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ABSTRACT

This  report  descr ibes  the implementa t ion  of a r e cu r s ive  s tochas t ic

I a lgor ithm , the least mean square  (LMS) er ror  a lgor i thm , in a 2 - t ap  weig ht

CCI)  adapt ive  f i l t e r  with electr ical l y - r e p r o g r a m ma b l e  MNCS nonvola t i le ,

ana log conduc tance  w eig hts .

~1

.4 -
‘A

r
v/ v i



I

A 

TABLE OF C O N T E N T S

Page

1. IN T R O D U C T I O N  1-1

.~~. I N T R O D U C T K ) N  TO A D A P T I V E  SIGNAL PROCESSING

3. FHE LMS AI .GORIIIIM 3 — 1

3. 1 The Cli pped Da ta LM S A l g o r i t h m  3-~
3. 2 Othe r Forms of th e  LM S A l g o r i t h m  3-9

3. 3 A 2 -Tap  Wei ght  A d ap t i v e  F i l t e r  Under  the Con t ro l  of the
“C l i pped Data ” [.MS Al g o r i t h m  3-11

3. 3. 1 A 2 - r ap  A d a p t i v e  Notch  F i l t e r 3-l~
4. C H A R G E - C O U P L ED I)E V I C E S  ( C C D’S ) W I T H  A N A L O G

CON D U C T A N C E  WEIGHTS 4 - I

4. 1 Se r i a l  In P a r a l l e l  Out ( SI ” PO) T r a n s v e r s a l  F i l t e r i n g  wi th
-~~ Ch a r g e - C o u p led I ) e v i c e s  (CC D’ s )  4-T

4. 2 I” loa ’ing C l o c k  E l e c t r o d e  Sensor 4-11

4. 3 1 r a n sv e r s a l  F i l t e r  U t i l i z i n g  the FCES Output  C i r c u i t  4-14

~~. \ IOS r P A N S I S F 0 R S  AS E L E C ’r R I cA L L Y  R E P R O G R A M M A B L E
ANALOG CONI)UCTANCE A 1)APTIVE F I L T E R  W EI G H T S  5-1

1, 1 NI OS 1 r a n s i s t o r s  w i t h  B i d i r e c t i o n a l  CC 1 C o n t r o l  of W e i g h t s

~ \ l e I a l - N i t r i d e - ( ) \ i d e — S i l i c o n  ( N I N O S )  E l e c t r i c a l l y Reprog rarn rnab le
A n a l o g  C o n d u c t a n c e  We i g h t s  5-7

~~ . 3 Ca l c u l a t i o n  of ~~~~~~~ f or t he Cl i pped I)a ta LMS A l g o r i t h m  5- 10

. 4 Speed of Response  and P r o g r a m m i n g  Vol t age  R a n g e  for  N~~ OS
E l e c t r i c a l l y R e p r o g ra n im a b l e  A n a l o g  Conduc tance  Wei gh t s  5-L?

5. 5 MN O S C h a r a c t e r i z a t i o n  for  Adap t ive  W e i g h t  Con t ro l  - 14

“ . A D A P T I V E  F I L l E R  B R E A I ) B O A R D  AND E X P E R I M E N T A l .
C H A R A C T E R I S T I C S  6- 1

~~ 

t . 1 C o m p u t e r  S imu la t i on  - Two Tap L inea r  A d a p t i v e  F i l t e r  t~-8
( . 2 E x p e r i m e n t a l  R e s u l t s  for  2 -Tap L i n e a r  Adap t ive  No tch  F i l t e r  6-8

[I vii



Page

7. APPLJC ;ATIONS 7-1

7. 1 A d a p t i v e  Noise C a n c e l l a t i o n  7-1

7. ~ A d a p t i v e  Linea r P r e d i c t i o n  for  N a r r o w b a n d  Speec h ,  Vo ice
P r o c e s s i n g

7. 3 A d a p t i v e  Echo C a n c e l l a t i o n  F i l t e r s  7 -11

S. C ON C L U S I O N S  5- 1

—

i

h

- 
~~~~~~ v i i i

I 



LIST OF ILLUSTRATIONS

Page

1. Ada p t ive  F r a n s v e r s a l  F i l t e r

C o r r e l a t i on  Cance l l a t ion  Loop (CCL)  3 5

3. I n t e r n a l  View of Ad apt ive  F i l t e r  3-5

4. Ada pt ive  F i l t e r  wi th  Cascaded CC L’ s to Imp lement
“Cl i pped Data ” 1.MS A l g o r i t h m  3-9

5. Compar i son  of Var ious  A l g o r i t h m s  for an Adap t ive  E q u a l i z e r  3-12

~~. . A ~- i a p Weig ht  A d a p t i v e  F i l te r with “Cli pped I)ala ” LMS
A l g o r i t hm 3 — 1  ~

7. S i n g l e  F re q u e n c y Ada pt ive  Noi se Can ce l le r  3 - i?

S. Ch a r a c t e r i s t i c s  of a 2 -Tap Weigh t  Adap t ive  Noise  C a n c e l l e r
U n d e r  the C o n t r o l  of a Cli pped-Data  LMS A l g o r i t h m  3-19

CCL Analog Shift (SI’SO) 4-3

10. Bas i c  CCL 4-Phase  Clock Timing fo r  SI SO CCI) 4 -3

11. C r o s s  S e ct i o n  of 4 -Phase  CCD Stage Delay 4_ S

Pho to rn i c rog rap h of SI ’PO CCD Basic  Bui ld ing  Block  for
— l apped A n a l o g  I)elay Line of L inea r  Combine r

13 . 1 ra n s v e r s a l  F i l t e r  4- 10

~~~ 14. F l o a t i n g  Clock  E l ect rode  Sensor  C i r c u i t  4- 1.~
15. Clock  W a v e f o r m s  for  FCES C i r c u i t  and Seria l In Pa ra l l e l  Out

r Opera t ion  4-13

1i~. Phot orn ic rog rap h of SI. ’ PO CCD Chi p 4-15

17. SI -“ P0 h a m m i n g  W e i g h t  T ra n s v e rs a l  F i l t e r  4 - 17
L

18. MOS V o l t a g e - C o n t r o l l a b l e  Analog  Conductance  fo r  A d a p t i v e
Tap W e i g h t  E l e m e n t  ~~ - 3

19. MOS- ’I r a n s i s t o r  An a log  C o n d u c t a n c e  Compar ison wi th
Fixed R e s i s t o r  Pe r fo rmance  5-5

1



Pag e

.~0 . B i d i r e c t i o n a l C h a r g e  C o n t r o l  fo r  A d j u s I n~e nt of Gate
V o l t a g e  to A c h i e v e  a V a r i a b l e  A n a l o g  \IOS C o n d u c t a n c e

~ 1. Ph ot o rn i c ro i .~r aph of D r i i n - S o u r c e  P r o t e c t e d  \ INOS N o n v o l a t i l e
M e m o r y  I r a n s i s t or  W /L  7/1

(;ross-S ection of l)SP-MNOS Memory Ura nsis’or

~U3. Simp lified Block I)iagram of \INOS Analog Conductance

P r o g r a m m i n g  Op er a t i o n  5- 10

.~4. P — C h a n n e l  \ IN O S  M e m o r y  T r a n s i s t o r  E r a s e  W r i t e
Cha r a c t e r i s t i c s  (S ing l e  Pulse  R e sp on s e  f r o m  a S a t u r a t e d  S ta ’~c)  5 - I

U n i f o r m  and Nonun i fo rm C h a r a c t U ’r i s t i c  of MN OS M e m o r y
T r a n s i s t o r s  ( - 300~ s e c )  N . 450 °A , N 20 °A ~-l  3

p 0

P — C h a n n e l  M N O S  M e m o r y  T r a n s i s t o r  E r a s e  \ V r i t e
Ch a r a c ’ er i s t i cs  (S ing le  Pulse  R e sp o n s e  f r o m  a Sa ’u r a t e d  S t a t e )  5 -15

~7. MN OS C h a r a c ’e r i z a t i o n  C i r c u i t  - ‘- 15

2s. MT’~OS Charac terization Circuit Output Pulsewidth t = Z OO g sec
f o r  W r i t e  and C l e a r  S a t u r a te  - Z O V  ~ R e a d  -9 v~~~1s 5-IT

B l o c k  D i a g r a m  of CCD A d a p ti v e  F i l t e r  P r e d i c t o r
C o n s t r u c t e d  w i t h  E M S  .‘\ l g o r i t h r n

30. .‘\ dap t i ve  F i l t e r  B l o c k  l ) i a g r a r n  ‘- — 3

~ 1. i n t i n g  I iag r i m  f o r  S[’PO CCI’) A d a p ’iv e  1”i l t er

A n a l o g  P r o c e s s o r  A d a p t i v e  F i l t e r  B r e a d b o a r d  ‘ — 7

— 
33. I w o  l a p  A d a p t i v e  L i n ea r  P r e d i c t o r s  ~ I 9

34. wo Tap A d a p t i v e  L i n e a r  F i l t e r  O ut p u t  (
~ \ V e i g h t  l’ap~ ( — i l

35 . I w o  l a p  A d a p t i v e  l .inea r F i l t e r  C omp o n e n t s  \ V a v e f o r n ~s

(‘~ W e i g h t  l a p ) 6 — I a

E x p e r i men t a l R e s u lt s  on “Cl i pped l ) a t a  LN I S  A l g o r i t h m
f o r  ~~~— I ap W e i g ht A d a p t i  s’e N o t c h  F i l t e r  t - i  3

37. 1 r a i i s i e n t  R e s p o n s e  of EMS A l g o r i t h m  6— h i

CCL A d a p t i v e  N o i s e  Ca n c e l l e r  6 — 1 7

k ~~~~~ 
( t I l i p u t  \\ a v e f o r m s  of A d a p t i v e  Noise C a n c e l l e r

40 . 60 l I z  I n t e r f e r e n c e  C a n c e l l a t i o n  with a ~~~— l a p  A d a p t i v e  F i l t e r

in  E l e c t r o c a r d i o g r a p h y 7~~

41. a r ~~-e l l a t i on  of Noise ~n Speech  C o m m u ni c a t i o n  7— 3 

•



I

Pa g e

4.~~. .‘\ N u l l — C o n s t r a i n e d  A daptive Beamfornier Array l o l e  rant
Array El ement Gain and Phase E r r o r s  7 -4

4 1. Se p a r a t i o n  of Broadband  and Pe r iod i c  S i g n a l s  as  in Sp r e a d
Spectrum Sys’ems 7 5

44 . N a r r o w b a n d  Voice  Sy s t e m  7 k

45 . C C I ’  Ada p t i v e  F i l t e r  fo r  L i n e a r  P r e d i c t i o n  A n a l y s i s  of Speech  7-9

46 . C C I  A d a p t i v e  P r e d i c t i o n  7-10

47. Echo Cancellation w i t h  CCD A d a p t i v e  F i l t e r s  7 — 1 3

F

X~~~~ X I I



I .  I N T R O I ) ! ’C T I O N

The r e c o n~ i e n d ; t t h n of an e ar ly  s - ~~lv  p r o c r t 1 i ~ w a s  to e x am i n e  t h e  p o s s i —

h i l  i ’ v of e l e c t  r i c al l  V rep m c  r an i n  able a tctloc weights at ‘ap p o s i t i o n s  a l o nc  a

( C D  ana loc  de lay  l i n e  in orde r ‘ i i  fo rm a b a s i c  l i n e a r  combine r f o r  adapt Ive

f i l t e r in c .  A step  w a s  t a k e n  in th i s  d i r e ct i o n  w i t h  the development  of a ser ia l

i n/ p a rallel u i ’ ( S I  / P O)  ( CI)  with a f l o a t i n g  clock e l e ct r o d e  c i r c u it  f o r  the

at t a c h m e nt  of c o n d u ct a nce  w e igh t s .  The la t te r c i r cu i t  combined the advan-

~aees  of \IOS and bi po la r  t e c hn o l oc i e s  to sense n o n d e s tr u c t i v e l y  the s ignal

( -ha r ce  uncl e r a f loa f i ! l c  g a e  e lec t rode in the  f o r m  of a d i spl a c e m e n t  c h ar ce

stored on a MOS t r a n s i st o r  ampl i f i e r. The idea of e l e c t r i c a l l y  reprogram-

rna bl e ana log  c o n d u c t a n c e s  v .i~~}i M N O S  m e m o r y  t r a n s i s t o r s  biased in t h e i r

‘M. I i .  W h i l e and W . P. ‘,‘.‘ ebh , ‘ S’ al y of the  se of C h a rge - C o u p l ed  I)evic~~s

in Analoc Signal  P r o c e s s in g  Sy st e m s , “ Fina l  l~epor t , N 0 0 0 14 -7 4 - C -0 0 6 ° ,

May 1’ t74.

\ I .  I I .  W h i t e, I. A. M a c k , 1 ’ . J. N ub, and I). R. l . ar np e ,  ‘ charge-Coup led

I)evice A n a l o g  S ign a l  P r o c e ss i nc , ’ F ina l  Repo rt N ()UOl4_ 75-C-O~~53 , Feb.

- - l ” 7 ~ - .

M . I f .  W h i t e, l. A . \~~~t~~~ k , F. J. N ub , F). P. 1,ampe and ,T. L.. F a g a n , A n  Ana-

b c  ( - C D  T r a n s v e r s a l  F i l t e r  wi th  F l o a t i n g  Clock Elec tr o d e  S e n s o r  and Var i a -

ble Top Cam s, ‘ ‘ ISSCIT l’echn ical  l)i~~es t  ( 1976 ’), pg. 1 ) 4 , Philadel phia , Pa.

t
F. I. Nub, M. II. W h i te, D. P. I ampe , ,I. I.. Fagan  and  I. A. Mack , ‘ (CD!

B i p o l a r  ~.Iun ol i t h i c  IC r ec h n o l o g v ,  ‘ A b st r a c t  i~ 107 , pg ~ O7 . Ex t ended  Ab-

s1 raets , Vol. 7( - 1 .  ~ p r i n g  M e e t i n g ,  E l ect roche rn i cal  Socie ty ,  May  ~ _ 7 ,  l ’ ) 7 t ,

( W a sh i n g ton , I) . C. ) .

A. Mack , M. I W h i t e , F. J. Nub , D. R. I~an ip e , and 3. I . .  Fagan, ‘ A
\ er s at i l e  CCD Ana log  T r a n s v e r s a l  Fi lte r wi th  F loat ing  Clock E lec t rode
Sensors” N A E C ON  7( (D a y t o n , Ohio , May 1976 ).
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rioilc reciuns was clisc’iss ed j~ th e lite ra ’ I r e  ‘ \~‘ j t f  ‘he j N t ( ? ’ ’ !’ ’fl of ~i r I ao ’ i ’ e

f i l ’er hosed on t l  I e , , s~ f l :& df l  squ a re ( I ~~ 1St e r r o r  a1cur itbrn ~~ ~ 0 O~~ t ! L 1 / C

~ ~~ OS ; t r t a l u c  c on do c~ a nc e  t a p  wej ii t s .

f : a rl~ ’ in  t h i s  r ocr a m  a d e c i s i o n  ha d ~u ht made \Vi~~~h -c _’ urds ‘ o ‘ l i e

i f a n a l o~ ‘,‘ & ‘ j c l t j n c , S i t O c t~~C opt i o n  t’xis~ed b e t w t er  U 0 f l V e I l~~i ’i lu } 
~~~~ ~r i o~1t ’

n I u l ’ i p l i ( rs wi t h  cd p i i c i ’or  st o ra c e  and e l e c t  r i cal lv  :‘e n r o c r , t r - l n a ’ ,le  ~- 1 : : OS

ri de n rl t i pliers w h i c h  used dircc ’ ilnu elin g fhroi ct i ‘hin oxide (~~~~h 
~~~ 3i \ )

I a \ -c r s. 
I n  

I n  o rde r o in p l ei nen t  the t ,  MS a1~~o r i t h i ’ i , t h e  111 11 1 iplie r or ‘ ci cli

had ‘o - c a d i i r s ’ablc  and son c t ech n i q i ~ c of i n t e g r a f i o u  o r  a t or ace ’.’,’ ; t i -  r e —

qui  red. S ince  sto r a c e  t i m e s  of se ye ral ininutes v i  - e ant ici pa ’ cii f o r  su~

o n n h i c a ’i o u ~~, 
11 

‘his n ean t e i the r larce - o f f — c h i p ’’ capa i ’ i t u r s  f o r  ‘hc  MOS

‘~l ’i p l i er s  or ~he i nh e r e n t  ‘ ‘ e m o ry ’ ’ of ‘h e  \U~ OS i r - : ~ ’ i n h i c r s .  \ ‘ e had

w o r h e d  w i ’h  ~ ‘~~OS dev ices  f o r  o v e r  a dcc ;vk ’ , s t a r i n c  Ic I’~ 5, aud ‘ i ns  c x —

u cr i en c e  i ’un ~
1 , i i i e d  w i t h  t h e  l o u c - - - c r ’ i c  en d  r a n ce  of ‘f l ese  ‘t e v i c e s  t o

~ . F. W h i t e , i .  h .  i n - p c , 1 . 1.. 1’ a c e , ‘ ‘C CD  ~~~~~~~~~~~~~~~~ f o r  P r o —
ran i able Analog Si cual P nice s s inc  and D ic iti l N o u ’- o l a  t i l e  ~- en rv,

I E I ) \ l  T e ch n iu :a l  D i c c i C ,  ( l ) ” . L)73) pc. 13 c _ 3 .

I .  L a n pc , \ ‘. . i f . V. l i ~ e , 3.11.  \ l i i n s ,  and C. A. Giln oI r, ‘ C C I ) ’ s I cr
I ) i s cr e te AnaloL~ Sia rn i I’ i’ ucessinc (I)AHI ~

), ‘ I T l - h - ~ 0 p -i ,  ( cv’  ‘t o r I

M a r c h  1~~7 4 .

II . 1’ idr ow , ‘ ‘Adap t ive  J” i P er s  I : I ’~~i i d a n er a i s , ‘ R’’~~ . SF1 _ r I — I .~( (I .

0 . n~~
, -t~~~~~ ) S~c’iford Ii l e c rnnics Labs. , (Stanfor !, Calif. , Ccc. lo t

D. H . l a r pe , I - i. C. Fin , I. A . M t~ i- , ‘1. 11 . W h i ’ e , “ C M O S  A nalog Nlu lt i pliers

for  CCD , \ r i a l r , c  S ien a l  P r o c e s s i r t L” I ’ t T 6 0 0 h I A C  I ) i ges ’  of I ‘ape r s.

‘ ‘. Ii. ‘Ahi ~~- and j . ‘ . C r i c k  I i i , ‘ C1ia r ac ’ c r i ~~at i o n  of  i ’ I i i n — O x i d e  \ LO S  M & i ~ -

o r y  I r a n s i s t or s ’ ’ , L I - J ’  i r a n c .  E l e c t r o n  I ) , - v i u c s ,  1 . 1 )_ l u ,  l~~5i ( 1°7 ~~~.

11 
~~~~ ~~~ Son dhi  and - ‘

~~. 1. 1 ‘ resti , ‘ A ~~l f— A a pt i ‘~-e Echo an c e l l  e r. -

1 55 1 ( 1 1 ( 6 ) .

M . I I. W h i t e , J. W .  l ) z i r n i a n s k i , an d  M. C . I ‘u c k e r a r , ‘ E n d u r a n c e  ut  F h t n —

Oxide  Co n vu l a t i l e  \h ’ - O S  M e m or y  l ’ ra rir-i i stors , ‘ C 1 . 1  I r a r n ~. ~ l o  t r I o

l)e v i & - t -  s, 1- D— ~~4 , 5 / 7  ( 1 177 1 .
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ur a de ~he \INOS memory t r a n s i s t o r  a l o c i c a l  ( ~or t he e l e c t r i c a l l y re-

p r oc  ran u r r ab le  ana log  c o n d u c t a n c e  w ci cli t . In  add it  ion t~~~ l i e  s to race or in—

eg ra t ion  r e q u i r ei :~en t , the e l e c t r i c a l  p roc  r a n  1 :  a b i l it  v f u n c t i o n  could he i n n —

ul e n :  e r i t e d  in a s imple n ianne  r wi th  the e r a se  /w r i t e f e a f i r  res of the MhOS

device St  r u c f u  re. Thus , this  r e p o r t  d i s c u s s e s  the  combina t ion  of ( C D  d i s —

- re t c ana log  de l ay  l i ne  t e c h n o l o g y  wi th  t}’, i n - o xj d e  MEOS m e m o r y  t e c h n o l oc v

‘ o forn  a bas ic  l i n e a r  combine r  fo r  adapt ive  f i lt e  r i n g ,  The (~ C D/  ~ tFOS tech-

no log ies  have  been used a l ready in a mono l i t h i c  c h a rge - a d d ressed m e m o r y

i -eli ’3 and , the r e f o r e , t l~e resul ts  p r e s e n t e d  in this  r epor t  a r e  extendable

a complete m o n o l i t h i c  adapt ive  f i l te r i nt e g r a t e d  c i r c u i t . In the  la t te r phases

of ‘he  pro~~rarn , a b i d i r e c t i o n a l  Ccl)  con t ro l  t - echnique was  developed to obt a in

ana log  w e i gh t i n g .  This method of fe rs an “all (TC D’ ’  a d ap t i v e  f i l t e r  and is

d i s cu s s e d  in ~-h ,i s  r e p o rt .

This repor t  b eg i n s  wi th  an int roduc t ion  to  adaptive f i l t e r i ng  followed by

S the  L~ .1S a lgor i thm to op t imize  the se lec t ion  of tap w e i g h t s  in the fil te r . The

f i l t e r  i s  co m p r i s e d  of a ba s i c  l i nea r  combine r , which c o n s i st s  of a C CI )  dis-

( • r e~ c an a lo c  delay l i ne  wi th  e lectr ical l y r ep rogrammable  MNOS analog con-

(l a - l a n c e  t a p  w e i g }i f s  t o  w e igh t  ~he n o n d e st r u c t i v e l y sensed  si c’nals in the

delay  l i ne , and an alg o r ith m  t o  con t ro l  the p r ogr a m m i ng  of the t a p  w e igh t s .

In add i t i on , s igna l  c o n d i t i o n  and recons t r uct ion  circui t ry ‘ogether with a n t i ~

:i l i a s i ng  fil t ers a r e  employed to g e n e r a t e  the a p p r o p r i a t e  ana log  wave fo rn’s .

To d e m o n s t r a t e  the f e a s i b i l i t y  of the a p p r o a ch , a .~— t a p  w e i g h t  a d a pt i v e  f i l t e r

or ea ’IL ’o ;t  rd is desc ribe ’l .  Such a c o n f i g u ra t i o n  r e p r e s e n t - s ‘he  bas ic  adapt ive

— 
~ f i l t e r  d e n  en t  in  a i n t u i t  Lap  weig ht a d a p t i v e  f i l te r . P r e li n ’i i n a ry  e v a l u a t i o n  of

t h i s  bas ic  a d a p t i v e  f i l te r e lement  i n d i c a t e s  t h i s  app roach  should open-the-

door  ~o the  r e a l i z at i o n  of l o w— c o s t , compact , adapt ive  sy s t e m s  f o r  su ch ap-

p l i c a t i o n s  as f i l t e r i ng ,  p r e d i ct i o n , s y s t e m  mode l ing ,  s p e c t r a l  anal y s i s , no ise

\1. I! . V. hi te , 1). H . l ampe , J. L. Fagen , F. 3. N u b , and I) . A. B a r t h , “A
o n v o l a f i l e  Cha rge Addressed  Memo ry ( ~ OV C A \ 1  I ( eli , ‘ ‘  IEE E 3. of Soli d—

St a t e  (~h t s, SC—l U, 281 ( 1 9 7 5 ) .
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supprcs~~i i ms , echo cance l la t ion, e tc .  Spec i f ic  s y st e m s  which would b e n e f i t

f r o m  su c h  a n  adap t i ve  f i l t e r a r e  s ecu re  speech p r o c e s s i nc  wi th  adapt ive  l i n e a r

p r e d ic ’ion
14

, sona r  beam fo r m i n g  wi th  adapt ive  sidelobe c l u t t e r  c a n c e lie r s ,
11

an d  adaptive noise cancellers fo r  s e n s o r - o r i e nt e d  sys tems.

i

14~~ F. Barbe , “The  Use  of C h a r g e — C o u p led 1) ev i ce s  i n  Voice Processing

Sy s t e m s, “ 1977 [E l - N In t e r n a t i o n a l Sy m p o s i u m  on C i r c u i t s  and Sy s t e m s .

P h o e n i x , A r i z o n a , A p r i l  25 , 1977.

15 .~ ~~ W h i l e , N . I ’etro sk y, I. A. Mack , 1.. 1. Lewis , “ A d a p t i v e  CCD S i g n a l

P r o .. e s s in c  fo r  Sona r Appl i c a t i o n s , ’’ 1 4 7 7  I n t e rna t iona l  Symposium on C i r —
ci i ’s and Sy st e m s,  I - ’hoenix , A r i z o n a , Apr i l  25 , 197 7.

If ’  
~ V. i d r o w , e t .  al. , ‘‘Adapt ive hu i s e  Can c e l l i n g ;  I ‘ r i n c i ples and Appl i c a t i on s ,

I’ i’~~c . I 1 ~ F , ! -, 6 ~~, I (, I;~~ ( 19 7 5 ) .
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2 . J N T R O D T ‘CTION TO ADAPTIVE SIGN AL P R O C E S S IN G

lie his to ry of adaptive signal pr o c e s s i n g  might well begin with the intro-

duc t ion of leas t  sqoa res es t imat ion theory  by Gaus s~ ‘ and Legend re 
1 8

Gauss  in ’  rodu ced this t echn ique  ~-o solve a large numbe r of r e d u n d a nt  e q u a t i o n s

t o  ext r act  the ‘ roost probable values ” of c e r t a in  a s t r o n o m i c a l  p a r a m e t e r s .

Modern  adaptive f i l t e r  t h e o r y  began with the  w o r k  of No1mogorov ’
~ and

W i e n e r 2° on the predic t ion  and filte r ing of s tat iona ry t ime ser ies. W i e n e r

‘ reated continuous si gnals  while Ko lmogorov  examined  sampled da ta  s y st em s ,

‘1. - s . ant i c i p at i n~ the ~iee d for  coherent  s igna l  p rocess ing .  The W i e n e r !

• Kolmogorov w o r k  provided the basic  d e s i g n  c r i ’ e r i a  fo r  opt imal  l i n e a r  f i l t e r s

‘o s up p r e s s  noise , pe rfo rm - s i gna l  p re d i c t i o n , and smooth  s ’ a ’i s ’ical ly  s ’a-

‘i o n a r v  si gnals .  The d e s ig n  of t he s e  f i l t e r s  fo r  h~~o\~ r - st a t i s t i c s  is  well Un-

(Ie r - s t o o ( I . I ,u ’  p r a c ’ i c a l  c o n s i d e r a t i o n s  o l t t t n  p l a ce  u n  i t s  on ‘l i e  in ~p I e r . : e n t a —

- - ‘i o n  of s u c h  l i l t: r s .  ‘l a l r n a n  a n d  I 3u cy  e x ’en u e ’-i ‘ l i e  L o l r i r o c o r o v  W i e n e r

I 
c ; a . s s , F. C. , ‘rl e o r v  of M o t i o n  of ‘i c  I J e av e n l y l odies,  ( i ) o v e r , \ e v~. York ,

— 1”( 3 t .

- — I I .  \V . Sor e ns o n . - l e a s t — S q u a  res l- s t i n n t a t i u n :  f r u i t  E tuss  to N a lnian ’
I f , L i - ‘~p(’ .. f r u n ,  pL’ . ~~, 

( Jul 1 ‘t 7 0 ) .

I t
A. i . o l i o g or o \ , “ in t e  rp ola t ion  u n d  Ex ’ ro po l a t i o n von S t at i o n a r er i  / u, f a l l i g e n
I oh •‘n, - I lu l l  Ac -ad.  SI i, t ’ 5 5 J ’ ,~ 5cr .  ,M a t h .  , 5, 3 ( 1 1 - l I )

I I- 
N.  ‘. ierie r , The E x t r a p o l a t i o n,  Inte  rpolat ion and Smoothing of St a t i o n a ry
Time S e r i e s,  Camb r i d g e , Mass , MI ’I P ress  ( 1 1 4 9 )

‘
~~~ V. V. . l e e , S t at i s t i c a l  T h e o ry  of C o nirn u n i c a t i o n,  New Yo rk: J o h n  \V i ley

Sons , ( I ‘ ‘t  ‘1.

1” . E a l r n a n  and R. Ru cy ,  “ New Resu l t s  in  L inea r  F i l t e r i n g  and I ’ redict ion
Theory ’ I ran s,  A SME (Ser.  D) , 3. Bas ic  l - n .~~ , 83 , 95 ( 196 1).
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1

• et  hniq nc ’ s ‘o c o n s i d e r  ~he d e s ign  of t i m e — v a r y i ng  linear filters fur nOnS ta—

‘i o n a r v  s ign a l s .  In gene ral , t he se  t ype s of f i l t e r s  have  p a r an l e e r s  \‘.‘ h I I S C

v a l - i c s  a r & ’ det e  rm i n ed  by a p r i o r i  i n f o r m a t i o n  on the s ignal  st a t i s t i c s .  The

s o - I  a I led  N a lman  filte r represents essentiall y a recursive solution c ,f  Ga .ss ’

or i g ina l  l e a s t — s q u a r e  pr o l) leni  in which  t h e  c o m p u t a t i o n s  b e n e f it s  of t odays
2 3

( :1  ci  ~a1 con ip irt ers are used ~o a d v an t a  ce.

Adap t ive  f i lt e r s  a r e  a c lass  of “ l e a r n i ng  ma c h i n e s ’ ’ in wh ich  the f i l te r

des i gn (we i ght  or  pa r a l l iet e r  a d j u st m e n t s)  i ’2 s e l f - l e a r n i ng  and based upon

est imated (m e a s u r e d)  s tat i st ical  cha rac t er i s t i c s  of the i n pu t  and output signals.

Ada p t i v e  f i l t e r i n g  based on a r e c u r s i v e  a lgo r i t h m , ( c o r r e l a t i o n - c a n c e l l a -

t ion  loo p t C C L ) ,  1 was  employed in the PP -an tenna  field in the 1950’ s.

Two gr o u p s  w o r k i n g  independent ly, developed t echn iques  f o r  adap t ive  i nt e r ~

fe rence or clutte r cancelling. One group worked on rada r iF s idelobe  c l u t t e r

cance l le rs~ wi th  opt imizat ion achieved b y an a lg o r i t h n  that  n i a x i n r i z e d  a

g en e  ra l iz ed  s i g n a l — t o — n o i s e  ra t io  ( SN H ) .  The othe r g r oup  w o r k e d  on a se l f—

o~~ in i c i n g  a rray f o r  con t rol s y s t e m s  based on sampled s igna l s  and a least

c a n  s~ l i t  r e  ( I .  MS I e r ro  r alc o r i t hni .  These  ~~‘o ada p 1 ye al co n t  hms ,

i i ’  ‘~~c1 - ~ r n  ved i f w i t h  d i f fe  r e nt  ap p r o a c h e s  ari d d i f f e  rt  u f - i L i c  ~
- ‘ ive  s , a re

ne’,’er ’t: e1~’ss very s i m i l a r  s i n c e  t h e y  bo~1i de r i v e  t h e i r  ;td t 1,~ i ve pa r ; t n t  e ’ er

I : . (‘ a n t o n  and 1 . V . l ’ o l l i n , ‘ “ cc c: ’ rleve l pI ’ en ’ s in F ixed  and A d a p t i v e

Fil~ e r i n _ ’ , ‘ ‘  A GA L D o g r a ph, N o .  .~ l ( 1 ’ ’ t

1” . G ab r i e l , ‘ A d a p t i v e  A r r ;t v s  — \n  I t t  rod ’ ‘ i t t , ’ 1’ roc. I E E E ,  64,  ~~3U

( l ’76

25 ; W . l l ow e i l s , ‘‘Inte r i ed i at e  1’ r eq c n cv  S i d e — L u b e  ( . ince ller , ‘ ‘  C.5.

I ’ a t c r i ,  ,~~ ~~~~~~~~ A u . •~-l , P~t’ 5 ( f i l e d  \~~~I v  4 , 1 9 5° ) .

F ’ . Apple b a u m, ‘ A d op t i v e  A r r a y s , ‘ ~~~~~I c I 1 Se  n i v e r s i t y  Re s. Corp.

Rep . SF1. TB ((— I , A i c. 19( - (

~ ~. V.
’ id row , ‘ Adapti ve I- ’ i lt e  rs I: I” u n d a n  e n t a l  s , ‘ ‘  S t a n f o r d  Ci i i  cc rs ity

Tech Rep_t. No. ( 7t 4 — 6 , I )e - . 1~~( 6 .
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a c l j u s t n i e r i t s  by s e n s i ng  the c o r r e l a t i o n  I)et -v ’een e l emen t  s i g n a l s .  Thu s , both

a lgo r i t hms  use the  cova r i ance  mat  r ix  of the set of system inputs and both

converge  toward  ‘he o p t i m un -t K o ln r o g o r o v / V ’i en e r  so lu t ion.  In this  r epor t ,

we use the I ,M.S adapt ive  a l g o r i t h m  developed by \V idrow and h off at St an fo rd

U n i v e r s i t y
28 

in 1) 5 9 . W i d r o w , in a recen t  s u r v e y  and tut or ia l  a r t i c l e  on

adap t ive  noise c a n c e l l i n g ,  
29 

d e s c r i b e s  the work  pe r fo rmed  d u r i n g  the 1960 ’ s

by he and h is  c olleagues af St anford  Univers i ty .

The adaptive filte r ope rates  without apr io r i  knowled ge of the signal st at is-

‘ics  and the f i l t e r  uses the available data to design an appropriate  f i l t e r .

The gene ral fo rm of an adaptive f i l ter  is limited by prac t ica l  conside rat ions

since the invers ion  and sto rage of large  mat r ices  of data requires a sizeable

volume of compute r space and real- t ime signal p rocess ing is d i f f i c u l t  ~o ac-

contp lish.  The ite rat ive LMS al gor i thm of Widrow and Hoff 28 
requires  ve ry

l it t l e compute r t ime or memo ry, and the a lgor i thm is suitable for  real- t ime

p r o c e s s i ng  of l a rge  amounts  of data. W ith this a l g or i t h m , t he s t a t i s t i c s  of the

s igna l s  are  not measured  explicit l y to design the filte r but , ins tead , th roug h

a r e c u r s i v e  algor i thm , the wei ght ad jus tments  a re  made automatically with

-- t he a r r i v a l  of each new data sample. In o rde r to apprecia te  the degree of

compu ta t ion  r e q u i r e d  in the d i rec t  computation fo rm of the leas t -squa re

e s t i n r a t i o n problem , cons ider  the adaptive fi l te r shown in f i g u r e  1. W e  t r e a t

the adaptive system as a d i s c r e t e - t i m e  sys tem wi th  the in s t an taneous  e r r o r

C d - Y  . ( 1)
nfl ri~ m

wh e r e  d is the so-called desired or p r i m a r y  signal and I is the f i l t e r  out-
n_ I - no

put . Suppose we can represent  the f i l t e r  output as a wei ghted summat ion  of

delayed input  signal samples,
_______—

28
~ V T i d r o w  and M. Hoff , Jr . , “Adaptive Switching C i r cu i t s , ‘ IR E  \V E S( ,ON
Cony .  Rec ; 1-9. 4, fl’ ( 196 0) .

B. \Vid row , ef.  a l .,  “Adapt ive Noise  Cancell ing:  Pr inci ples and Applica-
f ions ” Proc.  IEEE , 63 ,  1692 (1 975 ) .
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N T
I W N W X . ( 2 )

no k’- l k r n - k no

W h e r e  \V
k 

are the adjustable wei ghts.  The major  component  of most  adaptive

systems is the basic l inear  combine r which weights  and sums a set of input

s igna l s  to fo rm the output signal.  The input signal vecto r is def ined  as ,

X
1

( m)  N
1

N
2

( m)  X
2

- 
. ( 3 )

11’1

-~~~ 
\

k
(m )  

~~m-k

N
\

( m )

- - 
.‘.‘h en e the input  si gnal components appear simultaneously on all tap posi t ions

along the tapped delay line and indexed by the time index no. The wei ght

—~ vecto r is given as ,

- / \V
1

( m)

/ 
~~ 2

(m )

— ~~~~~~~~ 

‘ 

: (4 )

1 The er r o r is ,

- - d - X W - d - w ‘x ( 5 )
1 rn no 0) no 1))

‘The desi red signal gene rally requires  some imaginat ion and the form of this

r signal dete rmines the type of adaptive processor.  For examp le , if d were

0
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derived f rom the  inpu t t o the adapt ive  f i lt e r , t hen we would have  ~t n  a d a p f i v e

l i n e a r  p r e d i c t o r . A second select ion of d~ 1is ~o make this i n p u ’ ‘ ! e  s i g n a l

and noise  while the input  of the f i l te r is selected as the no i se , t h ~ r e L y  rea liz-

in g  an adap t ive  noise cancel ler .  
29

The pu rpose of the adaptive a lgor i thm is to ad ju s t  the w e i g h t s  of t h e  adap-

‘ive l i nea r  combine r to minimize the mean-squa re e r r o r .  V c m a y  ask t he

ques t ion  “fo r which class of s ignals is th is  opt imizat ion p r o c e d u r e  j s’i fie d ?

The re a re  two broad classes of si gna ls: dete rminis t ic  and random s ign a l s .

V. ithin ‘be det e rm in i s t i c  class of si gna l s we h ave si gna l s wh ich  ex i s ’ o ve r  au

in f in i te  t ime interval and thus, au tocorre la t ion  techniques can be app lied.

sin:ii a nl y , s t a t i o n a r y  e rg o d ic  random si gnals may be handled with  a ut o c o r r e-

lat ion  Iechniques  which may be computed as a t ime ave rage .  F i n i t e  du r a -

t ion dete rmi n i s t i c  si gna l s may  be anal yzed with the cova r iance  n ethod and

s imilar ly, n o n s fa t iona ry si gnals f l i a t  a re  locally sta tiona ry ove r a f in i ’ e t l l : t C

du ra t ion 3’ may be handled with the same method. We will a s s u m e  s igna ls

,ha t a re  s ta t i s t ica l ly  s t at i o n a r y  with f-he knowledge nons ’ at iu : ia  ry s i c  nals  may

also be handled with  su ch adapt ive  f i l t e r s .  ~ e beg in w i t h  ‘he f o r i n u la f  ion of

‘he squa red  e r r o r ,

¶ c ‘ 

d 
2 

- 2 d N T W \V N N 7-; ( ( 1
l i i  ; t  n u no 0) 31)

- L and tak ing  the expected value of both sides.

— 

-

. 

I . ( 2
) = E ( d 

2 
~ 

21 , T w ~ ( 7 )
no

4 p

30 c. S. N ang,  ‘‘Appl icat ion of L inear  P red ic t ion  Encod in g  to a N ut  r r o wh a n d

Voice D i g i t i z e r , ’’ N~’v ~ I Re se . r c h  I ~ L o r o t o r i es Repor t  7774 , O c t .  3 1 , 1 17 4 .

3 1 
Joh n Makhoul, ‘i ~i nea r  F re d ic t ion :  A Tutu  rial Rev i ew , ‘ ‘  I ‘roe. I FE F, ( 3 ,
5 ( 1  ( 1 9 7 5 ) .
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w h e r e  d x 1
P s t e e r i n g  vecto r  represen t -

in~ a c r o s s - c o r r elat ion E - ( 8 )

between des i r ed  response 
d Xan d input  s igna l  m m-k

d X
m m — N

R input  co rr e l a t i on  matrix N X N NE n o - I  no - ’  rn- l  rn-2
f o r  s tat iona ry signals or
au tocova r iance  matrix for  N X N N

m-2  rn-l r’n-2 n ’i-2
quas i - s t a t iona ry signals
ove r f ini te  t j n ~e interval.

N
r n - N  rn- N ’

.J - ( 1 )

- - 
The importan t  fea t u re  of equation ( 7 )  is the mean squa r e - e r r o r  ( Nt SE) is a

q u a d r a t i c  f u n c t i o n  of the we igh t s  or rl-iay be conside red as a concave hype r-

huloidal su r face .  The process of weig ht ad jus tment  to m i n i m i z e  the ~ILSE

involve s d e s c e n d i ng  a long this su r face  to reach the so-called “bot tom of the

bowl’ . A popular method ~o descend along this s u r f a c e  is the grad ien t  t~ ch-

n ique.

y E  ( C
1~~~

2 ) - 2I~ + 2RW ( 1 0 )

and th e  opt imum weight r ec to r , general ly called the \V iene r wei ght vector ,
— 

~~ 
i s obt ained by se t t ing  the gradient  equal to ze ro.

— I  ‘ V. R p ( 1 1 )
opt.

w h i c h  is the ma t r ix  fo rm of the K o lm o g o r o v/ W i e n e  r - I l op f equation. The

f l u in i n ufl’I ~L SE is obtained by subs t i tu t ion  of ( 1 1 )  into (7 ) .

-

‘ 
mm E ( c 2 

- E (d  
2 ) - ~~~~no P rn opt

I

r 2-7



The conven t iona l  app roach used ‘o solve  f o r  the  opf ) f l  oi i u i  -.‘ ‘ c i gh t  s i n v o l v e

a t~vo~~sfep process  c o m p u ti n g  and up da t i n g  t he sample coca riarfi c ina~ r i x  -.c i ’ }

a block of dat a  and then  so lv ing  equa t ion  ( l i i . In orde r u accomplis h t h i s

comput at ion , va rious nun’ier ica l  al go r i t hms  have been in v e s t i c u t t e d  su c h as

ria n g i d a r i z a t i o n , 
32 

L e v i s o n —  Rob inson , househo lder! ’  r a n s f o r i na ’ iu i , an~

~a i u s s i a n  e l iminat ion.  These methods ,  even the m ost  e f f i c i e n t  on e , re q u i r e
- 36 , 37

a co ns iderab le  amount  of hardwa re for  re a l - t ime  ope r a t i o n .  The s ize

and powe r diss i pation , not  to men tion the  COS t , is a pr inc ip le  l i ab i l i t y of t h e

so-called di rec t  approach fo r  solvin g equation ( 1 1 ) .  An alte rna t ive  approach

‘0 the elephant - compu te r  method is ~o use a wel l -known r e c u r s i v e  s t o c h a s t i c
. , - - . . 29

a1cori~hn t cnown as the L \L’-~ adaptive a lgor i thm.

32 k ,  S. : \ ‘ aj  a n d  S. F. I l a n a u e r , “Sp eech  A n a l y s i s  and  s y nt h e s i s  b y l i n e a r

Pr e d i c ’ion of the Speech Wave , ” J. Acous t i ca l  Soc. Au . ,  5 1) , (37
( 1”? 1) .

D. ~~a rke1, “ I ) igit al  Inve r se  F i l te r ing  - A N ew Tool fo r  Forment  I ra iec-
to ry  E s t imat ion, ” I E I - ~~E Trans .  Audio and Elect  r o a c o u s t i c s ,  A u - 2 0 ,  1 2 )

( 1 ’ 7 2 ) .

— 
34

i. Rogers , “Di g ital Inverse  Filte ring of the  Speech \ V a v e f o r i n , ” P roc .

Br it i sh  A coust .  Soc., Z , Spring Mee t ing  Apri l  ~ )73~
t 35

. F. Welch and J. D. O e t t i n g ,  ‘ Fo rn ie nt  Ex t r a c t i o n  h a r d w a r e  U s i n g  Adap-
tive Linear 1’ r .-di cti- ~ t -  ( o d in g ,  ‘ ‘  I roc. N at ’l Telecom. ( onf .,  N ov en be r
I’ ) 7 3 .

‘ 3. C. Dunn , “An E x p e r i m e nt a l  G i g a b i t  Sec Voice  l ) i g i t i z e r  Em p l o y i ng
Adaptive Predictio n , ‘ IEEE Trans .  or  ( onp.  Tech,  ;uln — I 9, 11 )21

( l ’ t 7 2 ) .

Voice Proces so r  LSI / Or g a n iz a t i o n  Opt i u ’ i z a t i o n  Study,  S. 1- ,. 1 u I  Jun s ,
et . al. , T R W  Systems , Final  Repo rt Cou f r ;t c t  No. I ) CA  l 0 U _ 7 ~~_ ( _ 1 9 ) 2 ( , ,

Sept . 1” 7 5 .
2—



3. TI IF I -MS A L G OR I ’r h I \ I

The l eas t -mean  squa re (LM .S) al gor i thm has its roots in the method of

I 
s teepest  descen t s. The weig ht a d j u s t m e n t  is in a d i rec t ion  propo rtional to

the negat ive  g radient  of some funct ional  F ,
a

dv.
-i~ F F ( 1 2 1

w h e r e  the g radient  is taken with respect  to the weight  vectors  and i~t is the

so-ca lled “ convergen ce ” facto r. In this par t icu lar  instance , the functional

is defined in t e rm s of the mean-square  e r r o r .

F~~~E ( e 2 ) = € 2 
( 1 3 )

Since we are  concerned with d iscre te- t ime, sample-data, systems the dif-

f e r e n c e  equa t ion  fo rmalism is app ropr ia te,

\\ ‘
. (nu ’ 1) = W~ (ml  - ~ y € 2 

Cm) ( 14 )
J I \Vj

— 
- 

If we combine equation (14)  with equat ion  ( 11) ,  then we may wr i t e

~ 1 )  ( J - 2 ) I R )  W ( m )  ± 2~~P ( 1 5 )

‘-4 - in ma t rix notation. Equat ion (15 )  is a f i r s t  o rde r d i f f e rence equation which

can be used  to solve fo r  the response of the mean wei ght v e c t o r , 
38

l - 2 ~~R )~~~V R~~ [ I _ ( J _ 2 ~~R )~~ ] p ( 1 6 )

ii _____________
38
B. Widrow , et. al. , “Adaptive Antenna Systems, “ Proc. IEEE, 55 , 2143
( 19 (7 ) .
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whe re V.’ is t l t ’ i n i t i a l  v i l .e of ‘ h i - v.’ C I L ’ ) u t  vec ’o r .  The can  v.’ t ’ i  g l u  ;t -  ‘ or

ou1v er :~cs ‘o ‘l i e V. cri e r Sol ’ i o u i  F
1 

I v”~ en

I .) -  - - ( 1 7 1

~ (m a x )

‘ t h e re i 1, 2 N and X. l i a x )  is th e  i l l a x i l u n c l c e i i c ’ a l :e i f  ‘ ( a -  c , ’.’a r i —

ance  3:1a~ r ix . Note the disc re ’e moe natu re of the  p roblem leads  ‘ o ‘ i c  s ’ a —

b i l i  ‘ v c r i t e r i a  exp ressed by equa tion (17 N

T h e  c o n t i n u o u s  t ime e q u a t i o n  f o r  t h e  We i  c i t  v e ct o  r i a  v be w r i t t en f o r

~-on~pa r i s  on as ,

~1~~’,
—
~

- -— 2o P — —t o R\’: ( 1  
~“

~.vj t h  Solu ’ iun  for the uu e an  ~‘.‘c i c h t  vec t o r  ‘2 iv en b y ,

— - ‘i~~” 
-I -I

1~~
• ( ‘ ,\ - F i’) - - ~~ I” ( 1 ” )

Th us , we not ice  t he  ‘ ot a l response n a y  be t h o ugh t  of as a l inea r ‘ r a n s f or i  a —
— 2 j i  X t 0

t ion of ‘he c i ce n f u n ct i o n s  e i f o r  coui ~iu u i o u s  t i m e or  ( I  — 2 ~i X i) i c r  ~i. i s —

c r et e  ‘i nc . The ‘ c o n v e rg e n c e ’ ’ fa c t o r de t e rn ’iines  he r a t e  of ad a n ’ ion  or

r e sponse  t im e  of the sys t en  and because  ‘he weight algorithm is s’ot h u a s t i a

~h i c variance of the wci  c h u t s  will int roduce a cer ’ aic am oun t of deg  r u i d a t  ~~Ofl  in

‘ ( m c -  c a n — s q u a r e  e r r o r . The f r act i ona l  i n c r e a s e  in  the la t ’  e r o r  ‘ i n i s a d 1u s ~ —

— nent ’ i s  give n by the e x p r e s s i o n,

~~~ (1 X
1

e should not e tha t  sim i al l  va lues  of ~i will i i  i i i  m i  ze the - is~~d i u s t  i ce  19 hio\v —

‘;e r , ‘h i s  will  resul t  in lonc response n-ne c o n s t a n t s which  may in f l u eu u e

“ I
B. ‘-.. idr o w , c u t . t i .  , ‘‘Adapt ive ~.u i ee  ( ‘ d i u c e l l i u i g ,  ‘ P r i n c i p l c m ~ aul ( 1  App l i c a—

( b u s ’ Proc.  l [ 1- ,E t~~~~~, 19t 2 ( I ’ t 7 5 ) .

- —.---.  - -



‘I a- 1 (  i m i v e  I cc lu c t- ra t C for nonsfat iona ry ‘ vpe 5 iL ’nal s .  In these  i n s t a n  e s , ‘he

w e i : 1 m ’ s f l . t \  l O t  -~dap ’ rapidl y c i t o u g h  t u fo l low ‘ h e  ‘in e — v a r y i nc  cova  r i a nc e

n a ’ u

f l m e  l ‘h ’  a l g o r i t h m is a p r a c t i c a l  ‘e c h n i q u e  ‘o solve eq .a tion  ( 1 1 )  for ‘Ic

opti m - al v-’e i . - ( ’ ~~ in rcal — ’ im’ e .  The importan t t c a t ir e s  of the al g o r i t h m  a r e

I )  m a .  t x p l i c i ’ 1 C u t s . r e i ne n t s  of c o r r e l a t i o n  f u n c t i o n s , ( 2 )  no l a rg e  I en or y

i i  r~ cc o r  m i a ’ rix iiive rsion, and ( 3 )  the  a c c u r a cy  is dete r im m i n e d  (iv the s’a —

‘is ’i . - , i l s a u ’  pie si’e. ‘.. e shall see t h e s e  a d v a n t a g e s  permi t  us to r e a l i z e  an

.t ( I i t l ) ’ i vt  s i : m u a l  u r o c e s s i n c  sy s t en  on a mono l i th i c  in~ egrated (‘irc-a i’. I’ cfore

we m t  rod u e ‘ I c  spe c i f i c fo rm of the LMS a l g o r i t h m, we can combine  equa ’ions

( 2 )  and ( 1 4 )  ‘o ~‘.‘r i ’ e ,

V. . ( mn - i )  V. n )  - 2)1 € m ) N  ( r m m — j ) ( 2 1 )

.. , ~r .  t h e  i n c r e m e n t al wei ght up date  is a c r o s s - c o r r e l a t i o n  between th e  e r r o r

seq- era-c  and  t h e  da ta  sequence.  The p r o c e s s  of wei g ht  o p t i m i z a t i o n  is c o n —

i l  ded w h e n  th e. c- r ro r sequence  is o rthogona l  to the  data sequence  at ~he p a r -

‘ i i  h u t  r ‘ ap loca’ i mm of i n t e r e s t . The pa r t i c u l a r  fo rm of the L h h S  algo ri ’hnm

bit  u- i d -  a-ed b y \ id row and h off
40 

makes ‘1 e app roxima’ ion .

) ( ) ) )

f l U t

‘ I t  r ebv  cl ii iul a ’i nL ’ the n eed ‘o ave  r a c e  o v e r  a Ia r c e  b lock of da ta .  The con—

— se q - c - m i c e  of this app rox im at ion is ‘o a l t e r  e q u at i o n  2 1 )  t o  ‘ ( m e  fo rm ,

V. - (n - I )  : V. - (m l  ‘ 2p €(m N ( in -  I )  ( 2 3 )
- ‘ I I -

V

-
. ‘.V i d row and ‘

-~~. I loff , J r . ,  “Adapt ive  Swi tching C i r c u i t s , ” i R E  W I - 5  ON
iv .  Fec. , pt. -I , ‘t I (1 11 ( 1) .

I- 

_ _
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-- 
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r u s s — c o r r e - l a f i o ui :m t j u u i

-~ 
\ _

P - ‘ m c )  - - ( u u ’i — i i  ( 2 4
- i i i  I

Cl

~t m - i b - f i u -d f r  ‘ :e ’  
- ‘  

‘ i p  - ; , - r ‘.h da n snu - ph - s .  L q - m a ~ i o m : s  i~~h i  a ’d (2it

I .  pict - . red , t m  , i  ej r r e l a ’ io l l  ; , m m c c l l a t i , c  loop 
11 

w h u i i - ( .  is a no 1 ~e ’ r v o —

m l : e - ’ i m ; t nisni t h a t u ’ ’ m .  i c e s or  ~ a m i ce i -~ f r o m : I t  - p . ’ s i - c m m a l  an y  c’ . n o n ’ 1

-N c  d e c i r - d  (m a in ~ in n ’ : ’ s ig n a l  t t t is c o r r el a ’ od ‘
- - H: t i 0  ‘ - p n ’d  d a t a  s u - g m : . t l

( c m x i i i ; .  r y .  T h e -  ca m t a - I l , , t i o n  (as  sh i o w m ~ in i g c u r t -  2 )  i s  u : ’ : t i : o ’ d by  a t o m : ’  r o l l . ’d

s ) ’ r a c ’ u m  of t I e  t j x i h i a r v  i n p u t  f r o m  ‘he m a in  i n n :’ a ) ’ c - r  No f o r m :  . - r  Las

cc:: :e d ( is ’ ed i i :  a m -  n l i t :de ‘e mxii l i c e ’  i ’ s ( - o r r ( - I n l i o n  .‘- ‘ i ’h i  ‘he i m m u m i  u n u ~~’ .

Th is  s c m b t r a c ~ ion p r m  e ’ S S  con ’ i n i u e s  mn ’ i i  no c a r : e l , ’~~o m I S  ( l e t ‘ e d t- ’ ’ e  0 :

t ) e  u:u ~~) : ‘ e ’ r r u r ( r e s i d u e )  e nd  ‘Nt  auxiliar y inp a ’ a t  ~v 1m h t i m  o ‘I ‘~ n t i l l  i n —

1 ) : ’ ‘ 0 ‘ I e -  in ’ e . - r a ’i r is z e r o . Ti . o : o , i ( : - m , ‘ he in t e g r a ’ O ’ o’ . ’ h ) - ’ , v,’I i J :  e m —

rols  ‘l i e  a m p li t u d e  a d 1 ’ s ’i c ’ , : c m . .ins  mis  ‘ a m m t  u :j € - s s  ‘N,- - in n : ‘hara t ’s.

o ‘ r r e l t t i - i- . t - , u i l c ( l1 ;, t i , ) m  1~~ ip  ( C L I  h a s  ‘-a u a sn e c ’ s: ( 1 )  a cu r : ” - :  0 m m

‘ ‘c ’ - - e  n i n p u t  S ig n a l  Sn’ ~dc s  I t o h  ‘ : 0  : i - : ’ : : li i t r v  i m ; p t .f t l~~ fo m - m- ’. m m u — i )

N b : — )  . t m m ~~i (2) a c o r ’de ion t’ t v:c- ’n ( c  t i 1 :  i m p - i t  a n d  ‘ ‘ o . c x ( l i a ( V  i~~~~i i ’  o t

-ho fi ’r m : i d ( u r n X ( m m i — i i . In o r d e r  ‘o cau se an ,vi~’ 1 f i \ ’ o  iil’ t ’ r . N su c h  1 ( 1

s ’ a - t - s  ui r t -  ( as~ ;tdcd as m;I:ov.’n in (‘U: : o 3. I ’ N t c l :  ( . (  F S t :, .: is ( k - S i : : ce ~~i )

i : : ’  .1 ui (o i l  Oi’  I t ’ : ’ i t  ‘ L e  l a i n  h ip ’ ‘ha’ is c o r : c ( . cd ~~~~~~ ft~ - ~~~~~ ~~~ ‘ c r —

siOf l  of  ‘I . e  a - : x m l i . t r y  u r n . ’ ( u . .’ . ,  t n t -  n ipp ed  sF’m il a’ ‘Ic C L I .  s ’ u i : c -  i t  st-lI ’ .

— 
- ‘ ‘ -  should  . . r ’ t: I n i t  ‘his ad in ’ ive f i l  e’ r i s  an l u  p l c m i  i - i ’ m u : :  i i t h .  - ii r ’ m u t t  —

,d : ’’,- p r i n c i ple ’ in 
L 

U — d i u e - m s ion s  \ \ ! ‘hl I t  r ’ . m I — ’i mi o c ( i i q : & ’  : , m d  a )  in ’ ,

e ’d i ut ’ e: ~. t l  i . t i e m :  a l l -  r e q u ir e d .  U ~ ~~c t ’ od s l i ’. v m :  in t i ~~ct m ’ t -  1 v- i s

I ) . N . ‘. ! r - c ; t m , - \ N o  on , ‘ : i l —  [ i  . -  I , i  c -  , , r — i ’ r . - i : c t i on f n m o ’ t ’ .- h u V t \ e —
fo rm s , I i  I t a m  o st ~pt e , ‘~ t i P u t  i ss i n~~, t o —  1 m 1 ‘7

4 )  
i i t s  i t ,  H k i r i d o n i  \ t .  h~~~~, u r 1 ’~~~~~~ i s t i t I

“.1. ( r .i- ’ : — I I u l I  (I~~’~~ -

rr p - — - _,_
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Fi gure 2. Correlation Cancellation Loop (CCL)
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proposed  by l u c ky  f o r  :e dap t iv e  da ’ a ‘ i t :  p r e s s  i on  and l .t ’ C r b y \‘: id

aS an c x ’ c m m s i o t m  of his o r r g i u i a l  w o r k .  \ . e  shou ld  n o th  e i c  linear l ’ -.i~ a l—

co r i ’ I : n m  r e q u i r e s  ‘we 4 — q u a d r a n t  ana log  i :  m u l t i pl i e r s  and an in ’ egr a to r or

s’orage element for each (~~~I .  s t a g e .  In ad d i t i on , we req u i re an ana lo c  d e l a y

h i m ~e: w i ’ l :  low lo s s  and  n on d e st  r r : c t i v c  an s  t o  provide d e l a yed  si~~m . i l s  t o t h e

‘ a!) p ) S i ’ i O i i s  (x 1, ‘c , . . .

1 T I l l :  ( ‘ l 1 } ’ } 1 h - : L) I ) ,-\J A I .M_ S A ( C O R J J ’ ) P ’ i

flue u se of conven t iona l  4 — q u a d  r n n ~ a n a l o g  in u l t i p lie  r s  ‘o irn pl e i u  c i i ’ ‘l :c

[ . a cc r i  ( i i :  -.s no eu’! y oxp e nsi ye , 1)1 ’ from a power and s ize  s’s u n l p o i  fi t ,

q m u i o i r~ :p r i i c t i c al , r o t  ~o n - e n  ion he d i t f ~~ u I ’ i e s  w i ’h  a c c u r a i . y . sp ec , a m i d

‘he even ’ cal realiza tion on an IC c hi  ii . Thus, in applications wie re a in r cc

n u m i r b c  r of m : ::cltiplie rs is an t i c i pated suc h as adapt ive  e c h o  cancell: i ’ ion in

45 4~ - - ( L
l o ng  d i s t a n c e  ‘ele ph’ione co inmunicat  ( on , analysis has been pe rfo ru ed

‘o indica t e the ana log  m m m ’ : l f i p l ie  i-s i i  av be replaced b y dev ices  v.’i ic}: c u i n  he

i i :  p h e m ’ en t ed inex pen si ’-el y and wit lu  c h ar a c t e r i s t i c s  qu i t e  di : l o t - c - l i t  f r o m  ‘N e

‘ O l l V C u i ’ i o imal  mm - u i ’ i p l ie rs .  The conve r g cn c e  of the fil~e r w e i c h m ’ s w i t h :  n on i dea l

m : : u l t i pl i e  rs is an i m - : p l  r t a n ’ prope rty of ‘Tic adaptive fil’ e r and u :11 l’s such  a

f i l t ’ r ve ry a l t  m e t  j ve  f o r  sys’en i  j d en t i f i  cut ’ i on  as , for instance, in  t N t

I:.

4 1
I ’ . ‘.‘. . I. u 1-U” . ‘ A d a pt i ve  ;- ~c7 , I i t m d a m a -, N t ’  i : ’ v a l  in b ;t ’a T : ’ , t m m s l l i i s s i o m : ,

- ‘ ‘ }hL ~. I . N , -
, ‘ - — l ’ , ( l ‘ ‘ 8 - .

\V i d r ’t v . , ‘ A d . tp t i v e -  F i lt er s ” , in  ~~ t~~~~t~~.t ’wo rk an ‘em Thico r ’.
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e ’ s t i u l : a ’io t i  of speech p a r a l m : - ’ er .  The non idea l  i r u t t i t i p l i t ’  r h r : u t y uc of ‘I :c g e n —
- 17

e r .tl  f o r mn ,

( a  . b ) ( t )  a ( ’)  f [b ( t ) ]  ( 2 5 )

whe re (a  b )  ( t )  deno t es th e output of the nonideal multi plie r at time ‘ v. it -h
i np u t s  a ( t )  and  b I t ) . f [b ( t ) ]  is a n i o n o t o n i c  f u n c t i on  of h ( ’ )  and the  m u]t i pli e r

o u t p u t  need onl y ~o be l i n e a r  in one of the inputs.  For example , the mul t i -

u h i e  r w h i c h  g e n e r a t es  the p roduct  2~~~ ( t )  N (t )  m igh t  be w r it t e n  as ,

(€ ~ \ ) ( t )  e ( t )  f [Np)] (2(

~~( t )  sgn  N b )

re t ime a u x i l i a ry  or  delay  inp’if data is ‘ ‘ clipped ’’ to r e t a i n  i n f o r i m m a f i o n  abo r t
t i e  p o l a r i t y of the rece ived  data.  N ot ice  the e r r o r  ~ ( t )  is  still  c o mput e d  w it h
g l u e  ampl it ude  and  s ign  info rma t ion  of X ( t )  ( i .e . ,  in a l i n e a r  n ianne  r ) ,  whe r eas
‘he polar it y is used to det e rn - uine the d i r ec t ion  of wei ght a d j i s t m m : e n t . \ Iosc h-

-l 5.
i( ’ r was  t i ie  f i r s t  a u t h o r  to t r e a t  this pa r t i cu l a r  n i o r l i f i c a t i on  of Ihe I .M S

e l g o r i ’ h l r i  and he refe rred to the algorithm

— V: ( m •  1)  ‘.“ , ( n r )  - 2ii€ (m(sgn [X(m-j)~ ( 2 7 1
j  -

is  th c  - cli pped dat - a ” I , \ L ’~ a lg o r i t hm , whe re

r - ~ i -sgn  L ’ ~ n m— J ) j  - I \ (r n —~~) ‘ 0
(~~ 0•m I-1 X ( m -j ) -  0

is  T,-\s ~hs ,- i: nt’ r noted , ‘ Once W N has been computed , t he I \ h~ a lg or i t h m

!-‘ req u i r e s  : tn  a d d i t i o na l  N ’  1 add i t ions  or  s u b t r a c t i o ns  and N t  I r m :  : [t i p [ i c a t i o n s .

I) . \li t r :t end  ~ I . NI .  Sond h i , ‘ Adapt ive  F i l t e r i n g  w i t h  N o n - I d e a l  N iu l f i pl ie rs , -
,

— App] ica’ ions t o  I - d u o  C a n c e l l at i o n , ‘ - Int ’l Conf.  on ( on t r n t r n i c - a f i on s  Vol. II( I ’ 175 ) ,  pg. 3 ( t , .Tune 1 175 , San Fanc i sco , Cal if.

1 . 1 , .  \ losc h n e r , ‘ Adap t ive  F i lt e r with  Clippe d Input  Da ta , ’ Sta nfo rd Lab.
H e~pt. No .  I 7n ( — I , .J une I t  70 .
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For ‘h ue  cli pped I \L- , i l c ’ i , r i t h i u - : , h i o ’, t a - vc ’  :‘ , ‘3 a -  o r m - p u n e - m i ’ of .~~ t r u s t be e i ’h c u -

1 o r  — 1, so m :  - ‘ i i ’ u p 1 i c e ’ ion  1,~- ~: is t i l t ’ req i i i  u - cd .  Th e U t : r r u I  ti pi ice ’ Hi ts  i a n

be repla ced by N condj ’t t m , e l — ( u , t r m t -h opt r5t j005 , w h i c h  t h e ’  I. ‘ l i e -  sign of

N ( m : - I r , t m i d  on ‘ 1mis  basis add or s :i , ’ra ‘ ‘ I t -  q u a n t i t y 211 € ( u t .  by  e h i u m i n s ’ i u c

N i m i l t i pl i c at i o n s , ‘ b i t -  ‘ h i pped , t l c u r i t l r r  H er s  a d t ~~t i m t t  ,i(i Vafl’, i . ’(- i n speed

of ope r a t i o n . ’ \ ! o s t h u i e r  w e n t  on to show ‘ t i s  s imp l i f i ca ’i on : - i I ’c = ’;od t I c ’  s pi e d

of adap t i o n  by a f a c t o r  of /2  (when i t f l  -p a red w i t h  ‘he 1. ” ~- u t i L e  ru l hu ui :1 ‘ I l l

no chu t  cc t - in the c o nv e  ru ed  level of pe rfu urn ma r i o t -  s i nce  t l i t -  C s ’ inia ’ ion is s ’ ill

perfo ri::ed with ~
1me complete data si’ t unis. The s imm p1 i -it y o f this al go r i ’ h u u

f ron’ ‘he standpoint of IC in ip le m ~r e t t ’ ~t t i o m  is  i r m i m n e d i a t e l y apna ren ’ s i n c e  N

4— quad r an ’ a n a l og m-n ’ :l t - iplications are replac ed Lv U si’’ p h -  pola m i ~ y sw it c hes

to stee r ± 2~ t r U t )  t O t h e  appropr i a t e  wei  gim ’ . I h u r t - h e  rn io r e , ‘lie  p o l a r i t y o f ‘ lie

~~ ìt  a mm ::iy be de’ e r u m m i t i e d  in a s e q ucn ~ ia1 ope r a t i o n  w i f h  ba -  a n a l og  dat  a X l :  —

in an  an a l o c  de lay  l ine I i .  e. , tapped CCD de l ay  l i n e)  an d  it s  p o la r i ’  y sgn

[ X ( n - — j ~ in a para l le l  d ig i t al  delay l ine ( i . e .  , tapped P~~iO~= shif’  r e g i s t e r ) ,

L o f T :  d e l ay  l i ne s  synch  r o u i o u s l v  c locked.  i ’Iius , because  of t i c  s e q u e nt i a l

r i u e f - u r e  of ‘ l i t -  d a t a  f low i i i  ‘ ( I C  ad ap t iv i -  t ransversal f i l l - e r , t i t o  N c on d i ’i o n a l—

b r a n  :. op e r a t i o n s  r e q u i r e  only a s ing le i n p u t  comnpa i - a t t n  i : : : ’e u i (  of - t  out —

pa u-a ’i ’ ‘- f o r  each CCL st - a c e  in t i m e  f i l t e  r.

Time ;t ( u i p H v c ’  f il ’ - u- of f i g u r e  3 may be ‘m m o dj f i c t l  as shown i n  f i g u r e  1. F I t :

cxi 1 ’ s i v c O R  g u t i e s  pe rfor u: r a b i n a r y  n uu l ’ i pli a’ i i r :  of t N i -  qu a n ’ i ’ i c s sgn

[ ‘  i t : . :] and s c u m  [ >: t u u — i ~~ i .e ., scn  [ ( l m I ) ] ( :\ s c r u  [\ ( i _ i ~~~ t~ , - : t - i vr a ’e t n

u t p . u -  s ignal  t o  co nt r o l  ‘ i t t ’  p o l a r i t y  swi’ ches.  T h e  p o l a r u t v  SV, i ’ t ’ l r C S  s e r v e  as

s i ng l e  p o l e— d o i h l e — ’ I r r t i w  ‘ y p e  ‘ i t  c l i r e - , ’t t h e  s c a l e d  e r r o r  ± 2 e ’ 4 t i m )  , t h ~. a p—

p rup r i .i ’t: ~,~,‘ e : i g l i t . \ - we wil l  see late r , t h e  f t t r m c t i ’ t n s  of i n t i - g u a t i o n  (s t o r u t g . )

an d ‘ . : l ’ i p l i t  H im  ( w e i g h t  h u g )  c a n  he pe r - i u r n m e d  b y a s i nc i c  \UL O5.’ n o n v o l a —

‘ u t -  t u : C i m t r y  ‘ r a n s i s f o r  J ) e r a t i t i u , in  i t : -I t r i o d e  reg ion as a linear c on c l u c t a u i t e

u l t i pl ie  r on~ c r t  a a pped analog vol l u  ‘c t O i i i  r re ui f . An alt  e r n a t i v e

i t - b : t , r f  i s  ‘~~~ ‘u se  b i d i r e c t i o n a l  c h a r c c — o o n t  vol t o  set t h e  u t t i , t l i i c  c o n t l t i c t a n e

f a ~~()h nutitip l it- r. These t e c h i i i qt i e s  a r e dis i s  sed i n  .~o’t t iom i u~

3— -I



c~

F igu r e  4 . Adaptive Filte r with Cascaded CCL’ s to Implement
‘ Cli pped Data ” LMS Algo rithm

1 . 2 OTh ER F OR M S  OF TI-fE LMS A L G O R I Th M

We have d i s cus sed  two f o r m s  of the LMS al gor i thm which lead to c ros s -

c o r r e lation func t i o n s :

(
L i n e ar )  

~~ C (m )  X ( r n - j )  ( 2 ” )
vu 1

1 Clipped 
~ 

M
P . i,,, Data ) - ~~ c ( m)  sgn

i I . N l S  ~~ 1

The LNtS  a lgor ithm , as we have discussed , c r o s s - c o r r e l a t e s  the output e r r o r

wit h the tapped data ( i . e. , delayed data si gnal)  at each tap to gene rate the

3~ 9
L i :  ~



update  a r i n c re m e n t a l  ad j m :  st  u m  m e n f ’  f t i  r ‘h a -  t a p  we i iml i t . There ;j re t v ~’i t  ‘ , ‘ ( t m  r

f o rms  of t h e ~~~~ a l g o r i ’ b r r i m  w h i c h  have -  a - c u t  ‘ r e at c d  in  ‘he  h i ’ t’ ra 4 r u r t . :

UI
i . (H y b r i d )  - ‘

~~
‘ X ( t i : — ~ I sgn  [ ~~n I j

j  
f l u I

( 3 t ~~ )

U I t i dj fj e d
‘
~ : ( Zero  ) s-g r i  [ C ( t u l ) ]  sgn  [ X ( m _ j t j

F o r c i ng  rum 1

The work  of H i r s c h  and Wolf is inte res t i n g  sin ce they compa red v a r i o u s  ‘ y pe s

of a lgor i thms for  ti r e appl ica t ion  of adah ’ive equal iza t ion  as ~~e1l as m t  r ’ ) u b : c e
4 1

the f i e ld -e f fec t-  t r a n s i s t o r  f o r  vol’- ag e -c o ntrolled conductance  lap  ~.‘eig h t s .  -

In the 10( 0’ s, the use of adap t ive  f i l t e r s  wa s  an impor t an t  comn ie i-cial cr~~t -

g rowth of r e s e a r c h  and development  of al gorithms by the Bell Telephone

Labora tor ies .  
r , 5 1 

The adap t ive  e q u a l i z e r  is used  in h iu h - s p e e d  M O l ) E h I ’ s

f o r  digital  con ir r iunj ca t ion  and c o n n e c t i ng  remote  te rmina ls  to c o m p u t e r s  as

we ll as c t t u t : p i u t e r  ‘ o -on -mpu t e  r. The ra te  and a c c u r a c y  of the dat-a r a n s l u u i  s —

s t a t  u in c r e a s e d  Ic. equa l i z ing  the  haseband d i s ’ uu - ’  ion arid r e d a i n c  ‘l i e  i u u t  e r —

s y m u m b o l  i n t e r f e rence.  The ear l y ada ptive equa l i z e r  d e v e l o p u i m e n t  used t h e

s o — c a lled z e r o — f o r c i n g  ( Z F )  al go r i t ’ h muu w h i c h  n i i n i m u i i u m e d  ‘he e x p r e s s i o n

— P , (7..Itm ) - sgn  [i  ( l u l l] s n  [‘ ( ( u i _ i ) ]  ( 3 1 )
I I

H . H i r s ch  and V. . Wol f , ‘ A  Simp le A d a p t i v e  l- qt i a l i z c  r f o r  E f f i c i e u i ’ Dat a
T r a n s m :i s si o n , ‘ I L I - E I r a n s .  Comm. I e H i ., C o i i i — 1 , ~, ~ ( 1 0 7 0 ) .

H. l ick , ‘ A , t u i m i ; t t i c  E q u a l i z at i o n  f o r  i ) u c ’ i t a l  Coni nmmuru i ca t io n s ,

N. ’-N T . J . ,  44 , 547 ( 1 ° ( 5 ( .

51 
H. I mu - k y. et . a]. , Principles  of I ) ata (  o u u u i u m u n i c , t t  i ons ,  N ew  ‘(0 rk :

LI r aw  — I (ill ( 1  ‘( 8 ) .

I .  . Luck y, ‘ ‘  T e c hn i q tu e s  f o r  A d a p t i v e  L q i i a l  i u u t t i t i n  of I ) i g t ’al Cunrimu t ru uica —

l i o n S y st e u s , ” B. S. T. .T., 44 , 547 ( 1  ‘ t (  ~



I
,

whe re the outpu t e r r o r is cross-correlated with delayed versio ns of the

equalized out-put. For random data and unequalized inputs with so-called

open~ bina ry-eye patte rns , the p ’ s are  estimates of the equalized pulse
• 

~ thresponse and the ZF al gorithm adjusts  the j tap wei ght to force  
~~~

. to zero

(exce pt the cente r t~.p of the equalizer which corresponds to the peak of the

pulse). The convergence p roperties of the ZF algo rithm we re infe rior to the

I mean square error (MS)a l gorithm because for “ closed” bina ry-eye patterns

the cover gence was not gua ranteed since the slicing operations (with corn-

pa ra t ors ) yielded an unreliable estimated reference  (main or desired

input ). Subsequently, the adaptive equaliz er development emp hasized the use

of the MS algorithm. An inte resting comparison of the ZF , MS, Hyb . ,  and

MSF al go rithms was presented by Hirsch and Wolf 49 
as illustrated in fi gure

S for the equalized peak distortion defined by the expression

- - 
D - 

~~~
. 

summed ove r all taps 
( 3 2 )pea k~ 

— j  except center tap

3. 3 A 2-TA P W E I G H T  ADAPTIV E FILTER tJNDER THE CONTROL OF THE
“CLIPPED DATA’ LMS ALGORITHM

In this section , we will present a simple anal ysis of a 2-t ap wei ght adap-

‘ive filter unde r the control of the “ clipped data ” LMS algorithm. Fi gu re 6

- i l lustra tes a block diagram of the ada ptive filter . We will analyze this ada p-

t ive filte r for a sinusoidal si gna l in the presence of white noise. The desired
-~~~ si gnal may be written as ,

— — d (t )  d cos ( u.r t + ~
) ( 3 3 )

0

whe re 6 is a relative phase-shift with respect to the si gnal at tap 1 . The
- tapped si gnals are ,

- -  X
1

( t )  X cos c~t -~ n 1
(t )

( 3 4 )
X ( t )  X cos ~t ( t - T )  + n ( t )

2 o 2

~ -S

-. 
3 — 1 1
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Y u l e - re F is the f i u m i e  (I ela y bef-ween tap  positions and n 1 ( t ) ,  n
2

( t )  are t u ncore-

noises  at the t a p  pos i t ions .  Time matr ix  elements  of the ovariance

rca ’ r ix  ( s e e  equa t ion  ‘ 4 )  become ,

N 
i

( I )  sgn  [x 
1

( f) ] ( s - t i
1

) sgn (s ~n
1

) s sgn s~~ n
1 

sgn n
1 

( 3 5 )

2X 
-

o ,~~ 2 a n
IT ‘ 77

where

n ( t )  - n ? ( t )  — a
1 •-~ f l  (3 1’ )

n ( f )n ( t )  sn sn , 0
I — I

Ca lcu la t ion  of the r e m a i n i n g  ma t r i x  elements yields

—

~~ X sgr i  [\ : , t J \ , ( t  s~~ : —~~ co s c~ T ( 3 7 )

-. - ( I t ’  I s gn {  N ( t  ] _._
~~~~~ 

cos ~

-
~~ d ( t )  s c t i [X , ( t~ —s cos (u T

-~~~ w h ich  y ields the weight equation (see equat ion  18 ) :
(38)

) d ( 1 \  41’d ( cos~~ (
~

- 
~~~~~a~~~~~~~

O cosc~~r ~~~(~~~ i

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The .tbove equation f o r  the wei gh ts  i l l u s t r a t es the  c ros s -coupling between the

taps  caused  by the de lay  T and when - (2k 1 ) i r / 2 , k ~ , 1, 2 . . .  th e system

is decoup led and in so-called normal form. We can t r a n s f or m the w ei ghts

into a normal coordinate system with

• W ~ ( 3 0 )

3 — 13



where

/ 1  1

= (_ _
l 

— — ( 4 t )

\-  ~r~j
is the t r a n s f o rmation matr ix .  Applicat ion of this  I r ans fo rmation ~o eq ua t ion

( 18)  yields

d f l \
\ 

4~~~d (cos ~ - cos (~~~T 
~

dt u~ , ,/ - 
- 2  u’r \ co s  ~ + cos ~~~ T ~

- ó )  /

( 1  - cos ~ ‘ 1 )  +~~~~~ a 0 
0

___2~~( I  ~- cos w T) a

with equations ( 3 9 )  and ( 4 1 )  we can wr i t e  the f rans ient  weight response of the

no rmal weig hts in ~erms of time constants .

2~ 
[2~: 

- cos~~F ) 4 ,y ]
IT IT n 42 )

1, 1 1
- 

12XI o - 2
2 i.i- [— - —- ( 1 cosi. 1’ ) ~~~~~ — a

and a st eady stat e solution for the weig hts becomes

d [(x .,i: a ‘~cQs ~ - N cos~~T cos (~~ F
V. ( s . s.) •_9J~ 

o 2 ni o

1 / 2 2 ,
~,X +~~~~~

- a )  cos (~)l  (4~~’)

- 
d [ (  

N 4 ~~ .7) cos (~~T t)~~~~ - N cos~ cos ~ 1’
V. 

~~~~~~~~~~~ /
I X  I — a  ) ~~cos ~~0 .~ fl

3- 14



which  we observe is a func t ion  of f r equency  providing uT / (2k 1) 7T / 2 , k 0,

1, 2 V. hen this condit ion is a p p r o a c h e d .  the opt imal weights  approach
} i e ~ va lu e s ,

( opt. ) —. d cos 4)
CIT

N - +
~~~~~

i—  ao V 2  n

~ (2 k  + 1) IT/ 2 (44)
(opt. ) - -+ -d sin 4~

N f t /— ao ~~2 n

and t i e  we igh t s  are  decoupled f rom one another  as the coo rdinate system ap-
p r o L~~i i  s no ri al fo rm .

(
~

1
~~
vt r h as  ana l yzed the pa rticula r case when the re is a 90 degree phase

s h i f t  b etw e e n  ‘he w e i g h ’ s for  adaptive noise cancelling in the form of a notch

f i l t e  - . l i e  showed when a sum of s inusoids is applied to an adaptive f i lte r ,

‘l ie f i l te r ‘::onve r ces  o a dynamic solution in which the wei ghts a re  time vary-

u r u g .  This  t i n e - v a ry int.~ solution gives  rise to a tunable notch f i l te r with a
uc t l ci : located ii ’ eac h of the r e fe rence  f requencies .  In tii~ example conside red ,

‘he des i r ed  and re fe rence inputs  were  operat ing  at  the same f requency  ( i . e . ,
f I ) .  C1o v~ - r  s l i t ’ved

53 for  f ~ f t he  wei g hts  h a v e  a ri \ - n am i c  s tea h- —(1 r d r -

s t , , ’ . r e - s p o n s . -  w it h  art  o s c i l l a t i o n  at  the  d i f f e r e n c e  f r eq u e n c\ -  t
d 

— 

c 
a n d  t h ,

u r s t a  r ita t u e - o i l s  r e sp o n s e  at  f . This  t i m e —  v ie  rving solution shou ld  not  he c o u u —r
s i r i f - r e d  a S  n o iS e  in  the  a d a p t a t i o n  p r o c e s s .  In e s s e n c e , i-he  t i m e — v a r ~ inc

wei ghts modulate the re ference  f r equency  I and h~~t rod yne it  into the des i red

f requency  
~d ’ thus , c rea ting a notch effect .

~ J . IC Clove r , “Adaptive Noise Cancelling of Sinusoidal In te r fe rence , ”
Naval i J nderseas  Cen te r , San Diego , Calif.  Rep ’f # TN 1( 17 , Dec. 1 175 .
(Sta nfo rd u m n i v e r sity Ph. 1). Thesis) .
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3. 3. 1 A 2-  fAP  A D A P T I VE  N O-ECU F I L TE R

In this sect ion we will examine a simpl e sing l e - f r e q u e n c y  noise cancel ler
wi th  2 -adapt ive  weig hts u n d e r  the ope rat ion of f-he “ clipped data ’ - I .~ -~S a l-

gori t hr um . Figu re 7 i l l us t r a t e s  the s inu ~1e f requency  noise cancel ler  in w h i c h

the desired input may be art y type of signal (i .e. , s tochas t ic , de t e rmi n i s~ i ,

pe riodic , t r ans ien t , or t onibination the reof )  while the input s iu ~nal is a pure

cosine wave N cos (w t - 4)). The des i red  and input signals a re  sampled

synchronously at f = I IT with a ‘40 degree phase between and K
2 ‘-a ps.

The a1u.~or i thn i  for  updat in e .~ the w e i g h t s  is,

(ni ‘ I )  = V. (m i  • 2 j-i e ( r n )  s gn L ~ I (n -i)]

( 4 : T ~)

V (n - i i .  1) \V
2
(rn ) 2~i€  ( n-i ) ~~~ [~~2 (m ) ]

wh e r e ,

N tm) N cog (~ rnT - 4 ))1 0 0

(4 1 ’ )
K (n-) N sin (u n-t i’ — 4 ))2 o o

The f i r s t  step in the analysis  is to conside r time adap t ive  noise c a n c e l l e r

as a feedback network with  the filte r output  Y ( n u )  disconnected.  ru der these

condit ions , a unit  impulse at in k is applied at the desired inpu t to c rea te

an e r r o r ,

I nt - k
€ (m )  ~ ( n i — k) ~ ( 4? )

0 n m / k

The t r a n s f e r f u n c t i o n  e~f the  i r i c r e r -u t e n f a l  w e i t t l i f  change  mu c v  be v- ri tten as,

I )  - W
1 

( n m ) I  ( / .- I )  \V ( Z i  (4 8 )

or

~~~ ~(/ ~ V( /- ) z ~ 211€ ( i i i )  sgn [x 1 (n )] } ( 4 1 1 )

-
~ — 1 ~

-v-v - — —x-
~
- — -——-—— —
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F iu ~u u r e  7. Single Frequency Adaptive Noise Cancelle r

.V i t er e  r (7 -~ (Z~~1) 1 . The  impulse  r e sponse  of U( ’/ .)  is the  s tep  r e s p o n s e ,

I t i m  -

u(r-n— l) (50)

0 ~~ I

L o n v olu t i on  of u ( i : ~ - 1)  with 2i~- C ( n u ) s g n  [x 
1

(rn~j  yie lds the w e i g h t ,

2 1.c sgn [co s (~~ kT - 4 ) ) ]  r n - -k  t 1 ( 5 1 )

and the cor r e s p o n d i n g  f i l te r output  is ,

Y 1
( n m )  Z~ N cos (w mT - 4 ) )  sgn [ cos ~~ k I  - 4 ) ) ]  m k 4 1  (~~2 )

Similar ly,

Y~ ( u u u )  21.1 N sin (~ m ’1’ — 4 ) )  sgn [ sin (c. k r — 4 ) )  ] rn - k I  1 ( 5 2 )
0 0

w-”- ~~~~~~~~~~~~~~~~~~ - - —



w i t h tim e-  t o t a l  ou tpu t ,

Y ( n i )  Y (m )  Y , ( n i )  ~~2~~X [cos (~ m i  - 
~~) s~~n Ecos  (~ h - I  -

s i n  ~~~~ 
~~~~~~~~~~ 

- sgn  E s i n (~~ 
k ’l ’ - ó )]~~ m k u  ( 5~3)

Eq u a t i o n s  47 a n d  53 may  be ‘/ — t r a n s f o r n i ~-d to y ie ld  t h e  p u l s e -  f r ,  r s f e r  f u n c t i o n .

cos [ ( k u 1 ) ~ 1 - - ~~~~- 4]  - cos [i-~~~~’i - ó -

G i , k) = 2 X 
2

1 - 27.  cos ~~~T 1 (~~4)

w h e r e  00 - ku~ T - t - ~~~~
-
~ 2 , s i nce  the  ab o v e  t r a n s f e r  f u n c t i o n  r t - p ’ a t s  e v e u r ’~

QO d e c  r e t - s . In the above f o r m , G ( Z , k) is  n o n t i m e — i n v a r i a r u t  , an d  in  o r d e r  to

r e mo - - e - t h . -  k - d e p e n d e n c e ,we wi ll a v e r ag e  o v e r  the pe r iod  i n d i c a t e d  to  ~ f , t , t i n

___  ~ N ( Z cos~~ ‘ I - I )  -
o o(~ ( 7 )  

— 
- 2
/. - 2 /.  cos~.t I -f- i

0

Since  t h e  c lo sed - loop  t r a n s f e r  f u n c t i o n  is

4; 
- ,  E ( Z )  ____11(i ) = - (~~“ I

I C ( Z )

w i t h  c1o s~-d - loop z e r o e s  g i v e-n  as

± ~~~~~~ 
- 1~ - -e - o ~~7)

a n d  poles  f r o m  t h e  s o l u t i o n  of 1 + C ( Z )  u . If we m ake  t h e  r u ’  r r o ’v h - t n d

a p p r o x i r u u u t t i o n  w i t h  i x - 1 , t h e n  t h e  poles  are insid e - the unit c i r c l e  w: ’h

a r a d i a l  d i s t a n c e .

- 1/ 2  -( - ~~~ 1 - 4~i 
—fl—

f r o m  t h e  o r i g i n  as  shown i i i  fi g u r e  38 . T he  a n g l e s  of t h e  p o l e - s  a r e  a l m o s t

i ‘ i f - n t  i cal  to tho  so of t h e  z e ro  Os w i t  Ii a n u t  (- Ii  It  I t t -  r ia n dw id l  Ii

8I~ N
B. V..

~~rr —
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b i i m d ” .- i d ’ } .  i s  g i ven  hv  e:, i u at i o n  5~ a nd r i m e  t r a n s t t - r  f u n c t i o u m , ‘- x r r e - s s ’ H

h~ ‘ - : t t u , ’i o f l  ‘ 1 , i n d i c a t e s  a p o l o — z e r o  s e t n u i r a t i o n  (~‘ f ,

0

or  t~ u , -  r e - - I  a X I S .  T h u ’  us e -  i t t  i t  i u a s  w e i g h t  c a n  r e - r m m o - e sl 1wh - r ,  h o g  d r t r r

(u r p o u t ’ - r ’ s i i i  t I m e i n p u t  s i g n a l  and n r u , , 1 .- ,o u so~i S , z m m l : I 1  - ‘ n : , - ’  o s l \  .‘ u t hi o p ’ - : - ’ —

t j , l :  ~ O c u i n u c e l  r n - r i o d i c  or s t o c h a s t i c  i n t t  r f e - r e - l u , .
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4. ; 1L -\ Rc E~ co ’~~Lim :D ~)Ev1( ; 1- :s ( C ( ; D ’ S u  \ ‘ ; J T F I  A;~~\ J Oi
C() N i ) t  : lA N C E  W E I C I 1 ’lS

ru f i gu r e  1 we observet ci that a basic requir-emne nt of ‘he linear (On biner is

‘h u e  ana log  delay  line. The c h a r g e - c o u p l e d  de~~~ce ( C C D )
54 

analog s h i f t  reg-

is~ e r  p rocesses  d i s c r e t e  analog samples of input data throu gh the r a n s l a f i o t u

of c l u ar c e  ~- - - k c -~~s in s y n c h r o n i z a t i o n  with an external  clock. CCI) basic b u i l d -

in c  b locks  provide  a flexible app m-oach t o d i sc re te  analog s igna l  p r o ’c - s s i nc

in  svs ’- en : s .  O n e - d i m e n s i o n a l  ba s i c  bu i ld ing  blocks 51’ l i n e a r  a r r ay s )  m n u a v

be cl a s si f i e d  a c c o r d i ng  to the cha rac te r is t ic  i n f o r m a t i o n  flow p a t t e rn s :

a. Ser ial i n/ s e r i a l  out (SI /SO)

b . 1 - a rallel i n/ s e r i a l  out  (P 1/ SO)

c . Serial  i n / p a rallel out  ( S i/ P O )

,-\ sim pl i f ica t ion  of t h e  CCD analog shif t  r e g i s t e r  ( SI / SO)  is shown in f i g u r e

a ant i  t h ~ ( - l o c k  ~~~j f l g  in f i g u ’e  10. The t i m i n g  is a r r a n g e d  so the  s w i t c h

‘ oc~’l inr ’  f r e q u e n c y  is one—ha l f  of time 4 — p hase  clock f r e q u e n c y .  Thus , the

i t t ~~~’ i ’ sampling switch , 
~ l’ 

a l te rnately sampl es da ta  and z e r o  r e f e r e n c e .

C _ _ _ _ _ _ _ _ _

— l 54 , - - - - - -V. .5. i ’ oy le and C. 1. Smith , ‘ Ch a rg e -( - o u p led ~ en ’n c o n du c t o r  l ) e vic e s ,

— I .  -.
~~~ r. I., ha , 587 ( I ’ ) 7 0 ) .
_ _ _  —

55 - - -t NI .  lb . ‘,‘ ; lu i t e  and I) .  i - . Lampe , “ Charge -Coup led l)evice ( C C D )  Analog Si gnal
Pr o c e s s i ng , IEI - ;E P r e s s  Selected P e p r i n t  Ser ies,  (

~ h a r g e - C o u ple d
Devices :  Technology arid Appl i ca t ions,  P. N I e t l e u n  and  P. Pu s s ,  eds.

Y .  — ( 1 ’ ’ 77 ) .

Sc - 
P. P. I ar  pt - , N I .  I i .  Wh i t e, \V . H. V- ebb , - I I .  Mi ni s  and ( . A. Gilmou r ,
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. i a t  t e r n  and I ) . P. 1 a r u u p c , ‘‘A Pep roL’ranunrable Filter Tank sing Ct :1)
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• \t  ‘ i c  u t ’ p iu ~ . 5Wi t  ch S clamps  du r i n g  ze ro r efe  r cu m cc , sari  u ples d i :  u i  r u g  due ’ ; i ,

end hold s v - h un  j l  is i i , ’ u t c ’ ’ i u c l l y sa n u p l i n L ’ . The o u t p u t  c a p a c i ’ u r , t b c r e f o u - e - ,

cOn ’ a i n S  uni v ~iuc  ‘ t i n e — st  re ’ ched  d at a  san p le s. ~n a s h i f t  i- ’- c i s ’ € - r  ~‘ e ’ h  N

pair - s  ‘at ~~~~~ t es , t h e r e  v-- i l l  be N signal  Si l l  pies and N ze rot r e fe  re u t c- san pies ,

each of dura~ion T/2. l i m e re are  severa l  a d v u e n t u t u t e s  a s s o c i ;t ’ ed v~-P I :  t h i s

e c h n i qu r e  ~~ d a r t  f l ow :

I In c  n - c a s e d  i so l at i on  b e t w e e n  data s a m u i p les ( i. e. , r e d u c t i o n  in c ros s  —

‘aL-c beh.veen sampl e s)  w i t h  minimal s ign a l  loss

• FL e r e f e r e n c e  samp l e and signa l san pie pass  th rough ‘he s a m :  c pu t t i :
a n d  f i m s ’ - o r ’ I ’ - r  o : t s , - t s  c a n  b e c o r r e c t e d  i n  P1~~~C and  SI ’1~( :  ~ i r ’a  —

‘ure-s

• I n c r e a s e d  spat ia l  c:- ’ en s i o n  bet ’~vee im t a p s  on a S I / I ’O s t  u - i u c t m r e  t o  aid
in layo u t ( t f  pe ri phe rui l  p r o c e s s in c  c i u - - i u i t r y .

N i g u r e  10 i l l u s t r - a t e s  a comp l e m e n t a r y  4 — p h a s e  c l o c k  s e q i u e - u u c e  f o r  up ’: a ’ —

i nc  a S i / S O  C C : ) . Th e wavefo rm s ~, through a r e  the  4 — p hase  c locks  whoun-

f u n ct i o n  is ‘o p r i t p a ~~at e  d m a  rge  down f l u e  l ine  wi thout  d i s p e r s i o m : . V ii v ef ’  u - n i

m i e n  ou st  r a t es ‘he i n p u t  s w i t c h  f u n c t i o n s :  da ta  i s  s a m p led  in  ‘he  up p o s i t i u u i

an d ze ro  r e f e r ence  is samp led in the down pos i t i on .  V dci i  onu s ’ r u t ’ eS ‘ i c

a p p e a r a n c e  of ‘lie delay line output voltage v i ’h  I-he al’ e r n a t e  data and z en u

re f e r e n c e  , r u t p - u ’ s conf ined  t o  3/ 8T.  I-~ , demo n s t r a t e s  t h e  ou tpu t p r O C e s s i u i c

f 1 0 0 t i n n i s  : ~~~ dat- a is s a nu p led in the up p o s t V  i o n , the  ze ro  is c l a r i mp e d  in  ‘ I c

du ‘v, -n posi ’  j o t  t u , and he du c t  mc is held when i t  is not sampled ( c e n t e r  . The

::tc rval f t - u i :  - data  n a m  - pie t o  da t a  sample is T and ti m e t ot a l  I u - a u u sp o  r ’ in ie  is

N T v - i c  ru N is the : u ’ u n u b c  r of CCI) analog delay l ine dat a  s ’ u i g c s . Th us, th e

s ign a l  dela y f or a SI/SO ( C I )  analog o l u i f t  u c c i s f e r  is ,

T N T N / f  I t  2 )

which il l - n t  r ,e ’ e: ‘ l i e  e lect  rh - ; c l I y aP e  rable delay feati’ re of ‘Ia- C C I )  d e l ay

I i :  m e .  Si : u~ t: sani pli r u g  flu e re in  requi  n - c-s  t i m e a nalog signal o 1 te s a im up led i t t

leas f ‘ ‘a i t  e d t u r i n u c  t I c  pc - i ’ d of ‘I a -  l , j - d u c s t  ~~t u p u n C u m ’ of h oe  n-c s ’ , v- ’ O m a y

‘. r t ~~e

-; — 2
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F ig u r e  9. CCD Analog Shift  ( S I/ S O )
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- T I (max ) ( 1’ ~

and  t i i e  t i l m u e  — d e l a y  bandwidth product be conu es ,

I - N/2 C ’ 4)

Tiec low f r e q u e n c y  l im it  is set by the  thermal  l e ak ag e  c ur r en ~ which aco  . 1 : 1 0 —

h a ’ cs r n  each s t age , and the  uppe r f r e q u e n c y  l imi t  is d e f c r u u m i n e d  b y i n p u t

ch at - ge in i e c t i o n , ‘- r ans fe r e f f i c i e n c y ,  and output c h a rge  d e fe c ’ion  and  r e c o m u —

- S’ r u : c~ i o m :  c i r c u it  u-y. Figure 11 i l l u s t r a t e s  a cr o s s~~s ec t i o n  of a 4 — p h ase  c1e~ —

‘r o de Ct. D u - i l l :  ‘ r a n s f e r and sto rage eleef rode d in u e n s i on s . F i e  ( fl is

fab r cated w it h  I’\IOS s i l i c o n — g a ’ e ec h n ol ogy  and the  i n s u l a t o r  i s  a d u a l —

d ie l ec t r i c  comp rised of s i l icon nP ride (Si T’
4

) ove r the r ical  s i l i co n  d iox ide

I . The e l ect rodes  a i e  fabr ica ted  wi th  pol ycrystall ine silicon ant i a L u m  i-

m u - u : , to g ive  coplana r but - o v c r l u t p n : n i c  e : l , - u t  r o c l c - s .  The o-c e’rIa~,pinuc c h i c —

t rode f e - u u u : r e  provides a ‘ sealed” CCD sur face  and stable opera t i o n  u n d e r

( c l :p e rut ’ U r e - l ias e x c u r s i o n s .  S’ r u c t u re s may he fab r ica ted  wi th  Lot-h e le --

u - odes : m m m d e  of -pol yc  ryst all inc  silicon. A l though , he d imens ions  used in

~h mc CCD ’  s d i se ’e s s e d  in ‘his  repo rt a r e  8l~n Al and l 2 I u n - l ~oly 5i ., w e  have fab-

r c a t e - d  CCD s w i ’ I :  4u~ m l e n g t h  P01)’ Sj  e l e c t r o d e - s .

The CCD delay hne~
8 provide s a unidirectional t r a n s f e r of c h a rg e  q t x , ‘1

f ru r : one st o race  cell to  anothe r a dj a c e nt  cell. The signal  c it a r g e  is d e s ig n a t e d

in cell N m e t  ‘in c ‘ , w h e r e  N an t i  t a s s u m e  nm ~ ec er  v a l u e s :  i. e . ,  t h ’~ u n i t  of

dis tance  is ‘ }u ~~ cel l — t  u - - c e l l  sepa ra t ion  
~~~~~ 

and the u n t i l  of I hue  is time clock

pe riod T. Hu e  f r eq u a n c y  response  of the CCD delay line due to ransfe r i n —

effi o i e - r u -y  pe r  st a g e  dela y n u t ’ ,’ be cal c i n l a t  ed f ron t  me d i s c  rc t c fo reneulat ion:

q (x ,t )  ~ q (x , ‘ - 1) 4 ( l -  ) q (x-l , I-I) ( 1 - 5 )
S S S

V. . 1~. 1 oyt  e and V. . • ‘ c r’ r a i i  i , ‘ ‘ L i  Im ea i - ized Dispe r s ion  Related and

rut- n ‘ S I-’u n c f i o n  f ur  I ) i S l t - I ( -  (Ira ru t’ -r r an s f e r Ie- ~~- i  ct- s with I n u , o i i u p le I c

T r a n s f e r , ’ P . S .  1 . 1 . ,  5 I i , 17-i l ( i l / I ) .
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I ig  u : ’ -  11. Cross ~e : c 1 u n i  ol -l —P I - , i - e: CE D ~~L - gc )u l u t ’ ,

- 1 ~ 10 f o r  - I ~ -~~~~~: ‘ . .‘.c  r u l t y  t r c s i o : : u  ~- G : t t u u , m  ( ‘~~~) I -

‘ a - / d ‘ i t ; ,  in

/
1 

1 )
L2 ( ‘ .,  1) = ~ ( - ~ - I , y~ ( u )

— I /
1

— -- -
- m m d t H e -  r t u u ~~;cr  : - u m o t  fu n  b r  ~ N — s r - -g t -  ( . (  ) m b - I  ,~ cC u m m u c s

( 7 )  ~ hi C r — i N
— - — OU 1 u 1- i i  I — — N  ( o 7 )

I I j / )  
V ( 7 )  

- I - i i
eu  o I [ I — 7 J

P. . h i , s s  m n t  V. . m l . l’, - ’ i I c ~~, ‘ -\ 1p 1~~~~ t i m m ~~ u t  ( l i ; t r g t u  I r , m m ~~u e ’r  i)e~~i~~,u~
( o t u n i u u i u r u l c - m t j o u ’’ l ’ ’ 7 3  ( C f i_ -\ m 1 m l i u m t i u n m  ( u u m k u r c ’ u u c  e ’ , ~— ‘ - u t . 1 1 7 ,  m m .

J c - c t m u i e - t l  1’ i u - r s  ) i g e - s t , S~~n m ;
~~~ - g m , 1 l i t .
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\ ‘ ; } u e - r L ’ C , ,  ~~s t h ’ - n , t i e ,  ‘ 1 i m u p u n  I ,  o t t ;  u t  o m p t u l i  - m L c s  - i n t l  g u~
i n -  t ) t  I -

t n m u u - e , , n l t : L m m r u t c o t t  t I m ’ -  ~u u — m ij p m m i u h t 1 i m u  \‘, ‘ i c  hi 1,  i s  t i n :  ~, : L — ~~ : i 1  u , - - d i , - t c k

~- s 1 :  t - r  i: t n  ‘ t i e :  r e t  i u u u i l  s i n -  - : :i ; u-g , e u u ; ’ l i : i ’ - i - . In u m U o l ’  t -  r i m - i ’  m / v  e m  n i t —

t - u c  i d  f r e u 1 c- m , C V  d i s : m ’ : r s i u ,  i i :  a ( - C I )  t u m l ug  dc l i l i - c , \ d  s i c -  1~i u’ -~~t n i ,

N’  < u. 1 m e n d  p r - :  - r r e l i c  C o t i S  ide r ,  Oh’ it :  ,~~. n c \ m u m  ic , u .~~~~ -

I t t  t t u~~t n i  l o s —  is — I  dt  i t  c t t  q i~~t l i m i t  ( = s )
- S C

u : m m  1 ) u m , s c  m l c c i e t i u : u  l n :ue  l in c a ni t c  j~~ ± e ° ,i t I = U .

l e e  ~~ SQ l u c k  is .1 s j u i u m m l c  C C I )  i r m u t l o g  s : u i i t  r v ~~i s t c - r t o t  , r u m ’ , i ’ :c
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-I . I SI L I I I ,  IN  / P A R A I  Li-Il .  01 T ( S I/ P O )  TRAN S v F ;R S A L  l-~I L T E R I N G

!F11  C I I A I l G I - : - C O U P L E D  DT - :vI C l - IS  (C CD ’ s)

( (  - I~ r a n s v c  n -sal fil’- e rs wi th  f ixed ana log  t a p  wei  iiht s have been implement-

ed ~‘,‘ i I i :  ‘ }u c  spli ’ -e lec ’ rode w e igh t i n g  technique.  Iii th i s  method , a C CD

ilela ’; l i ne  b ecome s  a t r a n s v e r s a l  f i l te r by spl i tt i n g  one of th e  e l ec t rodes  in

each de l ay  l ine  and pl a c i ng  a d i ff e r e n t i a l  c u r r e nt  in t e g r at o r  in the clock l ine

ins ’ead ot~ ‘l i e  convent iona l  output amp l i f ie r. In the adaptive  fil te r approach

we r e qu i r e  adap t ive  o r  e lec tron ica l l y r eprogrammable  f i l t e  rs. In thi s

sec ’ion , a S I/ P O  CCD is d i scussed  which feat -ures  independent, n o n d e sr r u c -

‘ ive , l o w - i m m e p e d a n c e  vol tage readouts  of delayed analog  s ignals  a t s pec i f i ed

l o c a t i o n s  or  t a p s  a long the CCD delay line. In gene ral , the si gnal volt age  at

each tap  n :ay  be multi pl ica t ive ly wei ghted by a conduct ance  to g ive  a c u r re n t

p r o p or t i o n a l  ‘ t )  the p r o d u c t  of the si gnal voltage and t h e  ~v e i gh t i ng  o n du u ct a n c e .

F i u m - u r e  12 i l lu s t r a t es a ph o t o nm ic r o gr a p h of a SI/P O  block ( N  20 o u t -p u t s )

which  u se s  a floa t iu mg clock e lect rode  s e n s o r  at alte r n at e  s+ a g e  delays a l o n e
(-2

‘lie CCD delay line. Thi s pe rmi t s  the use of a ‘ re fe r e n c e - o n l y and

- s ign a l  and refe rence ’ t o  compensate  f o r  n o n u n i f o rn m i t i e s  in  time S I / P U

s’ ruc ’ ’u r e .  N um e r o u s  taps with  multipl ica t ive  ana log  w e i g h l i n g  can be ac-

c o i m r m ’ oda ’ t ’d \ “ i t T h u O u t  s ignal ampl i t-nde d eg r a d a t i o n  due t o  s t r a y  p a r a s it i t

c a p a c it a n c e ,  by pa ral le ling SI / l - ~O blocks of f e a s i b l e  s ize  due  t o  the s o r m m 1 e : a ~

‘ion o f  p roduc t c u r r e n t s .  l - ’m m r t h e rniore , the  in d e p en d e rm ’  n on d e st  u ’ iuc ’ ye

v o l t age  t a p s  of ‘lie SI/PO block can provide the  anal o- ’  v m t l f a o e  s ign a l s  needed

— - 

by u u . l ’i plie rs 1-0 give CCD r e a l — t i m e  ana log  cor r e la ~i ’ t u u . Use  of p roc ran:-

r u~~ble e o n d m m c e an c es  such as the n o n v o l a t i l e  \N - , OS 1 c-p€- o r  c o n v e m u l  ional  \IOS

‘ vpe pern ui ’ such device applications as ada pt ive  t r a n s v e r s a l  l ine  e q u a l i m m e r

o r  p r oc  r a n u i m - u m a b l e  nia ’ c i u e d  f i l t e r  ( o r  c o r r e l a t i o n  d e t e c t o r)  f o r  s e c u r e  voi . -e /

d at a  eon mu m m  in i ca f  ions sys tems.

1- 1 H. I). Puss , I). hi. Col l ins , V. . 1-I. Bailey, and ( . hi . Reeve s , ‘ T r a n s v e r s a l
h ij it e  r i ng  I~ s i n g  C h a rg e  T r a ns f e r Devices , ’’ I E E E  J. S o l i d — St a t e  C i r c u i t s ,
S C — 8 , 1 34 ( 1 ’ 17 3 )

2 M. 11.  Whit e , I. A. Mack , F. J. K ub , I). R. Lampe , and J. P. F at t a n , “An
Analog CCI) T ransve rsal Filt e r with Float  ing Clock Elec t rode  Sensor  and

Va riable Tap Ca in , ‘ ISSCC 7(,, -l echnical  I)i ges t  pc. l~~4 , Ph ildeiphia , Pa.
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flue ab i l i ty  ‘o eu s ilv  char m ge o r  n m o c l i f v  the r a n s f e  r f u n c t i o n  of a sys f e n m  - or

su i i ) 5 \ ’ s ’ ei:  u-eq m i r c s ceni  ral component s  whose c h a r a c t e r i st i c s  a r e  dete rmined

Lv i f ew  va r iab le  p a r a m e t e r s .  In  appl i c a t i ons  i n v o l v i ng  f i l t e r i n g  of sampled

da ’ ui , h u e  1- a m i s v c  u -sal f i l t e r  is t l i ( ’  p r i m a r y  conmponenf . Fi g u r e  13 i lL ust r a t e s

a ‘ r a r m s v - r s a l  filter which consists of an N-s t a g e  tapped de lay  l ine  and asso-

H u t ’ ed w e i g h t s  at eac h tap point .
th

The o m u t p m u ’  o t t  t h e  ‘ r ansversal f i l t e r  at the rn clock t ime can be represent --

ed as

N
e ( n u T )  V. , c- . ( f l i l’ - k i )

k~~~1

u-c 1’ is the  ‘ l i n e  de lay  b etw e e n  s u c c e s s i v e  tap l o c a t i o n s  in ‘he delay l ine.

I f  ~~~ i n m p ’ to ‘he fj j t (’ r is W r i ’t e n  in t he  fo rm

j 2 r f  (ni l — k T)  
( ( 0 )

e . ( n u T  - k i )  - e

‘ h u e  :-~- f is the f r e q u e n c y  of the input  s ignal , the m a g n i t u d e  of the output
S

He or - C S

- Z~~~’k

N 
-J 

N
e ( U ) 

~~ k
C ( 7 0)

-‘ 
k~~~~ 1

re I - 
= N f F is the no n u i m a l i z e d  f r e q u e n c y .  e ( U )  is t im e d isc  x -ete F o u r i e r

‘ r a n s f o r m  of the w e i c lu t  s The t ype of f i l t e r , b a n d p a s s, l o w - p a s s, i m i g l u -

pass , e ’ ~- , is dete r i m u i n e d  b y the  w e i g h t  j~~~g coef f i c ienf t  \V k while  the  c-ha r a c - —

‘ €- n i s t - ia s of t ime f i l t e r  a r e  dete r i u m i n e d  by the  nunibe  r of taps , N, and the

i r i ’(- r s t ag e  d e l ay ’ t i m e , T.

4~~~~



S I G ’ A L  OUT -; f l-I , : V A  3-I -

F i g u r e  1 3 . l’ra u ms ’,-e rsa l l ilte r

Fl ue analog delay l i m i e  n a t u r e  of t h e  C C I )  p r o v i d e s  a l u m e a n s  f o r  l u plen  e :m ’ir u g
4 _ l e

H mu a n a l  t ’ g  t r a ns v e r s a l  Ii i’  e r  pr o v i d i nc :

1) Ic S i m ’ r l L m l in  ‘he de lay line can be sensed  nondes ’ ruc ’i ‘- cl y

2) ~i & s i g n a l  a ’ c-ac);  t a p  location is appropria ’el y \ V e i g h ’c ’I , mt n(1

3)  ‘I c  o ’ u t pu ’ s a cc s i r  m m ml t aneousl y u r u - r u  e - d .

D. H. Puss, I ) .  I .  ( o h m s , V. . I I .  I~ ai 1ey ,  a ud  ( . hi. : u e e - - : e - s , F r , t :u s v e r s a l
I ii e r l n L  ‘-‘O i L  ( l i  to I m I 1 ) I C d  Dc i ,  ~ s ,

C i r c ’u i ’  ,~~ S C- 8 ,  pp. 1 3~t - I -4 t

thi-al ui n i m  and I . - ; t - h l a r s , ‘ CCD ’ s f i r  F r a n s vc r s a l  I- l i t e r  App l i c a ’ions ,
IJT i-~ H u t  e rnm a ~ i u i m al 1 , 1cc t r on  l ) e c - i ces  ~, lee ’i n i g ,  F e c l m n u i ca l  l ) i  u m e sit , I t u c c i  m :be r

1- 1 7 4 , pp. £4o-~~4 3 .

j . N T i e - m m  u t u m : u , V . I .  r i d e r , N . I ) . I t em rtru , I , and  I) . ‘d. b rown , I r u t r a c el l
- I’ u ; t r u s f e - r ~ ‘ r - ’ ‘- i r e s  f o r  S i c m m e l  P r - , t c e ~~si i r u L , H- E}- T r a n u s v e r s a l

u i t I . 1  e’ m tro ii i ) e - v i e e s ,  l u l — Z I , ~-, 1;e ’,- I t  74 , pp. U

4 — I t
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0 - m e  ‘ e e i u m : i q - u c  f i r  in  p h - m i  e ’ m I ’ i r m u ’ a CC I) ‘ ransve- rsal fil t e r- is ‘o sense di s—

:)1~tc ’ ’ nuucm t - m r  r , - r u f  c iN ;  u m i - r i r u g  g - ” ’ -  I i - I r H ’  ~ e u u s o r  d ud  - ‘ - i g i t h i t -  ct ~~~r gc-
-4

-~ech ‘ - t m  w i t h  s i pl hi 1 , - ut  r d ’ s. I , -  fi ir , - r ~ s) , i n p i e - i m - u m t t - ’ l  u n  a p a r —

t i c u l - i r c lur u , is f ’’ r nric I c I u r u u g ch ip  t a h r i c ~i t i o n v i m  t h t -  c o u m ( m g - l r t t i o t n  o f t h e ’

T sum ’ d e c . ’ rocles. -\ sc- c ore d I c u i : r u i q - a -  en i p l t m v s a f lo a t i n g  clock elect  m mdc -

s e - u - s o  r c :1 ) - ‘u p  ‘ ‘ : c i m m i m ’ s wh ich  a re i ndependen t  of ‘l i e  i ru t r i n s i c  C C I)  s ’ u- n c —
‘ - I s

“ u u  - .

4.2 I- PCI I I N C  CL0Cl-~ 1-ILEC I R O D h i  SENSOR 
-

F L  u r - cm 14 i i i  ~~~ ut  ‘Cs ‘N t -  - floa f i r u  c lock d e c  1 rode s e n s o r y ( I ’ C I - S )  u r m o n o —

Ii ’ u m , - ip ’l u t r / ’ I O S  c i r c n l i ’  wh ich  is c - r u  ployed u t ’ e a i l m  f a p  l oca t ion  of t h e  I (II ) .

Opt - m’a ’ i u n  f ‘ b e  I I  ES i r c i i ’  nua v be expl a i n e d  wi th  the  use  of f i c u r e  14 and

‘ h ut -  ‘j r - r i n g  d i a g r a r u m  -H u v - m ;  i r u  f i g u r e  15.

:~~~H ‘~2 R g ’ - c 5 u - m t ’ m ’c c and ~2 L i m e s  p o s it i v e , cha n g e  m ine r t i u e  ~~2 ~~~~~~ r- t , dem ,

C 
- s en s in c  cL- ’ ~m t d c  t o r  ‘he l- ’C l - S c - i r e - l i ’ , is ‘ r a n s f er r e d  unde r ‘he ó3

n t ( le ~~l ie } is b c’; ar id hence  ‘ a c c e p t i n g ’ c h a rg e . ( N e g a t i v e  c lock  l eve l s

a m u - em )  l sj ’ ,-c ‘ o cha r ce  packet -s .  ) A l e  r tNi goes  low , time ~ 2 elec t rode is

i n  e dt -  ~~~~ m -ac ’ i -c and i c - r u  e read y to u ’ece ive  cha i-ge when  ói goes a ’’ I- ac - t ic-c .

The -  ‘ m l r r , , u  I of ‘~‘ ~ 
d i sc o n ui e c t s  ‘lie u , clock l i n m e  f i ’ o i i i  the 

~~~~, 
elec ’ rode ,

- ‘ ; I u i c l  r mo ’~’- ‘ f l o at s . - cm-i t , ‘N€- ba n - n e r is l owered  acid c h a r ge  is rans—

f e - r u - c m -I i n u~ p r oc  r e s s i- ,-c- p u s h — c l u e d -u  l u  anne r iunde  r ‘lie ~~, e lect  rode , and the

— dis pl a c e -  e mit  c u r r e n u ’ is sensed  Lv Q The v ’ m i t u t c e  u - l l u e u r d e  on l me  g a t e  of

Q is - r u i m u s f e r r e d  ‘ o ‘ i uc - bi po l a r  e - r t i ’ ’ e r — f o l h m ’ m e r  v ia  t ime inve r - ’ e r  or- s o u r c e —

- I I’ m ” ’ ( ’  r ne rut ’ ion of ‘ I c  Q /Q p a ir . Tire pi e rpuse 1 the bipolar dec-h-c

‘ A . ’- . JO ra b e m , Cl. J. l i u p e ’ , I , .  I .  u - l l u t r s , - 

~ 1 - u I~ i ple i-H 1’ cr  ( lua r a c l e r i s t i c  S
e s i m i c u c S i m g l e  ( ( 1 )  St ruc ’ u r - L- , ‘ ‘ in l ’) 7~ Pro~ c e d i ng s  of C C I )  A p p l i c a t i o n s

m u t e r r e - m i ’  e - , ( ) - ~ o~~er , 1 175 , pp. 2-hi— 2-1’ ’ .

I!. \‘,h i ’ e- , I .  ‘
i. ‘ l a d -: , F ’ . I . I N N , 1). 1<. I anupe , and ,T . I-’. 1- ’a t u ~t n i , - An

I .- ‘_ nualog (;CH frans- ,-e ’rsa l Fil te r w i t h  l h t m e t i n g  ( lock i-ic, ~rode I - f t ’n is i or
i u d  \ u t r i a h i t u  Fap ( H i m ’ ’ IS —N C I t - c l in i c a l  Di g est , I- ’el .rciarv 1 17 ,
HJ) . 1 4 - I

I
- ;  — 1 1

I
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CC 1

1 - i m u r ,  14. h - b o a t i n g  Clock I ;I c c t r o d e  Sen sor  C i r c u i t

ir  ‘ ot p r u v u d e -  a b u lk ’  r f o r  ‘ I  e- ~ k ) SF1 - T pai r acid s e r v e  as a v o lt a g e  s o u rc e

f o r  ~~~~~ ‘ ap ‘ ,‘; < -  -:1 ’ onnet -t t-d t o ‘h u e  e n u t t e m - .

i -  a I u -y e  i m u t e - r i  Im u n m i e l  i s o h a t i o m :  , c - l ’ r m i r u c t c  n o n u n i f u n r m  it i e s  ca sed

I)~, ‘ l e ~ j~~~~~~~’ i t  ~ j r~~u u 1 ~ , and i n cr e a s e  f l u e -  S D H ,  i n c  Ue ’ ’wccn i  t a p  p o i u ; ’ s , a - r e f e r —

— ~- m m r c  o x -  a — c  ze r ot is  i n i f e n l , c m c t I  I m c ’v ’ ccn  s u cc e s s i v e  s ign a l  s u t u u : p 1e~- m-u . 1mm an

o f f — c h i n  t r m u t i , m :  r e - d o r i s ’ n m u ,  N o r m  c i r ~ ui ~ , ~ o t f l s j s it i f l g  of a s u r m u r m i n g  a r m  p i n N e r

and a P u r m  p / s amp le c i r t - i ’ , ‘lie vol’uc u c c o r r e s p o n d in i~ o ‘ h u e  r cfc  rence is

‘ ‘l a m  c i  c r u d  ~~~ s u o u m p l e o c u-a ’ i t ) r u  is p cr f o r r - m c d  on ‘l i e  - me lt r e u u c c  s ign a l

vol ’ - c g c .  As t i e -  - l a n m p / m - i u t u u p l C  seq c.t-nld&- pe r f o r r m s  a d i f i c r e n u c i r m u m  opt- ra ’i n u ,

T. N .  C1 c,- 1- . 1 . ,  , 1. l l t r t , , i u , ~
- . 1’ . P u m m r m r i t n s , j . I - ,. Sch roede r , and

1. 1 .  l a s c i m  F r .  - I ) e s i e ’ c u  and  I ‘e r f o r r -  a n n e  of C h a r g e — C o u p led 1)evice
I C ! :  c- — I )i c-i s i a n  Ana log  ‘. l i u l t i plexc  mu , - 1 173 I’ r oce~~dings  of ( C I )  App li —

u a ~ ions ( ‘ , n u f e  i - c -m e , -~e - p N - u i I m e r  l t 7  1 , ~p• 1 2 7 — ]  ‘ 1 1 .
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- -  C i t : u ’ , . ‘ of ‘ N e -  m e - d o r i s ’ r u m i  ‘ i on  c i r c ’ u u ’ 5- c - s  no t  re ll en o f f s - ’ s ur ~~~ed N 1

t -  i u m n u ’ d i r c : u j ’ o r  c n , t s s ’ u t I i -  bc ’’ v t ’ e c u  su c c - e - s s i - , e -  s i g n a l  s t u m p les . In ‘ lo t -

m- , t ,  e , , f  f i g u r e  1 5 i ~ ‘ I o t m  c’l i ’ ’ c -r  c m l  v t - I N n  s l m o ’ - ; i n g  ‘Ia- o ’ l ’ n u ’ of ‘ha-

I - f I - IS & i n c a ’ c r m e ’ s m ’ i i m m d i n i g to ‘be - r e f e r e n c e ’  ~in d  m - e f e r e n c c -  f signal. -

l- ’i m n - - ’- 1 is  - i  ph m ’ n - i c r o u r ap li of u c S I / I C  C C I )  chip using t h e F C N S  o u ’p u f

- i r~- c i ’  a c -ac -li t a p  b c - ut ’ i c ’n i .

4 . ~ f l  - ‘e I S V } - l h - l S \ l .  F I L l 1 -H - l  U f IL I Z  n O  THE }-~( I-lS O P I P P I  C J } < C t ’ I i

h u e -  h i  r I l  on i c  m m r t t ’ ; m ’ fo r a s i ng l e  ‘op  \c’a s r m cuisured u m n l e - r t h e  f , m l b m m ’,’,- i r i g

c-one] i - i i ’  m i s

f -~~ ( m  k I~~t i t t  ck

f
p i e -  H c k  /

,I~’ k I l s

f - 1 k U ,

~ m ; r u u t 1

~~~p ‘ t - i c -~ -_ S k t ~ f i xed  r e s i s t or

1~’
• I \‘ 0 e - u t  N — ne-ak
lum p it  - -

L e s s  ~l u - r u  f t . 3 m m e -  mu c - u i ’ (—hI ) d R (  ‘ m tai ha n u m m o n i c  d i s t o r ’ ion  was n eut sired for a

1 . 2  \‘I t l ’  v u t  r i a ’ i n of ‘ b e -  d c  b ias  on ‘he 02 e l e c t r o d e  u s e d  in ‘ h u e -  s~ , t b i l i ~~cd

e l i a r c ’ e -  i r n : e c - ’ i c n  i r u r  u ’ r n e - ’ l m o d ’ ~

. 1 1 . - e- ’ h u i n  u c n u d  A. \P i~h tth s c -mi , ‘ l i nearity of Elect ri cuel Charge l n i l e c ’ j u m l

b r ’ ’ -  (‘har e- — Coupled Dc-vice’s , ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SC~~I’ ,

AT ril 1 175 , p. ~ 1 — ‘2

71 
. N r u m r r o n n s ~inc l  I ) . I ) . R u s s , f , J m n i q u m e s  f o r  J n t r o d ’ c i m u c  ut l o w — N o i s e -

f t  rot i~ (:CD’s, 
“ : m t v i i: s - d r g ± ~~~t i r m~~~c . ermce J u n e  1 1 7  ~, l c o i u l d e r ,

i l o r a d , m

‘‘ \l . H. A h i’ e, I). I- - . l e n  pt , 1. I - l’aLutim , ‘CCI) and ~ D~0S i ) C \ i , c ’ S  f o r

!-‘n’ o m u r e r u : I ’  a b e l e ’  A n a l o g  S ign a l  1 r i ’  - s s i m u g  m e n d  D j c i t , e ]  2 , o n e c t m i i t i l c  \ I c - r r u , m r v ,

1ED ~ - i t  l~~~r i i  D i i - t - s ’, 1 ) e - ’  - u - he r 1 l 7 ~~, I~P. ~ 3 i ~— I  3 1 .

- 1 —  m - ;
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Figu re 17 shows i-lie impulse response  of a 20 tap SI /PO CCD with  the

taps weighted  a c c o r d in g  to a Hamming fun ction. Each resis to r value is

de ’-ermined by

P.
= ( 7 1 )

k

where  R k is the res is tance value of the n~~
° tap location, ~~ k is the Hamming

wei ghting coefficient given by

= 0. 5 4  - 0. 46 cos 
2~~(k - l )  

1 ~ k -~ N ( 72 )
N -i

arid P is the res is tance value of the cente r t ap ( s( .  The individual r e s i s t o r s

are selected to within ± 1 percent and th ’ gain variat ions are  within ± 3  p e r -

cent without trimming. F igu re  17 also shows the f requency  response of ~he

filter with tap weights untrimmed.
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h . MOS I PAN S  IST ORS AS E L E C T R I C A L L Y  RE P R O G RAMMABLE
ADA ! OiD C O D I u t  mCTANCE ADAPTIVE FILTER WEIGHTS

h i s t o r i c a l ly ,  t h e r e  has  been many at tempts  to realize variable analog

cv e i g l m ’s fo r  ‘}u c adapt ive  fil ter. One of the ear l ies t  was the rno~o r-d r i v e n

po’en i ’ ion e ‘er  o f s e rvo-mechanisms .  A photo-opt ic  device was used

wh e r e  ‘be ‘r a n sn - u i f t a n c e  decreased on exposure to yellow light and reading

was pe rfo rmed with red li ght. Othe r devices 75 ’ ~~~~ which were essentially

d e e ’ roc h emica l, were  employed with  limited success .  The mernis tor~
6

was an i nt e r e s t i n g  concept in which the passage  of an e lect r ic  c u r r e n t  through

a chemical solut ion resulted in the plating or  deplat ing of a conductive

elec ’rode wei~ hf. In orde r to be compatible with electr ical  delay line s, the

p r o gr a .  ‘imable weight  should be e lec t r ica l l y controlled. This was discussed

in c o nn e c t i o n  wi th  fe r r ielec t r ic  sfruc t -u res 77 and l a t e r  with respect to MIS

‘ rans i sto rs  with a Fe r roe lec t r ic  gate material .  F e r r o e l e c t r i c  mate rial s

are  d i f f i cu l t to prepa re ari d the control  of thei r  proper t ies  in an in tegra ted

4

73
N. . Hey, ‘ The Ma rk I Percepto r , Des i gn and Pe rfo rmance” IR E  Nat ’ l.
( o t  v. Re c .  , Pt. 2, New Y o r k  ( 1  ‘

~~( 0)
- 

S I. Canipu r , “ S e l f - O rga n i z i n g  Ne t -works ” , A r m o u r  Resea rch  Foundat ion
Illinois, i n s t i t u t e  of Technol~ j~y, A rmour  Rep ’t E154 , Chicago , Ill. ( I ( ( - 2 )

exas Resea r d u & E lec t ron ic s  Corp .  ‘ A n  In t roduc t ion  to Soliori s” Dallas ,
rexas , Pin e l” ( , l .

- A n u  Adap t ive Adaline Neuron  sing Chemical \ I e u i i i s f o r s , “ Stanford Elec-
t ronic Labs .  Tech Rep t t  1553-1 ,  Stanford l n i v e r s ity ,  Oct. 19(’ O.

- I -~~. i ’ u lva r i , “F e r r o e l e ct r i c s  and t h e i r  Appl ica t ions  in Solid-State Device s
and in Adapt ive Control , ’ Proc.  1963 Bionics Syinp

5-. ’

~
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c-i rc u i t  s ’ rod m u  re is  e x t  r e n m e l v  d i f f i c iil ’ . Jn  1 ‘~ ( 1 , Szedon
78 

d i s c u s s e d  t h e

r- ge- ins t a b i l ity  uncl e r t ’ l e~~’ r ica l  s ’ r e ss  in a s i l i c o n  u -u t r ide ( S i g N a )  / s i l i c o n

&j i c i ~~i d e -  (SiC) , 1 dual d ie lec ’ i i c  s ’ n a  ‘ or e  and V egene  r desc r ibed  the po l e m u ’ ia l

of a MDOS nonvolat i le ’  m em o r y  r a n s i s f o  r ‘ 
. Since  these ear l y pape rs , a

u m m n m b ’ c ’ r of papers  hac-e appeared  iii the l i t e r a f i u r e  with r e g a r d s  to t ime ~ D’ OS

i m m e n ’ o r v  ‘ r a n s i st o r  - 
. Tire \ I D O S  u i m e n m o r y  t r a n s i s t or may  be used as a

d i g i ’ ztl r u & ’ m m c - o l a ’ ile s ’or€ ’ i n  m n e n u o r y  a r r a y s  o r  as an electricall y repro gra im --

u r able analo~ c o n d u c t a n c e .  In o r d e r  to use  th is  latte r prope rty, t h e  NID OS

m : ; u u s ~ be ope rated in it - s t r iode r e u u : i o m i  s in m i l a r  to a XIOS-I- 1- T voltage—control —

led ~un dm uc ’ance.

1 MOS TIC\N SI STOR S ‘A I I ’ !-! 1) 1 1 ) !  D I- :( I TIONAL CC D CO~-:f R OL OF W 1:101115

Flue MOS transistor , when ope ra t - ed im u i t ~ tr i ode  r e g i o n , d isplays  an

a na l og  c o n d u c t a n c e  b et w e e n  d r a i n  and sou rce  g w h i c h  is e l e c t r i c a l ly a l t e r —

abie . The d r a i n — t o - s o ’m r ’- c conduc t a n c e  f o r  sniall d r a in - t o — s o u r c e  o f f s et

-,-ol’ag(- s is given  as :

~ ~~ c ( V  - V 1 
(73)

ds ~~\ I /  ci CS T

~ ~“ c;s - V 
~~

c-- l u c r e  is a ~ c o i I m c t m v  am id mate rial pa ramete r , ~~~~~~~~~~ ~~~ applied ga’e-’o—

s~au rce ‘;() l ’a:e , and 
~
‘
T 

t h e  i n t r i n s i c  th reshold v o l t ag e  of ‘l ie  device .  There

- i r e  twot  n u e th o d s  by whi ch the c o n d u c t a n c e  i-an be a l t e red :

( 1 )  va riable V - - c c i t l i  V f ix ed
CS T

(2’) fixed V(.5 i i  V~~ va riabl e

J N . Sz e d t > n , ‘ Cha r g e  In s t ab i l i t y  in \ ! et a l/ Sii c on - ’-- m ’ r ide  / S il i con- I) iox ide/
SR i ,  t n  5’ n u u e t  ores , ‘ I EE E  S o l i d — St a t e  I )ev. Res. t notid. i v a n s t on , Ill.

J i m a ’ , 1 ’ ’ - ’ -

-\ .  P. W ’-  c e m r e r , et. a!. , - m  I h e  V a r i a b l e  t h r e s h o l d  F r a n s i s t o r . a N e w

1 , 1  c u t  n e  a l l y A I t e  r a b l e  N onde st r u c t iv e  R e a d  Onl y St o r a  -Ic ‘c ’ v i c e , ‘‘ 1 p 71 ,

I l D  mM ,  ‘A a s }u i n g t o n . I m~ ( - .

i ~~ Set -  t } ; t -  r ev  i -
~~ ‘ pape r,  ~T. Chang, ‘‘ N o n v o l a t i l e  S e t i m i c o n d u c  (o r  \ I ’ - n m o r v

I e v P  ‘‘S ’ P roc .  ll - E 1’. D4 . , f ~ J 3  t 1 ’ ) 7 t l .



e’ will dism iss ‘lie fi rs t method in this section and leave the variable

l u  resliold c-ni ‘ ag e  app roach t o t he  M~~ OS n m e m o r y  r an s i s t o r  wh ich  is t r e a t e d

in ~ectio mm 5. 2.

The MOS t r a n s i s t o r  is to be used as the ba s i c  analog conductance  multi-

pl i e r , w h e t h e r  it  is method 1 o r 2 above , and f i g u r e  18 i l lustrates the at t ach-

ment  of thi s device to time CCI) delay line. The delayed analog si gna l
- - th
\ (~~ 

- k T ’) , w h e r e  t = n iT  at the nu clock t u’ne, is applied ac ross  the

d r a i n  ‘ o sourc e r e r i o n s  of a MOS t ransistor. The control  voltage , which

sets the conductance for  analog wei gh t ing ,  is applied between the gate  and

source  reg io ns. The output  voltage V
~~~ 

is p r o p o r t i o n a l  to the delayed input

s ignal  and g i v e n  as :

V R g ,, N (nm-k)T 
((4

ou i- F d s  k

c-;h €- re ‘~~~ is the g a i n  a s soc i a t ed  wi th  the k
th 

t ap  o n - ch ip  FCDS c ir c u i t . Since

‘he \1OS analog conductance has a limit-ed V
d 

which can be applied p r io r  t o

OS T , o d  

‘~ I

(

~~~~~~~~~~~~~~~~~~~~ s

‘1 15,8t  V 9

l i cu r e  113. MOS Vol t age -Con t ro l l ab le  Analog Conductance fo r
Adaptive Tap \V eig ht Element

—~~~~~~~- - ‘~~~~- - ~~~~~~~~~~
--- -
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-b md nm -dc m- disto r ’iun c’ffcc ts , i ’  is i n s t  m - u a ’ i’:c ‘ o cons ide r  a c o n ip a n i s ou .

mc ’ v - c e - n  a f ixed  - c  s i s ’ m m ’  v - c r  L I I ’ -t r i d  ut \I( )S ‘ r a n s i sf o  r c-ni C c c  — m o r N  rol led

c , - r r d , c ‘ u t m u m e ’  cvt ’i -~ - . ~‘i g t ,r c  1 ’  i l l - s ’ ra ’ es t i m e  ou ’p m u f  o bs e r v e d  o u r  a spec ’ r u n : ,

e - cu t n c c  1 u e ~~c l e s s  ‘ l i o n  1 n e r (  en)  nonl inean i ’ v if t } ~~ p e a k — u —

:)e e k ‘ ap si g r oi l  does no ’ c m-: - - ‘ l  I 2 \ a m i d  ‘ I m e  ope r a t i ng  po in t  has  less  t h a n

± 1  - I V  o l f s c ’ f r o r :  
( IS ~~. i - , i t  is  impo r t a n t  t o  m a i nt a i n  th e  prope r

l ij a s  p o i nt  opt r ,t ’ io~ : n o  r ,e l l  ‘ i m e  ~~~~ r an s i s t o  rs in an a r r ay .

Pu order ‘ ot a ’,H u t - , e -  a ‘. m e  ~j , i ~~ i t ’  \ ‘  \-: e n m : a y  c o n v e rt  the e r r o r  ~o digi t-a l

f o rm  w i ’ l m  a m u  A /i) I : . - , t - m ’ t m , c i  l i e -g e S ’ or a L ’ e and a c c u r a c y  w i ’i u  ac’~u i : ,1a ’ ors

and t i m u a l l v , ‘h e -  n .  ~P i p1P —i ’ i i ’ r .  w i t h  a ii ‘~i ’ i ~~ly i n g  d ig i t al — ’o t — a n a l o g  co n v e r t e r

INc - ru - i s  e - : n u - I ’ ;  ii ’ ‘no ; u : o c l m  appealins  w i t - li ‘h is approach as

‘ l m e  — ‘: n1c~~~: ic ~~ o f  ‘ i t ’  u i d , m n ’ i ’ e -  f f l ’ t - r  i s  i n c  m - u - ased  e n o ri no cusl y ‘ oge t l i er  w i t h

si~~e u t m u d  n o v - c r  ( i i s s u n ~i ’ u o n  ‘-‘,hm i cl u is -cil c- , - t ed  in Cost . A n 13— ’ ap w e i g h t-

sys ’ cnl  l a s  h i t - e n  b u i l t  v~’ i ’ } .  ‘h i s  m p p  roach to pe r fo rm a d a p t i v e  l i n e a r  p r e —

di ’  ‘ io n  v~i ’l m ‘he I biS u t l g o r i ’ } m r u } m ’ Y c ’ ’-c m- , he’ delay l ines  v--e m - c 1_wiped L — C

tvp c c’~’N i .  d i f f e i ’ e - m m  d i  ~: e :  r sic ’e i ha r u c i  ‘ e- r i s t i c s .  A d i f f e r e n t  approa ch , which

‘ I t se r - ;e’ s e u n i s i d e r a u le r u t - r i ’  a m i d  iS  e n u : pa~ ible  w i t h  CCI)  t e c h n o l og y,  is

‘h e- - - SC of b id i  :‘ect iomial s t ab i l i zed  , :ima r ge  in -e l e c t  ion t o i r u e  cement  or  dec ren ien ’

, t m u : c i m  g si~m m ia l  c I a  r b- c -  ‘ o m ~ o t h e  node of a 1 105 t i -ans i s to  r . T 1uis concept  is

i h i -s ’ r m t ’ eel m u  f i g u r e  2t~ v-’j ’h  voltage adi  us ’ flu e ot ’ am conmp l i s hm ed  b y means  of

— ( ( I I )  h i d i r e c ’ional  ch a r g e - c o n ’ rol. The a n a l o g ,  scaled , ei -ro r s ig n a l

— 
2m m I ( I is appl i ed  to a ( 1) s t o  r ag e  o r  h o l d i m u g  we- l i  v - h u e  u-eas , ‘lie cont rol

sj g  mmmcl  ‘0 inc r e - n m  € m n u t i i r  dec u ’enu en t  c h a r g e  de t e  m i m es ‘he f i m m i m - ’ ion of th e

and U , c - I t - c t uncles - Tire - hiuc  u -ge - i nc  r e - u n  cu t s  a r e  conve r ’ t md t o vo l t a g e

i t o  re_- n e  m u t s is  fo l lows :

I . N. ‘- l u  r m u c m i  and 5. 1- ,. C m - a i m , ‘ ‘R e a l — T i m e  Adapt ive  I , in ea r l ’ r e d ic ’ i i ’ n u
‘ sin g th e  I ea s t  N i t - a n  Sq m a r e  ( rad ient  Al go r i t h u n i , ‘ ‘  l P l - I l -  T i-ans. on

A~~~~~~ ic s , I~~~~ech and Si.~~ I ro e , ,  ,- \ b S P— ? ~4, -1° - I  ( l C ’ ( ) .

- — _____i_____ —



a. Fixed R e s i s t o r R Sk t , t

.
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-M~~~V LO~~ MZ

46 dB
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Spectral Components of SI/PO Sing le Tap Output

W k = N-Chann sl MOSFET Biased for 5 K,c~. Resistance

~~ = lv p-p at 1 kHz

~samp le ~2O kHz 
Ii o ’ r ,’ c ~~ - -

b. \ l 0 S — F l -  T Analog  Cu n c l m u e t a n c e  R 5k

F i g u r e  19. \ I O S — T  r i n s i s t i ,  r A n u c i o g  C o n d u c t a n c e  ( t on u p a r i s o n
wit - h l - i x & - d Resistor Pc r fo n u a n c e
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I

1’ . 1
P-  

\ :~~~~
r
H/ t t

~ 3,1 I,.~
7~ 0581 V t O

I )  m ‘h e ’ - t m ’ ’~~t - i i  1mm

I m g u ’ - e  , ‘ ( ) . P i ’ l u - ’  , ‘ i ’ n m , , l  ( l u , I  - ‘ -  ( t u t r i  f i r  . c I j : u s ’ t - - . - i u ’ of
, . ,  - ~

, ,, , - ,, -\ ,  - m c  - , -  - ,  n u b  I t  :\ tO t  l o t ’ N - ( ) n m : , 1 : ~~t me m u e



( V  - , l u u~ - I )

(I
q I T  -— - -C C 02

This  ~e - } :nique  cam i  P roc-ide g a i n  ‘ P r’~ ‘r im e sc- i cc ’ io mm of ‘ b u t -  h o l d i n g  — w e l l

- a no i ‘ e rr cc ( ( l
j j

) a rca .

5. 2 N I P  i - \ I - N I f R I D F - O N I I ) E - S h l J c O I  ( N P ~OS) f- : L I - : C r N I C A I J  ‘~
p F l  h O C  N A  N I  M A R L ,  F A 1SAI OC ( O N ~D f C 1A 1 ( F ~V E i C I 1 1  ES

u l u e -  m - c - t a l — n i t - r - i d e  — o x i d e — s i l i c o n  I NNS OS 1 r - o t iv o l a t i l e  m m  e u m u o r y  ‘ r a n s i st o r

is ~h :c d c c ’ ros~ a~ i c ana log  of the n i a g u i c t i c  co~~e S t o r a g e  d c i :  ( - m m ’ . ‘, I i - m :  m m  r v

is ac l . i e ’,- e o u  in ‘ b u m  N P OS t ram -u s i s t o r  by e l e ct r i c a l l y reve  r s i b l e  - n u u u e i i r u g o f

Pa :- gc ron~ the s i l i con  s em i c o ndu c t o r  to deep u -aps  n e a r  the 5i0
2 / 5i

3
N -

i r Y e r f u t c in a t b m i m ~ SiO , ( i . e .  ‘ y p i ca l iy  2 1 1A ’ ) s ’ r - u c - u r m .  F i g u r e  2 1 i l1 ’us t m’a~ es

( a p h o ton i cm - o g  r ap i - of a cI r a i n —  son rc e-  
~ 

rot ec ’ ed (PS  Ph 1~I~~0S 1: c-mo r’; ‘ ran-
K ’s i s to r , a m a l  f i g u r e  12 shows a c r o s s — s t - c ’ i , n  of  ‘I r e  1)51’ g e a m m : etr ’c ’ . Time

r oxid e ’ s ot ’;cr  N ,e  d r a i n  and s o - m u - m e  r - , ’ g i o m m s p m ’ m N e ~c~ these  r e g i o n s  f r om

c l , - - ’ n eal nd m - c -  l u u t m i i c ’ a l  s ’ n e s s  in a d d i t i m r - u  t o  I i n u ’ i n r m  t h e  r m : u d e  of ope r a —

~ion ‘ m m  ‘ h e -  c - n h i u u m m c e r - en t ~i:o de - One of ‘he i u u : p m m r ’a n t  ad c -a :iCe _ t :s or t h i s

ge ’un c r y  is ‘ h u e c ’ :- : ’ e ’nded e n d u r a n c e  of 1’ I N ( ) S  m e m -  orv t u - a n s i s or s  u n d e r

y c - l i n g  ‘, c r ’ Ti ope ra t i o n  mt-g rid l O ~~~~ e r a s e/ w  r i t e ’  cy c le : - .

F . ( n i ceh i , c - . al .  , ‘ l I m e -  I ) r - , e i m —~~~ ’ - m ’  e ’ I ’ r u t e ,  ~ -d ‘- 1 - OS \ I t ’ r : u o r v

I r u t  - 5  i n - - r ’ , 1 ‘73  I I  - I Nb pg . 12’ , \V us lii ru g ’ n o r m , ) . ( —

‘~~~-- I .  Ln’, j ,  ‘A . I , u m u . u u e n s k u , N I . C. H-  I- ut - ra m , - I m i d u r a n c e  ‘f l I o n —
C-d d e’ .o~~. n l , C u I t ’  N I P O S  N h e r - o , m - ~ ’ I m - a m i s i s t ’ r s  , I }- ~l-~I - . f r a n m s .  Ele t r o n h u ec - ..
: .. — ‘14 ‘77 ( 1  ‘7 75
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p lm -o - u~~- r r t ’ ra ’or  v . id .  a ‘ S V M u -  - probe  f r o m  t he - u u m a s ’ e r  u-lock p :1st- g e : , e r a ’ or ,

c c -  a mc, a- i t -  ‘ o S v m m m } u i - o n i z e -  t i r e  s i n u s o i d  w ith  ‘he sv s ’e u ; : s  ‘ i i i  P u g .  A i N . a

s r :  all i c  s i g :u , i l  appl ied  ‘ o ‘ he -  N h N O S  d r a i n , ‘ ( m e  a m r : p l i~~~de- ‘-‘- ill -car ’ ;  d u r i n g

e a c  I. read’ - cc- mit’ d c  ‘ o i n c  r e n i e n m al t - l i reshold  volt a ge  s l u i f ’  s i .  e. , cl’u a r u n e l

o m ( 1 -u - : ’ m-t : i c c  i n m e  rease amid dee: r e a s e )  f o r  a g i v e n  read vol’age amid s e r i e s  of

u-’ i-i~ c / c l ean  ramps. \‘, e  can  ‘h e r e f o r e  de ’ e- r u m  in c  vol ’ age I c - c u T s  r u e  e s Sa r y

mO ope r u t 4 c - h e -  N~ P0S as am -u a d :u : s ’ abl e w e - i  Pu ’ in an ada p~i ’ c -  p r o c e s s o r .

T ire ppc r t r a c of fi mur t: 25 shows ‘ h e  ope rat iona l  a nu p l i f i e  r o - : ’ m ’

‘- , o l ’ a m m e  ‘- h u e - n  ‘ b u e -  s i g m u a l  s hown  in the l ower  ‘ race is appl ied ‘o ‘ h u e- ga t e  and am - u

- ‘i N  pt , s i c  u ;a l  is a p p l i e d  5) th e  d r a i n .  T b . e  s a t - u r a ” e c l e a r  s e ’ s i r e  c’ond .c —

‘ a m u  u- of ‘ 1 :c e le - ’- i ~~t’ to i ’ s l i ig l : e - s ’ S ’ a ’ e- . I b u c  con d ’u c t a n c e  ‘ l u e : ;  dec r eases

c u - h u e - m i  a c” r i ’ e r a - r u p  i s  appl ied .  A f ’ e r 1” - i n c r e ni e n f a l  w r i t e  s e p s , m l : c -  N I P ( . 5

is  i m m C ~rc- i 1  t - t u ’ all y c l e a r e d  c’.’i ’l u a pot~i i vc going ramp. The r a t e  of eb a m :  cc of

‘ : 6 :  u-’ u r u d  : u -  ‘ a n ce is a t’ u n . u- ‘ ion of ‘lie dc levels of fhe r-anups , m i e- read ~~~~~~~~~~~~~~~~~~

o r .d m i ’  b u t t ‘ h r  z -esh old l eve l s  as a i-an -up b e g i n s .  Th e’ read v o l t a g e -  amid  p u t l s c - —

u - .  iN - - m - - - - s ’ h i t ’  i i u i m u i u r u i  cud  ‘u avo id  - l i e  r ead  — d i s t u  u-b e f f e u -- ’ s s i mi ce  
- he- read

vo15~ c- is in ‘ I u t -  d i r e - u  i ou  ‘ o w r i t e  ‘ l i e  dcc - i u - e - .
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‘ - , :\I ’:\}’rIV i T i l lER R R L A I ) B O A R D  .-\N l-
i-~/PEl~~N1LN F A L ,  C II .-\RACT} RIS J [CS

I h e  p u : r p o ~~e o f  ‘ b u m -  a d ap t i v e  f u r  .: r b r e a d b o a r d  is t o  d e mo n st  ra t . :  ‘he

f . ’ a s i b i I i t v  of i n -: p l e n r e n t i n c  ‘ I r e  L N I S  a l g o r i r h n i  in an i n t e g r - a ’ en-i c i r c u i t . In

o r d e r  ‘o a c c - a r m -p lish ‘ h i s  t a s k , the conmponents of t h e -  b r e a d b o a r d  m u s t  be

c u r -  pa ib l e  in ‘ ( m e  i m m t c  c r a ’  ud c i r c u i  s e n s e .  Fhe  b r -e a d b o a n - d d e s c r i b e d  in

‘ h i s  sec ’u i o r i  u s e s  ‘he  c l i p p e d  d a t a ’’ I .MS a l g o u - i t i - u r n  and the bas i c  l i n e a r

o m n b i n e r  is  c o n s ’ u r ’. m c ’ c m d  w i ’ h u  a C C I )  a n a l o g  d e l a y  l i n e  and e l e c t r i c a l l y

r e p - u - n r r a n r n : a h l e  N I P O S  a n a l og  c o n d u c t a n c e  w e i u ~h t s .  Othe r t e c h n i ques  c o ul d

h a v e  been  en :p l o v e ’- i s uch  as  the b i d i r e c t i o n a l  c h a r g e - c o nt r o l  n : ethod  to

p r o v i d e  a u - - a r i a b l e  c a n  v o i t a ~~e on a N~ OS a n a l o g  conduc tance ;  howe u- ’e r , the

a v a i l a b i l i ’  y of N~ N U S  n-r ern o r y  t r a n s i s t o r - s and the  p o t e n t i a l  f o r  l o n u — ’ e r u m - .

‘ u r r a h o n  s t o r - a u m w i t h  b u s  d e v i ce  s t r u c t u r e  m a d e  t h i s  a c o nu - - e n i e n t  ap p r o a c h .

1 u ~ u i ’ e- 2 1  i l l u s t  r a e - s  a b l o c k  dia~~ra rn  of the C C J u  a d ap t i v e  f i l t e r  a n d

f i c u n e  ~O is  a r r . o r - e de ’ a i l e d  d e s c r i p t i o n .  Fhe  u - - o i t a u m e o u t p u t  a t  e a c h  t a p ,

di :n o ’ c:’~ b y a u d I  is m u l t i p l i e d  b y t h e \~N O 5  c o n clu c ’a n ce s  a t  each

‘ ‘u p  loca ’  ion.  1 i~ u-’ r i t s u l imi c c u r r e n t s  a r e  c o nv e r t e d  to  v o l ’a  ce-s  b y a m p l i f i e r s

1 am i d A I h e  v o l t a g e  o u t p u t  of a m p l i f i e r  1. d o n a t e d  by Y
1

, is g i c - emi  b y:

‘u ’ = — R
f 

\~ 
.-\ 

‘
~ 

1 
‘ ~~ N

2
)

W = u-r - NIPUS .-\ (~~T t
-~~ -N .- is

g ~,G—~( is (
C ds

l i kewise , r h e  v o l a ce-  ou t put  of am p l i f i e r  2 , d e n o t e d  by Y , , is g ive n b y:

‘1 ) = B
f ~

“ B ~ 1 ‘ 
~~~ l)  

u-
~2~

j i - r e f o r - , : , ‘ ! c - p e - r r d i n c  on which c v e u u c l u t s  a r e -  used, ‘
~~ 

and V , can be used  to

dc’ : i - u :  . u  m m ’ :  t he  cha r a e - I C  ri s t ic s of t h e  N I P  ~~S wei u- Ju n s and to  cor - r - e l a t  e thu - r o r - e t i c a l

p r ’ - d i m  ‘ m o r m s with exp en - inmc rnte d r e s u l t s  a f t e r  a d a p t a t i o n  ~s c o m ur p lt ~tc ’ul .
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I i -  ~u u u ’ p rm ’ n m  a n :  p i i t u . : r  ~~, d e o n i e d  b ‘u .~ i s g r i n  by :

= ‘
~~~~, 

- V
1

- K P [i  
-
.“ - 

1~ , ) ~
, 

- ( I ,’, - - , ,  o; ]
A 1 1) C 2

‘ u - l i - r e  i- i~~~ ‘he  ca i : u ~i S S ’ i  u i m e O  u-n ,~~,h  o m r  p i m f i e ’ -  ~- ( = 2 i . I r an  ‘ uu a ~~i o n ’ 5 9 ) i r

h e ’  s i - ~ -n  ‘h o t  both po sitiv e - - m u c h  r r u - ’ c a ’ i v i ’  e i f i : c tj ’ :e ’  c v e i g b m ’ i n c  c a n  h ie -  r e a l i m - ’. er :

liv ‘ h ’ - r i .’ 1 o ’ i i- m r .  o g u i  ru i u-- m l  I V. a r i d  A ) 0 m d i  I \‘~ a n d  2, - . - b u n  vol t a c, V - -
~~‘ I )  ( .  3

i s a : i n l i ’ m m  t o  a c l - m m :  o ’ s a n : . p h e :  c u r e - C l i t  ‘ C) d i f f e r e n c e  t I er a — u - -  z u - ’r o  a n d  s i g n a l

u i — u -  .‘‘ -n o fur nm .a t5- ’h si- cp a! 5) m-e ’ rie u - i ’ ‘ (mu - - si cu;a l ‘,vi ’ hout causinu a r ] — ç  i c c - c l

‘ ) u m : r u -  e - in  I : . , :  sv s ’ u - - n : .  d u r i n g  he: ui ’ap eon ; proc mm ss. lim e lar u .p san .ple

uu ’ n : ’ u --o l ’ ac . - m u s  t i l m , .- r e d  b y -i l o ; c — n o s s  l d ’ e r  w i t h  a n o t c h  a t  ne san p ie

v. l u .: ~u l ’ u - ’ t  o’:’ p - u ’ u - s  a c o n t i n u ou s  ‘ en e wa c- ef o r n .  -‘- h u h  n a y  b.:

f u t ’ ’ e - r  en  :, l : l i e ’d -‘ i ’ : no ’  a ’ . p l m f v i n ~ I i :  f lO~ se- a s s o c t a t e m b  ‘ c i t :  a l e e s i r u g  - c r u d

sw i ’ c h r i n g  h e - s  i n h e r ’ ,u ; ’ i n  u u s ’ u m u -.p b~ - ’ h — r I u i  a s ign a l .

I h .  l i n e a r  ~~r c . m d i c ’ cor  0 i l ’~~~0i , y I P ,  is  su b t u -a  u:d f ro n ;  d e s i r e d  si~. r m a l ,

d i d . .‘ ‘ l u i u - ’ t m  i s  . i i s o  a c c ) m ’ m n u o u - m s t i n e- s iu n a l .  T h e  d i f f e r er i u- ’: or  ‘ - r r o r ,  g i - : ’ ’ n

h i ;

i — ( ‘~~ ( ‘ U i

i s - t 1 m l i ’ - ’ :  t o  ~i f u l l  c v , i v c -  r i - u  t i t i c - r  t o  t u - ’ r r m .  N r c -  u i b ~~oI ’. m n . -  c-a lu . -  o t  t h u . ’  t : r r u i ~ . ( c

i s  u u n m p l i l u i ’ - ~ .‘ m ; ’j  d — c  1 ’ -  - I s i u i t t . - ’ b  n e fu - r’r -2 t e 1 (I - m r u ’ I  _ 2 i e 1  c i ‘u- - h ic l ,  are-

u - i n t ’ l -  r i - c ‘ i o n c m l ‘ — c  s m ~~ r u . u l s  s ’ u r n - r i u m m x m s i ’ ( u p o n  - m r io  p r o L ’ r u u n i  l e v i - i  - I h i -

— vo l t a ~~.- ~ -.~~~p lu-i u . r e -  d i r ’ -  t . d  t m  t i ’ ’  N 1 P I ) H  g a t i ’ s  by ‘ ( m e -  s r ’ - e - m - r ng r : e - r - ,v m m r k ,

_ ‘ . 1 i~ - i u  i s  c o m u ’ r , - l h ’ - : by ‘1 e- e - : < c [ u - i s i u -- e- OR - c i r c u i t s . 1}i ’: i- m ’ ~ l ’ u s j - .- OR

t O - u  i~~ ( l i t  e- r n r m i r  i l  Lu - sg~~ [ c m l i i ) ] a m - i  s g n  [x P r — k t ]  - i s  m u - c . ’ s s . - ’ 1  b y t b : .

j n . m ’ j , u l j i  ‘ t m ~~fl i r c ’ u i l .  F t v i i i  h e -  n o t e - I  t h a t  sin e - c ’ b e  .:rr m i s  in  C O n : t i r : 1 u o ’ m s

‘ - m u  - . N u c ’  ‘,v c - i g l t  lot’ t i  ‘ -  r u c - x t  c l o d ’  , e - n - u u , ’l ( in ~~ l )  i s  r le - t c ’ n - r u . n n c ’ m I  i c c  su n  [‘ I m )  ]
i n n ) j u s t  ~c f o r ’ -  t i - u . -  u p m l . i t e -  m o d c -  t . - n - n u u u n u u t  u - - s .  l h m - ’,v c : v e - r , i t i s  , i s s m u r : : ’ ” h

e r r o r  c h , u r m g c ’  i s  s i - -v  c o r r u p t  r ed  to  ‘ i . ’  u m ~ i ’ l t t c r  t u n i c - . r h . -  s i~~n m m m l s  i n t o

‘ h e -  l l u i t i u l i 7 . t l i , f l  c i r c u i t  nd e-~ u m  I t u s i . ’ -  - ( . u j ~ - c m r u - : m u t  m u p m h m l i -  t h . -  ; v ’ - u g l i t s

d u - u - o i m i n m i !  t i i  t h e -  tiu r niuc t s~ i n .  n 0 ( i ~e- I .

i - -I



FAh T ,I- ~ 1.

s l I : h i ? I P i P ! - ~~F ’ ,’, ( P i - U I ’ I  N I l ,  . \ l . L( p I 1 i l N I

S cr -u  >~ m - : 
s g n ( t I \‘,~ Vu’ 

B “ D

o 0 - -1- - -

o 1 - - -

1 0 i- - - -

1 1 — ‘ —

- imu ci-e r u u-’ m u t a l Iear (e .- o n d mmc tam u i e in c i -c’ase’ I

— i n c r i m n . , - n t ’ u l  u-y r - r e- ( c o n i d i ’ u (  ‘ - m C i ’  on r e a s u - ’)

T ‘: - ‘  c l i pp ’-d da’a ’ I N ~ 5 a l c o r i t h u m  c m :  p loc- e m u  i n  t h e  - l m : u i o ’ i v e  fil t er - i~ c i v e r u  b u y

1 : : - ’ ’ -, ‘m ) r e s S i o m m :

— ‘‘ k
b i )  ‘~\ ( r u ) ,~ u- , ( n i t  s g n  c ( mm  s u n  _ \ ( n ’u — k l  i~~l i

i ; , u-. .e - i g h t .u assoi u at e -’~ c c c i t b u  t h e  t a p s  a r e -  g u m - c - n  a s ,

— ‘ n  — Ii
~ — V u‘‘ 1 

- ‘ B . \
\i = 

I,.; —2 I~i C
— 1 - i c : . - ’ ~~ i l l ’ l t : ’ -- ’u ’ e s  a l i n i n g  di a c r o n -  b r  h u e  a d ap ’ u - m e  f i l t e r  a n d  f i c u r n .’ 32

i~~ -( p i u o t m u ~r a p }i o t  ‘ m u ’’ a f l c l l ) g  p r O (  . : sS 3r  b o a r d .  l b .’ c l o c k  cu- t u - - e f o r t :  s t m ’ r  t h e ’

Si l~ 1 C C !)  o p t - r a t i o n  c u - e r . :  d isu - usse - ’ I in  se t i o n  4. 2 . I u c  - c ’ j d i t u c i n , e l t i n  i n c

n u  s i - s  o r ’ -  r . . q u i r e d  ‘ 0  p - r : o r - n :  c l - t m :  p and san: It in tin: en al o c processor

‘.1’ 1 r e c on s ’r u c t i o f l  (- i l- i u i t , s t r o e- e l  SL ’ n N - i r e - I  s t~n . u- p c - r m t i o u  c - i  t i m , -

d i c t a !  s b u i t  r . - cd  s i r ,  e n d  t m , ’ r c - -”i mi p d-i te m o d ’-  s i — l c ’ c t  ion a s  i n d i c a t e - h in

f i ~r u r e -  31.

41.
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I ‘ \ I l ’ U U I ~ R S I \ t I T l , \  [ ~uP - IWO [.-\P . 1PI-: -\ R A l  ,- \ P l [ V 1  P T !  F E R

F i gu r e -  ‘3N i li mu s ’ ra es r b , :  c o n f i g m u r a t i o n  ‘ m s m - d  n o  S i n , U b ’ u l e~ a 2 — t a p  a d ap t i v e -

P m c e a  r f i l e r  ‘-C u r ’ - r h u - :  w u - - i g h u l s  a m - c  up d a t e d  a c c o r d in g  to  e q u a t u - o n  ( ‘ i t  s } m m , ’,’, ’ r .

t u ’~ i c u r c  ~ I able 2 ~ u o ’c s th e :  n i : : s u u l t s  of c o r m - p u ’ ’:r s u n -  . ‘.m l a t i o n  in  w h i c h

tb! ’ : -,‘c.- r c h m ’s  a r ’-  ; r m ’ E - . ’ ’-d  i n  a c c o r d a n c e  u- u - - c t  v a r r o u s  c u i n : h i n a t i o n  of c o n m ” o l

s i - c m . a~~s f r om  ‘ i m u - - s t ’ - i - r i m i g n n -  ; ‘ c u m r k .  I t c v i i i  be n o ’e d  t h m r  i f  t h i n  w m , u c h m s  a r - n

m u m - - cc acc : u-m t - d i n g  t o  i : m u m l i c u i - a t i o m i  4 , w h i c h  is the co~~ i- gurat ion used on ‘ :‘:

b r ’  a d h c ’ar c  and c o r r e : sp n n c l s n o  t a b l e  1 , a l i n e a r  p r e - c l i c t o r  c a n  be mrm O ] i 7 n : c n ’ e:h

- - u s i m i g 1, 2 , - . or  4 - c - n i  mib s w i t h  the  c o n st  r a i n t  s i n di c a  ed in - ~ h ’~ 3.

t h e - r u -  f a r e : , Lv e o n s t r a i r m i n g  ;, - ~-j h - um s mu bcgt v.- c en  y and ci , r e s t  I - r e - in c  ‘h e

-,u - - i c h ’ s  u s c c i  so ‘h a t  y
1 

a n d  y ea c h  r e - l i m e  onl y m m f l m :  w e ig h , 1 r m ’ ’ on  c i f e : c ’j vc

- .u - - ’ ’ i g h i t ~ ‘ h i  u- a l i m ’ : s  of  j n ( h j v j r j u a !  ‘,v ej g h i t ~ a f t e r a d a p t i u - - e  c a n  be de ’ , ’ ’r t  m . d  and

t an ; on ’- - ‘I t o  ‘h e :o r ’ m : t i u - , - c l t j r ’ : d i c t u o n .

2 1- \ T ’ b - R I N  i - P  I - N i .  iu- ;sY F FS ~ oR 2- LA P  1 . [P F : \ l <  A l  -N P I I ”  F P0 I (b  I

h i _ f  l- 1-l

1- i c u . u ’ - e- 34 sb ro ce ’ s t h e y an d  ci e - h a n n u c : I s  d — n r i n g  i n i t i a l i z a t i o n  t o t ’  t m , :

cu- r u e ” ’- 2 ‘.c ’ c i c t u ’ s (Vu
1 

— \ \  
\
) a rc  u s e d  at  l ap  1 a n d  2 W e - i L l S  c ’

— 1 a t e ’  u s ed  m ’ t a p  2. 1- jcure’ ~4 s l i m . m ’ ,vs t b ~c: v and  d c h a n ne l s  of  e r r

a( 17c : i t a t i o n .  , \ f t ’ 7 r a d a p t a t i o n , ‘ i i . ,  c o n u p m ) m - u - n t  of (I in ( m a ’ e r u O r i s  m - e d u c , -c

Lu - ’  2 5  ~b - . 1- i c u r c  ~ 5 sh c~~;s h i .  c ’oUo u- - a t  a nd  y0 , r e sp e c t iv e l y ,  c u r i n g

i u i ’ i a ! m c a t m o n .  where ‘ . a n d  Vu - - a r e :  s u c t u r a u -r w r i t t e n  (g  - U i  a n d
N ‘ , ds

a mid s a ’U ’ - -t t e  : l , : , u - , - c l .  I i c u r e  35 s h o w s  t i m ., u - o r  i- i s p o n c l i m u u  y
1

a m i d  y ‘c ’ac - c f o t m . ’s u l t i e ’ -  a d ap t a t i o n , wb r ’ m r e ,  Vu a r e - h  \\ ‘ , ha m - c c h a nc e d  to

~) . m i ( b g ( - . ’ ’ , u l ’ a g ~ - o’ m t e - , S w h i ch , ‘ A L - f l  s u - u b t r ’ m ’ t e d  b y u m p l i f i ’ : t ’  3 an d  fu r d m m ’ r

— m i r o c e - s a ’ : ’ b  b y t ’ -  - : u i r m p  s a n r ; t ) l i :  i i r c i u i ’ . e ’c . ,  f o r m i s  a v ‘~u - I m i c h  a t t ~ ’r : :p ’ ‘ e)
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as  - m } m u - ’ ’,u - ’m ; i n  r u - c u r t :  37 .

l i g u r e  35 i l l u m s ’  r a ’ e s  t w o  e x p e r i n ; :n t a l  s e t up s  to e x a m i n e  the  C C I 1  a d ap t i ’~- i-

f i l t e r  a s  a no n  ch f i l t e r  f o r  n o i s e  or - i n t e r f e r e n c e  c a n c e l l a t i o n  In t h i s

co rm fi cur-aNon , a 50 l I z  d e s i r e d  s i g n a l  was  c o m - r u p t u - m d b y a 250 l I z  interfer e nce
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F h e  e r r - O r  is  n : o n i t o m - e d  and t h e  a c l a p ’a t i o n  i l l u s t r a ’e s  a 32 dB r ej e c t i o n  in the

in ’ e : ” f ’ r e n c e  wh it h hrin c nhe desired signal l’~u dB a b o c e  the i n t e r f e r e n c e .

Fi c u r e  3-) i l l u s t r a ’ e  s ‘ h e  ou t p u ’  w a c- e fo r na s b u -r f o i -e and a f t e r  a d ap t a t i o n

un ;  ‘he  t i n -  e c o n a i n .
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7 . A T ’P I  [CA l’ l( uP S

F h e r i r  a re  a n u r n b i e - r  of app li cations for adaptive filters with special need

f o r  m - ” a l - ’ i n . .. - s i c n a l  p i - o c e s s in . Se v e r al app l i c a t i o n s  a r e - m

• E s t i m a t i o n  P r e di c t i o n  • Echo Cancella tion

• F i l t e r i n g  • Speech Ana l y s i s

• -~p i ’ c t r a l  .-\nal y s i s  • P o i s e  C a n c e l l a t i o n

• 1)ata Compression S C o h e r e n t  S i n ~na l  P r o c e s s i n ,g

• In ’ en rpo lat ton • Frequency Measurement

• ~ t u i l ’ i p le  L i n e a r  R e gr e s s i o n  • Sy s t e m  M o d e l i nc

7. 1 -N I  - -N I - I [V I- ~ oisi- ; C -’u - N C E L L A I ION

.-\ u - - c rc ’  i n . p o m ’ m a n ’  ap p l i c a t i o n  a rea  is adap t i v e  noise  c a n c e l l i n g  such as

‘ l . - r em o c - a l of i n t e r f e r e n c e  in e l e c t r o c a r d i oc r a p h y, no ise  in s p e e ch  s i g n a l s ,

e - r  c a n c i - I l a t i o n  in a n t e n n a  (or  s i m i l a r  t y p e  s y s t e m s  wi th  h ydi-op h o n e s,

s i ’r s n : i c  a c o u s t i c  r a n s d u c e r s , e l e c t r o — o p t i c a l  s e n s o r s , e t c. 1 s idelobe

interfer encu and  c o h e r e n t  s i g n a l  p r o c e s s in g  when p e r i o d i c  s i c r u a l s  n n i s t  be

51-pa ra e - r i  f r o r m  - b r o a d b a n d  i n t e rf e r e n c e  such as  s p e c t r u n:  sc-s e -m s .  I- i c t u r e

4 : )  i ll ua s n rnt’CS d i e -  app l i c a t i o n  of a d ap t i v e  no i se  c a n c e l l i n 4  t o  i - I n e - t r o c a u ’ d i o —

c r a p l n y .  C a n c e l l a t  i o n  of 60 l Iz  in te  r f e  r e n c e  in c o n v e n ti o n a l E . ) , t h e  donor
1, -

-~
((4 in b e - ar t transp lants . and  t h e  r n a r er n a l 1- C( .i in t e t a l  i~ l u -’c ’ r o c a r d i c m c r a p h y

u~~n i r e  3’s in s e c t i o n  ‘~~~. 0 d e n -r o n s t  m a t e d  the  use of a 2 - t a p  a da p ’ i c - c n o is e

c a n c e l l e r  to r e - d c ’  I i i ;  i n t e r f e r e n ce  of a s i n g l e  fu - e q u e n c y .  [h e  a d v a n t a c e

of t h i s  ‘ e m  h n i quer i s  the  c a n c e l l a t i o n  of t h e  i n t e r f e r e n c e  e v e n - u  w h e n  the

Ia ’’ er (I ru f’ s , S i m o n t h e  r e f e r e n c e  i n p u t  to  the  f i l t e r  w i l l  a l s o  d r i f t .

7 — 1
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1-’icure 40. ‘O liz [ci t i ’  n-Ic rencu Cancellation w i t h  a

2— lap A dap tive F i l t e r  in I~ lec I rm )e-,i 1~dioc rap h y a’

-N second a rca is t h i n  ca :re- ellation of noise in speech sicna ls such as the

s i t u a t i o n  w h i c h  a r i s e s  i n ;  p i l o t  e o r n m u u r n c - a ’ I o n s  w i t h  a h i ch  m cc l  of h a c k —

gr o u n d  e n g i n e  n o i s e .  I b i s  m u t e  u - fe r -ence  con ’ a i n s  s t r o n g  pi - :” i o d i c  con  p c c n : e m n . s

i i i  du e  sp ’ - ’ ’  ch f r e q u e n v band  a n d ‘ h u e  i n ’  cm l l i  g i b i l i ’  v of t h e  r a d i o  - t - a n s  —

r: j s s i o m u  is  a f f e c t e d  . . -\ u-- o n r u - e n n i o n a l  filt e r would not Lu-’ su f f im inn ’ sinc e- ‘I: ’-

t ’ - e q u i : n i c v  a n d  in ’ i- r i s i ’ y of m i m e - s i ’  i n u ’ i m r f - r e n c  .‘ s i c r i a l s  c n r y ’-u- i ’ h  .- n ’ r n ’ -  s n- --

• . t m : d l oad , i n  - m d d i ’ i o n  to  ( h i m  l o c a t i o n  of th . :  p i l o t s  liead. 1 i n - uru r ’ - - m l i l1u ~~’ ‘

N o -  ‘ a n c e l l a l i u - c r u  of n o i s e  in m i s  p a r t i c u u tm a r  i r s .a n ip le .  . \  - . ‘ t i - ’ ’ - i u  ‘ - u n

o h a i n e d  Lv p la  i i m u ]  a s e - i  c n n  rm; icr o p in o ne - a t  a su i ’ u c b l , -  l O m  . n’ --

a b i n .  - x p . ’ r u m r u e n t s  b u o y . ’  t m e e n  p . : r f o r n u  - - ~~~ 
t c ) i ’ t u s ’ r - . ’ ’-

o u m n ( - .’ I l ’ i ’ im ) r w i t h  s t r o n g  a c o us ’ u~m l in - t i ’  n - e m i t  e i t t  ~p ’ - ’

i ’ : e n li’t etn it i o n s ’ i s n u - m d  of an a u d u n  f n - i - e m n i -  o v ‘ - ic t

~~. ‘.‘. i d r o w , i ’ ’ . ‘ l . , \ da p ’ i v e  . , t t i

I n u ’ , 11 1,1 , i - I  , I ’  ~~‘ i l ’ 1 7
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L~~~r ’ -~1. ~~ u, e U d t i o n  of Noise in  Speech Communicat ion

tr any ~ o f l t (  s ‘ Lc ~ a n e d  in amp litude and phase because of the 

r i :~~ e f f e c s hr o u~ hout the  room. Typ i c a l l y, 16 analog

s r e n d o r ’~d ic i n ’e r f e r e n c e  ba rel y pe r cep t i b l e  to the remote

l i s t e n e r .

A t h i r d  area  of noise  c a n c e l l i n g  is in a d a p t i v e  c a n c e l l a t i o n  of sidelobe

in ’er f e r e n c e  in rece iv ing  a r r a y s .  For examp le , a sensor  bearnlorme r may

be c o n s t r a i n e d  w i t h  the adapt ive  noise cancel ler  as shown in f igu r e  42. The

m u l t i p le r e fe rence  i n p u t s  to the noise c a n c e l l e r  ar e  obtained f r c ~m the

de loged  beam f o r m e r  e l e m e n t  outputs  p r io r  to summat ion.  I he opera t ion

• of he b eam fo rr r i e r  is c o n st r a i n e d  by t i le s e l e c t i o n  of t h e  we i~~h t i n g  (of ~f f i c i e n t  ~

of the a d a p t i v e  f i l t e r  taps .  The g a i n s  of the  con t ro l  taps  in the  adapt ive

I I 87
~~ \ V i d r ow and J. NI .  McCool ,  “A Compar ison of Adapt ive  : \l go r i thms  based
on the  Methods  of Steepest  Descent  and Random Search ’ IEE E Trans .  A n t e n .
and Prop. ,  AP-24 ,  615 (1976 ) .

7— ,;t
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Fi~~u re  4 .~. A N u l l - C o n s t r a i n e d  A d a p t i v e  B e am fo rm e r~~~r r a y
T o l e r a n t  A r r a y  E l e m e nt  (

~ a in  and  Phase  E r r o r s

f i l ’ er  a r e  c o n s t r a i n e d  to zero  in some m a nn e r  so as to p ro v ide  c o m p e n s a t i o n

for  v a r i at i o n s  in e l e m e n t  L a in  and ph a s e  a n d  to permit the r e c e p t i o n  of broad-

band s iL n a l s  ove r a d e s i r e d  anLula r sec to r .

.~\ fourth area of i n t e r e s t  is  the separat ion of broadband and periodic

— si~~n a l s  as i l l u s t r a t e d  in l i L u r e  43. T he i n s e r t i o n  of a f ixe d d e l a y  in two

r e f e r e n c e  path , as shown in f i g u r e  4~~a , d ec o r r e l a t e s  the  b r o a d b a n d  com-

pon en t s  w i l l  r e m a i n  c o r r e l a t e d  wi th  each o t h e r .  This  is an  e x c e l l e n t  me thod

~ J in  t h e  c a s e  when  no ex te  m a t  r e f e r e n c e  i nput is a v a i l a b l e  such  as speech or

mus ic  p l a y back in  t he p r e s e n  e of tape hum or t u r n t a b l e  rumble .  A nothe r

a rea  of app l ica t i on i s  in  s p r e a d - s p e c t r um  comm .L ica t i on  w i t h  n a r r o w  -hand

j ar nr n in .~. F i g u r e  43h i l l u s t r a t e s  the  r e c o v e r y  of the pe r iod ic  components and

app l i c a t i o n  suc h as a u t o m a t i c  s igna l  seekint .~ a nd the e n h a n c em e n t  of low

l e v e l  s in usoidal  s ign a l s  b u r i e d  in broadb and noise.  thus,  t h e  adap t ive  f i l t e r

ç f un c t i o n s  as a c o h e r e n t  s~ gna l  p rocessor .

t
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7. ~ A~~ A P F I V E 2  LIN EA R P R E D I C T I O N  FOR N A R R O W B A N D  SPEECI~\ 1lCl ~: l~ I~OCES~ lN ~~
-\ p ro m i s i n U  a r ea  fo r  CCI )  a d a p t i v e  f i l t e r i n g  is in speech p roces sin~.t where

r t ’d u n d a n c y  i n the spoken word has long  been recognized  b y r e s e a r c h e r s .

E l e .  r i c a l  p r o c e s s i n g  of speech which  take s into account  th is  r edundancy

.~n ~~~ used to s u b s t a n t i a l l y reduce the bandwidth  r equ i r ed  for  speech

r a n s  - i s s i o n .  For examp le . if speech is samp led and quan t ized  at  56 k b i ts  sec

7 b i t s  or  128 possi b le amp l i t ude l e v e l s  per sa mp le at  8 k samp les sec)

f o r  a c c e p t a b l e  f i d e l i t y  and the channe l bandwidth r e s t r i c t s  t r a n s m i s s i o n  to

below 4 k b i t s  ‘sec, then  a speech compress ion  rat io of approx imate ly

1 H i  is a t t em p t e d .  t h i s  low data  ra te  would p e r m i t  speech to be t r a n s m i t t e d

over  h i L h  f r e q u e n c y  radio or te lep hone l inks  which have bandwid ths  b a r e l y

‘~~ ide enoug h f or  the o r i g i n a l  ana log  speech sounds.  Such a n a r r o w- b a n d

voice  d i L i t i z e r  ma y be used in f re qu enc y d iv i s ion mu l t i p l e x i n g  f o r  simul-

ta neous t r a n s m i s s i o n  o v e r  w ide-band  c h a n n e l s .  N a r r o w- b a n d  d ig i t i z e d

speec h l e n d s  i t s e l f  to e n c r yp t i o n  fo r  s ecu re  communica t i ons  and p ro v id~~
a b e t t e r  .5 N t h e n  a w i d e - h a n d  d i g i t i z e r  p a r t i c u l a r l y in BY t r a n s m i s s i o n

c o m m u n i c a t i o n  s a t t el i t e  l i n k s  w i t h  i i m i te d  or f ixed  a v a i l a b l e  power .

Speech c o m p r e s s i o n . which  m a i n t a i n s  i n t e l l i g i b i l i t y ,  n as  a lwa y s been

d i f f i c u l t  because speech c o n s i s t s  of more  than words  and m e s s a g e s .  Speech

has  the voca l  t i m b r e  and c o n v e r s a t i o n a l  i d iosync ros ie s  of t he  speake r and

t he emot ion beh ind  his  words .  It is n o r m a l l y c o n s t r u c t e d  in an imprompt

m a n n e r  and d e l i v e r e d  in a f r e e  and in fo rma l fashion.  Speech f lows  in t ime

as a c o n t i n uat ion that  a voice d i g i t i z e r  m u s t  p rocess  in rea l  t ime , leav in L

no chance for  l a t e r  eva lua t ion  or co r r ec t i on .  Al though  the i n fo rma t ion

co n t e n t  of the message  i t s e l f  may be low , (poss ib l y below 100 b i t s / s e ct ,

t r ansmis s ion  of the subt le  vocal  i n f l e c t i o n s  r e q u i r e s  a date r ’ate of severa l

thousand b i t s - s e c .  , 148 h i s t o r i c a l l y, speech compress ion  and r e c o n s t r u c t i o n

88~; ~ Rang ,  “ L inea r  P r o d u c t i v e  N a r r o w b a n d  Voice l ’ i C i t i z e r ” EA SCON 74,
51, W a s h i n g t o n , 1) . ( : . ( J u t .  7— 9 ,  1974



l ) egan  w i t h  the l )u d l e y  channel  vocoder  in 1 9 3 6  in which  the Four i e r

Sp e c t r um cha r a c t e r i s t i c s  of speech d e t e r m i n e d  the p a r a m e t e r s  of a fi l ter

bank.  Ih i s  vocal  t r a c t  f i l t e r  b ank approximated the vocal t r a c t  resonance

ch a r a c t e r i s t i c s  of speech and it was excited b y a pu lse  gene ra to r ( va r iable

p e r i o d )  to approximate  the vowels or larynx v ib ra t ion  and a random noise

.1en erat or  to r ep r e s e n t  the consonants  or f r i c a t i v e  nasal  sounds.

Anothe r t echn ique  has proven  quite successful  in speech compression:
89l i n e a r  p r e d i c t i v e  ana ly s i s .  The Four ier  anal ysis method t r ea t s  the past

s ign a l ,  and the l i n e a r  p r ed i c t i ve  a n a l y s i s  method a t tempts  to predic t  the

f u t u r e  s igna l .  L inear  predic t ion  uses  t ime domain cha r ac t e r i s t i c s  of the

speech signa l and the voice s ignal  is analyzed as a l inear  combination of

p rese nt and past  v a l u e s  to f o r m  a set of predict ion coeff ic ients .  If 10 to 12

consec u t i v e  samp les of speech are  ta ken (i. e. a speech segment  of 1. 25 to

1. 7 m i l l i s e c o n d s ) ,  then predic t ion  coeff ic ients  can be gene ra ted  as the tap

weig h t s  in an adapt ive  f i l t e r .  A l t h o u g h  onl y 10 to 12 pred ic t ion  coef f i c i en t s

a r e  needed ,  one mus t  accumulate  many speech samp les (e . g. 100 to 200

sa mp l e s i  to d e t e r m i n e  these coeff ic ients  with some degree of accuracy .

the  a c c u r a c y  of t hese  m e a s u r e m e n t s  was d iscussed  by Gauss (see section

2. 0) w i t h  r e g a r d s  to h igh l y r edundan t  or ove r -de t e rmined  equations and he

f o r m ula t e d  the method of l eas t - squares .  This method is used in the CCD
4

ada p t ive  f i l t e r .

F ig ur e  44 i l l u s t r a t e s  a f unc t i ona l  d i a g r a m  of a conventiona l d ig i taE  l inear

p roduc t ive  na rr owband  voice processor .  -l he major  func t iona l  e lements  of

t h i s  s y s t e m  a re

• vocal  t r a c t  ana l yze r  • encoder  decoder

• pi tc h e x t r a c t o r

I voice unvoice anal yzer

• syn thes i ze r

• 

- 

89 B. S. A t a t  and S. L. Han auer .  “Speech Ana l ys t s  and Syn thesi s  by Linea r
Predic t ion of the Speech Wave ”, 3. of Ac ous t .  Soc. Amer .,  50, 637 (1971 ) .
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F ig u r e  44. N a r r owb an d  Voice Sy s tem

90-91E i g i t a l  sy s t ems  which use l i nea r  predic t ion  have been a n a l y z e d  and b u i l t ,

howe ver ,  t he major l i m i t a t i o n s  to an a l l  d i U i t a l  approach  a r e  size , power

d i s s i p a t i o n, a nd cost.  I a b le  4 i l l u s t r a t e s  a compar i son  between the d ig i t a l ,

hyb r i d , and d i s c r e t e  a na log  sampled approaches  fo r  a na r rowband  voice

sy s t em .

F i g u r e  45 and 46 i l l u s t r a t e s  the use of the  CCD .-\da p t i v e  f i l t e r as  an

A nal ys i s  f i l t e r to g e n e r a t e  the p r e d i c t i o n  c o e f f i c i e n t s  W \ V .  The

voice  in put is band-pass  f i l t e r e d  and inpu t t ed  to the  a d ap t i v e  f i l t e r .  The

f i l s e r  input  is a l s o  used as the p r i ma r y  or de s i r ed  s igna l  to g e n e r a t e  an

e r r o r  c a l l e d  the p red ic t ion  r e s i d u al .  t h i s  e r r o r  may be f u r t h er rn e s s a g e d

903. E. Dun n , J. P . Lowan and A . J. Russo , ‘ P r og r e s s  in t h e  L)eveloprn ent  of
V

a I ) i C i t a l  Vocoder Emp loy ing on [takura  Adap t ive  P r e d i c t o r ” (19 73 )

F i n a l  Repor t , Voice Processor  L SI/ Organ iz a t i on  Opt imi ta t ion  Stud y. C o n t r a c t
No. DCA 100-75-C-0O20 , Sept. 1975 TP1V Systems Group ,  Redundo Beach , Cal.
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to  cx ’  r a t  t he p i t c h  p e r i o d , a mp l i t u d e , a n d  v o ic e/u n v o i c e  dec i s ion .  I lie

2 speech  samp le may be non~i n a l l y .i) rr sec  in l e n g t h  and  t h e  e r r o i -  rnu s ’

c o n v e r ~~e t o  i t s  m i n ir n un ~ va lue  in t h i s  t ime f r a m e .  Nea r  the end of t h e  t ime

fr - a r -n e ,  a u n i t  p u l s e  in i n se r t e d  i n t o  the  f i l t e r  and the f i l t e r  ou tpu t  becomes

— ‘h e  c o n v e ’t ~ed wei~~h t s  or p r e d i c t i o n  coe f f i c i en t s .  The c l i pped da ta  L\1S

a l  ~o r i t hn i  has  been c o m p u t e r  s i m u l a t e d  at  N R  L92 
w i t h  the  f o l l o w i n g  c o n s t r a i n t s ,

• e pree rn ph a s i s  f i l t e r  on the input  s igna l

• 
~~k ~. d

• an i n c r e a s e  of the  un i t  c i r c l e  ( / , - d o m a i n)  by 10 pe r c e n t  w i t h
s c a l i n g  of t he  p r e d i c t i o n  c o e f f i c i e n t s

e 10 p r e d i c t i o n  c o e f f i c i e n t s  of bit  l e v e l s :  8, 8, 8. 8 , 7, 7 , 7 , 6 , 5 , 5

• data  r a t e  of 3600 b i t s  sec.

iie p r e d i c t i o n  c o e f f i c i e n t s  g e n e r a t e d  wi t h the c l i pped date LNI S a l g o r i t h m

a n d  t h e  above c o n s t r a i n t s  were  used to sy n t h e s i z e  speech. t e s t  s en tences

w et - c  e n p l oyed and  the  p layback  of the  r e c o n s t r u c t e d  speech i n d i c a t e d  good

speech  reprod uc t ion  and qua l i t y ,  a l t hough the  l a t t e r  is a s u bj e c t i v e  pa r a m e t e r .

hu s. a CCI) adap ’i~~e f i l t e r  wit h 10 w e i i z h t s  o p e r a t i n g  at  a 8 k l {z samp le r a t e

w o u l d  be an e x c e l l e n t  c a n d i d a t e  for  t h i s  p a r t i c u l a r  app l i c a t i o n .

7. 3 ~\ I~ - \P T I V I -  ECHO C A N C E L L A TI O N  F I Lt E R S

,\n  i mp o r t a n t  app l i c a t i o n  of CCI)  a d ap t i v e  t r a n s v e r sa l  f i l t e r s  is in echo

- — e a n c e l l a ’ i o n  i n  t h e  t e l ep hone ne twork .  W e i n s t e i n  says.  I t  i s .  t o  be

h on e s ’ . r e n a r kahle  t h a t  a t echn i que (echo  c a n c e l l a ’ i o n )  w h i c h  has  b e e n

s udied , f a v o r a b l y a p p r a i s e d , and imp le men ted  in ex p e r i m e n t a l  h a r d ~ -a re

fo r  more  t han 10 y e a r s  has  s t i l l  not been c o mm e r c i a l l y app l ied . rh e  o b v i o u s

r ea son  is  ‘h a t  echo  c a n c e l l e r s  w i i i c h  p e r f o r m s  b e t t e r  t h a n  echo s u p p r e s s o r s

ha ’.- e t e n d e d  o cos t  much  mor e  than  echo s u p p r e s s o r s ,  it  is i n t r i n s i c a l l y

(4~
)

~ . ~~ . l- :a~~~, P r i v a t e  C o m m u n i c at i o n ,  N a v a l  R e s e a r c h  l a b o r a t o r i e s  ( 19 7 7 )

~~~~~~~~~ 
13. ‘.‘. e i n s t e i n .  “ Echo  C a n c e l l a ’ i o n  in the ‘te lep hone N e t w o r k ” , I E E F

Co m mu n i c a t i o n s  Socie ty  Ma gaz ine  , put . 9, Jan .  1977.
1 ’
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n~ore  dif f i c u l t  to d i s c o v e r  and  sepa r a t e  an  echo f r o nt  a m i x t u r e  of t- i~~n a l s

h an  to b l o c k  eve r y ’h i n ~t . - ‘  C C I )  a d a p t i v e  f i l t e r s  o f fe r a rt ~ t a n s  to  r e a l  i ie

such an e ho c a n c e l l e r ’ .

I he s u d y of e c h o s  in t h e  t e l e p hone n e t w o r k  h a s  shown  tha t i ’ i s  d i f f i c u l t

‘o o n du c t  a c o n v e r s a t i o n  - h e n  a p e r s o n ’ s vo i ce  r e t u r n s  w i ’h  a d e l a y

~ r - c a ,’r h a n  a f e w  ‘ ens  of m i l l i s e c o n d s .  [h e  lon~~— ’- 1e l a y e d  e ch o s  a i t t  i r r i t a t i n ~_’

- m d  r e t u r n s  a ’ ’ enua ed —-l t~ d l ’  be low t h e  s p ea k e r s  vo i ce  l e v e l  w i l l  ca u s e  t h e

sp e a ker  p r o b k t n s. - i -h o s  oc ur  due ‘o imp e d a n ce  n - i s n a ’ c } i t t s  in t h e  c o r i l —

n t - c n i c a t i o n  s’.- s t e m  as  i l l u s ’  r a t e d  in  f i c u r e  4Ta , w h i c h  d e s c r i b e s  s ig n a l

1eak a ~~e a n d  r e f l e c t i o n  at  ‘ lie h v b r - i d  coup i er .  F i c u r e  4 7L i l l u s t r a t e s  how an

c i . ho ca ’i c e l l e  r i s  u sed  ‘o mode l  t h e  echo c h a n n e l  ~nd -~cne  r a t e  an  outpu t  echo

‘- t m ! i i  d ‘ U c am e l  t h e  ech o .  I h i s  i s  p a r t i c u l a r l y im p o r t a n t  in s a t e l l i ’ e —

t - i . ’u ’ ~ - ‘ ~ c i  - cu i ’  ~ w h i c h  ex p e r i e n ce  s i t t n a l  d e la y s  in e x c e s s  of 500 n-ise .

1
‘1
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t~ . ( 0 \ C L t S R ) N S

\\ i’ h a - . i-  ( l , - r t , n s t r , I t e d  t h e  t e a s i b i l i t \  of CCI)  A d a p t i v e  l ) i s c t ’ et e  A n a log

S ig n a l  i ’ r ces  s i n t _’ w i t h  t h e  imp lem e n t a t i on  of a l)r e adbo a rd , ~ — t ap  -,v e i

a d a n t i v i -  f i l t e r  , ase( l  on the  “ cli pped -da ta ’’ L N I S  r e c u r s i v e  a l g o r i t h m  of

Fr ’, f e s s o r  F’. W i d r o w  and a s s o c i a t e s  at  S t a n f o r d  U n i v e r  l t \  . The  b r i - ,, d-

h o ar d  C O f l S I  St  S of c o m p o n e n t s  w h i c h  m a y  be i n t e g r at e d  - n a s i n L ’ l e  nu n o l i t h i c

s i l i c o n  in ’ t ’~~r a t e d  c i r c u i t .  For examp le , t he  ba s i c  l i n ear  cj m b in e r  is a

m o r u l i t h i c  C C I ) — S I  ‘ PC t r a n s v e r s a l  f i l t e r  w i t h  \ lOS - b ipol a r c i r c u i t ry  a t

each ‘ap position , and the  a d j u s t a b le  w e i g h t s  a re  e l e c t r i c a l l y r e p r o g r t m m a t lc

~UN( S analot~ conductances whose technology is compatible with CCD

‘ t- c htol o~tv . 1 h i -  rec ursive algorithm is constructed with steerin g networks ,

-xJ ’ :sivc- OHs , and di gital shift register which can be imp lem ent ed in

s ’~ t n ’~a r d  \~OS t e c h n o l og y .  Thus , t h e  b a s i c  l inea r c o m b i n e r  and r e c u r s i v e

I~~-~~ a f t o r i t h m n  may  be i n t egr a t e d  on a s i n g l e  s i l i con  chi p to r ep r e s e n t

‘ t I ( first step in  t he  d i r e c t i o n  of i n t e g r a t e d  c i r cu i t d i s c r e t e  a n a l og  a d ap t i v e

signal processing .

‘I he performa nce of the CCD adaptive filter demonstrated the operation

of t h e  U~-~S algori thm in adaptive signal pt’oc essing . A n adaptive noise

cancell er Wa., evaluated which provided exc ellent rejection (-35 dB) of an

i n’erf erirai signa l with tolerance for phase-shift diffe rence between d e s i r e d

a r i  r ’-fe r i -nc e i n p u t s  to the filter (±3 dB for ±18O~ . Adjustments a ri

required for the clear , write (10 - 2 0 V  o p e r a t i o n )  and  r e a d  (5 - 1 OV opera -
tio lif - o l tages to optimize the programmability (upda te mode ) and measure-

m e t’ (read mode) ope ra t i ons  for  t h e  a d a p t i v e  f i l t e r . The “ cli p p e d - d a t a ”

L.’,’S algorithm offers d i s t i n c t  a d v a n t ag e s  over t he  l inea r L M S  al gori thm

- 1 y 
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‘- rh. T a m er  has - l c o t - ,e r c ’enc *- tnn ’- —cons tant invers .-l\- proportional

‘ 0 r ’ - t . - r ’ - r i .  .-  i n p u t  t n i p t i i ’ l ! i -  m d  itc , t cli — t t iter b a n d .m.- i r l th  proportiona l to

C ~t~~~’ t t  ~m tii p litii d e , wh i l e the la tt .- r is - , t u r n  t i o r  of r i - t i - r e n c . -  inpu t

r li- - c i .  H , t , fd j ti i n, ‘H-  l i r d w , m r , -  r r ’j u i r , - r r e r t s  a r .  c ’r e , t l v  s i t n p l i f i c d

‘H. to t } e  c l i i i i i t i . i ’ i o n t - l  4 — q  ,, - r r at.t m i t i Lt t n i l t i p lit r. ‘,‘ ha-~ t’ ‘ - ,rj ’- ’i t h e

-‘ .-fi ~r .-n<.- i n p u t  s i g n a l  - J r r ) 1 : t ’ i d . -  h ’ ~ dl ’ r el ativ e to t h e  desired (primar’y

s~~ ri~m l ~t t t I i t r t - and  r n t i u t - i i r i ” t  .- ‘‘~ - r  t i m  —~~Q dB rejection.

I } ‘  ( l i t i t a g i s  o f COD d i s c r e t e  an a l o ~ adaptive signal p r o c e s s i n~ lie i n

t i c  a i r l d ~ at It ‘cchnologv to ~~~~‘i ’~~
- a compact , low—power , low—cos t,

sii: nal processor c a t - m u l t  of performing real—time adaptive filtering . The

.-r : i nolotr v ‘alt - is quite broad , a n’l the actual app lica tions of this

ti- c itr olo g y ext  t-nd into predictio n or estimation , spectral anal y s is based  on

i xi i t - u i  - ent ronv cons ~ I e m a t i o n  s , s stem modeling , etc. The ada ptive

si~~rial urocessor IC is analogous to the microprocessor IC i n  t e r m s  of

lut io r tr~ d c ,  ‘- I o p u ent with the added advantag e of being a ‘l earning

t t m c h i n c  w h i c h  m e a s u re s  t h e  statistical characteristics of the s ig n a l

i r u t s  an d  app lt  cs t h e s e  mea s u r em e n t s  to i n t e r n a l ly a d j u s t  p a r a m e t e r s  for

,u ’ i I ,z a ’ i i m n  of sp e c C  ed sy s t e m  p a r a m e t e r s .  Once  the  CCI)  a d ap t i v e

s~ g r a l pr c l - s t - a r  ~w i th  l t )  — 3~~~ t a p s )  is  c o n s t r u c t e d  on an  i n t e g r a t e d

ci r c i t , C ’- r e  w i l l  h e  n i a r  a r e a s  of app l i c a t i o n  such as speech  p r o c e s s in i . ,

- s. ,rci. ’ll ation i n  ri e d i c a l  and  c om n -t u n i c at i o n  ‘ c o n t r o l  sy s t e m s , s p e c t r a l

an - il\ si s , , chi. ,- canc ,-lla tion, etc .

— A l ’ l a UL ’h i ’  - p t i \  i f i lt cri nrt has been the subject of many papers , con—

t i - r i - r i. i s , a i d  l . - i t i r . - s  o ver  t h . -  past two decades , the basic limit ation

- ~~~ ‘ a t b ’  u s . -  i t  i b i s  ‘ - x c i i  ing s u b j e c t  has been the cost in hard ware construction ,

i i ’ -  s ’ ,  ot  ‘ h i - ~t i. -t ni l l i rdwi re , and the power consumption requirements.

a r i - s - I !  a t  t h i s ’ -  l i t r , i ’ , m t i o n s , a d a p t i v e  filtering md sign~il processing h a s

,.‘en r’-~~’ri ~ ‘ ‘ i ‘ i s - i t ’ . \ V i t I i  t i n ’ a d v e n t  ot an IC adap t i v e s i g n - i l  proc essor

b i t , a Va r ’ - ’ ’  01 - 1 1) 1 ) 111 i ’ iii’ r i - - m s  c a n  he o pen e d  t o  t h e  t u t , t , - n t i m l  user.

K - - ’
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