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ABSTRACT 

A SIXTEEN B I T  

DATA ACQ'UISITIOl!i SYSTEN 

FOR ELECTROCI-1:EIilI CAL INSTRUT4EMTATION 

Bruce R .  Hahn 

Master  o f  S c i e n c e  

The p r e p a r a t i o n  of  a s i x t e e n  b i t  d a t a  a c q u i s i t i o n  

system i s  d e s c r i b e d .  Inc luded  i s  a b r i e f  i n t r o d u c t i o n  t o  

computers ,  computer l anguages  and t h e i r  u s e s  i n  a n a l y t i c a l  

c h e m i s t r y ,  e s p e c i a l l y  e l e c t r o c h e m i s t r y .  The d e s i g n  and 

c o n s t r u c t i o n  of c i r c u i t  b o a r d s  i s  inc luded .  A sample 

program f o r  data  a c q u i s i t i o n  i s  a l s o  p

r

e s e n t e d .  
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CHAPTEii 1 

INTRODUCTION 

I n  t h e  p a s t  few y e a r s  t h e  growth of  mini- or-micro-  

computer u s e  i n  t h e  l a b o r a t o r y  h a s  p r o g r e s s e d  r a p i d l y .  The 

development  and improvement o f  t h e  computer i n d u s t r y  l ias 

a l s o  t a k e n  p l a c e  v e r y  r a p i d l y  and t h e  implementa t ion  of 

l a b o r a t o r y  computer sys tems  h a s  been  c o n s i s t e n t l y  growing as 

w e l l .  

The u s e  of  computers  i n  a n a l y t i c a l  l a b o r a t o r i e s  h a s  

evolved from d a t a  p r o c e s s i n g  t o  t h e  a c t u a l  c o l l e c t i o n  and 

s t o r a g e  o f  d a t a  from a wide spect rum o f  i n s t r u m e n t s .  

Computers have enab led  t h e  a n a l y t i c a l  chemis t  t o  perform - - 

many t a s k s  which would have been i m p o s s i b l e  a few y e a r s  ago. 

The w i d e s t  u s e  of  compu'ceriza-Lion i n  t h e  l a b o r a t o r y  h a s  been  

f o u r i e r  t r a n s f o r m  s p e c t r o s c o p y .  Computers a r e  becoming - - 
i m p o r t a n t  i n  e l e c t r o c h e m i s t r y  by  e n a b l i n g  t h e  r e s e a r c h e r  t o  

b o t h  moni to r  and c o n t r o l  exper imen t s  such as l i n e a r  sweep, 

c y c l i c ,  normal p u l s e ,  and d i f f e r e n t i a l  p u l s e  v o l t a u u e t r y .  

Computers have a l s o  f r e e d  t h e  a n a l y t i c a l  c h e m i s t  f rom many 

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

The p r o l i f e r a t i o n  of  computers  i n  t h e  l a b ,  w h i l e  making 

many t a s k s  s i m p l e r ,  has a l s o  add-ed a new dimension t o  t h e  



t r a i n i n g  and f u n c t i o n i n g  o f  t h e  a n a l y t i c a l  chemis t .  J u s t  a 

l o o k  i n s i d e  t h e  door o f  a modern a n a l y t i c a l  l a b  shoul-d 

convince  anyone t h a t  t h e  need f o r  computer l i t e r a c y  and a n  

u n d e r s t a n d i n g  o f  coinputer hardware i s  a 1nus-l; f o r  t h e  

complete  knowledge o f  modern a n a l y s i s  t e c h n i q u e s .  

The a , v a i l a b i l i t y  o f  computer sys tems f o r  t h e  l a b o r a t o r y  

h a s  improved i n  r e c e n t  y e a r s .  Nany f i n e  sys tems  a r e  now 

a v a i l a b l e  f o r  r o u t i n e  a n a l y s i s .  The i n s t r u m e n t s  i i ldus- try is 

c o n s t a n J ~ l y  making t h e  sys tems  e a s i e r  t o  u s e .  T h i s  

improvement th roughou t  t h e  i n d u s t r y  i s  t a k i n g  p l a c e  s o  

r a p i d l y  t h a t  i t  i s  d i f f i c u l t  f o r  t h e  a n a l y t i c a l  chemis t  t o  

make i n t e l l i g e n t  s e l e c t i o n s  as t o  t h e  i n s t r u m e n t s  f o r  h i s  o r  

h e r  own needs .  Although t h e  i n d u s t r y  i s  r a p i d l y  changing 

and growing, c o s t  an.d a . v a i l a b i l i t y  of  equipment t o  meet t h e  

e x a c t  needs  o f  t h e  r e s e a r c h e r  s t i l l  remain as p r o h i b i t i v e  

f a c t o r s  f o r  many l a b o r a t o r i e s .  

I n  t h e  r e s e a r c h  l a b  t o d a y  a n a l y t i c a l  c h e m i s t s  inust be -- 

a b l e  t o  choose a sys tem and be  a b l e  t o  a d a p t  it t o  t h e i r  

needs .  To be a b l e  t o  a d a p t  a system t o  t h e  needs  o f  a 

r e s e a r c h  l a b  r e q u i r e s  t h e  u n d e r s t a n d i n g  of  b o t h  t h e  - - 
e x p e r i m e n t a t  i o n  t e c h n i q u e s  and a n  u n d e r s t a n d i n g  o f  t h e  

computer i t s e l f .  

To c o m p l e t e l y  u n d e r s t a n d  a computer sys tem,  a working 

knowledge o f  b a s i c  e l e c t r o n i c s ,  computer hardware and 

computer l o g i c  i s  n e c e s s a r y .  A working knowledge o f  t h e s e  - 

wil-1- e n a b l e  t h e  r e s e a r c h e r  t o  u n d e r s t a n d  t h e  q u a l i t i e s ,  both  



good and bad,  o f  t h e  d a t a  c o l l e c t e d .  Chemists  w i t h  t h e  

a b i l i t y  t o  change o r  a d a p t  computer sys tems have t h e  

advantage  o f  b e i n g  a b l e  t o  improve t h e  q u a l i t y  o f  t h e i r  

work. 



E l e c t r i c a l  i n f o r m a t i o n  -- .------ 

The i n f o r m a t i o n  obt

a

ined i n  e l e c t r o c h e m i c a l  a n a l y s i s  i s  

o b t a i n e d  as a g roup  of p a r t i c u l a r  e l e c t r i c a l  s i g n a l s .  These 

s i g n a l s  c o n s i s t  of t h r e e  d i f f e r e n t  d a t a  domains: ana log ,  

t ime ,  aiid d i g i t a l . '  The raw e l e c t r i c a l  s i g n a l s  must t h e n  

be conver t ed  i n t o  i n f o r m a t i o n  by a n a l y s i s  of  t h e i r  

e l e c t r i c a l  p r o p e r t i e s :  c h a r g e ,  c u r r e n t ,  v o l t a g e ,  and power. 

Data from a n a l o g  domains a r e  o b t a i n e d  as t h e  magnitude 

of cha rge ,  c u r r e n t ,  v o l t a g e ,  and power i n  t h e  e l e c t r i c a l  

s i g n a l .  I n p u t  and o u t p u t  t r a n s d u c e r s  a r e  u s u a l l y  used  t o  

c o n t r o l  and measure t h e s e  a n a l o g  s i g n a l s .  I n p u t  t r a n s d u c e r s  

c o n v e r t  n o n e l e c t r i c a l  ene rgy  i n t o  e l e c t r i c a l  energy.  An 

example of a n  i n p u t  t r a n s d u c e r  i s  a thermocouple d e v i c e .  

Output t r a n s d u c e r s  c o n v e r t  e l e c t r i c a l  ene rgy  i n t o  a n o t h e r  
-- 

form of  ene rgy ,  u s u a l l y  p h y s i c a l ,  such as i n  a d i a l  on a pH 

o r  v o l t m e t e r .  

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

a n a l y s i s  b u t  t h e y  a r e  s u s c e p t i b l e  t o  n o i s e  and ineas-ureaents 

nade from a n a l o g  s i g n a l s  c o n s i s t  of  both  t h e  s i g n a l  and t h e  

n o i s e .  Data which a r e  i n  d i g i t a l  or  t ime domains a r e  more 

1 a c c u r a t e  as t h e y  a r e  l e s s  a f f e c t e d  by n o i s e  . 
Data i n  t h e  t ime  domain c o n s i s t  o f  l o g i c- l e v e l  s i g n a l s .  

- 
E l e c t r i c a , l  s i g n a l s  c o n s i s t  o f  a h igh  o r  low l o g i c ,  t h e  d a t a  

a r e  made u p  o f  t h e  t ime  between s u c c e s s i v e  h i g h  and low 
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s i g n a l s ,  a p e r i o d ,  o r  t h e  t ime  between low-high and high- low 

s i g n a l s ,  a ~ u l s e  wid th ,  o r  t h e  number of high- low 

t r a n s i t i o n s  t h a t  occur  i n  a u n i t  of  t ime ,  f r equency .  

I n  t h e  d i g i t a l  domain, d a t a  e x i s t  a l s o  as high- low 

l o g i c ,  b u t  d a t a  a r e  r e p r e s e n t e d  as a combinat ion  o f  h i g h  and 

low s i g n a l s .  which a r e  encoded t o  r e p r e s e n t  a c e r t a i n  d i g i t  

o r  symbol. D i g i t a l  d.omain da.ta a r e  t h e  d a t a  which i s  used  

i n  modern e l e c t r i c a l  l o g i c  c i r c u i t s .  

D i g i t a l  d a t a  do n o t  need any f u r t h e r  changes  o r  

t r a n s f o r m a t i o n s  i n  o r d e r  t o  r e n d e r  numer ica l  i n f o r m a t i o n ,  

t h e  s i g n a l  o n l y  needs  t o  -be decoded. Data from t h e  a n a l o g  

and t ime domains must be t r ans fo rmed  i n t o  d i g i t a l  d a t a  i n  

o r d e r  t o  make u s e  o f  modern e l e c t r o n i c  l o g i c  c i r c u i t r y .  

D i g i t a l  s i g n a l s  can  be encoded i n  one channe l  o r  i n  a 

s e r i e s  o f  p a r a l l e l  s i g n a l s .  'Data represente

d

.  i n  a s i n g l e  

channe l  ( s e r i a l )  a r e  encoded as a number of p u l s e s  ( c o u n t  

waveform). Th i s  t y p e  o f  i n f o r m a t i o n  i s  l e s s  e f f i c i e n - i -  tharl - 

t h e  d a t a  r e p r e s e n t e d  as a p a r a l l e l  s e r i e s  of s i g n a l s .  

The most e f f i c i e n t  form o f  p a r a l l e l  d i g i t a l  s i g n a l s  i s  

1 known as t h e  binary- coded s e r i a l  s i g n a l  . I n  binary- coded 
- - 

d a t a  each  p u l s e  i n  a s e r i e s  r e p r e s e n t s  a b i n a r y  d i g i t  ( b i t ) .  

The r e s o l u t i o n  ach ieved  w i t h  t h i s  type  of d a t a  i s  v e r y  h igh .  

I n  a b i n a r y  coded s i g n a l  a s e r i e s  o f  1 6  p u l s e  t i m e s  would 

have a r e s o l u t i o n  of one p a r t  i n  216 o r  one p a r t  i n  

6 . 5 5 3 6 ~ 1  04. 
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RIIIARY NUMBERS 

I n  a b ina ry  number system, a combination of ones and 

zeroes  r ep re sen t  i n t e g e r  numbers. In our decimal system of 

numbering, each d i g i t  i s  given a value equal  t o  a power of 

t e n .  I n  t h e  b ina ry  number system each d i g i t  i s  g iven  a 

va lue  equal  t o  a power of two. The f a r t h e s t  number t o  t h e  

r i g h t  i n  a decimal system i s  c a l l e d  t h e  l e a s t  s i g n i f i c a n t  

d i g i t  and t h e  f a r t h e s t  d . ig i t  t o  t h e  r i g h t  i n  a b ina ry  system 

i s  c a l l e d  t h e  l e a s t  s i g n i f i c a n t  b i t  (LSB). An example of 

t h e  b inary  number system is  l i s t e d  i n  t a b l e  1 .  

Negative numbers a r e  u s u a l l y  represen ted  by two ' s  

complement n o t a t i o n  i n  which a l l  1 's  a r e  changed t o  zero  and 

a l l  0 ' s  t o  ones and t h e n  t h e  r e s u l t  i s  incrernented by one. 

For example: -r !  = 1100. 



TABLE 1 

Binary Decimal 

0 0 0 0  0  

0 0 0 1  1 



LOGIC CIRCUITS 

I n  1854 George Boole szrrote "An i n v e s t i g a t i o n  of  t h e  

Laws o f  Thought on Which Are Pounded t h e  Mathmat ica l  

2 T h e o r i e s  o f  Logic and P r o b a b i l i t i e ~ ~ ~  . I n  t h i s  work he 

i n t r o d u c e d  t h e  i d e a  o f  t w o- s t a t e  l o g i c ,  which i s  t h e  basis 

o f  modern e l e c t r o n i c  l o g i c  c i r c u i t r y .  The l o g i c  behind  t h i s  

c i r c u i t r y  i s  known as BOOLEAN ALGEBRA and a n  u n d e r s t a n d i n g  

of  Boolean Algebra  i s  e s s i e n t i a l  i n  u n d e r s t a n d i n g  modern 

i n s t r u m e n t s  i n  t h e  a n a l y t i c a l  l a b o r a t o r y .  

Logic c i r c u i t r y  i s  composed. o f  "ga tes1 ' ,  known as l o g i c  

g a t e s ,  which a r e  t h e  b a s i s  o f  modern d i g i t a l  c i r c u i t r y .  

A l l  two l e v e l  l o g i c  f u n c t i o n s  a r e  combina t ions  of  t h e  - 

t h r e e  b a s i c  l o g i c  o p e r a t i o n s :  AND, OR, and INVERT. 

Combinations of t h e s e  o p e r a t i o n s  make u p  most d i g i t a l  - 

c i r c u i t r y .  I n  t h e s e  l o g i c  o p e r a t i o n s  H I  AND LO v o l t a g e s  a r e  

used t o  r e p r e s e n t  t r u e  and f a l s e  r e s p e c t i v e l y .  Boolean 

a l g e b r a  c a n  e x p r e s s  and m a n i p u l a t e  t h e  combina t ions  of  t h e s e  
- - 

l o g i c  f u n c t i o n s .  

Some o f  t h e  main l o g i c  g a t e s  a r e  l i s t e d  i n  t a b l e  2'. 



L O G I C  GATE 

AND PUNCTIOJT 

T a b l e  2 

L O G I C  G A T E S  

TKUTIl T A B L E  

C=A*B 

C A B  

NAND F U N C T I O N  

NOR F U N C T I O N  

0 0 0  

0 0 1  

0 1 0  

1 1 1  

C=A+B 

C A B  

0 0 0  

1 0 1  

1 1 0  

1 1  1 

C=FB 
C A B  



I n  r e c e n t  y e a r s  t h e  t echno logy  behind mini-and 

microcomputers h a s  grown s o  r a p i d l y  t h a t  t h e  advan tages  of 

microcomputers  compared t o  mainframes h a s  e c l i p s e d  t h e  

d i s a d v a n t a g e s .  "In f a c t ,  i n  t e c h n i c a l  t e r m s  t h e r e  r e a l l y  

a r e  no more p r a c t i c a l  b o u n d a r i e s  between microcomputers ,  

minicomputers ,  and mainframes . t t 4  I n  t h e  p a s t ,  mainframes 

had a l a r g e  advantage  i n  t h e  a r e a  of  s t o r a g e  and programming 

c a p a b i l i t i e s  which a r e  i m p o r t a n t  f o r  u s e  i n  o b t a i n i n g  and 

p r o c e s s i n g  e l e c t r o c h e m i c a l  i n f o r m a t i o n .  Today inexpens ive  

microcomputers  a r e  a v a i l i b l e  w i t h  s u f f i c i e n t  memory and 

programming c a p a b i l i t i e s  f o r  u s e  i n  e l e c t r o c h e m i c a l  work, 

which g i v e s  microcomputers  an  advantage over  mainframes i n  

t e rms  of  s i z e  and c o s t .  

F lec t rochern ica l  d a t a ,  which a r e  a n a l o g  d a t a ,  c a n  be 

t r ans fo rmed  i n t o  d i g i t a l  d a t a  and p rocessed  by a 

microcomputer.  The d a t a  a r e  t r ans fo rmed  by a n  

a n a l o g- t o- d i g i t a l  c o n v e r t e r  and t r a n s f e r r e d  th rough  

inpu t- ou tpu t  u n i t s  (110) i n t o  t h e  computer.  The d a t a  t h e n  - - 

go t o  a C e n t r a l  P r o c e s s i n g  U n i t  ( C P U )  and a r e  t r ans fo rmed  

th rough  a program i n t o  f i l e s ,  g r a p h i c a l  a n a l y s e s ,  o r  o t h e r  

u s e f u l  forms.  5 

The t r a n s f e r  o f  d a t a  as d e s c r i b e d  above i s  c a r r i e d  o u t  

i n  r e sponse  t o  a s e t  of i n s t r u c t i o n s  which a r e  l o g i c a l l y  

i n t e r p r e t e d  and c a r r i e d  o u t  by t h e  CPU.  The CPU i s  t h e  main 



1 1  

p a r t  of a. microcomputer.  The i n t e g r a t e d  c i r c u i t  (L/c) which 

makes up t h e  CPU i s  known as t h e  mic roprocessor .  

The t r a n s f e r  o f  d a t a  t a k e s  p l a c e  a l o n g  a d a t a  bus,  

which de te rmines  t h e  l e n g t h  of t h e  microcomputers  word. 

Data b u s e s  i n  t h e  p a s t  were 4 b i t s  o r  8 b i t s  wide. 

Recen t ly ,  advanced c i r c u i t  t echno logy  h a s  provided 

m i c r o p r o c e s s o r s  w i t h  16 b i t  d a t a  b u s e s ,  and a 32 b i t  d a t a  

bus i s  coming i n  t h e  n e a r  f u t u r e .  The i n c r e a s e  i n  t h e  s i z e  

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

t h e  computer.  An 8 b i t  word l e n g t h  h a s  a r e s o l u t i o n  o f  1 

p a r t  i n  28, w h i l e  a 16 b i t  word l e n g t h  h a s  a r e s o l u t i o n  of 

1 p a r t  i n  216 and a 3 2  b i t  word l e n g t h  h a s  a r e s o l u t i o n  of  

I p a r t  i n  zY2! 
The CPTT s e n d s  d a t a  t o  t h e  a p p r o p i a t e  memory l o c a t i o n  o r  

d e v i c e  by u s i n g  an  a d d r e s s  code.  Each memory l o c a t i o n  i n  a - 

computer and e v e r y  i n t e r f a c e d  d e v i c e  ru'ust have i t s  own 

s p e c i f i c  a d d r e s s .  Address ing  t a k e s  p l a c e  a l o n g  t h e  a d d r e s s  - 

bus .  The s i z e  o f  t h e  a d d r e s s  b u s  d e t e r m i n e s  t h e  number o f  

a d d r e s s  cod.es a v a i l b l e  t o  t h e  mic roprocessor .  A 1 6- b i t  

a d d r e s s  bus  would have 216 p o s s i b l e  a d d r e s s  codes .  - - 
The CPU s e n d s  d a t a  t o  t h e  a p p r o p r i a t e  memory l o c a - t i o n  

o r  d e v i c e  by u s i n g  an a d d r e s s  code.  Each rn-emory l o c a t i o n  i n  

a computer,  and e v e r y  i n t e r f a c e d  d e v i c e ,  must have i t s  own 

s p e c i f i c  a d d r e s s .  Address ing  t a k e s  p l a c e  a l o n g  t h e  a d d r e s s  

bus.  The s i z e  o f  t h e  a d d r e s s  b u s  d e t e r m i n e s  t h e  number o f  

a d d r e s s  codes  a v a i l i b l e  t o  t h e  mic roprocessor .  A 16 --bi t  



address  bus would have 216 o r  65536 p o s s i b l e  address  

codes.  

The speed. of a microconiputer i s  determined by i t s  

c lock .  The CPU sequences i t s  ope ra t i ons  by t h e  c l o c k ' s  

o s c i l l a t i o n s .  The f a s t e r  t h e  cloclr, t h e  f a , s t e r  t h e  CPU. 

The CPU i s  made up of r e g i s t e r s .  A r e g i s t e r  i s  a s e t  

of l a t c h e s  which can  hold  one word. For example, an  & b i t  

r e g i s t e r  i s  made up of 8 l a t c h e s .  The primary r e g i s t e r s  i n  

a CPU a,re l o c a t e d  i n  t h e  ALU ( a r i t h m e t i c  o r  l o g i c  u n i t ) .  

There a r e  a,lso general- purpose and indexing r e g i s t e r s  wi thin  

a CPIJ. These r e g i s t e r s  can ho ld  an  add re s s  o r  a n  

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

A microcomputerls  memory s i z e  a l s o  i s  a f a c t o r  i n  

determining i t s  u t i l i t y  i n  t h e  l abo ra to ry .  Memory devices  

a r e  made up  of s t o r a g e  c e l l s  which can  ho ld  one b i t  of 

informat ion.  This memory i s  divided i n t o  two types :  Head 

Only Memory (ROM) and Random Access Memory (RAM, or  - - 

read-write memory). RAM memory can be changed by t h e  CPU 

and RON memory i s  permanent and cannot be changed by t h e  

CPU. One type of RON i s  e r a s a b l e  p rog ramab le  read only - - 
memory (EPROM) which can be e r a sed  and changed. 

RAM memory i s  made up of Flip-Flop type c i r c u i t r y .  The 

s imp le s t  Fl ip- Plops  have two i n p u t s  and one ou tpu t .  One 

inpu t  is  a c lock  i n p ~ t  and t h e  o the r  a d a t a  i n p u t .  The d a t a  

i n p u t  nay change s t a t e s  (HI-LO), however t h e  ou tpu t  w i l l  

remember t h e  last data. i npu t  u n t i l  a t r a n s i t i o n  i n  t h e  c lock  
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i n p u t  occurs .  Th i s  c i r c u i t r y  a l l o w s  f o r  memory and a l s o  a 

change of memory. 

RON memory i s  made u p  o f  c i r c u i t r y  t h a t  h a s  i n p u t s  and 

o u t p u t s  w i t h  no c l o c k  i n p u t  and permanent memory. R O M ' s  

come i n  v a r i o u s  s i z e s .  A common PLOP1 h a s  10 a d d r e s s  i n p u t s  

and 8 d a t a  o u t p u t s .  This  g i v e s  t h e  RON 2'' o r  1024 memory 

l o c a t i o n s  8 b i t s  i n  l e n g t h .  E i g h t  b i t s  i s  known as one b y t e  

and 1024 i s  known as 1 K. Th i s  t y p e  of  ROT4 jiwould be a 1 

KByte memory c h i p .  

I n  o r d e r  t o  u t i l i z e  a m i c r o p r o c e s s o r  i n  a l a b o r a t o r y ,  

i t  mu-st have ~ n p u t / ~ u t p u t  ( I / o )  c a p a b i l i t i e s .  Most 

microcomputers  have a n  inpu-t  r e g i s t e r  and a n  o u t p u t  r e g i s t e r  

which a r e  connected  -to t h e  d a t a  bus .  S i n c e  t h e  CPU does 

have complete  c o n t r o l  o v e r  t h e  u t i l i z a t i o n  o f  t h e  1/0 

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

o u t s i d e  d e v i c e s :  d i s k  memory, p r i n t e r s ,  d a t a  c o n v e r t e r s ,  

e t c .  Th i s  c o m p a t a b i l i t y  i s  ach ieved  th rough  t h e  u s e  o f  -- 

f l a g s  and i n t e r r u p t s .  These f l a g s  and i n t e r r u p t s  s e t  

c e r t a i n  s t a t u s  b i t s  as h i g h  o r  low. These s t a t u s  b i t s  t e l l  

t h e  CPU th rough  a program what t o  do. - - 



Computer Languages 

A computer 's  language i s  merely an ex tens ion  of the  

l o g i c  c i r c u i t r y  w i t h i n  -the computer. Since t h e  c i r c u i t  

l o g i c  i s  a combination of 131 and LO, a rn ic roprocessor l s  

vocabulary c o n s i s t s  e n t i r e l y  of H I ' S  and LO1 s o r  1 ' s  and 

0 ' s .  The language of l ' s  and 0 ' s  i s  known as machine 

language. For t h e  l a b o r a t o r y  chemist ,  as wi th  most u s e r s ,  

machine language i s  too  d i f f i c u l t  t o  use  a s  a programming 

language. Over t h e  y e a r s  programmers as we l l  as s c i e n t i s t s  

have developed human type  languages f o r  ope ra t ing  a 

computer. 

Assembly language i s  u s u a l l y  t h e  f i r s t  language 

developed f o r  a computer system. Assembly langxage i s  a se-t 

of codes and mnemonics, which d i r e c t l y  r ep re sen t  machine 

language i n s t r u c t i o n s . 6  Assembly language ( l v ~ s s e m b l e r " )  
- 

is t r a n s l a t e d  by an assembler i n t o  t he  machine code. 

Assembler g i v e s  t h e  u s e r  comple-be c o n t r o l  over t h e  computer, 

i s  o f t e n  t ime consu-ming and confusing,  bu t  f o r  

e lect rochemical-  i n t e r f a c i n g  a knowledge of t h i s  langua@ i s  

needed. 

Programmers have developed many h igher  l e v e l  languages,  

languages which operate d i f f e r e n t l y  from t h e  raicroprocessor,  

which a r e  very  u s e f u l  i n  t h e  l a b o r a t o r y .  These languages 
- 

r e q u i r e  an ope ra t ing  system i n  order t o  func t ion .  Each of  

t h e s e  languages has  i t s  advantages and disadvantages  i n  



r e g a r d  t o  r e s e a r c h  work. 

For  u s e  i n  t h e  l a b o r a t o r y ,  a language  r e q u i r e s  many 

d i f f e r e n t  c h a r a c t e r i s t i c s .  Sone of t h e s e  c h a r a c t e r i s t i c s  

a r e  l i s t e d  below. 7 

TABLE 3 

LANGUAGE CHARACTERISTICS 

1 .  Mathematic and l o g i c  f u n c i o n s .  

2 .  V a r i a b l e s  and c o n s t a n t s .  

3 .  A b i l i t y  t o  d e f i n e  new o p e r a t i o n s  and commands. 

4. A s e t  of c o n d i t i o n a l s  and r e p e t i t i v e s  which a l l o w  

b r a n c h i n g  and l o o p s .  

5. Reent rancy o r  s h a r i n g  o f  r o u t i n e s  among u s e r s .  

6 .  P o i n t e r  o r  l a b e l e d  a d d r e s s i n g .  

7. User  i n t e r a c t i v e .  

8. Large s t o r a g e  and a r r a y  c a p a b i l i t i e s .  
- 

9. Immediate u s e  of  t h e  p r imary  f u n c t i o n s ,  such  as +,-. 
10. The l anguage  shou ld  a l s o  a l l o w  m u l t i t a s k i n g  ( t h e  

a b i l i t y  t o  c a r r y  o u t  more t h a n  one o p e r a t i o n  a t  

a time-. i .e ., c o n t r o l  d a t a  and a c q u i s i t i o n  of-211 

e l e c t r o c h e m i c a l  exper iment  by  t h e  computer and 

v a r i o u s  i n s t r u m e n t s .  ) 

The two most common l a n g u a g e s  i n  u s e  i n  t h e  l a b o r a t o r y  
- 

a r e  BASIC and FORTRAN. These l anguages  a r e  good f o r  number 

m a n i p u l a t i o n  ( c r u n c h i n g ) ,  b u t  b o t h  a r e  l a c k i n g  i n  speed i n  



t h e  s o l v i n g  of  complex problems, and i n  i n t e r f aced-  

in.strument c o n t r o l .  

.A r e l a t i v e l y  new language,  FORTH, i s  being used. by many 

ins t rument   manufacturer^.^ FORTH meets t h e  requirements  

of a good l a b o r a t o r y  language and  it i s  r e l a t i v e l y  simple 

and extremely fas t .  

FORTH w a s  s t a r t e d  as a language t o  c o n t r o l  l a r g e  

7 t e l e scopes  . Being w r i t t e n  i n  mind as an ins t rument  

c o n t r o l l i n g  language g i v e s  FORTH an advantage i n  t h e  

e l ec t rochemica l  l a b .  



ELECTROCHEMICAL DATA U C Q U I d I T I O N  

A l l  e l e c t r o c h e m i c a l  d a t a  e x i s t  i n  t h e  a n a l o g  domain. 

I n  o r d e r  t o  be a b l e  t o  p r o c e s s  t h e s e  d a t a  t h e y  must be  

e i t h e r  r ecorded  manually and e n t e r e d  i n t o  a computer ,  o r  

t h e y  must be  conver t ed  t o  d i g i t a l  d a t a  w i t h  t h e  u s e  o f  a n  

ana log- to- dig i t a

l  

c o n v e r t e r .  An a n a l o g- t o- d i g i t a l  c o n v e r t e r  

w i l l  t a k e  a n  a n a l o g  v o l t a g e  i n p u t  and c o n v e r t  i t  i n t o  a 

p a r a l l e l  d i g i t a l  d a t a  o u t p u t ,  which can t h e n  be t r a n s f e r r e d  

t o  t h e  computer f o r  s t o r a g e  and p r o c e s s i n g .  

E l e c t r o c h e m i c a l  d a t a  a r e  i n  t h e  a n a l o g  form and s o  t h e  

i n s t r u m e n t  t h a t  c o n t r o l s  t h e  exper imen t ,  such. as a 

p o t e n t i o s t a t ,  o p e r a t e s  i n  t h e  a n a l o g  domain. I n  o r d e r  t o  

have c o n t r o l  over  t h e  exper imen t ,  a d a t a  a c q u i s i t i o n  system 

must have d i g i t a l- t o- a n a l o g  c o n v e r t e r s .  A d i g i t a l- t o- a n a l o g  

c o n v e r t e r  a c c e p t s  p a r a l l e l  d i g i t a l  data and c o n v e r t s  them 

i n t o  a n  a n a l o g  v o l t a g e  o u t p u t .  

Many d i f f e r e n t  -types o f  a n a l o g- t o- d i g i t a l  c o n v e r t e r s  

( A D C 1 s )  a r e  a v a i l i b l e  on t h e  market .  Most of  t h e s e  a r e  

e i t h e r  feedback - A D C 1  s ,  o r  i n t e g r a t i n g  t y p e  A D C 1  s. A b r z e f  

d i s c u s s i o n  o f  b o t h  t y p e s  f o l l o w s .  

Feedback A D C 1  s 

Feedback A D C 1 s  c o n s i s t  o f  a compara tor ,  a D A C ,  and 

d i g i t a l  l o g i c  When a n  a n a l o g  s i g n a l  i s  

r e c e i v e d ,  t h e  d i g i t a l  l o g i c  s i g n a l  w i l l  increment  a d i g i t a l  



i n p u t  t o  t h e  D A C  u n t i l  t h e  comparator  s e n s e s  t h a t  t h e  D A C  

o u t p u t  and t h e  a n a l o g  i n p u t  a r e  equa l .  Once t h e  two s i g n a l s  

a r e  e q u a l ,  t h e  d i g i t a l  number i n  t h e  D A C  w i l l  be  t h e  d i g i t a l  

o u t p u t  of  t h e  ADC.  

Three t y p e s  o f  f eedback  A D C 1 s  a r e  commonly used :  t h e  

ramp t y p e ,  t h e  t r a c k i n g  t y p e ,  and t h e  s u c c e s s i v e  

approximat ion  t y p e .  The ramp t y p e  s imply  s ta r t s  a t  z e r o  

v o l t s  ramps and compares i t  t o  t h e  i n p u t  u n t i l  t h e  s i g n a l s  

a r e  e q u a l .  The t r a c k i n g  t y p e  A D C  w i l l  s t a r t  l i k e  t h e  ramp 

t y p e  ADC b u t  i t  a l s o  h a s  t h e  a b i l i t y  t o  decrement t h e  

d i g i t a l  s i g n a l  s o  a more p r e c i s e  e q u a l i t y  between t h e  a n a l o g  

i n p u t  and t h e  d i g i t a l  o u t p u t  e x i s t s .  The t h i r d  t y p e  of  

feedback ADC i s  t h e  s u c c e s s i v e  approx imat ion  t y p e .  Th i s  A D C  

i s  much f a s t e r  t h a n  t h e  ramp o r  t r a c k i n g  t y p e s .  The ramp 

and t r a c k i n g  t y p e  A D C 1 s  compare by inc rement ing  t h e  l e a s t  

s i g n i f i c a n t  b i t  (LSB) u n t i l  an  e q u a l i t y  e x i s t s .  The 

s u c c e s s i v e  approx imat ion  t y p e  compares t h e  most s i g n i T i c a n t  -- 

b i t  f i r s t  and inc rement s  o r  decrements  it a c c o r d i n g l y .  The 

c o n v e r s i o n  t ime  ( T c )  f o r  t h i s  method i s  

where n  i s  t h e  number o f  b i t s  and F i s  t h e  c l o c k  
CP 

f requency .  The c o n v e r s i o n  t i m e  f o r  a ramp t y p e  ADC i s  

T i s  t h e  c l o c k  p e r i o d  ( T  = 1 / ~  ) The s u c c e s s i v e  c p  C P  CP 

approximat ion  c o n v e r s i o n  i s  e a s i l y  s e e n  t o  be much f a s t e r .  



I n t e g r a t i n g  ADC f s 

A D C fS  have been developed t h a t  g i v e  a d i g i t a l  ouput 

depending on t h e  ave rage  o r  i n t e g r a l  o f  t h e  a n a l o g  i n p u t  

over  a g i v e n  t ime  p e r i o d .  These t y p e s  of A D C ' s  w i l l  g i v e  

good r e s u l t s  even when high f r e q u e n c y  n o i s e  i n t e r f e r e s  w i t h  

t h e  a n a l o g  - input .  Two t y p e s  of  i n t e g r a t i n g  ADC f s e x i s t :  

dual- s lope  and quant ized- feedback.  

I n  t h e  dua l- s lope  t y p e  t h e  ana log  i n p u t  i s  i n t e g r a t e d  

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

i n t e g r a t o r  w i l l  o u t p u t  a l i n e a r  ramp. Then a r e v e r s e  

r e f e r e n c e  v o l t a g e  i s  a p p l i e d  t o  t h e  ramp and -tne t i m e  i t  

t a k e s  t o  go back t o  z e r o  w i l l  be p r o p o r t i o n a l  t o  t h e  a n a l o g  

i n p u t  and t h e  d i g i t a l  o u t p u t  i s  t a k e n  from t h a t  tirile o r  a 

co r respond ing  number of  c l o c k  p u l s e s .  

The q u a n t i z e d  method i s  similar  t o  t h e  dua l- s lope ,  

e x c e p t  t h a t  t h e  c o n v e r s i o n  p r o c e s s e s  occur  s i m u l t a n e o u s l y .  

The impor tance  o f  knowing t h e s e  d i f f e r e n t  t y p e s  o f  - 

c o n v e r t e r s  l i e s  i n  whether  t h e  r e s e a r c h  needs  a fast  o r  an 

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

d a t a ,  a n  a x c u r a t e  t y p e  would be t h e  p r e f e r e n c e .  I n t e g r a t i n g  - - 

c o n v e r t e r s  a r e  t h e  most a c c u r a t e ,  b u t  a l s o  t h e  s l o w e s t .  

Tracking  t y p e  c o n v e r t e r s  l a c k  t h e  accuracy  of  t h e  

i n t e g r a t i n g  c o n v e r t e r s  and t h e  speed o f  t h e  s u c c e s i v e  

approximat ion  c o n v e r t e r s ,  t h e r e f o r e  t h e y  a r e  r a r e l y  used .  

Sucess ive  approx imat ion  c o n v e r t e r s  a r e  t h e  most f r e y u e n t l y  

used  because  t h e y  a r e  a compromise o f  b o t h  speed and 



accuracy.  

Digital- to-Analog c o n v e r t e r s  e x i s t  i n  many d i f f e r e n t  

forms, however t h e  type used i s  not  as c r i t i c a l  as with 

A D C 1 s .  



P e r i p h e r a l  I n t e r f a c e  Adapter  

Once t h e  D A C 1 s  and A D C 1 s  have been s e l e c t e d ,  

communication w i t h  t h e  CPU must b e  e s t a b l i s h e d .  Th i s  i s  

done w i t h  t h e  u s e  o f  a P e r i p h e r a l  I n t e r f a c e  Adapter  ( P I R ) .  

Programmable and nonprograramable PIA1 s e x i s t .  The c h o i c e  

f o r  t h e  r e s e a r c h e r  shou ld  be t h e  programmable t y p e .  The 

programma,ble t y p e  p r o v i d e s  much more f l e x i b i l i t y  and i t  c a n  

be d i r e c t l y  add-ressed by t h e  CPU. 

PLA1s s e r v e  as t h e  i n t e r f a c e  between t h e  v a r i o u s  I / O  

d e v i c e s  ( p r i n t e r s ,  d i s k s ,  d a t a  c o n v e r t e r s ,  e t c . .  . ) and t h e  

CYU. S ince  e a c h  I / O  d e v i c e  has i t s  own a d d r e s s  t h e  PIAs 

must be programmed t o  respond t o  t h a t  p a r t i c u l a r  a d d r e s s .  

A prograrnnable PIA c a n  g e n e r a t e  i n t e r r u p t s  ( u s u a l l y  by  

s e t t i n g  a f l a g  H I  o r  L O )  which t e l l  t h e  GPU t h a t  new d a t a  a re  
- .  

ready.  The programmable PIA ca-n a l s o  be programmed t o  

p r o v i d e  "handshalring" w i t h  t h e  CPU. Handshaking o c c u r s  when 
- - 

t h e  i n t e r r u p t  f l a g  i s  s e t  and t h e  CPU comes back  and s e t s  

a n o t h e r  f l a g  ( u s u a l l y  t h e  d a t a  r e q u e s t  l i n e )  which t e l l s  t h e  

PIAwkrether o r  n o t  i t  i s  r e a d y  f o r  t h e  new d a t a .  

PIA1s cont-ain t h e i r  own r e g i s t e r s  f o r  s t o r i n g ,  - - 

a d d r e s s i n g ,  and p r o g r a m i n g .  The r e s e a r c h e r  c a n  prograjn, t h e  

PIA1s f o r  h i s  needs .  Common PIA 1s have two 8 b i t  p a r a l l e l  

p o r t s .  Each p o r t  a l s o  h a s  two c o n t r o l  l i n e s  which c a n  b e  

s e t  H I  o r  LO t o  p r o v i d e  a v a r i e t y  of  f u n c t i o n s .  The co f l t ro l  

l i n e s  c a n  b e  s e t  f o u r  d i f f e r e n t  ways t o  c o n t r o l  t h e  8 b i t  

p o r t s .  The p o r t s  can  be  s e t  as i n p u t  o r  ouput  l i n e s ,  t o  



g e n e r a t e  i n t e r r u p t s ,  o r  t o  s e r v e  as handshak ing  l i n e s  t o  t h e  

CPU. 3 

P I k l s  a r e  made t o  i n t e r f a c e  w i t h  o n l y  one 

m i c r o p r o c e s s o r  t y p e ,  s o  each  m i c r o p r o c e s s o r  m a n u f a c t u r e r  

usua l - ly  makes itts own F I B  chip.  



JUSTIFICATION 

E l e c t r o c h e m i c a l  a n a l y s i s  w i t h  t h e  a i d  of  

m i c r o p r o c e s s o r s  and minicoilzputers h a s  become coinrnonlslace i n  

t h e  l a b o r a t o r y .  I'JIost of  t h e  work done t o  d a t e  h a s  been w i t h  

8- b i t  microcomputers  o r  w i t h  minicomputers ,  u s i n g  1 2 - b i t  

a n a l o g- t o- d i g i t a l  and d i g i t a l- t o- a n a l o g  c o n v e r t e r s  ( A D C ' S ,  

D A c ' s ) .  With t h e  e l e c t r o n i c s  a v a i l a b l e  t o d a y ,  i t  i s  

p o s s i b l e  t o  g r e a t l y  improve b o t h  t h e  r e s o l u t i o n  ( t h e  

magnitude o f  t h e  s m a l l e s t  d e t e c t a b l e  v a r i a t i o n  i n  a 

q u a n t i t y )  and dynamic range  ( t h e  range o r  amount o f  change 

i n  a q u a n t i t y ,  i . e . ,  v o l t a g e )  o f  t h e s e  exper imen t s  w i t h  t h e  
- .  

u s e  o f  a 16-b i t  microcomputer and 16- bi t  kDC1s and D A C t s .  

The u s e  o f  t h e s e  c o n v e r t e r s  shou ld  p r o v i d e  a b e t t e r  
-- 

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

t h e  improvement o f  r e s o l u t i o n  and dynamic range  comes b e t t e r  

m o n i t o r i n g  and c o n t r o l l i n g  o f  e l e c t r o c h e m i c a l  
- - 

e x p e r i m e n t a t i o n .  

The speed. o f  t h e  computer sys tems i s  a n o t h e r  f a c t o r  t o  

c o n s i d e r  when improving upon e x i s t i n g  sys tems.  Computer 

speed f o r  i n p u t  and o u t p u t  (I/o) r o u t i n e s  depends upon t h e  

C e n t r a l  P r o c e s s i n g  U n i t ' s  ( C P U )  c l o c k  and t h e  computer 

language  used  t;o r u n  t h e  r o u t i n e s .  Colvbining b o t h  a fas t  

CPU c l o c k  w i t h  a low l e v e l  language  i s  t h e  b e s t  way t o  



o p t i m i z e  t h e  speed  o f  d a t a  a c q u i s i t i o n .  While some 

commercia l ly  a v a i l b l e  sys tems u s e  t h i s  combinat ion ,  t h e  

r e s e a r c h  chemis t  s h o u l d  h e  aware o f  which do and which do 

n o t  and t h e  l i m i t a t i o n s  imposed. 

A compute r ' s  memory i s  a l s o  a n o t h e r  f a c t o r  t h e  

r e s e a r c h e r  must t a k e  i n t o  c o n s i d e r a t i o n  when d e s i g n i n g  o r  

a d a p t i n g  a sys tem -to h i s  use .  While d a t a  c a n  b e  s t o r e d  on 

d i s k  o r  t a p e  sys tems ,  d a t a  t a k e n  d u r i n g  an  exper iment  a r e  

much more e f f i c i e n t l y  s t o r e d  i n  a c o n p u - t e r l s  on board  random 

a c c e s s  memory ( R A M ) .  A system w i t h  a l a r g e  RAM w i l l  a l l o w  

t h e  r e s e a r c h e r  t o  s t o r e  t h e  d a t a  quiCKly and e f f i c i e n t l y  

d u r i n g  t h e  exper iment  and d a t a  t r a n s f e r  can  be made t o  d i s k  

o r  t a p e  ; t o r a g e  a f t e r  t h e  r u n  o f  t h e  exper imen t .  

Corr ) u t e r  sys tems must a l s o  be f l e x i b l e .  Many 

commercial ly des igned  computer sys tems f o r  t h e  l a b o r a t o r y  

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

cornmercia,lly s u p p l i e d  computer i s  o n l y  c a p a b l e  o f  r u n n i n g  - 

one i n s t r u m e n t  o r  pe r fo rming  one f u n c t i o n  i n  t h e  l a b .  $or 

t h e  resea , rcher  t h i s  c a n  l e a d  t o  problems,  e s p e c i a l l y  when 

t h e  t o t a l  needs  and demands of  a computer system canno t  be  - - 
determined i n  advance.  

I n  summary, a good computer system f o r  t h e  r e s e a r c h e r  

shou ld  have good i n t e r f a c i n g  c a p a b i l i t i e s ,  h i g h  r e s o l u t i o n ,  

and a l a r g e  dynamic range .  It shou ld  b e  f a s t ,  w i t h  a l a r g e  

riernory s i z e ,  and des igned w i t h  f l e x i b i l i t y  i n  mind. 



CHAPTER 2 

STATEKENT OF PROBLEM 

Purpose 

The purpose o f  t h i s  work i s  t o  d e s i g n  and b u i l d  16- bi t  

ana log- t  o - d i g i t a l  and d i g i  t a l- to- ana log  c o n v e r t e r  sys tems  

and i n t e r f a c e  them w i t h  a. s 'cate-of-the-ar-t Motorola  68000 

c e n t r a l  p r o c e s s i n g  u n i t .  The Motorola  68000 CPU i s  u s e d  on 

a computer system des igned  by EMS ( ~ d u c a ~ t i o n a l  Micro 

Sys tems) .  The A D C v  s and D A C 1 s  would t h e n  a l l o w  m o n i t o r i n g  

o f  e l e c t r o c h e n i c a l  r e a c t i o n s ,  w i t h  complete  c o n t r o l  by t h e  

computer.  Developing progralils t o  moni tor  and c o n t r o l  a n  

e l e c t r o c h e m i c a l  exper iment  ( p u l s e  po la rography ,  c y c l i c  

vol tammetry,  e t c . )  and t o  p r o c e s s  d a t a  i s  a l s o  a p a r t  o f  - 

t h i s  work. 

R a t  i o n a l e  - - 

The need f o r  t h e  enhancement o f  e l e c t r o c h e m i c a l  d a t a  i s  

evid .ent  (For  example: t o  b e -t t e r  c o n t r o l  p o l a r i g r a p h i c  

exper imen t s  ) . With c o n v e n t i o n a l  8- b i t  A D C '  s and D A C 1  s 

b o t h t h e  u s e  o f  1 6- b i t  A D C 1 s  and D A C 1 s  a v e r y  g r e a t  

enhancement of r e s o l u t i o n  and d;pnamic range  i s  r e a l i z e d .  

The need f o r  a f l e x i b l e  and e a s i l y  a d a p t a b l e  computer 

system i n  t h e  l a b ,  w i t h  s tate-of--Lhe-art  f u n c t i o n i n g ,  i s  
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always i n  demand. With t h i s  system a v a i l i b l e  i n  t h e  l a b ,  

many future u s e s  may be r e a l i z e d .  



DATA ACQUISITION SYSTEM 

Computer System 

The computer sys tem u s e d  f o r  t h i s  work i s  t h e  M68X 

S i n g l e  Boasd Computer from E d u c a t i o n a l  ~ ~ i c ~ o c o m p u t e r  

Systems. Thi-s sys tem comes as a k i t  wh.ich w a s  assembled  as 

p a r t  o f  t h i s  work. The M68K i s  based  on t h e  Motorola  66000 

m i c r o p r o c e s s o r .  The M68K h a s  s e v e r a l  expans ion  

c a p a b i l i t i e s ;  some o f  t h e s e  a r e  a l s o  used i n  t h i s  work. 

The M68K1s t i m i n g  i s  b a s e d  on -tile AM9513 Systein Timing 

C o n t r o l l e r .  T h i s  i s  a s u p p o r t  dev ice  t h a t  p r o v i d e s  t h e  

c a p a b i l i t y  f o r  programmable f r e q u e n c y  s y n t h e s i s ,  high 

r e s o l u t i o n  programmable d u t y  c y c l e  waveforms, r e t r i g g e r a b l e  

d i g i t a l  t i m i n g  f u n c t i o n s ,  t ime-of-day c l o c k i n g ,  c o i n i c i d e n c e  

alarms, complex p u l s e  g e n e r a t i o n ,  h i g h  r e s o l u t i o n  baud r a t e  

g e n e r a t i o n ,  f r e q u e n c y  shift k e y i n g ,  s t o p  watch t i m i n g ,  e v e n t  

coun t  accumulation, and iiaveform a n a l y s i s  .' The Am9513 

h a s  a v a r i e t y  o f  programmable o p e r a t i n g  modes which a l l o w  i t  

t o  b e  p e r s o n a l i z e d  f o r  s p e c i f i c  u s e s  and t o  dynamical ly  
- - 

cha.nge i t s  f

u

n c t i o n s  d u r i n g  a prograai r u n .  

The M68K a l s o  h a s  a ~ ~ ~ e m o r y / ~ e v i c e  Expansion I n t e r f a c e  

which a l l o w s  1 2 8 / 6 8 0 ~  memory expans ion  and i n t e r f a c e  t o  d a t a  

a c q u i s t i o n  sys tems  such as: d i s k  s t o r a g e ,  A D C 1 s  and D A C 1 s .  

T h i s  expans ion  i n t e r f a c e  w i l l  b e  used  f o r  t h e  d a t a  

a .cquis t ion  s y s t e n .  



The l!!icroprocessor 

The Motorola  68000 i s  a 16-b i t  e x t e r n a l  32- bi t  i n t e r n a l  

mic roprocess ing  u n i t .  The d a t a  systern b u s  i s  16 b i t s  wide 

and a l l  r e g i s t e r s  i n  t h e  T+T68000 a r e  32 b i t s  wide. The 

IT68000 i s  somtirnes c a l l e d  a 16/72-bi t  m i c r o p r o c e s s o r .  

The memory o r g a n i z a t i o n  o f  t h e  1468000 i s  v e r y  l a r g e  and 

can  a d d r e s s  224 (16 ,777 ,216)  b y t e s  i n  a l i n e a r  sequence.  

A word (16 b i t s )  c a n  b e  o b t a i n e d  i n  one a c c e s s  and a l o n g  

word (32 b i t s )  t a k e s  two a c c e s s e s .  

The i n s t r u c t i o n  s e t  o f  t h e  IT68000 i s  made u p  o f  56 

b a s i c  commands which have numerous v a r i a t i o n s .  One o f  t h e  

most v e r s a t i l e  i n s t r u c t i o n s  f o r  d a t a  a c q u i s t i o n  i s  t h e  MOVE 

i n s t r u c t i o n .  Th i s  i n s t r u c t i o n  i s  c a p a b l e  of moving d a t a  

from any memory o r  r e g i s t e r  t o  a n y  o t h e r  memory o r  r e g i s t e r  

and o f  moving d a t a  anywhere e l s e .  

The p168000 h a s  e i g h t e e n  3 2 - b i t  r e g i s t e r s  ( 8  d a t a ,  9 

a d d r e s s ,  and 1 program c o u n t e r ) ,  which a l l o w  f o r  a v a s t  -- 

amount o f  d a t a  m a n i p u l a t  ion .  

I n  o r d e r  t o  a l l o w  f o r  smooth e f f i c i e n t  d a t a  a c q u i s i t o n ,  

t h e  11-168000 h a s  s e v e n  d i f f e r e n t  i n t e r r u p t  l e v e l s ,  a l l  of -which 

can  be programmed f o r  v a r i o u s  u s e s .  10 
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ABSTR.ACT 

A srx!rxslv BIT 

DATA ACQUISITION SYSTEM 

FOR ELECTROCI-1:E;MI CAL JNSTKUl~'iEN!i!ATION 

Bruce R .  Ra:in 

l'4aster o f  S c i e n c e  

Youngstown S t a t e  I J n i v e r s i t y ,  1 985 

The p r e p a r a t i o n  of  a s i x t e e n  b i t  d a t a  a c c l u i s i t i o n  

system i s  d e s c r i b e d .  Inc luded  i s  a b r i e f  i n t r o d u c t i o n  t o  

computers ,  computer l anguages  and t h e i r  u s e s  i n  a n a l y t i c a l  

c h e m i s t r y ,  e s p e c i a l l y  e l e c t r o c h e m i s t r y .  The d e s i g n  and 

c o n s t r u c t i o n  of  c i r c u i t  b o a r d s  i s  inc luded .  A sample 

prograril f o r  data a c q u i s i t i o n  i s  a l s o  p r e s e n t e d .  
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CHAPTER 1 

II'TTRODUCTION 

In t h e  p a s t  few y e a r s  t h e  growth of mini- or-micro-  

computer u s e  i n  t h e  l a b o r a t o r y  h a s  p r o g r e s s e d  r a p i d l y .  The 

development  and improvement of  t h e  c ornputer i n d u s t r y  h a s  

a l s o  t a k e n  p l a c e  v e r y  r a p i d l y  and t h e  implementa t ion  of 

l a b o r a t o r y  computer sys tems  h a s  been  c o n s i s t e n t l y  growing as 

w e l l .  

Ths u s e  of  computers  i n  a n a l y t i c a l  laloora'cories h a s  

evolved from d a t a  p r o c e s s i n g  t o  t h e  a c t u a l  c o l l e c t i o n  and 

s t o r a g e  o f  d a t a  from a wide spect rum o f  i n s t r u m e n t s .  
-- 

Computers have enab led  t h e  a n a l y t i c a l  chemis t  t o  perform 

many t a s k s  which would have been i m p o s s i b l e  a few y e a r s  ago. 

The w i d e s t  u s e  of  computer iza- t ion  i n  t h e  l a b o r a t o r y  h a s  been  

f o u r i e r  t r a n s f  o ~ m  s p e c t r o s c o p y .  Computers a r e  becoming- 

i m p o r t a n t  i n  e l e c t r o c 2 ~ . e m i s t r y  by e n a b l i n g  t h e  r e s e a r c h e r  t o  

b o t h  moni to r  and c o n t r o l  exper imen t s  such as l i n e a r  sweep, 

c y c l i c ,  normal p u l s e ,  and d i f f e r e n t i a l  p u l s e  vo l t amue t ry .  

Computers have a l s o  f r e e d  t h e  a n a l y t i c a l  chemis t  f rom nany 

d i f f e r e n t  a n a l y s e s  which were s o  time-consuming i n  t h e  p a s t .  - 

The p r o l i f e r a t i o n  of  computers  i n  t h e  l a b ,  w h i l e  making 

many t a s k s  s i m p l e r ,  h a s  a l s o  added a new dimension t o  t h e  
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t r a i n i n g  and f u n c t i o n i n g  o f  t h e  a n a l y t i c a l  chemis t .  J u s t  a 

l o o k  i n s i d e  t h e  door o f  a modern a n a l y t i c a l  l a b  shou ld  

conv ince  anyone t h a t  t h e  need f o r  computer l i t e r a c y  and a n  

u n d e r s t a n d i n g  o f  computer hardware i s  a must f o r  t h e  

complete  knowledge o f  modern a n a l y s i s  t e c h n i q u e s .  

The a , v a i l a b i l i t g  o f  computer sys tems f o r  t h e  l a b o r a t o r y  

h a s  improved i n  r e c e n t  y e a r s .  Many f i n e  systerns a r e  now 

a v a i l a b l e  f o r  r o u t i n e  a n a l y s i s .  The i n s t r u m e n t s  i n d u s t r y  is 

constanJ61y making t h e  sys tems  e a s i e r  t o  u s e .  T h i s  

improvement th roughou t  t h e  i n d u s t r y  i s  t a k i n g  p l a c e  s o  

r a p i d l y  t h a t  i t  i s  d i f f i c u l t  f o r  t h e  a n a l y t i c a l  chemis t  t o  ' 

make i n t e l l i g e n t  s e l e c t i o n s  as t o  t h e  i n s t r u m e n t s  f o r  h i s  o r  

h e r  ow11 needs .  Although t h e  i n d u s t r y  i s  r a p i d l y  changing 

and g rob~ ing ,  c o s t  and a . v a i l a b i l i t y  of  equipment t o  n e e t  t h e  

e x a c t  needs  o f  t h e  r e s e a r c h e r  s t i l l  remain as p r o h i b i t i v e  

f a c t o r s  f o r  many l a b o r a t o r i e s .  
-- 

I n  t h e  r e s e a r c h  l a b  t o d a y  a n a l y t i c a l  c h e m i s t s  must be 

a b l e  t o  choose a sys tem and be  a b l e  t o  a d a p t  i t  t o  t h e i r  

needs .  To be  a b l e  t o  a d a p t  a system t o  t h e  needs  o f  a 

r e s e a r c h  Lab r e q u i r e s  t h e  u n d e r s t a n d i n g  of  b o t h  t h e  - - 

e x p e r i m e n t a t i o n  t e c h n i q u e s  and a n  u n d e r ~  t a n d i n g  o f  t h e  

computer i t s e l f .  

To c o m p l e t e l y  u n d e r s t a n d  a computer sys tem,  a working 

knowledge of  b a s i c  e l e c t r o n i c s ,  computer hardware and 

computer l o g i c  i s  n e c e s s a r y .  A working knowledge o f  t h e s e  - 

w i l l  e n a b l e  t h e  r e s e a r c h e r  t o  u n d e r s t a n d  t h e  q u a l i t i e s ,  both  
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good and bad, of t h e  d a t a  c o l l e c t e d .  Chemists wi th  t h e  

a b i l i t y  t o  change o r  adapt  computer systems have t h e  

advantage of being a b l e  t o  improve t h e  q u a l i t y  of t h e i r  

work. 



E l e c t r i c a l  i n f o r m a t i o n  -.- -----.- 

The i n f o r m a t i o n  obt

a

ined i n  e l e c t r o c h e m i c a l  a n a l y s i s  i s  

o b t a i n e d  as a, g roup  of  p a r t i c u l a r  e l e c t r i c a l  s i g n a l s .  These 

s i g n a l s  c o n s i s t  of t h r e e  d i f f e r e n t  d a t a  domains: ana log ,  

t ime ,  and d i g i t a l . '  The raw e l e c t r i c a l  s i g n a l s  must t h e n  

be conver t ed  i n t o  i n f o r m a t i o n  by a n a l y s i s  of  t h e i r  

e l e c t r i c a l  p r o p e r t i e s :  c h a r g e ,  c u r r e n t ,  v o l t a g e ,  and power. 

Data from a n a l o g  domains a r e  o b t a i n e d  as t h e  magnitude 

of  c h a r g e ,  c u r r e n t ,  v o l t a g e ,  and power i n  t h e  e l e c t r i c a l  

s i g n a l .  I n p u t  and o u t p u t  t r a n s d u c e r s  a r e  u s u a l l y  used  t o  

c o n t r o l  and measure t h e s e  a n a l o g  s i g n a l s .  I n p u t  t r a n s d u c e r s  

c o n v e r t  n o n e l e c t r i c a l  ene rgy  i n t o  e l e c t r i c a l  energy.  AIL 

example of an  i n p u t  t r a n s d u c e r  i s  a thermocouple d e v i c e .  

Output t r a n s d u c e r s  c o n v e r t  e l e c t r i c a l  ene rgy  i n t o  a n o t h e r  
-- 

form of  ene rgy ,  u s u a l l y  p h y s i c a l ,  such as i n  a d i a l  on a pH 

o r  v o l t m e t e r .  

Analog s i g n a l s  a r e  v e r y  u s e f u l  i n  e l e c t r o c h e m i c a l  
- - 

a n a l y s i s  b u t  t h e y  a r e  s u s c e p t i b l e  t o  n o i s e  and ineasurelnents 

made from a n a l o g  s i g n a l s  c o n s i s t  of b o t h  t h e  s i g n a l  and t h e  

n o i s e .  Data which a r e  i n  d i g i t a l  o r  t ime domains a r e  more 

1 a c c u r a t e  as t h e y  a r e  l e s s  aEfec ted  by n o i s e  . 
Data i n  t h e  t ime  domain c o n s i s t  of  l o g i c- l e v e l  s i g n a l s .  

- 

E l e c t r i c a l  s i g n a l s  c o n s i s t  o f  a h igh  o r  low l o g i c ,  t h e  d a t a  

a r e  made u p  o f  t h e  t ime  between s u c c e s s i v e  h i g h  and low 
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s i g n a l s ,  a p e r i o d ,  o r  t h e  t ime  between low-high and high- low 

s i g n a l s ,  a ~ u l s e  wid th ,  o r  t h e  number of high- low 

t r a n s i t i o n s  t h a t  occur  i n  a u n i t  of  t ime ,  f r equency .  

I n  t h e  d i g i t a l  domain, d a t a  e x i s t  a l s o  as high- low 

l o g i c ,  b u t  d a t a  a r e  r e p r e s e n t e d  a x  a combinat ion  o f  h i g n  and 

low s i g n a l s  which a r e  encoded t o  r e p r e s e n t  a c e r t a i n  d i g i t  

o r  symbol. D i g i t a l  domain d a t a  a r e  t h e  d a t a  which i s  used  

i n  modern e l e c t r i c a l  l o g i c  c i r c u i t s .  

D i g i t a l  d a t a  do n o t  need any  f u r t h e r  changes  o r  

t r a n s f o r m a t i o n s  i n  o r d e r  t o  r e n d e r  numer ica l  i n f o r m a t i o n ,  

t h e  s i g n a l  o n l y  needs  t o  be decoded. Data f r o u  t n e  a n a l o g  

and t ime  domains must be t r ans fo rmed  i n t o  d i g i t a l  d a t a  i n  

o r d e r  t o  make u s e  o f  modern e l e c t r o n i c  l o g i c  c i r c u i t r y .  

D i g i t a l  s i g n a l s  can be encoded i n  one channe l  o r  i n  a 

s e r i e s  o f  p a r a l l e l  s i - g n a l s .  nata r e p r e s e n t e d  i n  a s i n g l e  

channe l  ( s e r i a l )  a r e  encoded as a number of p u l s e s  ( c o u n t  

waveform). This  t y p e  o f  i n f o r m a t i o n  i s  l e s s  e 2 f i c i e n L  than - 

t h e  d a t a  r e p r e s e n t e d  as a p a r a l l e l  s e r i e s  of s i g n a l s .  

The most e f f i c i e n t  form o f  p a r a l l e l  d i g i t a l  s i g n a l s  i s  

kno~vn as t h e  binary- coded s e r i a l  s i g n a l  ' . I n  binary- coded - - 

d a t a  each  p u l s e  i n  a s e r i e s  r e p r e s e n t s  a b i n a r y  d i g i t  ( b i t ) .  

The r e s o l u t i o n  ach ieved  w i t h  t h i s  type  of d a t a  i s  v e r y  h igh .  

I n  a b i n a r y  coded s i g n a l  a s e r i e s  o f  1 6  p u l s e  t i m e s  would 

have a r e s o l u t i o n  of one p a r t  i n  216 o r  one p a r t  i n  

6.5536x104. 



R I  NARY NUI'4BEHS 

In  a b ina ry  number system, a combination of ones and 

zeroes  r ep re sen t  i n t e g e r  numbers. In our d-ecimal system of 

numbering, each d i g i t  i s  given a value equal  t o  a power of 

ten. I n  t h e  b ina ry  number system each d i g i t  i s  g iven  a 

va lue  equal  t o  a power of two. The f a r t h e s t  number t o  t h e  

r i g h t  i n  a decimal system i s  c a l l e d  t h e  l e a s t  s i g n i f i c a n t  

d i g i t  and the  f a r t h e s t  d i g i t  t o  t h e  r i g h t  i n  a b ina ry  system 

i s  c a l l e d  t h e  l e a s t  s i g n i f i c a n t  b i t  (LSB). An example of 

t h e  b inary  number system is  l i s t e d  i n  t a b l e  1 .  

Negative numbers a r e  u s u a l l y  represen ted  b y  two ' s  

complement n o t a t i o n  i n  which a l l  1 's  a r e  changed t o  zero  and 

a l l  0 ' s  t o  ones and t h e n  t h e  r e s u l t  i s  incremented by one. 

For example: -4. = 1100. 



TABLE 1 

B I N A R Y  NUMBER SYSTEM 

B i n a r y  . D e c i r n a l  

0 0 0 0 0 

0 0 0 1  1 



LOGIC CIRCUITS 

I n  1854 George Boole wro te  "An i n v e s t i g a t i o n  o f  t h e  

Laws o f  Thought on Which Are Founded t h e  Mathmat ica l  

2 T h e o r i e s  o f  Logic and P r o b a b i l i t i e s f1  . I n  t h i s  work he 

i n t r o d u c e d  t h e  i d e a  o f  t w o- s t a t e  l o g i c ,  which i s  t h e  basis 

o f  modern e l e c t r o n i c  l o g i c  c i r c u i t r y .  The l o g i c  behind  t h i s  

c i r c u i t r y  i s  known as BOOLEAN ALGEBRA and a n  u n d e r s t a n d i n g  

of Boolean Algebra  i s  e s s i e n t i a l  i n  u n d e r s t a n d i n g  modern 

i n s t r u m e n t s  i n  t h e  a n a l y t i c a l  l a b o r a t o r y .  

Log ic  c i r c u i t r y  i s  composed o f  f f g a t e s l l ,  known as l o g i c  

g a t e s ,  which a r e  t h e  b a s i s  o f  nodern  d i g i t a l  c i r c u i t r y .  

A l l  two l e v e l  l o g i c  f u n c t i o n s  a r e  combina t ions  of  t h e  - 

t h r e e  b a s i c  l o g i c  o p e r a t i o n s :  AND, OR, and INVBRT.  

combinat ions  of  t h e s e  o p e r a t i o n s  make u p  most d i g i t a l  - 

c i r c u i t r y .  I n  t h e s e  l o g i c  o p e r a t i o n s  H I  AND LO v o l t a g e s  a r e  

used t o  r e p r e s e n t  t r u e  and f a l s e  r e s p e c t i v e l y .  Boolean 

a l g e b r a  c a n  e x p r e s s  and m a n i p u l a t e  t h e  combina t ions  o f  t h e s e  
- - 

l o g i c  f u n c t i o n s .  
7 

Some of  t h e  main l o g i c  p a t e s  a r e  l i s t e d  i n  t a b l e  2>. 



L O G I C  GATE 

AND FUNCTIOJT 

NAND F U N C T I O N  

T a ' b l e  2 

L O G I C  G A T E S  

TKUTI-I T A B L E  

C = A S B  

C A B  

0 0 0  

C=A+B 

C A B  

C A B  

1 0 0  

0 0 1  



I n  r e c e n t  y e a r s  t h e  t echno logy  behind mini-and 

microcomputers h a s  grown s o  r a p i d l y  t h a t  t h e  advan tages  of 

microcomputers compared t o  mainframes h a s  e c l i p s e d  t h e  

d i s a d v a n t a g e s .  " I n  f a c t ,  i n  t e c h n i c a l  t e r m s  t h e r e  r e a l l y  

a r e  no more p r a c t i c a l  b o u n d a r i e s  between microcomputers ,  

minicomputers ,  and mainframes. f t 4  I n  t h e  p a s t ,  mainframes 

had a l a r g e  advantage  i n  t h e  a r e a  o f  s t o r a g e  and programming 

c a p a b i l i t i e s  which a r e  i m p o r t a n t  f o r  u s e  i n  o b t a i n i n g  and 

p r o c e s s i n g  e l e c t r o c h e m i c a l  i n f o r m a t i o n .  Today inexpens ive  

microcomputers  a r e  a v a i l i b l e  w i t h  s u f f i c i e n t  memory and 

prograrn~ning c a p a b i l i t i e s  f o r  u s e  i n  e l e c t r o c h e m i c a l  work, 

which g i v e s  microcomputers  an  a d v a n t a ~ e  over  mainframes i n  

t e rms  of  s i z e  and c o s t .  

F l e c t r o c h e m i c a l  d a t a ,  which a r e  a n a l o g  d a t a ,  c a n  be 

t r ans fo rmed  i n t o  d i g i t a l  d a t a  and p rocessed  by a 

microcomputer.  The d a t a  a r e  t r ans fo rmed  by a n  

a n a l o g- t o- d i g i t a l  c o n v e r t e r  and t r a n s f e r r e d  through 

inpu t- ou tpu t  u n i t s  (110) i n t o  t h e  computer.  The d a t a  t h e n  

go t o  a C e n t r a l  P r o c e s s i n g  U n i t  ( C P U )  and a r e  t r ans fo rmed  

th rough  a program i n t o  f i l e s ,  g r a p h i c a l  a n a l y s e s ,  o r  o t h e r  

u s e f u l  forms.  5 

The t r a n s f e r  o f  d a t a  as d e s c r i b e d  above i s  c a r r i e d  o u t  

i n  r e sponse  t o  a s e t  of ins t rucJ6 ions  which a r e  l o g i c a l l y  

i n t e r p r e t e d  and c a r r i e d  o u t  by t h e  CPU. The CPU i s  t h e  main 
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p a r t  of a microcomputer.  The i n t e g r a t e d  c i r c u i t  (L/c) which 

makes up t h e  CPU i s  known as t h e  mic roprocessor .  

The t r a n s f e r  of d a t a  t a k e s  p l a c e  a l o n g  a d a t a  bus,  

which de te rmines  t h e  l e n g t h  of t h e  microcomputers  word. 

Data b u s e s  i n  t h e  p a s t  were 4 b i t s  o r  8 b i t s  wide. 

Recen t ly ,  advanced c i r c u i t  t echno logy  h a s  p rov ided  

mic roprocessor s  wi th  16 b i - t  d a t a  b u s e s ,  and a 3 2  b i t  d a t a  

bus  i s  coming i n  t h e  n e a r  f u t u r e .  The i n c r e a s e  i n  t h e  s i z e  

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

t h e  computer. An 8 b i t  word l e n g t h  h a s  a r e s o l u t i o n  o f  1 

p a r t  i n  28 ,  w h i l e  a 16 b i t  word l e n g t h  h a s  a r e s o l u t i o n  of 

1 p a r t  i n  216 and a 32 b i t  word l e n g t h  h a s  a r e s o l u t i o n  of 

1 p a r t  i n  232! 

The CPTJ s e n d s  d a t a  t o  t h e  a p p r o p i a t e  memory l o c a t i o n  o r  

d e v i c e  by u s i n g  an  a d d r e s s  code.  Each memory l o c a t i o n  i n  a 

computer and e v e r y  i n t e r f a c e d  d e v i c e  m u s t  have i t s  own 
- 

s p e c i f i c  a d d r e s s .  Address ing  t a k e s  p l a c e  a l o n g  the  a d d r e s s  

bus .  The s i z e  o f  t h e  a d d r e s s  b u s  de te rmines  t h e  number o f  

a d d r e s s  codes  a v a i l b l e  t o  t h e  mic roprocessor .  A 16- bi t  

a d d r e s s  bus would have 216 p o s s i b l e  a d d r e s s  codes .  - - 

The CPU s e n d s  d a t a  t o  t h e  a p p r o p r i a t e  rnemory l o c a t i o n  

o r  d e v i c e  by u s i n g  an a d d r e s s  code.  Each memory l o c a t i o n  i n  

a computer,  and e v e r y  i n t e r f a c e d  d e v i c e ,  must have i t s  own 

s p e c i f i c  a d d r e s s .  Address ing  t a k e s  p l a c e  a l o n g  t h e  a d d r e s s  

bus .  The s i z e  o f  t h e  a d d r e s s  bus  d e t e r m i n e s  t h e  number o f  

a d d r e s s  codes  a v a i l i b l e  t o  t h e  mic roprocessor .  A 16 --bi t  



a d d r e s s  bus  would have 216 o r  65536 p o s s i b l e  a d d r e s s  

codes .  

The speed o f  a microcomputer i s  determined by i t s  

c l o c k .  The CPU sequences  i t s  o p e r a t i o n s  by t h e  c l o c k ' s  

o s c i l l a t i o n s .  The f a s t e r  t h e  c l o c k ,  t h e  f a s t e r  t h e  CPU. 

The C P U  i s  made u p  of  r e g i s t e r s .  A r e g i s t e r  i s  a s e t  

of l a t c h e s  which c a n  h o l d  one word. For example, a n  % b i t  

r e g i s t e r  i s  made u p ' o f  8 l a t c h e s .  The pr imary  r e g i s t e r s  i n  

a CPU a r e  l o c a t e d  i n  t h e  ALU ( a r i t h m e t i c  o r  l o g i c  u n i t ) .  

There a r e  a l s o  genera l- purpose  and i n d e x i n g  r e g i s t e r s  w i t h i n  

a CPIJ. These r e g i s t e r s  c a n  h o l d  a n  a d d r e s s  o r  a n  

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

A mic rocompute r ' s  memory s i z e  a l s o  i s  a f a c t o r  i n  

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

a r e  made u p  of  s t o r a g e  c e l l s  which c a n  h o l d  one b i t  o f  - .  

i n fo rmat ion .  T h i s  memory i s  d i v i d e d  i n t o  two t y p e s :  Read 

Only Memory (ROM) and Random Access Memory  RAM,^^ - - 

r ead- wr i t e  memory). RAT11 memory can  be  changed by t h e  CPU 

a,nd RON memory i s  permanent and canno t  be changed by  t h e  

CPU. One t y p e  o f  Rob! i s  e r a s a b l e  p r o g r a m a b l e  r e a d  on ly  - - 

memory (EPROM) which c a n  be e r a s e d  and changed. 

RAM memory i s  made up  o f  F l ip- Flop t y p e  c i r c u i t r y .  The 

s i m p l e s t  F l ip- Plops  have two i n p u t s  and one o u t p u t .  One 

i n p u t  i s  a cl-ock i n p u t  and t h e  o t h e r  a d a t a  i n p u t .  The d a t a  

i n p u t  nay  change s t a t e s  (HI-10) , however t h e  o u t p u t  w i l l  - - 

remember t h e  l as t  data, i n p u t  u n t i l  a t r a n s i t i o n  i n  t h e  c l o c k  
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i npu t  occurs .  This c i r c u i t r y -  a l lows  f o r  memory and a l s o  a 

change of memory. 

RON memory i s  rnade up of c i r c u i t r y  t h a t  h a s  i n p u t s  and 

ouJcputs with no c lock  input  and permanent memory. R O N ' S  

come i n  v a r i o u s  s i z e s .  A common R3M has  1 0  add re s s  i n p u t s  

and 8 d a t a  o u t p u t s .  This g ives  t h e  RON 2'' o r  1024 aemory- 

l o c a t i o n s  8 b i t s  i n  l eng th .  E igh t  b i t s  i s  known as one by t e  

and 1024 i s  known as 1 K. This type of ROK would be a. 1 

KByte memory ch ip .  

I n  o r d e r  t o  u t i l i z e  a microprocessor  i n  a l a b o r a t o r y ,  

i t  m u - s t  have ~ n p u t / ~ u t p u t  (1/0) c a - p a b i l i t i e s .  Most 

microcomputers have an  inpu-t r e g i s t e r  and a n  ou tpu t  r e g i s t e r  

which a r e  connected -to t h e  d a t a  bus. Since  -the CPU does 

have complete c o n t r o l  over t h e  u t i l i z a t i o n  of t h e  I/O 

r e g i s t e r s ,  some s o r t  of compa tab i l i t y  i s  r equ i r ed  wi th  

ou t s ide  dev ices :  d i s k  memory, p r i n t e r s ,  d a t a  c o n v e r t e r s ,  
-- 

e t c .  This compa tab i l i t y  is achieved through t h e  use  of 

f l a g s  and i n t e r r u p t s .  These f l a g s  and i n t e r r u p t s  s e t  

c e r t a i n  s t a t u s  b i t s  as high o r  low. These s t a t u s  b i t s  t e l l  

t h e  CPU through- a program what t o  do. - - 



Computer Languages 

A computer ls  language i s  merely an ex tens ion  of t he  

l o g i c  c i r c u i t r y  w i th in  -the computer. Since t h e  c i r c u i t  

l o g i c  i s  a combination of 131 and LO, a mic rop roces so r l s  

vocabulary c o n s i s t s  e n t i r e l y  of H i ' s  and LO'S  o r  1 ' s  and 

0 ' s .  The language of 1 ' s  and 0 ' s  i s  known as machine 

language. Por t h e  l a b o r a t o r y  chemist ,  as wi th  most u s e r s ,  

machine language i s  t o o  d i f f i c u l t  t o  use  as a p r o g r a m i n g  

language. Over t h e  y e a r s  programmers as we l l  as s c i e n t i s t s  

have developed human type languages f o r  ope ra t ing  a 

computer. 

Assenbly language i s  u s u a l l y  t h e  f i r s t  language 

developed f o r  a computer system. Assembly- language i s  a se-t 

of codes and mnemonics, which d i r e c t l y  r ep re sen t  machine 

language i n s t r u c t  ions .  Assenbly language ( ltAssemblerll) -- 

is t r a n s l a t e d  by an assembler i n t o  t he  machine code. 

Assembler g i v e s  t h e  u s e r  complete c o n t r o l  over t h e  computer, 

i s  o f t e n  t ime consuming and confusing,  bu t  f o r  

e lec t rochemica l  i n t e r f a c i n g  a knowledge of t h i s  lang-uaek i s  

needed. 

Programmers have developed many h igher  l e v e l  languages,  

languages which opera-te d i f f e r e n t l y  from t h e  n i c rop roces so r ,  

which a r e  very u s e f u l  i n  t h e  l a b o r a t o r y .  These languages 
- 

r e q u i r e  an ope ra t ing  system i n  order t o  f 'unction.  Each of 

pes i n  t h e s e  languages has  i t s  advantages and disadvanta,  



r e g a r d  t o  r e s e a r c h  work. 

For  lase i n  t h e  l a b o r a t o r y ,  a language  r e q u i r e s  many 

d i f f e r e n t  c h a r a c t e r i s t i c s .  Some o f  t h e s e  c h a r a c t e r i s t i c s  

a r e  l i s t e d  below. 7 

TABLE 3 

LRPJGUAGE CHARACTERISTICS 

1 .  mathematic  and l o g i c  f u n c i o n s .  

2.  V a r i a b l e s  and c o n s t a n t s .  

3. A b i l i t y  t o  d e f i n e  new o p e r a t i o n s  and commands. 

4 .  A s e t  of  c o n d i t i o n a l s  and r e p e t i t i v e s  which a l l o w  

b r a n c h i n g  and l o o p s .  

5 .  Zeen t rancy  o r  s h a r i n g  o f  r o u t i n e s  among u s e r s .  

6 .  P o i n t e r  o r  l a b e l e d  a d d r e s s i n g .  

7. User  i n t e r a c t i v e .  

8. Large s t o r a g e  and a r r a y  c a p a b i l i t i e s .  - 

9. Immediate u s e  of  t h e  p r imary  f u n c t i o n s ,  such  as +,-. 

10. The l anguage  shou ld  a l s o  a l l o w  m u l t i t a s k i n g  ( t h e  

a b i l i t y  t o  c a r r y  o u t  more t h a n  one o p e r a t i o n  a t  
- - 

a t ime.  i.e., c o n t r o l  d a t a  and a c q u i s i t i o n  o f  an 

e l e c t r o c h e m i c a l  exper iment  by  t h e  computer and 

v a r i o u s  i n s t  rumen-t s . ) 

The two most common l a n g u a g e s  i n  u s e  i n  t h e  l a b o r a t o r y  - 

a r e  BASIC and FORTRAN. These l anguages  a r e  good f o r  number 

m a n i p u l a t i o n  ( c r u n c h i n g ) ,  b u t  b o t h  a r e  l a c k i n g  i n  speed i n  



t h e  s o l v i n g  o f  complex problems,  and i n  i n t e r f a c e d-  

in.s trument  c o n t r o l .  

A r e l a t i v e l y  new language ,  FORTH, i s  b e i n g  used. by  many 

i n s t r u m e n t  m a n u f a c t ~ r e r s . ~  FORTH mee t s  t h e  r e q u i r e m e n t s  

of a good l a b o r a t o r y  language  and it i s  r e l a t i v e l y  s imple  

and e x t r e m e l y  fas t .  

FORTH w a s  s t a r t e d  as a language  t o  c o n t r o l  l a r g e  

7 t e l e s c o p e s  . Being w r i t t e n  i n  mind as a n  i n s t r u m e n t  

c o n t r o l l i n g  language  g i v e s  FORTH a n  advan tage  i n  t h e  

e l e c t r o c h e m i c a l  l a b .  



ELECTROCHEMICAL DATA ACQLJI3ITIOlT 

A l l  e l e c t r o c h e m i c a l  d a t a  e x i s t  i n  t h e  a n a l o g  domain. 

I n  o r d e r  t o  be a b l e  t o  p r o c e s s  t h e s e  d a t a  t h e y  must be  

e i t h e r  recorded manually and e n t e r e d  i n t o  a computer ,  o r  

t h e y  must b e  conver t ed  t o  d i g i t a l  d a t a  w i t h  t h e  u s e  o f  a n  

ana log- to- dig i t a

l

-  c o n v e r t e r .  An a n a l o g- t o- d i g i t a l  c o n v e r t e r  

w i l l  t a k e  a n  a n a l o g  v o l t a g e  i n p u t  and c o n v e r t  i t  i n t o  a 

p a r a l l e l  d i g i t a l  d a t a  o u t p u t ,  which can t h e n  be t r a n s f e r r e d  

t o  t h e  computer f o r  s t o r a g e  and p r o c e s s i n g .  

E l e c t r o c h e m i c a l  d a t a  a r e  i n  t h e  a n a l o g  form and s o  t h e  

i n s t r u m e n t  t h a t  c o n t r o l s  t h e  exper imen t ,  such  as a 

p o t e n t i o s t a t ,  o p e r a t e s  i n  t h e  a n a l o g  domain. I n  o r d e r  t o  

have c o n t r o l  ove r  t h e  exper imen t ,  a d a t a  a c q u i s i t i o n  system 

must have d i g i t a l- t o- a n a l o g  c o n v e r t e r s .  A d i g i t a l- t o- a n a l o g  

c o n v e r t e r  a c c e p t s  p a r a l l e l  d i g i t a l  d a t a  and c o n v e r t s  t h e n  
- 

i n t o  a n  a n a l o g  v o l t a g e  o u t p u t .  

Many d i f f e r e n t  t y p e s  o f  a n a l o g- t o- d i g i t a l  c o n v e r t e r s  

(ADC1s) a r e  a v a i l i b l e  on t h e  market .  Ivlost of  t h e s e  a r e  

e i t h e r  f eedback  - A D C 1  s ,  o r  i n t e g r a t i n g  t y p e  A D C 1  s. A b r l a f  

d i s c u s s i o n  o f  b o t h  t y p e s  f o l l o w s .  

Feedback A D C ' s  

Feedback A D C 1 s  c o n s i s t  of  a compara tor ,  a D A C ,  and 

d i g i t a l  l o g i c  c i r c u i t r y . 8  Ifhen an  a n a l o g  s i g n a l  i s  

r e c e i v e d ,  t h e  d i g i t a l  l o g i c  s i g n a l  w i l l  increment  a d i g i t a l  
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i n p u t  t o  t h e  D A C  u n t i l  t h e  compara tor  s e n s e s  t h a t  t h e  DAC 

o u t p u t  and t h e  a n a l o g  i n p u t  a r e  equa l .  Once t h e  two s i g n a l s  

a r e  e q u a l ,  t h e  d i g i t a l  number i n  t h e  D A C  w i l l  be  t h e  d i g i t a l  

ou tpu t  of  t h e  ADC.  

Three t y p e s  o f  f eedback  A D C f s  a r e  commonly used:  t h e  

ramp t y p e ,  t h e  t r a c k i n g  t y p e ,  and t h e  s u c c e s s i v e  

approximat ion  t y p e .  The ramp t y p e  s i m p l y  s ta r t s  a t  z e r o  

v o l t s  ramps and compares i t  t o  t h e  i n p u t  u n t i l  t h e  s i g n a l s  

a r e  e q u a l .  The t r a c k i n g  t y p e  A D C  w i l l  s t a r t  l i k e  t h e  ramp 

t y p e  ADC b u t  i t  a l s o  h a s  t h e  a b i l i t y  t o  decrement t h e  

d i g i t a l  s i g n a l  s o  a more p r e c i s e  e q u a l i t y  between t h e  a n a l o g  

i n p u t  and t h e  d i g i t a l  o u t p u t  e x i s t s .  The t h i r d  t y p e  of  

f eedback  A D C  i s  t h e  s u c c e s s i v e  approx imat ion  t y p e .  This  A D C  

i s  much f a s t e r  t h a n  t h e  ramp o r  t r a c k i n g  t y p e s .  The ramp 

and t r a c k i n g  t y p e  A D C ' s  compare by  inc rement ing  t h e  l e a s t  

s i g n i f i c a n t  b i t  (LSB) u n t i l  a n  e q u a l i t y  e x i s t s .  The 
- 

s u c c e s s i v e  approx imat ion  t y p e  compares t h e  most s i g n i T i c a n t  

b i t  f i r s t  and inc rement s  o r  decrements  i t  a c c o r d i n g l y .  The 

c o n v e r s i o n  t ime  ( T c )  f o r  t h i s  method i s  

Tc=(n+l ) T =(n+l  ) / F ~ ~  
CP 

- - 

where n  i s  t h e  number o f  b i t s  and P i s  t h e  c l o c k  
CP 

f requency .  The c o n v e r s i o n  t i m e  f o r  a ramp t y p e  ADC i s  

T ~ = ( v ~ ~ / I ~ ~ ~ R ~ ~ ) ~ ~ ~ T  CP 

T i s  t h e  c l o c k  p e r i o d  ( T  = I / "  ) The s u c c e s s i v e  
-- c  p C P  CP 

approximat ion  c o n v e r s i o n  i s  e a s i l y  s e e n  t o  be much f a s t e r .  



I n t e g r a t i n g  A D C 1  s 

ADCIS have been developed t h a t  g i v e  a d i g i t a l  ouput 

depending on t h e  ave rage  o r  i n t e g r a l  o f  t h e  a n a l o g  i n p u t  

over  a. g i v e n  t ime  p e r i o d .  These t y p e s  of  A D C 1 s  w i l l  g i v e  

good r e s u l t s  even  when h i g h  f r e q u e n c y  n o i s e  i n t e r f e r e s  wi th  

t h e  a n a l o g  i n p u t .  Two t y p e s  o f  i n t e g r a t i n g  A D C 1 s  e x i s t :  

dual- s lope  and. quan t  ized-feed.back. 

I n  t h e  dua l- s lope  t y p e  t h e  a n a l o g  i n p u t  i s  i n t e g r a t e d  

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

i n t e g r a t o r  w i l l  o u t p u t  a l i n e a r  ramp. Then a r e v e r s e  

r e f e r e n c e  v o l t a g e  i s  a p p l i e d  t o  t h e  ramp and -the t i m e  i t  

t a k e s  t o  go back t o  z e r o  w i l l  be p r o p o r t i o n a l  t o  t h e  a n a l o g  

i n p u t  and t h e  d i g i t a l  o u t p u t  i s  t a k e n  from t h a t  tiiile o r  a 

co r respond ing  number of  c l o c k  p u l s e s .  

The q u a n t i z e d  method i s  similar t o  t h e  dua l- s lope ,  

e x c e p t  t h a t  t h e  c o n v e r s i o n  p r o c e s s e s  occur  s i m u l t a n e o u s l y .  

The impor tance  o f  knowing t h e s e  d i f f e r e n t  t y p e s  o f  
- 

c o n v e r t e r s  l i e s  i n  whether  t h e  r e s e a r c h  needs  a fast  o r  an 

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

d a t a ,  a n  a c c u r a t e  t y p e  would be t h e  p r e f e r e n c e .  In tegr-s t ing  

c o n v e r t e r s  a r e  t h e  most a c c u r a t e ,  b u t  a l s o  t h e  s l o w e s t .  

T rack ing  t y p e  c o n v e r t e r s  l a c k  t h e  accuracy  of  t h e  

i n t e g r a t i n g  c o n v e r t e r s  and t h e  speed o f  t h e  s u c c e s i v e  

approximat ion  c o n v e r t e r s ,  t h e r e f o r e  t h e y  a r e  r a r e l y  used.  

Sucess ive  approximat  i o n  c o n v e r t e r s  a r e  t h e  most f r e y u e n t l y  

used  because  t h e y  a r e  a compromise of  b o t h  speed and 
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a c c u r a c y .  

Dig i ta l- to- Analog  c o n v e r t e r s  e x i s t  i n  many d i f f e r e n t  

forms,  however t h e  t y p e  used  i s  n o t  as c r i t i c a l  as w i t h  

A D C '  s .  



P e r i p h e r a l  I n t e r f a c e  Adapter  

Once t h e  D A C 1 s  and A D C 1 s  have been s e l e c t e d ,  

communication w i t h  t h e  CPU must b e  e s t a b l i s h e d .  This  i s  

done w i t h  t h e  u s e  o f  a P e r i p h e r a l  I n t e r f a c e  Adapter  ( P I A ) .  

Programmable and nonprograrnmable PIA1 s e x i s t .  The c h o i c e  

f o r  t h e  r e s e a r c h e r  shou ld  be t h e  p rogrmmable  t y p e .  The 

programmable t y p e  p r o v i d e s  much more f l e x i b i l i t y  and i t  can  

be d i r e c t l y  add-ressed by t h e  CPU. 

PLA1s s e r v e  as t h e  i n t e r f a c e  between t h e  v a r i o u s  110 

d-evices ( p r i n t e r s ,  d i s k s ,  d a t a  c o n v e r t e r s ,  e t c . .  . )  and t h e  

CPU. Since  each  I / O  d e v i c e  has i t s  own a d d r e s s  t h e  PIAs 

must be  p r o g r a m e d  t o  respond t o  t h a t  p a r t i c u l a r  a d d r e s s .  

A p

r

ogrammable PIA can  g e n e r a t e  i n t e r r u p t s  ( u s u a l l y  by 

s e t t i n g  a f l a g  H I  o r  LO) which t e l l  t h e  CPU t h a t  new d a t a  are  
- .  

ready.  The programmable PIA ca-n a l s o  be prograamed t o  

p r o v i d e  lqhandshalcin.g" w i t h  t h e  CPU. Handshaking o c c u r s  when 
- - 

t h e  i n t e r r u p t  f l a g  i s  s e t  and t h e  CPU comes back and s e t s  

a n o t h e r  f l a g  (usu-a l ly  t h e  d a t a  r e q u e s t  l i n e )  which t e l l s  t h e  

PIAwhethexlor n o t  i t  i s  r e a d y  f o r  t h e  new d a t a .  

PIA1s cont-ain t h e L r  own r e g i s t e r s  f o r  s t o r i n g ,  - - 

a d d r e s s i n g ,  and prograniming. The r e s e a r c h e r  c a n  program t h e  

PIA1s f o r  h i s  needs .  Common PIA 1s  have two 8 b i t  p a r a l l e l  

p o r t s .  Each p o r t  a l s o  h a s  two c o n t r o l  l i n e s  which c a n  b e  

s e t  H I  o r  LO t o  p r o v i d e  a v a r i e t y  of f u n c t i o n s .  The c o n t r o l  
- - 

l i n e s  c a n  be  s e t  f o u r  d i f f e y e n t  ways t o  c o n t r o l  t h e  8 b i t  

p o r t s .  The p o r t s  can  be  s e t  as i n p u t  o r  ouput  l i n e s ,  t o  



g e n e r a t e  i n t e r r u p t s ,  o r  t o  s e r v e  as handshaking, l i n e s  t o  t h e  

CPU. 3 

P I A t s  a r e  made t o  i n t e r f a c e  w i t h  o n l y  one 

m i c ~ o p r o c e s s o r  t y p e ,  s o  each  n i c r o p r o c e s s o r  m a n u f a c t u r e r  

usual -ly  makes l t r s  own FIB chip.  



JUSTIFICATION 

E l e c t r o c h e m i c a l  a n a l y s i s  wi th  t h e  a i d  of 

m i c r o p r o c e s s o r s  and minicomputers  h a s  become commonplace i n  

t h e  l a b o r a t o r y .  l'/IosJc of  'che work done t o  d a t e  h a s  been w i t h  

8- b i t  microcomputers  o r  w i t h  minicomputers ,  u s i n g  1 2 - b i t  

a n a l o g- t o- d i g i t a l  and d i g i t a l- t o- a n a l o g  c o n v e r t e r s  ( A D C 1 s ,  

D A C ' S ) .  With t h e  e l e c t r o n i c s  a v a i l a b l e  t o d a y ,  i t  i s  

p o s s i b l e  t o  g r e a t l y  improve b o t h  t h e  r e s o l u t i o n  ( t h e  

magnitude o f  t h e  s m a l l e s t  d e t e c t a b l e  v a r i a t i o n  i n  a 

q u a n t i t y )  and dynamic range  ( t h e  range o r  aillount o f  change 

i n  a q u a n t i t y ,  i . e . ,  v o l t a g e )  o f  t h e s e  exper imen t s  w i t h  t h e  

u s e  o f  a 16-b i t  microcomputer and 16-b i t  A D C ' s  and D A C 1 s .  

The u s e  o f  t h e s e  c o n v e r t e r s  shou ld  p r o v i d e  a b e t t e r  
- 

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

t h e  improvement o f  r e s o l u t i o n  and dynamic range  comes b e t t e r  

m o n i t o r i n g  and c o n t r o l l i n g  o f  e l e c t r o c h e m i c a l  
- - 

e x p e r i m e n t a t i o n .  

The speed. o f  t h e  computer sys tems i s  a n o t h e r  f a c t o r  t o  

c o n s i d e r  when improving upon e x i s t i n g  sys tems.  Computer 

speed f o r  i n p u t  and o u t p u t  ( I / o )  r o u t i n e s  depends upon t h e  

C e n t r a l  P r o c e s s i n g  U n i t ' s  ( C P U )  c l o c k  a,nd t h e  computer 

language  used  t o  r u n  t h e  r o u t i n e s .  Combining b o t h  a f a s t  

CPU c l o c k  w i t h  a low l e v e l  language  is t h e  b e s t  way t o  



o p t i m i z e  t h e  speed o f  d a t a  a c q u i s i t i o n .  While some 

commercia l ly  a v a i l b l e  sys tems u s e  t h i s  combinat ion ,  t h e  

r e s e a r c h  chemis t  s h o u l d  be  aware o f  which do and which do 

n o t  and t h e  l i m i t a t i o n s  imposed. 

A computer's memory i s  a l s o  a n o t h e r  f a c t o r  t h e  

r e s e a r c h e r  must t a k e  i n t o  c o n s i d e r a t i o n  when d e s i g n i n g  o r  

a d a p t i n g  a sys tem t o  h i s  use .  While data ,  c a n  b e  s t o r e d  on 

d.isk o r  t a p e  sys tems ,  d a t a  t a k e n  d u r i n g  an  exper iment  a r e  

much more e f f i c i e n t l y  s t o r e d  i n  a compu-ter'x on board  random 

a c c e s s  memory (HAM). A system w i t h  a l a r g e  RAM w i l l  a l l o w  

t h e  r e s e a r c h e r  t o  s t o r e  t h e  d a t a  q u i c k l y  and e f f i c i e n t l y  

d u r i n g  t h e  exper imen t  and d a t a  t r a n s f e r  can  be made t o  d i s k  

o r  t a p e  : ; to rase  a f t e r  t h e  r u n  o f  t h e  exper imen t .  

Corr r u t e r  sys tems must a l s o  be f l e x i b l e .  Many 

commercial ly des igned  computer sys tems f o r  t h e  l a b o r a t o r y  

a r e  designed. w i t h  l i m i t e d  u s e r  a p p l i c a t i o n s .  Many i-imes a 

commercia l ly  s u p p l i e d  computer i s  o n l y  c a p a b l e  o f  r u n n i n g  - 

one i n s t r u m e n t  o r  pe r fo rming  one f u n c t i o n  i n  t h e  l a b .  For 

t h e  r e s e a r c h e r  t h i s  c a n  l e a d  t o  problems,  e s p e c i a l l y  when 

t h e  t o t a l  n e e d s  and demands of  a computer system canno$- be  

de termined i n  adva.nce. 

I n  summary, a good computer system f o r  t h e  r e s e a r c h e r  

shou ld  have good i n t e r f a c i n g  c a p a b i l i t i e s ,  h i g h  r e s o l u t i o n ,  

and a l a r g e  dynamic range .  It shou ld  be  f a s t ,  w i t h  a l a r g e  

memory s i z e ,  and des igned w i t h  f l e x i b i l i t y  i n  mind. 



CHAPIC.EII 2 

STATEJTENT OF PROBLEM 

Purpose 

The purpose o f  t h i s  work i s  t o  d e s i g n  and b u i l d  16-bi t  

a n a l o g- t o- d i g i t a l  and d i g i  t a l- to- ana log  c o n v e r t e r  sys tems  

a.nd i n t e r f a c e  them w i t h  a. s t a t e - o f - t h e  -art Motorola  68000 

c e n t r a l  p r o c e s s i n g  u n i t .  The Motorola  68000 CPU i s  used  on 

a computer system des igned by ENS ( ~ d u c a t i o n a ~ l  Micro 

s y s t e m s ) .  The A D C q  s and D A C t s  would t h e n  a l l o w  m o n i t o r i n g  

o f  e l e c t r o c h e m i c a l  rea .c t ions ,  w i t h  complete  c o n t r o l  by t h e  

computer.  Developing programs t o  moi?itor and c o n t r o l  a n  

e l e c t r o c h e m i c a l  exper iment  ( p u l s e  po la rography ,  c y c l i c  
- 

v o l t m m e t r y ,  e t c . )  and t o  p r o c e s s  data. i s  a l s o  a p a r t  o f  

tliis work. 

- - R a t  i o n a l e  

The need f o r  t h e  enhancement o f  e l e c t r o c h e m i c a l  d a t a  i s  

e v i d e n t  (For  example: t o  b e t t e r  c o n t r o l  p o l a r i g r a p h i c  

exper imen t s  ) . With c o n v e n t i o n a l  % - b i t  A D C t  s and D A C 1  s 

b o t h t h e  u s e  of 16-b i t  A D C 1 s  and D A C t s  a v e r y  g r e a t  

enhancement of r e s o l u t i o n  and dymnamic range  i s  r e a l i z e d .  

The need f o r  a f l e x i b l e  and e a s i l y  a d a p t a b l e  computer 

system i n  t h e  l a b ,  w i t h  s t  a te- of- the- ar t  func'cioriing, i s  
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always i n  demand. With t h i s  system a v a i l i b l e  in t h e  l a b ,  

many f u t u r e  u se s  may be r e a l i z e d .  



DATA ACQUISITION SYSTEM 

Computer System 

The computer sys tem u s e d  f o r  t h i s  work i s  t h e  M68K 

S i n g l e  Board Computer from E d u c a t i o n a l  Microcomputer 

Systems. T h i s  sys tem comes as a k i t  which w a s  a s x e n b l e d  as 

p a r t  o f  t h i s  work. The MGSK i s  based  on t h e  Pfotorola 68000 

microprocessor. The M68K h a s  s e v e r a l  expans ion  

c a p a b i l i t i e s ;  some o f  t h e s e  a r e  a l s o  used i n  t h i s  work. 

The M68Kf s t i m i n g  i s  based  on t h e  AM9513 System Timing 

C o n t r o l l e r .  T h i s  i s  a s u p p o r t  dev ice  t h a t  p r o v i d e s  t h e  

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

r e s o l u t i o n  progr

am

mable d u t y  c y c l e  waveforms, r e t r i g g e r a b l e  

d i g i t a l  t i m i n g  f u n c t i o n s ,  time-of-day c l o c k i n g ,  c o i n i c i d e n c e  - 

alarms, complex p u l s e  g e n e r a t i o n ,  h i g h  r e s o l u t i o n  baud r a t e  

g e n e r a t i o n ,  f r e q u e n c y  s h i f t  k e y i n g ,  s t o p  watch t i m i n g ,  e v e n t  - 

coun t  accumula t ion ,  a.nd waveform a n a l y s i s  .' The Am9513 

h a s  a v a r i e t y  o f  programmable o p e r a t i n g  nodes  which a l l o w  i t  

t o  b e  p e r s o n a l i z e d  f o r  s p e c i f i c  u s e s  and t o  dynamics-lly - - 
cha-nge i t s  f u n c t i o n s  d u r i n g  a program run .  

The M68K a l s o  h a s  a Mernory/~evice Expansion I n t e r f a c e  

which a l l o w s  128/680~ memory exparlsion and i n h e r f a c e  t o  d a t a  

a c q u i s t i o n  sys tems  such as: d i s k  s t o r a g e ,  A D C f s  and D A C f s .  

T h i s  expans ion  i n t e r f a c e  w i l l  be  u s e d  f o r  t h e  d a t a  

a -cqu i s t ion  s y s t e n .  



The >!icroprocessor  

The Motorola  68000 i s  a 1 6- b i t  e x t e r n a l  32- bi t  i n t e r n a l  

ni icroprocessinf:  u n i t .  The d a t a  sys tem b u s  i s  16  b i t s  wide 

and a l l  r e g i s t e r s  i n  the  M68000 a r e  33  b i t s  wide. The 

TI68000 i s  somtirnes c a l l e d  a 16/?2-bi t  m i c r o p r o c e s s o r .  

The memory o r g a n i z a t i o n  o f  t h e  M68000 i s  v e r y  l a r g e  and 

can  a d d r e s s  224 (16 ,777,216)  b y t e s  i n  a l i n e a r  sequence.  

A word (16  b i t s )  c a n  b e  o b t a i n e d  i n  one a c c e s s  and a l o n g  

word ( 3 2  b i t s )  t a k e s  two a c c e s s e s .  

The i n s t r u c t i o n  s e t  o f  t h e  PI68000 i s  made u p  o f  56 

b a s i c  commands which have numerous v a r i a t i o n s .  One o f  t h e  

most v e r s a t i l e  i n s t r u c t i o n s  f o r  d a t a  a c q u i s t i o n  i s  t h e  MOVE 

i n s t r u c t i o n .  Th i s  i n s t r u c t i o n  i s  capab le  of moving d a t a  

from any memory o r  r e g i s t e r  t o  any  o t h e r  menory o r  r e g i s t e r  

and o f  moving d a t a  anywhere e l s e .  

The i';'165000 h a s  e i g h t e e n  72-b i t  r e g i s t e r s  ( 8  d a t a ,  9 

a.ddress ,  and I prograrn c o u n t e r ) ,  which a l l o w  f o r  a v a s t  

anount  o f  d-ata m a n i p u l a t i o n .  

I n  o r d e r  t o  a l l o w  f o r  smooth e f f i c i e n t  d a t a  a c q u i s i t o n ,  

t h e  I"I68000 h a s  s e v e n  d i f f e r e n t  i n t e r r u p t  l e v e l s ,  a l l  o f  -which - 

c an  be programmed f o r  v a r i o u s  u s e s .  1 0  



Digi ta l- to- Analog Conver te r .  

The DAC used  i n  t h i s  work i s  a 1 6- b i t ,  m o n o l i t h i c  type  

c o n v e r t e r  n a n ~ ~ f a c t u r e d  by t h e  Burr-Brown Corpora -t ion.  This  

i s  a v e r y  a c c u r a t e ,  .003$ l i n e a r i t y  e r r o r  and .006$ 

d i f f e r e n t i a l  l i n e a r i t y  e r r o r ,  monotonic c o n v e r t e r .  Monotonic 

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

d i g i t a l  i n p u t  i s  incremented .  

Analog- to- Digi ta l  Conver t e r .  

The ADC used  i n  t h i s  work i s  a 1 6 - b i t ,  dual- slope 

i n t e g r a t i n g  t y p e  A D C  manufac tured  by I n t e r s i l .  T h i s  A D C  h a s  

a c c u r a c y  !guaranteed t o  1 c o u n t ,  a l s o  it h a s  t r u e  p o l a r i t y  a t  

z e r o  c o u n t  f o r  p r e c i s e  n u l l  detecJcion.  

A dx~itl-slope i n t e g r a t i n g  ADC was chosen t o  e l i m i n a t e  
- .  

background n o i s e  from t h e  incoming a n a l o g  s i g n a l .  The 

d i s a d v a n t a g e  w i t h  t h i s  c h o i c e  i s  t h e  speed a t  which it 
- - 

o p e r a t e s ,  however i n  most e lec t rochej iz ica l  work, s p e e d  may b e  

l e s s  i m p o r t a n t  t h a n  accuracy .  

P e r i p h e r a l  I n t e r f a c e  Ada,pter 

The PIA used  i n  t h i s  work i s  t h e  Noto ro la  6821 PIA. 

This  PIA h a s  two 8- b i t  c h a n n e l s  o r  p o r t s .  These p o r t s  c a n  

b e  s e t  as e i t h e r  i n p u t  o r  o u t p u t  p o r t s .  Each p o r t  h a s  t h r e e  

8- b i t  r e g i s t e r s  which c o n t r o l  and s t o r e  d a t a  f o r  t h e  

c o r r e s p o n d i n g  p o r t .  R b l o c k  diagram of  t h e  Plotorola 6821 

PIA i s  shown i n  f i g u r e  1 . 
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Figure 1 .  Block diagram of the Motorola 6821 PIA. 



PORTH Langlage 

The FORTE computer language  h a s  been chosen f o r  t h i s  

work, p a r t i a l l y  due t o  i t s  f l e x i b i l i t y  and e a s e  o f  u s e  w i t h  

i n s t r u m e n t a t i o n .  The o t h e r  r e a s o n  f o r  u s i n g  POHTH i s  t h e  

i n c r e a s e d  speed  i n  h a n d l i n g  and ivan ipu la t ing  o f  d a t a  

o b t a i n e d  w i t h  FORTH. 

A s  FORTH w a s  f i r s t  developed f o r  t h e  c o n t r o l  o f  l a r g e  

 telescope^,^ i t  i s  a l o g i c a l  c h o i c e  f o r  u s e  i n  t h e  

l a b o r a t o

r

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

FORTE i s  a n  i n c r e m e n t a l  c o m p i l e r ,  i t  compi les  t e x t  as 

it i s  i n p u t .  " All i n p u t s  t o  F o r t h  a r e  i n t e r p r e t e d  and 

execu ted  d i r e c t l y ,  u n l e s s  t h e  i n p u t  is  enc losed  i n  a 

c o l o n- d e f i n i t i o n .  Da.ta compiled t h i s  way a l l o w  f o r  e a s e  o f  

manipul-ation and p r o c e s s i n g .  

FORTH a c t u a l l y  f u n c t i o n s  i n  two d i f f e r e n t  modes. One 

mode i s  t h e  compile  o r  d e f i n i n g  mode, and t h e  o t h e r  i s  t h e  
- 

e x e c u t i o n  mode. A l l  s o u r c e s  o f  i n p u t  a r e  hand led  e x a c t l y  

t h e  same way i n  FORTH. D e f i n i t o n s  a r e  c o n v e r t e d  t o  a d a t a  

s t r u c t u r e  and s t o r e d  as such .  

FORTH's d a t a  s t r u c t u r e  i s  d i v i d e d  i n t o  t h r e e  p a r t s :  

d i c t i o n a r y ,  o u t e r  i n t e r p r e t e r ,  and t h e  i n n e r  i n t e r p r e t e r .  

The d i c t i o n a r y  i s  a c t u a l l y  a s p e c i a l  s t r u c t u r e  o f  

program e n t r i e s .  These e n t r i e s  a.re l i n k e d  t o g e t h e r  and 

a l l o w  f o r  s e a r c h i n g  and s J c a r t i n g  a t  t h e  l a s t  program 

e n t e r e d .  

The d i c t i o n a , r y  e n a b l e s  t h e  u s e r  t o  d e f i n e  words o r  
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a d d r e s s e s  as f u n c t i o n s  o r  programs.  The o r d e

r  

o f  e n t r y  i n  

t h e  d i c t i o n a r y  de te rmines  t h e  o r d e r  o f  t h e  program. For 

example a d e f i n i t i o n  o r  program canno-t be  u s e d  i n  a n o t h e r  

d e f i n i t i o n  u n l e s s  i t  w a s  p r e v i o u s l y  d e f i n e d  o r  progrmmed.  

The o u t e r  i n t e r p r e t e r  h a s  two f u n c t i o n s :  t o  s e a r c h  t h e  

s t r i n g  and -t o  e x e c u t e  t h e  r o u t i n e ,  and t o  compile  new 

d e f i n i t i o n s  o r  programs. The o u t e r  i n t e r p r e t e r  d e t e r m i n e s  

t h e  o r d e r  of e x e c u t i o n  and s e r v e s  t o  s e a r c h  f o r  d e f i n i t i o n s ,  

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

The i n n e r  i n - t e r p r e t e r  s e r v e s  as a " v i r t u a l  computer 

emula tor"7  by  k e e p i n g  t r a c k  of t h e  a d d r e s s e s  o f  a l l  

d e f i n i t i o n s  o r  programs e n t e r e d  b y  t h e  u s e r .  A s  t h e  o u t e r  

i n t r e p r e t e r  compi les  t h e  d e f i n i t i o n s  a n  a d d r e s s  i s  ass igned  

t o  e a c h  d e f i n i t i o n  o r  p r o g r m .  This  i n n e r  i n t e r p r e t e r  

s e r v e s  t o  k e e p  t r a c k  of  t h e s e  a d d r e s s e s  s o  t h e  o u t e r  

i n t r e p r e t e r  c a n  de te rmine  t h e  o r d e r  o f  e x e c u t i o n .  

FORT13 i s  t o t a l l y  dependant  on -the u s e r  s t a c k .  k s t a c k  - 

i s  a n  a r e a  o f  memory where d a t a  i s  t e m p o r a r i l y  s t o r e d .  Data 

i s  s t o r e d  i n  t h e  f i r s t - i n  l a s t - o u t  t y p e  of  s t a c k .  

The m a n i p u l a t i o n  o f  t h e  d a t a  o r  u s e r  s t a c k  i s  v e r y  
- - 

i m p o r t a n t  t o  t h e  d a t a  a c q u i s i t i o n  system. The s t a c k  

o p e r a t o r s  a r e  l i s t e d  below: 



1. SWAP 

2. DROP 

3. OVER 

4. DUP 

5. R O T  

8. ROLL 

TABLE 4. 

F O R T H  STACK OPERATORS 

this s w i t c h e s  t h e  o r d e r  o f  t h e  l a s t  

two numbers i n  t h e  s t a c k .  

t h i s  d r o p s  -the l a s t  number i n  t h e  

s t a c k .  

t h i s  p u t s  a copy o f  t h e  second t o  t h e  

last number a t  t h e  t o p  ( l a s t )  o f  t h e  

s t a c k .  

t h i s  c o p i e s  t h e  l a s t  e l ement  and 

p l a c e s  i t  a t  t h e  t o p  ( l a s t )  of  t h e  

st acl.;. 

t h i s  p u t s  t h e  t h i r d  number a t  t h e  

t h e  t o p  ( las t )  o f  t h e  s t a c k  and 

pushes  t h e  f i r s t  two numbers down. 
- 

t h i s  p u t s  t h e  t o p  number a t  t h e  t h i r d  

p o s i t i o n  and pushes  t h e  second u p  t o  

t h e  f i r s t  and second s p o t .  

7 .  PICK - t h i s  c o p i e s  t h e  nth e lement  of  t h e- -  

s t a c k  and p l a c e s  i t  a t  t h e  -top. 

t h i s  p l a c e s  t h e  n
th e lement  a t  t h e  

t o p  and pushes  t h e  o t h e r s  do~tnward.  



FORTH u s e s  i t s  f i r s t - i n  l a s t - o u t  s t o r a g e  when d o i n g  

mathemat ica l  o p e r a t i o n s .  Because of  t h i s  math f u n c t i o n s  

must be  e x p r e s s e d  i n  t h e  Lobachevski  ( p o l i s h  o r  p o s t f i x )  

n o t a t i o n .  For example: 4 -% 5 is expressed  as 4 5 *. 
The r e a s o n  f o r  t h . i s  P o l i s h  n o t a t i o n  i s  s p e e d  and 

s i m p l i c i t y .  I n  most h i g h  l e v e l  l anguages  a cornpiler  mus-t 

c o n v e r t  ma themat ica l  i n f i x  n o t a t i o n  t o  P o l i s h  n o t a t i o n  i n  

o r d e r  t o  u t i l i z e  t h e  CPUts r e g i s t e r s ;  i n  FORTH t h e  

programmer d o e s  t h i s  and one s t a c k  i s  u s e d  r a t h e r  t h a n  two. 

T h i s  a l l o w s  f o r  a s i m p l e r  compi le r  and g r e a t e r  o p e r a t i n g  

speed-. 

1 b o r t h  a l s o  c o n t a i n s  u s e r  v a r i a b l e s  and s t o r a g e  

o p e r a t o r s .  The commands " c o n s t a n t i f  and "var iabl -e"  a l l o w  t h e  

progrm-m.er t o  s e t  c o n s t a n t s  and v a r i a b l e s .  The conirnand 

" a l l o t f 1  a l l o w s  t h e  u s e r  t o  s e t  u p  a r r a y s .  For example: 

0 VARIABLE INPUT 4-99 ALLOT 

I n  t h i s  o p e r a t i o n ,  i n p u t  is d e f i n e d  as a v a r i a b l e  a r r a y  

c o n s i s t i n g  o f  500 e l e m e n t s .  I n  o r d e r  t o  a c c e s s  t h i s  a r r a y  

t h e  command " @ "  i s  used .  I n  t h e  f o l l o w i n g  command one p i e c e  

- - o f  d a t a  i s  p l a c e d  i n  t h e  i n p u t  a r r a y :  

0  VARIABLE DATA 

ITTIJPIJT @ IITPUT 1 + @ + DATA ; 

I n  -the command, DATA i s  s e t  u-p as a v a r i a b l e ,  va l -ues  f o r  

DATA c o u l d  come from A D C  c i r c u i t r y ,  d i s k  i n p u t ,  e t c .  The 

v a l u e  t h a t  DATA h a s  a t  t h e  t ime  o f  e x e c u t i o n  i s  t h e n  p laced  

i n t o  t l ie  f i r s t  s p a c e  i n  t h e  INPUT a r r a y .  If t h e  v a l u e  
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needed t o  b e  p l a c e d  i n t o  t h e  f o u r t h  s p a c e ,  t h e  f o l l o w i n g  

would be  used i n s t e a d :  

INPUT @ IMPUiP 4- -i- 8 + DATA ; 

Once t h e  commands awe l e a r n e d ,  t h e  e a s e  of  u s i n g  FORTH f o r  

d a t a  m a n i p u l a t i o n  is r e a l i z e d .  

FORTH1 s vocabula,ry can  a l s o  be augmented by t h e  

rograrnmer  t h r o u g h  t h e  u s e  o f  u s e r  d e f i n i t t o n s .  These 

d e f i n i t i o n s  a r e  known as COLON d e f i n i t i o n s .  A COLON 

d e f i n i t o n  co

u

ld  be t h o u g h t  o f  as a miniprogram. For 

example : 

: FIT DUP 100 < I F  

. I 1  no good" 

DROP 

XI; SE 

200 < IF 
. I t  Good 

ELSE 

. I 1  no  good l1 

TFIEN THEM; 

I n  t h e  above FIT i s  d e f i n e d  as a f u n c t i o n  11~hich w i l l  -- 

de te rmine  i f  a number f i t s  between t h e  v a l u e s  o f  100 and 

200. 

For d a t a  a c q u i s i t i o n ,  PORTB h a s  t h e  d i s t i n c t  advan-tage 

o f  jumpi-ng i n t o  and o u t  of  a s semble r  l angxage .  T h i s  i s  done 

u s i n g  t h e  COD# t y p e  o f  d e f i n i t i o n .  By u s i n g  I1CODE1I a t  -the 
- 

s ta r t  o f  a d e f i n i t i o n ,  t h e  program can  jump i n t o  an  assembly 
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language  subprogram, a d a t a  a c q u i s i t i o n  program f o r  example, 

and t h e n  -the n e x t  comma-nd w i l l  -br ing  abou t  a r e t u r n  t o  

FORTH. most h i g h  l e v e l  l anguages  r e q u i r e  e x t e n s i v e  

programming t o  u s e  b o t h  a s semble r  and t h e  h i g h  l e v e l  

l anguage ,  FORTH i s  c a p a b l e  o f  handing CODE t y p e  d e f i n i t i o n s  

a l o n g  w i t h  t h e  r e s t  of  i t s  system. The a b i l i t y  t o  do t h i s  

a l l o w s  f o r  g r e a t  f l e x i b i l i t y  and fas t  d a t a  a c y u i s i - ~ i o n  i n  

t h e  r ea l- t ime  environment ,  

I n  e l e c t r o c h e i n i c a l  a n a l y s e s  FORTH i s  v e r y  u s e f u l  f o r  

m u l t i t a s k i n g .  FORTR u s e s  t h e  STATUS and ADDRESS d e f i n i t i o n s  

t o  accompl ish  -t h i s .  I n  o r d e r  t o  c o n t r o l  e l e c t r o c h e m i c a l  

ins t rumenta , t  i o n ,  b o t h  i n p u t  and ou tpu t  t o  t h e  i n s t r u m e n t  

niust b e  c o n t r o l l e d .  When u s i n g  F o r t h ,  t h e  STATUS d e f i n i t i o n  

can  be  s e t  as e i t h e r  a n e g a t i v e  o r  p o s i t i v e  v a l u e .  A 

p o s i t i v e  v a l u e  a l l o w s  f o r  i n p u t  and a n e g a t i v e  f o r  o u t p u t ;  

-4 would a l l o w  f o r  t h e  o u t p u t  o f  f o u r  words and -1-4 would 
- 

a l l o w  f o r  t h e  inpu-t o f  f o u r  words. When -the STATU-S v a l u e  

goes  t o  z e r o  t h e n  'the d a t a  t r a n s f e r  i s  comple-te. The 

ADDRESS c o n t a i n s  t h e  i n i t i a l  memory a d d r e s s  i n v o l v e d .  

FOIiTH uses -  a c i r c u l a r  o r  round- robin t y p e  scanner-ko  

iilonitor 'ihe STATUS v a l u e s  f o r  a l l  t a s k s  i n v o l v e d  i n  t i l e  

system. This  t y p e  o f  s c a n n i n g  i s  v e r y  f a s t .  h d a t a  

a c q u i s i t i o n  sys tem u s i n g  a n  A / D  c o n v e r t e r  h a s  b e e n  

bench-marked a,t 1 2 0  p o i n t s / s e c / c h a n n e l  wi-th a 2JCHz 

t h r  oughput . 1 5  

FOHTT-I i s  a v e r y  c a p a b l e  language f o r  l a b o r a t o r y  u s e .  
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Througli t h e  u s e  o f  i t s  d e f i n i t i o n  and t a s k i n g  c a p a b i l i t i e s ,  

i t  i s  onl-y l i m i t e d  by t h e  c a p a b i l i t i e s  of  t h e  r e s e a r c h e r  o r  

programmer. ffEIORTH i s  s e r v i n g  as a greenhouse  f o r  t h e  

development o f  new c o n c e p t s  i n  l a b o r a t o r y  and a p p l i c a t i o n s  

s o f t w a r e"  . 16 



P r i n t e d  C i r c u i t  Boards - 

A major  p a r t  o f  t h i s  work was t h e  d e s i g n  and 

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

ana log- t  o- digi  t a l ,  d ig i - t a l - to -ana log ,  and p e r i p h i a l  

i n t e r f a c e  a d a p t o r  c i r c u i t r y .  C i r c u i t  b o a r d  d e s i g n i n g  and 

e t c h i n g  proved i s  a time-consuming e f f o r t ,  which r e q u i r e s  a 

g r e a t  d e a l  o f  p r a c t i c a l  knowledge a.nd e x p e r t i s e .  

The d e c i s i o n  t o  make p r i n t e d  c i r c u i t  b o a r d s  w a s  based 

on t h e i r  many a d v a n t a g e s  o v e r  convention all^^ wi red  b o a r d s .  

Some oP t h e s e  advan tages  a r e  l i s t e d  below: 

1 .  L o c a t i o n  o f  p a r t s  i s  f i x e d .  

2 .  Miswir ing  and s h o r t - c i r c u i t e d  w i r i n g  i s  no t  

normal ly  p o s s i b l e .  

3. The w i r i n g  i s  permanent ly  a t t a c h e d  t o  t h e  

d i e l e c t r i c  base ;  t h i s  b a s e  a l s o  p r o v i d e s  a moun-king 

s u r f a c e  f o r  t h e  components. 

4.. The s i z e  and b u l k  of  t h e  c i r c u i t r y  i s  g r e a t l y  

reduced.  
- - 

5. The c i r c u i t r y  i s  e a s i e r  t o  debug and change.  

The g r e a t  d i s a d v a n t a g e s  a r e  t h a t  p r e p a r a t i o n  o f  p r i n t e d  

c i r c u i t r y  r e q u i r e s  s k i l l  and f o r  small numbers o f  c i r c u i t s  

t h e  expense  i s  r e l a t i v e l y  h i g h .  12 
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Layout and Design 

The f i r s t  s t e p  i n  making t h e  p r i n t e d  c i r c u i t  boards is 

prepar ing  t h e  o r i g i n a l  schemat ic .  These were drawn up  based 

on t h e  raaiiufacturerfs s p e c i f i c a t i o n s  f o r  each of t h e  

coiaponents used.  When des ign ing  t h e  d a t a  a c q u i s i t o n  

c i r c u i t r y ,  t h e  type  of add re s s ing  used a l s o  had t o  be taken 

i n t o  account .  

Once t h e  schematic i s  drawn, t h e  a r twork  f o r  t h e  

p r i n t e d  c i r c u i t  board i s  ~aade.  I n  drawing t h e  ar twork,  a l l  

t h e  c i r cu . i t r y  i s  dra l~~l l  a t  twice  t h e  a c t u a l  s i z e .  This 

a l lows  f o r  e a s e  and c l a r i t y  of des ign.  The drawings a r e  

t hen  ta,ped. 

In  t a p i n g ,  a c l e a r  s h e e t  o f  p l a s t i c  i s  p laced  over t h e  

t o p  of t h e  drawing, and b lack  t ape  i s  used t o  over lay t he  

drawing. Tape f o r  t h e  c h i p  soclrets  anci o t h e r  coinporlents can  - 

be bought predesigned a t  double s i z e .  

The taped  image of t h e  ar twork i s  t h e n  photographed and - 

reduced. A nega t ive  of t h i s  photograph i s  -then used f o r  

t h e  e t c h i n g  process .  Here, t h e  nega t ive  al-lows t h e  drawn 

c i r c u i t r y  t o  be-exposed t o  UV l i g h t  while b lock ing  t h e - r e s t  

of t h e  board from exposure .  The UB l i g h t  i n i t i a t e s  t h e  

c r o s s l i n k i n g  r e a c t i o n  descr ibed  i n  t h e  next  s e c t i o n .  

Once t h e  ar twork i s  ready ,  a p i e c e  o f  copper p l a t e d  

board,  u s u a l l y  PVC t ype ,  i s  c u t  t o  s i z e  and prepared.  



Board P r e p a r a t i o n  

The f i r s t  s t e p  i n  p r e p a r i n g  t h e  copper  pla- ted board  is 

c l e a n i n g  and p o l i s h i n g .  S e v e r a l  methods were t r i e d .  

C lean ing  w i t h  wa te r  and a copper  p o l i s h i n g  compound was 

found. t o  b e  t h e  b e s t .  The compound u s e d  was a commercial 

p r o d u c t  c o n t a i n i n g  o x a l i c  a c i d .  Pumus powder w a s  a l s o  found 

t o  be  e f f e c t i v e .  

A f t e r  c l e a n i n g  and d r y i n g ,  t h e  board  i s  -thexi c o a t e d  

w i t h .  a n e g a t i v e  p h o t o r e s i s t  polymer. A 3 t o  1 d i l u t i o n  of 

ch lorobenzene  and t h e  polymer w a s  found t o  c o a t  w i t h  t h e  

b e s t  r e s u l t s .  The polymer used  w a s  2- hydroxyethyl  

m e t h a c r y l a t e  (HEMA) , purchased  f rum KODAK. 

T h i s  polylver i s  t h e n  d r i e d  and 'ihe nega- t ive  i s  placed  

over  t h e  board .  The board  i s  t h e n  exposed t o  UV l i g h t .  The - 

UV l i g h t  c r o s s l i n l c s  t h e  polymer, which i s  t h e n  r e s i s t a n t  t o  

t r i c h l o r o e t h y l e n e  and a n  e t c h i n g  b a t h .  The unexposed golyl-ner 

is  d i s s o l v e d  o f f  t h e  board w i t h  

t r i c h l o r o e t h y l e n e  ( c ~ H c ~ ? )  . 
The b o a r d  i s  t h e n  p l a c e d  i n  a n  e t c h i n g  b a t h  c o n t a i r l i n g  

i r o n  (111) c h l o r i d e  (~eCl.., ) and h y d o c h l o r i c  a , c i d ( ~ C l ) .  The 
3 

b a t h  i s  sp rayed  on to  t h e  board  and t h e  a r e a s  n o t  p r o t e c t e d  

by t h e  crossl in7ced polymer a r e  o x i d i z e d  by  t h e  i r o n  (111) 

i o n .  The r e s u l t i n g  copper  (11) (CuCL 2 d i s s o l v e s  o f f  t h e  

b o a r d ,  which now h a s  t h e  c i r c u i t  d e s i g n  remaining .  



C i r c u i t  Board Chemis t r :~  

P h o t o r e s i s t s  

The polymer u s e d  f o r  p h o t o r e s i s t s  i s  a c t u a l l y  a 

co-polymer o f  e t h y l a c r y l a t e  (ZA) and 

2-iiydr oxyethylmetllacryla.l;e (BEI?IA) . Once t h e  polymer i s  

s y n t h e s i z e d ,  a p h o t o s e n s i t i v e  group,  cinnamoyl c h l o r i d e  

( C  H C10) is  added t o  t h e  polymer,  shown below: 1 2  
9 6, 

Monomers 

Cinnamoyl C h l o r i d e  

Co-Polymer, P h o t o r e s i s t  

C R2 
I 
0 
I 
C -a 
I 

F" 
CH-C 6H5 



The polymer i s  t h e n  exposed t o  UV as shown below: 

- 
CH 
I c1g c 
I 
COOC%CH200CCH CHC 6 T 

L 

a 



E t c h i n g  

The e t c h i n g  s o l u t i o n  used  i n  t h i s  work was a i r o n  (111) 

c h l o r i d e  so lu - t ion .  The cornpos i t ion  o f  t h i s  s o l u t i o n  i s  2 8  

t o  42$ FeCl i n  5s HCL. An a d d i t i o n a l ,  small amount of 
3 

a c i d  i s  p r e s e n t  due t o  t h e  h y d r o l y s i s  r e a c t i o n :  

PeCl -t- 3f120 +Pe ( O R )  + 3HC1 3 3 
When t h e  e-tchaint i s  s p r a y e d  o n t o  t h e  b o a r d , t h e  i r o n  

(111) i o n  o x i d i z e s  t h e  copper  t o  t h e  copper  ( I )  i o n  and 

g r e e n  i r o n  (11) c h l o r i d e  forms:  

FeC1 + Cu+FeC12 + CuCl 
3 

I n  t h e  e t c h a n t ,  t h e  copper  ( I )  c h l o r i d e  i s  f u r t h e r  o x i d i z e d  

t o  copper  (11) c h l o r i d e :  

PeCl c CuC1-+PeC12 + Cu.C12 
7 

With b u i l d  u p  o f  copper  (11) c h l o r i d e  i n  t h e  s o l u t i o n ,  a n  

a d d i t i o n a l  r e a c t i o n  t a k e s  p l a c e :  

CuCl c Cu--)2CuC1 2 

It h a s  been  found t h a t  84$ o f  t h e  c o p p e r  i s  e t c h e d  b y  t h e  

second r e a c t i o n .  13 

The r a t e  o f  e t c h i n g  i s  c o n t r o l l e d  b y  t h e  PeCl - - 
3 

c o n c e n t r a t i o n ,  t h e  t e m p e r a t u r e ,  and t h e  t y p e  of  agi-tat ion. 

For  t h i s  work a c o m e r c i a l  e t c h i n g  s p r a y e r ,  t h e  Kepro 

BTE-202 dov-ble s i d e  s p r a y  e t c h e r ,  was used  a n d  t h e  e- tchant  

was k e p t  a t  7 8 ' ~ .  The FeC1, c o n c e n t r a t i o n  w a s  
I 

approx imate ly  35%. 

The t ime  t o  e'uch t h e  c o p p e r  w a s  de te rmined  b y  t r i a l  and 
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e r r o r .  With t h e  e t c h i n g  s o l u t i o n  k e p t  as d e s c r i b e d  above i t  

w a s  found t h a t  a doub le  s i d e d  board  abou t  one s q u a r e  f o o t  i n  

s i z e  r e q u i r e d  s i x  t o  s e v e n  m i n u t e s  i n  t n e  e t c h i n g  s o l u t i o n .  

A f t e r  e t c h i n g ,  t h e  board  i s  r i n s e d  wi th  wa te r  and 

washed w i t h  a c e t o n e  t o  remove t h e  p h o t o r e s i s t .  T h i s  i s  

n e c e s s a r y  t o  a s s u r e  good s o l d e r i n g .  



C i r c u i t  Board Schemat i c s  and Artwork - -- - -. - .- - - - - - - .- -- - - - 

On t h e  f o l l o w i n g  pages  t h e  s c h e m a t i c s  and a r t w o r k  f o r  

tlze c i r c u i t  b o a r d s  a r e  p r e s e n t e d .  



TABLE 5 

816821 PIA p i n  assignwen$$ 

:Pin Assignment 

1 Ground 

2-9 P o r t  A Data L i n e s  

10-1 7 P o r t  B Data Lines  

18 I n t e r r u p t  I n p u t ,  P o r t  B 

19 Per iphera , l  Con t ro1 ,Por t  B 

20 +5 v o l t s  

2 1 R e a d / ~ r i t e  

22-24 Chip S e l e c t s  

25 Enable 

26-37 Data L i n e s  

74 Reset  

35,36 R e g i s t e r  S e l e c t s  

77,38 I n t e r r u p t  Reques ts  

79 P e r i p h e r a l  C o n t r o l ,  P o r t  A 

40 I n t e r r u p t  I n p u t , P o r t  A 



TABLB 6 

Computer connec to r  ass ignments  

Pin# Assignment -- 

1,2 Ground 

Bus Address  B i t s  

S e l e c t  S i g n a l s  

Bus Data B i t s  

Upper Data S t robe  

Lower Data. S t r o b e  

Wr i t e  Enable 

Data Acknowledge I n p u t  

I n t e r r u p t s  

I m e d i a t e  Data Acknowledge I n p u t  

Ground 



Figure 2. Schematic for the M6821 PIA interface 



Figure 3 .  Artwork f o r  the  M6821 interface  board. 



TABLE 7 

ICL7104 Analog- to- Digi ta l  Conver ter  p i n  a , ss ignuents  

p in#  Assignment 

1 + I 5  V o l t s  

Ground 

S t a t u s  Output 

F o l a r i t y  

Over range 

Data B i t s  

Low b y t e  enab le  

High b y t e  e n a b l e  

Clocks 

Mode 

~ u n / ~ o l d  

Serrd--Enable 

Chip enab le / load  

+Logic s u p p l y  v o l t a g e  

Analog, i n p u t  

Buf Pe r i npu t  

Reference  c a p a c i t o r s  

Analog ground 

Auto z e r o  

Vol t  age r e f e r e n c e  

Comparator i n p u t  

-Supply v o l t a g e  



Figure 4. Schematic of the ICL7104 A/D converter  

interface board. 



Figure  5. Artwork f o r  t h e  ICL7104 A / D  c o n v e r t e r  

i n t e r f a c e  board. 



DAC703 Digi ta l- to- Analog c o n v e r t e r  p i n  a s s ignments  

-P in/# Ass ignaen t  

1-16 Data b i t s  

17 Vol t age  o u t p u t  

18 +Logic supp ly  v o l t a g e  

19  -Voltage s u p p l y  

20 Ground 

2 1 Zero  a d j u s t  

22 Gain a d j u s t  

23 +Volt  age suppp ly  

2 4- Reference  o u t p u t  



Figure 6 .  Schematic f o r  t h e  DAC703 D / A  I n t e r f a c e  

board.. 



F i g u r e  7. Artwork f o r  t h e  DAC703 D / A  i n t e r f a c e  - 

1- oard .  



EXPERIMENTAL 

The d a t a  a c q u i s i t i o n  system h a s  been p u t  t o g e t h e r  and 

debugged. The t e s t i n g  o f  t h i s  sys tem was performed u s i n g  a 

Wavetek Model 164 s i g n a l  g e n e r a t o r .  The d i g i t a l - t o - a n a l o g  

c i r c u i t r y  w a s  t e s t e d  u s i n g  a T e k t r o n i c s  o s c i l l o s c o p e ,  model 

The Wavetek g e n e r a t o r  w a s  u s e d  t o  g e n e r a t e  a sawtoo th  

wave which w a s  r ecorded  by t h e  d a t a  a c q u i s i t i o n  sys tem,  

p rocessed  and p l o t t e d  u s i n g  a fiouston I n s t r u m e n t s  Nodel 200 

x-y r e c o r d e r .  

A ramp wave was t h e n  g e n e r a t e d  u s i n g  t h e  A14 9513 

r e a l t i m e  c l o c k  v i a  program. and was moni tored  u s i n g  t h e  

T e k t r o n i c s  s c o p e  th rough  t h e  u s e  o f  t h e  d ig iJca l - to-analog  
- 

c i r c u i t r y .  

The f o l l o w i n g  pages  show a sample program u s e d  f o r  t h e  

d a t a  a c q u i s i t i o n  and p l o t s  which were r ecorded  on t h e  x-y 
- - 

r e c o r d e r .  



Sample P r o g r a m  f o r  Data A c q u i s t i o n  

CODE I N I T I A L I Z E P I A  Tll CLEAR 

SM 1 PE14 OOCC 

Sr;! 1 P E 1 5  OOCC 

SivI 1 F E 1 6  OOCC 

SM 1 P E 1 0  0 0 1  1  

Sl4 1 E'EI 1 0 0 1  1 

SM 1 F E l 2  0 0 1 1  

SPI I F E I ~  0 0 1 3  

0 VARLABTJFI: DATA 1 0 0 0  ALLOT 

0 VARIAHIJE  I N P U T  

CODE A C Q D I S I T I O l ! T  1  F B I  4 

: GRTDATA 1 0 0 0  0 D O  

E X P E C T  A C Q U I S I T I O B T  

DATA @ DATA 1 + @ + I N P U T  I I O O P  ; 

: AVERAGE 

0 

i o o i  I D O  

I DATA @ + 
LOOP 

1 0 0 0  / 2 jC 

COITSTANT H I G H V A L U E  ; 

: DATA@ 1-  2 * DATA + 63 ; 

: CHBCl(r\TOISE 

CREATE DUP , 



2 * A L L O T  

D O E S >  

1 0 0 0  1 DO 

I DATA@ 

HIG?IVALUE> I P  

&L$E 

L O O P  

THEN 

SWAP 1-  SWAP 

OVER OVER 

LOOP;  

HEX P O 0 0  CONSTANT V I D E O  

DTCLTYTAL 64 CONSTANT W I D T H  

16  CONSTAWT HXIGHT 

: COORD I J IDTP * + V I D E O  + ; 
: P L O T  COORD C !  ; 

I J I D T H  1 - CONSTANT XNAX 

H E I G H T  1-  CONSTAIIT Y I U X  

VARTABCE X V A R I A B L E  Y 

: XYCHECK X@ 0 14AX X! 

X@ XMAX M I N  X !  

Y@ 0 MAX Y! 

Y@ YllIAX Tv7IN Y !  ; 

: X Y P L O T  1 0 0 0  1 DO 

I DATA@ 

XYCHECK X @ Y I P L O T  ; 



The p r e c e d i n g  program a l l o w s  f o r  t h e  a c y u i s i t i o n  o f  

1000 d a t a  p o i n t s ,  p r o c e s s i n g ,  and g r a p h i c s  r e p r e s e n t a t i o n  of 

t h o s e  p o i n t s .  

The f i r s t  s e c t i o n  o f  t h e  program a l l o w s  t h e  computer t o  

jump from FIOHTH i n t o  i t s  b u i l t - i n  programming by u s i n g  t h e  

FORTH code t y p e  d e f i n i t i o n .  "INTIAIJIZXPIA~~ i s  d e f i n e d  by  

t h e  f o l l o w i n g  programming l i n e s  which i n i t i a l i z e  t h e  PIA1s .  

The n e x t  s e c t i o n  o f  t h e  program s e t s  u p  a n  a r r a y  o f  

1000 words. Th i s  i s  fo l lowed  by t h e  d a t a  a c q u i s i t i o n  

programming. I n  t h e  d a t a  a c y u i s i t i o n  programming, t h e  code 

t y p e  d e f i n i t i o n  i s  a g a i n  used  t o  a l l o w  f o r  p r o p e r  a d d r e s s i n g  

o f  t h e  expec ted  t y p e  o f  d a t a  i n p u t .  

The d a t a  a r e  averaged i n  t h e  n e x t  program. The average  

i s  t h e n  used  i n  t h e  f o l l o w i n g  s e c t i o n  o f  programming t o  
- 

check f o r  n o i s e  caused  by t h e  i n s t r u n e n t a t i o n .  E'or e x m p l e :  

i f  t h e  da.ta i n p u t  r a n g e s  from +O t o  +2 v o l t s ,  t h e n  on a wave 

t y p e  f u n c t i o n  t h e  ave rage  i n p u t  would be +one o r  some v a l u e  

which c o r r e s p o n d s  t o  +one. If t h e  d a t a  r e c i e v e d  a r e  m6Ee 

t h a n  t w i c e  +one, o r  t w i c e  some cor respond ing  v a l u e  f o r  +one, 

t h e n  i t  w i l l  be thrown o u t  by  t h e  programm. I n  t h i s  manner 

on ly  d a t a  i n  a r e a s o n a b l e  range  o r  s c a l e  w i l l  be r ecorded .  

The f i n a l  p a r t  o f  t h e  program d e a l s  w i t h  t h e  g r a p h i c s  
- 

and p l o t t i n g .  Th i s  i s  a s imple  g r a p h i c s  program which s e t s  

v a l u e s  w i t h i n  c o o r d i n a t e  p a r a m e t e r s  and p l o t s  them on t h e  

s c r e e n  o r  d i s p l a y  u s i n g  t h e  p i x e l s  b u i l t  i n t o  t h e  computer.  



t y p i n g  i n  t h e  erai t  cornmand. 

The  l t u n c o n v e n t i o n a l i  t y "  o f  FORTH progranuniiig i s  

demonst ra ted  by t h i s  prgram, b u t  t h e  e a s e  i s  a l s o  

demons-trated. A program t o  c a r r y  o u t  t h e  same p r o c e s s  i l l  

POETRAN o r  BASIC would become much more invo lved  and 

l e n g t h y .  



The f o l l o w i n g  two p l o t s  a r e  o f  wave f u n c t i o n s  which 

were p l o t t e d  v i a  t h e  same g r a p h i c s  program u s i n g  t h e  

Houston InstrurnenJcs Model 200 x-y r e c o r d e r .  

F i g u r e  8 i s  a p l o t  of  t h e  d a t a  a c q u i s i t i o n  o f  a 

sawtooth  wave g e n e r a t e d  a t  4KRz by t h e  Wavetek Model 164 

s i g n a l  g e n e r a t o r .  

P i g u r e  9 i s  a p l o t  o f  t h e  same wave f u n c t i o n  a f t e r  a 

ramp o f  50-mV s t e p s  w a s  a p p l i e d  t o  t h e  s i g n a l  and ou tpu t  

th rough  t h e  d i g i t a l- t o- a n a l o g  c i r c u i t r y  moni to red  by t h e  

T e k t r o n i c s  scope .  







Conclus ion  

Th i s  d a t a  a c q u i s i t i o n  sys tem h a s  shown p o t e n t i a l  t o  be 

employed as a c o n t r o l  and a . c q u i s i t i o n  d e v i c e  f o r  

e l e c t r o c h e m i c a l  e x p e r i m e n t a t i o n .  The v e r s a t i l i t y  of  t h i s  

sys tem i s  i n  a  s e n s e  o n l y  l i m i t e d  by t h e  c r e a t i v e  and 

programming a b i l i t i e s  of  t h e  r e s e a r c h e r .  

The memory, speed ,  and programming a b i l i t i e s  o f  t h i s  

system a,llow f o r  h i g h  q u a l i t y  per formance ,  s u p e r i o r  t o  t h e  

l i m i t e d  c a p a b i l i t e s  o f  microcomputer sys tems  b u i l t  f o r  one 

s p e c i f i c  f u n c t i o n .  

The l a r g e  memory c a p a c i t y  a l l o w s  f o r  d a t a  s t o r a g e  and - 

m a n i p u l a t i o n  n o t  p o s s i b l e  i n  most sys tems.  

The ma jo r  work i n  d e s i g n ,  b u i l d i n g  and prograirznlillg o f  -- 

t h i s  system h a s  been c a r r i e d  o u t .  It i s  hoped t h a t  work on 

development  and u s e  o f  t h i s  sys tem w i l l  'be c o n t i n u e d  i l l  t h e  

f u t u r e .  - - 
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