
C H A P T E R  I V

C O M P U T E R  I N T E R F A C I N G

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

p e r f o r m a n c e  c o m p u t i n g  p o w e r  t o  a n y o n e .  B y  t h e  a i d s  o f  p o w e r f u l  m i c r o c o m p u t e r s ,  

t h e  r a d i o  a s t r o n o m e r s  c a n  u s e  t h e m  t o  c o n t r o l  o b s e r v a t i o n ,  g a t h e r  a n d  r e d u c e  d a t a .  

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

a n o t h e r  r e a d o u t  d e v i c e ,  b u t  a l s o  t h e  a b i l i t y  t o  p r o c e s s  t h e  g a t h e r e d  d a t a  a n d  t o  r e c o v e r  

s o m e  f a i l u r e  o c c u r r e d  a t  s o m e  p a r t  o f  t h e  s i g n a l  r e c o r d i n g .

F o r  t h e  r a d i o  a s t r o n o m y ,  i t  g i v e  a  c h a n c e  t o  c a l c u l a t e d  t h e  p h y s i c a l  q u a n t i t i e s  

s u c h  a s  b r i g h t n e s s  a n d  t e m p e r a t u r e  o f  t h e  s o u r c e  m o r e  e f f e c t i v e  t h a n  t h e  o t h e r  r e a d o u t  

d e v i c e s .  B y  t h e  v e r y  f a s t  s a m p l i n g  s y s t e m ,  t h e  d a t a  c a n  b e  g a t h e r e d  a n d  i n t e g r a t e d  a t  

a n y  l e v e l  o f  t i m e  c o n s t a n t  w h i c h  c a n  b e  g i v e  t h e  o p t i m u m  f o r  t h e  d a t a .  B y  a i d s  o f  

n u m e r i c a l  m e t h o d ,  t h e  d i g i t a l  f i l t e r  a n d  t h e  d r i f t  c o r r e c t i o n  c a n  b e  i n t r o d u c e d  t o  t h e  

l o n g - t e r m  c a l i b r a t e d  r e c o r d s .

T h i s  c h a p t e r  p r o v i d e  t h e  i m p o r t a n c e  p r i n c i p l e s  b e h i n d  t h e  d e s c r i b e d  s y s t e m .  

W e  s t a r t  w i t h  t h e  g e n e r a l  d e s c r i p t i o n  a b o u t  t h e  I B M  P C  f a m i l y ,  i t s  b u s  s y s t e m  a n d  t h e  

i n t e r r u p t  p r o c e s s .  T h e  n e x t  s e c t i o n  i s  i n v o l v e  w i t h  t h e  d i g i t a l  d e c o d e r  c i r c u i t s  w h i c h  

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

o c c u p a t i o n .  T h e  t i m e  b a s e  a n d  b a s i c  I / o  i n t e r f a c e  w i l l  a l s o  b e  c o n s i d e r e d ,  w e  w i l l  

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

T h e  n e x t  p a r t  i s  d e d i c a t e d  t o  t h e  v e r y  u s e f u l  o p e r a t i o n a l  a m p l i f i e r  w h i c h  a p p l i c a t i o n s  

c a n  b e  s e e n  i n  v a r i o u s  w a y .  S i n c e  w e  u s e  t h e  s a m p l i n g  p r o c e s s  f o r  o u r  a c q u i s i t i o n  

s y s t e m ,  t h e  e f f e c t  o f  t h e  s a m p l i n g  p r o c e s s  t o  t h e  o u t p u t  s i g n a l  s h o u l d  b e  c o n s i d e r e d  

a n d  t h e  f a m o u s  s a m p l i n g  t h e o r e m  i s  i n v o l v e d .  F r o m  t h i s  t h e o r e m ,  i t  b r i n g  US t o  b e  

i n t e r e s t e d  i n  t h e  f i l t e r s  b o t h  a n a l o g  a n d  d i g i t a l .  I n  t h e  l a s t  p a r t  o f  t h i s  c h a p t e r ,  w e  

c o n c e n t r a t e  i n  s o m e  s o f t w a r e  c o n s i d e r a t i o n  f o r  c o n t r o l  t h e  s y s t e m .

IBM PC Architecture
T h i s  s e c t i o n  p r o v i d e  t h e  b r i e f  d i s c u s s i o n  a b o u t  t h e  a r c h i t e c t u r e  o f  t h e  I B M  

p e r s o n a l  c o m p u t e r  f a m i l y  w h i c h  i s  m o s t l y  c o m m o n  u s e d  a n d  a v a i l a b l e  i n  T h a i l a n d  

t h a n  o t h e r  c o m p u t e r  s y s t e m .

I B M  w a s  f i r s t  a n n o u n c e d  t h e  o r i g i n a l  P C  m i c r o c o m p u t e r  i n  1 9 8 1  ( N o r t o n ,  

1 9 9 5 | ) .  T h e  s y s t e m  u s e d  a n  I n t e l  8 9 8 8  m i c r o p r o c e s s o r  r u n n i n g  a t  4 . 7 7  M H z .  T h e  

p r o c e s s o r  o p e r a t e  w i t h  t h e  1 6 - b i t  a r i t h m e t i c .  S i n c e  t h e  a v a i l a b l e  e l e c t r o n i c  

c o m p o n e n t s  i n  t h a t  d a y  a r e  m o s t l y  s u p p o r t  t h e  8 -  b i t  e q u i p m e n t .  T h e  b u s  s y s t e m  w a s  

d e s i g n e d  t o  f a c i l i t a t e  8 - b i t  i n t e r f a c e .  I n  1 9 8 4 ,  I B M  r e l e a s e  t h e  A T  v e r s i o n  w i t h  t h e  

f u l l y  1 6 - b i t  b u s  w i t h  2 4 - b i t  a d d r e s s i n g .  F u r t h e r ,  t h e  n e w e r  v e r s i o n  o f  t h e  p e r s o n a l  

c o m p u t e r  w a s  r e l e a s e d  i n  t h e  l a t e r ,  t h e  a r c h i t e c t u r e  o f  t h e  l a t t e r  v e r s i o n  i s  t h e  

e x t e n s i o n  o f  t h e  I B M  P C / A T .  S i n c e  t h e  f l e x i b i l i t y  a n d  a c c e s s i b i l i t y  o f  t e c h n o l o g y ,  

t h e r e  a r e  m a n y  O E M  w h i c h  c o n s t r u c t  t h e  c o m p a t i b l e  s y s t e m .  T h e  c o m p a t i b l e  v e r s i o n  

o f  t h e  P C ' s  m a y  c a u s e  t h e  p r o b l e m  f o r  i n t e r f a c i n g .
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O n e  o f  t h e  m o s t  a d v a n t a g e  o f  t h e  P C  a r c h i t e c t u r e  a r e  t h e  s u p p o r t i n g  o f  

e x t e r n a l  i n t e r f a c i n g .  I t  g i v e  a  c h a n c e  f o r  c o m m u n i c a t e  t o  t h e  o t h e r  e x t e n s i o n  d e v i c e s .  

B y  t h e  u s e  o f  e x t e n d e d  c a r d s  w h i c h  a r e  a v a i l a b l e  f r o m  m a n y  m a n u f a c t u r e s ,  t h e  

c o m p u t e r  s y s t e m  c a n  b e  c o n n e c t e d  t o  t h e  a p p r o p r i a t e  e q u i p m e n t ,  s u c h  a s  v a r i o u s  t y p e  

o f  v i d e o  m o n i t o r ,  k e y b o a r d ,  e t c .  S i n c e  t h e  a c c e s s i b i l i t y  o f  t h e  i n f o r m a t i o n ,  i t  i s  

p o s s i b l e  f o r  a n y o n e  t o  d e s i g n  a n d  b u i l t  t h e  o w n  s y s t e m  e x t e n d i n g  f r o m  t h e  P C ' s  f o r  

t h e  s p e c i f i c  p u r p o s e s .

F i g .  4 . 1  B l o c k  d i a g r a m  f o r  t y p i c a l  c o m p u t e r  s y s t e m  ( C a r r ,  1 9 9 1 ) .

T h e  b l o c k  d i a g r a m  f o r  a  t y p i c a l  c o m p u t e r  c a n  b e  s h o w n  s i m p l y  i n  t h e  F i g  4 . 1  . 

T h e  c o m p u t e r  c a n  b a s i c a l l y  b e  d i v i d e  i n t o  t h r e e  p a r t s  w h i c h  a r e  C en tra l p ro c e ss in g

U nit (C P U ), m em o ry  a n d  com m u n ica tion  p o r t .  T h e  f u n c t i o n  o f  t h e  C P U  i s  t h e  c o n t r o l  

t h e  h a r d w a r e  o p e r a t i o n  a n d  m a n i p u l a t e  t h e  b a s i c  m a t h e m a t i c a l  o p e r a t i o n .  T h e  m e m o r y
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i s  u s e d  t o  s t o r a g e  t h e  d a t a  a n d  t h e  i n s t r u c t i o n s  f o r  c o n t r o l  o v e r a l l  o p e r a t i o n s  a n d  t h e  

c o m m u n i c a t i o n  p o r t s  p r o v i d e  t h e  i n t e r f a c i n g  t o  t h e  e x t e r n a l  w o r l d .

A l l  p a r t s  u s e  t h e  bus system  t o  i n t e r c h a n g e  i n f o r m a t i o n  e a c h  o t h e r  . W e  c a n  

c l a s s i f i e d  t h e  b u s  i n  t h r e e  t y p e s .  T h e  d a ta  bus  c o n v e y  t h e  d a t a  a n d  i n s t r u c t i o n .  T h e  

a d d re ss  bu s  d e t e r m i n e d  t h e  s o u r c e  a n d  d e s t i n a t i o n  o f  d a t a  t r a n s f e r .  T h e  b o t h  a r e  

g o v e r n e d  b y  m a n y  c o n t r o l  w i r e  w h i c h  a r e  c a l l e d  c o l l e c t i v e l y  a s  t h e  co n tro l bus.  T h e  

c o n t r o l  b u s  p r o v i d e  t h e  s u f f i c i e n t  s i g n a l s  f o r  c o n t r o l  t h e  b a s i c  o p e r a t i o n  s u c h  a s  r e a d  

t h e  d a t a  f r o m  a  s p e c i f i c  m e m o r y  a d d r e s s .

T h e  d a t a  b u s  i s  c o m m o n l y  u s e d  b y  v a r i o u s  d e v i c e s ,  s o  t h a t  t h e  a m b i g u o u s  m a y  

b e  o c c u r r e d .  T o  a v o i d  t h i s  s i t u a t i o n ,  t h e  m e a s u r e  t o  i d e n t i f y  t h e  p r o p e r  d e v i c e  h a v e  t o  

b e  m a d e .  T h e  v i r t u a l  a r e a  w h e r e  t h e  d a t a  a r e  t r a n s f e r r e d  t o  a  s p e c i f i c  d e v i c e  i s  c a l l e d  

p o r t  . H e n c e ,  a n y  d e v i c e s  w h i c h  a r e  a t t a c h e d  t o  t h e  d a t a  b u s  h a v e  t o  o c c u p y  t h e  

s p e c i f i c  p o r t  n u m b e r  e x c e p t  m e m o r y  w h i c h  i s  s e p a r a t e d  b y  t h e  s p e c i a l  c o n t r o l  s i g n a l  

f r o m  t h e  C P U .  T h e  s p e c i f i c  p o r t  n u m b e r  c a n  b e  d e t e r m i n e d  b y  t h e  c i r c u i t  c a l l e d  t h e  

d e c o d e r  w h i c h  d e t a i l  c o n s i d e r a t i o n  w i l l  b e  m a d e  i n  t h e  n e x t  s e c t i o n .  H o w e v e r ,  t h e  

b l o c k  d i a g r a m  a s  s e e n  b y  F i g  4 . 1  i s  c o m m o n  f o r  a n y  s y s t e m ,  b u t  t h e  C P U  8 0 X X X  

f a m i l y  i s  a l s o  s u p p o r t  a n o t h e r  f u n c t i o n s  w h i c h  a r e  c a l l e d  in terru p t  a n d  D ire c t m em ory  

A ccess  (D M A ) .

I t  c a n  b e  s e e n  t h a t  t h e  t y p i c a l  s y s t e m  s h o w n  i n  F i g  4 . 1 ,  t h e  C P U  h a v e  t o  

m o n i t o r  a l l  d e v i c e  r e g u l a r l y .  I t  i s  n o t  t h e  e f f e c t i v e  s y s t e m  s i n c e  t h e  C P U  r u n  t i m e  

h a v e  t o  s h a r e  t o  a l l  d e v i c e s .  F o r  t h e  m o s t  d e v i c e ,  t h e  m o n i t o r  b y  C P U  r e g u l a r l y  i s  n o t  

c r i t i c a l ,  i . e .  t h e  d i s k  d r i v e s  t r a n s f e r  t h e  d a t a  w h e n  t h e  d i s k e t t e s  i s  r e a d  o r  w r i t t e n ,  t h e  

k e y b o a r d  w i l l  b e  o p e r a t e d  o n l y  w h e n  t h e  k e y s  a r e  p r e s s e d .  I f  t h e r e  a r e  m a n y  s u c h
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d e v i c e s  a r e  c o n n e c t e d  t o  t h e  c o m p u t e r  s y s t e m ,  t h e  u s e f u l  t i m e  h a v e  t o  b e  s a c r i f i c e d .  I t  

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

s e n t  t h e  r e q u e s t  t o  C P U .  T h i s  p r o c e s s  i s  c a l l e d  t h e  i n t e r r u p t .  T h e  i n t e r r u p t  s i g n a l  w i l l  

o c c u r  o n l y  w h e n  t h e  r e q u e s t  f r o m  t h e  s p e c i f i c  d e v i c e  i s  o c c u r .  T h e  C P U  s t o p  t h e  

c u r r e n t  p r o c e s s  a n d  t h e n  j u m p  t o  t h e  a d d r e s s  c o n t a i n e d  t h e  s e t  o f  i n s t r u c t i o n s  f o r  

s e r v i c e  t h e  d e v i c e .  A f t e r  c o m p l e t e  t h e  i n s t r u c t i o n s ,  t h e  C P U  r e t u r n  t o  t h e  o l d  p o i n t  a n d  

s u c c e s s  o p e r a t i o n  w i l l  b e  d o n e .  T h e  d e v i c e s  c a n  o p e r a t e  b y  i t s e l f  a n d  r e q u e s t  t h e  C P U  

w h e n  t h e  d a t a  t r a n s f e r  i s  r e q u i r e  a n d  t h e  C P U  h a s  m o r e  t i m e  t o  o p e r a t e  a n o t h e r  

i n s t r u c t i o n .

T h e  i n t e r r u p t  r e q u e s t  f o r  a  d e v i c e  h a v e  a n  i n d i v i d u a l  n u m b e r .  T h e  i n t e r r u p t  

r e q u e s t  n u m b e r  a r e  c o n n e c t e d  t o  t h e  s p e c i f i c  a d d r e s s  c o n t a i n e d  t o  t h e  i n t e r r u p t  s e r v i c e  

r o u t i n e .  T h e  a d d r e s s  n u m b e r  r e s i d e d  b y  t h e  s e r v i c e  r o u t i n e  i s  c a l l e d  the in terru p t 

vector.  T h e  C P U  i n d i c a t e  t h e  i n t e r r u p t  v e c t o r  a s  l o o k  u p  t h e  t a b l e  c o n t a i n e d  t h e  v e c t o r  

i n f o r m a t i o n .  T h e  i n t e r r u p t  v e c t o r  t a b l e  w a s  a s s i g n e d  r e s i d e  a t  t h e  l o w e s t  p a r t  o f  t h e  

m e m o r y  m a p ,  s a y  a d d r e s s  o ,  i n  t h e  P C  s y s t e m .  W h e n  t h e  C P U  h a v e  t h e  r e q u e s t  f r o m  

t h e  s p e c i f i c  d e v i c e .  T h e  i n t e r r u p t  r e q u e s t  n u m b e r  i s  d e c o d e d  t o  t h e  p o s i t i o n  i n  t h e  

i n t e r r u p t  v e c t o r  t a b l e  w h i c h  c o i n c i d e  w i t h  t h e  I R Q  n u m b e r .

T h e m  i n t e r r u p t  o f  t h i s  t y p e  i s  c a l l e d  t h e  h a rd w a re  in terru p t  w h i c h  i s  

d i s t i n g u i s h e d  f r o m  t h e  so ftw a re  in terru pt.  T h e  h a r d w a r e  i n t e r r u p t  c a n  b e  d i v i d e d  i n  

t w o  c a t e g o r i e s ,  m a sk a b le  a n d  n on -m askab le .  T h e  n o n - m a s k a b l e  h a r d w a r e  i n t e r r u p t  i s  

g e n e r a t e d  w h e n  t h e  e r r o r  o c c u r  i n  d e v i c e  s u c h  a s  d i v i d e  b y  z e r o .  I t  o c c u r  w i t h  n o  

m e a s u r e  c a n  b e  r e c o v e r ,  i n  c o n t r a s t  t o  t h e  m a s k a b l e  o n e  w h i c h  m a y  b e  s e t  t o  b e  

d i s c a r d e d  b y  r e s e t  t h e  i n t e r r u p t  f l a g  i n  r e g i s t e r  f l a g  o f  C P U .  T h e  I R Q  n u m b e r  h a v e
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p r i o r i t y  . T h e  h i g h  p r i o r i t y  n u m b e r  w i l l  b e  t r e a t  i f  t h e  t w o  i n t e r r u p t  s i g n a l  o c c u r  i n  t h e  

s a m e  t i m e .  F r o m  t h e  P C  A T  t e c h n i c a l  r e f e r e n c e ,  e a c h  o f  I R Q  n u m b e r s  i s  a s s i g n e d  f o r  

v a r i o u s  d e v i c e s  a s  s e e n  T a b l e  4 . 1  f r o m  h i g h  p r i o r i t y .  W h e n  t h e  a s s i g n e d  d e v i c e s  

a b s e n t  t h e  i n t e r r u p t  n u m b e r  m a y  b e  u s e d  i n  d e s i g n e d  s y s t e m .

I n t e r r u p t

C T L R 1

I n t e r r u p t

C T L R 2

P r o c e s s o r  
I n t e r r u p t  

N o .  [ H e x ]
F u n c t i o n

I R Q O 0 8 T i m e r  O u t p u t  0
I R Q 1 0 9 K e y b o a r d  ( O u t p u t  B u f f e r  F u l l )
I R Q 2 0 A R e a l t i m e  C l o c k  I n t e r r u p t

I R Q  8 7 1 S o f t w a r e  R e d i r e c t e d  t o  I N T  O A H  ( I R Q 2 )
I R Q 9 7 2 R e s e r v e d
I R Q  1 0 7 3 R e s e r v e d
I R Q  1 1 7 4 R e s e r v e d
I R Q  1 2 7 5 C o p r o c e s s o r
I R Q  1 3 7 6 F i x e d  D i s k  C o n t r o l l e r
I R Q  1 4 7 7 R e s e r v e d
I R Q  1 5 7 8 R e s e r v e d

I R Q  3 O B S e r i a l  P o r t  2
I R Q 4 o c S e r i a l  P o r t  1
I R Q  5 0 D P a r a l l e l  P o r t  2
I R Q 6 0 E D i s k e t t e  C o n t r o l l e r
I R Q 7 O F P a r a l l e l  P o r t  1

T a b l e  4 . 1  I n t e r r u p t  a s s i g n m e n t s  i n  I B M  A T  ( ไ พ ศ า ล ,  2534 ; I B M ,  1 9 8 4 ) .

I n  t h e  P C ' s  s y s t e m ,  t h e  2 5 6  i n t e r r u p t  v e c t o r  a r e  a v a i l a b l e  t h e  i n t e r r u p t s  a r e  n o t  

o n l y  h a r d w a r e  i n t e r r u p t  b u t  a l s o  t h e  m o s t  i s  s o f t w a r e  i n t e r r u p t .  T h e  s o f t w a r e  i n t e r r u p t  

i s  s i m i l a r  t o  t h e  h a r d w a r e  i n t e r r u p t ,  b u t  r e q u e s t  s i g n a l  i s  r e p l a c e d  b y  t h e  i n s t r u c t i o n  

I N T  i n  t h e  a s s e m b l y  l a n g u a g e .  S o m e  s o f t w a r e  i n t e r r u p t s  a r e  d e d i c a t e d  t o  t h e  B asic
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In pu t a n d  O u tpu t S erv ice  (BIO S)  w h i c h  a r e  t h e  l o w  l e v e l  s u c h  a s  r e a d  o r  w r i t e  t h e  

h a r d  d i s k .  H o w e v e r ,  t h e r e  a r e  a v a i l a b l e  f o r  t h e  u s e r  t o  d e f i n e  t h e  n e w  r o u t i n e  f o r  s o m e  

p u r p o s e .  T h e  u s e r - d e f i n e d  r o u t i n e s  h a v e  t o  b e  i m p l e m e n t e d  b y  a  s p e c i f i c  w a y .  T h e  

a d v a n t a g e  o f  t h e  u s e r - d e f i n e d  r o u t i n e  c a n  b e  i m p r e s s e d  b y  t h e  TSR (term in a te  a n d  

s ta y  resid en t)  p r o g r a m s  s u c h  a s  N o r t o n  c o m m a n d e r .

F o r  t h e  d e v i c e  w h i c h  n e e d  t h e  h i g h  s p e e d  f o r  t r a n s f e r  d a t a ,  i t  i s  e f f e c t i v e  t o  

t r a n s f e r  d a t a  d i r e c t l y  t o  t h e  m e m o r y  w i t h o u t  t h e  t r a n s f e r  p r o c e s s  m a n a g e d  b y  t h e  C P U .  

T h e  p r o c e s s  i s  c a l l e d  t h e  D ire c t M em o ry  A cce sse s  (D M A)  w h i c h  i s  u s e d  b y  t h e  d i s k  

d r i v e  c o n t r o l l e r .  H o w e v e r ,  t h i s  t o p i c  i s  b e y o n d  t h e  s c o p e  o f  t h e  t h e s i s ,  i t  i s  n o t  

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

Digital Decoder and Buffer Circuit
S i n c e  m a n y  d e v i c e s  c o m m o n l y  u s e  t h e  d a t a  b u s ,  t h e  p r o c e s s  b y  w h i c h  t h e  

C P U  c a n  t r a n s f e r  t h e  d a t a  t o  a n d  f r o m  a  s p e c i f i c  d e v i c e s  i s  c a l l e d  t h e  d eco d er .  T h e  

s p e c i f i c  d e v i c e  h a v e  a n  i n d i v i d u a l  p o r t  n u m b e r .  T h e  C P U  w i l l  s e n d  t h e  n u m b e r  o f  t h e  

p o r t  w h i c h  i s  t h e  s o u r c e  o r  d e s t i n a t i o n  o f  d a t a  t r a n s f e r  v i a  t h e  a d d r e s s  b u s .  H o w e v e r ,  

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

w h i c h  c a n  d e c o d e  t h e  p o r t  n u m b e r  w i l l  r e s p o n s e .  S i n c e  t h e  a d d r e s s  b u s  a l s o  

c o m m o n l y  u s e  w i t h  t h e  m e m o r y .  T h e  c o n t r o l  s i g n a l  f o r  s e p a r a t i n g  b e t w e e n  m e m o r y  

a n d  o t h e r  d e v i c e s  h a v e  i s s u e d  f r o m  t h e  C P U .  T o  d e t e r m i n e  w h a t  d i r e c t i o n  o f  d a t a  

t r a n s f e r ,  t h e  C P U  h a v e  a l s o  t o  s e n d  t h e  s i g n a l  “ w r i t e "  o r  " r e a d "  t o  t h e  d e v i c e ,  i n  t h e

e x t e r n a l  s l o t .
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REAR PANEL

COMPONENT SIDE

1/0 PIN Signal name I/O

B1 GNO GROUND
82 RESET ORV 0
83 ♦5 Vdc POWER
84 IRQ 9 1
B5 -5 Vdc POWER
B6 0R02 1
B7 -12 Vdc POWER
68 ows 1
69 ♦12 Vdc POWER
BIO GNO GROUNO
B11 -SMEMW 0
B12 -SMEMR 0
B13 -I0W VO
B14 —10R I/O
815 -DACK3 0
616 DRQ3 1
817 -0ACK1 0
618 0RQ1 1
619 -REFRESH I/o
820 CLK 0
621 IRQ7 1
822 IRQ6 1
623 IR05 i
B24 IR04 1
B25 IRQ3 1
826 -DACK2 0
627 T/C 0
628 BALE 0
629 .5 Vdc POWER
630 osc 0
B31 GNO GROUNO

I/O PIN Signal name I/O

A1 -L'O CH CK 1
A2 SO 7 I/O
A3 S06 I/O
A4 S05 L'O
A5 SC4 L'O
A6 S03 M3
A7 S02 I/O
A8 SOI Lt)
A9 SDO VO
A10 -L'O CH ROY 1
A11 AEN 0
A12 SA19 I/O
A13 SA18 I/O
A14 SA17 VO
A15 SAI6 10
A16 SA15 VO
A17 SAM I/O
A18 SA1.3 VO
A19 SAI2 VO
A20 SA 11 L'O
A2I SA10 VO
A22 SA9 VO
A23 SA3 VO
A24 SA7 VO
A25 $A5 I/O
A26 SA5 VO
A27 SA4 I/O
A28 SA3 to
829 SA2 I/O
A30 SAI I/O
A31 SAO I/O

REAR PANEL

PC AT 16-bit extension slot

L'O PIN SIGNAL NAME I'O

01 -MEM C$16 102 -V0CS16 1
03 IR010 1
04 IRQ11 1
D5 IRQ12 1
06 IRQ15 1
07 IROM 1
08 -OACKO 009 DROO 1010 -OACX5 0oil DRQ5 1
D12 -OACK6 0
013 DR06 1
DM -OACK7 0
015 OR 07 1
016 ♦5 Vdc POWER
017 -MASTER 1
D18 GNO GROUNO

I/OPIN signal name VO

C1 SBHE VO
C2 LA23 I'O
C3 LA22 I/O
C4 LA2I I/O
C5 LA20 I/O
C6 บน9 Lt)
C7 LA18 I/O
C8 บน 7 VO
C9 -MEMR VO
CIO -ME MW I/O
C11 S008 t/O
C12 ร 009 I/O
Cl 3 5010 I/O
CM son I/O
C15 SOI2 L'O
C16 S013 VO
C17 S0I4 to
C18 SOTS LO

PC AT Expansion Bus slots signal/pin definitions
SDO-SO ใ 5 - System Data Bits 0 through 15 
SA0-SA23 - System Address Bus bits 0 Through 24 
IRQ2-IR015 - Interrupt Requests Levels 2 through 15 
DRQO-DRQ7 • Direct Memory Access Requests 0 thru 7 
DACKO-DACK7 - Direct Memory Access Acknowledge 0 thru 7

Note: The remaining signals provide Bus timing information, status and commands. For a detaliled
description of these signals consult Interlacing to the PC (SAMS 1995) or the IBM Technical Reference Manuals.

F i g .  4 . 2  P C  A T  1 6 - b i t  e x t e n s i o n  s l o t  ( N o r t o n ,  1 9 9 5 )
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I n  P C  s y s t e m ,  a l l  c o n t r o l  s i g n a l  l i n e s  a r e  p r o v i d e d  w i t h  t h e  d a t a  a n d  a d d r e s s  

b u s e s  a c c o r d i n g  t o  t h e  I n d u s t r y  S t a n d a r d  A r c h i t e c t u r e  ( I S A ) .  I n  t h e  o l d e r  P C  a n d  P C  

X T  v e r s i o n ,  t h e  8 - b i t  d a t a  b u s  a n d  2 0 - b i t  a d d r e s s  b u s  w a s  c o n s i d e r a b l y  s u f f i c i e n t .  A l l  

b u s e s  w a s  a r r a n g e d  i n  t h e  l o n g e r  s l o t  i n  t h e  e x t e r n a l  P C  A T  m a i n  b o a r d  a s  s h o w n  i n  

F i g .  4 . 2 .  W h e n  t h e  A T  v e r s i o n  i s  i n t r o d u c e d  t h e  f u l l  1 6 - b i t  d a t a  t r a n s f e r ,  t h e  a d d i t i o n a l  

s i g n a l s  a r e  r e q u i r e d .  F o r  t h e  c o m p u t a b i l i t y  t o  t h e  p r e v i o u s  v e r s i o n ,  t h e  e x t e n d e d  d a t a  

b u s  w a s  d e s i g n e d  t o  b e  a c c e s s i b l e  o n l y  w h e n  t h e  C P U  r e q u e s t  t h e  1 6 - b i t  d a t a  t r a n s f e r  

a n d  t h e  d e v i c e  r e q u i r e d  1 6 - b i t  i n t e r f a c e .

T h e  n o r m a l  s t a g e  o f  t h e  m o s t  s i g n a l  i n  t h e  e x t e n s i o n  s l o t  a r e  h i g h  i m p e d a n c e .  

I f  t h e  s t a g e  b e c o m e  t o  " l o w "  t h e  f u n c t i o n  o f  t h e  c o n t r o l  s i g n a l s  a r e  a c c o m p l i s h e d .  

H e n c e  t h e  m o s t  c o n t r o l  s i g n a l  a r e  i n d i c a t e d  b y  t h e  m i n u s  o r  t h e  l i n e  a b o v e  t h e  s i g n a l  

n a m e  t o  d i s t i n g u i s h  f r o m  t h e  o t h e r  w h i c h  a c t i v a t e  b y  t h e  h i g h  s i g n a l .

S i n c e  l o g i c a l l y  l o w  i s  u s e d  t o  a c t i v a t e  t h e  s p e c i f i c  f u n c t i o n ,  i f  t h i s  s i g n a l  l i n e s  

a r e  d i s c o n n e c t e d ,  t h e  f u n c t i o n  r e m a i n  t h e  n o r m a l  s t a g e .  F o r  e x a m p l e ,  t h e  i n p u t  s i g n a l  

I /O  1 6 -b it ch ip  se le c t ( -1 0  C S16)  i n  t h e  P C ‘ s  I S A  b u s  h a v e  t o  b e  s e n s e  l o g i c a l  “ l o w ”  

f r o m  t h e  d e v i c e  w h e n  r e q u i r e  t h e  1 6 - b i t  i n t e r f a c i n g .  I n  t h e  s i t u a t i o n  o f  t h e  o l d e r  8 - b i t  

e x t e n s i o n  c a r d  w a s  p l u g - i n  t h e  A T  s l o t ,  t h e  8 - b i t  i n t e r f a c i n g  r e m a i n  a c c e s s i b l e  s i n c e  

t h e  - 1 0  C S 1 6  l e a v e  t o  t h e  h i g h  i m p e d a n c e  s t a g e  a l t h o u g h  t h e  a n y  n o  c o n n e c t i o n  i s  

m a d e .

T h e  d e c o d e r  c i r c u i t  m a y  b e  s i m p l y  g a te s  b u t  f o r  t h e  c o m p l e x  p o r t  d e c o d e r  

w h i c h  i n v o l v e  t h e  m a n y  l i n e s  o f  t h e  a d d r e s s  b u s  t h e  m o r e  c o m p l e x  d e c o d e r  I C  s u c h  a s  

7 4 L S 1 3 9  m a y  b e  a p p l i e d .  F o r  e x a m p l e ,  t h e  7 4 L S 1 3 9  h a v e  d u a l  d e c o d e r /
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demultiplexer. Each one is work independently. Each one has 3 input and 4 output

which has the truth table as seen in the Table 4.2.

I N P U T O U T P U T

Ë A o A , 0 1 2 3

1 X X 1 1 1 1

0 0 0 0 1 1 1

0 0 1 1 0 1 1

0 1 0 1 1 0 1

0 1 1 1 1 1 0

T a b l e  4 . 2  F u n c t i o n  t a b l e  f o r  7 4 L S 1 3 9 .

W e  c a n  s e e  t h a t  t h e  o u t p u t s  r e m a i n  " h i g h "  o r  " 1 "  i n  b i n a r y  n o t a t i o n  u n t i l  t h e  

p i n  E  ( m e a n  " e n a b l e " )  i s  a c t i v a t e d  b y  t h e  l o g i c a l l y  " l o w "  o r  " 0 "  i n  b i n a r y  n o t a t i o n .  

T h e  o u t p u t s  a r e  d e p e n d e d  o n  t h e  l o g i c a l  s t a t e  o f  t h e  i n p u t  A o  a n d  A l .  T h e  o n l y  o n e  

o u p u t  w h i c h  i s  c o r r e s p o n d i n g  t o  t h e  b i n a r y  n u m b e r  b e c o m e  " l o w " .  I f  t h e  i n p u t s  a r e  

c o n n e c t e d  t o  t h e  a d d r e s s  b u s  a n d  t h e  o u t p u t  o f  7 4 L S 1 3 9  d e c o d e r  a r e  c o n n e c t e d  t o  

d i f f e r e n c e  d e v i c e s  w h i c h  a r e  a c t i v a t e d  w h e n  t h e  " l o w "  p u l s e ,  t h e  o n l y  o n e  d e v i c e  w i l l  

b e  o p e r a t e d .  T h e  n u m b e r  w h i c h  i s  a s s i g n e d  o n  t h e  a d d r e s s  b u s  i s  t h e  p o r t  n u m b e r  o f  

t h e  o p e r a t i n g  d e v i c e  a s  s e e n  i n  T a b l e .  4 . 2 .

T h e r e  a r e  t h e  a n o t h e r  r e m a i n i n g  p r o b l e m  f o r  t h e  c o m m o n  u s e d  o f  b u s e s .  W h e n  

m a n y  d e v i c e s  a r e  c o n n e c t e d  t o  t h e  s y s t e m  b u s ,  t h e  s o u r c e  c u r r e n t  i n  t h e  e a c h  l i n e  o f
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bus can deliver theoretically to the infinite component but it is impossible in practical 
world. The output of the common gate can deliver the current to a few ICs. From this 
reason, the buffer should be used in order to prevent the shortage of current in the 
system.

The buffer usually have the open-collector architecture which can deliver the 
far more current than normal digital IC to the connected component, the most 
available buffer IC is the three-state buffer. The three-state buffer refer to the buffer 
which have three possible logic state, i.e. high, low and high impedance. The high 
impedance state is the normal stage, say no current is delivered to the output. It may 
be considered as it is switch off. The logic high and low will be occurred at the 
outputs only when the enable pin is activated such as 74LS139. The advantage of the 
three-state buffer is the ability to disconnect the circuits at the input and output of the 
buffer and to connect them together when they expected to working together.

The two buffer can be arranged to transfer in bi-directional, i.e. send and 
receive. The bi-directional arrangement of many buffer with the same package can be 
used in the data bus and the address of the interfacing system.

C o u n te r  a n d  T im e r

In the digital system, some part of the circuit have to be control by signal 
pulse. The pulse may by generated by the decoder circuit which occur when a certain 
condition is met. In some situation, the periodic pulse have to be generated, such as in 
the digital converter circuit. We generate the sampling pulse to ADC in the time we
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want to measure the signal, and to DAC when we reconstruct the sampling data to 
analog signal in the CD player.

It is possible to generate the periodic signal from on oscillator circuit. In the 
digital system, the square wave can be used to be the time base signal. The precise 
square wave can be generated by the crystal oscillator circuit as shown in Fig. 4.3 .

X I

Fig 4.3 Crystal oscillator.

The period of the square wave determined by the resonant frequency of the 
crystal Xi . The oscillation occur because the NOT GATES บ 1 and บ2 are feed back 
by Ri and แ2 respectively.

Since it need a small time for a not gate to invert the signal from input to its 
output. The logic state change to invert state at the output. The input of the gate 
response such the logic state from the output itself and invert the logic state again. 
Thus the square wave will be generated to the output. If we use only the feed-back 
scheme to the not gate, the period of the square wave is depend on the delay time for 
inverting of the gate. By adding the crystal Xi 5 the period of the square wave will be 
defined since the Crystal will oscillate at the resonant frequency. The capacitor Cl and
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the last gate บ3 is use to shaping the output signal and operate like a buffer to 
contribute the more maximum current deliver to the next attached current.

The crystal oscillator circuit as shown in Fig. 4.4 is fixed frequency. The more 
versatile circuit should be made for varying the frequency of the pulse. The idea 
behind such circuit is the counting.

We can use the circuit as shown in Fig. 4.4 to generate the time base signal, 
each waveform of the square wave called clock. If the number of the clock is counted 
and the change of the digital state in an digital component depend on the number of 
the clock, which is generated by the time base circuit. That component can be use as 
the counter and the output signal can be used to generate the frequency variation 
signal. For example, The T flip-flop will change the current state of the output at the ' 
high to low' edge of the clock, i.e. two clocks will generate one period of the output 
signal as seen in the Fig 4.4. By the way the frequency of the square wave at the input 
is divided by two.

C lo ck

O u tp u t

Fig. 4.4 Timing diagram for T Flip-Flop

For a digital component like T Flip-flop, but the ท clocks used to complete a 
period of square wave, the frequency of the square wave can be vary by change the 
value of ท. There are many IC which serve as the purpose such as the 8253
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programmable interval timer which is one of the chip set for the IBM PC system. The 
number ท can be preliminary defined by sent the two consecutive bytes to a counter in 
8253. Each byte of the data represent the least significant byte and the most 
significant byte in the 16-bit data format, respectively. When the start signal is sent, 
the number ท is decreased by the 8253 until the number of ท becomes zero and the 
output signal will be occur which depend on the operation mode which is set (see 
8253 data sheet ). For the negative pulse, the mode 2 (rate generator) can be assigned 
to the 8253.

B asic I/O  In te r fa c e

As we can read from the previous section, the computer can communicate with 
the external device via the port of this device. The basic operation is read from or 
write to the assigned port. In the output case, the data send from PC will be disappear 
after the sending process is finished.

If we want the data at an instant time remain at the input terminal of the 
extended device, we may use latch. The latch will be operated when the latch enable 
signal is sent. The data will transparent to the output when the latch enable hold at a 
certain logic state. When the transition occur, the data present one set-up time before 
the transition is stored until the enable signal occur again. For example, the 74LS373 
allowed the data from 8-bit input transfer to output directly when the pin E is high 
state. When the pin E go to low, the data is saved until the latch enable is set again.

Another way to hold the output signal is using the D flip-flop. The operation is 
similar to the latch except the latch enable signal is replaced by the clock. The data
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will be changed only when the transition is occurred. For example, the 74LS374 will 
hold the data which occur near the ‘high to low’ edge of the clock, and the data held 
until the next transition occur. The data occur at another time will be ignore which 
differ from latch in which the data allow to change when the latch enable go high.

When many devices are connected in the same manner, the clumsiness is 
arise, it is easier to use the 8255A programmable peripheral interface. The 8255A 
provide the three I/o ports , and one internal port which use to control operation of the 
chip. The port decoding can be internally occur when two bits address are sent 
according to the port number. The ports can be divide in two independent group, i.e. 
group A and group B. The group A is the combination of the port A (00H) and the 
upper nibble (4 bits) of port c  (10H). The group B is combinations of the lower nibble 
of port c . In the basic operation mode, it may be programmed the ports to be input, 
output or bi-directional. Moreover, the individual bit in port c  can be set 
independently. For the output operation mode, it is operated as the latch buffer.

The 8255A does not only provide the basic operation but also support the 
more advance function such as the unidirectional hand shaking in mode 1 and the bi­
directional handshaking in mode 3. The more information is provided in the 8255A 
data sheet.

D ig ita l C o n v e rte r

This section is brief discussions for the digital converts, i.e. the digital to 
analog converter (DAC) and the analog to digital converter (ADC). The converters
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are importance part since they are in the connections between the difference signal 
levels, say analog and digital.

The DAC converts the combinations of bits to the corresponding level in 
analog signal. For example, a 8-bit DAC0808 is set the full scale by the reference 
voltage 10 V. The output voltage Vo can be written as

Where Aj = binary code of bits, where the lest significant bit (LSB) is the Ag*.
ท = the resolution of the DAC , i.e. 8 in the case of DAC0808.

It is clear that the value of the output is discrete. The output voltage difference 
for the consecutive digital value are the resolution of the DAC. The most DAC 
operate by the switching principle. The reference voltage is divided by the factor of 2n 
and form the ท terminal. Each one is connected to the switch which is controlled by a 
bit which significant in the data format is corresponding to the voltage reference. The 
summation of the voltage from the ‘on’ switches is the output voltage.

We con convert the digital to analog signal, on the other hand, the inversion 
can be performed by ADC. The ADC can be classified into 3 type depend on the 
conversion method, i.e. direct conversion, partial conversion in sequence and 
integration conversion (Analog devices, 1992).

(4.1)

The notation refer to the specification from National Semiconductor’s Linear Handbook for data sheet of DAC0808.



69

The direct conversion is theoretically the simplest, fastest method. It is based 
on the 1-bit conversion by the comparator as shown in Fig. 4.5. When the signal is 
greater than the reference of an individual comparator, the output is negative which 
give the logic ‘high’ to the corresponding bit of output or vice versa. The type of 
converters is sometimes called flash ADC. In practice, the space, input capacitance, 
and power required by the large numbers of comparator have limited the resolution.

Fig. 4.5 Direct conversion ADC block diagram (Analog Devices, 1992).

The limited may be solve by the partial converter method by which the more 
steps of conversion are performed. The successive approximation is the most popular 
methods , the block diagram is as shown in the Fig. 4.6.

When the analog input is compare to the voltage level which is generated by 
the high speed DAC, the comparator justifies the input and the DAC generated 
voltage level, successively. The process will be complete when the input and reference
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differ least than 1/2 LSB and the digital output is displayed as the digit of the DAC. 
The start value for DAC is operated is the most significant bit (MSB), say in 12-bit 
converter is 800H. If the input is greater than the reference voltage from DAC, it set 
the MSB of the DAC and reset in vice versa.

HXX RESOLUTIONANALOG comparator

Fig 4.6 Successive conversion ADC block diagram (Analog Devices, 1992).

The process continue to the lower bit, respectively in the same way as MSB. 
The process complete after the ท successive operation where ท is the resolution of the 
ADC. The time is more consumed if the resolution is greater. After process is done, 
the conversion complete signal will send out to mark the end of conversion. The 
successive approximation is one of the most popular method for the most ADC such 
as the ADC 1674 which used in the our constructed instrument.

The last conversion technique is integrating conversion such as in the dual­
slope converter. The idea behind this method is the measurement of time which 
corresponding to the level of the input signal. Since it is unused, the discussion is 
beyond the scoop of this thesis report.
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We can also find the input voltage Vi from the digital output X by the
following expression, which is given for the n-bit ADC with the full scale trimmed for
X = 2n equal to v ref.

V: (4.2)

However, the analog to digital conversion process is not complete because we 
have to discuss about the time consumed in the conversion process. If the input signal 
is change between the conversion time, the digital output is not accurate, especially in 
the successive approximation ADC. The signal have to be held to keep constant 
between the conversion time. The circuit which support the purpose is called sample 

and hold circuit. In some ADC chip, this function is build in the package, but in the 
most ADC, the circuit may be devised, if the measured signal, such as the audio 
signal, will change rapidly.

O p e ra tio n a l a n d  in s tru m e n ta tio n  a m p lif ie r

One of the most useful building block in analog circuit is the operational 

amplifier, or op-amp, which is available as an integrated circuit at very low cost.
The op-amp have two input and one output, it is represented by the triangle, as 

shown in Fig. 4.7. The inputs are call the inverting(-) and non-inverting(+). In fact the 
both input are the same in physical property but the symbol is applied to the
distinguished them.
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The ideal op-amp has the following characteristics.

1. Infinite difference gain, say

¥ 0 =: A(V+-V _) (4.3)

where A = open-loop gain ( = infinity for the ideal op-amp).
V+ = input voltage at the non-inverting terminal.
V. = input voltage at the inverting terminal

2. Infinite input impedance, i.e., no current enters the input V+ and V ..
3. Zero output impedance.

The realistic op-amp differ in following aspect.

1. Finite gain A and decrease as 1/f. The product of gain an the bandwidth is 
typically constant in order of 0.1 to 100 MHz (Derenzo, 1990).

2. Finite input impedance, typically 1 MQ (bipolar) and 106 MQ (FET 
input).

3. The output V0 is not zero, although the input terminals V+ and V. have the
same value.
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4. The output current is limited and the output voltage limited in the range of 
supplied voltage.

We start with the ideal case consideration and progress to the realistic 
situation. Since there is no current flow from the an input terminal to the other, it can 
be considered that an input the voltage at the both terminals must be same value, say 
AVj =0 .

It is possible to use the op-amp with no feed back loop, but the most functions 
can be given by the feed back system. One of the basic circuit arrangement used in the 
feed back loop is the differential amplifier as shown in Fig. 4.7.

R2

Fig. 4.7 Differential amplifier circuit.

We apply the superposition theorem to the circuit, we have

Vo = Vo- + v+o (4.4)

where Vo- = output voltage when the non-inverting input is setting to be zero.
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v+o = output voltage when the inverting input is setting to be zero.

The first term of the right hand side can be found by setting V+ = 0, and 
applying voltage at V. terminal. The inverting input can be considered as the ground 
or sometimes called virtual ground. Since there are no current flow through the op- 
amp input terminal, the current flow directly from the input V. to the output Vo . 
Hence

V - 0  0 - V0

R[ R2

v » = ' i 7

Let the inverting input terminal as v x . We consider the situation when the 
terminal V. is set to be zero and the input signal is applied to the V+ terminal. The R3 

and R4 form the voltage divider circuit because there is no current flow through the 
op-amp terminal. Thus

Vx = น 3  7

From the previous discussion the voltage at the inverting terminal V. is equal 
to the voltage on the non-inverting terminal v+ . We applied this condition we have
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O -V x  _  V x - V 0 
R, R2

Substitute v x to the above equation, we have

v 0 = ( R4 Ri + R. 2
R ^ x  *  )v * (4.6)

Since the Vo in (4.5) is the Vo- and in (4.6) is v+o, we substitute them to (4.4). 
Thus, we obtain

v 0 = R4 R] + R2

VK-1 A. R3 + r 4 R| )V+ -V_ (4.7)

We can select the value of each resistance. For the realistic op-amp, there are a 
small current flow between the input terminals since the finite input impedance. To 
minimize this effect, the balance current path should be applied, i.e. the input 
impedance for both input terminal have to equal. By this reason, the resistors should 
be arrange for R1//R2 = R3// R4 , which is

R i R 2 R 3R 4
R] + R2 R3 + R4
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Substitute to (4.7)

1--C4 R, + R 2

_ R3 + R4 _ 1 to 1__

R 3
R>

Vo (4.8)

If we select Ri = R3 (and follow the balancing current condition R2 must be 
the same value of R4 ). Hence,

Vo = Gd(V+-V .) (4.8)

where Gd = close loop gain = R2/R1

The above expression show that the output voltage is direct proportional to the 
difference of the input voltage from the v+ and V. terminal. Since the terminal of the 
op-amp have finite input impedance, the input impedance may be improve if we 
attached the voltage follower circuit as the buffer to each input terminal as shown in 
Fig 4.8.

The differential amplifier will have the higher input impedance than the 
normal circuit. This arrangement is usually called the instrumentation amplifier since 
it always use in the measuring instrument which need the isolation of the measured 
system from the instrument. Because the high input impedance, the source of the input
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signal will not be loaded by the instrument and the measured system is not disturbed 
by the measurement, which is the importance principle for measurement system.

Fig 4.8 Differential amplifier with the input buffers.

The circuit as shown in Fig. 4.8 was tested and its operation was satisfactory. 
The disadvantage for this circuit come from there have to adjust at least two resistors 
to the same value for the proper result. However, the modified circuit can be devised 
to eliminate the problem which is shown in Fig. 4.9.

Fig. 4.9 Instrumentation amplifier.
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The modified circuit differ from the previous circuit only in the buffer part, the 
three additional resistors are included. The voltage at the Vf and Vf have the same 
values to the voltage at the input terminals V. and V+ respectively.

Since there are no current pass the input of the buffers, the current flow 
directly from Vi to V2, thus

Vi -  V2 _ V- -  V,
2R + Rx Rx

v 2 2R
r 7 KV+-V _ ) (4.9)

Comparing Fig 4.7 with Fig. 4.9 ,we can see that the (พ2 - Vi) in (4.8) is equal 
to the term (V+ - V.) in (4.9). We substitute this result to (4.8). We have

v„ 2R.'
Rxy (V+-V _) = G(V+ -V _) (4.10)

where G = instrumentation amplifier gain.

From the (4.10), we can see that the differential gain varies with the value of 
the variable resistor Rx , which is more flexible than the previous circuit. The
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interesting result of (4.10) is when it is open circuit at the terminals of Rx (R x = oo) , 
the unity gain occur.

In practical, the characteristic of the realistic op-amp should be considered. 
The open-loop gain is finite and depend on the frequency as shown in Fig 4.10. The 
close loop gain was limited by open loop gain, i.e. G < A. The effect of limitation of 
gain can be found when we operate the op-amp at high frequency. The effect of gain 
depend on the frequency of an op-amp can be determined by the gain-bandwidth 

product which can be provided in the data sheet of an the op-amp. The Bode plot of 
gain v s frequency for an op-amp is illustrated in the Fig 4.10. The gain-bandwidth 
product for the open-loop as shown in the figure is 10 MHz.

Fig 4.10 Bode plot for dynamic response of an realistic op-amp (Derenzo, 1990).

One of the problem for applications of the op-amp is the common-mode gain, 

Gc. Although the common voltage is applied to the differential input, the output
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Vo = Gc Vc

The common-mode gain cause the output voltage to the op-amp circuit 
(Derenzo, 1990). In general case, the output voltage from the op-amp is greater than 
ideal op-amp, say

voltage is not zero. Under the condition of a common-mode signal v c is applied to the
both input. The output voltage in real op-amp can be written as

V0 =G(V+ -V _) + GCVC ; Vc « ~’(V+ -  v_ )

The common-mode gain should be as small as possible the ratio of the 
amplifier gain to the common-mode gain is called the common-mode rejection ratio, 

CCMR, which is

CCMR = G / Gc

The typical value for CCMR is 103 to 107 for common op-amp. It may be sometimes 
expressed in term of decibel notation, say 201og( CCMR).

The offset voltage may occur, although the common-mode voltage... is zero. 
The offset voltage is individual value for each op-amp. Fortunately, the manufacturer
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always provide the measure to rescue the problem. For example, the input offset 
voltage can be trimmed for LF351 by the additional resistor 10 kQ as seen in Fig 4.11.

«I

Fig 4.11 Trimming method for offset voltage for LF351 (National Semiconductor 
Corp., 1986).

In the case of instrumentation amplifier, the offset should be adjusted at the
both input buffer as seen in Fig 4.12.

OUTPUT
R4 RS 
R2 “ R3 

R4Av R2

Fig 4.12 compensation of the offset voltage for instrumentation amplifier.
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Sampling Theorem and anti-aliasing filter
In digital m easurem ent, the analog signal is sam pled. W e should  carefully 

consider the effect o f  the sam pling process to the output signal. For the form al 

analysis, w e m ay represent any signal from  the sam pling the function x(t) by the 

function x n w hich is

x ท = x (t ท) = x(nTs + t 0) (4.11)

w here ท = positive integer num ber 

Ts =  period o f  sam pling 

to = arbitrary initial tim e constant

The to m ay be set to zero for general case. It's possible to be considerable the ท 

’ร value as the tim e tie. In the frequency approach, the signal x(t) m ay be represent by 

the com plex num ber (H am m ing, 1 9 7 7 ), say

X n(to) = e '๙*"= e i(on ; (0 = (ซ'Ts

w here T  =  period o f  the signal.

For any value o f  (ง it can be w ritten in form  o f
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© = (m jt± û î 0) (4.12)

•y

w here m  =  integer num ber 0,1,2,...

(O0 =  angular frequency - n  < ( ù0 < ท .

By the com plex notation, we can see that the Xn(co0) equal to the m any value 

from  the corresponding folded frequency. W hen the signal is reconstructed to the 

original function  Xn(co), there are m any possible frequency to o f  periodic function x(t) 

w hich satisfy  the sam pling value as seen in Fig. 4.13

Fig. 4.13 Frequency aliasing (D erenzo, 1990).

M oreover, i f  the original signal x(t) com posed o f  m any com ponents w hich is 

com m on to the m ost situation, the problem  o f  the undistinguished am plitude for the 

each frequency m ay be occurred.
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This situation is called fre q u e n c y  a lia sin g . In the sam pling system  we can see 

that the highest frequency w hich aliasing never be occurred is

I® max M  n

It m ean that there are at least tw o sam pling per a  period o f  m axim um  

frequency com ponent o f  the m easure signal required to present from  the aliasing. On 

the o ther hand, it im plied that the sam pling rate is at least tw ice o f  the m axim um  

frequency o f  the m easured signal. The fact is called sa m p lin g  th eorem  o r N yqu ist's  

th eorem  and the m axim um  frequency as previous discussion is called the N yqu ist's  

fre q u e n c y , say

I f  w e are interested in regions o f  the spectral density, the frequency com ponent 

w hich is beyond the N yquist's frequency have to elim inate before sam pling process to 

prevent the aliasing. A lthough we have the effective digital filters, it is im portance to 

applied the analog low -pass filter to the m easured signal before sent to A DC. The 

low -pass filter w hich serve this purpose m ay be called the  a n ti-a lia s in g  f i l te r .

T min> 2T< (4.13)

f  > 2 f . (4.14)

The anti-aliasing filter can be constructed by the sam ple RC filter circuit 

w hich is called  the p a ss iv e  f i l te r .  Since the signal w ill be decreased m agnitude and it
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may be degraded by the non-ideal properties, it is m ore effective to use the a c tive  

f ilte r .

The active filter is constructed by the op-am p. The m ost sim plest form  o f  the 

active low -pass filter is show n in Fig. 4.14.

c

Fig. 4.14 First o rder low -pass filter.

From  (4.5) w e have

V 0 = -lV R )
1

i + jco 'R fC

A m plifier gain G and phase different depend on frequency w hich is

G = V
V R J

1
1 + jco 'R fC

|G| = I r J J l  +  ( jco 'R fC )2
(4.15)

AO=  -arctan(co'RfC)



8 6

The am plifier’s gain is a function o f  (o'. The effective o f  the filter can be 

determ ined by take log to the absolute gain equation.

ร =  20 log G

= -10 log [l+(co'RfC)2 ] + c

C onsider the asym ptotic line occur w hen the (co'RfC)2 »  1 , w e have

ร = -201og(co') + c

In com m on use the Rf is set to be equal to R  or dc gain equal to unity. It m ean 

that the asym ptotic have the slope in Bode plot equal to -20 dB. Som e tim e, it m ay be 

called the f i r s t  o rd e r  o r -2 0  d B /d eca d e  lo w -p a ss  f i lte r .

N o r m a l i z e d  
G a i n  ( d B )

Fig 4.15 Frequency response o f  the low -pass filters w ith  d ifference order (Carr,

1 9 9 1 ) .
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The frequency response o f  the filter may be seen in Fig. 4.15. It can be seen 

that the frequency response is not exactly the rectangular shape as w e w ant, the 

asym ptotic value determ ine how  rapid to ro ll-o ff at the edge o f  the rectangular. It can 

be considered that the frequency w hich the pow er o f  signals decreased to a h a lf  o f  the 

m axim um  value as the cu t-o ff frequency. Since the pow er is d irect proportional to the 

square o f  voltage the cu t-o ff frequency can be defined as

H ence, for the first order low -pass filter, the cu t-o ff frequency can be found as

follow.

V2 ^ ๙ cR C )2 + 1

๙ 0 = 1 /  RC

w here (o'c =  cu t-o ff frequency
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the identical passive com ponents such as resistors and capacitors. H ow ever, the
>»

second order low -pass filter m ay be devised by use a single op-am p. The second order 

low-pass filter (-40 dB /decade) can be seen in the Fig. 4.16

It is possible to cascade the filters to optimized the asymptotic line, but the

multistage filter may cause the ripple in the pass band since it is d ifficu lt to provide

p c

Fig 4.16 Second order low -pass filter.

From  the condition  AV =  0 at the input term inals o f  the op-am p, w e have

V x  = (1+jacoRC) V 0 (4.16)

since there are no current flow  though the op-am p, so

V j  _  v x v o  _  v x  f  1 A 
R  + l/jcopc ^aco + l/jcoCy
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M ultiply the above equation by R  and substitu te k = fflRC w e have

'  jk
G + jk a

+ l + jkp V x = V i+ jkp V 0

Substitute v x from  (4.16) , finally w e have

G = [ (l-cr/5k2 ) + jk (a+ l) ]■' (4.17)

The m agnitude o f  G  can be w ritten as

|G| = j l  + [(a + 1)2 -  2aP]k2 + (ap)2 k 4}K (4.18)

For the m axim um -flat am plitude response, the coefficient o f  have to be zero 

(C arson, 1990), w hich  is

(cc + l) 2 - 2 a p  = 0

p =
(a + 1)2

2a

H ence, (4.17 ) and (14.18) can be w ritten as
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G = ^ r ~  k 2) + jk ( a  + l)

|G| = l + m  k< (4.20)

AO = -  arctan k ( a  + 1)
( t t + i r  k 2

For the m axim um -flat am plitude response, the cu t-o ff frequency can be found in  the 

sam e w ay as the first order, and we recall the kc =  (0cRC w here the C0c is the cu t-o ff 

angular frequency, we have

k c = •a  + 1 (4.21)

From  (4.20), w e can see that it decrease m ore rapid than  the  gain for the order 

low -pass filter. W e use the asym ptotic condition  ( ซ »  1, we have

ร = -4C log a +  1
V 4 RC + CO

The frequency response curve is decreased in order o f  -40 dB /decade.
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W e may chose a  = 1 for the convenient to design, w e recall the gain and phase 

shift, w e have

|G| =

AO  = - arctan 2k
น - 2 k  J

(4.22)

w here k  =  o R C  and by (4. ) we also have

k c

The positive value w ill be allow able for kc. Thus the cu t-o ff frequency can be 

w ritten by

fc = 2a/27tRC (4'23)

The phase difference at cu t-o ff frequency is

A O = - |  ( 4 .2 4 )
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In practice, we have to choose the R and c  w hich is m atch to serve the cut o ff  

frequency fc . Som etim es, the com bination  o f  resistors or capacitors have to selected 

to arrange for the purpose.

Digital Filter
A lthough the aliasing frequency is filter out from  the m easured system . The 

noise w hich contam inate the signal is rem ain. Since the sam pling signal is contain  in 

binary code, it is possible to use the num erical m ethod to filter the noise from  the data. 

This filters behave in the sam e w ay o f  the analog filter, it is called the "digital filter". 

The digital filter is easier m aintenance, m ore stable, m ore effective and flexible than 

the analog filter, since it is rather softw are than a lam ps o f  electronic com ponents, 

w hich perform ance depend greatly on the quality o f  the com ponents and am bient 

environm ent.

In form al analysis the digital filter can be define by the follow ing form ula 

(H am m ing. 1977).

Yn — 2 j^ k ^ n -k  ^El^kyn-k (4-25)

The coefficient C k  and dk are constants. Thus, the d igital filter is the linear 

com bination  o f  equal spaced sam ple X n - k  and the com puted value o f  the output y n_k- 

For each successive ท , the form ula shift one data point along the w hole data. The first
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sum m ation represent the n on recu rsive  and the o ther represent the recu rsive  term . The 

fam iliar exam ple o f  the nonrecursive filter is the sm oothing by 5 terms.

y n = | ( x  ท-2  + V i  + x ท + x n + 1 + * n + 2 )

The exam ple for the recursive filter is the trapezoidal in tegration form ula, i.e.

y n+i = y n + 2 (x" + x "+l)

The sam pling signal xn can be w ritten as the integral o f the frequency 

com ponent, w hich is

x n = f e iwndco1 —00

w here ท -- integer num ber o f  sam pling.

w e apply the xn to the nonrecursive filter, we have

' 1, =  £  c k 7 e»<"-k,d(0k=—00 —00

1 < = k«
- it f lk

- k = - o o

b ifflndco

7 H (co )e“ifflndco
-0 0
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where H(co) = X  c ke “itûk = £ d ke ๒k ; d_k = c k

The H(co) is called the tra n sfer fu n c tio n . W e can see that the filtered  signal yn 

is clearly the com positions o f  the frequency com ponents as original signal x n, but the 

spectrum  inform ation is adjusted as the sam e way o f  the analog filter. The frequency 

response o f  the filter is defined by the transfer function H(co). It is analogues to the 

instrum ent as show n in Fig. 4.17.

input -> H(co)
\ J output

Fig 4.17 D igital filter block diagram .

For exam ple the low  pass filter have the transfer function H(co) as show n in 

Fig. 4.18. The transfer function can be w ritten as

H(<»)= £ d ke ” kท=-00

ท= -0 0

ท=-oo
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We denote that (Ok = 27tk and t = f  / fs. Hence, we have the formal discrete

Fourier's expansion for the signal have a unity period we expand t over the Nyqu isf ร

frequency range. Thus

H(t)

Fig. 4.18 T ransfer function H(t) for low -pass filter in com plex notation.

It! < t c 

elsew here

From  invert F ourier’s transform

d k d t

-Yi

The coefficient C k  can be solve from  d k  since C k  =  d _ k .  Thus,
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sin(cokt 1.)
7ik

; k = 0 

; k *  0

(4.26)

where tc = fc / fs ; Wk = 27ik.

W e can obtain  the processed signal yn by substitu tion o f  the C k  into the 

nonrecursive function, i.e.,

y n = I c kx n_k (4.27)
k = - 0 0

In practical w orld, it is im possible to operate the digital filter over the infinite 

lim it o f  k, since the lim itation  o f  data and the tim e consum ing process. Thus it is 

necessary to truncate the filter as

y n = kZ c kx n_k

The problem  arise w hen the series is truncated. The frequency response in the 

pass-band does not rem ain sm ooth and transition  band occur, as show n in Fig. 4.18. 

C ornelius Lanczos observed that the ripple can be elim inated by the integrating
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(averaging) over the range depend on the num ber o f  point N , say 1/N. If  the transfer 

function H(co) can be w ritten as

gN(t) = 1I X e icakt

The L anczos’ sm oothed function can be w ritten as

h N =  ] g N (t)d t
t_2N

Substitute the transfer function to the sm oothing function we have,

1

M t )  = N l  ] a ke '" ‘ldt
t _ 2 N

N
= Ik = - N

sin(7ik/N )
. 7 ik /N  _c

ico.t

= X ° ( N >k )a ke ‘fflkt
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W e can see that the operation  o f  Lanczos' integral (or w in d o w ) is the som e as 

m ultip ly  by the s ig m a  f a c to r  o (N ,k ) .  the result o f  the sm oothing for N =10 can be 

seen in Fig. 4.19.

H(f)

Fig 4 .19 T ransfer function o f  a low -pass filter w ith  and w ithout w indow  (H am m ing, 

1977).

The transition  band arise from  the L anczos’ w indow  and its w id th  can be

determ ined from  the previous definition by the follow ing relation
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Aft = ~T 1 N (4.28).

For the digital low -pass filter, the coefficient ck after the sm oothing by 

Lanczos' w idow  can be w ritten as

c k =  '
2 tc

sin(irk / N) sin(cokt c)
. 7ik / N  _ 7rk

(4.29)
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