t  i n f l uence  t he  pe r f o r mance  o f  t he  adap t i ve  f i l t e r i ng  upon  

the  ou t pu t  s i gna l  we r e  exam i ned .  These  i nc l uded  t he  conve r gence  

f ac t or  y  and  t he  f i l t e r  o r de r  I\l. Depend i ng  upon  t he  s t a t i s t i ca l  

cha r ac t e r  o f  t he  s i gna l  and  t he  no i se ,  t hese  t wo  f ac t o r s  can  be  

changed  t o  ach i eve  app r op r i a t e  pe r f o r mance .  A su i t ab l e  va l ue  f o r  t he





Chap t e r  One :  I n t roduc t a r y  Cons i de r a t i ons  

I n t roduc t i on

I n t e r es t  i n  h i gh  f r equency  e l ec t r oca r d i og r aphy  as  a  sou r c e  o f  c l i n i c a l  

i n f orma t i on ,  o t he r w i se  i nac cess i b l e  i n  t he  band  l i m i t ed  conven t i ona l  

e l ec t roca rd i ogr am ,  has  been  appa r en t  f o r  we l l  ove r  t h r ee  decades  

(Langne r ,  1952  & 1953 ;  Langne r  &  Gese l ow i t z ,  1962 ;  Ges e l ow i t z  e t  a l ,  

1962 ;  Langne r  & Laue r ,  1966 ;  Boy l e  e t  a l ,  1966 ;  F l owe r s  e t  a l ,  1969 ;  

Langne r  e t  a l  1973 ;  Sapozn i kov  &  Ue i nman ,  1975 ;  Sh i ck  &  Powe r s ,  197f l ;  

Ch i en  e t  a l ,  190  ; K i m  & Tompk i ns ,  1981) .  I n  r ecen t  yea r s  t he  h i gh  

f r equency  e l ec t roca r d i og r am  has  been  cons i de r ed  as  a  me ans  o f  

i nves t i ga t i ng  su r f ace  man i f es t  e v en t s  o f  t he  spec i a l i sed  conduc t i on  

sys t em  (Be rba r i  e t  a l ,  1979 ;  U i ncen t  e t  a l ,  1900 ;  F l owe r s  e t  a l ,  1901 ;  

Abboud  & Saded ,  1902 ;  Mehr a ,  1902 ;  Be rba r i  e t  a l ,  1903) ,  t he  de t ec t i on  

of  l a t e  ven t r i cu l a r  po t en t i a l s  (S i mson ,  1901 ;  S i mson  e t  a l ,  1903 ;

Denes  e t  a l ,  1903)  and  cyc l o - s t ocha s t i c  pe r t u r ba t i ons  (Pr asad  &  Gup t a ,  

190G &  1961) .

The  l ack  o f  accep t ance  o f  h i gh  f r equenc y  e l ec t r oca r d i og r aphy  as  a  

c l i n i ca l  comp l emen t  to  conven t i ona l  e l e c t r oca r d i og r aphy  i s  l a r ge l y  a  

consequence  o f  t wo  f ac t or s :

( i )  l ow  amp l i t udes  f or  t he  e v en t s  o f  i n t e r es t  and  t he  a t t endan t  

d i f f i cu l t i es  o f  sepa r a t i ng  s i gna l  f r om  no i se ,  and

( i i )  t he  d i f f i cu l t y  o f  con f i r m i ng  t ha t  even t s  r ev ea l ed  w i t h i n  t he  

h i gh  f r equency  e l ec t r oca r d i og r am  and  sepa r a t ed  f rom  no i se ,  a r e  o f



ca rd i ac  o r i g i n  and  can  be  des i gna t ed  i n  a  me an i ng f u l  way .

The  mor e  conven t i ona l  me t hods  o f  i nc r eas i ng  s i gna l - t o - no i se  r a t i o  such  

as  f i xed  va l ue  f i l t e r i ng  and  s i gna l  ave r ag i ng  can  p r ov i de  

i mprovemen t s ,  bu t  o f f e r  l i t t l e  advan t age  i n  s i t ua t i ons  whe r e  t he  

spec t r a l  occupancy  o f  t he  s i gna l  ove r l aps  w i t h  t ha t  o f  t he  no i se .  

Moreove r ,  t he  use  o f  s i gna l  av e r ag i ng  obv i a t es  t he  de t ec t i on  o f  bea t  

by  bea t  va r i a t i ons  i n  t he  mo r pho l ogy  o f  t he  h i gh  f r equency  

e l ec t roca rd i ogr am .  Adap t i ve  f i l t e r i ng  o f f e r s  t he  p r ospec t  o f  

ove r com i ng  t hese  l i m i t a t i ons  and ,  as  a  consequence  o f  th i s ,  t he  bas i s  

for  mor e  con f i den t  ana l ys i s  and  i n t e r p r e t a t i on  o f  t he  f i ne  

mo r pho l og i ca l  de t a i l s  o f  t he  su r f ace  e l ec t r oca r d i og r am .



The  sur f ace  e l ec t r oca r d i og r am  r ep r es en t s  a  r eco r d  o f  t he  body  su r f ace  

po t en t i a l s  a r i s i ng  as  a  r esu l t  o f  t r ansmemb r ane  cu r r en t  and  vo l t age  

va r i a t i ons  i n  ac t i ve  ca r d i ac  mus c l e  (Gese l ou i t z ,  1967) .  The  

measu r emen t  o f  po t en t i a l  d i f f e r ence  a t  t he  su r f ace  o f  t he  body  f o r  a  

pa r t i cu l a r  e l ec t r ode  con f i gu r a t i on  or  l ead  can  be  r ep r es en t ed  by  t he  

i n t egr a l  so l u t i on :

* =  / M ( t ) . Z  . dUa  J  a

in wh i ch  i s  t he  po t en t i a l  d i f f e r enc e  f o r  a  l ead  o r  e l ec t r ode  

comb i na t i on .

M( t )  i s  t he  cu r r en t  momen t  dens i t y  or  t he  sou r ce  o f  cu r r en t  w i t h i n  t he  

r eg i on  o f  t he  ac t i ve  musc l e  f i b r es .

i s  a  t h r ee  componen t  i mpedanc e  vec t o r  cha r ac t e r i s t i c  o f  t he  

conduc t i ng  med i um  be t ween  t he  cu r r en t  sou r ce  and  t he  e l e c t r ode  s i t es .  

d\y r ep r esen t s  an  e l emen t  o f  vo l ume  o f  t he  med i um  i n  wh i ch  t he  cu r r en t s  

are  c i r cu l a t i ng .

The  expr ess i on :

* =  /  M ( t )  Z  dU3 J  a

c l ea r l y  demons t r a t es  t ha t  su r f a c e  po t en t i a l s  a r e  comp l e t e l y  de t e r m i ned  

by

1 .2  The  su r f ace  e l e c t r oca r d i og r am

( i )  the  f ac t or ,  M( t ) ,  wh i ch  r e l a t es  t o t a l l y  to  t he  e l e c t r i ca l  

ac t i v i t y  w i t h i n  t he  hea r t ,  and



( i l )  t he  f ac t o r  Z , u ih i ch r e l a t es  t o t a l l y  t o  t he  geome t r y  a

and  e l ec t r i ca l  cha r ac t e r i s t i cs  o f  t he  conduc t i ng  

med i um  and  e l ec t r ode  pos i t i on i ng .

In v i ew  o f  t he  dependence  o f  su r f ace  measu r ed  po t en t i a l s  on  t he  sca l a r

produc t  o f  tujo vec t or s ,  one  o f  uh i ch  i s  a  l ead  vec t or ,  t he  su r f ace  ECG

is l ead  dependen t  and  a  s t anda r d i sed  l ead  s y s t em  i s  necessa r y  f o r  t he

purpose  o f  c l i n i ca l  e l ec t r oca r d i og r aphy .  Th i s  s t anda rd i sed  l ead

sys t em  spec i f i es  e l ec t r odes  a t t ached  t o  t he  r i gh t  arm ,  l e f t  a rm ,  l e f t

foo t  and  va r i ous  ches t  l eads  to  U^ ,  r e f e r r ed  t o  a  r e f e r ence  f o rmed
1 6

by  a  comb i na t i on  o f  t he  t h r ee  l i mb  l e ads  as  ( augmen t ed  l ead  

con f i gur a t i ons )  shown  i n  f i gu r e  1 . 1a .  Po t en t i a l  va r i a t i ons  measu r ed  

be tween  t he  pa i r s  o f  l i mb  e l ec t r odes  cons t i t u t e  t he  t h r ee  l i mb  l eads ,

I ,  I I  and  I I I .

F i gur e  1 . 1b  i s  a  no r ma l  su r f ace  r eco r d i ng  o f  po t en t i a l  va r i a t i ons  

measur ed  be t ween  t he  r i gh t  a rm  and  t he  l e f t  f oo t  ( l ead  I I )  du r i ng  a  

norma l  ca r d i ac  cyc l e .

Dur i ng  e a ch  hea r t  bea t  t h r ee  p r i nc i pa l  e l ec t r i ca l  i nsc r i p t i ons  may  be  

i den t i f i ed ,  t he  P-wave ,  t he  QRS  comp l e x  and  t he  T-wave .  Be t ween  t he  

end  o f  t he  P-wave  t he  t he  beg i nn i ng  o f  t he  QRS  comp l ex ,  t he  no rma l  ECG  

shows  a  f l a t  base l i ne  wh i ch  i s  conv en t i ona l l y  r ega r ded  as  i soe l ec t r i c .  

In ac t ua l  f ac t  i t  cons t i t u t es  a  pe r i od  i n  wh i ch  t he r e  i s  p r opaga t i on  

through  pa r t  o f  t he  spec i a l i sed  conduc t i on  sys t em ,  bu t  because  o f  t he
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The  ac t i on  o f  t he  ca rd i ac  cyc l e  i s  t r i gge r ed  by  t he  e l ec t r i ca l  

i mpu l ses  u l t h i n  spec i a l i sed  ce l l s  t ha t  f o rm  pa r t  o f  t he  spec i a l i sed  

conduc t i on  sys t em .  The  sys t em  i nc l udes  t he  fo l l ou j i ng  f ea t u r es :

( i )  the  s i noa t r i a l  node ,  SA,  ( t he  na t u r a l  no r ma l  ' pace -make r '  o f  t he  

hea r t )

( i i )  the  a t r i oven t r i cu l a r  node ,  AU,

( i i i )  t he  bund l e  o f  H i s ,

( i v)  the  bund l e  br anches ,

(v)  the  Pur k i n j e  f i b r es .

sma l l  musc l e  mass  i nvo l ved  i s  no t  obv i ous  i n  t he  su r f ace  ECG.

The  i n i t i a t i on  o f  t he  no r ma l  hea r t bea t  i s  by  t he  na t u r a l  pac ema ke r  o f  

the  hear t ,  t he  s i noa t r i a l  node  (SA) .  F i r s t  t he  a t r i a l  myoca r d i um  i s  

ac t i va t ed  and  t he  so - ca l l ed  depo l a r i s a t i on  ac t i v i t y  sp r eads  t h r oughou t  

the  a t r i a l  musc l e  mass ,  g i v i ng  r i se  t o  t he  P- uave  i n  t he  ECE  and  

subsequen t  con t r ac t i on  o f  t he  a t r i a .  The  ac t i v i t y  t hen  p r opaga t es  

i n to  the  a t r i oven t r i cu l a r  node  (AV)  whe r e  t he  p r opaga t i on  speed  i s  

r educed  and  a  de l ay  occur s .  Th i s  p r ov i des  t he  me chan i ca l  advan t age  o f  

a l l ow i ng  the  ven t r i c l es  to  be  f i l l ed  w i t h  b l ood  f r om  t he  a t r i a  be f o r e  

t hey  con t r ac t .  A f t e r  pass i ng  t h r ough  t he  AU- node  t he  depo l a r i s a t i on  

wave  p ropaga t es  a l ong  t he  f i b r es  o f  t he  bund l e  o f  H i s ,  whe r ea f t e r  t he  

ven t r i cu l a r  musc l e  t i ssue  ( wo r k i ng  myoca r d i um )  i s  ac t i va t ed  i n t o  

depo l a r i sa t i on  v i a  t he  Pu r k i n j e  ne t wo r k  o f  f i b r es .



The  spr ead i ng  o f  ven t r i cu l a r  depo l a r i s a t i on  r esu l t s  i n  t he  QRS  comp l ex  

and  subsequen t  con t r ac t i on  o f  t he  ven t r i c l es .  Some t i me  a f t e r  

depo l a r i sa t i on  each  ce l l  u i i th i n  t he  ca r d i a c  muscu l a t u r e  r epo l a r i ses .  

The  r epo l a r i sa t i on  o f  t he  ven t r i cu l a r  ce l l s  s t a r t s  abou t  ZDOms  a f t e r  

depo l a r i sa t i on ,  and  i s  man i f e s t  i n  t he  ECG  as  t he  T-uHve .  The  

r epo l a r i sa t i on  o f  t he  a t r i a  i s  l a rge l y  masked  by  t he  l a rge  QRS  

comp l ex .

F i gur e  1 . 2a  shou i s  t he  schema t i c  r ep r esen t a t i on  o f  t he  spec i a l i sed  

conduc t i on  sys t em  o f  t he  hea r t ,  and  1 . 2b  i s  t he  e l ec t r oca r d i og r am  

show i ng  t he  i nsc r i p t i ons  r e f e r r ed  to  above .

10
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1 . 3  Pr opaga t i on  mode l  f o r  s i gna l  and  no i s e

The  con t am i na t i on  o f  an  ECG  s i gna l  by  unwan t ed  no i se  can  o f t en  be  a  

p r ob l em  espec i a l l y  i n  exe r c i se  ECG t e s t i ng .  At  f i r s t  s i gh t  the  

app l i ca t i on  o f  s i mp l e  f i xed  va l ue  f i l t e r i ng  seems  to  be  qu i t e  

su f f i c i en t  f o r  r emov i ng  t he  no i se  f r om  t he  ECG s i gna l .  Howeve r ,  

ove r l ap  be t ween  t he  spec t r a  o f  t he  s i gna l  o f  i n t e r es t  and  t ha t  o f  t he  

unwan t ed  no i se  w i l l  t end  to  d i s t o r t  t he  s i gna l  when  t he  f i l t e r i ng  i s  

app l i ed .

F i gu r e  1 . 3  shows  t he  schema t i c  r ep r esen t a t i on  o f  s i gna l  and  no i se  

con t r i bu t i ng  to  t he  su r f ace  r eco r ded  ECG .

In  t h i s  mode l ,  y ( t )  i s  t he  su r f ace  r e co r d i ng  o f  t he  s i gna l  p l us  no i se .

X ( t )  and  X ( t )  r ep r esen t  t he  no i se  and  s i gna l ,  and  h„ ( t )  and  h  ( t )
�  1 0  1

r ep r esen t  t he  t r ans f e r  f unc t i ons  f o r  s i gna l  and  no i se  be t ween  sou r ce

and  su r f ace  o f  t he  body ,  u  ( t )  and  u  ( t )  a r e  t he  s i gna l  and  no i se
1 �

componen t s  t ha t  o r i g i na t e  f r om  t he  i n t e r na l  r esou r ces  s_̂  and  ŝ ^.

y ( t )  =  Z X ( t )  
i =0  ^

I f  t h i s  mode l  we r e  en t i r e l y  r ep r esen t a t i v e  t hen  i t  wou l d  be  a  s i mp l e  

ma t t e r  to  sepa r a t e  t he  no i se  f r om  t he  de s i r ed  s i gna l  and  poss i b l y  

de t e r m i ne  t he  na t u r e  o f  t he  o r i g i na l  sou r c e  o f  t he  s i gna l .  In  

p r ac t i ce ,  because  o f  t he  d i s t r i bu t ed  na t u r e  o f  t he  sys t em  and  the  

comp l i ca t ed ,  d i s t r i bu t ed  na t u r e  o f  t he  no i s e  sour ce ,  i t  i s  no t
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poss i b l e  to  make  such  d  c l ea r  d i s t i nc t i on .

¥

.1 - i

! i , '
¡ ¡ V r ' -

Houeue r ,  t h i s  s i mp l e  mode l  i s  o f  concep t ua l  va l ue  i n  so  f a r  as  i t  

i nd i ca t es  t ha t  t he  sou r c e  o f  t he  s i gna l  and  t he  sou r c e  o f  t he  no i se  

a r e  no t  t he  same  and  t ha t  t he  t r an f e r  cha r ac t e r i s t i c s  be t ueen  sou r c e  

and  su r f ace  can  a l so  be  cons i de r ed  to  be  d i f f e r en t  f o r  s i gna l  and  

no i se .  Wh i l s t  i n  p r ac t i ce  i t  i s  no t  poss i b l e  to  a ch i eve  f i l t r a t i on  by  

s i mp l e  cance l l a t i on  ( as  sugge s t ed  by  t he  s i mp l e  mode l ) ,  f i l t r a t i on  by  

adap t i ve  cance l l a t i on  i s  seen  as  a  poss i b i l i t y ,  pa r t i cu l a r l y  i f  t he  

no i se  sour ces  can  be  su f f i c i en t l y  we l l  cha r ac t e r i s ed .

t  i



Adap t i ve  t echn i ques  i n  s i gna l  p r ocess i ng

� ne  o f  t he  ea r l i e s t  t echn i ques  used  f o r  no i se  r educ t i on  i n  s i t ua t i ons  

whe r e  f i xed  va l ue  f i l t e r i ng  was  i napp r op r i a t e  has  been  t he  use  o f  

cohe r en t  s i gna l  ave r ag i ng .  Th i s  t echn i que  ga i ned  i n  popu l a r i t y  

because  o f  t he  e a s e  w i t h  wh i ch  i t  cou l d  be  i mp l emen t ed ,  and  t he  

s i gn i f i can t  i mp r ov emen t  i n  s i gna l - t o - no i s e  r a t i o  t ha t  cou l d  be  

ach i eved .  The  pe r f o r mance  o f  t h i s  t echn i que  depends  upon  t he  s i gna l  

be i ng  r epe t i t i ve  and  bea r i ng  a  cons t an t  t i me  r e l a t i onsh i p  be t ween  

i t se l f  and  t he  ave r ag i ng  t r i gge r  even t .  Mo r eove r ,  t he  no i se  mus t  be  

unco r r e l a t ed  w i t h  t he  s i gna l .  These  r equ i r emen t s  canno t  a l ways  be  

r ea l i sed  i n  p r ac t i ce .  In  t hese  s i t ua t i ons  o t he r  me t hods  a r e  r equ i r ed  

to  ach i eve  no i se  r educ t i on .  Adap t i ve  canc e l l a t i on  i s  an  e x amp l e  o f  

such  a  me t hod  i n  wh i ch  a  co r r e l a t ed  r e f e r enc e  i s  cond i t i oned  t o  a l l ow  

cance l l a t i on  o f  t he  no i se  ac t i v i t y .  A l a r ge  pa r t  o f  t h i s  t hes i s  i s  

devo t ed  to  t he  i nves t i ga i t on  and  dev e l opmen t  o f  t he  t echn i que .

Adap t i ve  f i l t e r i ng  eme r ged  as  a  powe r f u l  t e chn i que  a l mos t  20  yea r s  ago  

t h r ough  t he  wor k  o f  U i d r ow  (1966) .  Many  app l i c a t i ons  have  

subsequen t l y  been  r ea l i sed ,  i nc l ud i ng  cance l l a t i on  o f  AC  i n t e r f e r ence  

(U i d r ow  e t  a l . ,  1975) ,  cance l l a t i on  o f  e l ec t r osu r g i ca l  i n t e r f e r ence  

(Ye l de r man  e t  a l . ,  1983) ,  sepa r a t i on  o f  dono r  and  r ec i p i en t  

e l ec t r oca r d i og r ams  ob t a i ned  f r om  hea r t  t r ansp l an t  pa t i en t s  (U i d r ow  e t  

a l . ,  1975) ,  and  enhancemen t  o f  f oe t a l  e l e c t r oca r d i og r ams  by  

cance l l a t i on  o f  t he  ma t e r na l  ECG  ( Fe r r a r a  &  U i drow ,  1982)  as  examp l es
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� f  the  app l i ca t i on  o f  adap t i ve  f i l t e r s  f o r  cance l l a t i on  i n  

e l e c t r oca r d i og r aphy .

In r ecen t  yea r s ,  i n t e r es t  has  been  r e v i ved  i n  u i de -band ,  o r  h i gh  

f r equency ,  e l ec t r oca r d i og r ams  ( � . � 5  -  1 o r  2kHz )  u i t h  a  v i ew  to  

de t ec t i ng ,  f o r  examp l e ,  even t s  a r i s i ng  f r om  t he  spec i a l i sed  conduc t i on  

sys t em  o f  t he  hea r t  (Be rba r i  e t  a l . ,  1979 ;  V i ncen t  e t  a l . ,  198B ;  

F l owe r s  e t  a l . ,  1981 ;  Abboud  &  sadeh ,  1982 ;  Mehr a  1982 ;  Be r ba r i  e t  

a l . ,  1983) ,  l a t e  ven t r i cu l a r  po t en t i a l s  (S i mpson ,  1981 ;  S i mpson  e t  

a l . ,  1983 ;  Denes  e t  a l . ,  1983)  and  cyc l o - s t ochas t i c  pe r t u r ba t i ons  

(Pr asad  &  Gup t a ,  1980 ,  1981) .  In  t hese  w i de - band  EGG  i nves t i ga t i ons ,  

whe r e  even t s  to  be  de t ec t ed  may  be  be l ow  t he  no i se  l eve l ,  an  e f f i c i en t  

means  o f  s i gna l - t o - no i se  enhancemen t  i s  r equ i r ed .  W i t h  t hese  

app l i ca t i ons  i n  m i nd ,  adap t i ve  cance l l a t i on  i s  now  be i ng  i nves t i ga t ed  

as  a  means  o f  de r i v i ng  no i se - f r ee ,  und i s t o r t ed  w i de - band  

e l ec t r oca rd i og r ams .

Th i s  t echn i que  can  be  i l l us t r a t ed  by  r e f e r ence  to  f i gu r e  1 . 4  i n  wh i ch  

two  i npu t s  a r e  app l i ed  t o  t he  adap t i ve  no i s e  cance l l e r ,  a  p r i ma r y  

i npu t  con t a i n i ng  a  s i gna l  s ( t )  p l us  a  no i s e  n^( t ) ,  and  a  r e f e r enc e  

i npu t  con t a i n i ng  co r r e l a t ed  no i se  n^( t ) .  I f  t he  t wo  no i se  sou r c e s  a r e  

h i gh l y  co r r e l a t ed  a  pe r f ec t  cance l l a t i on  o f  H|^( t )  can  be  ach i eved .

The  adap t i ve  f i l t e r  cond i t i ons  n^( t )  to  ma t ch  Og( t )  wh i ch  i s  t hen  

cance l l ed  ou t  f rom  t he  p r i ma r y  i npu t .  Adap t i ve  f i l t e r i ng  a l so  a l l ows  

t he  cance l l a t i on  o f  no i se  i n  a  s i t ua t i on  whe r e  t he  no i se  and  s i gna l
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p r i ma r y  i npu t  > -
s ( t ) +nn ( t )

r e f e r ence  i npu t  > -

/

y ( t )

- > z  ( t )

� - Si

F i gu r e  1. i i  B l ock  d i ag r am  o f  an  adap t i ve  no i se
cance l l e r .  The  r e f e r ence  no i se  sour ce  
n^( t )  i s  f i l t e r ed  by  the  adap t i ve  f i l t e r  
to  f o rm  a  bes t  l e as t  squa r es  es t i ma t e  
o f  t he  no i s e  n_ ( t )  i n  the  p r i ma r y  s i gna l  
sour ce ,  y i e l d i ng  a  bea t  l eas t  squa r es  
es t i ma t e  o f  t he  s i gna l  s ( t )  o f  t he  c anc e l l e r  
ou t pu t .
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Chap t e r  Tuo :  Cha r ac t e r i s t i cs  o f  no i se ,  I n t e r f e r ence  and  a r t e f ac t

2 .1  I n t r oduc t i on

In t h i s  chap t e r  cons i de r a t i on  i s  g i ven  to  t he  t ypes  o f  no i se  and  

i n t e r f e r ence  t ha t  accompany  t he  e l e c t r oca r d i og r aph i c  s i gna l  (ECG)  

dur i ng  r eco r d i ng .  In  de r i v i ng  an  ECG  s i gna l  f r om  t he  su r f ace  o f  t he  

body ,  many  unwan t ed  componen t s  o f  no i se  may  be  encoun t e r ed .  Some  o f  

t hese  componen t s  may  be  l a rge  i n  amp l i t ude  and  obscu r e  des i r ed  s i gna l s  

wh i ch ,  f o r  some  s i gna l s ,  can  be  as  sma l l  as  1 -  20  uU rms .  Sou r ce s  o f  

no i se  may  be  r ecogn i sed  w i t h i n  t he  body  ( b i oe l ec t r i c  po t en t i a l s ) ,  t he  

e l ec t r ode - t i ssue  i n t e r f ace  and  w i t h i n  t he  s i gna l  acqu i s i t i on  and  

cond i t i on i ng  sys t em .  These  sou r ces  o f  no i se  may  a l so  be  cons i de r ed  to  

be  o f  i n t e r na l  or  ex t e r na l  o r i g i n  as  i l l us t r a t ed  i n  f i gu r e  2 . 1 . 

Typ i ca l l y  t he  componen t s  o f  no i se  i nc l ude  amp l i f i e r  no i se ,  t ape  

r ecor de r  no i se ,  l ead  i nduced  no i se ,  e l e c t r ode - t i s sue  i n t e r f ace  

e f f ec t s ,  ske l e t a l  musc l e  no i se  and  ac  i n t e r f e r ence .

The  acqu i r ed  s i gna l ,  dep i c t ed  i n  f i gu r e  2 . 1  may  be  exp r essed  i n  an  

equa t i on  o f  t he  f orm :

y ( t )  =  u ( t )  +  m( t )  +  n( t )  . . . .  2 . 1

whe r e  y ( t )  i s  t he  su r f ace  s i gna l ,

u ( t )  i s  t he  s i gna l  due  to  t he  e l ec t r i ca l  ac t i v i t y  o f  t he  

ca r d i ac  muscu l a t u r e  (ECG) ,  

m ( t )  t he  ske l e t a l  musc l e  no i se ,  

and  n( t )  t he  i n t e r f e r ence  due  to  ex t e rna l  sou r ces
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2 . 2  Ma t hema t i ca l  mode l l i ng  o f  s i gna l  and  no i se  componen t s  o f  t he  

e l ec t r oca r d i og r am

The  pu r pose  o f  an  accu r a t e  ma t hema t i ca l  r ep r esen t a t i on  o f  EGG  s i gna l ,

musc l e  and  no i se  componen t s  i s  to  f ac i l i t a t e  t he  t heo r e t i ca l

eva l ua t i on  o f  va r i ous  me t hods  o f  sepa r a t i ng  t he  s i gna l  f r om  t he  no i se .

A ma t hema t i ca l  mode l  o f  t he  EGG  s i gna l ,  musc l e  and  i n t e r f e r ence

componen t s  may  be  cons i de r ed  to  i nc l ude  i n t e rna l  sou r ces  (u,  -  u  ) due
i  n

to  t he  e l ec t r i ca l  ac t i v i t y  o f  t he  ca r d i ac  mus cu l a t u r e  wh i ch ,  by  v i r t ue  

o f  t he  vo l ume  conduc t i on  p r ope r t i es  o f  t he  t hor ax ,  may  be  de t ec t ed  as  

a  compos i t e  s i gna l  a t  t he  body  sur f ace .  The  componen t  m( t )  i s  t he  

ske l e t a l  musc l e  ac t i v i t y ,  n ( t )  deno t es  t he  ex t e r na l  sou r ces  o f  no i se  

and  i n t e r f e r ence ,  and  y ( t )  i s  t he  su r f ace  r eco r ded  s i gna l  p l us  no i se .  

y ( t )  =  u( t )  +  m ( t )  +  n( t )

i =n
u( t )  =  Z  U ( t )  

i=1  ^

whe r e  Uj^( t )  a r e  t he  i nd i v i dua l  ce l l u l a r  componen t s  o f  ca r d i ac  

ac t i v i t y .

U( t )  i s  to  some  ex t en t  a  de t e r m i n i s t i c  componen t  o f  t he  su r f ace  

de r i ved  s i gna l ,  m ( t )  +  n ( t )  a r e  nan - de t e r m i n i s t i c  componen t s .

San t op i e t ro  ( 197A , 1977 )  assumed  t ha t  bo t h  m ( t )  and  n ( t )  have  z e r o  

mean .
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E [ m ( t ) ]  =  E [  n ( t ) ]  =  �

The re fore  t he  ensemb l e  ave r age  o f  equa t i on  2 . 1  becomes :

E[  y ( t ) ]  =  E [  u ( t ) ]  =  u( t )

The  powe r  o f  y ( t )  may  be  de r i v ed  i n  t he  f o l l ow i ng  way ;

Squa r i ng  equa t i on  2 .1

y*( t )  =  u*( t )  +  m*( t )  +  n*( t )  +  2u( t )m( t )  +  2 u ( t )n ( t )  +  2m ( t ) n ( t )  

Tak i ng  the  ensemb l e  ave r age  o f  equa t i on  2 . k

Thus ,  cons i de r i ng  expec t a t i ons ;

2 . 2

2 . 3

Z . k

E [y ’ ( t ) ]  =  E [ u» ( t ) J  +  E [ m» ( t ) ]  +  E [n» ( t ) ]  +  2E [ u ( t ) . m ( t ) j  +  2E [ u ( t ) . n ( t ) ]
2 . 5

S i nce  n( t )  and  m( t )  a r e  i ndependen t  o f  u( t )  and  w i t h  each  o t he r ,

2E[u( t )m( t ) ]  =  2E [ m ( t ) . n ( t ) ]  =  �

Equa t i on  2 . 5  t he r e f o r e  becomes :

E[y>( t )  -  u»( t ) ]  =  E [m» ( t ) ]  +  E [ n» ( t ) ]  . . . .  2 . 6

San t p i e t ro  (1977)  sugges t ed  t ha t  as  the  i soe l ec t r i c  i n t e r va l s  a r e  f r e e  of  

the  e f f ec t s  o f  t he  e l ec t r i ca l  ac t i v i t y  o f  t he  hea r t ,  t he r e f o r e  t he  no i se  

and  the  i n t e r f e r ence  a r e  t he  p r edom i nan t  componen t s  w i t h i n  t he  i soe l ec t r i c  

i n t e r va l s .

U( t )  a  �

F rom  equa t i on  2 . 5

E[ y ’ ( t ) ]  =  E [m>( t ) ]  +  E [ n» ( t ) ]  . . . .  2 . 7

And s i nce  n( t )  i s  assumed  to  be  s t a t i ona r y ,  t he  va l ue  o f  E [n* ( t ) ]  m a y  be  

cons i de r ed  cons t an t  w i t h i n  t he  i soe l ec t r i c  i n t e r va l s .  The  powe r  assoc i a t ed  

w i t h  t he  i soe l ec t r i c  i n t e r va l s  m a y  be  cons i de r ed  to  comp r i se  p r i ma r i l y  o f  

ac t i v i t y  assoc i a t ed  w i t h  ske l e t a l  musc l e  f unc t i on ,  pa r t i cu l a r l y  du r i ng  

exe rc i se .  l iJhen cons i de r i ng  t he  ma t hema t i ca l  mode l  dep i c t ed  i n  f i gu r e  2 . 1  

the  f o l l ow i ng  po i n t s  shou l d  be  t a ken  i n t o  accoun t :
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2 . 3  Cha r ac t e r i s t i cs  o f  no i se  and  a r t i f ac t  p r esen t  i n  t he  r eco rded  EGG

In o rde r  to  ex t end  and  f ac i l i t a t e  the  use  o f  t he  mode l  p r oposed  i n  

sec t i on  2 .2 , i t  i s  necessa r y  to  f u l l y  cha r a c t e r i se  t he  no i se  and  

a r t i f ac t  componen t s ,  n ( t )  and  m ( t ) ,  i n  equa t i on  2 .1 .

The  sour ce  o f  no i se  and  a r t i f ac t  cons i de r ed  r e l evan t  i n  t he  p r oc ess  o f  

s i gna l  acqu i s i t i on  and  cond i t i on i ng  a re :

amp l i f i e r  no i se ,  

t ape  r eco rde r  no i se ,  

l ead  e f f ec t ,

e l ec t rode - t i ssue  i n t e r f ace  e f f ec t ,  

ske l e t a l  musc l e  ( EMG)  no i se ,  and  

ac  i n t e r f e r ence .

These  componen t s  o f  no i se  and  i n t e r f e r ence  w i l l  he  d i scussed  

i nd i v i dua l l y  i n  t he  f o l l ow i ng  sec t i ons .
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In s i t ua t i ons  whe r e  t he r e  i s  on l y  a  sma l l  i npu t  s i gna l  ava i l ab l e ,  i t  

may  be  i mpass i b l e  to  d i s t i ngu i sh  t he  s i gna l  f r om  t he  backg round  no i s e  

and,  s i nce  t he  s i gna l  o f  i n t e r es t  i n  an  EGG  r eco r ded  f rom  t he  su r f ac e  

o f  the  body  i s  w i t h i n  a  r ange  o f  m i c rovo l t s ,  i t  i s  t hen  essen t i a l  t o  

amp l i f y  t he  s i gna l  to  a  l eve l  whe r e  i t  can  e f f ec t i v e l y  be  sub j ec t ed  t o  

f ur the r  s i gna l  cond i t i on i ng  and  p rocess i ng .

The  amp l i f i e r  ga i n  was  chosen  so  t ha t  t he  sma l l es t  s i gna l  o f  i n t e r es t  

cou l d  be  de t ec t ed  a t  t he  ou t pu t  and  se l ec t i ve l y  ma t ched  to  t he  i npu t  

o f  ana l ogue - t o - d i g i t a l  conve r t e r .  The  max i mum  ga i n  t ha t  cou l d  be  us ed  

was  l i m i t ed  by  t he  p r esence  o f  t he  p r i nc i pa l  i nsc r i p t i on  o f  t he  EGG  

s i gna l ,  i f  d i s t o r t i on  due  to  amp l i f i e r  sa t u r a t i on  was  to  be  avo i ded .

A vo l t age  ga i n  o f  a t  l e as t  70dB  was  f ound  to  be  necessa r y ,  bu t  i t  was  

a l so  des i r ab l e  to  make  t he  ga i n  va r i ab l e  be t ween  70-100dB .  The  f u l l  

spec i f i ca t i on  o f  t he  i ns t r umen t a t i on  amp l i f i e r  used  i s  p r esen t ed  i n  

annex  A.

2 .3 .1  Amp l i f i e r  No i se

ZG



The  l ead  wh i ch  cons t i t u t e s  t he  conduc t i ve  pa t hway  be t ween  t he  

e l ec t rode  and  t he  s i gna l  acgu i s i t i on  c i r cu i t r y  ma y  be  r ega r ded  as  a  

' source '  o f  no i se  and  i n t e r f e r ence .  No i se  may  a r i s e  i n  l eads  due  t o  

t r i boe l ec t r i c  mechan i sms  (Tam  and  Webs t e r ,  1977 )  and  i n t e r f e r ence  by  

v i r t ue  o f  e l ec t r omagne t i c  coup l i ng .  The  i n t e r f e r enc e  s i gna l  due  to  

coup l i ng  i s  dependen t  upon  t he  s t ruc t u r e  and  sc r een i ng  o f  t he  l ead ,  

t he  na t ur e  o f  t he  e l ec t r omagne t i c  sou r ce  and  t he  l eng t h  o f  l ead .

Gordon  (1975)  sugges t ed  t ha t  s t a t i c  e l ec t r i c i t y  wa s  r espons i b l e  f or  

t he  t r i boe l ec t r i c  no i se  wh i ch  cou l d  a f f ec t  t he  ECG  r eco r d i ng  f rom  t he  

sur f ace  o f  t he  body  by :

( i )  caus i ng  t he  ECG  base l i ne  to  d r i f t  i n  synch r ony  w i t h  t he  

mo t i on  o f  t he  l ead ,  and ,

( i i )  caus i ng  h i gh  amp l i t ude  t r ans i en t  a r t i f ac t  t ha t  may  r esu l t  i n  

sus t a i ned  sa t u r a t i on .

2 . 3 . 2  Lead  Cons i de r a t i ons
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I t  i s  necessa r y  uhen  de r i v i ng  r eco r d i ngs  o f  b i o - e l ec t r i c  even t s  f r om  

the  body  sur f ace  to  cons i de r  t he  i n f l uence  o f  t he  e l ec t r ode - sk i n  

sur f ace .  The  sk i n  cons i s t s  o f  t h r ee  p r i nc i pa l  l aye r s ,  t he  ep i denn i s ,  

derm i s  and  sub - cu t aneous  l aye r .  The  ou t e r mos t  l aye r ,  o r  ep i de rm i s ,  

cons i s t s  o f  t h r ee  sub - l ay e r s  t wo  o f  wh i ch  ac t i v e l y  ma i n t a i n  an  ou t e r  

l ayer  o f  dead  ma t e r i a l  on  t he  su r f ace  o f  t he  sk i n .  Th i s  ou t e r mos t  

l ayer  o f  t he  ep i de r m i s  i s  t e rmed  t he  s t r a t um  co rneum .  The  deepes t  o f  

the  t hr ee  sub - l aye r s  o f  t he  ep i de rm i s ,  t he  s t r a t um  ge r m i na t i v i um  i s  

cha r ac t e r i sed  by  ce l l  f o r ma t i on  and  grow t h .  As  t he  ce l l s  g row  t hey  

are  d i sp l aced  ou t wa rds  by  new l y  f o r m i ng  ce l l s  benea t h .  The  g r ow i ng  

ce l l s  pass  t hrough  t he  second  o f  t he  t hr ee  sub - l aye r s ,  t he  s t r a t um  

gr anu l osum  whe r e  t hey  beg i n  to  l oose  t he i r  nuc l ea r  ma t e r i a l  and  be come  

dead  ce l l s .

E l ec t r i ca l l y  t he  cha r ac t e r i s t i c s  o f  t he  s t r a t um  co r neum  a r e  d i s t i nc l y  

d i f f e r en t  f rom  t hose  o f  t he  l i v i ng  t i ssue  t ha t  se r ves  i t .  The  s t r a t um  

corneum  may  be  cha r ac t e r i s ed  by  a  memb r ane  po t en t i a l .  The  l aye r  ma y  

a l so  be  cons i de r ed  to  exhb i t  bo t h  r es i s t ance  and  capac i t ance .

Moreove r ,  t he  ep i de r ma l  l aye r  i n  t o t a l  may  be  cons i de r ed  to  exh i b i t  

e l ec t r i ca l  cha r ac t e r i s i t cs  t ha t  a r e  s i m i l a r  t o  t hose  o f  a  pa r a l l e l  RC  

c i rcu i t .  The  de r m i s  and  subcu t aneous  l aye r  ma y  be  cons i de r ed  

e l ec t r i ca l l y  as  pur e  r es i s t ance  componen t s .

An equ i va l en t  c i r cu i t  o f  t he  ak i n  may  t he r e f o r e  be  o f  t he  f o rm  shown  

in  f i gur e  2 . 2 .  I t  wou l d  seem  appa r en t  f rom  t he  equ i va l en t  c i r cu i t

2 . 3 . 3  E l ec t r ode - t i ssue  I n t e r f ace
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e l ec t r ode  i n t e r f ace  
i mpedance

con t ac t  r es i s t ance

r

f i gur e  2 . 2  Equ i va l en t  c i r cu i t  o f  t he  sk i n
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r epr esen t a t i on  o f  t he  s k i n  t ha t  a  mo r e  s t ab l e  e l ec t rode - i n t e r f ace ,  

su i t ab l e  f o r  r ecor d i ng  b i oe l ec t r i ca l  even t s  t ha t  a r e  no t  o f  ep i de rma l  

or i g i n ,  may  be  ach i eved  i f  t he  e f f ec t  o f  t he  s t r a t um  co r neum  po t en t i a l  

gene r a t or  cou l d  be  r educed .  Th i s  may  be  ach i eved  by  su i t ab l e ,  

c l i n i ca l l y  accep t ab l e ,  ab r a s i on  o f  t he  s t r a t um  co r neum  i n  o r de r  to  

e f f ec t i ve l y  bypass  t he  po t en t i a l  gene r a t o r  and  new  componen t s  o f  t h i s  

ou t e r  sub l aye r  o f  dead  ma t e r i a l .
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2.3. i* Ske l e t a l  musc l e  (EMG)  no i se

One  of  t he  ma i n  sou r cee  o f  no i se  i n  ECG ' s ,  wh i ch  w i l l  be  dea l t  w i t h  i n  

de t a i l  i n  sec t i on  2 . 5 ,  i s  t he  e l e c t r i c a l  ac t i v i t y  a r i s i ng  f rom  ske l e t a l  

musc l e  f unc t i on .  I t  i s  a  ma j o r  sou r ce  o f  i n t e r f e r ence  i n  t he  h i gh  

f r equency  EGG (San t op i e t ro ,  197^+;  O l i v i e r ,  198̂ *;  Sa to ,  1982 ;  Jones ,  1982 ;  

M i yano  e t  a l ,  1980) .  The  amoun t  o f  sk e l e t a l  musc l e  no i se  p r esen t  i n  t he  

h igh  f r equency  EGG  f o r  a  r es t i ng  s t a t e  cond i t i on  can  be  up  to  10-15dB  o f  

the  r andom  no i se  con t en t .  Th i s  can  i nc r ease  up  to  20dB  in t he  exe r c i se  EGG 

tes t .  The  amoun t  o f  musc l e  no i se  i s  a l so  dependen t  upon  t he  pos i t i on  o f  

the  r ecor d i ng  e l ec t r odes  i n  r e l a t i on  t o  spec i f i c  musc l e  masses .

In v i ew  o f  t he  p r ob l em  o f  musc l e  no i se  i n  t he  s t udy  o f  t he  h i gh  f r equency  

e l ec t roca rd i ogr am ,  i t  was  cons i de r ed  i mpo r t an t  to  es t ab l i sh  i n  some  de t a i l  

the  cha r ac t e r i s t i cs  o f  musc l e  no i se  i n  r e l a t i on  to  conven t i ona l  and  

non- conven t i ona l  l ead  p l acemen t s .  Sec t i on  2 . 5  dea l s  w i t h  t he  p rocedur es ,  

r esu l t s  and  conc l us i ons  o f  a  s t udy  to  ob t a i n  t h i s  i n f orma t i on .

The  cohe r ence  spec t r um  was  used  as  a  me ans  o f  cha r ac t e r i s i ng  and  compa r i ng  

the  musc l e  ac t i v i t y  r eco r ded  f r om  d i f f e r en t  l ead  pos i t i ons .  The  cohe r enc e  

spec t rum  ( cohe r ence  f unc t i on )  i s  de f i ned  as  t he  r a t i o  o f  t he  squa r e  o f  t he  

modu l us  c r oss - spec t r a l  es t i ma t e ,  t o  t he  p roduc t  o f  t he  spec t r a l  es t i ma t e  

f rom  t he  t wo  l eads  be i ng  cons i de r ed .  Gohe r ence  f unc t i ons  we r e  i nve s t i ga t ed  

for  l ead  pos i t i ons  i n  t he  f r on t a l  p l ane  o f  t he  t ho r ax  ( see  sec t i on  2 . 5 ) .  

S i gna l s  r ep r esen t a t i ve  o f  t hese  f ou r  channe l s  a r e  shown  i n  f i gu r e  2 . 3 .

31



The  r esu l t s  p r esen t ed  i n  f i gu r es  Z .U -  2 ,6  we r e  ca t ego r i s ed  f o r  essen t i a l l y  

three  spec t r a l  r eg i ons :

( i )  l ow  f r equency  r eg i on ,  100%  cohe r ence ,

( i i )  m i d  f r equency  r eg i on ,  50%  cohe r ence ,

( i i i )  h i gh  f r equency  r eg i on ,  25%  cohe r ence .

I t  was  assumed  t ha t  t he  r eg i on  i n  uh i ch  t he  cohe r ence  f unc t i on  i s  unde r  25%  

i s  due  to  i n t e r f e r ence ,  ma i ns  and  t ape  r eco rde r  no i se  wh i ch  con t r i bu t e  to  

n( t )  in equa t i on  2 . 1 .  The  t e r m  m( t )  o f  equa t i on  2 . 1  i s  l i ke l y  to  emb r ace  

the  m i dd l e  f r equency  r eg i on  i n  wh i ch  t he  cohe r enc e  i s  50%  o f  t he  f i gu r es  

2.^4 -  2 .6 .  Th i s  r eg i on  cou l d  be  c l ea r l y  i den t i f i ed  f rom  t he  cohe r ence  

func t i on  de r i ved  f o r  t he  i soe l ec t r i c  i nve r va l s ,  f i gu r e s  2 . 7  -  2 . 9 .

Componen t s  o f  t he  s i gna l  s ( t )  may  a l so  be  encoun t e r ed  w i t h i n  t h i s  r eg i on .

In the  l ow  f r equency  band  i t  i s  qu i t e  c l ea r  t ha t  mos t  o f  i t  i s  assoc i a t ed  

w i th  t he  ECG  s i gna l  s ( t )  and  i s  h i gh l y  cohe r en t  be t ween  t he  f ou r  channe l s  

cons i de red .  I t  i s  a l so  c l ea r  t ha t  l ess  cohe r ence  can  be  f ound  be t ween  any  

pa i r  o f  channe l s  as  t he  d i s t ance  be t ween  t hem  i nc r eases .  Tab l es  2 . 1  and  

2.2  summa r i se  t he  r e l a t i onsh i p  be t ween  t he  e l e c t r ode  p l a cemen t  w i t h  r ega r d  

to cohe r ence  f unc t i on .

32



QJ
U
IDa(D 

®  IDrH
^  to

s  0̂)U Ü

I S
Qj

^  QJ

ê "•H
'S Occ
CD QJ 
D.  >  QJ £
tn ̂

J iu 
r .  +a

W  4 j  '

C3
C J  Q) UI  c  
, *H

(U
i2 ^»H Q 
QJ 
C
g  to

uU  I•a

0) QJ QJ
TD TD TD �  �  O  U U U  4J -M 
U  U  U  
QJ QJ QJ

^  QJ QJ QJ

3  3  3  O  �  �
QJ QJ QJn  n  nf-t

ätí- +j

�  -a
™  0)D1 �
5  (Ö¿  fH rH •—I •—I

?  a  CL CL Q .

�  QJ U  T3œ  o
f-* U4-3
QJ u

Q  O  CDt- c\j m
•D TJ ”�  
QJ QJ QJ
u  u  u
ID ID CD

£
4-3

in
3
Ecn

QJ QJ QJ QJ

CD X ] U  X3

QJ QJ QJ

QJ
L hDcn

33



(a) f^req.  (Hz )
(b)

F r eq , (Hz )
� 5D0

F i gure  2 . 4  Compa r i son  o f  cohe r ence  f unc t i on  be t ween  i nd i v i dua l  ECG 
cyc l es  be t ween ;

(a)  channe l s  1 and  2
(b)  channe l s  1 and  3

The  bo t t om  t r ace  i s  t he  cohe r ence  ave r age  o f  t he  i nd i v i dua l  
cyc l es  o f  channe l s  1 , 2  and  3 .
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F i gur e  2 . 5  Co i npar i sDn  o f  cohe r ence  f unc t i on  be t ween  i nd i v i dua l  EGG  
cyc l e s  be tween ;

(a )  channe l s  1 and  i*
(b)  channe l s  2  and  3

The  bo t t om  t r ace  i s  t he  cohe r enc e  ave r age  o f  t he  i nd i v i dua l  
cyc l e s  o f  channe l s  ^, k  and  2 , 3
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(b)
F r equency  (Hz )

F i gure  2 . 6  Compa r i scn  o f  cohe r ence  f unc t i on  be t ween  i nd i v i dua l  ECG  
cyc l es  be tween ;

(a)  channe l s  2  and  k
(b)  channe l s  3  and  k

The  bo t t om  t r ace  i s  t he  cohe r ence  ave r age  o f  t he  i nd i v i dua l  cyc l es  o f  channe l s  2 , U  and  3 ,4 . i. .uxvxuudi .
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f i gure  2 . 8  Compa r i son  o f  the  cohe r ence  f unc t i on  be t ueen  i soe l ec t r i c  segmen t  
o f  i nd i v i dua l  cyc l es  be t ween ;

(a)  channe l s  1 and  k
(b)  channe l s  2 and  3

The  bo t t om  t r ace  l a  t he  cohe r ence  ave r age  o f  i nd i v i dua l  cyc l es  
o f  channe l s  1, i* and  2 ,3 .
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F i gure  2 . 9  Compa r i son  o f  t he  cohe r ence  f unc t i on  be t ween  i soe l ec t r i c  
segmen t s  o f  i nd i v i dua l  cyc l es  be t ween ;

(a)  channe l s  2  and  k
(b)  channe l s  3  and  k

The  bo t t om  t r ace  i s  the  cohe r ence  ave r age  o f  i nd i v i dua l  cyc l es  o f  
channe l s  Z , U  and  ^ > ^ • 3 5



Tab l e  2 . 1

i

F i gur e  IMumber Cohe r ence  be t ween  channe l s  1DD96
(Hz )

50%
(Hz )

2.6 1 and  2 110-140 10-40
420- 440

2.6 1 and  3 90 -160 420 -440

2 .7 1 and  4 - 110-140
360-370

2 . 7 2  and  3 110-140 330-360

2 .a 2  and  k - 110-140
180-190

2.8 2  and  4 110-140
410 -430

Tab l e  2 . 1  shous  

channe l s  f o r  the

t he  cohe r ence  f unc t i on  

i soe l ec t r i c  i n t e r va l .

be t ween  t he  f our r eco r ded

Tab l e  2 . 2

F i gur e  Numbe r Cohe r ence  f unc t i on  
be t ween  channe l s

100%  cohe r enc e  
(Hz )

50%  cohe r ence  
(Hz )

2 . k 1 and  2 0 -  90  
110 - 130  
140 - 180

270-280
410 -420

2 . k 1 and  3 30 -  90  
110 - 130

210-220
410- 420

2 . k 1 and  4 10 -  90 110-120

2 . k 2 and  3 0 -  90  
120 - 180

190-250

2 . 5 2  and  4 10-  90 140-160

2 . 5 3  and  4 ID-  90 140-160

Tab l e  2 . 2  shows  

channe l s  f o r  the

t he  cohe r ence  f unc t i on  

ECG.

be t ween  t he  f our r eco r ded



2 .3 .5  AC  i n t e r f e r ence  i n  t he  e l ec t r oca r d i cg r am

AC i n t e r f e r ence  i s  one  o f  t he  mos t  common  t ypes  o f  d i s t u r bance  

encoun t e r ed  i n  r eco r d i ng  ECE ' s  f rom  t he  su r f ace  o f  t he  body .  Th i s  

sec t i on  i s  conce r ned  w i t h  t he  o r i g i ns  o f  e l ec t r i ca l  i n t e r f e r ence ,  and  

the  advan t ages  and  d i sadvan t ages  o f  t echn i ques  us ed  to  r educe  5QHz  

i n t e r f e r ence  i n  su r f ace  ECG ' s  (Huh t a  &  Webs t e r ,  1973) .  Many  

r esea r che r s  have  desc r i bed ,  i n  de t a i l ,  t he  me chan i sms  o f  coup l i ng  o f  

i n t e r f e r ence  (5QHz )  i n  t he  r eco rd i ng  o f  ECG  s i gna l s .  Webs t e r  (1977)  

has  shown  t ha t  i n t e r f e r ence  may  en t e r  t he  amp l i f i e r  i npu t  l eads  i n  

three  ways :

( i )  Capac i t a t i va  coup l i ng  wh i ch  a l l ows ,  v i a  d i sp l acemen t ,  a  cu r r en t  

to  f l ow  i n  t he  i npu t  l eads .

( i i )  I nduc t i ve  coup l i ng  be t ween  cu r r en t  ca r r y i ng  conduc t o r s  and  the  

i npu t  l eads ,  i n  wh i ch  t he  magne t i c  f i e l d  i nduc e s  an  e l ec t r omo t i v e  

f o r ce  i n  t he  i npu t  l eads .  Ground  l oops  a l l ow  i n t e r f e r ence  by  

i nduc t i on  i n t o  t he  l oops  es t ab l i shed  by  i n j ud i c i ous  connec t i ons  

to g r ound .

( i i i )  Res i s t i ve  coup l i ng  i n  wh i ch  a  conduc t i ve  pa t hwa y  i s  es t ab l i shed  

be t ween  a  sou r ce  o f  e l ec t r i ca l  ac t i v i t y  and  t he  r eco rd i ng  

equ i pmen t .

I n t e r f e r ence  can  be  m i n i m i s ed  by  va r i ous  p r ocedu r es ,  such  as  sk i n  

pr epa r a t i on ,  app r op r i a t e  a r r angemen t  o f  t he  l eads  and  e l ec t rodes ,  

ca re fu l  e a r t h i ng  and  sh i e l d i ng ,  and  a l so  by  choos i ng  a  h i gh
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Z. i* Cha r ac t e r i s t i c  o f  no i se  and  a r t i f a c t  p r esen t  du r i ng  e x e r c i s e  ECG

The  exe r c i se  ECG  i s  an  i mpor t an t  t echn i que  f o r  i nden t i f y i ng  ca r d i ac  

d i sorde r s  t ha t  a r e  no t  appa r en t  f r om  t he  r es t i ng  s t a t e  ECG,  bu t  may  be  

p r ec i p i t a t ed  by  t he  phys i ca l  s t r ess  o f  exe r c i se  and  t hen  become  

appa r en t  i n  t he  ECG.  A l t hough  t he  t ea t  may  be  e f f ec t i ve  i n  t h i s  

r espec t  t he  a t t endan t  musc l e  ac t i v i t y  may ,  by  v i r t ue  o f  t he  no i se  

produced ,  obscu r e  even t s  u i t h i n  t he  ECG.  The  qua l i t y  o f  t he  r eco r ded  

ECG' s  depends  upon  f ac t o r s  such  as  e l e c t r ode - sk i n  p r epa r a t i on ,  cho i ce  

of  e l ec t rodes ,  l ead  sys t em  and  t ype  o f  exe r c i se  t es t  (Be t t s  & Brown ,  

1976) .  Movemen t  o f  t he  e l ec t r odes  i n  r e l a t i on  t o  t he  sk i n  may  r esu l t  

in base - l i ne  f l uc t ua t i on  co r r e l a t ed  w i t h  pe r i od i c  bod i l y  a c t i v i t y  and  

o the r  phys i o l og i ca l  sou r ces  o f  no i s e  such  as  r esp i r a t i on .

F i gur e  2 . 11a  shows  an  examp l e  f o r  r eco r d i ng  e l ec t r odes  p l aced  i n  l ead  

dur i ng  exe r c i se  ECG .  I t  shows  t he  base - l i ne  f l uc t ua t i on ,  wh i l e  

f i gure  2 .11b  shows  t he  r ecor d i ng  o f  t he  same  l ead  i n  t he  r es t i ng  

s t a t e .
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2.5  Expe r i men t a l  me t hod  f o r  musc l e  no i se  measu r emen t  s t ud i es

The  ma i n  ob j e c t i v e  o f  t h i s  pa r t  o f  t he  s t udy  was  to  ob t a i n  EGG  

r ecord i ngs  co r r espond i ng  to  l ead  I  and  l e ads  pa r a l l e l  to  l ead  I  i n  t he  

f ron t a l  p l ane ,  unde r  spec i f i ed  cond i t i ons  r e l a t i ng  to  ac t i v a t i on  o f  

va r i ous  ma j o r  ske l e t a l  musc l e  groups ,  u i t h  a  v i ew  t o  se l ec t i ng  

appropr i a t e  l e ad  pos i t i ons  f o r  t he  adap t i v e  f i l t e r  t echn i que .

Four  l eads  ue r e  r eco rded  s i mu l t aneous l y ,  t hese  be i ng  de f i ned  as  

fo l l ows .  For  each  o f  t he  sub j ec t s  cons i de r ed  a  r e f e r ence  e l ec t rode ,  

common  to  a l l  l eads  was  a t t ached  to  t he  l e f t  l eg .  The  f i r s t  e l ec t r ode  

pa i r  was  p l aced  w i t h  one  e l ec t r ode  i n  e a ch  o f  t he  r i gh t  and  l e f t  

m i d - c l av i cu l a r  l i nes  a t  t he  l eve l  o f  t he  s t e r noc l av i cu l a r  j unc t i on  and  

the  t h r ee  r ema i n i ng  e l ec t r ode  pa i r s  p l ac ed  on  t he  m i d - c l av i cu l a r  

l i nes ,  i mned i a t e l y  be l ow  t he  f i r s t  pa i r  and  sepa r a t ed  a t  BDmm  cen t r es .

Record i ng  P r ocedu r es

( i )  W i t h  t he  sub j ec t  a t  r es t ,  one  m i nu t e  r eco r d i ngs  f o r  each  l ead  

we r e  ob t a i ned .

( i i )  A  one  m i nu t e  r ecor d i ng  o f  each  l ead  wa s  ob t a i ned  w i t h  t he  sub j ec t  

bend i ng  h i s  head  f o r wa r d  and  ch i n  t ouch i ng  t he  chea t  so  as  to  

ac t i va t e  ma i n l y  p l a t ysma  musc l e ,  sp l en i ous  cap i t i s  musc l e  and  

sem i sp i na l i s  cap i t i s  musc l e .

( i i i )  fl one  m i nu t e  r ecor d i ng  was  ob t a i ned  f o r  each  l ead  w i t h  t he  head  

i nc l i ned  backwa r ds ,  so  as  to  ac t i va t e  ma i n l y  sp l en i us  cap i t i s  

musc l e ,  sem i ap i na l i a  cap i t i s  musc l e  and  t he  p l a t ysma  musc l e .
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( iu)  A one  m i nu t e  r eco r d i ng  uas  ob t a i ned  f o r  each  l ead  u l t h  t he  

sub j ec t  g r i mac i ng  unde r  cond i t i ons  i n  wh i ch  t he  

s t e r noc l e i domas t o i d  musc l e  and  p l a t ysma  musc l es  we r e  cons i de r ed  

to  be  ac t i va t ed .

(v)  A one  m i nu t e  r eco r d i ng  f o r  each  l ead  was  ob t a i ned  w i t h  t he  

sub j ec t ' s  a r ms  r a i sed ,  t he  hands  p l aced  beh i nd  t he  neck  and  t he  

e l bows  b r ough t  f o r wa rd .  Unde r  t hese  cond i t i ons  t he  t r ape z i um  and  

de l t o i d  mus c l e s  we r e  cons i de r ed  to  be  ac t i va t ed .

(v i )  A one  m i nu t e  r eco r d i ng  was  ob t a i ned  f o r  each  l ead  w i t h  t he  

sub j ec t  t ens i ng  t he  abdom i na l  musc l es .  Unde r  t hese  cond i t i ons  

t he  ma j o r  a nd  m i no r  pec t o r a l i s  musc l es ,  t oge t he r  w i t h  t he  

de l t o i d ,  s e r r a t us  an t e r i o r  and  ex t e r na l  ob l i que  musc l es  we r e  

cons i de r ed  t o  be  ac t i va t ed .

Resu l t s  and  D i scus s i on

The  r esu l t s  p r e sen t ed  i n  t h i s  sec t i on  w i l l  be  used  t o  p r ed i c t ,  on  t he  

bas i s  o f  cohe r ence  f unc t i on ,  t he  e f f ec t i v ene ss  o f  t he  me t hods  used  i n  

chap t e r s  3  and  k  i n  cance l l i ng  no i se  and  i n t e r f e r ence  i n  d i f f e r en t  

e l ec t rode  pa i r s .  San t op i e t r o  (197A , 1977)  c l e a r l y  assumed  t he  

occupancy  o f  t he  no i se  and  i n t e r f e r ence  to  be  w i t h i n  t he  i soe l ec t r i c  

i n t e r va l s .  The  cohe r ence  was  i mp l emen t ed  f o r  t he  comb i na t i on  o f  t he  

four  channe l s  i n  t h i s  r eg i on .  The  cohe r enc e  f unc t i on  was  a l so  app l i ed  

for  t he  ECG  s i gna l  on l y .

F i gure  2 . 12  shows  t he  f ou r  channe l  r e co r d i ng  o f  t he  ECG w i t h  t he  

sub j ec t  a t  r es t ,  u i i l l e  f i gu r e  2 . 13  shows  t he  cohe r ence  f unc t i on  f o r
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(a)

(b)

(c)

(d)

F i gur e  2 . 12  The  su r f ace  r eco r d i ng  o f  f our  channe l  o f  ECG

(a)  -  channe l  1
(b)  -  channe l  2
(c)  -  channe l  3
(d)  -  channe l  k

UB



( a ) ( b )

1 . 0 1 . 0

0 CDHERENCE/FREQ. SDOHi 0 COHERENCE/FREG.

' iJre 2 . 13
Compa r i son  o f  cohe r ence  f unc t i on  o f  i soe l ec t r i c  i n t e r va l s  be to i een

�  i h f  i  channe l  1 (2,3, i*) ,  and  be t ween
the  i nd i v i dua l  i soe l ec t r i c  o f  the  same  channe l  

b  -  t he  second  i soe l ec t r i c  o f  channe l  1 (1 , 5 , ?) ,  i nd  a l so  be t ween  
the  second  i soe l ec t r i c  o f  t he  same  channe l  
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the  i soe l ec t r i c  i n t e r va l s  o f  va r i ous  channe l  comb i na t i ons .  These  

r esu l t s  a r e  i n  good  ag r eemen t  w i t h  t he  r esu l t s  p r e s en t ed  i n  t he  

p r ev i ous  sec t i on .  As  t he  e l ec t r ode  sepa r a t i on  i nc r eases  t he  

a t t en t ua t i on  o f  componen t s  i n  l ow  f r equency  r eg i on  va r i es .

F i gur e  2 . 1A  shows  t he  cohe r ence  f unc t i on  f o r  r eco r d i ngs  de r i ved  f r om  

the  f our  channe l s  cons i de r ed .  The  cons i s t en t l y  h i gh  cohe r enc e  va l ue  

in  t he  f r equency  r ange  O - I DOHz  sugges t s  t ha t  t h i s  ac t i v i t y  i s  due  to  

the  EGG s i gna l .  In  t he  m i d  and  h i gh  f r equency  r eg i ons  t he  

d i s t r i bu t i on  o f  cohe r ence  f unc t i on  ma y  be  pa r t l y  a t t r i bu t ed  to  

a r t i f ac t s  and  no i se .

The  s l i gh t  decease  i n  cohe r ence  t ha t  occu r s  as  e l e c t r ode  sepa r a t i on  

i nc r eases  i nd i ca t es  a  dec r e a s e  i n  t he  l eve l  o f  sha r ed  ac t i v i t y ,  o r  

i nc r ease  i n  r andom  no i se  ac t i v i t y .  A t  h i ghe r  f r equenc i es  t he  ac t i v i t y  

of  t he  EGG  i s  va r i ab l e  and  some  poo r e r  cohe r ence  m i gh t  he  expec t ed ,  

due  to  t he  r e l a t i ve l y  g r ea t e r  i n f l uence  o f  no i se .

The  summa r y  and  gene r a l  d i s cuss i on  o f  t he  r esu l t  o f  expe r i men t s  i i  to  

v i  a r e  p r esen t ed  i n  t ab l e  2 . 3  and  2 . A.
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( a ) (b)
f M / V

rvii

l y Y ' M r U j

J.  D l .P

0 CDHERENCE; / FRED. BOOHz o c d h e r e r c e / f r e o .
igure 2. i i* Compa r i son  o f  cohe r ence  f unc t i on  o f  t he  f i r s t  ECG  cyc l e  be t ween

a  -  channe l  1 (2,3, i*)  and  be t ween  t he  i nd i v i dua l  cyc l es  t hemse l ves  
b  —  t he  second  ECG  cyc l e  o f  channe l  1 (2,3,^+)  and  be t ween  the  

i nd i v i dua l  cyc l es  t hemse l ves  
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2.6 D i scuss i on

The r esu l t s  o f  t he  s t udy  o f  no i se ,  i n t e r f e r ence  and  a r t i f ac t  ha ve  been  

p r esen t ed  i n  t h i s  chap t e r .  Me t hods  have  been  des i c r i bed  to  enab l e  

i den t i f i ca t i on  o f  su i t ab l e  e l ec t r ode  p l acemen t  f o r  adap t i ve  p r ocess i ng .

A cohe r ence  f unc t i on  was  used  to  p r ed i c t  t he  spa t i a l  co r r espondence  be t ween  

ac t i v i t y  i n  d i f f e r en t  e l ec t r ode  pa i r s  f o r  bo t h  s i gna l  and  no i se  

i ndependen t l y .  I t  was  sugges t ed  t ha t  a  h i gh  cohe r ence  va l ue  i n  f r equency  

range  0 - 10DHz  i s  due  to  t he  ac t i v i t y  o f  t he  hea r t  s i gna l  on l y .  At  

f r equenc i es  above  IDDHz ,  t he  ECG ac t i v i t y  i s  sma l l ,  and  l owe r  cohe r ence  

m i gh t  be  expec t ed  due  to  t he  g r ea t e r  i n f l uence  o f  t he  ske l e t a l  musc l e  no i se  

and  o t he r  a r t i f ac t s .  Th i s  seems  to  be  i n  ag r eemen t  w i t h  t he  consequences  

a r i s i ng  f r om  t he  ove r l ap  spec t r a  o f  s i gna l  and  ske l e t a l  musc l e  shown  i n  

f i gure  8 . 1

At  ve r y  h i gh  f r equenc i es ,  i n  wh i ch  t he  cohe r ence  f unc t i on  was  seen  to  be  

app r ox i ma t e l y  D . 25 ,  t ape  r eco r de r  no i se  and  any  o t he r  r andom  componen t s  

ujere cons i de r ed  r espons i b l e .

expe r i men t  was  conduc t ed  to  es t ab l i sh  t he  i den t i t y  o f  t he  p r i ma r y  musc l e  

mass  ac t i v i t y  t ha t  con t am i na t es  t he  ECG  s i gna l .  A  summa r y  o f  t he  r esu l t s  

is  p r esen t ed  i n  t ab l es  2 . 3  and  2 . A.

The  r esu l t s  i nd i ca t e  t he  g r ea t e r  t he  spa t i a l  sepa r a t i on  be t ween  l ead  pa i r s ,  

the  l owe r  t he  cohe r ence ;  su f f i c i en t  f o r  se l ec t i ng  app r op r i a t e  l eads  f or  

adap t i ve  cance l l a t i on .
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Tab l e  2 . 3

Expe r i men t Cohe r ence  be t ween  channe l s 100%
Hz

50%
Hz

i i 1 -  2 0 - 8 0 90  -  100  

130  -  150  

190  -  200

1 -  3 0 - 5 0  

75  -  90  

1i»0 -  150

180  -  200

1 -  k 0 - 6 0  

180  -  200

70  -  85  

130  -  150

i i i 2 - 3 0 - 8 0  

100  -  160  

180  -  200

160  -  180

2 - 4 0 0 - 8 0 120  -  130  

180  -  190  

220  -  230

iu 1 -  2 0 - 8 0 90  -  160

1 -  ii 0  -  i tO 80  -  140  

160  -  200

V 1 -  <� 0 - 4 0  

80  -  110  

140  -  220

110  -  130

Tab l e  2 . 3  shous  t he  cohe r ence  f unc t i on  be t ween  the  f ou r  se l ec t ed  

r ecorded  channe l s  f o r  t he  comp l e t e  EGG.
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Tab l e  2 . U

1 Expe r i men t Cohe r ence  be t ween  channe l s 100%
Hz

50%
Hz

i i 1 -  3 D -  2D  

120  -  17D 

180  -  220

70  -  120

1 -  k 180  -  190  

230  -  250

0  -  120

2 -  k 120  -  180 0 - 3 5

i i i 1 -  4 50  -  65 0 - 2 0  

75  -  130

i v 1 -  2 ID -  i f5 

210  -  230

70  -  120 

l i fO -  150  

160  -  200

1 -  3 0  -  i f5 

150  -  180  

210  -  230

70  -  120

1 -  if 150  -  180  

210  -  230

0  -  i fO

V 1 -  if 0 - 6 0 90  -  160

3  -  if 20  -  100  

200  -  230

Tab l e  2 , k  shows  t he  cohe r ence  f unc t i on  be t ween  the  f ou r  r eco r ded  

channe l s  f or  t he  i soe l ec t r i c  i n t e r va l s .



Chap t e r  Th r e e :Techn i ques  f o r  No i se  r educ t i on

3.1 I n t r oduc t i on

The  bas i c  app r oa ch  to  t he  p r ob l em  o f  i nves t i ga t i ng  a  s i gna l  co r r up t ed  

by  i n t e r f e r ence  o r  no i se  i s  to  s t a r t  by  pass i ng  t he  co r r up t ed  s i gna l  

t hrough  a  f i l t e r ,  w i t h  a  v i ew  t o  supp r e ss i ng  t he  e f f ec t  o f  t he  no i se  

or  i n t e r f e r ence  wh i l s t  l eav i ng  t he  s i gna l  unchanged .

Th i s  chap t e r  p r ov i de s  a  r ev i ew  o f  t he  p r ev i ous  wor k  t ha t  has  been  done  

on  t he  ex t r ac t i on  o f  s i gna l  f rom  no i se  based  on  a  p r i o r i  know l edge  o f  

bo th  t he  s i gna l  and  t he  no i se .  Ex t r ac t i on  t echn i ques  o f  t h i s  k i nd  a r e  

r e f e r r ed  to  as  f i x ed  va l ue  f i l t e r i ng .  In  f i l t e r i ng  o f  t h i s  t ype ,  t he  

coe f f i c i en t s  do  no t  change  w i t h  t he  chang i ng  o f  s t a t i s t i ca l  

cha r ac t e r i s t i cs  o f  t he  s i gna l .
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3 .2  No i se  r educ t i on  us i ng  ana l ogue  f i l t e r s

Knot t  (197i f )  i n t r oduced  an  ana l ogue  f i l t e r  w i t h  t he  ab i l i t y  to  r educe  

i n t e r f e r ence  a t  ma i ns  f r equency  and  ha r mon i cs .  Th i s  f i l t e r  uas  based  

� n t he  i dea  o f  a  commu t a t i ng  RC ne t wo r k  as  shown  i n  f i gu r e  3 . 1 .  The  

advan t age  o f  t h i s  t echn i que  was  i t s  ab i l i t y  to  t r ack  changes  i n  t he  

ma i ns  f r equency ,  enab l i ng  ve r y  sha r p  r e j e c t i on  cha r ac t e r i s t i cs  by  

us i ng  a  l ow - pass  f i l t e r .  Howeve r ,  t he  t echn i que  has  a  d i sadvan t age  o f  

i n t roduc i ng  a  phase  sh i f t  i n  t he  pass - band  and  causes  a  dec r ease  i n  

the  r e j ec t i on  pe r f o r mance .  In  r ecen t  yea r s ,  advances  i n  d i g i t a l  

t echno l ogy  and  t he  deve l opmen t  o f  f as t  f ou r i e r  t r ans f o r m  a l go r i t hms  

have  made  t he  use  o f  d i g i t a l  p r ocess i ng  t echn i ques  p r ac t i ca l  f o r  

spec t r a l  ana l ys i s  o f  non - s t a t i ona r y  wav e f o r ms  and  f i l t e r i ng .
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There  i s  a  cons i de r ab l e  amoun t  o f  pub l i shed  uiork t ha t  dea l s  w i t h  the  

acqu i s i t i on  and  enhancemen t  o f  EGG s i gna l s  f rom  unwan t ed  no i se ,  and  

has  been  we l l  r ev i ewed  i n  a  numbe r  o f  pape r s  pub l i shed  w i t h i n  t he  l as t  

f i f t een  yea r s  ( Furno  &  Tampk i ns ,  1983 ;  Huh t a  & Webs t e r ,  1973 ;  Johnson  

et  a l . ,  1979 ;  Haun i t z  &  W i d row ,  1973 ;  R i be i r o  e t  a l . ,  1980 ;  She i l d  & 

K i rk ,  1981 ;  Wee rd  & Hap ,  1981 ;  W i n t e r ,  1966) .

3 .3  No i se  r educ t i on  us i ng  d i g i t a l  f i l t e r i ng

In t h i s  sec t i on ,  t he  use  o f  d i g i t a l  f i l t e r i ng  as  a  me ans  o f  r educ i ng  

no i se  i s  exam i ned .  In  1977 ,  Lynn  i n t r oduc ed  a  l ow - pass  r e cu r s i ve  

d i g i t a l  f i l t e r  i n  wh i ch  t he  Z -p l ane  po l es  and  ze ros  a r e  p l ac ed  i ns i de  

the  un i t  c i r c l e .  Th i s  f i l t e r  has  t he  advan t age  o f  a  l i nea r  pha s e  

r esponse ,  bu t  i n t r oduces  a  de l ay  o f  0 . 5a .  Weave r s  e t  a l . ,  ( 1968 )  and  

Lynn  (1971)  i n t r oduced  a  no t ch  f i l t e r  de s i gn  wh i ch  had  t he  adv an t ages  

of  a  neg l i g i b l e  de l ay ,  bu t  i nvo l ves  a  t r ade  o f f  be t ween  compu t e r  

s t or age  and  f i l t e r  de l ay .  Ve r y  good  r esu l t s  have  been  ob t a i ned  by  t he  

use  o f  r ecu r s i ve  d i g i t a l  f i l t e r s  (Lynn ,  1971) .  Howeve r ,  t h i s  t ype  of  

d i g i t a l  f i l t e r i ng  s t i l l  a f f ec t s  t he  h i gh  f r equency  s i gna l  componen t  

and can  a l so  i n t roduce  ' r i ng i ng ' i f  t he  f r equency  cha r ac t e r i s t i c  

cu t -o f f s  a r e  ve r y  sha rp .

i )

Levkov  e t  a l . , (198L )  i n t r oduced  a  d i g i t a l  me t hod  f o r  50Hz  i n t e r f e r enc e  

E l i m i na t i on .  Th i s  t echn i que  i s  based  upon  compu t i ng  t he  i n t e r f e r enc e  

amp l i t udes  and  sub t r ac t i ng  t hese  da t a  f r om  t he  o r i g i na l  s i gna l .  Th i s  

me t hod  t ends  to  p r ese r ve  t he  h i gh  f r equency  componen t s  o f  t he  s i gna l .
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Gr egor y  and  W i l l i s  (1983)  i n t r oduced  a  new  me t hod  o f  us i ng  a  no t ch  

f i l t e r  i n  r emov i ng  5QHz  i n t e r f e r ence .  Th i s  m i c r ocompu t e r  ba sed  f i l t e r  

i nvo l ves  t uo  s t ages  i n  t he  e l i m i na t i on  process :

( i )  Lea r n i ng  phase ,  t o  I den t i f y  t he  shape  o f  t he  no i se  or  

i n t e r f e r ence  wave f o r m  by  samp l i ng  t he  ECB  s i gna l  du r i ng  an  i soe l e c t r i c  

i n t e r va l ,  and  sav i ng  t hese  va l ues  as  a  t ab l e  w i t h i n  t he  m i c r ocompu t e r  

RAM  based  memo r y ,  and

( i i )  t he  f i l t e r  t hen  synch r onous l y  sub t r a c t s  t he  va l ues  i n  t he  t ab l e  

f rom  subsequen t  i npu t  s i gna l  samp l es  t o  f o rm  t he  f i l t e r  ou t pu t  

wave f orm .

In gene r a l ,  a  d i g i t a l  f i l t e r  ope r a t es  by  we i gh t i ng  and  summ i ng  a  

numbe r  o f  samp l e  va l ues  o f  a  s amp l ed - da t a  s i gna l .  F i gu r e  3 . 2  shows  a  

d i agr am  o f  a  s i mp l e  r ecu r s i ve  f i l t e r .

The r e l a t i onsh i p  be t ween  t he  i npu t  x ( t )  and  t he  ou t pu t  y ( t )  o f  a  

l i nea r  d i g i t a l  f i l t e r  i s  g i ven  by  t he  convo l u t i on  i n t eg r a l

y ( t )  = J  h ( t ) x ( t  -  t ) . dT • • • • 3  • 1

Where  hCx)  i s  t he  we i gh t i ng  f unc t i on  o f  t he  f i l t e r .  The  f r equenc y  

r esponse  f unc t i on  o f  t he  f i l t e r ,  H( f ) ,  i s  t he  Fou r i e r  t r ans f o r m  o f  h( x )

H( f )  = f  h ( x )  e ‘ J^*^^ . dx . . . .  3 . 2

A des i gn  f or  a  l ow  pass  r ecu r s i ve  d i g i t a l  f i l t e r  i s  p r esen t ed  i n
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Annex  B , , u jh i ch uses  t he  same  shape  o f  cha r a c t e r i s t i c s  as  t hose  used  

by  Lynn  (1977) .  F i gu r e  3 . 3  shows  t he  t r ans f e r  cha r ac t e r i s t i cs  o f  t he  

f i r s t  o r de r  r ecu r s i ve  d i g i t a l  f i l t e r  f or  d i f f e r en t  coe f f i c i en t s ,  and  t he  

e f f ec t  o f  such  f i l t e r  cond i t i on i ng  on  a  no i sy  exe r c i se  ECG  i s  

i l l us t r a t ed  i n  f i gu r e  3 . A.  I t  can  be  seen  t ha t  a  h i ghe r  numbe r  o f  

coe f f i c i en t s  i s  be t t e r  f o r  t he  r educ t i on  o f  no i se ,  bu t  a t  t he  expense  o f  

amp l i t ude  s i gna l  d i s t o r t i on  ( Tay l o r  & Mac f a r l ane ,  197A) .  Tab l e  3 . 1  

summa r i ses  t he  s i gna l  i mp r ovemen t  w i t h  r espec t  to  t he  numbe r  o f  t he  

f i l t e r  coe f f i c i en t .

Tab l e  3 . 1

Numbe r  of  
coe f f i c i en t 7 9 15 21

S i gna l
i mpr ovemen t  (dB) 13 . 38 12 . 27 11 . 71 9

From  t he  t ab l e  above  i t  seems  t ha t  t he  sma l l e r  t he  coe f f i c i en t ,  t he  

gr ea t e r  t he  s i gna l  i mp r ovemen t  bu t  w i t h  l ess  no i se  r educ t i on ,  and  v i ce  

versa .  The  amoun t  o f  s i gna l  i mp r ovemen t  cou l d  be  ob t a i ned  i f  a  known  

s i mu l a t ed  s i gna l  was  used  w i t h  d i f f e r en t  no i se  l eve l s .

I f  t he  no i se  powe r  l i es  w i t h i n  t he  f i l t e r  pass  band ,  an  e r r o r  w i l l  a r i se  

in t he  f i l t e r  ou t pu t  wave f o r m  and  s i nce ,  du r i ng  exe r c i se  t es t s ,  t he i r  

ex i s t s  some  spec t r a l  ove r l ap  be t we en  the  no i se  and  t he  des i r ed  s i gna l ,  

the  ou t pu t  s i gna l  i s  c l ea r l y  a l t e r ed  by  t he  ac t i on  o f  t he  f i l t e r .  Th i s  

i s  i l l us t r a t ed  i n  f i gu r e  3 . A.

I t  can  be  seen  f r om  f i gu r e  3 . 3  t ha t  t he  amp l i t ude - f r equonoy
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cha r ac t e r i s t i c  i s  f a r  f rom  i dea l ,  su f f e r i ng  f rom  a  poo r l y  de f i ned  

cu t -o f f  and  subs t an t i a l  s i de  l obes ,  t he  f i r s t  s i de  l obe  hav i ng  a  peak  

about  22%  o f  t ha t  o f  t he  ma i n  l obe .

By  add i ng  a  po l e  a t  Z  =  (1 , 0)  i n  the  un i t  c i r c l e ,  t he  s i de  l obe  i s  

r educed  to  abou t  5 . 1% ,  so  i mp r ov i ng  t he  no i se  r educ t i on ,  bu t  a t  t he  

expense  o f  an  i nc r eased  compu t a t i ona l  r equ i r emen t  ( f i gu r e  3 . 5) .  One  o f  

the  advan t ages  o f  d i g i t a l  f i l t e r i ng  ov e r  conven t i ona l  ana l ogue  f i l t e r i ng  

is t ha t  t he  se t  o f  we i gh t i ng  coe f f i c i en t s  may  be  a l t e r ed  t o  ma t ch  t he  

r equ i r emen t  o f  t he  no i se  cha r ac t e r i s t i c .

Of t en  i n  r eco r d i ng  e l ec t r oc a r d i og r ams  (EGG) ,  a  na r r ow  band  con t am i na t i ng  

s i gna l  such  as  50Hz  e l ec t r omagne t i c  i n t e r f e r ence  may  obs cu r e  or  deg r ade  

the  des i r ed  s i gna l .  The  app l i c a t i on  o f  a  d i g i t a l  no t ch  f i l t e r  may  be  

used  to  r emove  t he  50Hz  componen t .  Aga i n ,  t h i s  has  t he  e f f ec t  o f  

r emov i ng  any  50Hz  componen t  w i t h i n  t he  s i gna l  i t se l f ,  bu t  i t  i s  

i ne f f ec t i ve  i n  r emov i ng  any  o f  t he  ha r mon i cs  assoc i a t ed  w i t h  the  

i n t e r f e r ence  componen t .  S i nce  t he  s i gna l  componen t s  i n  w i de  band  

e l ec t roca r d i og r ams  ma y  we l l  oc cupy  a  f r equency  r ange  up  t o  1 -  2  KHz  

(San t op l e t ro .  1977) .  t he  use  o f  such  t echn i ques  i s  l i m i t ed .
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: |H(f)|

F i gur e  3 . 5  T r ans f e r  cha r ac t e r i s t i c s  o f  t he
r ecu r s i ve  d i g i t a l  f i l t e r  when  t he  
s i de  l obe  i s  r educed  by  5 . 1%  f or  
d i f f e r en t  numbe r  o f  coe f f i c i en t s
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3.U No i se  r educ t i on  us i ng  a  t r ansve r sa l  f i l t e r

One  o f  t he  t echn i ques  exam i ned  i n  t h i s  s t udy  as  a  means  o f  e l i m i na t i ng  

no i se  f r om  s i gna l  r eco r d i ng  uas  t he  us e  o f  t r ansve r sa l  f i l t e r i ng .  A 

b l ock  d i ag r am  o f  a  t r ansve r sa l  f i l t e r  l a  i l l us t r a t ed  i n  f i gu r e  3 . 6 .  

Th i s  t ype  o f  f i l t e r  r ece i ves  i npu t  samp l es  wh i ch  a r e  t hen  de l ayed  and  

mu l t i p l i ed  by  a  se t  o f  we i gh t i ng  coe f f i c i en t s  w i t h  a l l  t he  p roduc t s  

summed  w i t h i n  each  t i me  pe r i od  to  f o r m  t he  ou t pu t  samp l es .  

Ma t hema t i ca l l y  t h i s  p r ocess  may  be  r ep r esen t ed  by  t he  exp r ess i on :

y( t )  =  r  x ( t  -  n) l ^

Where  x ( t )  i s  t he  s i gna l  i npu t  to  t he  IN- tap l i ne  and  t he  ou t pu t  s i gna l  

i s  y ( t ) .

A compu t e r  p r og r am  was  w r i t t en  ( see  Anne x e  ) to  enab l e  t he  ca l cu l a t i on  

of  t he  numbe r  o f  we i gh t  coe f f i c i en t s  r equ i r ed  f o r  a  spec i f i c  t r ans f e r  

f unc t i on  o f  t he  f i l t e r .  F i gu r e  3 . 7  i l l us t r a t es  t he  i mpu l se  r esponse  

and  t r ans f e r  f unc t i on  f o r  d i f f e r en t  we i gh t  coe f f i c i en t s  o f  t he  

t r ansve r sa l  f i l t e r .  The  pe r f o r mance  cha r ac t e r i s t i c s  f o r  t h i s  

a r r angemen t  a r e  i l l us t r a t ed  i n  f i gu r e  3 . 9 .

A g r ea t e r  no i s e  r educ t i on  can  be  ob t a i ned  by  t he  use  o f  t h i s  

t echn i que ,  bu t  such  a  r educ t i on  i s  a t  t he  expense  o f  amp l i t ude  s i gna l  

d i s t or t i on ,  espec i a l l y  a t  l ow  i npu t  s l gna l - t o - no i s e  r a t i os .  The  

i mprovemen t  (SNR)  can  be  es t i ma t ed  us i ng  a  quan t i f i ab l e  i npu t  s i gna l  

tha t  shows  r esemb l ance  to  t he  r ea l  da t a ,  and  to  wh i ch  d i f f e r en t
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' V  V , C ' ^  »  V r

amoun t s  o f  no i se  can  be  added .  Tab l e  3 . 2  shows  a  summa r y  o f  t he  

i mp r ovemen t  us i ng  t h i s  t echn i que  f or  d i f f e r en t  we i gh t  coe f f i c i en t s .

Tab l e  3 . 2

Numbe r  o f  Coe f f i c i en t  (N)  13  39  f l i  199

S i gna l  to  no i se

i mpr ovemen t  (dB)  13 . 88  12 . 27  11 . 71  11 .2

The  advan t ages  and  d i sadvan t ages  o f  t r ansve r sa l  f i l t e r s  f o r  ach i ev i ng  

i mp r ovemen t  i n  s i gna l - t o - no i se  r a t i o  may  be  summa r i sed  as  f o l l ows :  

Advan t ages  o f  t r ansve r sa l  f i l t e r

( i )  a  g r ea t e r  r educ t i on  may  be  ob t a i ned  w i t h  h i ghe r  i npu t  

s i gna l - t o - no i se  r a t i os .

( i i )  Economy  i n  t he  numbe r  o f  coe f f i c i en t s  r equ i r ed  to  ach i eve  a  

r easonab l e  i mp r ovemen t  compa r ed  w i t h  o t he r  d i g i t a l  t echn i ques  

men t i oned  i n  p r ev i ous  sec t i ons .

D i sadvan t ages  o f  t r anve r sa l  f i l t e r

( i )  For  l ow  s i gna l - t o - no i se  r a t i os ,  d i s t o r t i on  occur s .

( i i )  I napp r op r i a t e  f o r  non - s t a t i ona r y  da t a .

( i i i )  L i t t l e  i mp r ovemen t  obse r ved  f o r  h i ghe r  numbe r s  o f  coe f f i c i en t s .

( i v )  The  va l ue  o f  coe f f i c i en t s  do  no t  va r y  w i t h  t he  va r i a t i on  o f  t he

s t a t i s t i ca l  cha r ac t e r i s t i cs  o f  t he  i npu t  s i gna l  ( f i xed  va l ue  

we i gh t ) .
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(v)  I t  i s  t i me  consum i ng ,  and  t he r e f o r e  no t  we l l  su i t ed  f o r  an  

app l i ca t i on  i n  r ea l  t i me .

The  r esu l t s  i n  t h i s  sec t i on  c l ea r l y  demons t r a t e  t ha t  t he  use  o f  

t r ansve r sa l  f i l t e r s  y i e l ds  an  i mproved  es t i ma t e  o f  t he  s i gna l  i n  t e rms  

o f  r educed  no i se  ac t i v i t y ,  bu t  u i t h  an  a t t endan t  amp l i t ude  d i s t o r t i on .



3 .5  The  USE  o f  W i ene r  f i l t e r  f o r  i mp r ov i ng  s i gna l - t o - no i se  r a t i os  i n  

e l ec t roca r d i og r ams .

The  W i ene r  f i l t e r  i s  a  pa r t i cu l a r  f o r m  o f  d i g i t a l  f i l t e r  wh i ch  i s  used  

to  de t ec t  t he  s i gna l s  t ha t  a r e  ma s k ed  by  no i se .  The  t echn i que  has  

been  exam i ned  f o r  s t a t i ona r y  and  non - s t a t i ona r y  s i gna l  and  no i se  

componen t s .  The  app l i c a t i on  o f  t he  W i ene r  f i l t e r  to  enhance  t he  

s i gna l - t o -no i se  r a t i o  i n  e l e c t r oca r d i og r ams  i s  based  on  a  comp l e t e  

know l edge  o f  t he  spec t r a  o f  t he  ECG  s i gna l  and  t he  unwan t ed  no i se .

The  ma t hema t i ca l  bas i s  f o r  t he  t r ans f e r  f unc t i on  o f  t he  W i ene r  f i l t e r  

i s  p r esen t ed  be l ow  as  a  p r e cu r so r  t o  d i scuss i ng  t he  r e l a t i ve  me r i t s  o f  

the  t echn i que  f o r  s i gna l - t o - no i se  i mp r ovemen t  i n  exe r c i se  

e l ec t roca rd i ogr ams .

Assum i ng  t ha t  t he  ECG r eco r ded  f rom  t he  body  su r f a ce  can  be  exp r essed  

as f o l l ows :

Xj^( t )  =  s ( t )  +  nj^( t )  i  =  1 , 2 . . .  . . . .  3 . A

t ibere s ( t )  i s  t he  des i r ed  s i gna l  ECG  and  nj^( t )  s t a t i ona r y  no i se  w i t h  

zero  mean .  The  assump t i on  i s  made  t ha t  s ( t )  and  nj^( t )  a r e  

uncor r e l a t ed .

Tak i ng  t he  ensemb l e  ave r ag i ng  o f  equa t i ons :

N
x( t )  =  s ( t )  +  1  r  n , ( t )  

IM i =1  ^
3 . 5

0 <  t  <  T

T i s  t he  du r a t i on  o f  t he  ECG  cyc l e .
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Tak ing the  Fou r i e r  t r ane f o r m  o f  equa t i on  3 . 2 ,  i . e .  t r ans f o r ma t i on  o f  t he  

ensemb l e  ave r age  f rom  t i me  doma i n  to  f r equency  doma i n ,  deno t ed  by  x (u) ,  t he  

pouer  dens i t y  spec t r um  o f  x ( t )  i s

�5«( i i j ) =  X (u)  x (u)  . . . .  3 . 6

Assum i ng  t ha t  t he  no i se  i s  no t  t i me  l ocked  and  unco r r e l a t ed  to  t he  des i r ed  

s igna l ,  the  expec t a t i ons  a r e :

E [ *^ ( u ) ]  =  E  [ i ssCu) ]  + ^ [ * n n ( u i ) ]  . . . .  3 . 7

l ihere *xx ,  *ss ,  ®nn  r ep r esen t  t he  powe r  dens i t y  spec t r a  o f  t he  ave r age ,  

the EGG s i gna l  and  the  no i s e  r espec t i ve l y .

By ave r ag i ng  t he  powe r  dens i t y  spec t r a  o f  a l l  t he  I nd i v i dua l  ensemb l es :

E [*xx (w) ]  =  E  [*xx (w) ]  =  E  [*ss (w) ]  +  E  [ ®nn(w) ]  . . . .  3 . 8

Where  *nn(w)  i s  t he  powe r  dens i t y  spec t r um  o f  x ( t ) .

From equa t i on  3 . 7  and  3 .8 ,  t he  spec t r a  o f  s i gna l  and  no i se  can  be  exp r essed  

in t e rms  o f  t he  ave r age  and  poue r  dens i t y  spec t r um  o f  x ( t ) :

� ss(w)  =  N  [*xx (w)  -  1®xx (w ) ]  

l\l-1  l\l

and

. . . .  3 . 9

� nn(u)  =  N  [ i nn (w )  - 1®xx ( w ) 3  

l\l-1  N

there fore ,  the  t r ans f e r  f unc t i ons  o f  W i ene r  f i l t e r  g i ven  by

3 . 18

H(u)  = 4ss (w)
3 . 11

� ss (w)  +  1*nn(w)  

N

75



may  be  exp r essed  i n  t he  f orm :

H(ui) =
IM [ 1 -  1 *  xx (u ) ]

3 . 12
l\l-1 IM i  xx(uj )

This  i s  t he  t r ans f e r  f unc t i on  o f  t he  W i ene r  f i l t e r  based  on  t heo r e t i ca l  

spec t ra ,  and  on  a  p r i o r i  know l edge  o f  bo t h  s i gna l  and  no i se .  In  gene r a l ,  a  

pr ior i  know l edge  o f  bo t h  s i gna l  and  no i se  i s  no t  a l ways  ava i l ab l e .  In 

these  c i r cums t ances  equa t i on  3 . 12  may  be  exp r essed  i n  t e rms  o f  t he  spec t r a  

�  >«(w)

IM [ 1 -  1 *xx (w) ]H(y) . . . . 3 . 13
IM-1 IM ®xx (w)

The ma i n  d i sadvan t age  o f  t he  W i ene r  f i l t e r  f or  use  i n  enhanc i ng  t he

s i gna l - t o-no i se  r a t i o  o f  exe r c i se  ECGs  a r e  as  f o l l ows :

( i )  whe r e  spec t r a l  ove r l ap  be t ween  s i gna l  and  no i se  occu r s  and  t he  

s i gna l  i s  obscu r ed  by  no i se ,  t he  W i ene r  f i l t e r  canno t  

d i s t i ngu i sh  be t ween  t he  s i gna l  componen t  and  t he  no i se  

componen t ,  espec i a l l y  i n  t he  exce r c i se  ECG  t ea t ,

( i i )  t h i s  t echn i que  i s  su i t ab l e  f o r  s t a t i ona r y  da t a  on l y ,

( i i i )  a  p r i o r i  know l edge  o f  t he  s i gna l  and  no i se  i s  necessa r y  

f or  e f f i c i en t  app l i ca t i on  o f  t he  t echn i que ,  and

( iv)  d i s t o r t i on  occu r s  when  s i gna l - t o - no i se  r a t i o  i s  l ow .

The ma i n  r easons  t ha t  t h i s  t echn i que  has  been  cons i de r ed  i n  t h i s  s t udy
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is tha t  i t  p r ou l des  an  op t i ma l  es t i ma t e  o f  t he  t rue  s i gna l ,  has  be en  

used succ ess f u l l y  f o r  t he  es t i ma t i on  o f  evoked  po t en t i a l  (de  Wee rd ,  

1981;  de  Wee r d  & hap ,  1981) .

The r esu l t s  p r esen t ed  i n  sec t i on  3 . 5  i nd i ca t e  t ha t  t he r e  i s  no  

s i gn i f i can t  d i f f e r ence  i n  sepa r a t i on  o f  no i se  f r equenc i es  f rom  s i gna l  

f r equenc i es  when  s i gna l  and  no i se  have  t he  same  spec t r a l  occupancy , as  

in pa r t s  o f  t he  exe r c i se  ECG' s .



3 . 6  App l i ca t i on  o f  cohe r en t  s i gna l  av e r ag i ng  to  no i se  r educ t i on  i n  

e l ec t r oca r d i og r ams

3 . 5 . 1  No i se  r educ t i on

For  many  yea r s ,  s i gna l  ave r ag i ng  has  been  used  i n  e l e c t r oca r d i og r aph i c  

s t ud i es  (Br i l l e r  e t  a l . , 1956) .  In  pa r t i cu l a r ,  s i gna l  av e r ag i ng  has  

been  used  f o r  r educ i ng  no i se  du r i ng  su r f ace  r eco r d i ng  o f  ECGs ,  f or  

enhanc i ng  f oe t a l  e l ec t r oca r d i og r ams  i n  t he  p r esence  o f  ex cess i ve  no i se  

on  t he  ma t e r na l  e l ec t r oca r d i og r am  (Hon  e t  a l . ,  1964 ;  Docke r ,  1971) ,  

and  f o r  t he  de t ec t i on  o f  even t s  o f  t he  Spec i a l i s ed  Conduc t i on  sys t em  

(T r i saua  e t  a l . ,  1965 ;  Be rba r i  e t  a l . ,  1973 ,  1979 ;  Fu rness ,  1976 ;  

V i ncen t  e t  a l . ,  1978 , 1980) .

The  su r f ace  measu r ed  s i gna l  i a  composed  o f  a  des i r ed  s i gna l  componen t  

p l us  an  unu i ant ed  no i se  componen t  and ,  i n  app l i ca t i ons  such  as  t hose  

c i t ed  above ,  t he  no i se  i a  usua l l y  one  o r  m e r e  o rde r s  o f  magn i t ude  

l a rge r  t han  t he  amp l i t ude  o f  t he  des i r ed  s i gna l  componen t .  I f  t he  

f r equency  con t en t  o f  t he  no i se  componen t  i s  h i ghe r  or  lou i er  t han  t ha t  

o f  t he  des i r ed  s i gna l  componen t ,  conven t i ona l  f i xed  va l ue  f i l t e r s  can  

be  used  t o  a t t enua t e  t he  no i se .  Howeve r ,  i f  t he  f r equency  spec t r um  o f  

the  no i se  pa r t i a l l y  ove r l aps  t ha t  o f  t he  de s i r ed  s i gna l  ( f i gu r e  3 . 10) ,  

conven t i ona l  f i l t e r i ng  a l one  i a  no t  su f f i c i en t  to  ach i eve  adequa t e  

no i se  r educ t i on .

Cohe r en t  s i gna l  ave r ag i ng  may  be  used  to  enhanc e  the  s i gna l - t o - no i se  

ra t i o ,  p r ov i ded  ce r t a i n  r equ i r emen t s  a r e  f u l f i l l ed .
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( i )  A l eng t h  o f  r eco rd  w i t h  a  con t i nuous  ECG  s i gna l ,  and

( i i )  The  p r ope r  a l i gnmen t  o f  t he  i nd i v i dua l  s i gna l s

Many  r esea r che r s  have  i nves t i ga t ed  me t hods  to  de t e r m i ne  t he

r e f e r ence  po i n t  by  wh i ch  success i ve  pe r i ods  o f  r e co r ded  s i gna l  a r e  

a l i gned  f or  ave r ag i ng .  These  me t hods  i nc l ude  l eve l  sens i ng ,  s l ope  

de t e rm i na t i on  and  pa t t e rn  ma t ch i ng .

Fo l l ow i ng  a  de t a i l ed  exam i na t i on  o f  s i gna l  ave r ag i ng ,  a  new  me t hod  was  

deve l oped  f o r  ach i ev i ng  a l i gnmen t .  A  l en t h  o f  r eco r d  o f  success i ve  

ECG cyc l es  was  s t o r ed  i n  t he  compu t e r  memor y .  The  l eng t h  o f  r eco r d  

needed  f o r  t he  ave r ag i ng  t echn i que  was  baaed  on  t he  no i se  con t en t  and  

hea r t  r a t e  ( Fu rness ,  1973) .  For  sma l l  s i gna l  ( 1 - I Gyv )  i nves t i ga t i on  

dur i ng  t h i s  s t udy ,  a  m i n i mum  no i se  l eve l  o f  25uv  ( rms )  was  f ound  to  be  

pr esen t  dur i ng  su r f ace  r eco rd i ngs .  A f t e r  de t e r m i n i ng  t he  l eng t h  o f  

r ecord  r equ i r ed  f o r  a  pa r t i cu l a r  app l i ca t i on ,  t he  a l i gnmen t  o f  t he  

s i gna l  f o r  ave r ag i ng  was  pe r f o r med  us i ng  t he  f o l l ow i ng  t echn i que .

An appr op r i a t e  samp l i ng  r a t e  was  se l ec t ed  t c  avo i d  a l i as i ng ,  and  a  

process i ng  a l go r i t hm  was  used  to  sea r ch  f o r  t he  ma x i mum  i n  each  ECG  

cyc l e .  The  i npu t  da t a  was  segmen t ed  i n t o  5D0  ms  segmen t s ,  t he  

pos i t i on  o f  peak  s i gna l  l eve l  i n  each  segmen t  was  t hen  used  t o  a l i gn  

each  cyc l e .  The  R  wave  was  se l ec t ed  as  t he  f ea t u r e  i n  t he  ECG  cyc l e  

in wh i ch  a  ma x i mum  was  sough t .  A f t e r  segmen t i ng ,  t he  who l e  r eco r d  

ave r ag i ng  was  pe r f o r med  by  summ i ng  a l l  t he  segmen t ed  da t a  and  d i v i d i ng  

by  the  sweep  coun t .  A l t hough  sec t i ons  o f  t he  i soe l ec t r i c  i n t e r va l s  

may  ove r l ap  as  a  r esu l t  o f  cyc l e  to  cyc l e  va r i a t i on ,  t he  FT! segmen t s  

are  no t  a f f ec t ed  i n  t h i s  way .  In  o rde r  to  ga i nas  much  i n f o r ma t i on  as  

poss i b l e  f rom  t he  f r equency  cha r ac t e r i s t i cs  o f  t he  ECG,  a  samp l i ng  

ra t e  o f  IKHz  was  chosen .



The cohe r en t  ave r age  o f  a  s i gna l  y ( t )  can  be  r ep r es en t ed  i n  

ma t hema t i ca l  t e r ms  i n  t he  f o l l ow i ng  way :

N
y( t )  =  ^  2

k = r

l ihere 3|^( t )  i s  t he  r epe t i t i ve  s i gna l ,  

N i s  t he  numbe r  o f  segmen t s  ave r aged ,  

y( t )  i s  t he  ave r ag i ng  r esu l t .

I f  the  s i gna l  y ( t )  con t a i ns  an  add i t i v e  r andom  no i se  n ( t ) :

y( t )  =  s ( t )  +  n( t )

then

y( t )  =  1 y  s, ( t )  +  n,  ( t )

3 . V*

I f  s ( t )  i s  r epe t i t i ve  and  de t e r m i n i s t i c ,  
l\l

y( t )  =  s ( t )  + 2  2  n  ( t )
~ k = 1
IM

t ak i ng  t he  expec t a t i on  o f  equa t i on  3 . 17

E[y( t ) ]  =  s ( t )  + 2  2  E[  n  ( t ) ]  
k=1



Si nce  t he  no i se  i s  r andom  and  N  s amp l e s  a r e  i ndependen t ,  t he  mean  

square  va l ue  o f  t he  sum  o f  t he  n  no i s e  samp l es  i s  IMo*, and  t he  r ms  

va l ue  i s  -Jko.

There fore ,  t he  s i gna l - t o - no i se  r a t i o ,  a f t e r  summa t i on  i s :

I f  ue  assume  t he  no i se  i s  i ndependen t  and  has  ze ro  mean ,  t he r e f o r e :  

E[y ( t ) ]  =  s ( t )  s i gna l  on l y  . . . .  3 . 19

I f  t he  samp l es  we r e  t aken  eve r y  T  seconds ,  equa t i on  3 . 15  becomes :  

y( t | +̂ i T)  =  a( t |^+ i T)  +  n( t |^+ i T)

=  s ( i )  +  n( t |^+ i T)  . . . .  3 . 20

Si nce  t he  no i se  was  assumed  to  have  a  ze ro  mean  and  rms  va l ue  o f  o,  on  

any  pa r t i cu l a r  r epe t i t i on ,  t he  a i gna l - t o - no i ae  r a t i o  w i l l  be

S/N  =  s ( i T )  . . . .

a

a f t er  (\l r epe t i t i ons ,  equa t i on  3 . 20  becomes :

l\l N  l\l
Z y( t |^ +  i T)  =  I  s ( i T )  +  Z n ( t ^  +  i T)

k=1 k=1 k=1

(S/N) |^ =  l yS( iT)  =>/ l \ l (S/N)  

Vl\ lo

. . . . 3 . 23

the re fore ,  t he  summ i ng  o f  IM r epe t i t i ons  i mproves  t he  s i gna l - t o - no i se  

ra t i o  by  a  f ac t o r  o f . ^ .
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Thus  i f  t he  no i se  exh i b i t s  a  Gauss i an  d i s t r i bu t i on ,  t he  i mp r ovemen t  i n  

s i gna l - t o -no i se  r a t i o  is-/ \ l ,  u i i ere  N  i s  t he  numbe r  o f  sweeps  o f  t he  

ave r ag i ng  sequence  (Tr i mb l e ,  1968 ;  Fu rness ,  1976) .  O f t en  t he  no i se  

tha t  obscu r es  t he  s i gna l  does  no t  exh i b i t  Gauss i an  d i s t r i bu t i on .  In  

such c i r cums t ances  t he  i mpr ovemen t  i n  s i gna l - t o - no i s e  r a t i o  can  be  

d i f f i cu l t  t o  es t i ma t e  t heor e t i ca l l y .

S i gna l  ave r ag i ng  can  be  cons i de r ed  as  a  f i l t e r i ng  p r ocess  i n  f r equency  

doma in ,  i t s  behav i ou r  be i ng  l i kened  to  a  comb  f i l t e r  (T r i mb l e ,  1968 ;  

Budo,  196i i ) .  The  p r ocess  may  be  r ep r es en t ed  as  t he  convo l u t i on  o f  t he

i nput  s i gna l  w i t h  a  t r a i n  o f  l\l un i t  i mpu l s es  wh i ch ,  when  t r ans l a t ed

into  the  f r equency  doma i n ,  y i e l ds  t he  cha r ac t e r i s t i c  t r ans f e r  f unc t i on  

of  a  comb  f i l t e r .  Eve r y  f r equency  componen t  o f  t he  t i me  l ocked  s i gna l

co i nc i des  w i t h  t he  cen t r e  po i n t  o f  a  peak  o r  ' too th '  o f  t he  comb

f i l t e r  due  to  t he  synch r onous  pu l ses  t ha t  a r e  t i me  l ocked  to  t he  

s i gna l ,  s ( t ) .  The  bandw i d t h  o f  each  t oo t h  become s  p r og r ess i ve l y  

na r rowe r  as  t he  numbe r  o f  r epe t i t i ons  i nc r eases .  In  ana l y t i ca l  t e rms  

the  bandw i d t h  o f  t he  comb  f i l t e r  peaks  sa t i s f y  t he  exp r ess i on :

Af  =  D . 886  Hz

N t

iJiere x  i s  t he  pe r i od  o f  t he  pe r i od i c  s i gna l  and  N  i s  t he  sweep  coun t .



3.6.2 J i t t e r  e f f e c t

The ob j ec t i ve  o f  cohe r en t  s i gna l  ave r ag i ng  i s  to  i mp r ove  s i gna l - t o - no i se  

rat io to r evea l  a  s i gna l  bu r i ed  i n  no i se .  To  do  t h i s  w i t hou t  p r oduc i ng  

d i s tor t i on  i t  i s  i mpo r t an t  t o  ensu r e  s t ab l e  t r i gge r i ng  baaed  upon  a  we l l  

de f ined s i gna l  r e f e r ence .  J i t t e r ,  due  to  no i s e  or  base  l i ne  va r i a t i on ,  may  

i f  pr esen t  r esu l t  i n  de t e r i o r a t i on  o f  t he  av e r age  as  t he  numbe r  o f  sweeps  

is i nc reased .  To  i nves t i ga t e  t he  e f f ec t  o f  j i t t e r  due  t o  no i se ,  and  to  

deve lop a  t echn i que  f o r  t he  quan t i f i ca t i on  o f  j i t t e r ,  s i mu l a t ed  da t a  w i t h  

var ious  l eve l s  o f  no i s e  was  p r ocessed  us i ng  a  PDP11 / 23  compu t e r .

Exper i men t s  we r e  conduc t ed  i n  o r de r  to  ga i n  i ns i gh t  i n t o  t he  i n f l uence  o f  

the no i se  on  peak  de t ec t i on  and  i t s  man i f es t a t i on  as  j i t t e r .  The  p r esence  

of  j i t t e r  c l ea r l y  p r oduces  smea r i ng  i n  t he  r esu l t s  o f  t he  ave r ag i ng  

process ,  w i t h  cons equen t i a l  d i s t o r t i on .

The process i ng  i nvo l ved  t he  f o l l ow i ng  s t eps :

( i )  The  l eng t h  o f  r eco r d  r equ i r ed  f o r  t he  spe c i f i c  i mp r ovemen t  i n  

s i gna l - t o - no i se  r a t i o  was  de t e r m i ned ,  and  d i v i ded  i n t o  

segmen t s  co r r espond i ng  to  t he  numbe r  o f  t he  r epe t i t i ve  

cyc l es  ( assum i ng  t he  s i z e  o f  each  segmen t  o r  cyc l e

to be  SOQms ) .

( i i )  fl bu f f e r  space  was  a l l oca t ed  equa l  to  t he  same  l eng t h  o f  t he  

r ecord  as  i n  ( i )  and  d i v i ded  i n t o  500ms  segmen t  l eng t hs .

( i i i )  A r ou t i ne  was  i mp l emen t ed  to  sea r ch  f o r  t he  peak  w i t h i n  the  

f i r s t  500ms  o f  da t a  and  sh i f t ed  to  p l ace  t he  de t ec t ed  peak  

in t he  m i dd l e  o f  t he  bu f f e r  apace ,  and  f i l l  t he  r i gh t  and  

l e f t  o f  t he  bu f f e r  w i t h  t he  da t a  o f  t he  f i r s t  5Q0ms .
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( iu)  The  sea r ch  r ou t i ne  was  r epea t ed  f or  t he  peak  o f  t he  second  SDOms  

da t a  and  r e - d i s t r i bu t ed  i n  t he  second  bu f f e r .  The  p r oce ss  was  

r epea t ed  un t i l  t he  who l e  o f  t he  da t a  had  been  p r ocessed  i n  

th i s  manne r .

(u)  D i f f e r en t  l eve l s  o f  no i se  we r e  added  t o  t he  i nd i v i dua l  bu f f e r s .

(vi )  The  new  pos i t i ons  f o r  t he  pe aks  p r oduced  by  add i t i ons  o f  t he  

no i se  we r e  de t e r m i ned .

(v i i )  The  d i f f e r ence  be t we en  the  r espec t i ve  peak  pos i t i ons  we r e  

de t e rm i ned  as  a  me a su r e  o f  t he  j i t t e r  due  to  no i se .

The s i mu l a t ed  r esu l t s  so  ob t a i ned  i l l us t r a t ed  t ha t  t he r e  was  no  j i t t e r  

e f fec t  when  t he  da t a  has  a  s i gna l - t o - no i se  r a t i o  g r ea t e r  t han  i tdB.  The  

j i t ter  was  f ound  to  he  2ms  f o r  da t a  o f  s i gna l - t o - no i se  r a t i o  l ess  t han  ¿tdB.

F igure  3 .11  shows  a  c l ean  r eco r ded  EGG  s i gna l .  W i t h  d i f f e r en t  no i se  l eve l s  

added to  i t ,  t he  s i gna l - t o - no l se  r a t i os  we r e  23 . 7 ,  15 .7 ,  9 . 7 ,  3 . 6 ,  - 5 . 86  

and -7 .2dB.  f i gu r e  3 . 12  shows  t he  ove r l ap  be t ween  a  c l ean  QRS  comp l ex  and  

a no i sy  QRS.  I t  a l so  shows  t he  amoun t  o f  j i t t e r  mea su r ed  i n  each  case .
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F i gu r e  3 . 12  The  aue r l ap  be t ueen  a  c l ean  QRS  comp l ex  w i t h  a  
QRS  added  to  no i se

(a)  S / N  =  9 . 7dB  J i t t e r  =  0ms
(b)  S / N  =  3 . 6dB  J i t t e r  =  0ms
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F i gu r e  3 . 12  The  ove r l ap  be t ween  a  c l ean  QRS  comp l ex  w i t h  
a  QRS  added  to  no i se

S / N  =  - 7 . 2dB  J i t t e r  =  3 . 21ms

i1
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3 .5 .3 .  L i m i t a t i ons  on  no i s e  r educ t i on  by  cohe r en t  s i gna l  ave r ag i ng

Noi se ,  i n  t he  con t ex t  o f  t h i s  d i scuss i on ,  i s  any  componen t  o t he r  t han  

the  s i gna l  r equ i r ed .  The  r educ t i on  o f  such  componen t s  by  t h i s  

t echn i que  can  be  a f f e c t ed  by  t he  f o l l ow i ng  f ac t o r s :

( i )  the  na t u r e  o f  t he  no i se  p r esen t  i n  t he  i npu t  s i gna l ,

( i i )  t he  co r r e l a t i on  be t we en  s i gna l  and  no i se ,

( i i i )  the  ove r l ap  o f  t h e  spec t r a l  occupancy  o f  t he  no i se  and  s i gna l ,

( i v)  t he  va r i ab i l i t y  i n  t he  t i me  i n t e r va l  be t ween  t he  t r i gge r  even t

and  t he  even t s  t o  be  de t ec t ed ,

(v)  the  j i t t e r  e f f e c t  assoc i a t ed  w i t h  t he  t r i gge r  rou t i ne .

Of t en  t he  no i se  ma s k i ng  a  s i gna l  i s  no t  r andom .  The  p r esence  o f  50Hz  

i n t e r f e r ence  f o r  e x amp l e  can  e f f ec t i ve l y  obscu r e  t he  s i gna l  i n  many  

s i t ua t i ons .  Linder  t he s e  c i r cums t ances  i t  may  he  d i f f i cu l t  t o  es t i ma t e  

how  much  t he  no i se  w i l l  be  a t t enua t ed .  The  p r esence  o f  excess i ve  ac  

i n t e r f e r ence  canno t  be  r educed  e f f ec t i ve l y  un l ess :

a)  a  l a rge  numbe r  o f  s i gna l s  a r e  ave r aged ,  or

b)  mos t  o f  t he  i n t e r f e r ence  i s  f i l t e r ed  ou t ,  by  us i ng  a  no t ch  f i l t e r .

F i gure  3 . 13  shows  a  s i mu l a t ed  ECG  and  the  ave r aged  ou t pu t  as  a  r esu l t  

of  LOO  ave r ages  on  a  s i gna l  w i t h  LOOuv  pe a k - t o - pe a k , 50Hz  

i n t e r f e r ence .  The  r e su l t  w i dens  t he  R wave  and  r ounds  o f f  t he  peaks .
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Al though  s i gna l  ave r ag i ng  may  p r ov i de  an  i mp r ov emen t  i n  

s i gna l - t o -no i se  r a t i o  unde r  app r op r i a t e  cond i t i ons ,  t he  t echn i que  may  

not  be  en t i r e l y  app r op r i a t e  f o r  p r ocess i ng  e l ec t r oca r d i og r ams .  The  

var i ous  d i sadvan t ages  i nc l ude :

( i )  The  i nab i l i t y  to  de t ec t  t r ans i en t  sma l l  s i gna l  even t s  u i t h i n  

each  cyc l e  o f  an  ECG  on  a  bea t - by - bea t  bas i s .

( i i )  In t he  case  o f  ske l e t a l  musc l e  ac t i v i t y  o r  t he  exe r c i se  ECG 

t es t ,  some  o f  t he  no i se  componen t  i s  co r r e l a t ed  w i t h  t he  

des i r ed  s i gna l  and  ave r ag i ng  canno t  d i s t i ngu i sh  be t ween

the  two .  D i s t o r t i on  can  t he r e f o r e  occur .

3.6. i* D i sadvan t ages  o f  cohe r en t  s i gna l  ave r ag i ng

9A



In pr ev i ous  sec t i ons  a  W i ene r  f i l t e r i ng  t echn i que  was  des c r i bed  as  a  

means  o f  r educ i ng  no i se  i n  t he  e l ec t r oca rd i og r am .  As  t h i s  t echn i que  

is a  t i me - i nva r i an t  f i l t e r i ng  p rocess ,  i t  does  no t  y i e l d  an  op t i ma l  

resu l t  i n  dea l i ng  w i t h  a  t r ans i en t  s i gna l .  A  t i me - va r y i ng  f i l t e r  i s  

needed  in  o rde r  to  cope  w i t h  a  t r ans i en t  wave f o r m  and  to  pe r f o r m  i n  an  

opt i ma l  manne r .  The  advan t age s  o f  t he  t i me - va r y i ng  f i l t e r  t echn i que  

i nc lude :

( i )  the  ab i l i t y  to  pe r f o r m  f o r  non - s t a t i ona r y  da t a ,

( i i )  no  a  p r i o r i  know l edge  o f  t he  s i gna l  and  no i se  componen t s  i s  

r equ i r ed .

Th i s  t echn i que  has  been  f u l l y  exp l a i ned  by  de  Wee r d  (1981)  and  

success f u l l l y  app l i ed  t o  t he  p r ob l em  o f  i mpr ov i ng  s i gna l - t o - no i se  

ra t io  of  evoked  po t en t i a l s .  The  use  o f  a  t i me - va r y i ng  f i l t e r  wa s  

i nves t i ga t ed  i n  t h i s  s t udy  as  a  me t hod  f o r  r educ i ng  t he  ba ckg r ound  

no i se  f rom  su r f ace  r eco r ded  ECG  s i gna l s .  The  f i l t e r ,  wh i ch  i s  based  

upon an  es t i ma t i on  o f  t he  t i me - va r y i ng  powe r  spec t r a  o f  s i gna l  and  

no i se ,  assumes  t ha t  t he  s i gna l  i s  i den t i ca l l y  r epea t i ng  bu t  i s  ma sked  

by no i se .

3.7 IMa ise r educ t i on  us i ng  t i me - va r y i ng  f i l t e r

Vj^(t)  =  s ( t )  +  n^( t )

The s i gna l  and  no i se  may  be  r ep r esen t ed  by  an  equa t i on  o f  t he  f o rm :

. . . .  3 . 25
1

i  = 1 , 2 , 3 . . . . . . I\l

0 < t  <  T

iJiere s ( t )  r ep r esen t s  t he  s i gna l  ( l e .  t he  des i r ed  ECG  s i gna l ) ,  n  ( t )
4
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r epr esen t s  no i se  ( i . e .  unwan t ed  ac t i v i t y ,  such  as  musc l e  no i se ,  a nd  

50Hz  i n t e r f e r ence ) ,  T  i s  t he  du r a t i on  o f  each  cyc l e  and  N  i s  t fe numbe r  

of  r epe t i t i ve  cyc l es .  The  co l l ec t i on  o f  cyc l es  y  ( t )  i s  r e f e r r ed  t o  

as  the  ensemb l e .

DeWee rd  and  Map  (1981)  emp l oyed  t i me - v a r y i ng  f i l t e r s  i n  t he  f o l l ow i ng  

l i jays:

( i )  The  use  o f  a  bank  o f  p r opo r t i ona l  bandw i d t h  f i l t e r s ,  i . e .  

f i l t e r s  hav i ng  a  bandw i d t h  p r opo r t i ona l  to  t he i r  cen t r e  

f r equency .

( i i )  By  t ak i ng  Fas t  Fou r i e r  T r ans f o r m ,  t he  powe r  o f  t he  s i gna l  a nd  

no i se  can  be  es t i ma t ed ,  i n  e a ch  o f  t hese  r eg i ons  ove r  t he  

en t i r e  r ecord .

( i i i )  The  ensemb l e  ave r age  y ( t )  i s  modu l a t ed  by  t he  t i me - va r y i ng  

coe f f i c i en t s .

( iu)  The  f i na l  es t i ma t e  can  be  ob t a i ned  by  t ak i ng  the  sum  o f  ( i i i ) .  

Th i s  may  be  desc r i bed  ma t hema t i ca l l y :

N
S( t )  =  Z liJ ( t ) .X  ( t )  . . . .

n=1  "

Whe r e  Xn( t )  i s  t he  ensemb l e  av e r age  r eco rd  i n  t he  n t h  band ,  

Wr | ( t )  i s  t he  t i me - va r y i ng  f i l t e r  coe f f i c i en t  i n  t he  n t h  

f r equency  band ,  and

S( t )  l a  t he  t i me  va r y i ng  f i l t e r  (TV/F)  es t i ma t e .

F i gu r e  3 . 14  shows  t he  b l ock  d i ag r am  o f  t he  cons t r uc t i on  o f  

t he  t i me - va r y i ng  f i l t e r .

T i me - va r y i ng  f i l t e r i ng  (TUF )  was  app l i ed  to  e l e c t r oca r d i og r ams  i n  

orde r  to  r educe  t he  backg r ound  no i se ,  and  t he  r esu l t s  dep i c t ed  i n

3 . 26
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f i gures  3 . 15  and  3 . 16  show  an  i mp r ovemen t  i n  s i gna l - t o - no i se  r a t i o  

beyond tha t  o f  t he  ave r ag i ng  t echn i que .  Howeve r ,  t h i s  i mp rovemen t  

depends  upon  t he  spec t r o - t empo r a l  s t r uc t u r e  o f  s i gna l  and  no i se .

i

F igure  3 . 19  shows  t he  spec t r um  o f  t he  i npu t  s i gna l ,  a f t e r  ave r ag i ng  

and a f t e r  t he  app l i c a t i on  o f  t he  t i me - va r y i ng  f i l t e r .  F rom  t he  

resu l t s  i t  can  be  seen  t ha t  t he  t i me - va r y i ng  f i l t e r  i s  mo r e  

appropr i a t e  t han  ave r ag i ng  in  no i se  r educ t i on .  The  t echn i que  was  

app l i ed  to  exe r c i se  ECGs  and  t he  r esu l t s  a r e  p r e sen t ed  i n  Chap t e r  7.

S i mu l a t ed  da t a  was  used  i n  o rde r  t o  exam i ne  t he  i mp r ovemen t  ach i eved  

by us i ng  TUF  on  an  a r t i f i c i a l  s i gna l ,  t o  r ep r esen t  an  ECG,  t oge t he r  

w i th  a  no i se  componen t  gene r a t ed  us i ng  so f t wa r e .  TUF  was  pe r f o r med  

for  d i f f e r en t  l eve l s  o f  added  no i se .  Ave r ag i ng  wa s  a l so  pe r f o r med  f o r  

compara t i ve  pu r pos e s  us i ng  l ow  sweep  coun t .  The  r esu l t s  a r e  dep i c t ed  

in f i gur es  3 . 17  and  3 . 18 .  The  TUF  t echn i que  g i ves  be t t e r  es t i ma t i on  

of  the  s i mu l a t ed  s i gna l  t ha t  t he  ave r ag i ng  t echn i ques  f o r  t he  sweep  

count  cons i de r ed .

I f  s i gna l  and  no i s e  spec t r a  ove r l ap  i n  t i me  and  f r equency ,  as  i s  

l i ke l y  i n  t he  app l i c a t i ons  cons i de r ed  i n  t h i s  s t udy ,  no t  on l y  t he  

no i se  componen t s  a r e  a t t enua t ed ,  bu t  t he  s i gna l  componen t s  a r e  

a t t enua t ed  as  we l l .

98



(a)

(b)

F igure  3 . 15  Resu l t  o f  ave r ag i ng  and  t i me - va r y i ng  f i l t e r  i n  wh i ch  
t he  es t i ma t e  o f  t he  mean  squa r e  e r r o r  was  ach i eved
i n  if cyc l es .

(a ) i npu t  s i gna l
(b) r esu l t  o f  ave r ag i ng
(c) r esu l t  o f  t i me - va r y i ng  f i l t e r

I;

i
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I

(a)

(b)

(c)

f i gure  3 . 16  Resu l t  o f  ave r ag i ng  and  t i me - va r y i ng  f i l t e r  i n  ujhich t he  
es t i ma t e  o f  t he  mean  squa r e  e r ro r  uas  ach i eved  in  
Sk  cyc l es

(a)  i npu t  s i gna l
(b)  ave r ag i ng  r esu l t
(c)  t i me - va r y i ng  f i l t e r  r esu l t
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( a )

(b)

( c )

(d)

f i gure  3 . 17  Resu l t s  o f  ave r ag i ng  and  t i me - va r y i ng  f i l t e r  i n  wh i ch  
t he  es t i ma t e  o f  t he  me an  squa r e  e r r o r  was  a ch i e v ed  i n  
32  s i mu l a t ed  cyc l es

(a )  s i mu l a t ed  i npu t  s i gna l
(b)  s i mu l a t ed  s i gna l  and  no i se
(c )  r esu l t  o f  ave r ag i ng
(d)  r esu l t  o f  t i me - va r y i ng  f i l t e r
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(a)

(b)

( c )

( d )

M  I

Ov r  t\ t f «

F igure  3 . 18  Resu l t s  o f  ave r ag i ng  and  t i me - va r y i ng  f i l t e r  i n  i j jhich 
t he  es t i ma t e  o f  t he  m e a n  squa r e  e r r o r  was  ach i eved  i n  

6k  s i mu l a t ed  cyc l es

(a)  s i mu l a t ed  i npu t  s i gna l
(b)  s i mu l a t ed  s i gna l  and  no i se
(c)  r esu l t  o f  a ve r ag i ng
(d)  r esu l t  o f  t i me - va r y i ng  f i l t e r
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F igure  3 . 19  The  spec t r a  o f  t he  i npu t  s i gna l ,  av e r ag i ng  
and  t i me - va r y i ng  f i l t e r



3.8 D i scuss i on  and  conc l us i on

Thi s  chap t e r  has  been  conce r ned  w i t h  t he  desc r i p t i on  and  app l i ca t i on  

of  d i f f e r en t  f i l t e r i ng  t echn i ques  f o r  no i se  r emova l  f rom  ECGs .

A l though  the  t echn i ques  men t i oned  p r ov i de  i mp r ovemen t s  i n  

s i gna l - t o-no i se  r a t i o ,  i t  i s  o f t en  a t  t he  expense  o f  s i gna l  

d i s tor t i on .  Th i s  d i s t o r t i on  may  be  cons i de r ed  to  be  due  to  t he  

i nab i l i t y  o f  t hese  t echn i ques  to  change  t he i r  cha r ac t e r i s t i cs  t o  

fo l l ow  t he  va r i a t i on  i n  t he  s i gna l  and  no i se .  In  s i t ua t i ons  whe r e  

s i gna l  f i de l i t y  i s  i mpor t an t ,  t he  d i s t o r t i on  due  to  cond i t i on i ng  mus t  

be m i n i m i sed .

I t  has  been  no t ed  t ha t  even  i naccu r a t e  r esu l t s  can  be  ob t a i ned  t h r ough  

the  use  o f  ave r ag i ng  p r ocedu r es  i n  ce r t a i n  c i r cums t ances ,  bu t  an  

a t t empt  was  made  t o  i mp r ove  t he  way  o f  conduc t i ng  t he  t echn i que .

A need  was  i den t i f i ed  f o r  a  t e chn i que  wh i ch  has  t he  ab i l i t y  t o  i mp r ove  

s i gna l - t o-no i se  r a t i o  and  avo i d  s i gna l  d i s t o r t i on .  Such  a  t e chn i que  

requ i res  the  coe f f i c i en t s  o f  t he  t r ans f e r  f unc t i on  to  va r y  w i t h  t he  

var i a t i on  o f  s i gna l  and  no i se .  Techn i ques  o f  t h i s  k i nd  may  be  

co l l ec t i ve l y  r e f e r r ed  to  as  adap t i v e  f i l t e r s  and  a r e  cons i de r ed  i n  

de t a i l  i n  t he  f o l l ow i ng  chap t e r s .
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Chapt er  Four :  Theor y  o f  Adap t i ve  F i l t e r s  

I n t roduc t i on

The r ev i ew  o f  t echn i ques  used  to  ex t r ac t  a  s i gna l  (EGG)  f rom  t he  

unwant ed  ac t i v i t y  (no i se )  r evea l ed  t ha t  wh i l e  i mp r ovmen t s  cou l d  he  

ob t a i ned  by  use  o f  t i me - va r y i ng  f i l t e r i ng  o r  t r ansve r sa l  f i l t e r i ng ,  

the  i mp rovemen t  was  l ess  t han  adequa t e  f o r  t he  app l i ca t i ons  i n  m i nd .  

Tun ma i n  r easons  may  he  cons i de r ed  to  accoun t  f o r  t h i s  r esu l t :

( i )  Lack  o f  a  p r i o r i  know l edge  o f  t he  s i gna l  and  no i se ,  and

( i i )  The  non - s t a t i ona r y  na t u r e  o f  t he  s i gna l .

A need  was  t he r e f o r e  r ecogn i sed  f o r  a  t echn i que  t ha t  cou l d  t r ack  or  

fo l l ow  t he  va r i a t i on  o f  t he  s i gna l  and  no i se ,  and  have  t he  ab i l i t y  to  

per form  w i t hou t  any  a  p r i o r i  i n f o r ma t i on  o f  t he  s i gna l  and  no i se .

Th i s  t ype  o f  f i l t e r  was  f i r s t  i n t r oduced  by  l i l idrow (1966)  and  the  

group o f  f i l t e r s  i n  t h i s  ca t ego r y  a r e  known  co l l ec t i ve l y  as  adap t i ve  

f i l t ers .  Adap t i ve  f i l t e r s  a r e  essen t i a l l y  se l f - des i gn  f i l t e r s  i n  

wh i ch  t he  coe f f i c i en t s  o f  t he  f i l t e r  a r e  i n t e r na l l y  and  au t oma t i ca l l y  

ad j us t ed ,  based  upon  es t i ma t ed  s t a t i s t i ca l  cha r ac t e r i s t i c s  o f  i npu t  

and ou t pu t  s i gna l s .  The  s t a t i s t i cs  a r e  no t  measu r ed  exp l i c i t l y  and  

then used  to  des i gn  t he  f i l t e r .  The  f i l t e r  des i gn  i s  ach i eved  by  

means  o f  a  r ecur s i ve  a l go r i t hm  wh i ch  au t oma t i c a l l y  upda t es  a  se t  o f  

coe f f i c i en t s  (we i gh t s )  w i t h  t he  a r r i va l  o f  each  new  da t a  samp l e .

An examp l e  o f  an  adap t i ve  t r ansve r sa l  f i l t e r  cons i s t s  o f  a  t apped
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de l ay  l i ne ,  a  va r i ab l e  we i gh t  change  f ac i l i t y  ba s ed  upon  t he  s i gna l  

i n f c rma t i cn  a t  t he  de l ay - l i ne  t aps ,  a  summe r  t o  add  t he  we i gh t ed  

s i gna l s ,  and  c i r cu i t r y  to  ad j us t  t he  we i gh t s  au t oma t i ca l l y .  The  

i mpu l se  r esponse ,  de t e r m i ned  by  t he  coe f f i c i en t  se t t i ngs  and  the  

adap t a t i on  p r ocess .  The  l a t t e r  au t oma t i ca l l y  s ee k s  an  op t i ma l  r esponse  

through  ad j us t men t  o f  t he  coe f f i c i en t s .

F i gure  <*.1 shows  a  d i ag r am  o f  a  t r ansve r sa l  adap t i v e  f i l t e r .
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I

k . 2  The  concep t  o f  adap t i ve  f i l t e r i ng

An essen t i a l  f ea t u r e  o f  t he  adap t i ve  f i l t e r  (AF )  i s  t he  adap t i ve  

l i near  comb i ne r  as  i s  i l l us t r a t ed  i n  f i gu r e  U. 2 .  A  s t a t i ona r y  i npu t  

s i gna l  X j ( t )  i s  samp l ed  t o  f o r m  n  samp l ed  measu r emen t s  whe r e  j

i s  the  t i me  i ndex .  Each  measu r emen t  i s  mu l t i p l i ed  by  a  co r r espond i ng  

we i gh t i ng  coe f f i c i en t  W j ,  and  t he  we i gh t ed  measu r emen t s  a r e  comb i ned  

to form  an  ou t pu t  y j .  Th i s  ou t pu t  i s  compa r ed  w i t h  a  des i r ed  r esponse  

d j  to f o rm  t he  e r ro r  s i gna l  E j ( d j )  and  i s  used  t o  t r a i n  t he  adap t i ve  

f i l t er .

Two ma i n  ob j ec t i ves  a r e  sough t  i n  t he  ope r a t i on  o f  t h i s  t ype  o f  f i l t e r  

( i )  to choose  the  we i gh t i ng  coe f f i c i en t  i n  o r de r  to  m i n i m i s e  t he

Vi = E
i=1

e r r or  s i gna l ,  E j  , and

( i i )  to f i nd  t he  we i gh t ed  sum  o f  i npu t  s i gna l s  t ha t  bes t  ma t ches  t he  

des i r ed  r esponse ,  d j .

The  j th  ou t pu t  s i gna l  o f  t he  comb i ne r  i s  g i ven  by

j  i j

and the  e r ro r  s i gna l  i s  g i ven  by

� -J - V j .  dj  - E  « / i j

The  ana l ys i s  i n  t h i s  sec t i on  i s  based  upon  a  s t a t i ona r y  i npu t  s i gna l .





There  a r e  va r i ous  uays  of  con f i gu r i ng  t he  i npu t  s i gna l  X j ( t ) .  For  

examp l e ,  i f  t he  i npu t s  a r e  t aken  f rom  a  t apped  de l ay - l i ne ,  t he  l i nea r  

comb i ne r  w i l l  f o r m  a  t r ansve r sa l  or  f i n i t e  i mpu l s e  r esponse  ( F IR)  

f i l t er ,  and  t he  who l e  s t r uc t u r e  w i l l  be  known  a s  an  adap t i ve  

t r ansve r sa l  f i l t e r ,  (ATF )  (U i d row  e t  a l . , 1976 ) .  Such  con f i gu r a t i ons  

have  been  used  to  mode l  an  unknown  sys t em  (LJ l drow  e t  a l . ,  1975)  to  

reduce  i n t e r f e r ence  i n  commun i ca t i on  sys t ems  (U i d row ,  1901) ,  r educe  or  

e l i m i na t e  pe r i od i c  i n t e r f e r ence  i n  e l ec t r oca r d i og r aphy  (U i d row  & 

McCoo l ,  1976) ,  and  b r oadband  i n t e r f e r ence  i n  t he  s i de l obes  o f  an  

an t enna  a r r ay  ( l i l idrow e t  a l . ,  1976) ,  t o  s epa r a t e  pe r i od i c  and  

broadband  s i gna l s  and  de t ec t  ve r y  l ow  l eve l  pe r i od i c  s i gna l s  (U i d row  

e t  a l . ,197 i i ) .



¡*.3 The  LMS  adap t i ve  a l go r i t hm

Tun ma i n  p rocesses  ma y  be  r ecogn i sed  i n  t he  ope r a t i on  o f  adap t i v e  

f i l t e rs ;  t r a i n i ng  ( adap t a t i on )  and  ope r a t i on .  I n  t he  t r a i n i ng  p r ocess  

the  we i gh t s  a r e  r ead j us t ed ,  wh i l e  i n  t he  ope r a t i on  p r ocess  t he  ou t pu t  

s i gna l s  a r e  f o r med  by  we i gh t i ng  t he  t ap  de l ay - t i me  s i gna l s  ( f i gu r e  

i ( .1) us i ng  t he  we i gh t s  r esu l t i ng  f rom  t he  adap t a t i on .

In op t i m i s i ng  a  f i l t e r  i t  i s  necessa r y  to  e i t he r  m i n i m i z e  t he  mean  

square  e r ro r  to  app r oa ch  the  bea t  o f  l i nea r  f i l t e r i ng ,  as  i n  We i ne r ' s  

theory  o f  op t i ma l  f i l t e r s ,  or  max i m i z e  t he  s i gna l - t o - no i s e  r a t i o  

(Shensa ,  1979) .

Re f e r r i ng  to  f i gu r e  ^ . 1 ,  one  can  deve l op  t he  t heo r y  o f  an  adap t i ve  

f i l t e r  by  us i ng  t he  me an  squa r e  e r r o r  approach .  The  ou t pu t  i n  t e rms  

� f  the  f i l t e r  i npu t  and  we i gh t s ,  equa t i on  i t .1,  m a y  be  r ew r i t t en  us i ng  

a ma t r i x  no t a t i on .

y j = xJ .  = wJXj . . . . 4 . 3

^ e r e x 5 = CX ^ , X ^ _ 1 , X j _ ^ ..V
and W  =  W^ , W^ , W^ . . . . . . Ŵ ^ . . . .  i*.5

The  ma i n  r equ i r emen t s  o f  the  adap t i ve  a l go r i t hm  a r e  to  se l e c t  the  

we i gh t s  necessa r y  t o  m i n i m i s e  t he  mean  squa r e  e r r o r  (MSE) .  By  

squa r i ng  equa t i on  k . 2  and  t ak i ng  t he  mean  ove r  t he  ensemb l e  t he  MSE  

can be  f ormed .

ECe ’j ]  =  E [ c^] -  2E [ d j X j ]  W  + W^  E [X j X j ]U  . . . .  4 . 6

uh i ch  may  be  w r i t t en  as :
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E[e^j ]  =  -  2P . V  + i*.7

ECd jXj ]
Y u

' ^ / n j

A  P i*.8

«*/V =  E

X i j X i j  X^ . X^J

^ 2 j ^ U  ^2 / 2  j

X  .X , 
n j  n j

A  R . k . 3

Whe re  P i s  t he  c r oss  co r r e l a t i on  vec t o r  be t ween  t he  i npu t  s i gna l s  and  

the  des i r ed  r esponse ,  and  R i s  t he  i npu t  co r r e l a t i on  o f  t he  X-  i npu t  

s i gna l s .

S i nce  t he  i npu t  and  t he  ou t pu t  a r e  assumed  to  be  s t a t i s t i ca l l y  

s t a t i ona r y ,  t he  MSE  i s  a  quad r a t i c  f unc t i on  o f  t he  we i gh t s  (McCoo l  

& W i drow ,  1976) .  Th i s  f unc t i on  has  a  m i n i mum  t ha t  can  be  ob t a i ned  

by  d i f f e r en t i a t i ng  t he  MSE  equa t i on  U . 7  w i t h  r espec t  t o  t he  

we i gh t  f ac t or .
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to ob t a i n  t he  g r ad i en t  v /ec tor  VE[e j*,  ]

The re fore :

7E[e* j ]  =  - 2P  +  2 ^ . . . . 4 . 10

By  se t t i ng  t he  g r ad i en t  to  ze ro ,  t he  op t i ma l  we i gh t  vec t o r  i s

obt a i ned ;

�  -1
U  = R P . . . . k . ^^

Th i s  i s  the  ma t r i x  f o r m  o f  t he  U i ene r - Hop f  equa t i on .

The  exac t  so l u t i on  f r om  equa t i on  can  he  ob t a i ned ,  bu t  i s

i mpr ac t i ca l  i f  t he  numbe r  o f  we i gh t s  i s  l a rge ,  o r  t he  da t a  r a t e  i s

h i gh  s i nce  t he  p r oc ess  i nvo l ves  an  NxIM ma t r i x  and  may  r equ i r e  as  many

as  N( l \ l+1)  au t oco r r e l a t i on  and  c r oss  co r r e l a t i on  measu r emen t s .
2

Moreove r ,  i n  t he  case  o f  a  non - s t a t i ona r y  s i gna l ,  a  con t i nuous l y  

r epea t ed  p r ocess  i s  necessa r y .

In  gene r a l  au t oco r r eac t i on  and  c r ossco r r e l a t i on  f unc t i ons  a r e  no r ma l l y  

unknown ,  and  t he  U i ene r -Hop f  a l go r i t hm  does  no t  compu t e  t he  

cor r e l a t i on  ma t r i c es  o r  ma t r i x  man i pu l a t i ons  bu t  r equ i r es  t ha t  t he  

we i gh t  vec t o r  be  ad j us t ed  f rom  t he  es t i ma t es  o f  t he  g r ad i en t  to  

approach  t he  Ue i ne r  so l u t i on .

The  LMS a l go r i t hm  i s  common l y  based  upon  g r ad i en t  es t i ma t i on  even  

though  i t  t ends  t o  be  no i sy  compa r ed  w i t h  t ak i ng  a  t rue  g r ad i en t  

va l ue .  Howeve r ,  i t  can  be  m i n i m i s ed  t h r ough  ca r e f u l  app l i ca t i on  o f  

the  adap t i ve  a l go r i t hms  f o r  s t eepes t  descen t  ( W i d r ow  e t  a l . ,  1976) .



Me t hod  o f  g r ad i en t  es t i ma t i on

Thi s  me t hod  me asu r es  t he  g r ad i en t  o f  t he  me an  squa r e  e r r o r  by  

d i f f e r en t i a t i ng  t he  MSE  w i t h  r espec t  to  t he  we i gh t  vec t or .

I f  E j  i s  t he  me an  squa r e  e r ror ,  t he  d i f f e r en t i a l  w i t h  r espec t  t o  t he  

we i gh t  vec t o r  i s :

6  6 6 IjJ,

D i f f e r en t i a t i ng  equa t i on  4 . S l w i t h  r espec t  t o  g i ves

. . . I t .12

i j
6 Id,

. . . . i t .13

subs t i t u t i ng  it.  13  i n t o  it.  12  w i l l  g i ve

6E  /
— j

6 Id̂ ’ 6ldĵ =
� J  i j

. . . i t . l i t

The re fore  t he  g r ad i en t  vec t o r  can  be  app r ox i ma t ed  as

V Ë /  “  ̂ E /  = -2E . X.
1__  Ji I J |  J  I J i

i t .15

In orde r  to  es t i ma t e  t he  g r ad i en t ,  t he  p r esen t  i npu t  vec t o r  and  t he  

er ror  shou l d  be  known  acco r d i ng  t o  equa t i on  i t .15« Th i s  me t hod  

(grad i en t  es t i ma t i on )  i n t r oduces  no i se  ( Id idrow,  1976) ,  i n t o  t he  we i gh t

Hi t



vec t or  wh i ch  l a  p r opo r t i ona l  to  t he  speed  o f  adap t a t i on  and  to  t he  

numbe r  o f  we i gh t s .  Th i s  e f f ec t  can  be  exp r essed  i n  t e rms  o f  a  

d i mens i on l ess  quan t i t y  ca l l ed  m i s ad j us t men t  (W i d row ,  1966)



í ( .3.1.1.  M i sad j us t men t  due  to  g r ad i en t  no i se

I t  i s  ev i den t  f r om  t he  p r ev i ous  sec t i on  t ha t ,  f o r  adap t a t i on  by  

m i n i m i s i ng  t he  me an  squa r e  e r ror ,  t he  f a s t e r  t he  sys t em  adap t s  t he  

poore r  uj i l l  be  t he  expec t ed  pe r f o rmance .  Fo r  t he  U i ene r  op t i mum  

so l u t i on  t he  we i gh t s  a r e  ad j us t ed  acco r d i ng  t o  equa t i on  i i . t1 and  a r e  

based  upon  a  p r i o r i  know l edge  o f  t he  s t a t i s t i cs  o f  t he  s i gna l  ( an  

i dea l  sys t em) .  When  t he  LMS  a l go r i t hm  i s  used ,  t he  expec t ed  l e ve l  o f  

the  mean  squa r e  e r ro r  w i l l  exceed  t ha t  o f  t he  i dea l  sys t em  and  t he  

W i ene r  so l u t i on  o f  equa t i on  The  l onge r  t he  t i me  cons t an t s  f o r

adap t a t i on  t he  c l ose r  t he  expec t ed  pe r f o r mance  i s  to  t he  W i ene r  

op t i mum  pe r f o r mance . ; f

In us i ng  t he  LMS  a l gor i t hm  an  excess  o f  mean - squa r e  e r r o r  w i l l  deve l op  

wh i ch  i s  ca l l ed  m i sad j us t men t  and  can  be  r ep r esen t ed  i n  t he  f o l l ow i ng  

equa t i on .

M i sad j us t men t  =  M  A V i - P m i n . . . . L . 1S

m i n

A s i mp l i f i ed  f o r mu l a  f o r  m i sad j us t men t  may  be  exp r essed  i n  t he  f o rm :

. . . . A . 17

2 p=1  Tp

where  n  i s  t he  numbe r  o f  we i gh t s ,  t p  i s  t he  se t t l i ng  t i me  and  N  t i me  

cons t an t  o f  t he  f i l t e r  ad j us t men t  we i gh t s  (W i d row ,  1956) .  The  t i me  

cons t an t  o f  t he  p t h  mode ,  tp ,  i s  r e l a t ed  t o  t he  p t h  e i genva l ue  Xp  o f  

the  i npu t  co r r e l a t i on  ma t r i x  R and  a l so  to  t he  conve rgence , u .  I t  ma y
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be expr essed  i n  t he  f o r m :

^Pmse  =
it. 18

it|iX

Where  X i s  a  conve r gence  f ac t o r  t ha t  con t r o l s  s t ab i l i t y  and  r a t e  o f  

adap t a t i on .  In  a  spe c i a l  case  when  a l l  t he  e i genva l ues  a r e  equa l ,  a l l  

the  t i me  cons t an t s  w i l l  a l so  be  equa l .  Th i s  case  on l y  occu r s  when  a l l  

the  i npu t  s i gna l  componen t s  a r e  unco r r e l a t ed  and  a r e  o f  equa l  powe r .

Under  t hese  cond i t i ons  t he  t i me  cons t an t  ma y  be  exp r essed  as :

mse
. . . i t .19

i iyX

In t he  above  case  t he  m i sad j us t men t  w i l l  be  p r opo r t i ona l  to  t he  numbe r  

of  we i gh t s  and  i nve r se l y  p r opo r t i ona l  to  t he  t i me  cons t an t  and  may  he  

wr i t t en :

M =1  2.  -  = —  = -2- i i .20

2 xp  ' 2x  U t mse

xp =  T f or  a l l  p

Subs t i t u t i ng  equa t i on  it.  19  i n t o  equa t i on  i t .2D,  t he  m i s ad j us t men t  may  

be expr essed  as :
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M  = nyX

Where  X max  l a  t he  l a r ge s t  e i genva l ue .  U i d row  e t  a l . (197 i* ,  1975)  

sugges t ed  t ha t  a  10%  m i sad j ua t men t  i s  sa t i s f ac t o r y  f o r  many  

app l i ca t i ons .  An  i nc r ease  i n  t he  numbe r  o f  we i gh t s  w i l l  i mp rove  t he  

pe r f ormance  o f  t he  adap t i v e  f i l t e r  bu t  a t  t he  expense  o f  an  i nc r ease  

in m i sad j us t men t  a t  a  f i xed  r a t e  o f  conve rgence .

I t  has  been  shown  f r om  mo r e  gene r a l  cons i de r a t i ons  t ha t  f o r  many  

adap t i ve  LMS  sys t ems ,  t he  m i sad j us t men t  f o r  sma l l  va l ues  o f  M(=:  0 . 25 )  

is app rox i ma t e l y  equa l  to  

M  = numbe r  o f  f i l t e r  coe f f i c i en t s  

numbe r  o f  t r a i n i ng  samp l es



I t  has  been  shoun  i n  t he  p r ev i ous  sec t i on  t ha t  m i sad j us t men t  can  be

r e l a t ed  to  t he  speed  o f  adap t a t i on  and  to  t he  numbe r  o f  we i gh t s  be i ng

adap t ed .  I t  has  a l so  been  shown  (U i drow ,  1976)  t ha t  uncond i t i ona l l y

s t ab l e  ope r a t i on  o f  LMS  a l go r i t hm  can  be  ob t a i ned  i f  �  <  m  <  1
^max

whe re  Xm a x  i s  t he  max i mum  e i genva l ue  o f  t he  i npu t  s i gna l  co r r e l a t i on  

ma t r i x  (R) .  Th i s  e i genva l ue  can  o f t en  be  d i f f i cu l t  t o  ob t a i n .

Howeve r ,  s t ab i l i t y  can  be  assu r ed  w i t hou t  know i ng  X ma x  as  l ong  as  y 

i s  kep t  w i t h i n  ce r t a i n  bounds .

For  s t ab i l i t y  p i s  kep t  <  Xma x .  Howeve r ,  ano t he r  i mpo r t an t  p r ope r t y  

wh i ch  can  i n f l uence  s t ab i l i t y  i s  t he  conve r gence  t i me .  Th i s  has  been  

shown  expe r i men t a l l y  w i t h  t he  t i me  cons t an t , Tp ,  (W i d row ,  1976 ;  Shensa ,

i*.3.1.2.  S t ab i l i t y  o f  LMS  a l go r i t hm

1979)  r e l a t ed  t o  by  t he  app r ox i ma t e  r e l a t i on :  

1
T  -  - - - - - - - - - - - -

P
2pX

. . . . L . 23

The  ove r a l l  conv e r gence  i s  a l so  l i m i t ed  by  t he  sma l l e s t  o f  t he  

e i genva l ues ,  X m i n ,  and  t h i s  se t s  t he  l owe r  bound  o f  t he  cond i t i on .  

For  s t ab i l i t y ;

max
jnin . . . . U . 2k

Lxm i n

Thus  when  t he  LMS  a l go r i t hm  i s  s t ab l e ,  t r ans i en t s  mus t  d i e  ou t .  I f  

the  a l go r i t hm  i s  uns t ab l e  on  t he  o t he r  hand ,  t he  we i gh t  vec t o r  w i l l  

grow .
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Choos i ng  the  numbe r  o f  coe f f i c i en t s

The cho i ce  conce r n i ng  t he  numbe r  o f  we i gh t s  depends  upon  t he  

app l i ca t i on  o f  t he  adap t i ve  f i l t e r  and ,  i n  acco r dance  w i t h  t he  

samp l i ng  f r equency ,  t he  des i r ed  f i l t e r  f r equency  r eso l u t i on .  Based  

upon t hese  two  pa r ame t e r  va l ues ,  the  numbe r  o f  we i gh t s  may  be  

expressed  as ;

N =  2  samp l i ng  f r equency

r eso l u t i on

. . . . 4 . 25

Choos i ng  a  l a rge  numbe r  o f  we i gh t s  f or  a  t r ansve r sa l  f i l t e r  w i l l  

ensure  a  c l ose  app r ox i ma t i on  t o  t he  i mpu l se  r esponse  o f  t he  i dea l  

Ui ener  f i l t e r .  Howeve r ,  i nc r eas i ng  t he  numbe r  o f  we i gh t s  a l so  s l ows  

the  adap t i ve  p r ocess  ( i nc r eases  m i sad j us t men t )  and  i nc r eases  t he  cos t  

of  i mp l emen t a t i on .

In pr ac t i ce ,  m i s ad j us t men t  i s  o f t en  chosen  f i r s t ,  se t  acco r d i ng l y  and  

the va l ue  o f  t he  de l ay  t hen  chosen  so  t ha t  t he  f i l t e r  we i gh t s  peak  a t  

the cen t r e  o f  t he  we i gh t  vec t o r .



i».3.2 Me t hod  o f  s t eepes t  descen t

The  LMS  a l gor i t hm  f o r  m i n i m i s i ng  t he  e r ro r  f unc t i on  can  be  baaed  upon  

the  me t hod  o f  s t eepes t  descen t .  Th i s  i nvo l ves  ad j us t i ng  t he  p r esen t  

we i gh t  vec t o r  by  an  amoun t  oppos i t e  i n  s i gn  and  p r opo r t i ona l  to  t he  

va l ue  o f  g r ad i en t  vec t or ,  t hus ;

M j +1  =  “  “ ( i j ) - ’ . . .  . U . 26

where  U j  i s  t he  g r ad i en t  vec t o r  and  p t he  conv e r gence  f ac t o r  wh i ch  

con t ro l s  t he  s t ab i l i t y  and  r a t e  o f  adap t a t i on .

The  g r ad i en t  es t i ma t e  t akes  t he  g r ad i en t  o f  t he  squa r e  o f  a  s i ng l e  

e r ror  samp l e ,  t hus ;

^ j  =
i f .27

where  2<j  i s  t he  i npu t  vec t or .

The  LMS  a l gor i t hm  can  be  w r i t t en  as

U .2B

whe re  i s  t he  nex t  we i gh t  vec t o r .

For  conve r gence  o f  t he  LMS  a l go r i t hm  i t  i s  necessa r y  t ha t  1 >  p  >  �
\

•J^erex  i s  t he  max i mum  e i genva l ue .  max

S i nce  t he  i nd i v i dua l  e i genva l ues  a r e  r a r e l y  known  and  as  R app r oaches
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pos i t i v/e :  t ^R>  Xmax

where  t^R i s  t he  t o t a l  i npu t  powe r .

There fore ,  1 >  y>  �

is qu i t e  su f f i c i en t  cond i t i on  f or  conve rgence .

In seek i ng  the  m i n i mum  mean - squa r e  e r r o r  ( i . e .  ) ,  t he  me t hod  o f
m i n

s t eepes t  descen t  cou l d  be  conduc t ed  as  f o l l ows :

(1)  In i t i a l  guess  o f  whe r e  t he  m i n i mum  po i n t  o f  t he  Z }  su r f ace  may  be .

Then measu r e  t he  g r ad i en t  vec t o r  VZ }  a t  t he  po i n t  cn  t he  pe r f o r mance  

sur f ace  co r r espond i ng  to  t hose  i n  t he  se t  o f  i n i t i a l  va l ues  o f  t he  we i gh t s .

(2)  the  nex t  guess  i s  t hen  ob t a i ned  f rom  t he  p r esen t  guess  by  mak i ng  a  

change  i n  t he  we i gh t  vec t o r  i n  t he  oppos i t e  d i r ec t i on  to  t he  g r ad i en t  

uector .

I f  each  change  i n  t he  we i gh t  vec t o r  i s  made  p r opo r t i ona l  to  t he  

fer ror -sur f ace  g r ad i en t  vec t o r :

lilj i s  t he  p r esen t  guess

The pe r f o rmance  f unc t i on  i s  quadr a t i c ,  t he  g r ad i en t  i s  a  l i nea r

func t i on  o f  we i gh t s .

VZ ’ =  - 2* ( x . d )  +  2 IjU . [*  (x .x )]
J r
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The  U i d r ow -Ho f f  me t hod  o f  s t eepes t  descen t  i s  mos t  w i de l y  used  i n  t he  

adap t i ve  a l gor i t hm ,  i n  sp i t e  o f  i t s  s l ow  conve r gence  and  r educed  

e f f i c i ency  due  to  t he  m i sad j us t men t  and  r a t e  o f  adap t a t i on  (W i drow ,  

1966) .  U i d r ow  has  i n t r oduced  a  measu r e  f o r  t he  e f f i c i ency  o f  t he  

adap t a t i on  p r ocess  ( a l go r i t hm )  ca l l ed  e f f i c i ency  me a su r e  (EM)  and  can  

be  w r i t t en  i n  t he  f o l l ow i ng  form :

4 . 4  E f f i c i ency  o f  adap t i ve  a l go r i t hm

. . . .  4 . 29

whe r e  N  i s  t he  numbe r  o f  coe f f i c i en t s ,  M  i s  t he  m i s ad j us t men t  and  t  i s

the  se t t l i ng  t i me .  The  l a t t e r  may  be  de f i ned  i n  t e r ms  o f  t he  l onges t

adap t i ve  t i me  cons t an t ,  t  as ;
max

max . . . . 4 . 30

For  f i xed  ad j us t men t  EM  i nc r eases  w i t h  r educ t i on  o f  se t t l i ng  t i me  pe r  

numbe r  o f  we i gh t s .

1 1

f 1 
Co

33
-<

For  t he  s i t ua t i on  i n  wh i ch  a l l  t he  e i genva l ues  a r e  equa l  ( i e .  t he  same  

t i me  cons t an t )  equa t i on  4 . 29  becomes ;

. . . .  4 . 31

Howeve r ,  when  t he  t i me  cons t an t s  a r e  d i f f e r en t  f r om  one  ano t he r ;

3  1_
N

N
£

p=1

max

. . . . 4 . 32
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and s i nce
l\l

max

l\l p=1  T
^  1 . . . i t .33

t he r e f o r e  EM  <  ^
3

. . . .  k . 3k

I t  may  be  conc l uded  t ha t  t he  h i ghe r  t he  d i f f e r ence  be t ween  the  

e i genva l ues  o f  R  t he  l owe r  w i l l  be  t he  e f f i c i ency  o f  t he  adap t a t i on  

process ,  and  t he  l onge r  t he  se t t l i ng  t i me  f o r  t he  same  l eve l  o f  

m i sad j us t men t  f o r  t he  same  numbe r  o f  we i gh t s .

In a  case  when  da t a  c an  be  s t o r ed  and  used  aga i n  and  aga i n  f o r  t he  LMS  

a l gor i t hm  to  adap t ,  t he  we i gh t s  w i l l  app roach  t he  U l ene r -Ho f f  

so l u t i on ;

W* =  R - V  =  R - V  . . . .  4 . 35

The  p r ocess  w i l l  have  m i sad j us t men t  o f

_  n_ numbe r  o f  we i gh t s . . . . 4 . 36

I\1 numbe r  o f  we i gh t s  o f  i ndependen t  t r a i n i ng  sys t em

In t h i s  case ,  t he  s y s t em  se t t l i ng  t i me ,  o r  ave r aged  t i me  i s  N  samp l e

pe r i ods .  The  e f f i c i enc y  measu r es  o f  t h i s  da t a  ( r epea t ed  aga i n  and

aga i n)  f o r  t he  adap t i v e  p rocess  i s  t he r e f or e ;

=  __ n_  = 1  . . . .  4 . 37

N(n)
( N )
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i f .5 Adap t i ve  na i se  cance l l a t i on

The  adap t i ve  no i se  cance l l e r  (ANC)  i s  one  f o r m  o f  adap t i ve  f i l t e r  t ha t  

a t t emp t s  to  es t i ma t e  a  s i gna l  co r r up t ed  by  no i se .  The  pe r f o r mance  o f  

adap t i ve  no i se  cance l l e r ,  i l l us t r a t ed  i n  f i gu r e  1 .A,  has  been  s t ud i ed  

w i t h i n  t he  f r amewo r k  o f  W i ene r  f i l t e r  t heo r em  (G l ove r ,  1977 ;  Shensam ,  

1979,  1980 ;  W idroui ,  1976) .  The  AIMC cons i s t s  o f  t wo  i npu t  channe l s  and  

one  ou t pu t  channe l ,  t he  p r i ma r y  i npu t  con t a i ns  a  s i gna l  s ( t )

comb i ned  w i t h  an  unco r r e l a t ed  no i se ,  n^Ct ) ,  and  a  r e f e r ence  i npu t

wh i ch  con t a i ns  t he  no i s e  n. j ( t )  wh i ch  i s  unco r r e l a t ed  to  t he  s i gna l  

s( t )  bu t  co r r e l a t ed  i n  some  unknown  way  w i t h  t he  no i se  n^^Ct ) .  The  

no i se  r i j Ĉt)  i s  f i l t e r ed  t o  p r oduce  an  ou t pu t  y ( t )  t ha t  i s  as  c l ose  a  

r ep l i ca  as  poss i b l e  to  N j^( t ) .  Th i s  ou t pu t  i s  sub t r ac t ed  f r om  t he  

pr i ma r y  i npu t  s ( t )  +  n^^Ct )  to  p roduce  t he  sy s t em  ou t pu t .

Z( t )  =  s ( t )  +  n^^Ct )  -  y ( t ) . . . . A . 36

The  f unc t i on  o f  an  adap t i v e  no i se  cance l l e r  i s  to  use  t he  r e f e r ence

i nput  to  op t i ma l l y  cance l  t he  co r r e l a t ed  componen t s  o f  t he  no i se ,  n^ ( t )  

so  p r ov i d i ng  a  be t t e r  es t i ma t e  o f  s ( t )  a t  t he  ou t pu t .

Th i s  cou l d  a l so  be  done  by  a  f i xed  va l ue  f i l t e r ,  bu t  a  p r i o r i  

know l edge  o f  a  s i gna l  s t a t i s t i cs  i s  needed .  Such  i n f o r ma t i on  i s  no t  

o f t en  ava i l ab l e  f or  such  a  f i l t e r .  So  t he  use  o f  an  adap t i v e  f i l t e r ,  

iJ i ich au t oma t i ca l l y  ad j us t s  i t s  i mpu l se  r e sponse  t h rough  an  a l go r i t hm  

to m i n i m i se  t he  e r r or  s i gna l ,  i s  needed .

An exp l ana t i on  o f  how  an  AIMC a t t emp t s  to  m i n i m i s e  t he  mean  squa r e  

e r ror  when  t he  s i gna l  s t a t i s t i cs  a r e  unknown  i s  p r esen t ed  be l ow .

t1
c j
I Í

C/t

03
-<
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Assum i ng  t ha t  s ,  and  y  a r e  s t a t i s t i ca l l y  s t a t i ona r y  and  n^  i s

cor r e l a t ed  w i t h  ng,  bu t  unco r r e l a t ed  w i t h  s ,  t he  ou t pu t  i s ;

Z = s + n g - y  . . . .  k . 39

squar i ng ;

Z*= 3* +  ( ng  -  y ) ’  +  2s ( ng  -  y )  . . . .  A . AO

Tak i ng  expec t a t i on  o f  bo t h  a i des  o f  equa t i on  A . AO  y i e l ds  the  

r e l a t i onsh i p ;

E [ ? ]  =  E [ a»]  +  E [ (n^  -  y )* ]  +  2E [ s ( n^  -  y  ) ]  =  E[ s»]  +  ECn^^ -  y»i j

. . . .  A .A1

2E[s(n|^ -  y ) ]  =  0  because  s  i s  unco r r e l a t ed  to  n̂ ^ and  y.

In m i n i m i s i ng  E[Z*]  t he  s i gna l  powe r  E [ s*]  w i l l  be  una f f ec t ed ,  

t he re fore ;

m i n  ECZ*]  =  E [ s * ]  +  m i nECCnp .  -  y )* ] . . . .  A . A2

When  t he  f i l t e r  has  adap t ed ,  t he  f i l t e r  ou t pu t ,  y ,  i s  app r ox i ma t e l y  

the  l eas t  squa r es  es t i ma t e  o f  t he  p r i ma r y  no i se  ng  . When  E [ (ng  -  y )* ]  

is  m i n i m i sed ,  E [ ( Z  -  s ) ’ ] i s  a l so  m i n i m i s ed  and  f rom  equa t i on  A . 39 ;

(Z -  s)  =  (n^  -  y) . . . .  A . A3

Ad j us t i ng  t he  f i l t e r  to  m i n i m i se  t he  t o t a l  ou t pu t  powe r  causes  t he  

output ,  Z,  t o  be  a  bea t  l eas t  squa r e  es t i ma t e  o f  t he  s i gna l ,  s ,  and  

s i nce  t he  s i gna l  a t  t he  ou t pu t  r ema i ns  cons t an t ,  m i n i m i s i ng  t he  t o t a l  

ou tpu t  w i l l  max i m i s e  t he  ou t pu t  a i gna l - t o - no i se  r a t i o .

for  t he  s i t ua t i on  when  t he  r e f e r ence  i npu t  n^  i s  comp l e t e l y
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uncor r e l a t ed  w i t h  t he  p r i ma r y  i npu t  n^ ,  t he  adap t i ve  no i se  cance l l e r  

ui i l l  t u rn  i t se l f  o f f  and  w i l l  no t  i nc r ease  t he  ou t pu t  no i se .  In  t h i s  

case  t he  f i l t e r  ou t pu t ,  y ,  w i l l  be  unco r r e l a t ed  w i t h  t he  p r i ma r y  i npu t

The r e f or e  t he  ou t pu t  powe r  w i l l  be

E[Z*]  =  E[ (s  +  Oq )* ] +  2E[ - y ( s  +  n^) ]  +  E[y*]  =  E[ (s  +  n^)*]  +  E[y* ]

. . . .  k . kk

M i n i m i s i ng  ou t pu t  r equ i r es  m i n i m i s a t i on  o f  E [ y* ] ( a l l  t he  we i gh t s  have  

ze ro  va l ue  to  b r i ng  E[ y*]  to  z e r o ) .
5 ;  i-

I t  was  cons i de r ed  i mpor t an t  to  ex am i ne  t he  behav i ou r  o f  t h i s  t ype  o f  

f i l t e r  unde r  t he  f o l l ow i ng  cond i t i ons :

( i )  unco r r e l a t ed  r andom  no i se  p r esen t  i n  bo t h  i npu t s ,

( i i )  s i gna l  componen t s  p r esen t  i n  t he  r e f e r ence  i npu t

1 2 a



4 , 5 . 1 .  Unco r r e l a t ed  no i s e  p r esen t  i n  bo t h  i npu t s

F i gur e  4 . 3  shows  a  s i ng l e  channe l  adap t i ve  no i s e  cance l l e r  w i t h

cor r e l a t ed  n„ ,  n  . and  unco r r e l a t ed  m„ ,  m^  no i s e  p r esen t  i n  bo t h  
�  1 0 1

pr i ma r y  and  r e f e r ence  i npu t s  r espec t i ve l y .  The  p r i ma r y  i npu t  con t a i ns  

t he  s i gna l  s  . +  n_ .  +  wh i l e  t he  r e f e r ence  i npu t  cons i s t s  o f  a  sum
J  O j  D j

o f  two  o t he r  no i ses ,  m^  , and  n  ,  whe r e
1 j  1J

^1  j  -  J  ^ . . . . 4 . 45

whe r e  h ( j )  i s  t he  i mpu l se  r esponse  o f  t he  r e f e r ence  channe l  whose  

t r ans f e r  f unc t i on  i s  H(Z) .

n^ j  and  n^ j  a r e  u r co r r e l a t ed  s i nce  t h i s  o r i g i na t es  f rom  t he  same  

source .

mg j  and  m^ j  a r e  unco r r e l a t ed  no i se  p r esen t  i n  bo t h  channe l s .

The  W i ene r  so l u t i on  w i l l  be :  

W*(Z)  =  6xd(Z) . . . . 4 . 46

6xx (Z)

whe r e  6xd(Z)  i s  t he  i npu t  c ross  co r r e l a t i on  f unc t i on  a nd6 x x ( Z )  i s  t he  

i npu t  au t oco r r e l a t i on  f unc t i on  whe r e :

5xx (Z)  =6mYn( ^Z )  +6n j ^g ( Z )  | H(Z) |  * . . . .  4 . 47

and

6 xd(Z)  =6  n^n^Z)  HCZ' ' ’ )

the  W i ene r  t r ans f e r  f unc t i on  becomes :

. . . .  4 . 4B
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6n^n^(Z)H(Z " ' ' )

U  (Z)  = . . . .  U . kS

6m^m^ ( Z )  +  ón^n^ í Z )  |h (Z) | *

Equa t i on  k . k3  i s  i ndependen t  o f  t he  p r i ma r y  s i gna l  spe c t r um  6ss (Z )  and  

o f  t he  p r i ma r y  unco r r e l a t ed  no i se  spec t r um  Sni i m̂̂ C Z)  . I f  m^  i s  ze ro  

t hen  6m^m^(Z )  i s  ze ro ,  t he r e f o r e  equa t i on  i*.50 u i l l  become  t he  op t i ma l  

t r ans f e r  f unc t i on  o f  equa t i on  k . k9

U*(Z)  =  _ 1 _  . . . .  i*.5D

H(Z)

The  adap t i ve  no i s e  cance l l e r  u i l l  f i l t e r  t he  no i se  i n  t he  p r i ma r y  

i npu t  l eav i ng  t he  unco r r e l a t ed  no i se ,  m^ ,  t o  pass  uh i l e  chang i ng  t he  

no i se  m^  by  t he  f i l t e r  t r ans f e r  f unc t i on  a t  t he  ou t pu t .

W i d rou  (1976)  de r i ved  an  exp r ess i on  f or  t he  i mp r ovmen t  i n  

s i gna l - t o - no i se  powe r  dens i t y  r a t i o  whe r e  s i gna l - t o - no i s e  dens i t y  

r a t i o  i s :

=  S i gna l  powe r  dens i t y  

no i se  powe r  dens i t y

t he r e f or e  t he  ou t pu t  s i gna l - t o - no i se  powe r  dens i t y  t he

pr i ma r y  i npu t  s i gna l - t o - no i se  powe r  dens i t y  i s

=  Pr i ma r y  no i s e  powe r  spec t r um  

ou t pu t  no i se  powe r  spec t r un

0  , (Z)  CA(Z)  +  1D3(Z)  +  1]
� Q̂Ut  =  - - - - - - - - - - - - - - - - - - -

. . . . A . 51

. . . . i*.52

Ppp^(Z) A(Z) + A(Z)B(Z) + B(Z)

whe r e  A(Z)

6 m  m  (Z)  o  0

6  nn ( Z )

. . . .  A . 53
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6m^m^ ( Z )

and B(Z )  = i f .54

6m ( Z ) | H ( Z ) | »

Equa t i on  4 . 52  r ep r esen t s  t he  pe r f o r mance  o f  t he  i dea l  no i se  cance l l e r  

wh i ch  can  be  l i m i t ed  by  t he  r a t i o  o f  t he  unco r r e l a t ed  no i se  dens i t y  a t  

pr i mary  i npu t  to  t he  co r r e l a t ed  no i se  dens i t y  a t  t he  r e f e r ence  i npu t .

When  bo t h  A(Z)  and  B(Z)  a r e  ze ro ,  an  i n f i n i t e  i mp r ovemen t  f o r  t he  

no i se  cance l l e r  can  be  ob t a i ned .  LJhen A(Z)  and  B(Z)  a r e  sma l l ,  

m i sad j us t men t  occu r s  (d i scussed  f o r  t he  adap t i ve  f i l t e r  i n  t he  

prev i ous  sec t i on) . ¡1
;  i

: 1

35
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k . 5 . 2  E f f ec t  o f  s i gna l  componen t s  p r esen t  i n  t he  r e f e r ence  i npu t

F i gure  k . 5  r ep r esen t s  an  adap t i ve  no i se  cance l l e r  (AIMC)  i n  wh i ch  the  

r e f e r ence  i npu t  con t a i ns  s i gna l  componen t s  and  bo t h  t he  p r i ma r y  and  

r e f e r ence  i npu t s  con t a i n  add i t i ve  co r r e l a t ed  no i se .  For  s i mp l i c i t y  i n  

the  f o l l ow i ng  ana l ys i s  t he  unco r r e l a t ed  no i se  has  been  i gno r ed  (m^  =  m. |  

= 0) .  The  r e f e r ence  i npu t  has  a  d i f f e r en t  pa t hway  w i t h  a  t r ans f e r  

f unc t i on  o f  I (Z) ,  and  t he  uncons t r a i ned  W i ene r  so l u t i on  i s  t ha t  o f  

equa t i on  k.kE> whe r e :

6xd(Z)  =  6ss (Z )  I ( Z ) “ ^ +  6nn(Z)  H( Z~^ )  . . . .  A . 55

and

6xx(Z)  =  6ss (Z )  | I (Z)  I* +  6nn(Z)  |H(Z)  I* . . . .  k . 5B

wh i ch  w i l l  conve r ge  to  t he  so l u t i on  o f  equa t i on  A . 50  when  I ( z )  

approaches  ze ro .  The  t r ans f e r  f unc t i on  o f  t he  p r opaga t i on  r ou t e  f rom  

the  s i gna l  i npu t  to  t he  no i se  cance l l e r  i s  [1 -  I (Z)  W*(Z) ] ,  and  tha t  

f rom  t he  no i se  i npu t  to  t he  cance l l e r  ou t pu t  i s  [1 -  H(Z )  U)*(Z) ]

The r e f or e  i n  cons i de r i ng  t he  s i gna l  and  no i se  componen t s  p r esen t  a t

the  ou t pu t  o f  t he  no i se  cance l l e r ,  i t  i s  I ns t r uc t i ve  t o  de t e r m i ne  the

s i gna l - t o -no i se  dens i t y  r a t i on  (Z)  whe r e :
^out

6nn( Z) . |H(Z) |»
. . . .  A . 57

6sa ( Z) :  

ui i ich can  be  w r i t t en  as :

'’ou t (^>=
Pr e f ( ^^

A . 56
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lühere P^g^CZ)  =  6ss ( Z )  | l (Z) | . . . . k . 53

6 m ( Z )  |h (Z) |

From  equa t i on  k . 58  i t  can  be  seen  t ha t  t he  ou t pu t  s i gna l - t o - no i se  

dens i t y  r a t i o  i s  i nve r se l y  p r opo r t i ona l  to  t he  r e f e r ence  i npu t  

s i gna l - t o -no i se  dens i t y  r a t i o  a t  a l l  f r equenc i es  when  conve r gence  

occurs .

Fe r ra ra  & U i d r ow  ( 1981 )  have  de r i ved  an  exp r ess i on  f o r  s i gna l  

d i s t or t i on  due  to  t he  p r esence  o f  t he  s i gna l  componen t  i n  t he  

r e f e r ence  i npu t ,  and  t he  amoun t  o f  such  d i s t o r t i on  w i l l  depend  upon  

the  amoun t  o f  s i gna l  p r opaga t i on  t h r ough  t he  adap t i ve  f i l t e r .

The  s i gna l  componen t  t ha t  appea r s  a t  t he  f i l t e r  ou t pu t  i s  - I ( Z )  l iJ*(Z) .  

I f  I (Z)  i s  sma l l  t hen :

I (Z)  U*( Z)  ^  - I ( Z )  . . . .

H( Z )

The  spec t r um  o f  s i gna l  componen t s  wh i ch  p r opaga t e  to  t he  no i se  

cance l l e r  ou t pu t  t h r ough  t he  adap t i ve  f i l t e r  i s :

6ss(X) K Z )

H(Z)

. . . . 4 . 61

: 1

Fe r ra r  & U i d r ow  ( 1981 )  have  de f i ned  a  mea su r e  o f  such  d i s t o r t i on ,

D(Z) ,  exp r essed  as  t he  r a t i o  o f  t he  spec t r um  o f  t he  ou t pu t  s i gna l  

componen t s  t ha t  p r opaga t e  t h rough  t he  adap t i ve  f i l t e r  to  t he  spec t r um  

of  the  s i gna l  componen t s  a t  t he  p r i ma r y  i npu t ;

D(Z)  =  6as (Z)  ( l (Z) ld* (Z)  I* . . . . 4 . 6 2

6aa (Z)
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The  concep t  o f  adap t i ve  s i gna l  enhancemen t

The  p r i nc i p l e  o f  t he  adap t i ve  channe l  enhance r  may  be  exam i ned  f o r  t he  

two channe l  a r r angemen t  i l l us t r a t ed  i n  f i gu r e  4 . 5 .  The  z e r o t h - i npu t  

channe l  con t a i ns  s i gna l  ŝ  ̂ and  no i se  wh i ch  a r e  unco r r e l a t ed .  I npu t  to  

channe l  one  con t a i ns  a  s i gna l  s^  p l us  no i se  n^,  wh i ch  a r e  a l so  

uncor r e l a t ed  bu t  S|̂  and  s^  a r e  as sumed  to  be  r e l a t ed  bu t  no t  

necessa r i l y  o f  t he  same  wave f o r m  and  t he  no i se  componen t s ,  nj^ and  n^  ,

are  assumed  to  be  unco r r e l a t ed  w i t h  ea ch  o t he r  and  w i t h  bo t h  s i gna l s  S| 

and  s^ .  Once  t he  f i l t e r  has  adap t ed  i t s  i mpu l se  r esponse ,  t h r ough  the  

IMS a l go r i t hm  o f  t he  adap t i ve  f i l t e r ,  and  t he  powe r  o f  t he  e r r o r  i s  

m i n i m i sed  t he  f i l t e r  ou t pu t  i s  t hen  a  bea t  l eas t  squa r e  es t i ma t e  o f  s

�

0

, ( s i nce  n̂ ^ i s  unco r r e l a t ed  w i t h  t he  i npu t  s^  and  n^) .

A t i me  de l ay  i s  used  to  compensa t e  f o r  t he  va r i ous  s i gna l  a r r i va l  

t i mes .  I t  i s  equa l  to  ha l f  t he  adap t i ve  f i l t e r  l eng t h  ( numbe r  o f  

coe f f i c i en t s  x  upda t e  t i me )  i n  t he  ' de r i ved  r esponse '  channe l .  F rom  

f i gur e  4 . 5  t he  e r r o r  s i gna l  w i l l  be ;

. . . .  4 . 65

The  uncons t r a i ned  W i ene r  so l u t i on  ( d i scussed  i n  p r ev i ous  sec t i ons )  i s ;

W*(Z)  =  r ' ' (Z)  P(Z )  . . . .  A . 66

Cons i de r i ng  now  t he  mu l t i channe l  s i gna l  enhance r  o f  f i gu r e  4 . 6  and  

assum i ng  t ha t  t he  i npu t  s i gna l  i s  s t a t i s t i ca l l y  s t a t i ona r y ,  t he  

adap t i ve  f i l t e r  w i l l ,  a f t e r  conve r gence ,  c l ose l y  app r oach  t he  W i ene r

f i l t e r  so l u t i on .  I f  t he  i npu t s  o f  f i gu r e  4 . 6  a r e  x^^j , - - - - - - and  the

ou t pu t  y^,  t he  e r r or  s i gna l  w i l l  be ;

=  d j  -  y^ . . . .  4 . 67
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ou t pu t

S i gna l  and  IMoi se  Mode l Adap t i ve  S i gna l  Enhance r

F i gu r e  A . 6  Mode l  f o r  ana l ys i s  o f  mu l t i channe l  s i gna l  enhance r .
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u/ iere d j  i s  t he  des i r ed  r esponse .  For  s i mp l i c i t y  i t  i s  assumed  t ha t  

the  adap t i ve  f i l t e r  i s  noncaaua l .

Cons i de r i ng  f u r t he r  t he  U i ene r  so l u t i on ;  (il (Z)  =  r " *(Z)P(Z)  . . . .  i i .68

R(Z)  i s  t he  i npu t  spec t r a l  f unc t i on  wh i ch  c an  be  de f i ned  as ;

R(Z)  =

<px^x^(Z)

( fX^x^CZ)

(px^x^CZ)

ipx^x^CZ)

<px^Xk(Z)

. . . .  k . G3

Here  t he  powe r  dens i t y  f unc t i on  i s  exp r essed  as  a  Z - t r ans f o r m  a t  t he  

rea l  f r equenc i es  on l y  (U i drow ,  1976) .

Whe r e  (px^x^(Z)  i s  t he  au t o  powe r  dens i t y  spec t r um  o f  t he  i npu t  x^,  

s i nce  t he  i npu t  s i gna l  con t a i ns  s i gna l  p l us  co r r e l a t ed  no i se ,  equa t i on  

4 . 69  can  be  r ewr i t t en  as ;

R(Z) =

<pn^n (̂Z). . .

+

(ps^s (̂Z) . . .

. . .s^s^CZ)

. . . . 4 . 70

S i nce  i npu t s  a r e  r e l a t ed  to  t he  o t he r  i npu t s  by  t he  t r ans f e r

f unc t i on  o f  ^1^(5) ,  equa t i on  4 . 70  can  be  w r i t t en ;
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Chap t e r  F i ve :  Theor y  and  app l i ca t i on  o f  t i me - sequence  adap t i ve  f i l t e r s

5.1.  I n t r oduc t i on

Chap t e r  f ou r  dea l t  w i t h  t he  t heo r y  o f  t he  adap t i ve  f i l t e r  f o r  dea l i ng  

w i t h  s t a t i ona r y  s i gna l s  co r r up t ed  by  no i se .  In  t h i s  chap t e r  ano t he r  

i mpor t an t  f o r m  o f  adap t i v e  f i l t e r ,  usua l l y  used  f o r  non - s t a t i ona r y  

da ta ,  i s  exam i ned .  Th i s  f i l t e r  i s  a l so  based  upon  t he  use  o f  t he  LMS  

a l gor i t hm  f o r  i mp r ovemen t  i n  s i gna l - t o - no i se  r a t i o .  The  t i me - sequence  

adap t i ve  f i l t e r  i s  app l i ed  ma i n l y  f o r  t wo  r easons ;

( i )  f or  use  i n  t he  cond i t i on i ng  o f  non - s t a t i ona r y  s i gna l s  hav i ng  

r ecur r i ng ,  bu t  no t  necessa r i l y  pe r i od i c  s t a t i s t i ca l  cha r ac t e r i s t i cs .  

W i th  a  r ap i d  change  i n  t he  s t a t i s t i cs  o f  t he  s i gna l ,  a l l  t he  we i gh t  

vec t or s  have  to  change  f r ee l y  i n  t i me  i n  o rde r  to  accommoda t e  t he  

va r i a t i on .  Th i s  nece ss i t a t es  t he  ope r a t i on  o f  t he  f i l t e r  w i t h  s l ow  

conve rgence .

( i i )  a l l  t he  f i l t e r s  p r e v i ous l y  men t i oned  y i e l d  a  subs t an t i a l  

r educ t i on  i n  no i se  bu t  o f t en  a t  t he  expens e  o f  s i gna l  d i s t o r t i on ,  

espec i a l l y  w i t h  a  l ow  s i gna l - t o - no i s e  r a t i o .

< 1

The  t i me - sequence  adap t i ve  f i l t e r  ( TSAF )  uses  a  mu l t i p l e  se t  o f  

ad j us t ab l e  we i gh t s  ( Fe r r a r a ,  1977) .  A t  each  po i n t  i n  t i me ,  one  and  

on l y  one  se t  o f  we i gh t s  i s  se l ec t ed  to  f o r m  t he  f i l t e r  ou t pu t  and  i s  

adap t ed  us i ng  the  LMS  a l go r i t hm .  The  se l ec t i on  o f  t he  se t  o f  we i gh t s  

i s  con t i nua l l y  synch r on i sed  w i t h  t he  r ecu r r i ng  s t a t i s t i ca l  cha r ac t e r  

o f  t he  f i l t e r  i npu t  i n  o r de r  t ha t  each  se t  i s  assoc i a t ed  w i t h  a  

pa r t i cu l a r  e r r o r  su r f ace .  A f t e r  many  adap t a t i ons  o f  each  se t  o f
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ue i gh t s ,  t he  m i n i mum  pa i n t  on  each  e r r o r  su r f ace  i s  r eached ,  r esu l t i ng  

in an  op t i ma l  t i me -v / a ry i ng  f i l t e r .  A  p r i o r i  knou l edge  o f  t he  

r ecur r ence  o f  each  segmen t  o f  t he  i npu t  da t a  i s  needed  i n  o r de r  to  

synch ron i se  t he  se l ec t i on  o f  t he  se t  o f  ue i gh t s .

Fe r r a r a  and  bJ idrou (1981 ,  1982)  deve l oped  t h i s  t echn i que  and  ve r i f i ed  

i t s  va l i d i t y  bo t h  t heo r e t i ca l l y  and  by  compu t e r  s i mu l a t i on .

i1
I
: .1

70
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The  adap t i ve  t r ansve r sa l  f i l t e r  (ATF ) ,  cons i s t s  o f  a  t apped  de l ay  l i ne  

connec t ed  to  an  adap t i v e  l i nea r  comb i ne r  wh i ch  ad j us t s  t he  we i gh t s  

app l i ed  to  t he  s i gna l ,  de r i ved  f r om  t he  t aps  o f  t he  de l ay  l i ne ,  and  

comb i nes  t hem  t o  f o r m  t he  ou t pu t  s i gna l .  A  mod i f i ed  ve r s i on  o f  t he  

adap t i ve  t r ansve r sa l  f i l t e r  i nc l udes  a  sepa r a t e  i npu t ,  wh i ch  when  

mu l i p l i ed  by  a  b i as  we i gh t  and  summed  w i t h  o t he r  we i gh t ed  s i gna l s ,  

forms  t he  ou t pu t .  A  b i as  we i gh t  i s  o f t en  used  when  bo t h  t he  f i l t e r  

i nput  and  t he  des i r ed  r esponse  have  a  non - z e r o  mean .

5 .2  The  t i me - sequence  adap t i ve  f i l t e r  (TSAF )

Suppose  t ha t  t he  i npu t  s i gna l  vec t o r  X j  o f  t he  adap t i ve  l i nea r  

comb i ne r  i s  de f i ned  as ;

- - - - . . . . 5 . 1

These  i npu t  s i gna l  componen t s  a r e  a s sumed  to  appea r  s i mu l t aneous l y  i n  

t ime .

The  we i gh t i ng  coe f f i c i en t s  w^ ,  w ^ - - - - - w^ ,  a r e  ad j us t ab l e .

The  we i gh t  vec t o r  lii i s ;

LjT =  [ U^ , w ^ -- - - - - - - - - - - w^]  ^ . . . .  5 . 2

The  f i l t e r  ou t pu t  i s  equa l  

Ŷ  =  X . ^U  =  U^X • • • • 5*3

The  e r ro r  E j  i J i i ch can  be  de f i ned  as  t he  d i f f e r ence  be t ween  the  

des i r ed  r esponse  d j  and  Ŷ  ̂ and  can  be  w r i t t en  as ;
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E = d - Y = d - x ' ' ' l J = d - w ' ' ’x
j  J  i  j  j  j  ^

. . . .  5 . i*

The  mean  squa r e  e r ro r  a t  t i me  t j  can  be  de f i ned  by  E j  wh i ch  i s  g i ven  

by ;

. . . . 5 . 5  

. . . . 5 . 6  

. . . .  5 . 7

The  W i ene r  we i gh t  vec t o r  W j ,  wh i ch  m i n i m i se s  t he  mean - squa r e  e r ro r  may  

be  r e l a t ed  to  t he  co r r e l a t i on  and  c r oss - co r r e l a t i on  ma t r i c e s  by ;

W j *  =  R j ' V  . . . .  5 . 8

De f i ne  R j  as  a  co r r e l a t i on  ma t r i x  a t  t i me  t j ,

" j  - E t X j X / i . . . . 5 .9

and  P j  a  c r oss - co r r e l a t i on  ma t r i x ,

Pj  - ECd j X j ) . . . . 5 . 18

For  non- s t a t i ona r y  da t a  R j  and  P j  a r e  unknown .  In  us i ng  a  

t i me - sequence  adap t i ve  f i l t e r  t he  i npu t  da t a  ( non - s t a t i ona r y  da t a )  may  

be  cons i de r ed  to  be  composed  o f  a  f i n i t e  numbe r  o f  s t a t i ona r y  

segmen t s ,  o f  known  du r a t i on  w i t h  r espec t  to  the  s i gna l  r ecu r r ence  

momen t .  Unde r  t hese  cond i t i ons ,  i n  wh i ch  the  R j  and  P j  a r e  cons i de r ed  

to be  cons t an t  f o r  s t a t i ona r y  da t a ,  t he  so l u t i on  f o r  each  s t a t i ona r y  

segmen t  i s  de r i ved  f o r  a  pa r t i cu l a r  as soc i a t ed  e r r o r  su r f ace .

In p r ac t i ce  a  t i me - sequence  f i l t e r  may  be  cons i de r ed  to  be  composed  o f
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a bank  o f  LMS adap t i ve  f i l t e r s  and  has  t he  ab i l i t y  t a  t r ack  r ap i d  

changes  i n  the  da t a  i npu t .  The  f o rm  o f  t he  TSAF  i s  i l l us t r a t ed  i n  

f i gur e  5 . 1 .

The  numbe r  o f  we i gh t  vec t o r s  i s  f i n i t e ,  each  co r r esponds  to  an  e r ro r

sur f ace  wh i ch  can  be  deno t ed  by  --- Wp,- On l y  one  we i gh t

vec t or  i s  se l ec t ed  a t  anyone  t i me  and  depends  upon  t he  e r ro r  su r f ace  

r equ i r ed  a t  t ha t  t i me .  The  e r ro r  w i l l  be  m i n i m i sed  by  t he  LMS  

a l gor i t hm  when ,  a f t e r  many  adap t a t i ons ,  i t  becomes  i den t i ca l  to  t ha t  

of  t he  W i ene r  we i gh t  f ac t o r .  Th i s  r esu l t s  i n  t he  f i l t e r  ou t pu t  be i ng  

the  bes t  l eas t  squa r e  ma t ch  to  t he  des i r ed  ou t pu t .

In ope r a t i on ,  a  sequence  numbe r  i s  r equ i r ed  t o  de t e r m i ne  t he  

we i gh t  vec t o r  necessa r y  a t  t i me  j .  When  ^ j  =  i  t he  i t h  e r ro r  su r f ace  

i s  se l ec t ed  to  f o r m  t he  f i l t e r  ou t pu t .

; 1

The  t i me  sequence  adap t i v e  a l go r i t hm  i s ;

y . =  x ; w^ j ( j ) . . 5 . 11

and

i  1)̂  =  ‘̂ i ( j )  ^

or  =  o t he r w i se .

f o r  i . . 5 . 12

Where  i s  t he  va l ue  o f  t he  we i gh t  vec t o r  a t  t i me  J.

Fe r r a r a  (1977)  sugges t ed  t ha t  by  us i ng  a  d i f f e r en t  va l ue  f or  y ,  f o r  

each  we i gh t  vec t or ,  an  i den t i ca l  l oss  i n  s t eady - s t a t e  pe r f o r mance  

(m i sad j us t men t )  f o r  each  we i gh t  vec t o r  w i l l  occur .  A l so  when  t he  LMS
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a l gor i t hm  i s  used ,  a  d i f f e r en t  we i gh t  v e c t o r  f o r  each  e r r o r  su r f ace  i n  

the  t i me  sequence  f i l t e r  w i l l  be  r equ i r ed  i n  o r de r  to  e l i m i na t e  the  

W i ene r  we i gh t  vec t o r  t r ack i ng  e r ro r  p r esen t ,  pa r t i cu l a r l y  f o r  a  

non - s t a t i ona r y  s i gna l .

In o r de r  to  r educe  t he  e f f ec t  o f  m i sad j us t men t ,  a  s l owe r  adap t a t i on  i s  

r equ i r ed .  D i f f e r en t  k i nds  o f  e r ro r  may  a r i s e  i n  a  t i me - sequence  

adap t i ve  f i l t e r .  One  sou r ce  o f  e r ro r  i s  due  to  t he  j i t t e r  and  may  he  

i n f l uenced  by  C j .  The  e r r o r  may  he  ove r come  i f  i j  can  be  chosen  

pe r f ec t l y  i n  o r de r  t ha t  t he  t i me  sequence  adap t i ve  f i l t e r  can  conve rge  

in  an  op t i ma l  manne r  and  i s  pe r f o r med  s l ow l y .

A s i mp l e  e x amp l e  us i ng  a  compu t e r  s i mu l a t ed  r ecu r r i ng  s i gna l  can  

i l l us t r a t e  t he  me t hod  o f  se l ec t i ng  t he  we i gh t  vec t o r .  I t  i s  

i mpor t an t ,  f o r  TSAF  to  pe r f o r m  co r r ec t l y ,  t o  choose  t he  t i m i ng  s i gna l  

( sequence  numbe r )  C j  co r r ec t l y ,  o t he r w i s e  an  e r r o r  s i gna l  w i l l  a r i se  

and  d i s t o r t i on  occur .

i1
I I

: 1

I f  each  cyc l e  o f  t he  ECG  has  t he  same  pe r i od ,  t hen  i t  i s  eas i e r  to  

de f i ne  one  gene r a l  we i gh t  vec t o r  f or  a l l  t he  expe r i men t s  conduc t ed .  

Th i s  s i gna l  i s  chosen  be f o r e  TSAF  i s  app l i ed  and  t he  way  i n  wh i ch  i t  

i s  chosen  i s  as  f o l l ows ;

( i )  se l ec t  a  su i t ab l e  l eng t h  o f  r ecord ,

( i i )  app l y  t wo  cur sor s ,  a  f i xed  and  a  va r i ab l e  one ,

( i i i )  se l ec t  an  app r op r i a t e  po i n t  o f  me a su r e  w i t h i n  t he  r eco r d  (e . g .  

beg i nn i ng  o f  Q  po i n t ) ,

( i v)  move  t he  second  cu r so r  t o  t he  r i gh t  un t i l  t he  end  o f  S  po i n t .
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(v)  REg i s t e r  t he  amoun t  o f  b i ns ,  (1 b i n  =  1 msec )

(v i )  mov e  t he  f i r s t  cu r so r  i n t o  the  pos i t i on  o f  t he  second  cur sor ,  

and  s t a r t  to  mov e  t he  second  cu r so r  f o r  t he  nex t  segmen t ,  and

(v i i )  r epea t  un t i l  t he  end  o f  t he  r ecord .

F i gur e  5 . 2  shows  t he  app l i ca t i on  o f  TSAF  app l i ed  to  r ecove r  a  s i gna l  

. Th i s  f i gu r e  a l so  shows  t he  p l acemen t  o f  t he  we i gh t  vec t or .

F i gur e  5 . 2 ( a )  shows  t he  s i gna l  S  to  be  r ecove r ed .

F i gur e  5 . 2 ( b )  shows  t he  wh i t e  Gauss i an  no i se  added  to  t he  s i gna l  and  

used  as  t he  f i l t e r  i npu t  X j .

F i gur e  5 . 2 ( c )  shows  t he  sw i t ch i ng  o f  t he  f i l t e r  on  and  o f f  du r i ng  t he  

r ecur r i ng  pu l ses  o f  X j  by  cho i ce  o f  t he  we i gh t  vec t or .

F i gur e  5 . 2 ( d )  shows  t he  r esu l t  o f  t i me - sequence  adap t i ve  f i l t e r  to  

r ecove r  s i gna l s  o f  f i gu r e  5 . 2 ( a ) .

The  e f f e c t  o f  add i ng  mor e  no i se  i s  i l l us t r a t ed  i n  f i gu r e  5 . 3(b) ,  and  

in app l y i ng  t i me - sequence  adap t i ve  f i l t e r i ng ,  t he  r esu l t s  shown  i n  

f i gur e  5 . 3 ( d )  we r e  ob t a i ned .
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( a )

(b)

(c)

( d )

Figure 5 .2  Resu l t  o f  app l y i ng  t i me - sequence  adap t i ve  f i l t e r  to  a  no i sy  
i npu t ,  t he  f i gu r e  shows :

(a)  t he  s i mu l a t ed  ECG  s i gna l  on l y  S
(b)  t he  tujo i npu t  s i mu l a t ed  ECG  added  to  a  d i f f e r en t  wh i t e  no i se
(c)  t he  con t ro l  vec t o r
(d)  t he  r esu l t  o f  t he  t i me - sequence  adap t i ve  f i l t e r  t o  r ecove r  

s i gna l  5.
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f igure 5 .3  Resu l t  o f  app l y i ng  t i me - sequence  adap t i ve  f i l t e r  when  t he  no i se  
added  i s  t w i ce  as  l a r ge  as  i n  F i gu r e  5 .2 ,  t he  f i gu r e  shows :

( a )  s i mu l a t ed  ECG  on l y
(b)  s i mu l a t ed  ECG  added  to  a  tJnl te  no i se
(c )  con t ro l  vec t o r
(d)  t he  ou t pu t  v e c t o r  o f  t i me - sequence  adap t i ve  f i l t e r  to  

es t i ma t e  t he  s i gna l  a t  f i gu r e  5 . 3a  s i mu l a t ed
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5 . 3  Summa r y  and  conc l us i on  o f  TSAF

The  t i me - sequence  adap t i ve  f i l t e r  desc r i bed  i n  t he  p r ev i ous  sec t i on  i s  

ano t he r  f o rm  o f  adap t i v e  f i l t e r  (AP)  su i t ed  f o r  non - s t a t i ona r y  da t a  

hav i ng  a  r ecu r r i ng  s t a t i s t i ca l  cha r ac t e r .  Th i s  sor t  o f  f i l t e r  

r equ i r es  no  p r i o r  know l edge  o f  t he  s i gna l  excep t  t he  t i me  o f  

occur r ence  o f  t he  s t a t i s t i ca l l y  s t a t i ona r y  segmen t s  i n  o r de r  to  se t  

the  we i gh t  vec t o r  f o r  t he  app r op r i a t e  f i l t e r  ope r a t i on .

The  t i me - sequence  adap t i ve  f i l t e r  (TSAF )  may  seem  t o  r equ i r e  l onge r  

compu t i ng  t i me  compa r ed  to  t ha t  o f  t he  conven t i ona l  LMS  f i l t e r i ng ,  bu t  

i n  ac t ua l  f ac t  i t  i s  essen t i a l l y  t he  same .  Howeve r ,  t he  memo r y  

r equ i r emen t s  a r e  qu i t e  d i f f e r en t .  The  amoun t  o f  i npu t  da t a  needed  f o r  

the  TSAF  to  conv e r ge  to  t i me - va r y i ng  so l u t i on  i s  g r ea t e r  t han  t ha t  o f  

the  LMS  adap t i ve  f i l t e r  to  conve r ge  to  t i me - i nva r i an t  so l u t i on .  

The re fore ,  mo r e  memo r y  i s  r equ i r ed  f o r  t he  TSAF .

I
0

One  o f  t he  d i sadvan t ages  o f  t he  TSAF  i s  t ha t  i t  does  no t  o f f e r  be t t e r  

appr ox i ma t i on  i n  t he  case  o f  f as t  adap t a t i on  to  a  t r ans i en t  s i gna l  

compa r ed  to  an  LMS  adap t i ve  f i l t e r ,  i f  mo r e  t han  two  e r r o r  su r f aces  

are  I nvo l ved .  Th i s  p rob l em  may  be  a l l ev i a t ed  to  some  ex t en t  by  the  

use  o f  on l y  t wo  e r r o r  su r f aces ,  one  to  accommoda t e  no i se  and  one  to  

accommoda t e  a  r ecogn i sed  s i gna l  segmen t .  Th i s  may  be  r e f e r r ed  to  as  

the  m i n i ma l  t i me - sequenc e  adap t i ve  f i l t e r  (MTSAF ) .
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The  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r  i s  based  upon  s i m i l a r  

t heo r e t i ca l  cons i de r a t i ons  t o  t hose  o f  t he  o t he r  adap t i ve  f i l t e r s  

cons i de r ed  and  t he  use  o f  t he  LMS a l gor i t hm ,  bu t  d i f f e r s  s l i gh t l y  i n  

the  way  t he  we i gh t  vec t o r  (U^ )  i s  de r i ved .  As  a  r esu l t ,  t he  MSAF  

p rov i des  a  be t t e r  pe r f o r mance  t han  AF  or  mu l t i - e r r o r  su r f ace  TSAF ,  

unde r  t r ans i en t  cond i t i ons .

I t  w i l l  be  shown  i n  t h i s  sec t i on ,  t ha t  i n  t e rms  o f  non - s t a t l ona r i t y  

and  t r ans i en t  s i gna l  cons i de r a t i ons , t he  m i n i ma l  t i me - sequence  adap t i v e  

f i l t e r  i s  mo r e  appr op r i a t e  f o r  t he  ECG  app l i ca t i ons  exam i ned  i n  t h i s  

s tudy  t han  t he  o t he r  ve r s i ons  o f  adap t i ve  f i l t e r  i den t i f i ed .  The  

r esu l t s  us i ng  r ea l  da t a  have  suppo r t ed  t he  v i ew  t ha t  t he  m i n i ma l  

t i me - sequence  adap t i ve  f i l t e r  can  o f f e r  be t t e r  r ecove r y  o f  t he  s i gna l  

than  t he  o t he r  f i l t e r s .  The  r esu l t s  o f  t he  app l i ca t i on  to  

e l ec t roca r d i og r aphy  a r e  p r esen t ed  i n  Chap t e r  6 .

5 , k  M i n i ma l  t i me - sequence  adap t i ve  f i l t e r  (MSAF )
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The  ob j ec t i ve  o f  t h i s  pa r t  o f  t he  s t udy  was  t o  ob t a i n  some  

expe r i men t a l  ev i dence  r ega r d i ng  t he  use  o f  t he  m i n i ma l  t i me - sequenc e  

adap t i ve  f i l t e r  f o r  t he  enhancemen t  o f  the  ECG  s i gna l  and ,  hav i ng  

es t ab l i shed  t he  non - s t a t i ona r i t y  and  t r ans i en t  cha r ac t e r i s t i cs  o f  t he  

i npu t  s i gna l ,  t o  use  such  t echn i ques  i n  o rde r  to  ach i eve  an  op t i ma l  

es t i ma t i on  o f  t he  s i gna l .  The  s t r uc t u r e  o f  t he  m i n i ma l  t i me - sequenc e  

adap t i ve  f i l t e r  (MTSAF )  i s  based  upon  a  s i m i l a r  con f i gu r a t i on  t o  t ha t  

o f  t he  TSAF  desc r i bed  a t  t he  beg i nn i ng  o f  t h i s  chap t e r .  I t  d i f f e r s  i n  

the  sense  t ha t  i t  uses  on l y  t wo  se t s  o f  we i gh t s ,  one  f o r  t he  

non - s t a t i ona r y  segmen t s  o f  t he  s i gna l  and  t he  o t he r  f or  t he  s t a t i ona r y  

no i se  segmen t s .

The  concep t  o f  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r

The  use  o f  t he  con t ro l  s i gna l  i s  essen t i a l  f o r  t he  we i gh t  se t  t o  

conve rge  to  t he  op t i ma l  so l u t i on  f o r  each  segmen t .  To  i l l us t r a t e  

th i s ,  a  b l ock  d i ag r am  ( f i gu r e  5 . A)  shows  how  an  ECG  s i gna l  can  be  

c l ass i f i ed  i n t o  t wo  ma i n  segmen t s .  One  r ep r esen t s  t he  no i se  wh i ch  

ma i n l y  occup i es  t he  so - ca l l ed  i soe l ec t r i c  i n t e r va l s ,  wh i ch  a r e  

cons i de r ed  to  be  s t a t i ona r y  and  t he  o t he r  i s  t he  s i gna l  exp r es sed  i n  

the  QRS  comp l ex  as  non - s t a t i ona r y  (San t op i e t r o ,  197A) .



I npu t  —

I npu t  —

Con t ro l  vec t o r  
f or  l eoe l ec t r i c

/
LM5  adap t i ve  
f i l t e r

z
N -  Ou t pu t

LMS  adap t i ve  
f i l t e r

z
E r r o r

Con t r o l  vec t o r  f o r  
P,  QRS  and  T  wave

f igure 5 . k  (a)  Shows  houi  t he  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r  i s
app l i ed  to  t he  ECG  s i gna l

(b)  Shows  t he  con t ro l  vec t o r  f o r  m i n i ma l  t i me - sequence  
adap t i ve  f i l t e r .
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5 . U. Z  F i l t e r  pe r f o r mance

In  the  adap t i ve  f i l t e r  on l y  one  se t  o f  coe f f i c i en t s  was  used  

t h roughou t  adap t i ve  f i l t e r i ng .  In  t he  MTSAF  on l y  t wo  se t  o f  

coe f f i c i en t s  we r e  used .  Du r i ng  t he  i soe l ec t r i c  i n t e r va l s ,  t he  no i se  

s t a t i s t i cs  a r e  s t a t i ona r y  and  t he  f i r s t  se t  o f  we i gh t s  adap t s  

accord i ng l y ,  wh i l s t  t he  o t he r  se t  r ema i ns  unchanged  un t i l  a  s i gna l  

segmen t  i s  de t ec t ed .

A l t hough  t h i s  t echn i que  i s  s i mp l e  to  i mp l emen t ,  i t  a l so  uses  a  f ewe r  

numbe r  o f  we i gh t s  compa r ed  to  t he  mu l t i - ve c t o r  TSAF ,  as  shown  

d i ag r ama t i ca l l y  i n  f i gu r e  5 . 3 .  The  mean  squa r e  e r r o r  (MSE)  was  

compu t ed  f o r  bo t h  s t a t i ona r y  and  non - s t a t i ona r y  s i gna l s  f o r m i ng  t he  

f i l t e r  ou t pu t .  Th i s  p rocedu r e  was  r epea t ed  f o r  d i f f e r en t  cohe r ence  

va l ues  r ang i ng  f r om  0 . 2  -  1 . 0  i n  a  0 . 2  s t ep ,  i . e .  0 . 2 ,  O. i*,  0 . 6 ,  0 . 8  

and  1 .0.  In  add i t i on ,  r esu l t s  we r e  ob t a i ned  by  us i ng  t h r ee  d i f f e r en t  

l eve l s  o f  SNR,  app r ox i ma t e l y  A,  3  and  15dB.  Each  f i l t e r  was  a l so  

app l i ed  us i ng  t wo  va l ues  o f  y ,  equa l  to  0 . 1  and  0 . 001 ,  to  pe r m i t  t he  

e f f ec t  o f  adap t a t i on  speed  to  be  exam i ned .

F i gur es  5 . 5  and  5 . 7  show  t yp i ca l  f i l t e r  ou t pu t s  f o r  se l ec t ed  cases .  

The  f i r s t  i s  t he  p r i ma r y  i npu t ,  f o l l owed  by  t wo  g roups  o f  3  r eco rds  

cor r espond i ng  to  AF ,  TSAF  and  MTSAF  ou t pu t s  used  w i t h  two  o t he r  

conve r gence  f ac t or s ,  m  a t  0 . 1  and  0 . 001  ( i . e .  l ow  and  h i gh  adap t a t i on  

speeds ) .

•̂1

:s

Ff

The  TSAF  pe r f o r ms  i n  t he  same  manne r  as  t he  MTSAF ,  bu t  i s  no t  as
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' 'Igure 5 .6  Compa r i son  o f  t h r ee  adap t i ve  f i l t e r s  (AF ,  TSAF  and  MTSAF )  us i ng  l ow  
SNR  (SNR  =  9d0) ,  t he  f i gu r e  shows :

(a)  t he  t wo  i npu t  s i gna l  and  no i se
(b)  t he  r esu l t  o f  adap t i ve  f i l t e r
(c)  t he  r esu l t  o f  t i me - sequence  adap t i v e  f i l t e r
(d)  t he  r esu l t  o f  m i n i ma l  t i me - s equence  adap t i v e  f i l t e r  

t he  conve r gence  f ac t o r  i s  Q . 0C1 .

161



- J

^ 6  )

(a)

(b)

' J

(c)

I

( d )

f igure 5 .7  Compa r i son  o f  t h r ee  adap t i ve  f i l t e r s  (AF ,  TSAF  and  MTSAF )  us i ng  l ow  
SNR  (SNR =  l A . AdB) ,  t he  f i gu r e  shows :

( a )  t he  t wo  i npu t  s i gna l  and  no i se
(b)  t he  r esu l t  o f  adap t i ve  f i l t e r
( c )  t he  r esu l t  o f  t i me - sequence  adap t i ve  f i l t e r
(d)  t he  r esu l t  o f  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r  

t he  conve r gence  f ac t o r  i s  � . � 1 .
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M • Q  d r ? :

0 ' (5

e f f ec t i ve  i n  r emov i ng  no i se  i n  t he  non - s t a t i ona r y  segmen t s .  The  

r esu l t s  i n  f i gu r es  5 . 5  and  5 . 5  sugges t  t ha t  t he  r epe t i t i ve  t r ans i en t  

s i gna l  co r r up t ed  by  s t a t i ona r y  no i s e  can  be  f i l t e r ed  be t t e r  by  us i ng  

the  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r  t han  by  e i t he r  t he  bas i c  AF  

or  TSAF ,  espec i a l l y  when  the  s i gna l  ene rgy  i s  h i gh .
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Chap t e r  S i x :  App l i c a t i ons  o f  adap t i ve  f i l t e r s  I n  E l ec t r oca r d i og r aphy

6 .1  I n t r oduc t i on

In o rde r  to  e s t ab l i sh  con f i dence  and  ga i n  expe r i ence  i n  t he  use  o f  

adap t i ve  f i l t e r s  o f  t he  f o r m  desc r i bed  i n  Chap t e r s  k  and  5  f o r  

app l i ca t i ons  i n  e l ec t r oca r d i og r aphy ,  va r i ous  r epo r t ed  uses  we r e  

r e - exam i ned .  New  app l i ca t i ons  d i r ec t ed  a t  t he  ex t r ac t i on  o f  s i gna l s  

f rom  ske l e t a l  mus c l e  no i se  and  t he  i den t i f i ca t i on  o f  cy c l o - s t ochas t i c  

pe r t urba t i ons  ha v e  been  i den t i f i ed  and  i nves t i ga t ed .

Adap t i ve  f i l t e r i ng  was  chosen  f o r  t he  f o l l ow i ng  r easons :

( i )  to  ove r come  t he  l i m i t a t i ons  i mposed  by  conven t i ona l  f i xed  va l ue

f i l t e r s  when  the  s i gna l  exh i b i t s  non - s t a t i ona r i t y ,

( i i )  to  y i e l d  mo r e  e f f ec t i ve  r esu l t s  w i t hou t  a  p r i o r i  i n f o r ma t i on  

conce r n i ng  t he  na t u r e  o f  t he  s i gna l  o r  no i se ,  and

( i i i )  to acconnmoda t e  s i t ua t i ons  i n  wh i ch  the  spec t r a l  occupancy  o f  

t he  s i gna l  ove r l aps  w i t h  t ha t  o f  t he  no i se .

App l i ca t i ons  o f  adap t i v e  f i l t e r s  i n  e l e c t r oca r d i og r aphy  have ,  to  da t e ,  

i nc l uded  cance l l a t i on  o f  AC  i n t e r f e r enc e  (C l a r k ,  1976) ,  canc e l l a t i on  

o f  e l ec t r o - su r g i ca l  i n t e r f e r ence  (Ye l dman  e t  a l . ,  1983) ,  s epa r a t i on  o f  

donor  and  r ec i p i en t  e l e c t r oca r d i og r ams  ob t a i ned  f r om  hea r t  t r ansp l an t  

pa t i en t s  (U i drow ,  1975)  and  enhancemen t  o f  f oe t a l  e l e c t r oca r d i og r ams  

by  cance l l a t i on  o f  t he  ma t e r na l  ECG  (U i d r ow  e t  a l . ,  1975) .
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The  p r i nc i p l es  app l i ed  i n  t hese  app l i c a t i ons  we r e  exam i ned  and  the  

t echn i que  ex t ended  to  t he  use  o f  adap t i ve  f i l t e r s  t o  de t ec t  even t s  

a r i s i ng  f rom  t he  spec i a l i sed  conduc t i on  sys t em  o f  t he  hear t ,  

p r ev i ous l y  ach i eved  us i ng  s i gna l  ave r ag i ng  (Be rba r i  e t  a l ,  1973 ;

E l l i s ,  1976 ;  Hoopen  & Reuve r ,  1972 ;  O l denbu r g  &  Mack l i n ,  1977 ;  Rhyne ,  

1959) .  Cons i de r a t i on  uas  a l so  d i r ec t ed  a t  t he  use  o f  adap t i ve  f i l t e r s  

for  de t ec t i ng  cyc l o - s t ochas t i c  pe r t u r ba t i ons  i n  su r f ace  

e l ec t r oca r d i og r ams .  (S i mu l a t ed  s i gna l s  we r e  used  t o  de t e rm i ne  t he  

e f f ec t i veness  o f  t he  t echn i que  f o r  bo t h  t hese  app l i ca t i ons . )

A comp r ehens i ve  s t udy  uas  a l so  unde r t ak en  to  de t e r m i ne  the  

e f f ec t i veness  o f  adap t i ve  f i l t e r i ng  f o r  t he  r emova l  o f  ske l e t a l  musc l e  

ac t i v i t y  f rom  exe r c i se  e l e c t r oca r d i og r ams .  Th i s  s t udy  i s  r epo r t ed  i n  

fu l l  i n  t he  f o l l ou i ng  chap t e r .  The  r esu l t s  o f  t he  p i l o t  s t ud i es  and  

s i mu l a t i ons  p r esen t ed  i n  t h i s  chap t e r  p r ov i ded  t he  bas i s  for  

p r oceed i ng  w i t h  t he  exe r c i se  ECG  i nves t i ga t i on .
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6 . 2  App l l ca t i Dns  o f  bas i c  adap t i ve  f i l t e r s  i n  E l ec t r oca r d i og r aphy

6 . 2 . 1  Adap t i ve  cance l l a t i on  o f  AC  i n t e r f e r ence

A p rob l em  o f t en  encoun t e r ed  i n  t he  r eco r d i ng  o f  e l ec t r oca r d i og r ams  

(ECG' s )  f rom  t he  su r f ace  o f  t he  body  i s  t he  p r esence  o f  unwan t ed  5QHz  

i n t e r f e r ence .  An  adap t i ve  no i se  cance l l e r  wh i ch  has  been  desc r i bed  i n  

de t a i l  i n  Chap t e r  k  i s  one  o f  t he  t echn i ques  wh i ch  has  been  used  i n  

th i s  s t udy  t o  ove r came  (or  r emove )  t h i s  no i se .  In  t h i s  app l i ca t i on  

the  p r i ma r y  i npu t  t o  t he  adap t i ve  no i s e  cance l l e r  i s  t aken  f r om  t he  

ECG amp l i f i e r ,  and  r e f e r ence  i npu t  ( sa f e l y  de r i ved )  f rom  a  su i t ab l e  

5QHz  source .

Be i ng  a  s i ng l e  f r equency  no i se  componen t ,  on l y  t wo  we i gh t s  a r e  

r equ i r ed  to  cance l  AC  i n t e r f e r ence ,  one  ope r a t i ng  on  t he  ze ro  phase  

sh i f t ed  ve r s i on  o f  t he  r e f e r ence  and  one  ope r a t i ng  on  a  90  deg r ee  

phase  sh i f t ed  ve r s i on  o f  t he  r e f e r ence ,  as  i l l us t r a t ed  i n  f i gu r e  6 . 1 .  

The  t wo  we i gh t ed  ve r s i ons  o f  t he  r e f e r ence  a r e  summed  to  f o rm  t he  

f i l t e r s  ou t pu t ,  wh i ch  i s  sub t r ac t ed  f r om  t he  p r i ma r y  i npu t  con t a i n i ng  

the  ECG  s i gna l  and  an  AC  i n t e r f e r ence .

Choos i ng  comb i na t i ons  o f  t he  va l ues  o f  t he  we i gh t s  a l l ows  t he  

r e f e r ence  wave f o r m  t o  be  changed  i n  magn i t ude  and  phase  i n  such  a  way  

tha t  i t  cance l s  t he  AC  I n t e r f e r ence  i n  t he  p r i ma r y  channe l .  A  samp l i ng  

ra t e  o f  IKHz  was  used  i n  t he  s t udy  unde r t aken .  E f f ec t i ve  canc e l l a t i on  

can  be  ach i eved  w i t h i n  one  to  two  cy c l es  o f  t he  e l ec t r oca r d i og r am .  

F i gur e  6 . 2  shows  a  r esu l t  o f  AC  i n t e r f e r ence  cance l l a t i on  w i t h  l ow  

s i gna l  d i s t o r t i on .
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6 .2 .2  S i gna l  ex t r ac t i on  f r om  ske l e t a l  musc l e  no i se  by  adap t i ve  

f i l t e r i ng

Ske l e t a l  musc l e  ac t i v i t y  i a  a  sou r ce  o f  no i se  t ha t  can  p r esen t  

prob l ems ,  espec i a l l y  i n  exe r c i se  e l ec t r oca r d i og r ams  and  u i de -band  

EGG'S.  As  a  p r ecu r so r  to  t he  f u l l  s t udy  o f  adap t i ve  f i l t e r i ng  f or  

exe r c i se  ECG  enhancemen t ,  t h i s  sec t i on  ui i l l  on l y  dea l  ui i th t he  bas i c  

t echn i que  o f  adap t i ve  channe l  enhancemen t  to  ex t r ac t  t he  ECG s i gna l  

f rom  t he  ske l e t a l  musc l e  no i se .  The  r equ i r emen t  f o r  t h i s  t echn i que  i s  

t yo co r r e l a t ed  s i gna l s ,  bu t  unco r r e l a t ed  no i se  componen t s .

An i nves t i ga t i on  yas  unde r t aken  to  i den t i f y  t wo  channe l s  i n  yh i ch  t he  

ECG s i gna l s  we r e  co r r e l a t ed  and  t he  musc l e  no i se  unco r r e l a t ed .  I t  yas  

found  t ha t  a  100mm  e l ec t r ode  d i s t ance  was  qu i t e  app r op r i a t e  f o r  t h i s  

app l i ca t i on .  Tuo  channe l s  uiere r ecorded ,  t he  p r i ma r y  i npu t  yas  t aken  

f rom  a  conven t i ona l  l ead  I ,  and  a  b i po l a r  l ead  i n  t he  f ron t a l  p l ane  a t  

the  l eve l  o f  t he  10 t h  r i b ,  as  a  r e f e r ence  i npu t .  The  ske l e t a l  musc l e  

ac t i v i t y  i n  t hese  l eads  yas  f ound  to  be  su f f i c i en t l y  unco r r e l a t ed  to  

a l l oy  the  app l i ca t i on  o f  t he  adap t i ve  p r ocess  and  an  es t i ma t e  o f  t he  

s i gna l - t o -no i se  r a t i o  i mp r ovemen t  i n  l ead  I  t o  be  ob t a i ned .

The  expe r i men t s  ye r e  ca r r i ed  ou t  f o r  f i ve  sub j ec t s  y i t h  a  r ecord  

l eng th  o f  20A8  b i n  va l ues ,  and  a  samp l i ng  r a t e  o f  IKHz .  I t  yas  f ound  

tha t  t he  mos t  e f f ec t i ve  i mp r ovemen t  i n  s i gna l - t o - no i se  r a t i o  yas  

ach i eved  y i t h  a  conv e r gence  f ac t o r , m , o f  0 . 001  and  6k  ye i gh t s .  

Un f or t una t e l y  t h i s  yas  no t  y i t hou t  some  s i gna l  d i s t o r t i on .  A f u l l  

i nves t i ga t i on  o f  t he  s i gna l  d i s t o r t i on  i a  p r esen t ed  i n  Chap t e r  8 .
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Af t e r  se l ec t i ng  t he  app r op r i a t e  l ead  pos i t i on  a s  desc r i bed  i n  sec t i on  

2.S,  t he  adap t i ve  channe l  enhancemen t  was  f i r s t  t es t ed  us i ng  s i mu l a t ed  

da t a  i n  u ih i ch t he  p r i ma r y  i npu t  ujas composed  o f  a  s i mu l a t ed  EGG  added  

to s i mu l a t ed  wh i t e  no i se .  The  r e f e r ence  i npu t  cons i s t ed  o f  t he  same  

s i mu l a t ed  EGG  added  to  a  d i f f e r en t  amoun t  o f  wh i t e  no i se .

*
The  amoun t  o f  no i se  added  i n t o  bo t h  channe l s  wa s  su f f i c i en t  to  y i e l d  a  

very  poo r  s i gna l - t o - no i a e  r a t i o .  The  r eason  f o r  t h i s  was  t o  exam i ne  

how  t he  channe l  enhanemen t  t echn i que  wou l d  behave  unde r  cond i t i ons  o f  

l ow  s i gna l - t o - no i se  r a t i o .  F i gu r e  5 . 3 ( a )  shows  t he  compu t e r  s i mu l a t ed  

s i gna l ,  wh i l e  f i gu r e  6 . 3 (b )  shows  t he  s i mu l a t ed  wh i t e  no i se  

componen t s .  F i gu r e  5 . 3 ( c )  shows  t he  t wo  i npu t s  t o  t he  channe l  

enhance r ,  t he  p r i ma r y  and  t he  r e f e r ence  i npu t s .  F i gu r e  6 . 3 ( d )  shows  

the  f i l t e r  ou t pu t  o f  t he  channe l  enhance r .  F r om  t he  r esu l t  i nd i ca t ed  

in f i gu r e  6 . 3( d) ,  i t  i s  seen  t ha t  t he r e  i s  a  l a r ge  i mp r ovemen t  i n  

s i gna l - t o - no i se  r a t i o .

The  e f f ec t  o f  add i ng  mo r e  no i se  to  t he  s i mu l a t ed  s i gna l  i s  shown  i n  

f i gur es  6 . 4 ( c )  and  5 . 5( c ) .

Tab l e  5 . 1  summa r i ses  t he  i mp rovemen t  i n  SNR exp r essed  i n  dB ' s  w i t h  

r espec t  to  t he  amoun t  o f  no i se  added  to  t he  i npu t  s i gna l s .

Tab l e  6 . 1

I npu t  s i gna l - t o - no i ae  r a t i o  (dB)  I mp r oved  S / N  r a t i o  (dB)

3 . 47  

9 . 3  

15 . �
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F igure  5 . 3  Resu l t  o f  app l y i ng  adap t i ve  f i l t e r i ng  t echn i que  to  
s i mu l a t ed  da t a  (SNR  =  15dB)

( a )  shous  t he  s i mu l a t ed  EGG  s i gna l
(b)  t he  s i mu l a t ed  EGG  added  to  wh i t e  no i se
(c )  t he  ou t pu t  o f  adap t i ve  f i l t e r  to  es t i ma t e  

t he  s i mu l a t ed  s i gna l  i n  (a)
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F igure  6. i* Resu l t  o f  app l y i ng  adap t i v e  f i l t e r i ng  t echn i que  to  
s i mu l a t ed  da t a  (SNR  =  9 . 3dB)

(a)  shous  the  s i mu l a t ed  ECG  s i gna l
(b)  s i mu l a t ed  ECG  added  to  a  uh l t e  no i se
(c)  t he  ou t pu t  o f  adap t i ve  f i l t e r  to  es t i ma t e  

t he  s i mu l a t ed  s i gna l  i n  (a) .
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F igure  6 . 5  Resu l t  a f  app l y i ng  adap t i ve  f i l t e r i ng  t echn i que  to 
s i mu l a t ed  da t a  (SNR  =  3. i*7dB)

(a)  shows  t he  s i mu l a t ed  ECG  s i gna l
(b)  s i mu l a t ed  ECG  s i gna l  added  to  a  wh i t e  no i s e
(c)  the  ou t pu t  o f  adap t i ve  f i l t e r  to  es t i ma t e  

t he  s i mu l a t ed  s i gna l  i n  (a) .
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I t  i s  seen  t ha t  t he  i mp r ov emen t  i s  h i gh  u i t h  h i gh  i npu t  

s i gna l - t o -na i sB  r a t i o .  The  expe r i men t  was  conduc t ed  w i t h  t he  i npu t  

s i gna l  i n  bo t h  p r i ma r y  and  r e f e r ence  channe l s  o f  t he  channe l  enhance r  

be i ng  i den t i ca l  and  we l l  de f i ned .  The  expe r i men t  was  a l so  ca r r i ed  ou t  

w i th  the  we i gh t  vec t o r  ha v i ng  SU  we i gh t s  t oge t he r  w i t h  t he  conve r gence  

f ac tor  o f  � . � � 1  to  y i e l d  t he  bes t  s i gna l - t o - no i s e  i mprovemen t .

The adap t i ve  channe l  enhance r  desc r i bed  ea r l i e r  was  a l so  app l i ed  t o  

rea l  da t a .  The  da t a  wa s  ob t a i ned  f r om  e l ec t r odes  p l aced  i n  t he  

f ron t a l  p l ane  on  m i d - c l a v i cu l a r  l i nes  a t  t he  l eve l  o f  t he  ID t h  r i b ,  

and a t  t he  l eve l  o f  t he  f i r s t  i n t e r cos t a l  space ,  and  y i e l ded  the  

pr i ma ry  and  r e f e r ence  i npu t s  r espec t i ve l y .

F i gure  6 . 6 ( a , b )  shows  t he  t wo  i npu t  channe l s  t o  t he  enhance r ,  wh i l e  

f i gure  6 . 5 ( c )  i nd i ca t es  t he  i mp r oved  ou t pu t .  As  shown  i n  f i gu r e  

6. i*(c)  t he  i mpr ovmen t  i n  s i gna l - t o - no i se  r a t i o  was  5 . 6dB ,  bu t  i n  t h i s  

case  t he  amoun t  o f  mus c l e  no i se  was  no t  seve r e .  The  f i l t e r  was  a l so  

t es t ed  unde r  cond i t i ons  whe r e  the  musc l e  no i se  was  h i gh ,  so  p r ov i d i ng  

a l owe r  i npu t  s i gna l - t o - no i s e  r a t i o .  The  i mp r ovemen t  me asu r ed  a t  t he  

ou tpu t  was  i n  t h i s  case  f ound  to  be  9 . 9dB  and  1D . 7dB  r espec t i v e l y  and  

the  e f f ec t s  a r e  i l l us t r a t ed  i n  f i gu r e s  6 . 7  and  5 . 8  r espec t i ve l y .

I t  can  be  conc l uded  t ha t ,  p r ov i d i ng  t he  i npu t  channe l s  a r e  no t  h i gh l y  

con t am i na t ed  w i t h  mus c l e  a r t e f ac t ,  t he  i mp r ovemen t  i n  SNR (>BdB)  can  

be  cons i de r ab l e .
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(b)

F i gur e  6 . 6  Resu l t  o f  mu l t i channe l  enhancemen t  to  r educe  ske l e t a l  
musc l e  componen t ,  t he  f i gu r e  ahoua ;

(a )  f ron t a l  p l ane  l ead  i n  wh i ch  e l ec t r odes  pos i t i oned  in  
m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  IGt h  r i b .

(b)  f ron t a l  p l ane  l ead  in  wh i ch  e l ec t r odes  pos i t i oned  in  
m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  1s t  i n t e r cos t a l  space .

(c )  adap t i ve l y  enhanced  f ron t a l  p l ane  l ead  (b)
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(a)

(b)

1 ! s

(c)

F i gur e  6 . 7  Resu l t  o f  mu l t i channe l  enhancemen t  to  r educe  ske l e t a l  musc l e  
componen t ,  t he  f i gu r e  shows :

( a )  f r on t a l  p l ane  l ead  i n  wh i ch  e l ec t rodes  pos i t i oned  on  
m i d - c l a v i cu l a r  l i ne  a t  l eve l  o f  10 t h  r i b .

(b)  f r on t a l  p l ane  l ead  i n  wh i ch  e l ec t rodes  pos i t i oned  on  
m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  1s t  i n t e r cos t a l  spece .

(c )  adap t i ve l y  enhanced  f r on t a l  p l ane  l ead  (b)
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( a )

r
(b)

( c )
F i gur e  6 . 8  Resu l t  o f  mu l t i channe l  enhancemen t  to  r educe  sk e l e t a l  musc l e  

componen t ,  t he  f i gu r e  shows :

(a)  f r on t a l  p l ane  l e ad  i n  wh i ch  e l ec t r odes  pos i t i oned  on  
m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  10 th  r i b .

(b)  f r on t a l  p l ane  l e ad  i n  wh i ch  e l ec t r odes  pos i t i oned  on  
m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  1s t  i n t e r cos t a l  space .

(c)  adap t i ve l y  enhanc ed  f ron t a l  p l ane  l ead  (b) .
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6.2.3 App l i ca t i on  o f  adap t i ve  f i l t e r i ng  to  enhance  t he  f oe t a l  

e l ec t roca rd i ogram

Liidrouj (1975)  has  shown  how  adap t i ve  f i l t e r i ng  may  be  used  to  ex t r ac t  t he  

foetal ECG  f rom  t he  m i xed  f oe t a l  and  ma t e r na l  EGG  by  us i ng  an  adap t i ve  

f i l t e r  (AF ) .  By  t ak i ng  t he  p r i ma r y  i npu t  to  be  t he  l ead  t aken  f rom  t he  

abdom i na l  e l ec t rodes  o f  t he  mo t he r  and  t he  chea t  l ead  to  be  t he  r e f e r ence  

input con t a i n i ng ,  i n  e f f ec t ,  t he  ma t e r na l  ECG  on l y ,  AF  may  be  app l i ed  to  

ext ract  t he  f oe t a l  s i gna l .

It  may  appea r  i n  t he  f i r s t  i ns t ance  t ha t  a  s i mp l e  sub t r ac t i on  wou l d  be  

suf f i c i ent  f or  enhancemen t ,  p r ov i d i ng  t ha t  a l l  r eco r ds  a r e  s i mu l t aneous  and  

there a r e  no  va r i a t i ons  i n  amp l i t ude  o r  phase  componen t .  In  r ea l i t y  t he  

s i tua t ion i s  mor e  comp l ex  as  t he  r eco r d i ng  o f  t hese  t wo  channe l s  w i l l  

inc lude  i n t e r f e r ence  and  no i se  componen t s  due  to  musc l e  ac t i v i t y  o r  50Hz  

i n t er f e rence  f or  examp l e .  Two  s i mp l e  s i mu l a t i ons  to  mode l  t h i s  s i t ua t i on  

i iere exam i ned .  F i gu r e  6 . 9 ( a )  shows  a  r e f e r ence  i npu t  wh i ch  con t a i ns  t he  

s imu l a t ed  ma t e rna l  ECG  ( ches t  l ead) ,  and  f i gu r e  6 . 9 (b )  sthc ws  the  pr  i ma r y  

input  wh i ch  con t a i ns  t he  r e f e r ence  i npu t  p l us  t he  e i mu l a t ed  foE' /e l  ECG.  

f igure 6 . 9 ( c )  shows  t he  r esu l t  o f  t he  no i se  cance l l a t i on  i n  wh i ch  t he  

foeta l  s i gna l  i s  c l ea r l y  enhanced .

m

more  exac t i ng  app l i ca t i on  i n  wh i ch  bo t h  channe l s  con t a i n  s i gna l s  heav i l y  

con t am i na t ed  w i t h  no i se  was  a l so  exam i ned .  F i gu r e  6 . 10 ( a )  and  f i gu r e  

6.10(b)  show  the  i npu t  to  t he  no i se  cance l l e r ,  wh i l e  f i gu r e  6 . 10( c )  shows  

the ou t pu t  o f  the  WJC.  F i gu r e  6 . 10 ( c )  shows  t ha t  t he  adap t i ve  f i l t e r i ng  i s  

Qui te l i m i t ed  i n  cases  t he r e  t he  s i gna l  to  no i se  r a t i o  i s  l ow ,  as  i n  f oe t a l  

ECG r ecord i ngs ,  f o r  examp l e .
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F i gure  6 . 9  Shews  t he  app l i ca t i on  o f  t he  adap t i v e  f l t e r  to  
t he  f oe t a l  ECG  ( s i mu l a t ed )

(a)  Re f e r ence  i npu t ,  s i mu l a t ed  ma t e r na l  ECG  ( ches t  l ead)
(b)  Pr i ma r y  i npu t  con t a i n i ng  r e f e r ence  i npu t  p l us  

s i mu l a t ed  f oe t a l  ECG.
(c)  Enhancemen t  o f  f oe t a l  s i gna l  by  no i se  cance l l a t i on

I npu t  S i gna l / No l se  r a t i o  7 . 2dB . ,  s i gna l  i mp r ovemen t  
11 . 95dB .
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F i gur e  6 . ID Shows  the  app l i ca t i on  o f  t he  adap t i ve  f i l t e r  to 
t he  f oe t a l  ECG  ( s i mu l a t ed)

( a )  and  (b)  i npu t  to  no i se  cance l l e r ,
( c )  Enhancemen t  o f  f oe t a l  s i gna l  by  no i se  cence l l a t i on

I npu t  S i gna l / No i se  r a t i o  1 . 8dB . ,  s i gna l  i mp rovemen t  
10 . 7dB .
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6.2.<* App l i ca t i on  o f  adap t i ve  f i l t e r i ng  i n  t he  i den t i f i ca t i on  o f  

cyc l o- s t ochas t i c  pe r t u r ba t i ons

The ea r l y  de t ec t i on  o f  i schaem i c  hea r t  d i sease  and  o t he r  ca rd i ac  

d i sorders  can  ha v e  an  i mpo r t an t  bea r i ng  upon  t he  t r ea t men t  and / o r  

managmen t  o f  t he  cond i t i on .  Va r i ous ,  ECG  based ,  t echn i ques  have  been  

proposed  and  i nves t i ga t ed  f o r  t h i s  pu r pose  (Pr asad  e t  a l . ,  1978)  and  

the  phase  i nva r i an t  s i gna t u r e  a l go r i t hm  (P ISA)  (Pr asad  & Gup t a ,  1980)  

ia one  of  t hem .  The  bas i s  o f  t he  P I SA  t echn i que  i nvo l ves  t he  

cons i de r a t i on  o f  t he  su r f ace  ECG  bo t h  as  a  f unc t i on  o f  t i me  and  as  a  

func t i on  o f  phase ,  ( f r om  �  t o  2*) .

I f  X(*)  i s  t he  su r f a ce  r eco r ded  ECG  u ih i ch con t a i ns  S( i )  t he  ECG  s i gna l  

genera t ed  by  a  hea l t hy  hea r t ,  N(*)  t he  backg r ound  no i se  wh i ch  i s  no t  

cor re l a t ed  w i t h  S(*) ,  P( ® )  t he  pe r t u r ba t i on  due  t o  t he  d i so rde r  i n  t he  

hear t  wh i ch  i s  cohe r en t  w i t h  S(*) ,  t hen  

X(*)  =  S(*)  +  N ( i )  +  P(*)

The PISA  t echn i que  i nvo l ves  t he  de t ec t i on  o f  P( i )  f r om  X($) ,  assum i ng  

tha t  on l y  S(*)  i s  s t a t i ona r y ,  P(*)  i s  phas e - l oc ked  to  t he  ca r d i ac  

cyc l e  and  a l so  t ha t  IM(*)  has  a  r andom  d i s t r i bu t i on .

To i mp l emen t  t h i s  t echn i que ,  t he  f o l l ow i ng  p r ocedu r e  i s  adop t ed ;

( i )  Acqu i s i t i on  o f  a  r eco r d i ng  o f  50  o r  mo r e  cyc l es  o f  ECG,

( i i )  d i g i t i sa t i on  and  conve r s i on  f rom  t he  t i me  doma i n  to  t he  phase  

doma i n ,

( i i l )  acqu i s i t i on  o f  t he  ave r age ,  i n  o r de r  to  ob t a i n  S( i )  f r om  X( i ) ,
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( iv)  sub t r ac t i on  o f  S( i )  f rom  X(*) ,  to  ob t a i n  N(®)  and  P(«) ,  and  

(tf) t he  powe r  i n  t he  r andom  componen t s  i s  t hen  ave r aged  ove r  

many  hea r t bea t s  as  a  f unc t i on  o f  phase  (*) .

The powe r  d i s t r i bu t i on  o f  wh i ch  i s  i ndependen t  o f  t he  phase ,  i s

un i form l y  d i s t r i bu t ed  ove r  t he  phase  ( � )  �  -  2«,  wh i l e  the  powe r  o f  

d i s t r i bu t i on  o f  t he  r andom  componen t  o f  P(*) ,  wh i ch  i s  phase - l ocked  to  

the  ca rd i ac  cyc l e ,  appea r s  as  peaks  oc cu r r i ng  a t  t he  pa r t i cu l a r  phase  

� f  the  ca rd i ac  cyc l e .  Sma l l  o r  l ow  P I SA  s i gna t u r es  a r e  cons i de r ed  

i nd i ca t i ve  o f  a  hea l t hy  hea r t  and  v i ce  ve r sa  (Pr asad  & Gup t a ,  1901) .

De t ec t i on  o f  sma l l  r andom  peaks  o r  even t s  w i t h i n  t he  ECG may  be  mo r e  

e f f ec t i ve l y  ach i eved  by  use  o f  adap t i ve  f i l t e r s .  The  use  o f  adap t i ve  

f i l t e rs  may  be  cons i de r ed  supe r i o r  to  o t he r  f o r ms  o f  f i l t e r i ng  f o r  ECG 

pe r t urba t i on  ana l ys i s  f o r  a  numbe r  o f  r easons ;

( i )  The  co l l ec t i on  and  ana l ys i s  o f  r ea l  da t a  r evea l ed  t he  v i r t ua l  

i mposs i b i l i t y  o f  r eco rd i ng  a  se t  o f  ECG  cyc l es  w i t hou t  any  

va r i a t i on  i n  t he  amp l i t ude  o f  t he  QRS  comp l ex ,  even  f o r  a  

hea l t hy  no r ma l  pe r son .  Th i s  va r i a t i on  con t r i bu t es  to  P(*) .

( i i )  Pe r t u r ba t i ons  may  be  r emoved  by  ave r ag i ng ,  so  p r ec l ud i ng  t he  

t echn i que  as  a  means  o f  de t ec t i ng  t hem .

( i i i )  In  us i ng  adap t i ve  f i l t e r i ng  i t  was  f ound  t ha t  l ess  da t a  was  

necessa r y  t o  ach i eve  t he  same  r esu l t s  as  t he  P I SA  me t hod .

F i gures  6 . 11  -  5 . 15  show  a  se t  o f  r eco r ded  ECG  cyc l es  wh i ch  we r e  

a l i gned  i n  o rde r  f o r  ave r ag i ng  to  be  pe r f o rmed .  The  va i a t i on  i n  

amp l i t ude  o f  t he  QRS  comp l ex  i s  c l e a r l y  appa r en t .  The  r esu l t  o f  t he
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f^igurs  6 . 11  The  r esu l t  o f  app l y i ng  P I SA  to  r au  da t a  o f  ECG,  t he  f i gu r e  shous :

(a)  t he  i nd i v i dua l  ECG
( � )  t he  ave r age  o f  a l l  t he  ECG ' s  i n  (a)
( � )  t he  d i f f e r ence  be t ween  t he  ave r age  and  t he  I nd i v i dua l  

cyc l e .
(d)  t he  r esu l t  o f  P ISA .

18A



Hgur e  6 .12  The  r esu l t  o f  app l y i ng  P ISA  to r au  da t a  o f  ECG,  t he  f i gu r e  shows :

(a )  t he  i nd i . v i dua l  ECG
(b)  t he  ave r age  o f  a l l  t he  ECG ' s  i n  (a)
(c)  t he  d i f f e r ence  be tu i een  the  ave r age  and  the  i nd i v i dua l  

cyc l e
(d)  t he  r esu l t  o f  P I SA
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figure 6.13

-A.
( d )

The  r esu l t  o f  app l y i ng  P ISA  t o  r a j  da t a  o f  ECG,  t he  f i gu r e  shous :

(a)  t he  i nd i v i dua l  ECG
(b)  t he  ave r age  o f  a l l  t he  ECG ' s  in (a)
( c )  t he  d i f f e r ence  be t ueen  t he  ave r age  and  t he  i nd i v i dua l  

cyc l e  '
(d)  t he  r esu l t  of  P ISA .
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PISA t echn i que  can  be  seen  i n  f i gu r es  6 . 11 ( d )  -  6 . 15 ( d ) .  The  r esu l t  

of  t he  P ISA  in  t h i s  case  i s  due  to  t he  va r i a t i on  o f  t he  QRS  comp l ex  

and  may  t he r e f o r e  cons t i t u t e  a  se r i ous  a r t i f ac t  i n  app l y i ng  the  

t echn i que  i n  t he  c l i n i ca l  s i t ua t i on .  I t  has  been  d i f f i cu l t  to r ecord  

da t a  f rom  pa t i en t s  i n  wh i ch  t he  P ISA  t echn i que  cou l d  be  app l i ed ,  as  

shown  i n  p r ev i ous  f i gu r es  (6 . 11  -  6 . 15) .  P I SA  t echn i que  was  app l i ed  

to a  nor ma l  r eco r ded  s i gna l  and  i t  i s  conc l uded  t ha t  t he r e  w i l l  a l ways  

be  an  a r t e f ac t  due  t o  QRS  va r i a t i on .

To i nves t i ga t e  t he  use f u l nes s  o f  P ISA  to  de t ec t  sma l l  even t s  w i t h i n  

the  QRS  comp l ex ,  12  i nd i v i dua l  EGG  cyc l es ,  se l ec t ed  f r om  f i gu r es  6 . 11  

-  6 . 15  we r e  exam i ned ,  i n  wh i ch  t he  d i f f e r ence  be t ween  t he  ave r age  o f  

the  12 cyc l es  w i t h  r espec t  to  t he  i nd i v i dua l  se l ec t ed  cyc l es  was  

a l mos t  ze ro .  Th i s  i s  shown  c l ea r l y  i n  f i gu r e  6 . 12 .  No t e  t ha t  t he r e  

i s  no  a r t e f ac t  appea r i ng  s i nce  t he r e  i s  no  QRS  va r i a t i on .

Tak i ng  t he  same  se t  o f  se l ec t ed  cyc l es ,  s i mu l a t ed  l ow  l e ve l  s i gna l s  

we re  added  to  each  cyc l e  ( f i gu r e  6 , 17a )  and  t he  P ISA  t echn i que  was  

once  aga i n  app l i ed  t o  t he  compos i t e  s i gna l s  ( f i gu r e  6 . 17b ) .  The  

r esu l t s  a r e  shown  i n  f i gu r es  6 . 17d  and  6 . 17e .  Thus  t he  P I SA  t echn i que  

i s  shown  to  be  e f f e c t i v e  i n  r evea l i ng  t he  embedded  s i gna l s .

I t  i s  qu i t e  appa r en t  f rom  f i gu r e  6 . 17e  t ha t  t he  peak  wh i ch  appea r s  

w i t h i n  t he  a r ea  o f  QRS  i s  due  to  t he  va r i a t i on  o f  t he  s i mu l a t ed  s i gna l  

o f  f i gur e  6 . 17a .
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f igure 6 . 16  The  r esu l t  o f  app l y i ng  P I SA  to  r aw  da t a  o f  ECG,  t he  f i gu r e  shows .

(a)  t he  i nd i v i dua l  ECG
(b)  t he  ave r age  o f  a l l  t he  ECG ' s  i n  (a)
(c)  t he  d i f f e r ence  be t ween  t he  ave r age  and  t he  i nd i v i dua l  

cyc l e
(d)  t he  r esu l t  o f  PISA.

' i
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6 . 3  App l i ca t i on  o f  t i me  sequence  adap t i v e  f i l t e r i ng  to  

E l ec t r oca r d i og r aphy

The  app l i ca t i on  o f  t i me  sequence  adap t i v e  f i l t e r i ng  (TSAE)  f o r  no i se  

r educ t i on  i s  i n t r oduced  i n  t h i s  sec t i on .  Seve r a l  expe r i men t s  we r e  

pe r f ormed  us i ng  t he  TSAF .  Compu t e r  s i mu l a t i ons  we r e  pe r f o r med  and  

resu l t s  compa r ed  w i t h  t he  r esu l t s  ob t a i ned  us i ng  bas i c  LMS  adap t i ve  

f i l t e r i ng .

The  TSAF  t echn i que  was  app l i ed  us i ng  s i mu l a t ed  da t a  f or  two  pa r t i cu l a r  

ECG s i gna l  r ecove r y  app l i ca t i ons ,  enhancemen t  o f  t he  f oe t a l  ECG  and  

de t ec t i on  o f  cyc l o - s t ochas t i c  pe r t u r ba t i ons .  Us i ng  r ea l  da t a ,  t he  

t echn i que  was  app l i ed  to  enhance  exe r c i se  e l ec t r oca r d i og r ams  by  

adap t i ve  cance l l a t i on  o f  ske l e t a l  musc l e  no i se .  In  t h i s  case  t he  two  

r ecorded  channe l s  con t a i ned  s i gna l  componen t s  f o r  wh i ch  t he  p r ec i se  

wave f orms  cou l d  d i f f e r ,  bu t  exh i b i t ed  co r r e l a t i on  w i t h  each  o t he r .  The  

ske l e t a l  musc l e  no i se  componen t s  we r e  unco r r e l a t ed  w i t h  each  o t he r  and  

w i t h  t he  s i gna l  wave f o r m  f rom  channe l  to  channe l .  F i gu r e  6 . 18  shows  

two r eco rded  channe l s  and  t he  r e su l t  can  be  seen  i n  f i gu r e  6 . 18c .  The  

bes t  es t i ma t i on  o f  t he  s i gna l  was  ob t a i ned  by  t i me - sequence  adap t i ve  

f i l t e r  ( f i gu r e  6 . 19c ) .  The  ope r a t i on  o f  t i me - sequence  adap t i ve  f i l t e r  

was  ca r r i ed  ou t  unde r  t he  con t ro l  o f  t he  se l ec t ed  we i gh t  vec t o r s .  

F i gure  6 . 20  I l l us t r a t es  how  t he  we i gh t  vec t o r s  r e l a t e  to  t he  ECG  

cyc l e .

The  p r esence  o f  h i gh  amp l i t ude  s i gna l  componen t s  (QRS  comp l ex ) ,  can  

cause  a  s i gn i f i can t  d i s t u rbance  i n  t he  f i l t e r  we i gh t s  and  hence  r esu l t
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(a )

(b)

( c )

-re 6 , 18  Resu l t s  r ep r esen t i ng  t i me - sequence  adap t i ve  f i l t e r  to  r educe  
ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r es  shew :

(a)  F r on t a l  p l ane  l ead  on  m i d - c l a v i cu l a r  l i ne  a t  l eve l  o f  1s t  
i n t e r cos t a l  apace

(b)  F ron t a l  p l ane  l ead ,  e l ec t r odes  pos i t i oned  on  m i d - c l av i cu l a r  
l i ne  a t  l eve l  o f  10 th  r i b

(c)  T i me - sequenced  , enhanc i ng  f ron t a l  p l ane  l ead  (a )

193



( a )

(b)

(c )

: J86 .19  Resu l t s  r ep r esen t i ng  t i me - sequence  adap t i ve  f i l t e r  to  r educ e  ake l e t a l  
musc l e  ac t i v i t y ,  t he  f i gu r es  shou :

(a)  F r on t a l  p l ane  l ead  on  m i d - c l av i cu l a r  l i ne  a t  l eve l  o f  1s t  
i n t e r cos t a l  space

(b)  F r on t a l  p l ane  l ead ,  e l ec t r odes  pos i t i oned  on  m i d - c l a v i cu l a r  
l i ne  a t  l eve l  o f  10 t h  r i b

(c)  T i me - sequenced ,  enhanc i ng  f ron t a l  p l ane  l ead  (a)
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6 .3 .1  App l i c a t i on  o f  t i me - sequence  adap t i ve  f i l t e r i ng  to  f oe t a l  ECG  

(S i mu l a t ed  da t a  on l y )

In r eco r d i ng  the  f oe t a l  ECG  us i ng  e l ec t r odes  p l aced  on  t he  abdomen  o f  

the  mo t he r ,  t he  f oe t a l  componen t  can  be  obscu r ed  by  ske l e t a l  musc l e  

no i se  and  t he  ma t e r na l  ECG.  Bas i c  LMS  adap t i ve  f i l t e r i ng  may  be  used  

to enhance  t he  f oe t a l  ECG  by  channe l  enhancemen t ,  bu t  t he  comp l ex ,  

non - s t a t i ona r y  na t u r e  o f  t he  s i gna l  r esu l t s  i n  seve r e  s i gna l  

d i s t or t i on .  Fu r t he r  I mp rovemen t  may  be  ach i eved  by  us i ng  

t i me - sequenced  adap t i ve  f i l t e r i ng .  Fo r  bo t h  t he  AF  and  TSAF  me t hods  

for  enhanc i ng  the  f oe t a l  ECG,  two  abdom i na l  l eads  a r e  r ecorded ,  one  

cons t i t u t es  t he  des i r ed  r esponse  and  t he  o t he r  t he  f i l t e r  i npu t .

“is- .

Cl

/ ( s

Because  t he  f oe t a l  ECG  s i gna l  componen t s  a r e  co r r e l a t ed  be t ween  the  

two channe l s ,  bu t  t he  i n t e r f e r ence  due  to  mus c l e  no i se  unco r r e l a t ed ,  

the  adap t i ve  f i l t e r  w i l l  a t t emp t  to  pass  t he  f oe t a l  ECG  i npu t  s i gna l  

componen t  wh i l e  a t  t he  same  t i me  a t t enua t i ng  unco r r e l a t ed  musc l e  

no i se .  By  us i ng  a  conven t i ona l  LMS  adap t i ve  f i l t e r ,  a  subs t an t i a l  

r educ t i on  o f  t he  backg round  musc l e  no i se  may  be  ach i eved ,  bu t  no t  

w i t hou t  seve r e  f oe t a l  ECG  s i gna l  d i s t o r t i on .  The  ma i n  r eason  f o r  t h i s  

i s  t ha t  t he  LMS  adap t i ve  f i l t e r  i s  unab l e  to  t r ack  t he  f as t  r ecu r r i ng  

but  v a r i ab l e  f ea t ur es  o f  t he  f oe t a l  ECG  ( non - s t a t i ona r y ) .  Thus  a  

t i me - sequence  adap t i ve  f i l t e r  was  cons i de r ed  f o r  ove r com i ng  t h i s  

prob l em .

F i gure  6 . 22  shows  two  s i mu l a t ed  channe l s  o f  abdom i na l  ECG  in  wh i ch  

there  a r e  subs t an t i a l  amoun t s  o f  musc l e  no i se .  F i gu r e  6 . 22c  shows  t he
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reHul t  o f  TSAF  in  a t t emp t i ng  to  r educe  t he  no i se  u i i thout  d i s t o r t i ng  t he  

s imu l a tec  f oe t a l  ECG.  The  s i gna l - t o - no i se  r a t i o  uas  10 . 9dB  and  the  

i mprovement  i n  S(\IR due  to  l l i r e -sEquence  adap t i ve  f i l t e r ,  15 . 2dB.

/ O

> '

F igure  6 . 23  shows  t he  r esu l t s  o f  a  oomp i Lt er  s i mu l a t i on  i n  wh i ch  SIMR i s  

3.9dB,  and  f i gu r e  6 . 23c  shows  t he  r esu l t  o f  app i y i r g  t i me - sequence  adap t i ve  

f i l t er i ng  to  t he  s i mu l a t ed  f oe t a l  ECE  on l y .

Al l  t t e  we i gh t  vec t o r s  i n  t he  TSAF  con t a i n  6A we i gh t  va l ues  p l us  a  b i as  

us ight ,  and  t t e  f i l t e r  ope r a t es  w i t h  a  conve r gence  f ac t o r  o f  � . � � 1 .  In  

both cases  t he  r ecu r r i r g  E i i mu l a t ed  f oe t a l  ECG  was  obscu r ed  by  t he  add i t i on  

of  wh i t e  no i se  (E / M  =  3 . 9dB)  and  subsequen t l y  ex t r ac t ed  us i ng  the  TSAF  (S/(\ l  

= 1D.9dB) .  The  output -  o f  t t ie t i me -E : equence  adap t i ve  f i l t e r  a f t e r  

conve rgence  i s  shown  i n  f i gu r e  6 . 22c  and  6 . 23c .

I t  can  be  seen  f rom  t he  r esu l t  o f  f i gu r es  6 . 22  and  6 . 23  t ha t  the  

t i me -sequence  enhanc i ng  o f  t he  s i mu l a t ed  f oe t a l  ECG  does  no t  emp l oy  

cyc l e - t c - cyc l e  avE r ag i ng .  The  i nd i v i dua l  va r i a t i on  i n  a  s i mu l a t ed  f oe t a l  

shape,  and  cyc l e - t c - cyc l e  i n t e r va l s ,  can  be  r e t a i ned .  In  a  r ea l  s i t ua t i on ,  

the t echn i que  o f  t i t re-Si equence  adap t i ve  f i l t e r i ng  w i l l  no t  be  e f f ec t i ve  

un l ess  t he  f oe t e l  EEG  can  be  i den t i f i ed  and  the  con t r o l  vec t o r  se t  

accord i ng l y .
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6 . 3 . 2  T i me - sequence  adap t i ve  f i l t e r  app l i ed  to  cyc l o - s t ochaa t i c  

pe r t u r ba t i on

The  p r eva l ence  o f  hea r t  d i sease  i n  our  soc i e t y  has  emphas i sed  the  

i mpor t ance  o f  ea r l y  i den t i f i ca t i on  (Pr asad  e t  a l . ,  1970 ;  Gup t a ,  1980) .  

A d i agnos t i c  t echn i que  u l t h  a  louj  r i sk  i s  o f  obv i ous  advan t age  ove r  

the  p r esen t l y  ava i l ab l e  d i agnos t i c  t echn i ques  wh i ch  have  ce r t a i n  

l i m i t a t i ons  and  a r e  I napp r op r i a t e  f or  de t ec t i ng  hea r t  d i sease  i n  i t s  

ea r l y  s t ages .

Th i s  sec t i on  dea l s  w i t h  a  f u r t he r  app l i ca t i on  o f  t i me - sequence  

adap t i ve  f i l t e r i ng  f o r  ex t r ac t i on  and  de t ec t i on  o f  t he  abno r ma l  even t s  

w i t h i n  t he  e l ec t r oca r d i og r am .  These  abnorma l  even t s  gene r a l l y  occu r  

w i t h i n  t he  QRS  comp l ex  and  a r e  i nd i ca t i ve  o f  ca rd i ac  musc l e  damage .

The  s t udy  o f  t h i s  app l i ca t i on  was  conduc t ed  on  s i mu l a t ed  da t a  i n  wh i ch  

two s i mu l a t ed  EGG ' s  w i t h  d i f f e r en t  no i se  l eve l s  we r e  used .  Sma l l  

s i gna l s  we r e  i n t r oduced  w i t h i n  t he  QRS  comp l ex  to  r ep r esen t  t he  

abnorma l i t y  due  to  cyc l o - s t ochas t i c  pe r t u rba t i on .  Adap t i ve  f i l t e r i ng  

was  app l i ed  i n  t he  t i me - sequence  mode  to  de t ec t  t hese  even t s .

Resu l t s  dep i c t ed  i n  f i gu r e  6 . 2A  i l l us t r a t e  t he  ou t pu t  o f  TSAF  a f t e r  

conve rgence .  The  r esu l t s  sugges t  t ha t  t he  TSAF  t echn i que  wou l d  be  a  

va l uab l e  d i agnos t i c  t oo l  f o r  t he  de t ec t i on  o f  such  d i so rde r s .

Cur r en t l y  no  o t he r  t echn i que  l a  ava i l ab l e  t ha t  e f f ec t i ve l y  de t ec t s  

such  pe r t u r ba t i ons ,  excep t  f r om  P ISA  ( phase - i nva r i an t  s i gna t u r e  

a l gor i t hm)  ave r ag i ng .  The  l i m i t a t i on  o f  t he  P ISA  t echn i que  due  t o  

a r t i f ac t  has  been  demons t r a t ed  i n  sec t i on  6 . 2 . A.
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(a)

(b)

f

- - - - - - - - - - - i,- - - - - - - - - - - - - - - - - - - - K- - - - - - - - - - - - - - - - - - - - - K- - - - - - - - - -

(c)

( d )

( e )

F i gur e  6 . 2k  (a)  and  (b)  I npu t s  to  t i me - sequence  adap t i ve  f i l t e r
(c)  S i mu l a t ed  pe r t u rba t i on  i n  (a)  and  ( b ) *
(d)  Con t r o l  vec t or
(e)  Ou t pu t  o f  t i me - sequence  adap t i ve  f i l t e r  

*( c )  amp l i f i ed  100  t i mes .
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Th i s  chap t e r  has  been  conce r ned  p r i ma r i l y  w i t h  a  r ev i ew  o f  t he  

app l i ca t i on  o f  adap t i ve  and  t i me - sequence  adap t i ve  f i l t e r s  to  some  

p r ev i ous l y  r ecogn i sed  p r ob l ems ,  t oge t he r  w i t h  two  new  app l i ca t i ons .

One  i s  f or  t he  ex t r ac t i on  o f  ske l e t a l  musc l e  no i se  f rom  e xe r c i se  ECG ' s  

by  use  o f  t wo  ches t  l eads ,  and  t he  app l i ca t i on  o f  an  adap t i v e  s i gna l  

enhance r  and  the  second  f o r  t he  de t ec t i on  o f  cyc l o - s t ochas t i c  

pe r t u rba t i ons .

A l t hough  the  t i me - sequence  adap t i v e  f i l t e r  i s  on l y  an  e x t ens i on  o f  t he  

adap t i ve  f i l t e r  p r i nc i p l e ,  i t  ha s  pa r t i cu l a r  advan t ages  f o r  t he  

app l i ca t i on  cons i de r ed .  Howeve r ,  f o r  op t i ma l  es t i ma t i on  o f  a  

non - s t a t i ona r y  s i gna l  hav i ng  a  r ecu r r i ng  s t a t i s t i ca l  cha r ac t e r ,  

know l edge  i s  r equ i r ed  o f  t he  t i me  o f  occu r ence  o f  t he  r ecu r r i ng  

s i gna l ,  i n  o r de r  f o r  t he  f i l t e r  to  sw i t ch  be t ween  we i gh t  vec t o r s .  IMo 

o t he r  a  p r i o r i  know l ege  i s  r equ i r ed .

A w i de  r ange  o f  cond i t i ons  we r e  exam i ned  and  encompassed  h i gh  and  l ow  

co r r e l a t i ons  be t ween  t he  no i se  r ecords .  The  r esu l t s  o f  t he  s t udy  

con f i r m  t he  supe r i o r i t y  o f  TSAF  cance l l a t i on  i n  t he  cases  p r esen t ed ,  

compa r ed  to  t he  bas i c  AF .  Th i s  advan t age  i s  mos t  s i gn i f i can t  when  t he  

cohe r ence  and  SMR  a r e  h i gh .

The  r esu l t s  p r esen t ed  i n  t h i s  chap t e r  a l so  show  t he  spa t i a l  use  o f  

t i me - sequence  AF  wh i ch ,  i n  compa r i son  w i t h  t he  conven t i ona l  LMS  

me t hod ,  y i e l ds  l ess  d i s t o r t i on  and  be t t e r  S / N  pe r f o rmance .

6. i* Conc l us i ons
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7.1 I n t r oduc t i on

In p r ev i ous  chap t e r s ,  t he  case  f o r  us i ng  adp t i ve  f i l t e r s  f or  

enhancemen t  o f  t he  ECG  s i gna l  de r i ved  f rom  a  sub j ec t  i n  t he  r es t i ng  

s t a t e  has  been  p r esen t ed ,  u i t h  pa r t i cu l a r  a t t en t i on  to  t he  use  o f  

t i me - sequence  adap t i ve  f i l t e r s  i n  t he  f o rm  o f  channe l  enhance r s .  In  

th i s  chap t e r  a  f u l l  s t udy  o f  t hese  t echn i ques ,  app l i ed  to  exe r c i se  ECG 

tes ts ,  i s  p r esen t ed .

The  ECG  i s  an  i n t egr a l  pa r t  o f  exe r c i se  t es t i ng  i n  wh i ch  t he  ab j ec t i ve  

is  t he  assessmen t  o f  t he  f unc t i ona l  e f f i c i ency  o f  t he  hea r t  and  

c i r cu l a t i on .  Con t i nuous  r eco r d i ng  du r i ng  exe r c i se  i s  essen t i a l  bo t h  

for  sa f e t y  and  f o r  t he  r ecogn i t i on  o f  changes  t ha t  cou l d  o t he r w i se  be  

m i ssed  i f  ECG ' s  we r e  ob t a i ned  on  a  samp l e  bas i s  t h r oughou t  t he  

exe r c i se  pe r i od .  Us i ng  t he  ECG,  va r i ous  i nd i ces  may  be  de r i ved  t ha t  

can be  r e l a t ed  to  f unc t i ona l i t y .  Ua r l ous  f ea t u r es  and  f ac t o r s  such  as  

ST segmen t ed  va r i a t i ons ,  QU / QT  r a t i o ,  changes  i n  T -wave  mo r pho l ogy  and  

va r i a t i ons  i n  TU segmen t  and  U-wave  mo r pho l ogy  p r ov i de  c l i n i ca l  

i n f orma t i on  t ha t  f o rms  pa r t  o f  t he  f unc t i ona l  assessmen t  (Gup t a  & 

Prasad ,  1980 ;  Jou r nee  &  Manen ,  198̂ *;  Goovae t s  e t  a l . ,  1978) .

Wh i l s t  ca r e f u l  p r epa r a t i on  f o r  ECG  r eco r d i ng  i s  manda t o r y  i n  exe r c i se  

t es t i ng ,  musc l e  ac t i v i t y  du r i ng  exe r c i se  may  y i e l d  su f f i c i en t  no i se  

tha t  i mpor t an t  f ea t u r es  o f  t he  ECG become  obscu r ed .  Adap t i ve

Chap t e r  seven :  App l i ca t i on  o f  adap t i ve  f i l t e r s  I n  exe r c i se

e l ec t r oca r d i og r aphy
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The  p r esence  o f  no i se ,  a r t e f ac t s  and  ba se l i ne  va r i a t i ons  a r e  t he  ma i n  

causes  o f  s i gna l  mask i ng  i n  exe r c i se  e l ec t roca r d i og r ams ,  and  ca r e  mus t  

be  t aken  to  m i n i m i se  t he  i n f l uence  o f  t he  no i se  componen t s  upon  the  

s i gna l .  The  t es t s  we r e  ca r r i ed  ou t  w i t h  da t a  r eco rded  dur i ng :

(a)  b i cyc l e  e r gome t e r  t ea t s  and ,

(b)  t he  Mas t e r  S t ep  t es t s .

These  t echn i ques  a r e  adequa t e l y  desc r i bed  e l sewhe r e  (Rau t aha r j u ,  1965 ;  

Thakor ,  1978 ;  W i n t e r ,  1966 ,  1969 ;  Wo r t hu i s  e t  a l . , 1979) .  Adap t i ve  

f i l t e r i ng  was  used  f o r  t he  ex t r ac t i on  o f  t he  no i se  componen t s  p r oduced  

by  exe r c i se  t es t  and  t he  base - l i ne  va r i a t i ons .

In t h i s  sec t i on  two  se t s  o f  expe r i men t s  a r e  r epor t ed ,  based  upon  

r ecord i ngs  ob t a i ned  f r om  a  g roup  o f  pa t i en t s  i n  wh i ch  two  b i po l a r  l e ad  

con f i gu r a t i ons  we r e  used .  One  se t  i nvo l ved  r eco rd i ngs  f rom  t he  

conven t i ona l  U l eads  sys t em  i n  wh i ch  \ l̂  and  \ Î  we r e  t aken .  The  

second  se t  o f  r eco r d i ngs  was  ob t a i ned  us i ng  t he  ches t  l eads  i n  wh i ch  

one  o f  t he  e l ec t r odes  was  p l aced  i n  t he  f r on t a l  p l ane  and  pos i t i oned  

in m i d - c l av i cu l a r  l i ne  a t  t he  l eve l  o f  t he  10 th  r i b ,  wh i l e  t he  o t he r  

was  pos i t i oned  on  t he  m i d - c l av i cu l a r  l i ne  a t  t he  l eve l  o f  t he  f i r s t  

i n t e r cos t a l  apace .

7 .2  Types  o f  no i se  p r es en t  i n  exe r c i se  e l ec t r oca r d i og r ams
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A p r ob l em  may  a r i se  when  adap t i ve  f i l t e r i ng  t echn i ques  a r e  app l i ed  to  

exe r c i se  EGG da t a  ob t a i ned  i n  t he  p r esence  o f  base - l i ne  va r i a t i on .

The  va r i a t i ons  a r e  ma i n l y  due  to  t he  p r esence  o f  t he  e l ec t r ode  

movemen t  and  r esp i r a t i on  e f f ec t s ,  bo t h  o f  wh i ch  can  a f f ec t  f i l t e r  

pe r f o rmance .  The  moa t  p r om i nen t  ba se - l i ne  va r i a t i on  i s  a  pe r i od i c  

va r i a t i on  due  to  r esp i r a t i on  ( Fe r r a r a  & U i drow ,  1981)  and  i n  app l y i ng  

conven t i ona l  s i gna l  ave r ag i ng  t he  s i gna l  de r i ved  can  be  seve r e l y  

d i s t o r t ed .

S i nce  adap t i ve  f i l t e r i ng  o f  t he  Ex e r c i s e  EGG  i s  r es t r i c t ed  t o  a  

spec i f i c  l eng t h  o f  r ecord ,  t he  r emov a l  o f  t he  dc  and  l ow  f r equency  

componen t s  i s  an  i mpor t an t  p r e - r equ i s i t e  to  app l y i ng  t he  adap t i ve  

f i l t e r .  Th i s  i s  no t  poss i b l e  i f  con t i nuous  f i l t e r i ng  has  to  be  

pe r f o r med .

Seve r a l  me t hods  have  been  cons i de r ed  i n  t h i s  s t udy  to  r emove  t he  DC  

and base - l i ne  f l uc t ua t i ons ,  one  o f  wh i ch  i nvo l ves  t he i r  r emova l  f r om  

cyc l e - t o - cyc l e  o f  t he  da t a  r ecord .  Th i s  was  done  by  us i ng  f i ve  second  

da t a  segmen t s ,  and  r esu l t ed  i n  much  sma l l e r  base - l i ne  f l uc t ua t i ons .

F i gur es  7 . 1  and  7 . 2  show  t he  I n f l uence  o f  DC and  base - l i ne  

f l uc t ua t i ons  t h r ough  success i ve  cyc l e  segmen t s  o f  t he  da t a  r eco rd .  In  

pe r f o r m i ng  t he  expe r i men t a l  wor k ,  some  d i f f i cu l t i es  we r e  encoun t e r ed  

in app l y i ng  t he  above  me t hod .  By  p r ocess i ng  each  cyc l e  i ndependen t l y  

d i scon t i nu i t i es  occu r  a t  t he  bounda r i e s  and  t h i s  me t hod  i s  t he r e f o r e

7 .3  The  e f f ec t  o f  t he  base - l i ne  va r i a t i on
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•-out da ta

i|

H i gh  pass Adap t i ve
f i l t e r f i l t e r

Ou t pu t  da t a

(a)

( b )

i jure 7. i*(a)  A  b l ock  d i ag r am  o f  a  h i gh  pass  f i l t e r  p r i o r  to  an  adap t i ve  
f i l t e r  i n  o r de r  to  r emove  t he  dc  d r i f t

(b)  Magn i t ude  r espons e  cha r ac t e r i s t i cs  o f  a  r ecu r s i ve  d i g i t a l  
h i gh  pass  f i l t e r

i!l
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7 .4  App l i ca t i on  o f  adap t i ve  f i l t e r s  t o  exe r c i se  EGG  us i ng  a  b i po l a r  

l e ad  con f i gu r a t i on

Many  p r ob l ems  ma y  be  encoun t e r ed  i n  r eco r d i ng  exe r c i se  

e l ec t r oca r d i og r ams  (W i n t e r ,  196S) .  They  i nc l ude  t he  cho i ce  o f  s t r ess  

tes t ,  movemen t  o f  t he  sub j ec t ,  t he  cho i ce  o f  e l ec t rodes ,  cho i ce  o f  

l ead  con f i gu r a t i on  and  t he  l i m i t a t i on  o f  t he  t echn i que  and  p r ocess i ng  

sys t ems .  Ar t e f ac t s  and  I n t e r f e r ence  can ,  to  some  ex t en t ,  be  r educed  

by  momen t a r y  cessa t i on  o f  t he  ex e r c i se  wh i l s t  the  r eco rd i ng  i s  

ob t a i ned  (Thakor ,  1978) .  A l t hough  t he  cho i ce  o f  e l ec t r odes  and  l ead  

sys t ems  f or  exe r c i se  e l ec t r oca r d i og r aphy  have  been  i nves t i ga t ed  by  

o t he r s  (Webs t e r ,  1977 ;  Thako r  & Webs t e r ,  1980) ,  i t  was  cons i de r ed  

necessa r y  to  r e - exam i ne  t hese  cho i ces  i n  cons i de r i ng  the  app l i ca t i on  

of  adap t i ve  f i l t e r i ng .

By  us i ng  a  non - conven t l ona l  l ead  con f i gu r a t i on  such  as  p r esen t ed  i n  

f i gur e  7 .7 ,  t he  s i gna l s  deve l oped  be t ween  any  two  pa i r s  o f  e l ec t r odes  

may  be  r ega rded  as  a l mos t  I den t i ca l .  Howeve r ,  the  no i se  a r i s i ng  a t  

each  o f  t hese  e l ec t r ode  pa i r s  can  be  f ound  to  be  l a r ge l y  uncor r e l a t ed ,  

depend i ng  upon  t he  d i s t ance  o f  sepa r a t i on  be t ween  e l ec t r ode  pa i r s .

For  t he  exe r c i se  s t udy ,  t he  f i r s t  pa i r  o f  e l ec t rodes  was  p l aced  i n  the  

m i d - c l av i cu l a r  l i ne  a t  t he  l eve l  o f  t he  f i r s t  I n t e r cos t a l  apace  and  

the  second  pa i r  p l aced  a t  t he  pos i t i ons  o f  t he  10 th  r i b ,  as  shown  i n  

f i gure  7 . 7 .  The  r eco r d i ngs  ob t a i ned  f rom  t hese  two  l ead  

con f i gu r a t i ons  we r e  d i g i t i sed  and  en t e r ed  d i r ec t l y  i n t o  a  compu t e r  

memor y  f o r  ana l ys i s .  The  sub j ec t s  we r e ,  i n  each  case ,  asked  to  

exe r c i se  f or  exac t l y  t he  same  pe r i od  o f  t i me  as  t ha t  s t i pu l a t ed  i n  t he

216





Af t e r  r eco r d i ng  t he  da t a ,  t he  ba se - l i ne  va r i a t i ons  we r e  r emoved  and  

t hr ee  t ypes  o f  adap t i ve  f i l t e r i ng  we r e  app l i ed ,  i n  o r de r  to  enhance  

the  EGG s i gna l  above  t he  no i se .  The  expe r i men t s  we r e  conduc t ed  s i mp l y  

to es t ab l i sh  t he  ab i l i t y  and  behav i ou r  o f  t he  adap t i ve  f i l t e r  

t echn i que  w i t h  r ega rd  to  t he  enhancemen t  o f  t he  s i gna l  i n  t he  ve r y  

no i sy  cond i t i ons  p r oduced  by  musc l e  ac t i v i t y  du r i ng  exe r c i se .

The  r esu l t s  ob t a i ned  showed  a  subs t an t i a l  r educ t i on  o f  no i s e  f o r  a l l  

t hree  t ypes  o f  adap t i ve  f i l t e r  and  p r ov i ded  an  EGG  r e co r d i ng  i n  wh i ch  

unde r l y i ng  ca r d i ac  abno rma l i t i es  cou l d  be  mo r e  r ead i l y  r ecogn i sed .  

Compa r i sons  w i t h  p r ocessed  ECG ' s  f r om  no r ma l  hea l t hy  sub j ec t s  

i nd i ca t ed  t ha t  t he  t echn i que  was  no t  i n t r oduc i ng  a r t e f a c t s  t ha t  cou l d  

� be  m i s t ak en  f o r  ca r d i ac  abno r ma l i t i es .  The  I mp rovemen t  o f  

s i gna l - t o - no i se  r a t i o  o f  t he  m i n i ma l  t i me  sequence  adap t i v e  f i l t e r  

appea r ed  to  be  much  h i ghe r  t han  t he  t i me - sequence  adap t i ve  f i l t e r  and  

the  adap t i ve  channe l  enhance r .  Howe v e r  some  s i gna l  d i s t o r t i on  was  

obse r ved .

exe r c i se  pr agr amne ,  to  a  s t a t e  whe r e  t hey  cou l d  sa f e l y  do  no  mor e .

Three  se t s  o f  r esu l t s  a r e  p r esen t ed  i n  t h i s  sec t i on ,  f o r  t he  t h r ee  

t ypes  o f  f i l t e r i ng  cons i de r ed .  These  a r e :

( i )  when  t he  sub j ec t  was  a t  r es t ,

( i i )  when  t he  sub j ec t  was  exe r c i s i ng  unde r  t he  l oad  o f  75l i i ,  and  

( i l l )  when  t he  sub j ec t  was  exe r c i s i ng  unde r  t he  l oad  o f  ISOl i ) .

The  l oad i ngs  a r e  r ep r esen t a t i ve  o f  t hose  i mposed  du r i ng  exe r c i se  

t es t i ng  and  t he  h i ghe r  t he  l oad ,  t he  mo r e  no i se  due  to  mus c l e  ac t i v i t y



was  encoun t e r ed .  The  EGG  s i gna l  hoiuev/er  appea r s  t o  exh i b i t  l i t t l e  changE:  

i r  magn i t ude  w i t h  r espec t  t o  l oad i ng .  F i gu r es  7 . 8  -  7 . 17  show  t he  se l ec t ed  

resu l t s  o f  t he  22  pa t i en t s  i nves t i ga t ed  us i ng  t he  adap t i ve  f i l t e r  

t echn i que .  The  numbe r  o f  we i gh t s  was  chosen  to  be  and  t he  conve rgence  

fac tor  � . � � 1  f or  a l l  t he  da t a  used .

From the  r esu l t s  o f  t h i s  ana l ys i s  i t  i s  qu i t e  appa r en t  t ha t  d i s t i nc t  

imp i cvE inents  can  be  made  i n  t he  r educ t i on  o f  no i se  by  adap t i ve  f i l t e r i ng .  

I mprovemen t s  i n  t he  s i gna l - t o - no i se  r a t i o  o f  t he  exe r c i s e  EGG  can  be  

ach i eved  us i ng  rea l - t i iTie  t e chn i que  o f  adap t i ve  f i l t e r i ng .  Th i s  t echn i que  

can a l so  r e t a i n  i n f o r ma t i on  on  a  cyc l e - t c - cyc l e  bas i s .
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F i gure  7 . 8 The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  to  r emove  do  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i v e  t echn i que  to  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shouis:

(a )  t he  two  r eco r ded  channe l  nec ess a r y  f o r  adap t i ve  f i l t e r  
to  pe r f o rm ,  t he  conve r gence  f ac t o r  was  D . 0Q1 ,  and  i t  

was  6k  we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  adap t i ve  f i l t e r  
f o r  U.  l ead
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F igure  7 . 9  The  r esu l t  o f  app l y i ng  h i gh  pa ss  f i l t e r  to  r emsue  dc  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i ve  t echn i que  to  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shows :

(a)  t he  t wo  r eco r ded  channe l s  necess a r y  f o r  adap t i ve  f i l t e r  
t o  pe r f orm ,  t he  conve r gence  f ac t o r  was  0 . 001 ,  and  i t  

wa s  5i f  we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  adap t i ve  f i l t e r  
f o r  l ead

V
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F i gur e  7 . 10  The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  t o  r emove  do  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  the  adap t i ve  t echn i que  to  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shows :

( a )  t he  t wo  r eco rded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  
to  pe r f o rm ,  t he  conv e r gence  f ac t o r  was  0 . 001  and  i t  was  

6k  we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  adap t i ve  f i l t e r  
f or  U.  l ead
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(b)

F i gure  7 . 11  The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  to  r emoue  dc  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  the  adap t i ve  t echn i que  to  r emove  
the  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shows :

(a)  t he  t wo  r eco rded  channe l s  necessa r y  f o r  adap t i v e  f i l t e r  to 
pe r f o rm ,  t he  conve r gence  f ac t o r  was  0 . 001  and  i t  was
6k  we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  adap t i ve  f i l t e r  
f o r  \]̂  l ead
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F i gure  7 . 12  The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  to  r emove  do  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  the  adap t i ve  t echn i que  t o  r emove  
t he  ske l e t a l  mus c l e  ac t i v i t y ,  t he  f i gu r e  shows :

(a)  t he  t wo  r eco r ded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  to  
pe r f o rm ,  t he  conve r gence  f ac t o r  was  � . � � 1  and  i t  was
6k  we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  t o  adap t i ve  f i l t e r  
f o r  l ead
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F igure  7 . 13  The  r e su l t  o f  app l y i ng  h i gh  pa s s  f i l t e r  to  r emove  do  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i ve  t e chn i que  to  r emove  
the  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shows :

(a)  t he  t wo  r eco r ded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  to 
pe r f o r m ,  t he  conve r gence  f ac t o r  was  � . � � 1  and  i t  was
5i* we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  adap t i ve  f i l t e r  
f o r  l ead

225



( a )

£5!

— ^ — ' - - — - - - ----------------------------------- — ' - ' — ---------------------------------------
(b)

F i gure  ^ . ^U  The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  to  r emove  dc  and  base l i ne  
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i ve  t echn i que  to  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shoi j js:

(a)  t he  t wo  r eco r ded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  t o  
ppr f orm ,  t he  conve r gence  f ac t o r  was  � . � 01  and  i t  was
Eik we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  t o  t he  adap t i ve  f i l t e r  
f o r  the  \1. l ead
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(b)

F i gure  7 . 15  The  r esu l t  o f  app l y i ng  h i gh  pass  f i l t e r  to  r emove  do  base l i ne
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i ve  t echn i que  t o  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  shouis:

(a )  t he  t ixi  r eco r ded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  to 
pe r f o rm ,  t he  conv e r gence  f ac t o r  uias 0 . 001  and  i t  uas

we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  to  t he  adap t i v e  f i l t e r  
f o r  t he





r

LdmhLLh^

(a )

(b)

F i gur e  7 . 17  The  r esu l t  o f  app l y i ng  h i gh  pa s s  f i l t e r  t o  r emove  do  base l i ne
f l uc t ua t i ons  and  t hen  app l y i ng  t he  adap t i ve  t echn i que  to  r emove  
t he  ske l e t a l  musc l e  ac t i v i t y ,  t he  f i gu r e  above  shous :

(a )  t he  t wo  r eco r ded  channe l s  necessa r y  f o r  adap t i ve  f i l t e r  to  
pe r f o rm ,  t he  conve r gence  f ac t o r  uas  � . � � 1  and  i t  ujas &U  
we i gh t  coe f f i c i en t s

(b)  t he  r esu l t  o f  h i gh  pass  f i l t e r  p r i o r  t o  t he  adap t i v e  f i l t e r  
f o r  t he  V.  l ead
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7.5 Adap t i ve  f i l t e r  app l i ed  t o  t he  U- l ead  da t a

Hav i ng  deve l oped  t he  t echn i que  f o r  b i po l a r  l eads  and  exam i ned  t he  

pe r f o rmance  f o r  da t a  ob t a i ned  f r om  hea l t hy  sub j ec t s ,  a t t en t i on  uias 

d i r ec t ed  t o  da t a  ob t a i ned  f rom  t he  exe r c i se  t es t  c l i n i c .  Da t a  was  

r ecorded  f r om  22  pa t i en t s  va r y i ng  i n  age  be t ween  3D  -  56  yea r s .  The  

ob j ec t i ve  was  to  adap t i ve l y  f i l t e r  t he  exe r c i se  ECG ' s  and  r evea l  

abno rma l i t i es  t ha t  wou l d  o t he r w i s e  be  obscu r ed  by  no i se .  Sane  o f  t he  

pa t i en t s  exh i b i t ed  a  no r ma l  ECG,  bu t  t he  ma j o r i t y  o f  t he  r eco rd i ngs  

i nd i ca t ed  t he  ex i s t ence  o f  a  ca r d i a c  abnorma l i t y .

The  da t a  wa s  co l l ec t ed  f rom  t he  pa t i en t s  us i ng  a  U- l ead  con f i gu r a t i on  

(Û  -  Ug) ,  bu t  t he  channe l  r eco r d i ngs  we r e  t aken  f rom  on l y  two  l eads ,  

l ead U^ and  l ead  U^.  Th i s  was  cons i de r ed  adequa t e  to  t es t  t he  

t echn i que .  The  r eco r d i ng  p r ocedu r e  and  the  p r epa r a t i on  o f  pa t i en t s  

were  ca r r i ed  ou t  i n  a  conv en t i ona l  manne r .

The exe r c i se  p r og r amme  was  conduc t ed  us i ng  a  b i cyc l e  e r gome t e r  w i t h  

the  p r ov i s i on  o f  2-A  s t ages  o f  l oad i ng .  The  pa t i en t s  we r e  asked  to  

pedd l e  f o r  t h r ee  m i nu t e s  unde r  t he  s t a r t i ng  l oad  o f  75U,  t hen  t he  l oad  

was  i nc r eased  to  IDDIJ,  15DUI ,  2DDIU f o r  t h r ee  m i nu t es  each .  Reco rd i ngs  

were  ob t a i ned  f o r  each  l oad  and  a  r es t  o f  5 m i nu t es  was  a l l owed  

be tween  l oad i ngs .  The  r eco r d i ngs  we r e  o f  one  m i nu t e  du r a t i on  and  the  

da t a  was  r eco r ded  on t o  magne t i c  t ape  us i ng  an  FM  t ape  r eco rde r  

( spec i f i ca t i on  i n  A m e x  0) .  The  da t a  was  p l ayed  back  f or  t he  

app l i ca t i on  o f  t he  adap t i ve  f i l t e r i ng  t echn i ques .  A f t e r  t he  r emova l  

of  the  DC base - l i ne ,  va r i a t i ons  i n  t he  da t a  we r e  sub j ec t ed  to  the
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t hree  t ypes  o f  adap t i ve  f i l t e r i ng  desc r i bed  i n  sec t i on  T . U.

Ana l ys i ng  t he  r esu l t s  ob t a i ned  f rom  t he  da t a ,  i t  uas  f ound  t ha t  

adap t i ve  f i l t e r s  p rov i de  an  e f f ec t i ve  means  o f  ach i ev i ng  no i se  

r educ t i on  and  a l l ou j ed t he  i den t i f i ca t i on  o f  ECG  abno r ma l i t i es  

o t he rw i se  obscu r ed .  F rom  t he  r esu l t s  dep i c t ed  i n  f i gu r es  7 . 8  -  7 . 17  

i t  can  be  seen  t ha t  t he  adap t i ve  f i l t e r  exh i b i t s  t he  bes t  pe r f o r mance  

i n  t e rms  o f  no i se  r educ t i on  and  m i n i m i s a t i on  o f  d i s t o r t i on ,  w i t h  a  

s i gna l - t o - no i se  i mp rovemen t  o f  8 . 6d0 ' s .

In exam i n i ng  o t he r  t echn i ques  f o r  ex t r ac t i ng  no i s e  f rom  exe r c i se  

ECG' s ,  i t  was  f ound  f rom  t he  r esu l t s  i n  f i gu r es  7 . 18  -  7 . 20 ,  t ha t  an  

i mp rovemen t  i n  t he  s i gna l - t o - no i se  r a t i o  can  be  ach i ev ed  by  us i ng  

s i gna l  ave r ag i ng  bu t  p r even t s  i den t i f i ca t i on  o f  bea t - t o - bea t  changes .  

The  t i me - va r y i ng  f i l t e r  exh i b i t ed  a  s i gn i f i can t  i mp r ovemen t  i n  t he  

s i gna l - t o -no i se  r a t i o  (5 . 5dB) ,  bu t  t h i s  t echn i que  a l so  exh i b i t ed  l oss  

i n  s i gna l - t o - no i se  i n f o rma t i on ,  as  i n  t he  a v e r ag i ng  p rocess .
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7.6 SuTtmary  and  conc l us i on

Cl

As  I nd i ca t ed  i n  chap t e r  tuo ,  a  numbe r  o f  s i mp l e  p r ecau t i ons  have  to  be  

t aken  i n  o rde r  to  ach i e ve  good  EGG  r eco rd i ngs ,  espec i a l l y  du r i ng  

exe rc i se  t es t i ng .  These  f ac t o r s  i nc l ude :

( i )  e l ec t r ode - sk i n  p r epa r a t i on

( i i )  cho i ce  o f  e l ec t r ode

( i i i )  cho i ce  o f  l ead  sys t em

( i v)  t ype  o f  exe r c i se  t es t

(v)  poss i b l e  sour ces  o f  i n t e r f e r ence .

<

r

j

In t h i s  chap t e r  t he  r esu l t s  f o r  t he  r emova l  o f  t he  base - l i ne  

va r i a t i ons  have  been  p r esen t ed .  The  p r esence  o f  t hese  va r i a t i ons  

dr ama t i ca l l y  degr ade  t he  e f f ec t i v eness  o f  t he  adap t i ve  f i l t e r .  The  

resu l t s  ob t a i ned  a f t e r  cond i t i on i ng  f o r  base - l i ne  va r i a t i ons  sugge s t  

tha t  o f  t he  t echn i ques  emp l oyed  and  cha r ac t e r i s t i c s  chosen  ( i . e .  

parame t e r ,  numbe r  o f  coe f f i c i en t s ,  conve r gence  f ac t o r  u) ,  t he  adap t i v e  

f i l t e r i ng  t echn i que  p r ov i des  be t t e r  ab j ec t i v e  r esu l t s  t han  t he  o t he r  

forms  o f  f i l t e r  men t i oned  i n  chap t e r  t hr ee .

c
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Chapt er  E i gh t :  Compa r i son  o f  adapt l v / e  f i l t e r i ng  t echn i ques  

8.1 I n t r oduc t i on

In p r ev i ous  chap t e r s  t he  app l i c a t i on  o f  f i l t e r i ng  t echn i ques  f o r  t he  

r educ t i on  o f  t he  no i se  and  a r t e f ac t  t ha t  co r rup t  t he  ECG  s i gna l ,  

espec i a l l y  du r i ng  exe r c i se  t es t i ng ,  have  been  s t ud i ed  and  r esu l t s  

pr esen t ed .  In  t h i s  chap t e r  a  comp l e t e  exam i na t i on  o f  t he  spec t r a l  

occupancy  o f  no i se  and  s i gna l  i s  p r esen t ed  t oge t he r  w i t h  t he i r  use  i n  

the  cho i ce  o f  adap t i ve  f i l t e r i ng  f o r  pa r t i cu l a r  app l i ca t i ons .

The  advan t ages  wh i ch  can  be  ga i ned  by  us i ng  adap t i ve  f i l t e r i ng  have  

a l ready  been  desc r i bed .  I t  was  shown  i n  Chap t e r  t h r ee  t ha t  many  

f i l t e r i ng  t echn i ques  and  s i gna l  av e r ag i ng  f or  t he  r aw  da t a  a re  t he  

mos t  common  s i gna l  p r ocess i ng  me t hods  app l i ed .  These  ach i eve  no i se  

and  a r t e f a c t  r educ t i on  by  r emov i ng  f r equency  componen t s  wh i ch  l i e  

ou t s i de  t he  s i gna l  bandw i d t h ,  bu t  a l so  r educes  componen t s  t ha t  ove r l ap  

w i th  t he  s i gna l  componen t s .  I t  i s  i n  t h i s  l a t t e r  r espe c t  t ha t  t hese  

pr ev i ous  me t hods  a r e  o f  l i m i t ed  use .

In t h i s  chap t e r  expe r i men t a l  wor k  i s  desc r i bed  wh i ch  es t ab l i shes  t he  

manne r  i n  wh i ch  adap t i ve  f i l t e r s  may  be  bes t  app l i ed  f o r  ECG 

cond i t i on i ng ,  i n  o r de r  to  ach i eve  i mp r ovemen t  i n  s i gna l - t o - no i se  r a t i o  

w i th  t he  m i n i mum  o f  d i s t o r t i on .  The  amoun t s  o f  d i s t o r t i on  for  each  o f  

the  adap t i ve  f i l t e r s  exam i ned  a r e  a l so  pr esen t ed .
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8.2 Spec t r a l  ana l ys i s  o f  t he  e l ec t r oca r d i og r am

Spec t r a l  ana l ys i s  p r ov i des  i n f o r ma t i on  abou t  t he  f r equency  con t en t  o f  

a pa r t i cu l a r  s i gna l .  The  r esu l t s  o f  spec t r a l  ana l ys i s  may  be  o f  use  

in e l ec t r oca r d i og r aphy  in ;

( i )  i n  dev i s i ng  and  us i ng  e f f i c i en t  p r ocess i ng  t echn i ques  tha t  u i l l  

r educe  i n t e r f e r ence  and  no i se ,  and

( i i )  i n  he l p i ng  to  dev i se  t echn i ques  t ha t  w i l l  i mprove  t he  d i agnos t i c  

capab i l i t i es  o f  t he  h i gh  f r equency  and  exe r c i se

e l ec t roca rd i ogr am .

Spec t r a l  ana l ys i s  usua l l y  r equ i r es  l ong  da t a  r eco rds  and  the  

s t a t i s t i ca l  p r ope r t y  o f  s t a t i ona r i t y . In  o r de r  to  accommoda t e  

non - s t a t i ona r i t y , da t a  was  pa r t i t i oned  i n t o  segmen t s  i n  wh i ch  

s t a t i ona r i t y  cou l d  be  cons i de r ed  t o  app l y .

m

Pr ev i ous  i nves t i ga t i ons  have  shown  t ha t  moa t  o f  t he  powe r  i n  t he  ECG 

s i gna l  l i es  be l ow  a  f r equency  o f  i tOHz ,  wh i l e  a  ve r y  sma l l  amoun t  o f  

power  has  been  measu r ed  i n  some  pa t i en t s  a t  f r equenc i es  up  to  500Hz  

(San t op i e t ro ,  1971 ;  Be r ba r i  e t  a l . ,  1976) .  Many  r esea r che r s  conc l uded  

tha t  t he  l ow  l eve l  ene r gy  a t  h i ghe r  f r equenc i es  was  no t  o f  c l i n i ca l  

i mpor t ance .  F i gu r e  8 . 1  shows  t he  spec t r um  f o r  ske l e t a l  musc l e  

ac t i v i t y  a t  f r equenc i es  above  100Hz ,  be t ween  ¿*0 and  60dB  be l ow  t he  

l eve l  o f  t he  peak  spec t r a l  componen t s  o f  t he  ECG  s i gna l .

To ob t a i n  the  spec t r a l  es t i ma t es  o f  t he  s i gna l  t he  au t o - spec t r a  o f  t he  

two channe l  r eco rds  f r om  t he  su r f ace  o f  t he  t he  body  we r e  de r i ved  

us i ng  t he  d i sc r e t e  Fou r i e r  t r ans f o r m  (DFT) .  The  c ross - spec t r a l
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(a)

(b)

(c)

(d)

Hz 500

�Igure 8.1 Shows  t he  r eco r d i ng  o f  c l ean  and  heav i l y  con t am i na t ed  ECG  
w i t h  ske l e t a l  musc l e ,  t he  f i gu r es  show :

(a)  ECG  w i t h  ske l e t a l  musc l e  ac t i v i t y

(b)  c l ean  ECG  on l y

(c)  musc l e  ac t i v i t y  on l y

(d)  t he  spec t r um  o f  t he  musc l e  ac t i v i t y  and  the  
spec t r um  o f  t he  ECG  on l y

ion

238



^  l \  r«.-v
es t i ma t es  we r e  a l so  compu t ed  f o r  t hese  ti i jo channe l s  t o  de t e rm i ne  t he  

cohe r ence  be t ween  t hem .  The  d i sc r e t e  Fou r i e r  t r ans f o r m  (DFT)  was  

ca l cu l a t ed  us i ng  t he  Fas t  Fou r i e r  T r ans f o rm  a l go r i t hm  ( FFT) .

Two ma j o r  l i m i t a t i ons  o f  FFT  spec t r a l  ana l ys i s  have  been  i den t i f i ed

(Levy  & L i nkens ,  19»* ;  L i nkens ,  1902) .

( i )  The  ex t en t  to  wh i ch  t he  Fou r i e r  T r ans f o rm  i s  a  l i m i t a t i on  on  

f r equency  r eso l u t i on .

( i i )  In us i ng  t he  FFT  ana l ys i s ,  w i ndow i ng  o f  t he  da t a  i s  i nhe r en t  i n  

the  me t hod .  Th i s  cause s  l eakage  wh i ch  g i ves  t he  i mp r ess i on  

tha t  ene r gy  i n  t he  ma i n  l obe  o f  t he  spec t r um  l e aks  i n t o  t he  

s i de  l obes ,  obscu r i ng  and  d i s t o r t i ng  t he  spec t r a l  s t ruc t ur e .

A f u l l  cos i ne  w i ndow  was  app l i ed  i n  o r de r  to  r educe  t he  e f f ec t  o f  

spec t r a l  l eakage .

In t h i s  s t udy  some  obse r va t i ons  we r e  made  on  t he  r eco rded ,  ana l ysed  

da t a  ob t a i ned  f r om  22  sub j ec t s .  The  r esu l t s  i nd i ca t ed  a  c l ea r  

d i f f e r ence  i n  t he  occupancy  o f  t he  spec t r a l  con t en t  o f  t he  

no i se / l n t e r f e r ence .  They  a l so  i nd i ca t e  a  sma l l  r ange  o f  va r i a t i on  f o r  

spec t r a l  con t en t  o f  t he  ECG  s i gna l s ,  de r i ved  f r om  t he  popu l a t i on  o f  

the  sub j ec t s  exam i ned .

The ma i n  ECG  s i gna l  powe r  occup i ed  t he  f r equency  r ange  0  -  00Hz  and  

the  no i se  powe r  was  AO -  60dB  be l ow  t he  ma i n  s i gna l  f o r  f r equenc i es  

over  100Hz .  The  r esu l t s  a l so  i nd i ca t ed  some  ove r l ap  be t ween  the  

spec t rum  o f  t he  no i se  and  spec t r um  o f  t he  s i gna l  espe c i a l l y  ove r  t he
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8,3 Cohe r ence  ana l ys i s

The cohe r ence  f unc t i on  uas  de r i ved  f o r  tuo  i mpo r t an t  r easons ;

( i )  i t  i nco r po r a t es  bo t h  t he  au t o -  and  c r os s - spec t r a l  i n f o r ma t i on  

o f  t he  s i gna l  and  no i se ,  and

( i i )  i t  p r ov i des  an  es t i ma t e  o f  t he  deg r ee  to  wh i ch  t he  two  channe l s  

co r r espond  i n  t he  f r equency  doma i n .

The cohe r ence  f unc t i on  was  de r i ved  us i ng  the  au t o -  and  c r oss - spec t r a l

es t i ma t es  acco r d i ng  t o  t he  exp r ess i on :

coherence  f unc t i on  _  Sxy ( f  
( spec t rum)

Sx ( f )Sy ( f )

Coherence  f unc t i on  i s  a  measu r e  o f  t he  spec t r a l  co r r esponence  be t ween  

two s i gna l s ,  p r esen t ed  as  a  pa r ame t e r ,  no r ma l i s ed  a t  each  f r equency  

i ndependen t l y  (Ro t h ,  1971) .

A cohe r ence  o f  un i t y  i nd i ca t es  t ha t  t he  s i gna l s  i n  two  channe l s  

cor r espond  pe r f e c t l y  i n  spec t r a l  t e rms  ove r  t he  f r equency  r ange  

cons i de r ed  wh i l s t  a  cohe r ence  o f  ze ro ,  i nd i ca t es  t ha t  t he  s i gna l  i n  

txi th channe l s  a r e  no t  r e l a t ed  a t  a l l .  I n t e r med i a t e  va l ues  be t ween  �  

and 1 i nd i ca t e  t he  deg r ee  to  wh i ch  t he  spec t r a l  con t en t s  compa r e  

(Benda t ,  1962 ,  196U) .  I n t e r med i a t e  va l ues  may  a r i s e  t hrough :

( i )  p r esence  o f  e x t r aneous  no i se ,

( i i )  a  non - l i nea r  p r oc e s s  r e l a t i ng  t he  two  sou r c e s  o f  s i gna l  ( and  

hence  i n t r oduc i ng  non - l i nea r i t y  r e l a t ed  componen t s ) ,  and

( i l l )  add i t i ona l  i npu t s .

The cohe r ence  f unc t i ons  compu t ed  f o r  t he  expe r i men t a l  da t a  shown  i n
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f i gures  0 . 2  -  8 . if c l ea r l y  i l l us t r a t e  t ha t  f r om  100  -  5Q0Hz  t he r e  i s  a  

l ack  o f  cohe r ence  be t ween  t he  two  channe l s ,  bu t  a t  l ow  f r equenc i es  

f rom �  -  100Hz  t he  cohe r ence  i s  1,  i nd i ca t i ng  a  100%  co r r espondence  

be tween  the  two  channe l s .

The cohe r ence  f unc t i ons  compu t ed  f or  s i gna l s  de r i ved  f rom  e l ec t r odes  

p l aced  as  shown  i n  f i gu r es  8 . 5  f o r  a  g i ven  va l ue  o f  sepa r a t i on ,  we r e  

found no t  to  d i f f e r  f o r  t he  f r equenc i es  be t ween  0  -  100Hz .  Howeve r ,  

they  do  exh i b i t  sma l l  va r i a t i ons  depend i ng  on  t he  d i s t ance  be t ween  t he  

e l ec t rodes ,  ove r  t he  r ange  100  -500Hz .  Th i s  can  be  seen  i n  f i gu r e  

8.6.  As  t he  d i s t ance  be t ween  e l ec t r odes  i s  r educed ,  so  t he  cohe r ence  

func t i ons  be t ween  t hem  t end  t o  1.  These  r esu l t s  sugges t  t he  use  o f  

coherence  as  t he  bas i s  f o r  se l ec t i ng  e l ec t r ode  p l acemen t  f o r  

pa r t i cu l a r  adap t i ve  f i l t e r i ng  p rocedur es .
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(a )

(b)

(c )

500Hz

9̂ure 8.E The  compa r i son  o f  t he  cohe r ence  f unc t i on  be t ween  t h r ee  r eco r ded  se t s  o f  
da t a ,  sepa r a t ed  by  Bern

(a)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  2  ( se t  1)

(b)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  3  ( se t  2)

(c)  t he  cohe r ence  f unc t i on  be t ween  channe l  2  and  channe l  3  ( se t  3)
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3̂ure S.3 The  compa r i son  o f  t he  cohe r ence  f unc t i on  be t ween  t h r ee  se t s  o f  
r eco r ded  da t a ,  sepa r a t ed  by  8cm .

(a)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  2  ( se t  1)

(b)  the  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  3  ( se t  2)

(c)  t he  cohe r ence  f unc t i on  be t ween  channe l  2  and  channe l  3  ( se t  3)
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(a)

(b)

(c)

9̂ure 8, i* The  con i par i sDn  o f  t he  cohe r ence  f unc t i on  be t ween  t h r ee  se t s  o f  
r ecorded  da t a ,  s epa r a t ed  by  6cm .

(a)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  2  ( se t  1)

(b)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  3  ( se t  2)

(c)  t he  cohe r ence  f unc t i on  be t ween  channe l  2  and  channe l  3  ( se t  3)
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'9ure 8.5 Thr ee  channe l s  a r e  r eco rded ,  e l e c t r odes  p l aced  as  shown .
The r e  i s  a  d i s t ance  o f  10mm  be t ween  each  pa i r  o f  e l ec t r odes .
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(a)

(b)

(c)

Sure 8.6 The  compa r i son  o f  t he  cohe r ence  f unc t i on  be t ween  t h r ee  se t s  of  
r ecor ded  da t a ,  sepa r a t ed  by  16cm .

(a)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  2  (se t  1)

(b)  t he  cohe r ence  f unc t i on  be t ween  channe l  1 and  channe l  3  (se t  2)
(c)  t he  cohe r ence  f unc t i on  be t ween  channe l  2  and  channe l  3  (se t  3)
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I
a. i* Cho i ce  o f  adap t i ve  f i l t e r

Th i s  sec t i on  dea l s  w i t h  t he  cho i ce  o f  a l go r i t hm  and  adap t i ve  f i l t e r  

t echn i que ,  based  upon  a  s t udy  o f  cha r a c t e r i s t i c s  o f  bo t h  s i gna l  and  

no i se  i n  t yp i ca l  su r f ace  e l e c t r oca r d i og r ams .  Many  a l go r i t hms  have  

been  de r i ved  and  i nves t i ga t ed  f o r  pa r t i cu l a r  app l i ca t i ons  (Nu t t a l ,  

1981) .  In  t h i s  s t udy  the  LMS  a l go r i t hm  was  se l ec t ed  f o r  i t s  s t ab i l i t y  

and ease  o f  use  and  f ound  to  be  qu i t e  adequa t e .

One  o f  t he  f ac t o r s  i n f l uenc i ng  t he  cho i c e  o f  adap t i ve  f i l t e r  i s  the  

na ture  o f  t he  s i gna l  I t se l f  and  t he  deg r e e  to  wh i ch  t he  s i gna l  i s  

s t a t i s t i ca l l y  s t a t i ona r y .  The  use  o f  LMS  a l go r i t hm  used  i n  t h i s  s t udy  

uas  f ound  adequa t e  to  acconnmoda t e  t he  s l ow  s t a t i s t i ca l  changes  o f  ECG  

s igna l .

The r esu l t s  p r esen t ed  i n  p r ev i ous  s e c t i ons  show  t ha t  a  s i gn i f i can t  

i mprovemen t  can  be  ob t a i ned  by  us i ng  t he  LMS  a l go r i t hm  and  an  

appropr i a t e  cho i ce  o f  adap t i ve  f i l t e r  con f i gu r a t i on .  To  ach i eve  

sa t i s f ac t o r y  pe r f o r mance  se l ec t i on  o f  t he  pa r ame t e r  va l ues  t ha t  

i n f l uence  t he  accu r acy  and  r eso l u t i on  o f  t he  f i l t e r  cons t i t u t e  an  

i mpor t an t  i n i t i a l  cons i de r a t i on .  The i r  cho i ce  i s  cons i de r ed  i n  t he  

f o l l ow i ng  sec t i on .
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TuD ma i n  pa r ame t e r s  a f f ec t  t he  adap t i ve  f i l t e r  pe r f o rmance .  These  a r e  

the  numbe r  o f  we i gh t s  and  t he  conve rgence  f ac t o r  wh i ch  t oge t he r  

con t ro l  t he  accu r acy  o f  t he  adap t i ve  f i l t e r  and  t he  speed  to  

conve r gence .  Ul i drow  e t  a l .  (1975)  have  r epo r t ed  t ha t  t he  nunbe r  o f  

we i gh t s  can  be  de t e r m i ned  based  upon  t he  r a t i o  o f  t he  samp l i ng  

f r equency  t o  t he  des i r ed  f r equency  r eso l u t i on .

Once  t he  numbe r  o f  we i gh t s  has  been  de t e rm i ned ,  t he  i n i t i a l  va l ue  o f  

conve r gence  f ac t o r  can  be  chosen  acco rd i ng  to  t he  pe r cen t age  o f  

m i sad j us t men t  t ha t  can  be  t o l e r a t ed .  Th i s  i s  no r ma l l y  chosen  to  be  

app r ox i ma t e l y  10% .  Se l ec t i on  i n  t h i s  way  i s  on l y  accep t ab l e  when  t he  

da t a  i s  s t a t i ona r y .  I f  t he  s i gna l  i s  non - s t a t i ona r y  t he  i n i t i a l  

se l ec t i on  o f  p i s  i napp r op r i a t e  s i nce  t he  conve r gence  f ac t o r  p  shou l d  

t r ack  t he  va r i a t i on  o f  non - s t a t i ona r y  da t a .

Expe r i men t a l l y  i t  was  f ound  t ha t  a  numbe r  o f  we i gh t s ,  IM, be t ween  3Z- 6k  

gave  sa t i s f ac t o r y  r esu l t s .  Uh i l s t  i t  i s  qu i t e  d i f f i cu l t  to  de t e r m i ne  

the  va l ue  o f  t he  conve r gence  f ac t or ,  p,  t heo r e t i ca l l y  i t  i s  r e l a t i ve l y  

easy  t o  ob t a i n  t he  va l ue  expe r i men t a l l y .  Fo r  t he  f i l t e r  used  i n  t h i s  

s t udy  i t  was  f ound  t ha t  t he  bes t  conve r gence  cou l d  be  ach i eved  when  p 

has  a  va l ue  o f  � . � � 1 ,  bu t  f as t e r  conve r gence  r equ i r es  a  h i ghe r  va l ue .

The  r esu l t s  p r esen t ed  i n  f i gu r es  8 . 7  and  8 . 8  show  t ha t  when  l\l i s  se t  

to , be t t e r  cance l l a t i on  can  be  ach i eved  f o r  a  p  va l ue  o f  � . � � 1  t han  

can  be  ach i eved  f o r  va l ues  o f  D . 1  and  0 . 01 .  Th i s  i nd i ca t es  t ha t

8 . 5  I n i t i a l  se l ec t i on  o f  f i l t e r  pa r ame t e r  va l ues
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(a)

r
(b)

(c)

( d )

F igure  0 . 7  A  compa r i son  o f  t he  e f f ec t  o f  t he  f i l t e r  conve r gence  
f ac t o r  upon  adap t i ve  f i l t e r ,  t he  f i l t e r  o r de r  l\l =

(a )  t he  t wo  i npu t  channe l s  r equ i r ed  f or  adap t i ve  f i l t e r

(b)  conv e r gence  f ac t o r  =  � . � � 1

( c )  conv e r gence  f ac t o r  =  � . � 1

(d)  conve r gence  f ac t o r  = 0 . 1
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(a)

(b)

r . l /^ (c)

F i gure  B . 8  A compa r i son  o f  t he  e f f ec t  o f  t he  f i l t e r  conv e r gence  
f ac t o r  upon  adap t i ve  f i l t e r ,  t he  f i l t e r  o r de r  N  =  &k .
(a )  t he  tujo i npu t  s i gna l s

(b)  conve r gence  f ac t o r  =  0 . 01

(c)  conv e r gence  f ac t o r  =  � . � 01

%
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s l ower  conve r gence  i s  to  be  r e commended  f o r  t h i s  t ype  o f  app l i ca t i on .

A f ur t he r  s t udy  uias conduc t ed  to  i nves t i ga t e  t he  e f f ec t  o f  f i l t e r  

order  upon  t he  pe r f o r mance  o f  t he  adap t i ve  f i l t e r .  The  conve r gence  

f ac tor  u was  chosen  t o  be  D . OQ I  and  t he  same  da t a  f i l t e r ed  f or  va r i ous  

va l ues  o f  IM (128 ,  6U ,  32,  16 ,  8) .  Tab l e  8 . 1  summa r i ses  

s i gna l - t o -no i se  i mp r ovemen t  w i t h  r espec t  to  f i l t e r  o rde r .

Tab l e  8 . 1

S i gna l - t o -no i se  r a t i o  w i t h  r espec t  t o  f i l t e r  o rde r  (l \ l).

F i l t e r  o rde r  
(N)

S i gna l - t o - no i se  
i mp rovemen t  (dB)

8 5.8i i

16 7 . 62

32 8 . 35

6k 11 . 77

128 8 . ID

The r esu l t s  a r e  p r esen t ed  i n  f i gu r es  8 . 9  and  8 . ID.  The  deg r ee  o f  

i mprovemen t  i n  no i se  r educ t i on  i s  c l e a r l y  i n f l uenced  by  t he  numbe r  o f  

we i ght s ,  and  t he  us e  o f  6k  y i e l ded  t he  bes t  r esu l t s  i n  t he  s t udy  

conduc t ed .  F i gu r e  8 .  ID shows  a  p l o t  r ep r esen t i ng  t he  s i gna l - t o - no i se  

ra t i o  i mp rovemen t s  w i t h  r espe c t  to  t he  numbe r  o f  we i gh t s  emp l oyed .

Two ma i n  f ac t o r s  i n f l uence  t he  pe r f o r mance  o f  t he  adap t i ve  f i l t e r .  Dne  

is t he  cho i ce  o f  t he  conve r genc e  f ac t o r  p wh i ch  mus t  be  se l ec t ed  to  

ob t a i n  an  op t i ma l  conv e r genc e  w i t hou t  t he  r i sk  o f  i ns t ab i l i t y .  The  

expe r i men t a l  r esu l t s  show  t ha t  when  m  i s  D . DD1 ,  conve r gence  appea r s  

op t i ma l .  The  o t he r  f ac t o r  i s  t he  cho i c e  o f  f i l t e r  o r de r  l\l. Th i s  mus t  

be  l a rge  enough  to accommoda t e  a l l  s i gn i f i can t  s t a t i s t i ca l  changes  i n  

the  s i gna l .
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(a)

(b)

( c )

( d )

(e)

( f )

F i gure  8 . 9  A compa r i son  o f  t he  e f f ec t  o f  f i l t e r  o r de r  upon  adap t i ve  f i l t e r  
o f  EGG  s i gna l ,  t he  conve r gence  f ac t o r  |i =  O . ODI

(a )  t he  t wo  i npu t  channe l s  r equ i r ed  f or  adap t i ve  f i l t e r
(b)  f i l t e r  o rde r  N  =  8
(c )  f i l t e r  o rde r  N  =  16
(d)  f i l t e r  o rde r  IM =  32
(e)  f i l t e r  o rde r  N  =  6A
( f )  f i l t e r  o rde r  IM =  128
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(a)

(b)

(c)

( d )

\ r (e)

r '
( f )

F i gure  8 . 10  A cbmpa r i san  o f  t he  e f f e c t  o f  f i l t e r  o r de r  upon  adap t i v e  f i l t e r  
o f  ECG  s i gna l ,  t he  conve r gence  f ac t o r  u =  � . 001

(a)  t he  t wo  i npu t  channe l s  r equ i r ed  f or  adap t i ve  f i l t e r
(b)  f i l t e r  o r de r  IM =  8
(c)  f i l t e r  o rde r  N  =  16
(d)  f i l t e r  o r de r  IM =  32
(e)  f i l t e r  o r de r  (M =  64
( f )  f i l t e r  o r de r  N  =  120
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Seve ra l  expe r i men t s  conce r n i ng  t he  app l i ca t i on  o f  adap t i ve  f i l t e r s  a r e  

pr esen t ed  be l ow .  F i r s t l y  a  compu t e r  s i mu l a t i on  compa r i ng  t he  r esu l t s  

of  va r i ous  adap t i ve  f i l t e r s  i n  channe l  enhancemen t  f orm .  Second l y  , 

the  t hr ee  ve r s i ons  o f  adap t i ve  f i l t e r  we r e  app l i ed  to  r educe  ske l e t a l  

musc l e  no i se  i n  exe r c i se  e l ec t r oca r d i og r ams .

8 . 6  Conpa r i san  o f  t he  adap t i ve  f i l t e r i ng  r esu l t s

/’ I

The  a i m  o f  t he  compa r i son  was  t o  de t e r m i ne  wh i ch  f i l t e r  was  l i ke l y  t o  

be  mos t  e f f ec t i ve  f o r  ach i e v i ng  no i se  r educ t i on  w i t h  l eas t  s i gna l  

d i s t or t i on .  Two  channe l s  o f  s i mu l a t ed  ECG  s i gna l  we r e  m i x ed  w i t h  

d i f f e r en t  bu t  known  l eve l s  o f  no i s e  and  t he  no i s e  r educ t i on  

pe r f ormance  de t e r m i ned  f o r  va r i ous  f i l t e r  con f i gu r a t i ons .  The  r esu l t s  

i nd i ca t e  t ha t  a l t hough  i n  a l l  t h r e e  f i l t e r  t ypes  t he r e  i s  an  

i mprovemen t  i n  s i gna l - t o - no i se  r a t i o ,  cons i de r ab l e  d i s t o r t i on  occu r s  

espec i a l l y  i n  us i ng  t he  bas i c  LMS  channe l  enhance r  ( f i gu r es  8 . 11  and  

8.1i*) .

In a  f u r t he r  compa r i son ,  t h r ee  f i l t e r s  we r e  exam i ned  i n  app l i c a t i ons  

to m i n i m i se  no i se  due  t o  ske l e t a l  musc l e  ac t i v i t y  i n  s t a t i c  and  

exe r c i se  ECG' s .

N
The  pa r ame t e r  va l ues  we r e  chosen  t o  be  t he  same  f o r  each  f i l t e r ;  IM =  

6^ and  p =  � . � � 1 .  The  bandw i d t h  o f  t he  s i gna l  wa s  500Hz  and  samp l ed  

at  a  r a t e  o f  IHHz .  F i gu r e  8 . 15  shows  s i gna l - t o - no i se  i mp r ovemen t  

ve r sus  no i se  f o r  t he  t h r ee  adap t i ve  f i l t e r s .
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(c)

(d)

(e)

F i gure  8 . 11  Compa r i son  o f  f i l t e r  ou t pu t s  f o r  t he  bas i c  adap t i ve  f i l t e r  (AF) ,  
t i me - sequence  adap t i ve  f i l t e r  (TSAF )  and  m i n i ma l  t i me - sequence  
adap t i ve  f i l t e r  (MTSAF )  us i ng  s i mu l a t ed  da t a ,  SNR  =  D.SdB,  
adap t a t i on  speed  y  =  � . � � 1 ,  f i l t e r  o r de r  N  =  6A

(a)  s i mu l a t ed  ECG  on l y
(b)  t he  t uo  i npu t  channe l  to  adap t i ve  f i l t e r
(c )  t he  r esu l t  o f  adap t i ve  f i l t e r
(d.) t he  r esu l t  o f  t i me - sequence  f i l t e r
(e )  t he  r esu l t  o f  m i n i ma l  t i me - sequence  adap t i ve  f i l t e r
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(a)

(b)

F i gure  8 . 12  Compa r i son  o f  f i l t e r  ou t pu t s  f o r  t he  bas i c  adap t i ve  f i l t e r  (AF ) ,  
t i me - sequence  adap t i v e  f i l t e r  ( TSAF )  and  m i n i ma l  t i me - sequence  
adap t i ve  f i l t e r  (MTSAF )  us i ng  s i mu l a t ed  da t a ,  SNR  =  5 . 5dB ,  
adap t a t i on  speed  p  =  � . 001 ,  f i l t e r  o r de r  N  =  6A

(a)  s i mu l a t ed  ECG  on l y
(b)  t wo  i npu t  channe l s  to  adap t i v e  f i l t e r
(c)  r esu l t  o f  adap t i ve  f i l t e r
(d)  r esu l t  o f  t i me - sequence  f i l t e r
(e)  r esu l t  o f  m i n i ma l  t i me - sequenc e  adap t i ve  f i l t e r

J l L
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(b)

( c )

( d )

(e)

F i gure  8 . 13  Compa r i aon  o f  f i l t e r  ou t pu t s  f o r  t he  bas i c  adap t i ve  f i l t e r  (AF) ,  
t i me - sequence  adap t i ve  f i l t e r  (TSAF )  and  m i n i ma l  t i me - s equence  
adap t i v e  f i l t e r  (MTSAF )  us i ng  s i mu l a t ed  da t a ,  SNR  =  7 . 7dB ,  
adap t a t i on  speed  m  =  Q . OD I m  f i l t e r  o r de r  IM =  6A

(a)  s i mu l a t ed  EGG  on l y
(b)  t wo  channe l  i npu t  to  adap t i v e  f i l t e r
( c )  r esu l t  o f  adap t i ve  f i l t e r
(d)  r esu l t  o f  t i me - sequence  adap t i v e  f i l t e r
( e )  r esu l t  o f  m i n i ma l  t i me - s equence  adap t i v e  f i l t e r
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(b)

. i

F i gure  8.1 i* Compa r i Bon  o f  f i l t e r  ou t pu t s  f o r  t he  bas i c  adap t i ve  f i l t e r  (AF) ,  
t i me - sequence  adap t i ve  f i l t e r  (TSAF )  and  m i n i ma l  t i me - sequence  
adap t i ve  f i l t e r  ( MTSAF )  us i ng  s i mu l a t ed  da t a ,  SNR  =  13 . 2AdB,  
adap t a t i on  speed  m  =  0 . 001 ,  f i l t e r  o r de r  N  =  5A

(a)  s i mu l a t ed  ECO  on l y
(b)  t wo  i npu t  channe l s  t o  adap t i ve  f i l t e r
(c)  r esu l t  o f  adap t i v e  f i l t e r
(d)  r esu l t  o f  t i me - sequence  adap t i ve  f i l t e r
(e)  r esu l t  o f  m i n i ma l  t i me - aeqqence  adap t i ve  f i l t e r

I
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F igures  8 . 16  show  t he  r esu l t s  o f  app l y i ng  t hese  f i l t e r s  i n  exe r c i se  t es t s .  

They aga i n  i l l us t r a t e  t he  advan t age  o f  t he  t i me - sequence  and  m i n i ma l  

adapt i ve  f i l t e r  i n  r evea l i ng  s i gna l  bu r i ed  i n  no i se .  The  r esu l t s  a l so  

i l l us t ra t e  t he  ab i l i t y  to  ex t r ac t  a  s i gna l  f r om  l ead  in  compa r i son  w i t h  

lead \Î , whe r e  t he  s i gna l  componen t s  a r e  f r om  t he  same  sou r ce  bu t  exh i b i t  

d i f f e rent  s t r uc t u r a l  f ea t u r es .

In app l y i ng  a  f i l t e r  f o r  no i se  r educ t i on ,  d i s t o r t i on  w i l l  i nva r i ab l y  occur ,  

the amoun t  depend i ng  upon  t he  f i l t e r  used .  Two  r easons  may  be  sugges t ed  

for  th i s :

( i )  l ow  s i gna l  and  h i gh  no i se  l eve l s ,  and

( i i )  ove r l ap  o f  s i gna l  and  no i se  spec t r a .

In orde r  to  deve l op  t echn i ques  i n  wh i ch  sens i b l e  conve r gence  w i t h  m i n i ma l  

d i s tor t i on  cou l d  be  ach i eved ,  a  me t hod  was  dev i sed  f o r  me a su r i ng  t he  amoun t  

of  d i s t or t i on .  Th i s  i s  p r esen t ed  i n  t he  f o l l ow i ng  sec t i on .
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(a )

(b)

(c )

V
( d )

f i gure  8 . 16  Compa r i son  o f  f i l t e r  ou t pu t s  f o r  t he  bas i c  adap t i ve  f i l t e r  (AF) ,  
t i me - sequenc e  adap t i ve  f i l t e r  (TSAF )  and  m i n i ma l  t i me - s equence  
adap t i ve  f i l t e r  (MTSAF )  us i ng  r ea l  exe r c i s e  ECG .  The  adap t a t i on  
speed  u  =  � . � � 1 ,  f i l t e r  o r de r  IM =  6A

(a)  t he  i npu t  channe l s  to  t he  adap t i v e  f i l t e r
(b)  r e su l t  o f  adap t i ve  f i l t e r
(c)  r e su l t  o f  t i me - sequence  adap t i ve  f i l t e r
(d)  r e su l t  o f  m i n i ma l  t i me - s equence  adap t i ve  f i l t e r

i f
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a.7 S i gna l  d i s t o r t l nn

Signal  d i s t o r t i on  can  be  de f i ned  as  t he  ex t en t  to  wh i ch  a  sy s t em  o r  

carponent  f a i l s  to  r ep r oduce  accu r a t e l y  a t  i t s  ou t pu t ,  t he  f o rm  o f  t he  

input .  At  l eas t  t wo  char i ne l s  a r e  r equ i r ed  f o r  the  app l i ca t i on  o f  t he  bas i c  

adapt i ve  f i l t e r ,  t he  p r i ma r y  channe l  wh i ch  cor i tEi ina t he  s i gna l  and  no i se ,  

and a second  i npu t  t ha t  con t a i ns  a  no i se - f r ee  r e f e r ence  s i gna l  u ih i ch i e  

ccr re l a ted t o  t he  no i se  i n  t he  p r i ma r y  i npu t .  The  ava i l ab l e  r e f e r ence  

input  may  con t a i n  l ou - i eve l  s i gna l  componen t s  i n  add i t i on  to  t he  co r r e l a t ed  

noise i n  t he  p r i ma r y  i npu t  end  s t i l l  be  accommoda t ed  by  t he  adap t i ve  no i se  

cance l l er .  Howeve r ,  unde r  t hese  cond i t i ons  t he  l ow- l eve l  s i gna l  componen t s  

wi l l  cause  some  cance l l a t i on  o f  t he  p r i ma r y  i npu t  s i gna l  and  d i s t o r t i on  

yi l l  occur  e t  t he  f i l t e r  ou t pu t .

In app l y i ng  t he  t i me - sequence  or  mu l t i channe l  adap t i ve  f i l t e r  f o r  the  

app l i ca t i ons  s t a t ed  ea r l i e r ,  t he  r equ i r emen t  f o r  cance l l a t i on  i s  f o r  two  

input  channe l s  i n  wh i c f  bo t h  can  con t a i n  s i gna l  p l us  no i se .  Howeve r ,  f o r  

e f fec t i ve  r esu l t s  t he  no i se  componen t s  shou l d  be  uncc i r e l a t ed ,  and  the  

s igna ls ,  wh i ch  need  no t  be  o f  t he  same  waveshape ,  shou l d  exh i b i t  t he  Scime 

f requercy  spec t r a .

Signal  d i s t o r t i on  no r ma l l y  occu r s  i n  t he  use  o f  t hese  adap t i ve  f i l t e r s  when  

the spec t r a  o f  t he  s i gna l  and  t he  no i se  ove r l ap .  For  Examp l e ,  f i gu r e  3 . ID 

shows t ha t  i n  t he  l owe r  f r equency  r ange  0  -  70Hz ,  t he  no i se  componen t s  

over l ap w i t h  t he  ECG  s i gna l  componen t s  ( a l t hough  t he  no i se  I s  22dB  be l ow  

the s i gna l  powe r ) .  The  amoun t  o f  no i se  depends  upon  t he  ac t i v i t y  o f  the  

s te l e ta l  musc l es ,  as  d i scussed  f u l l y  i n  Chap t e r  two,  and  o f  t he  

i n t er f erence  f r om  ex t e r na l  sour ces .  The re f c re  t he  amoun t  o f  d i s t o r t i on  

depends  upon :

2£3



( i )  s i gna l - t o - no i se  r a t i o  a t  t he  i nput ,

( i i )  t he  amoun t  o f  ove r l ap  be t ween  s i gna l  and  no i se  spec t r a l  

componen t s ,  and

( i l l )  t he  channe l  p r opaga t i on  cha r ac t e r i s t i cs  f o r  t he  s i gna l  i n  

p r opaga t i ng  t h r ough  t he  adap t i ve  f i l t e r . '*

The  r esu l t s  i nd i ca t e  t ha t  t he  h i ghe r  t he  s i gna l - t o - no i se  r a t i o  a t  t he  

i nput ,  t he  l owe r  w i l l  be  t he  d i s t o r t i on  a t  t he  ou t pu t .

m

Two sepa r a t e  se t a  o f  e xpe r i men t s  we r e  ca r r i ed  ou t  to  exam i ne  

d i s t o r t i on  i n  t he  P,  QRS  and  T  waves .  The  f i r s t  o f  t hese  i nvo l ved  the  

use  o f  s i mu l a t ed  da t a  m i x ed  w i t h  wh i t e  no i se  as  a  f i l t e r  i npu t .  

D i f f e r en t  l eve l s  o f  wh i t e  no i se  we r e  added  to  t he  same  s i mu l a t ed  ECG 

s i gna l  and  t he  pe r f o r mance  o f  t he  f i l t e r s  exam i ned .  F i gu r e  8 . 17  shows  

the  s i mu l a t ed  ECG  wh i ch  i s  r ep r esen t ed  by  a  do t t ed  l i ne ,  supe r i mposed  

upon  t he  f i l t e r ed  r esu l t  o f  a  s i mu l a t ed  ECG  co r r up t ed  by  no i se .  The  

f i gur e  shows ;

(a)  t he  s i gna l  and  no i se  w i t h  d i f f e r en t  no i se  l eve l s  i n  t he  t op  t r ace ,

(b)  t he  r esu l t s  o f  us i ng  an  LMS  adap t i ve  f i l t e r  i n  t he  m i dd l e  t r ace ,

(c)  t he  r esu l t s  o f  t i me - sequence  adap t i ve  f i l t e r i ng  i n  t he  bo t t om  

t r ace .

The  d i s t o r t i on  va l ues  we r e  ca l cu l a t ed  and  a r e  p r esen t ed  i n  g r aph i ca l  

f orm  i n  f i gu r e  0 . 18 .  I n  t h i s  f i gu r e  t he  t op  t r ace  i nd i ca t es  t he  

d i s t o r t i on  i n  app l y i ng  adap t i v e  f i l t e r  f or  f our  no i se  l eve l s  i n  t he  P,  

QRS and  T  waves ,  wh i l e  t he  bo t t om  t r ace  shows  t he  same  s i gna l s  a f t e r  

app l y i ng  t he  t i me - sequence  adap t i v e  f i l t e r .  I t  i s  c l ea r  t ha t  l e ss  

d i s t o r t i on  a r i ses  i n  us i ng  t he  t i me - sequence  adap t i ve  f i l t e r  t han  the

2 a
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use  o f  t he  bas i c  adap t i ve  f i l t e r  i n  a  channe l  enhance r  f orm .  Th i s  i s  

due  mos t l y  to  t he  f ac t  t ha t  i n  t he  use  o f  t he  channe l  enhance r  t he  

adap t i ve  f i l t e r  may  s t a r t  t o  conve rge  ve r y  e f f ec t i ve l y  w i t h i n  t he  

i soe l ec t r i c  i n t e r va l s ,  bu t  on  en t e r i ng  t he  QRS  or  T  waves  t he  

coe f f i c i en t s  become  d i s t u r bed ,  and  d i s t o r t i on  occur s .  Howeve r ,  i n  t he  

t l me - seguence  adap t i ve  f i l t e r ,  each  segmen t  i s  con t ro l l ed  by  a  

pa r t i cu l a r  se t  o f  we i gh t s  and  d i s t u rbance  o f  t he  we i gh t s  i s  avo i ded .

The  r esu l t s  o f  t he  r ea l  da t a  s t udy  a r e  p r esen t ed  i n  f i gu r es  6 . 2D  and  

8 . 19 .  Aga i n ,  t he  advan t ages  o f  t i me - seguence  adap t i ve  f i l t e r  ove r  

channe l  enhance r  a r e  we l l  i nd i ca t ed ,  a l t hough  t he  use  o f  mor e  t han  t wo  

i npu t  channe l s  i n  t he  channe l  enhance r  me t hods  can  r educe  d i s t o r t i on  

cons i de r ab l y ,  bu t  a t  t he  expense  o f  i nc r eased  cos t .

F i gu r e  B . 21  shows  t he  pe r cen t age  i mp rovemen t  i n  d i s t o r t i on  o f  the  

t i me - seguence  adap t i ve  f i l t e r  ove r  t he  channe l  enhance r .  I t  a l so  

shows  t ha t  t he  amoun t  o f  d i s t o r t i on  i s  i nc r ea sed  i n  bo t h  t echn i gues  as  

t he  no i se  l eve l  i s  i nc r eased .  Expe r i men t a l l y ,  t he  amoun t  o f  

d i s t o r t i on  i s  f ound  t o  be  app r ox i ma t e l y  2% .  The  ou t pu t  no i se  l eve l  

can  be  r educed  i f  mo r e  t han  t wo  i npu t  channe l s  a r e  used  w i t h  t he  

app r op r i a t e  cho i ce  o f  adap t i v e  f i l t e r .
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NO I SE  LEVEL

F igure  8.21' i  Rep r esen t s  t he  pe r cen t age  i mp rovemen t  i n  d i s t o r t i on  
o f  adap t i ve  and  t i me - sequence  adap t i ve  f i l t e r s .

The  d i s t o r t i on  i s  mea su r ed  by  t ak i ng  t he  roo t  mean  
squa r e  (RMS)  va l ue  o f  t he  ou t pu t  t o  t he  RMS va l ue  c f  
t he  i npu t .
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The  p r esence  o f  no i se  and  a r t i f ac t s  can  obscu r e  i mpo r t an t  f ea t u r es  i n  

EGG r eco r ds  du r i ng  pa t i en t  mon i t o r i ng  and  du r i ng  exe r c i se  t es t i ng .  

Seve r a l  app r oaches  to  ECG  f i l t e r i ng  have  been  p r oposed  i n  Chap t e r  

Three ,  and  adap t i ve  f i l t e r i ng  se l ec t ed  as  a  t e chn i que  f or  f u r t he r  

s tudy .

S i nce ,  i n  p r ac t i ce ,  bo t h  no i se  and  a r t i f ac t s  may  ov e r l ap  w i t h i n  t he  

f r equency  band  o f  ECG  � . � � 5  -  100Hz ,  comp l e t e  sepa r a t i ons  o f  s i gna l  

and  no i se  us i ng  t he  non - adap t i ve  f i l t e r i ng  t echn i ques  men t i oned  i n  

Chap t e r  Thr ee  i s  i mposs i b l e .  Adap t i ve  f i l t e r i ng  m a y  ove r come  t h i s  

p rob l em  bu t  t he  r esu l t  i s  a  comp r om i se  be t ween  d i s t o r t i on  o f  t he  

s i gna l  and  r educ t i on  o f  no i se  and  a r t i f ac t .

In  t h i s  chap t e r  t he  r esu l t  o f  adap t i ve  f i l t e r i ng  t e chn i que  i n  t he  f o r m  

o f  channe l  enhance r  and  t i me - sequence  adap t i ve  f i l t e r i ng  have  been  

p r esen t ed  f o r  bo t h  s i mu l a t ed  and  r ea l  da t a .  The  amoun t  o f  d i s t o r t i on  

a r i s i ng  as  a  r esu l t  o f  f i l t e r i ng  a f t e r  app l y i ng  t he  app r op r i a t e  

pa r ame t e r  va l ues ,  has  be en  ca l cu l a t ed  and  p r esen t ed .  The  r esu l t s  

sugges t  t ha t  t he  t i me - sequence  adap t i ve  f i l t e r  can  r educe  no i se  and  

a r t i f ac t s  w i t h  l ess  s i gna l  d i s t o r t i on ,  espec i a l l y  i n  P and  T  waves ,  

compa r ed  w i t h  adap t i ve  channe l  enhance r .

a . 8  Conc l us i on

I
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Chap t e r  N i ne :  Conc l us i ons

9.1  Gene r a l  D i scuss i on  o f  r esu l t s

The  expe r i men t a l  r esu l t s  i n  t he  p r ev i ous  chap t e r s  have  demons t r a t ed  

t ha t  s i gn i f i can t  i mp r ovmen t  i n  t he  r eco r d i ng  o f  ECE  can  be  ob t a i ned  by  

enhancemen t  o f  t he  ECG s i gna l  f r om  t he  ske l e t a l  musc l e  ac t i v i t y  us i ng  

the  app l i ca t i on  o f  adap t i ve  f i l t e r i ng .  The  r esu l t s  a l so  demons t r a t ed  

the  supe r i o r i t y  o f  t he  adap i t i ve  f i l t e r i ng  ove r  the  o t he r  f i l t e r i ng  

processes ,  i nc l ud i ng  s i gna l  ave r ag i ng .

i!

The  ab i l i t y  to  us e  adap t i ve  f i l t e r i ng  i n  t he  app l i ca t i ons  cons i de r ed  

i s  based  upon  t he  obse r va t i on  t ha t  t he  ECE  s i gna l s  i n  t uo  d i sc r e t e  

l eads  a r e  h i gh l y  co r r e l a t ed ,  u ih i l s t  t he  no i se  i s  l a rge l y  unco r r e l a t ed  

pa r t i cu l a r l y  i f  t he  l eads  a r e  uje l l  sepa r a t ed .  In app l y i ng  t he  

adap t i ve  t echn i ques ,  a  numbe r  o f  assump t i ons  we r e  made .  Among  t hese  

i t  was  assumed  t ha t  tuo  channe l s  cou l d  be  d i s t i ngu i shed  i n  uh i ch  t he  

no i se  con t en t s  ue r e  unco r r e l a t ed  u i t h  r espec t  to  each  channe l  and  to  

the  ECG s i gna l .  The  r esu l t s  I nd i ca t ed  t ha t  such  channe l s  cou l d  i ndeed  

be  d i s t i ngu i shed .

^  ! i

Pe r f ec t  c ance l l a t i on  can  be  ob t a i ned  i f  t he  cond i t i ona l  r equ i r emen t  o f  

adap t i ve  channe l  enhance r  i s  f u l l y  me t .  I n  p r ac t i ce ,  pe r f ec t  

cance l l a t i on  c anno t  be  ach i eved .  I f ,  f o r  any  r eason ,  some  o f  t he  

background  no i se  componen t s  ue r e  i n  one  uay  o r  ano t he r  co r r e l a t ed  u i t h  

s i gna l  componen t s ,  t hen  d i s t o r t i on  occur s .  D i s t o r t i on  f o r  va r i ous  

ve r s i ons  o f  adap t i v e  f i l t e r s  ue r e  exam i ned  and  the  r esu l t s  ue r e
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pr esen tBd  as  i n  f i gu r es  8 . —  6 .2U .  T i me - seguence  adap t i ve  f i l t e r s  

we r e  f ound  to  exh i b i t  l ess  d i s t o r t i on  t han  t he  bas i c  adap t i ve  f i l t e r .  

I t  uas  a l so  f ound  t ha t  h i ghe r  s i gna l - t o - no i se  i mpr ovemen t  can  be  

ob t a i ned  i f  mo r e  t han  t wo  channe l s  a r e  used  i n  t he  adap t i ve  f i l t e r i ng  

process .

The  use  o f  t i me  and  m i n i ma l  sequence  adap t i ve  f i l t e r s  appea r  t o  have  

been  j us t i f i ed  as  a  means  o f  t ack l i ng  t he  p r ob l em  o f  t he  

non - s t a t i ona r i t y  o f  a  s i gna l  and  i t s  e f f ec t  upon  the  pe r f o r mance  o f  

the  enhancemen t  p rocess .  A l t hough  a t  one  s t age  cons i de r a t i on  was  

g i ven  to  app l y i ng  f as t e r  a l go r i t hms ,  app r op r i a t e  se l ec t i on  o f  t he  

conve r gence  f ac t o r  obv i a t ed  t h i s  need .

The  mos t  i mpo r t an t  app l i c a t i on  cons i de r ed  f o r  adap t i ve  f i l t e r i ng  i n  

t h i s  s t udy  was  i t s  use  i n  exe r c i se  e l e c t r oca r d i og r aphy .  The  s t udy  has  

shown  t ha t  success f u l  no i se  canc e l l a t i on  can  he  accomp l i shed  and  i t  i s  

l i ke l y  to  be  accep t ed  as  an  i mpo r t an t  a t t r i bu t e  i n  ob t a i n i ng  good  

exe r c i se  ECG ' s .  A l t hough  some  d i f f i cu l t i e s  we r e  encoun t e r ed  i n  t hese  

expe r i men t s  espec i a l l y  i n  cases  whe r e  ex cess i ve  base  l i ne  va r i a t i on  

was  ev i den t ,  a  me t hod  was  deve l oped  t o  ove r come  t h i s  p rob l em .  These  

r esu l t s  i nd i ca t ed  a  subs t an t i a l  i mp r ovemen t  by  use  o f  adap t i ve  

f i l t e r i ng  and  t he  supe r i o r i t y  o f  t he  t e chn i que  ove r  many  o t he r s ,  

espec i a l l y  f o r  p r eco r d i a l  l eads  when  t wo  channe l s  such  as  and  

are  r ead i l y  ava i l ab l e  f o r  i npu t s  to  t he  adap t i v e  f i l t e r s .

De t ec t i on  o f  l ow  l eve l  s i gna l s ,  r ep r e sen t a t i ve  o f  t hose  assoc i a t ed  

w i t h  t he  spec i a l i sed  conduc t i on  sys t em ,  may  be  f ac i l i t a t ed  by  t he  use
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of  adap t i ve  f i l t e r s .  The  i n i t i a l  r esu l t s ,  based  upon  s i mu l a t ed  da t a ,  

ind i ca te  t he  poss i b l e  advan t ages  o f  us i ng  t h i s  me t hod .  Fu r t he r  r es ea r ch  i s  

requi red.

Some d i f f i cu l t i es  w i t h  t he  use  o f  adap t i v e  f i l t e r s  we r e  ove r come  i n  t he  

ear ly  s t ages  o f  t h i s  r esea r ch .  The s e  i nvo l ved  the  p rope r  se l ec t i on  o f  

f i l ter  o rde r  and  t he  conve r gence  f ac t o r .  The  s t udy  has  shown  i n  gene r a l  

that  success f u l  no i se  cance l l a t i on  c an  be  ach i eved  and  the  r esu l t s  

presented  i n  Chap t e r s  s i x ,  seven  and  e i gh t  i nd i ca t e  t he  bes t  pa r ame t e r  

va lues  f or  adap t i ve  f i l t e r i ng .

In mos t  o f  t he  expe r i men t s  r epo r t ed  i n  t he  s t udy ,  i t  has  been  f ound  t ha t  

the m i n i ma l  t i me - sequenc e  adap t i v e  f i l t e r  can  exh i b i t  a  supe r i o r  r esu l t  i n  

s i gna l - t o-no i se  i mp r ovemen t  compa r ed  w i t h  t he  bas i c  and  t i me - sequence  

adapt i ve  f i l t e r .

Ih pr ac t i ca l  t e rms ,  t he  t echn i que  cou l d  he  app l i ed  to  r evea l  m i c r ovo l t  

events  w i t h i n  t he  ECG,  p r ov i d i ng  a t t emp t s  a r e  made  to  ob t a i n  r e co r d i ngs  

that  exh i b i t  h i gh  i n i t i a l  va l ues  o f  s l gna l - t o - no i se  r a t i o .

1, •
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9 .2  Sugges t i ons  f o r  f u r t he r  wor k

There  a r e  a  numbe r  o f  i s sue s  a r i s i ng  ou t  o f  t h i s  i nves t i ga t i on  t ha t  

cou l d  f o rm  t he  bas i s  o f  f u t u r e  r esea r ch .  One  i s  t he  app l i ca t i on  o f  

the  adap t i ve  f i l t e r i ng  p r ocess  f o r  t he  de t ec t i on ,  f u r t he r  s t udy  and  

ve r i f i ca t i on  o f  c yc l o - s t ochas t i c  pe r t u r ba t i ons .  These  pe r t u r ba t i ons  

and  the  assoc i a t ed  abno r ma l i t i e s  have  been  i nves t i ga t ed  by  t he  P ISA  

me thod  (Pr asad  &  Gup t a ,  1981 ,  1981) .  S i mu l a t i ons  o f  cyc l o - s t ochas t i c  

pe r t urba t i ons  i n  no i se  have  been  used  as  t he  bas i s  o f  enhancemen t  

s tud i es  us i ng  adap t i ve  f i l t e r i ng  and  t he  r esu l t s  appea r  qu i t e  

prom i s i ng .

Because  o f  t he  i mpo r t ance  o f  t he  spec i a l i s ed  conduc t i on  sys t em  i n  

de t e rm i n i ng  the  sequence  o f  ac t i va t i on  o f  t he  wo r k i ng  myoca r d i um  and  

in turn  to  t he  mechan i ca l  even t s  o f  t he  hea r t ,  t he  su r f ace  acqu i s i t i on  

of  po t en t i a l  va r i a t i ons  r e l a t ed  to  t he  sys t em  a r e  l i ke l y  to  be  o f  

d i agnos t i c  va l ue .

A f ur t he r  a r ea  f o r  f u t u r e  s t udy  i s  t he  use  o f  dua l  channe l  m i n i ma l  

t i me - sequence  adap t i ve  f i l t e r s  to  cance l  ou t  t he  no i se  due  to  ske l e t a l  

musc l e  ac t i v i t y  du r i ng  exe r c i s e  e l e c t r oca r d i og r aphy ,  by  us i ng  

d i f f e r en t  conve r gence  f ac t o r s  i n  each  pa r t i cu l a r  segmen t  o f  t he  EGG.  

Fur t he r  i mpr ovemen t s  i n  s i gna l - t o - no i se  r a t i o  and  r educed  d i s t o r t i on  

may  be  expec t ed .

Fur the r  r esea r ch  i s  r equ i r ed  on  t he  use  o f  mu l t i channe l  r ecord i ng ,  

espec i a l l y  w i t h  r espec t  to  p r eco r d i a l  l eads  i n  wh i ch  t he  s i gna l s
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occupy  t he  same  f r equency  spec t rum ,  bu t  exh i b i t  d i f f e r en t  mo r pho l ogy .  

Hav i ng  ach i ev ed  good  r esu l t s  w i t h  s i mu l a t ed  da t a ,  i t  i s  expec t ed  t ha t  

t he  app l i ca t i on  ui i l l  i mp r ove  t he  s l gna l - t o - no i se  r a t i o ,  dependen t  upon  

the  numbe r  o f  channe l s  used .

The  p r i nc i pa l  conc l us i on  to  be  de r i ved  f r om  t h i s  s t udy  i s  t ha t  t he  

channe l  enhanc e r  t oge t he r  w i t h  t i me  and  m i n i ma l  sequence  adap t i ve  

f i l t e r s  p r ov i de  t he  bas i s  f o r  i mp r ov emen t  o f  ECG  r eco r d i ng  sys t ems  

capab l e  o f  r educ i ng  h i gh  l eve l s  o f  no i se ,  o f  d i f f e r i ng  

cha r ac t e r i s t i cs .  Mor eove r ,  i t  p r ov i des  t he  bas i s  f o r  sys t ems  t ha t  

cou l d  ex t end  t he  c l i n i ca l  use f u l ness  o f  su r f ace  de r i ved  ECG ' s  by  

r evea l i ng  e v en t s  t ha t  a r e  o t he r w i se  obscu r ed .  Such  sys t ems  wou l d  

i n i t i a l l y  f i nd  app l i ca t i on  i n  r esea r ch  s t ud i es ,  hu t  t he  r esu l t s  may  

even t ua l l y  l e ad  to  t he  use  o f  such  t echn i ques  i n  r ou t i ne  c l i n i c a l  

p r ac t i ce .



Am EX A

The  apec l f I ca t l on  o f  I nE t r umen t a t l on  amp l i f i e r

I n t r oduc t i on

The  AA30  i ns t r umen t a t i on  amp l i f i e r  used  i n  t h i s  s t udy  (Drmed  L i m i t ed )  i s  

p r i ma r i l y  des i gned  f o r  EGG  w i t h  t en  s t anda rd  l ead  pos i t i ons  and  p r ov i des  

pa t i en t  i so l a t i on  and  p r o t ec t i on  f rom  d i a t he r my  burns .  Th i s  amp l i f i e r  i s  

no t  connec t ed  to  any  i npu t  c i r cu i t  w i t h i n  t he  cab i ne t ,  bu t  i t  has  i t s  own  

f ron t  pane l  i npu t  socke t .

The  f u l l  spec i f i ca t i ons  f o r  t he  amp l i f i e r  a r e  l i s t ed  be l ow :

Spec i f i ca t i on

Sens i t i v i t y  I npu t  o f  3CJ l«v /d i v i s ion to  25Gyv  or  1 . 5mU  to  I Z .SmU 

f or  I vo l t  ac r oss  1DK  ohms  l oad .

Ga i n  S t eps  2 . 5mU,  5mV  i npu t s  f or  I vo l t  ac r oss  1DK ohms  l oad ,  

or  5Qyv ,  l ODyv ,  2G0uv / d i v l s i on .

F i ne  ga i n  con t r o l  g i ves  0 . 25  t o  1 . 75  t i mes  each  r ange .  

Ga i n  Accu r acy  +2%  r ange  to  r ange .

Ga i n  S t ab i l i t y  +G . G3% / ’’C  ove r  t he  r ange  D “C to  A0 “C.

Ze ro  S t ab i l i t y  Leas  t han  0 . 7%  o f  f . s . d . / “C.

Inpu t  C i r cu i t  D i f f e r en t i a l ,  l OMohms  r es i s t ance  i so l a t ed  f rom  ground .

Common  mode ,  i npu t  capac i t ance  17GpF  i n  pa r a l l e l  

w i t h  68  ohms .  A  f i ve -way  i so l a t ed  ECG  socke t  i s  

moun t ed  on  t he  f ron t  pane l .

Leakage  Cu r r en t  12yA  w i t h  ZkO  vo l t s  a t  5DHz  app l i ed  to  t he  i npu t  

c i r cu i t .
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H. F .  F r equency  - 3dB  a t  5kHz .

H. F ,  Cu t  - 3  dB  a t  IB,  25  and  5QHz  +2B% ,  ui i th 6dB  oc t a ve  ro l l -o f f .

T i me  Cons t an t  3 . 5  seconds ,  +2B% .

CMR Ra t i o  Gr ea t e r  t han  IBB , 00 : 1  ( IBBdB)  a t  1 . 5Hz  and  50Hz .

E l ec t r ode  r es i s t ance  i mba l ance  l ess  t han  ZKohms .

Common  Mode  +5BB vo l t s  peak ,  d . c  t o  5BHz .

Vo l t age  Range

Nom i na l  Bu t pu t  +1  vo l t .

Max i mum  Bu t pu t  +2 . 5  Vo l t s .

Max i mum  Bu t pu t  +1 . 2mA .

S l ew  Ra t e  o f  Gr ea t e r  t han  5BmV/ uS .

Bu t pu t  Res i s t ance  13B ohms

No i se  Leve l  Less  t han  B . 5  d i v i s i on  on  cha r t  o r  2ByV  pe ak - t o  

peak  a t  max i mum  band - w i d t h  on  osc i l l oscope ,  w i t h  

1 Kohm  sour ce .

The  un i t  can  w i t hs t and  an  i npu t  ove r l oad  o f  5kV ,  

phase  or  an t i - phase ,  f o r  up  to  1 . 5mS.

An t i - b l ock i ng  Au t oma t i c  an t i - b l oc k i ng  mu t es  t he  amp l i f i e r  f o r  one  

second  i n  t he  p r e sence  o f  an  ove r l oad  s i gna l .  The  

amp l i f i e r  i s  mu t ed  when  t he  l ead  se l ec t o r  sw i t ch  

i s  ope r a t ed .

Ca l i b r a t i on  A ImV +2%  i n t e rna l  c a l i b r a t e  s i gna l  can  be  i n j ec t ed  

i n  se r i es  w i t h  t he  i npu t .

Powe r  Requ i r emen t s  +12V  a t  77  A,  - 12U  a t  52mA.  Pi jnp supp l y ,  L . 25MHz  

+1%  a t  IV peak - t o - peak  +2%  and  B . 5mA .

A2



The  ADC  has  a  r ange  o f  - 5  t o  +5  vo l t s ,  uh i l e  t he  t ape  r eco r de r  has  a 

ma x i mum  ou t pu t  o f  app r ox i ma t e l y  l . i t vo l t s  rms ,  an  add i t i ona l  

p r e - amp l i f i c a t i on  was  used  i n  o r de r  to  p r ov i de  a  f u l l  use  o f  t he  ADC 

r eso l u t i on .

In  o r de r  to  p r ocess  t he  da t a  r eco r ded  us i ng  PDP  11/23 ,  i t  i s  necessa r y  to  

samp l e  and  s t o r e  t he  r aw  da t a .  To  do  t h i s  a  samp l i ng  r a t e  o f  1 and  2  msec ,  

was  chosen .  To  avo i d  e r r o r  i s  samp l i ng  due  to  a l i as i ng ,  i t  i s  we l l - known  

t ha t  s i gna l  componen t s  mus t  no t  ex i s t  above  ha l f  t he  samp l i ng  f r equency ,  

wh i ch  i s  known  as  Nygu i a t  f r equency .



Annex  B

A Des i gn  f o r  a  l ou - pass  d i g i t a l  f i l t e r

A l ow-pass  d i g i t a l  f i l t e r  was  des i gned  s i m i l a r  to  t he  f i l t e r  p r esen t ed  

by Lynn (1971) ,  w i t h  a  l i nea r  phase  i n  wh i ch  t he  po l es  and  ze ros  l i e  on  

the un i t  c i r c l e  i n  t he  Z -p l ane .  The  po l e - z e r o  con f i gu r a t i on  o f  a  

l ow-pass  d i g i t a l  f i l t e r  can  be  seen  i n  F i gu r e  B1.

A l ow-pass  f i l t e r  w i t h  an  i n t eg r a l  cons t an t  k  =  3  can  be  desc r i bed  by  

i ts  2 - p l ane  t r ans f e r  f unc t i on  H(2) ,  wh i ch  may  be  exp r essed  i n  t e rms  o f  a  

set  o f  2 - p l ane  po l es  and  z e ros  as  f a l l ows :

H(Z)
( 2 - p , , ) ( 2 - P2 ) ( 2 - P3 )

Y(2) . . . . B1

X(2)

where  z^ . z^ j Z^ , . . . . a r e  5 - p l ane  ze ros .

p^ j . p^ .P j . . . . .  a r e  2 - p l ane  po l es .

k  i s  a  cons t an t

X(2)  i s  t he  2 - t r ans f o r m  o f  t he  i npu t  

Y(2)  i s  t he  2 - t r ans f o r m  o f  t he  ou t pu t .

The  r ecur s i ve  f i l t e r  r e l a t i onsh i p  i n  t he  t i me  doma i n  i s :

Y(n)  =  Y(n - 3)  - 3Y( n - 2 )  +3Y( n -1 )  -X( n -21 )  +3X( n - 1A)  - 3X( n - 7 )  +X(n)  . . . B2

uhere  Y(n)  r ep r esen t s  t he  p r esen t  ou t pu t  samp l e  va l ue ,

Y(n-1)  r ep r esen t s  t he  p r ev i ous  ou t pu t  va l ue ,  and  so  on,  and  

the  X t e r ms  r ep r esen t  i npu t  samp l e  va l ues .

B1



I  ~  p l ane t h i r d  o rde r

V i

F i gur e  HI  Po l e  -  z e r o  con f i gu r a t i on  o f  a  l ou - pas s  d i g i t a l  

f i l t e r  hav i ng  l i nea r - phase  cha r ac t e r i s t i c s .

B2





Annex  C

Thi s  annex  shows  t he  p r og r am  l i s t  f o r  app l y i ng  an  adap t i ve  t r ansv e r sa l  

f i l t e r  to  t he  ECG.  In  i t s  ea r l y  i nves t i ga t i on ,  us i ng  32  f i l t e r  o r de r  

ui i th □ .□1  conve r gence  f ac t o r ,  i t  a l so  shows  a  sub r ou t i ne  to  p l o t  t he  

i npu t / ou t pu t  r esu l t .

D i mens i on  I DATA  ( 2 , 360Q) , W (32 )

Common  IDATA,  ISAM  

DATA  I \ ISAM /360D/ , I« :DF /32/

DATA  U / 32* . 01 /

Type  ID

Fo r ma t  ( '  LMS  Adap t i ve  T r ansve r sa l  F i l t e r ' / / '  En t e r  U : '$)  

Accep t  11 , U  

Fo r ma t  ( F I D .8 )

IP0INT=I \ IC0F+1 

Type  9

Fo r ma t  ( '  Use  Da t a  F r om  F i l e? ' $ )

Accep t  15,  IRep l y  

I f  ( IRep l y . IME .  ' Y ' )Go t o  8

Open  (Un i t =3 , Marne =  'DY0 : 3Da t ' ,  Type  =  'Unknown ' ,

0  Ca r r i ageCon t r o l  =  'None ' ,  ERR=99 ,  Form  =  ' Un f o rma t t ed ' )  

Read ( 3 )  IDATA,  ISAM  

C l ose ( Un i t =3 )

Go t o  22  

Type  1A

Fo r ma t  ( ' En t e r  Samp l i ng  Pe r i od : '$)

Accep t  11,  SAM  

I SAM=SAM*1DQD . D  

Read  I npu t  Samp l es  

Ca l l  ADC ( I SAM , I DATA . 2 , MSAM , I FLAG , � )

I F ( I FLAG . ME . I )  Go t o  2  

Type  20

8



Forma t  ( ' ADC  E r ror ' )

Go t o  1

2 Open  (Un i t =3 , Name= 'DYD: 3DAT ' . TYPE= 'UNKIMD l i JN ' ,

61 Er r=99 ,  Ca r r i ageCon t r o l  =  'None ' ,  Form  =  'Un f orma t t ed ' )  

W r i t e  (3)  IDATA,  I SAM  

C l ose  (Un i t =3 )

22 Type  15

15 Fo r ma t  ( ' P l o t  I npu t  Wa v e f o r m? ( Y / N ) '$)

Accep t  IS,  IRep l y  

Fo rma t  (A1)

i f  (Rep l y .  EQ . ' Y ' )Ca l l  P l o t  (1)

Form  Ou t pu t  and  E r ro r  

DO 300  I = I Po i n t ,  NSAM

Y = 0 . 0

DO 200  0=1 ,  NCOF

Y =  Y+LKJ )* I DATA(1 ,  I  -  0)

200  Con t i nue

E =  IDATA(2 ,  I  - D - Y  

Upda t a  Coe f f i c i en t s  

C=2*U*E

D0100  0  =  1 , NC0F  

W(0)= I J ( J )+C* IDATA(1 ,  I - J )

100 Con t i nue

I DATA( 2 , I - NC0F ) =Y  

I DATAd ,  I - NC0F ) =E  

300  Con t i nue  

Type  17

17 Fo r ma t  ( ' P l o t  No i se  Cance l l e r  Ou t pu t ? ' $ )

Accep t  16,  Rep l y  

I f  ( IREPLY .  EQ ' Y '  IREPLY)

Type  18

Fo r ma t  ( '  P l o t  F i l t e r  Ou t pu t ? '$)

Accep t  16.  Rep l y  

I f  ( IREPLY .  EQ ' Y ' )  Ca l l  P l o t  2



Type  19

19 Fo r ma t  ( '  Con t i nue? '$)  

Accep t  16,  IREPLY  

I f  ( IREPLY.  EQ.  'Y' )  Go t o  1 

Stop

99 St op  ' F i l e  E r ror '

End

1

10

11

Sub r ou t i ne  P l o t  ( I )

D i mens i on  IDATA  (2 , 3600)

Common  IDATA,  I SAM  

Type  10

Fo r ma t  ( ' En t e r  S t a r t i ng  Coo r d i na t e s " '$)  

Accep t  11.  IX,  lY 

Fo r ma t  (21A)

Type  13

13 Forma t  ( ' En t e r  Amp l i t ude  Sca l e  F a c t o r " '$)  

Accep t  U . I YS  

1A For ma t  (15)

Type  17

17 For ma t  ( ' En t e r  T i me  Sca l e  (MS/MM) :  '$)  

Accep t  18,  TSca l e  

For ma t  ( F8 , 3)

Type  15

Forma t  ( ' En t e r  T r ace  Du r a t i on  (MS) : ' $ )  

Accep t  18.  T i me

Ca l l  Move  ( I X , I DATA  I I , 1 ) / IYS+ IY)  

I NC= I SAM / ( 100 . *TSca l e )

N=T i me*1000  . / I SAM  

DO  100  0=1 , N

Ca l l  Dr aw  ( J* I NC , I DATA  ( I , 0 ) , l YS+ IY)

100  Con t i nue

Ca l l  Move  ( IX . l Y)

Type  21

Forma t  ( ' Repea t ? ' ! )

Accep t  22,  IRep l y  

For ma t  (A1)

I f  ( I Rep l y , EQ , ' Y '  Go t o  1)
Re t urn

18

15

2 1

22

End
C3



Annex  D

Mos t  o f  t he  t ape  r eco r de r s  p roduce  some  no i se  w i t h i n  t he  r eco r ded  

s i gna l .  Su r f ace  r eco r d i ng  o f  t he  EGG  we r e  r eco r ded  on  the  l ow  no i se  

BASF  t ape  us i ng  a  Be l l  and  Howe l l  FM  r eco r de r  hav i ng  t he  f o l l ow i ng  

spec i f i ca t i ons :

Ga i n

Bandw i d t h

Un i t

0 . 1 - 6  KHz

S i gna l  to  no i se  r a t i o  A6 dB  Rms  w i t h  t he  no i se  cance l l e r  on
Rns

AOdB  Rms  w i t hou t  t he  no i se  cance l l e r  
Rds

To t a l  ha r mon i c  (1  -  5 ) %

d i s t or t i on

I npu t  l eve l  

I npu t  i mpedance

1 vo l t  r . m . s . .  (2 . 5  p . p)  

100k



Annex  E

Me t hod  to  t es t  t he  S t a t l ona r l t y  o f  t he  ECG

Any  b i omed i ca l  da t a  can  be  cha r a c t e r i sed  i n  t e r ms  o f  i t s  s t a t i s t i ca l  

p r ope r t i es  (Benda t ,  1962 ,  196A) .  S t a t i ona r i t y  means  t ha t  t he  

s t a t i s t i ca l  p r ope r t i es  compu t ed  ove r  t he  ens emb l e  o f  a l l  t he  da t a  mus t  

no t  va r y  w i t h  t i me .  The  s t a t i s t i ca l  p r ope r t y  o f  a  s i gna l  can  be  

eva l ua t ed  by  i t s  mean  and  i t s  va r i ance ,  o r  by  i t s  powe r  spec t r um  i f  i t  

i s  i n  f r equency  doma i n .

The  t es t  o f  s t a t i ona r i t y  may  be  conduc t ed  by  e i t he r  o f  t he  f o l l ow i ng  

me t hods :

(a)  The  ensemb l e  t es t ,  wh i ch  can  be  conduc t ed  by  t ak i ng  t he  ensemb l e  

ave r age  o f  t he  da t a  w i t h  r espec t  to  t i me .  I f  t he  r esu l t  o f  t he  ensemb l e  

ave r age  does  no t  va r y  w i t h  t he  va r i a t i on  o f  t i me ,  t he  da t a  l a  sa i d  t o  be  

s t a t i ona r y ,  o t he rw i se ,  t he  da t a  l a  non - s t a t l ona r y .

(b)  A  p r og r ess i ve  mean  t es t  (Benda l  &  Pe i r so l ,  1966) ,  I mp l emen t ed  i n  

t he  f o l l ow i ng  way ;

( i )  by  t ak i ng  a  l eng t h  o f  r eco r d  samp l ed  i n  acco r dance  w i t h  t he  

Nyqu i s t  c r i t e r i on ,

( l i )  segmen t i ng  t he  r eco r d  i n t o  IM equa l  t i me  I n t e r va l s ,

( i l l )  ca l cu l a t e  t he  mean  va l ues  o f  t he  i nd i v i dua l  segmen t ed  i n t e r va l s ,

( i v )  ca l cu l a t e  t he  mean  squa r e  va l ue  o f  t he  who l e  r ecord ,

(v )  choose  an app r op r i a t e  pe r cen t age  l eve l  o f  s i gn i f i cance ,  a =  0 . 05 .

( v i )  by  t ak i ng  t he  mean  squa r e  va l ue  as  a  l i ne  o f  r e f e r ence  on  t he  

p l o t s  o f  mean  va l ues  aga i ns t  numbe r  o f  samp l es ,  t he  numbe r  o f  ' runs '

E l



i s  de t e r m i ned .  A ' run'  may  be  de f i ned  as  t he  numbe r  o f  t i mes  t he  da t a  

i s  pa r t i t i oned  by  t he  mean  squa r e  va l ue  l i ne .

I f  t he  numbe r  o f  r uns  f a l l s  w i t h i n  t he  va l ues  c i t ed  i n  Tab l e  E l  f o r  

spec i f i ed  l i m i t s ,  t hen  t he  da t a  i s  s a i d  to  be  s t a t i ona r y .

The  r eco r d  was  segmen t ed  i n t o  N  =  10 ,  20  and  100  segmen t s  and  t he  means  

we r e  p l o t t ed  w i t h  r espec t  to  t he  numbe r  o f  samp l es  ( f i gu r es  E l ,  E2  and  

E3) .

The  t ea t  i nd i ca t ed  t ha t  t he  da t a  cons i de r ed  was  s t a t i ona r y ,  w i t h  N  =  10  

and  20  and  becom i ng  non - s t a t i ona r y  a s  N  i nc r eases  to  100 .



Va lues o f  r  such  t ha t  Pr ob  Cr  >  r  ] =  a ,  luhere  n  =  l\l. =  l\l„ =  IM/2 
n  I d  n  n   ̂ ot \

n = N/2 0 . 99 0 . 975 0 . 95 0 . 05 0 . 025 0 .01

5 2 2 3 8 9 9

6 2 3 3 10 10 11

7 3 3 4 11 12 12

8 i* <� 5 12 13 13

9 h 5 6 13 14 15

10 5 6 6 15 15 16

11 6 7 7 16 16 17

12 7 7 8 17 18 18

13 7 8 9 18 19 20

1 i* 8 9 10 19 20 21

15 9 10 11 20 21 22

16 10 11 11 22 22 23
18 11 12 13 24 25 26
20 13 li» 15 26 27 26

25 17 18 19 32 33 34

30 21 22 24 37 39 40
35 25 27 28 43 44 46
itO 30 31 33 48 50 51
i*5 3i* 36 37 54 55 57

! 50 38 40 42 59 61 63

1
i*3 45 46 65 66 68

f W1 49 51 70 72 74

1 “ 52 54 56 75 77 79
1 70 56 58 60 81 83 85

75 61 63 65 86 88 90
80 65 68 70 91 93 96
85 70 72 74 97 99 101

90 7U 77 79 102 104 107

95 79 82 84 107 109 112

100 8 i* 86 88 113 115 117

Tabl e  adap t ed  f rom  Benda i  & Pe l r so l ,  1966 .
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iU . DBT C 0 )

NO. OF SBMPl-E 1.0

F i gur e  E1  The  p l a t  o f  t he  mean  w i t h  r espec t  t o  numbe r  

o f  samp l es .

Numbe r  o f  samp l es  N  =  ID 

Numbe r  o f  runs  =  6

n  =  ^  =  5

a  -  be t ween  0 . 95  and  D . D25

t he  me an  squa r e  va l ue  i s  9 . k  x  ID*  , t he  da t a  behave  

s t a t i ona r y .

Ek



iU . DRT ( 0 3

NO. OF SFIMPt-E 20

F i gur e  E2  The  p l o t  o f  mean  ui i th r espec t  to  numbe r  o f  samp l es

IMumber  o f  samp l es  IM =  20  

Numbe r  o f  runs  =  7 

OL -  be t ween  0 . 95  and  0 . 025

t he  mean  squa r e  va l ue  i s  i t .72  x  10 ‘  , t he  da t a  behave  

s t a t i ona r y .

E5



lU .  DOT C 0  )

NO. OF SflMPl_E 3-02 jtj.0

F i gur e  E3  The  p l o t  o f  mean  w i t h  r espec t  to  numbe r  o f  samp l es  

Numbe r  o f  samp l es  =  102 

Numbe r  o f  r uns  =  B  

n  =  51

The  da t a  behave  non - s t a t i ona r y .

E6



Annex  F

The  Hardi i i are and  Sof tu i are  Aspec t s  o f  S i gna l  Pr ocess i ng

A DEC POP  11 / 23  was  a l r eady  se l ec t ed  f o r  t he  Dev i ce  App l i ca t i on  Group  i n  

the  Phys i cs  Depa r t men t  f o r  t he  r easons  o f  compa t i b i l i t y  w i t h  t he  ex i s t i ng  

depa r t men t a l  equ i pmen t ,  sha r i ng  o f  so f t wa r e  and  ha r dwa r e  expe r i ence  bo t h  

i n t e rna l l y  and  ex t e rna l l y .

The  PDP 11 / 23  was  ob t a i ned  w i t h  t he  f o l l ow i ng  con f i gu r a t i on :

LSI  11 / 23  p r ocesso r  w i t h  Memo r y  Managemen t  Un i t  (MMU)

128  Kby t es  DRAM

Tw i n  RXD2  f l oppy  d i sc  d r i ves

16- channe l  mu l t i p l exed  ana l ogue  i npu t  to  12 b i t  ADC

D i g i t a l  I /O  i n t e r f ace

Quad  se r i a l  l i ne  i n t e r f ace ,  and

ROM  boo t s t r ap  boa r d

Two  RKo5  ha rd  d i sk  d r i ves  we r e  added  l a t e r  p r ov i d i ng  SMB  o f  s t o r age

In add i t i on  t he  pe r i phe r a l s  i nc l uded  an  LA36  DecUJr i t er ,  LUa t anabe  d i g i t a l  

p l o t t e r  wh i ch  was  l a t e r  r ep l aced  by  a  Gou l d  co l ou r w r i t e r  d i g i t a l  p l o t t e r  

and a  Te l ev i deo  192C  UDU,  a l l  se r v i ced  v i a  se r i a l  l i nes .

The  ADC has  a  r ange  o f  -5  to  +5  vo l t s ,  wh i l e  t he  t ape  r eco r de r  has  a  

max i mum  ou t pu t  o f  app r ox i ma t e l y  1 . 4  vo l t  rms ,  and  add i t i ona l

F I



p r e - amp l i f i ca t i on  was  used  i n  o rde r  to  p rov i de  a  f u l l  use  o f  t he  ADC 

r eso l u t i on .

In orde r  t o  p r ocess  t he  da t a  r eco r ded  us i ng  t he  PDP  11/23 ,  i t  i s  necessa r y  

to samp l e  and  s t o r e  t he  r aw  da t a ,  to  do  t h i s  a  samp l i ng  r a t e  o f  1 and  2 

msec  was  chosen .  To  avo i d  e r r o r  i n  samp l i ng  due  to  a l i as i ng ,  i t  i s  we l l  

known  t ha t  s i gna l  componen t s  mus t  no t  ex i s t  above  ha l f  t he  samp l i ng  

f r equency ,  wh i ch  i s  known  as  t he  IMyqu i s t  f r equency .

D i g i t a l  s i gna l  p r ocess i ng  package

The  so f t wa r e  package  was  deve l oped  t o  pe r f o r m  r ou t i ne  spec t r a l  ana l yses  

such  as  powe r  spec t rum ,  co r r e l a t i on  and  cohe r ence ,  adap t i ve  f i l t e r  such  as  

adap t i ve  no i se  cance l l a t i on ,  t r ansve r sa l  f i l t e r  and  t i me - sequenc e  adap t i ve  

f i l t e r .  The  sub - r ou t i nes  a r e  based  on  p r og r ammes  desc r i bed  by  t he  d i g i t a l  

p rocess i ng  connm i t t ee  (1978)  and  by  Ca r t e r  and  Fe r r i e  (1979) ,  wh i l s t  t he  

o the r  p r og r ammes  a r e  deve l oped  by  t he  au t hor ,  and  by  U i nsk i  ( 1985) .

An examp l e  o f  spec t r a l  ana l ys i s ,  pa r ame t e r s  and  commands  r equ i r ed  i s  

desc r i bed  be l ow .

For  spec t r a l  ana l ys i s ,  each  r equ i r ed  t he  r esu l t s  o f  f a s t - f ou r r i e r  t r ans f o rm  

(FFT)  on  t he  r aw  da t a ,  t h i s  cou l d  he  done  by  t he  Command  SXY,  wh i ch  w i l l  

compu t e  t he  spec t r a  Gxx ,  Gyy  and  the  c r oss  spec t r um  ReCGxy ]  and  I m[Gxy ] ,  

wh i ch  i s  s t o r ed  f o r  use  by  subsequen t  commands :  LPS,  CCF ,  ACF ,  CDH,  wh i ch  

can  be  ca l l ed  a f t e r  execu t i ng  SXY  in  any  orde r .

F2



Pa r ame t e r s  r equ i r ed

N(\ll\l

NFT

PoU

(SAM)

Leng t h  o f  s egmen t  o f  da t a ,  i t  cou l d  be  g i ven  when  ca l l i ng  

SXY,  o r  o t he r w i s e  p r ev i ous  va l ue  i s  used ,  wh i ch  mus t  

be  >A  and  <512 ,  wh i ch  shou l d  no t  exceed  t he  i npu t  da t a  

r ecord .

i s  compu t ed  to  be  t he  nex t  powe r  o f  2  t ha t  is>l \ I IMN =  1DD,

NFT  w i l l  be  made  equa l  to  128 .  Th i s  i s  t he  FFT  segmen t  

l eng t h ,  max  l eng t h  =  512

' pe r cen t age  ove r l ap ' .  Da t a  r eco r ds  l a rge r  t han  512  canno t  

be  p r ocessed  as  one  r eco rd  s i nce  max . FFT  i s  512 .  A  pe r cen t age  

ove r l ap  o f  0,  50  and  75  may  be  used  as  a  a r gumen t  when  

SXY  i s  ca l l ed ,  o t he r w i s e  t he  p r ev i ous  va l ue  i s  used .

t he  samp l i ng  r a t e  i n  ysec .  I t  i s  on l y  needed  to  de t e r m i ne  

t he  f r equency  r ange  o f  t he  spec t r a .

Desc r i p t i on  o f  commands

Forma t

Do  i n i t i a l  compu t a t i ons  to  ob t a i n  spec t r a  Gxx ,  Gyy ,  and  

Gxy  f o r  use  by  o t he r  command  

SXY  \]̂  Ug

U.| i s  t he  i npu t  'X'  vec t o r

n



NNN

Ug  i s  t he  i npu t  'Y'  vec t o r

t hese  mus t  be  t he  same  s i z e  o r  an  e r ro r  message  appea r s ,  

se t s  t he  segmen t  s i z e  f o r  FFT ,  i t  shou l d  be  a  powe r  o f  2,  

i f  i t  i s  no t  a  powe r  o f  2 , z e r o ' s  a r e  au t oma t i ca l l y  added  

to  make  i t  so ,  wh i ch  w i l l  deg r ade  t he  accu r acy  o f  t he  

spec t r a l  es t i ma t es ,  so  i t  i s  bes t  to  use  a  powe r  o f  2  i f  

poss i b l e .

PoU se l ec t s  t he  pe r cen t age  ove r l ap  i f  mo r e  t han  one  segmen t  i s

I' !• needed  to  p r ocess  da t a ,  

se t  to  � ,  50  o r  75  on l y .

Af t er  execu t i ng  t he  comnand  SXY,  t he  f o l l ow i ng  command  may  be  used  as  

requ i red .

(a)  Log  powe r  spec t rum  (LPS)

Forma t  LPS  U^ ( U2 )

The l og  o f  t he  powe r  spec t r a  Gxx  ( and  Gyy )  a r e  compu t ed  f rom  Gxx  ( and  Gyy )  

and pu t  i n t o  and  ^2  spec i f i ed .  I f  ^2  i s  om i t t ed ,  on l y  Gxx  i s  s t o r ed  

in \ l y

The s i ze  o f  U.  and  U,  i s  i mpor t an t ,  f o r  an  N - po i n t  FFT  t he r e  a r e  N  +  1 
2  7

va l ues  f o r  t he  spec t rum ,  t he  f i r s t  be i ng  t he  dc  componen t .  The  s i z e  o f  lYFT 

de t e rm i nes  t he  s i ze  o f  t he  powe r  spe c t r um  v ec t o r  i e .  I\IFT +  1.

(b)  Au t ocor r e l a t i on  f unc t i on  (ACF )

FA



Forma t  ACF  Û ( \ /2 )

Canpu t es  t he  ACF  o f  'X'  ( and  ' V  i f  Ug  i s  spec i f i ed )  i npu t  da t a  r eco r d  f r om

the  i nve r se  FFT  o f  t he  powe r  spec t r a  Gxx  and  Gyy .  Because  t he  ACF  i s

symme t r i c ,  on l y  one  ha l f  l a  p rov i ded .  The  s i z e  o f  ( and  U^)  mus t  no t

exceed  l \FT +  1,  i t  cou l d  be  l ess  i f  des i r ed .
2

For  l a rge  va l ues  o f  NFT ,  i t  i s  conven i en t  to  have  and  equa l  to  a  

powe r  o f  2  f o r  p l o t t i ng  and  d i sp l ay .  The  au t oco r r e l a t i on  o f  X i s  pu t  i n t o  

and  the  au t oco r r e l a t i on  o f  Y l a  pu t  i n t o  ^2 *

(c)  Cr ossco r r e l a t i on  f unc t i on  (CCF )

Forma t  CCF  U^ (U2 )

From  t he  c r oss - spec t r um  GXY ,  t he  c r ossco r r e l a t i on  f unc t i on  i s  ob t a i ned  f r om  

the  i nve r se  FFT  and  t he  r esu l t  i s  pu t  i n t o  \ l^.  Because  t he  CCF  i s  no t  

gene r a l l y  symme t r i ca l ,  \Ĵ  mus t  be  equa l  to  NFT  i n  s i ze .  I t  may  be  sma l l e r  

i f  on l y  a  pa r t  o f  t he  CCF  i s  r equ i r ed .  I f  U2  i s  spec i f i ed  i t  con t a i ns  t he  

i mpu l se  r esponse  o f  t he  f unc t i on .

V �

I

(d)  Cohe r ence  f unc t i on  (COH)

Forma t  COH (U2 ) (V3 )

Seve ra l  f unc t i ons  a r e  p r ov i ded  by  t h i s  command .  The  va l ue  o f  t he  magn i t ude  

square  cohe r ence  (MSC) ;

Ï* =  Gxy  .Gxy  

Gxx . Gxy



is s t or ed  i n  . Th i s  can  t ake  va l ues  i n  t he  r ange  0-1 ,  nx jst  no t  exceed

+ 1,
" T
i f  Ug  i s  p rov i ded ,  i t  w i l l  con t a i n  t he  l og  powe r  c ross - spec t rum ,

i f  U j  i s  p r ov i ded ,  i t  con t a i ns  t he  pha s e  c ross - spec t r um  i n  degr ee ,

i f  U,  i s  spec i f i ed ,  i t  con t a i ns  t he  modu l us  o f  t he  t r ans f e r  f unc t i on  Hj^( f )
X

in dB.

Examp l e :

Hav i ng  t wo  vec t o r s  fl and  B of  s i ze  512  each  and  samp l ed  a t  IKHz ,  ob t a i n  t he  

spec t ra l  f unc t i on .

IKHz  samp l i ng  means  IMyqu i s t  f r equency  o f  5DDHz ,  so  any  da t a  componen t s  

above  500Hz  w i l l  a l i as  back  i n t o  D - 50DHz  band .  Thus  t h i s  i s  t he  f r equency  

range .

To de t e r m i ne  t he  r eso l u t i on ,  t he  powe r  spec t r um  w i l l  be  s t o r ed  i n  a  vec t o r

of  s i z e '257  512  +  1 and  w i l l  r ep r es en t  50DHz .  As  t he  f i r s t  b l n

r epr esen t s  t he  dc .  componen t :

WIM  i s  512  and  sd  i s  NFT

.‘. r eso l u t i on  =  500  “  1Hz  
512

To ge t  l og  powe r  spec t rum :

SXY A B 512

IPS

A^  A„  
1  2

CCF

uf i ere  and  a r e  o f  l eng t h  256  
1 2

g i ves  au t o - co r r e l a t i on  f unc t i on .  A^  and  A2 

o f  l eng t h  256

g i ves  c r oss  co r r e l a t i on  f unc t i on  and  i mpu l se  r esponse ,  

and  l eng t h  256
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For  r eso l u t i on  l e ss  t han  1Hz ,  i t  i s  r equ i r ed  t ha t  t he  samp l i ng  f r equency  

must  be  sma l l e r ,  i . e ,  l ess  t han  5DDHz ,  bu t  t h i s  depends  upon  t he  bandw i d t h  

� f  t he  i npu t  s i gna l .

SmiE o f  t he  D l apac  Commands  and  pa r ame t e r s  a r e  l i s t ed  be l ow

H

EX

CR

STP

m

PRI

AP

SP

LP

INC

DEC

AL

DE

MAP

L

SAM

P

D

XY

AX

G

: L i s t  he l p  i n f o r ma t i on

¡Execu t e  t he  commands  i n  t he  named  command  f i l e

¡Cr ea t e  a  command  f i l e

¡St op  the  p r og r anme

¡Send  a l l  ou t pu t  to  UDU

¡Send  a l l  ou t pu t  to  p r i n t e r

¡A l l oca t e  a  pa r ame t e r  g i ven  name ,  t ype ,  l oca t i on

¡Se t  t he  named  pa r ame t e r  to  t he  g i ven  va l ue

¡L i s t  t he  va l ues  o f  a l l  pa r ame t e r s

¡ I nc r emen t  named  pa r ame t e r  by  g i ven  cons t an t

¡Dec r emen t  named  pa r ame t e r  by  g i ven  cons t an t

¡A l l oca t e  space  f o r  named  a r r ay  g i ven  d i mens i ons  and  s t a r t

¡Dea l l oca t e  s t o r age  f o r  t he  named  a r r ay

¡L i s t  a  map  o f  s t o r age  a l l oca t i on

¡L i s t  t he  named  a r r ay

¡Samp l e  ADC  and  s t o r e  i n  memo r y

¡P l o t  vec t o r

¡D i sp l ay  vec t o r

¡Con t ro l  t he  p l o t t e r  d i r ec t l y

¡P l o t  axes  us i ng  T / L I N / LOG ,  l \DX,  IMDY,  (Y- ax i s  t ex t ) ,  (Box )  

¡Dr i ve  t he  Gou l d  co l ou r w r i t e r  d i r ec t l y



: Sca l e  t he  v /ec tor  by  a  cons t an t

:Sh i f t  t he  vec t o r  by  a  cons t an t

:Add  t he  f i r s t  vec t o r  to  t he  second  vec t o r

: Sub t r a c t  f i r s t  vec t o r  f r om  second  vec t o r

: Mu l t i p l y  f i r s t  vec t o r  by  second  vec t o r

: O i v i de  f i r s t  vec t o r  by  second  vec t o r

: C l ea r  t he  vec t o r  t o  ze ro

:Copy  t he  f i r s t  a r r ay  to  t he  second

:W r i t e  t he  a r r ay  t o  d i sk  1

: Read  a r r ay  f r om  d i sk  f i l e

SMS

:Gene r a t e  s ine i i iave f o r  g i ven  pe r i od

rS i mp l e  s t a t i s t i cs  -  m i n ,  max ,  mean ,  sun ,  s t anda r d  dev ,  

r ms  powe r

: S i gna l / no i se  powe r  r a t i o  g i ven  no i sy  s i gna l  and  

s i gna l  vec t or s

: Ccnpu t B  t he  spec t r a  o f  X and  V 

:Compu t e  l og  powe r  spec t r um  

: Canpu t e  au t oco r r e l a t i on  f unc t i on  

: Q j npu t e  c ross  co r r e l a t i on  f unc t i on  

i Conpu t e  cohe r ence  

:S i mp l e  adap t i ve  f i l t e r  

:T i me - sequenc ed  adap t i ve  f i l t e r

To pe r f orm  t he  axes , t he  f o l l ow i ng  command  shou l d  be  execu t ed :  

T

AX -  Q N  -  NDX  -  NDY  -  'y ax i x  t es t '  -  BOX

LOG
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T is the  p l o t  o f  t he  t i me  aga i ns t  amp l i t ude  

LIN L i nea r  p l o t  f or  cohe r ence

l og  Log  p l o t  f o r  t r ans f e r  f unc t i on  and  l og  powe r  spec t r um  

NDX,  NOY a r e  t he  numbe r  o f  d i v i s i ons  i n  t he  X  and  Y axes

An examp l e  o f  pe r f o r m i ng  adap t i ve  f i l t e r i ng

I t  i s  r equ i r ed  t ha t  f ou r  a r r ays  a r e  a l l oca t ed  w i t h  t he  same  s i ze ,  i . e ,  2048  

bin,  the  f o l l ow i ng  command  shou l d  be  execu t ed :

AL A 20  48 $1

AL a 2048 $21

AL Y 2048 $41

AL E 20  48 $61

The above  a l l oca t i on  i s  t he  name  o f  t he  a r r ay  A and  0  and  t he  t wo  r equ i r ed  

i nputs  to  t he  adap t i ve  f i l t e r .  Y i s  t he  ou t pu t  o f  t he  adap t i ve  f i l t e r  

i ihi le E  i s  t he  e r ror .  They  a r e  a l l  o f  s i z e  2048  and  t hey  a r e  a l l  p l aced  i n  

a spec i f i c  pos i t i on  i n  t he  s t o r age ,  as  i t  w i l l  be  shown  i n  t he  map .

I t  i s  a l so  r equ i r ed  to  a l l oca t e  t he  numbe r  o f  coe f f i c i en t  by  AL  li) 64  $81 ,  

that  means  a l l oca t e  an  a r r ay  ca l l ed  U  o f  s i z e  64  and  s t anda r d  f r om  pos i t i on  

81.

i\

Tc pe r f orm  t he  adap t i ve  f i l t e r  i t  i s  r equ i r ed  t o  se t  t he  a  va l ue  to  t he
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convergence  f a c t o r  y  , i . e .  � . � � 1 , and  t c  se t  a  de l ay  o f  ^  +  1 .

The cctnnand i s :

AF A B V E

The f o l l cu i ng  m a p  show  t he  l oca t i on  o f  t he  a r r a ys  i n  t he  s t o r age  wh i ch  

cons i s t  o f  256  b l oc k s  o f  128  wor ds .

3 if 5 6 7 a 9 IB 1 1 12 13 ^k 15 16

A A A A A A A A A A A A A A

B B B B B B B B B B B B B B

Y Y Y Y Y Y Y Y Y Y Y Y Y Y

E E E E E E E E E E E E E E

I
a
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