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Abs t rac t  

A number of provocat ive t o p i c s  w i l l  be 
discussed such as :  r e l a t i v e  p r i o r i t i e s ,  
Check L i s t s ,  Design Reviews, Design Rule 
Checks, d i g i t a l l y  computerized s imulat ion,  
analog computer s imula t ions ,  breadboards, 
t e s t  s t r a t e g i e s ,  and metal-mask opt ions .  
These a r e  demonstrated t o  be valuable  f o r  
enhancing the p r o b a b i l i t i e s  of good r e s u l t s  
i n  high-volume l i n e a r  In tegra ted  
C i r c u i t s  ( I C s ) .  

h i  s tor  i c a l  Co ns i d e r  a t i o  ns ________ - 

I t  i s  well known t'nat the  des ign  of 
l inear  in tegra ted  c i r c u i t s  has  been, 
h i s t o r i c a l l y ,  a n  a rcane  a r t ,  accomplished by 
b i z a r r e  persons with s t r a n g e  p e r s o n a l i t i e s .  
Uhile there  may be a n  element of t r u t h  t o  
t h i s ,  i t  i s  a l s o  f a i r  t o  s a y  t h a t  reasonable ,  
r a t i o n a l ,  and sane persons can a l s o  des ign  
successfu l  ICs. B u t  f o r  b e s t  r e s u l t s ,  they 
should take up some of t h e  more f a n a t i c a l  
a t t i t u d e s  t h a t  the  old- t imers  used. t o  have. 
A mere enthusiasm i s  not n e c e s s a r i l y  
s u f f i c i e n t  f o r  good r e s u l t s ,  but  a 
meticulous, s k e p t i c a l ,  susp ic ious  approach 
sometimes i s  h e l p f u l  t o  f i n d  and avoid 
poss ib le  problems t h a t  could wreck or  delay 
the p r o j e c t .  This i s  e s p e c i a l l y  t r u e  f o r  
"large-volume'' l i n e a r  ICs where i t  has  been 
observed t h a t  a few "minor" problems can 
turn the  p r o j e c t  i n t o  a "low-volume" one. I 
s h a l l  t r y  t o  present  examples and approaches 
which have been found usefu l  t o  avoid or  
solve t h e  problems. 

Note t h a t  I am dwell ing pr imar i ly  on 
l i n e a r  ICs. T h i s  i s  p a r t l y  because the  
design of larGe d i g i t a l  ICs has  o f t e n  turned 
i n t o  il coninittee e f f o r t ,  wi th  many man-years 
focused i n  a few months. Linear ICs a r e  
s t i l l  usua l ly  d.esisned by a small  team of 1 
or  2 engineers .  And, un l ike  t h e  r e l i a n c e  of 
d i g i t a l  designers  on cook-books, s taiidard 
c e l l s ,  and l i b r a r i e s  of b a s i c  bui ld ing  
I~loclcs, l i n e a r  ICs a r e  u s u a l l y  designed from 
s c r a t c h  and customized because t h e  
performance depends c r i t i c a l l y  on the 
d e t a i l s  of the  t r a n s i s t o r  and r e s i s t o r  
design and layout .  This must come und-er t'ne 
purview of one person. The p o i n t  I want t o  
make i s ,  t h a t  the techniques necessary f o r  
successfu l  d i g i t a l  des ign  and f o r  successfu l  
l i n e a r  design may have some a r e a s  of overlap,  
hut  many a r e a s  where t h e r e  i s  nothing i n  
common. Planning 

IJhether we do i t  e x p l i c i t l y  or 
i m p l i c i t l y ,  every good l i n e a r  des ign  s t a r t s  
with a da ta  shee t .  If a c i r c u i t  i s  worth 
doing, t h a t  i s  because e v e n t u a l l y  an  
engineer N i l 1  pick up t h e  d a t a  s h e e t  and say, 
" I  r e a l l y  have t o  have t h i s  c i r c u i t ,  i t ' s  
e x a c t l y  what I need". The c i r c u i t  m u s t  
include f e a t u r e s  and s p e c i f i c a t i o n s  and 

a p p l i c a t i o n s  c i r c u i t s  which a r e  e x c e l l e n t  
and w i l l  e x e r t  a magnetic p u l l  on the  
prospec t ive  user ,  and t h e s e  f e a t u r e s  must 
make a good t o t a l  package when p u t  on a da ta  
s h e e t .  You d o n ' t  have t o  wri te  u p  t h e  
e n t i r e  d a t a  s h e e t  a t  t h e  s t a r t  of t h e  
p r o j e c t :  i t  may be enough t o  j u s t  envis ion  
i t ,  and w r i t e  down t h e  key f e a t u r e s ,  bu t  the 
designer  must be aware t h a t  t h e  d a t a  s h e e t  
w i l l  not  on ly  be t h e  b i r t h  of t h e  product, 
and t h e  l i f e  of t h e  product ,  bu t ,  i f  t h e  
d a t a  s h e e t  i s  d e f i c i e n t ,  i t  can be t h e  death 
of t h e  product .  So, t h e  des igner  (wi th  some 
h e l p  from h i s  f r i e n d s  i n  the  marketing 
department) must be s u r e  t h a t  t h e  c i r c u i t  
can lead  t o  a d a t a  s h e e t  t h a t  w i l l  have a l l  
the  r i g h t  f e a t u r e s ,  and not  any s i g n i f i c a n t  
drawbacks. A s i n g l e  s p e c i f i c a t i o n  i s  not  
enough. You have t o  have a reasonable  
package of specs  and f e a t u r e s ,  and you have 
t o  have a p p l i c a t i o n s  notes  so t h e  u s e r  w i l l  
no t  be a b l e  t o  f a i l  t o  apply i t  successfu l ly .  
A t  every s t a g e ,  the  des igner  ( o r  the  p r o j e c t  
manager) m u s t  be aware of t h e  nascent  da ta  
s h e e t .  Any dec is ion  t h a t  would impact t h e  
d a t a  s h e e t  must  he considered. For example, 
i f  a t e s t  engineer begs t o  drop  a t e s t  
because i t  is too d i f f i c u l t ,  and t h i s  would 
impact t h e  d a t a  s h e e t  s e r i o u s l y ,  t h e  
designer  m u s t  r e s i s t  t h i s .  [l] 

t o  do i ts  job, b u t  a f t e r  t h a t  i s  
accomplished, t h e  d a t a  s h e e t  must do job.  
For example, the  o l d  UA709 a m p l i f i e r  had some 
good f e a t u r e s ,  and some c h a r a c t e r i s t i c s  
t h a t  were not so good. But t h e  UA709's low 
noise  was never mentioned on i t s  d a t a  s h e e t .  
So, .to t h i s  day, people ask m e ,  "Where can I 
f i n d  a low-noise op-amp wi th  l o t s  of 
gain-bandwidth product?" .  And I have t o  
e x p l a i n  t h a t  the  UA709 r e a l l y  does have good 
low noise  vol tage ,  lower t h a n  a l l  t h e  741s 
o r  t h e  BIPETs. So, i n  some a p p l i c a t i o n s ,  the 
23-year-old UA709 i s  s t i l l  t h e  b e s t  I C  f o r  
t h e  job.  B u t  t h e  d a t a  s h e e t  k e p t  t h a t  a 
s e c r e t .  

Of course,  t h e  " s i l i c o n "  must be a b l e  

Design Reviews _ _ _ ~  

iJhen t h e  design of a c i r c u i t  i s  near ly  
complete, t h e  designer  w i l l  normally hold a 
Design Review f o r  a n  audience of h i s  peers .  
The complete design i s  presented ,  and a l l  
the  engineers  a r e  i n v i t e d  t o  marvel a t  the 
good des ign ,  and t o  c r i t i c i z e  t h e  bad design.  
O n  a good day, nothing is  l e f t  b u t  the  good 
s t u f f .  B u t ,  we a l l  know t h a t  occasional  
des ign  flaws slii2 p a s t  the  j u r y  of peers .  To 
h e l p  minimize t h i s ,  a t  our company, we have 
appointed s e v e r a l  Czars who a r e  intended t o  
be e x p e r t s  i n  one p a r t i c u l a r  narrow f i e l d  of 
design.  I ani, f o r  example, the  Czar of 
Bandgaps, and I am respons ib le  f o r  keeping 
t r a c k  of a l l  our e x p e r t i s e  i n  t h e  design of 
aand-gap re ference  c i r c u i t s .  Every new 
c i r c u i t ,  every o l d  c i r c u i t ,  every good 
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c i r c u i t ,  every bad c i r c u i t ,  and every " f i x "  
of a bad c i r c u i t  i s  supposed t o  be f i l e d  
with me. That way, I can make s u r e  t h a t  
only good c i r c u i t s  a r e  copied.  This theory 
does not  work p e r f e c t l y ,  bu t  i t  works r a t h e r  
w e l l ,  and the number o f  o l d  e r r o r s  t h a t  a r e  
repea ted  has  decreased markedly, r e c e n t l y .  
Czars have a l s o  been a p p i i i t e d  i i i  o ther  
a r e a s  such a s :  S ta r t -up  C i r c u i t s ,  Zener-Zap 
T r i m  C i r c u i t s ,  Proof-reading, and Computer 
E r r o r s .  [ 21  

After t h e  nominal c i r c u i t  des ign  i s  
c o r r e c t ,  i t  m u s t  be l a i d  o u t  by a mask 
designer  (though sometimes by t h e  Design 
Engineer h i m s e l f ) .  E i ther  way, when the 
layout  i s  complete, i t  i s  necessary f o r  
another  round of d e t a i l e d  c r i t i c i s m ,  peer 
review, and c l o s e  checking. This we denote  
by t h e  technica l  phrase ,  "Beer-check". This 
d i f f e r s  s l i g h t l y  from t h e  Design Review, a s  
t h e r e  i s  opportuni ty  f o r  a l l  t h e  tech- 
n i c i a n s ,  and mask-designers t o  review the  
layout ,  a s  well a s  the  engineers .  Now, a s  I 
mentioned e a r l i e r ,  t h e r e  may not  be a s  many 
bad o r  i n c o r r e c t  ways t o  l a y  o u t  a d i g i t a l  
c i r c u i t  a s  t h e r e  a r e  bad ways t o  des ign  i t .  
B u t  fo r  l i n e a r  c i r c u i t s ,  t h e r e  a r e  a l o t  of 
bad thing-s poss ib le  t o  do i n  a l a y o u t ,  even 
f o r  a good engineer and a good mask- 
des igner .  The kind of f laws t h a t  a r e  
spot ted  a t  almost every  lxer-check r a n 9  
from t h e  t r i v i a l  t o  t h e  d i s a s t r o u s .  
For tuna te ly ,  we o f t e n  f i n d  t h a t  the  most 
u n l i k e l y  persons have t h e  h e s t  knack of 
s p o t t i n g  e r r o r s ,  so we i n v i t e  the  most 
u n l i k e l y  people a s  wel l  a s  t h e  s e n i o r  
persons .  After  you t r y  t h i s  a few times, i t  
i s  easy  t o  conclude - that  t h e  c o s t  of the 
p izza  and potab les  t h a t  a r e  given o u t  a s  
rewards, i s  2 o r  3 o r d e r s  of magnitude 
cheaper than  l e t t i n g  t h e  e r r o r s  go 
un-detected. An even more important f e a t u r e  
of t h i s  review, i s  t h a t  every l e v e l  of 
worker l e a r n s  t h a t  every p e r s o n ' s  input  is 
valuable  f o r  catching e r r o r s ,  and t h a t  
nobody i s  immune t o  e r r o r s .  I t  i s  
e s p e c i a l l y  apparent  t h a t  when a person has 
worked on a p r o j e c t  f o r  a long time, he 
becomes incapable  of ca tch ing  h i s  own e r r o r s ,  
so t h a t  i s  another  reason t o  b r i n g  i n  
o u t s i d e  h e l p ,  simply t o  br ing  new eyes t o  
t h e  task .  

Tes t a b i  1 i t y ______ 

In d i g i t a l  design,  when the  number of 
g a t e s  r i s e s  i n t o  t h e  thousands, t h e  import- 
ance of t e s t a b i l i t y  i s  wel l  apprec ia ted .  S O ,  
g a t e s  t h a t  might f a i l  and go u n d e t e c t e d  
because o f  a lack  of a c c e s s a b i l i t y  a r e  given 
s p e c i a l  cons idera t ion .  Likewise, i n  l i n e a r  
c i r c u i t s ,  t h e  importance of being a b l e  t o  
tes t  every irLportant func t ion  e a s i l y  and 
quick ly  i s  recognized - e s g e c i a l l y  i n  the  
case of mixed-mode ICs where many analog and 
d - i g i t a l  funct ions a r e  combined. [3]  Also, 
t h e  techniques f o r  designincj t e s t a b l e  l i n e a r  
I C s  a r e  being expanded. This i s  t r u e  not  
o n l y  f o r  production t e s t i n g ,  bu t  a l s o  for  
c h a r a c t e r i z a t i o n  and f o r  t roubleshoot ing . 
Every node must be a c c e s s i b l e  t o  the 
t roubleshooter  with h i s  probes,  o r  e l s e  t h a t  

becomes a n  i n v i t a t i o n  f o r  ILIurphy's L a w  t o  
s t r i k e .  CO;] Small probe pads a r e  b e s t  
introduced,  t o  f a c i l i t a t e  probinfr, and vias  
m u s t  b r i n g  up nodes f ror ,  t h e  f i r s t  l ayer  of 
metal t o  the top  l a y e r  of metal. Fortunately,  
new instruments  a r e  a l s o  h e l p f u l  i n  a i d i n g  
the  access  for  probing, bu t  t h e s e  a r e  
tedious and slow. 

Qmputer Simulation 

The advantayes of the ( d i q i  t a l )  
a n p u t e r  f o r  s imula t ing  a c i r c u i t ' s  
performance a r e  wel l  known and widely 
trumpeted. The disadvantages a r e  most of t e n  
swept under a rug o r  ignored. iiany young 
engineers  a r e  slow t o  ca tch  on t h a t  
computers l i e .  Yes, they sometimes l i e  even 
when you type i n  the  c o r r e c t  SPICE program. 
Consequently, wise des igners  l e a r n  t o  r u n  
" s a n i t y  checks" on t h e i r  conputer programs, 
and t o  blow a w h i s t l e  i f  t h e  computer g ives  
a p a t e n t l y  absurd answer. Other times, the 
computer i t s e l f  blows t h e  w h i s t l e  and gives  
up - q u i t s  - f a i l s  t o  converge. In  every 
case ,  the  engineer m u s t  be prepared t o  
eva lua te  the r e s u l t s  and t o  dec ide  when to 
d is -be l ieve  t h e  computer. 

In  a r e c e n t  case ,  an  opera t iona l  
ampl i f ie r  was designed with HOSFl iTs ,  and a l l  
the  DC c h a r a c - t e r i s t i c s  were simulated and 
the r e s u l t s  were a s  expected. Eooriever, the 
high-speed r e s g n s e  and dynamic s t a b i l i t y  
t e s - t s  gave no r e s u l t s ,  due t o  lack of 
convergence. Despi t e  p l e a s ,  howls, and 
t h r e a t s ,  t h e  Computer Icxperts were not  a b l e  
t o  achieve  any u s e f u l  convergence. (!.Tote, 
t h i s  may be p a r t l y  because t h e  IIOSFEP models 
a r e  optimized f o r  accuracy i n  d i g i t a l  
c i r c u i t s ,  where the  vol tages  f l a s h  from 
maximum t o  minimum i n  l e s s  than a nanosecond, 
but  the models o f t e n  g ive  poor r e s u l t s  i n  
l i n e a r  c i r c u i t s .  .. . )  F i n a l l y  I suggested an 
analog computer. The designer  s a i d  t h a t  
would be d i f f i c u l t  a s  he d id  not  have any 
s u i t a b l e  k i t - p a r t s  o r  t e s t  p a t t e r n s  - n3 
s u i t a b l e  samples of PlOSFET. I pointed out ,  
t h a t ' s  no problem; r e p l a c e  each IiCSPEP with 
a b i , p l a r  t r a n s i s t o r  with a big r e s i s t o r  i n  
i t s  e m i t t e r ,  t o  s imula te  t h e  
transconductance of t h e  FET. He thought 
about t h a t ,  and then  objec ted  t h a t  the 
b ipolar  t r a n s i s  to r  would have unrea l i s  t i c  
frequency response. I r e p l i e d  t h a t  he 
should add i n  c a p a c i t o r s  1000 times b i g g y  
than the actual. IC s t r a y s .  Then the  c i r c u i t  
would work a t  1/1000 t h e  speed of t h e  r e a l  
c i r c u i t ,  and t h e  s t r a y  capaci tances  would 
have n e g l i g i b l e  e f f e c t .  i-Ie thought about it. 
He convinced h imsel f .  He b u i l t  t h e  "Analog 
Computer". I t  confirmed h i s  theor ies .  He 
b u i l t  t h e  IC and i t  worked j u s t  l i k e  the  
Analog Computer. So, when t h e  d i g i t a l  
computer i n  t h e  s imulator  g ives  answers t h a t  
a r e  u s e l e s s ,  you a r e  not  n e c e s s a r i l y  s tuck .  

Recently we had a l a r g e  non-linear 
c i r c u i t  whose s imulat ion gave absurd e r rors .  
For tuna te ly ,  we were a b l e  t o  s n i p  away 63 of 
the 6 5  t r a m i s t o r s  and t h e  SPICE continued 
t o  give absurd e r r o r s .  By concent ra t ing  on 
the  minimal c i r c u i t ,  we were a b l e  t o  
convince the  Com.puter Experts t h a t  they m u s t  
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look i n  t h e i r  realm f o r  the e r r o r ,  and i n  
on1.y a couple  weeks they  were a b l e  t o  f i n d  2 
o r  3 absurd e r r o r s .  Then w e  went back and 
the  complete c i r c u i t  d i d  begin t o  work 
c o r r e c t l y .  

Breadboards 

As a n  old-time a n a l o g - c i r c u i t  crank, I 
f ind  f n a t  breadboarding i s  a va luable  p a r t  
of c i r c u i t  design.  For one th ing ,  i t  does 
provide an  independent check on the  r e s u l t s  
from d i g i t a l  s imula t ion .  For another ,  i t  
can use " k i t - p a r t "  t r a n s i s t o r s  so i f  t h e  
t r a n s i s t o r  model i s  i n c o r r e c t ,  t h e  c i r c u i t  
may t e l l  you a d i f f e r e n t  answer than the 
SPICE, because t h e  model i s  poor ly  r e l a t e d  
t o  the r e a l  world. B u t ,  j u s t  a s  I cautioned 
you t h a t  d i g i t a l  computers l i e ,  wel l ,  so do 
Analoc, ones,  and breadboards, a l s o .  They 
l i e  most e a s i l y  i n  high-frequency response, 
where the  s t r a y  capaci tances  of t h e  
breadboard cannot r e l a t e  t o  t h e  s t r a y s  i n  
the  monolithic c i r c u i t .  S t i l l ,  a breadboard 
i s  va luable ,  I f i n d ,  e x a c t l y  because i t  i s  
so touchy, so  s e n s i t i v e ,  so  grouchy. These 
days, i t  w i l l  normally be f o o l i s h  t o  depend 
only  on the breadboard, but i n  many cases  
i t ' s  not much more f o o l i s h  than  t o  r e l y  
s o l e l y  on the computer s imula t ion .  

to  e x e r c i s e  the  t e s t e r .  Several  times, I 
have been a b l e  t o  back up t h e  b r e a d b a r d  t o  
the t e s t e r ,  and confirm t h a t  the  t e s t e r  was 
working GI<, even before  we had working 
s i l i c o n .  So, when you want to r u n  a "san i ty  
check" on t h e  t e s t e r ,  the  breadboard can be 
valuable  and reassur ing .  I n  some cases ,  you 
can s e e  the e f f e c t  of a sweeping change i n  
the breadboard, quicker  Ynan on t h e  computer. 
So, i n  many cases ,  I recommend t h a t  you 
should not akni lon  the  o l d  techniques,  i f  
they he lp  you t o  avoid t h e  occas iona l  hoaxes 
tha: the d i g i - t a l  computers a t tempt  t o  f o i s t  
on you. 

Another good use f o r  t h e  breadboard, i s  

iiore klanniricj 

The way t o  use PERT c h a r t s  and Gantt 
c h a r t s  t o  b e s t  manage the  progress  of a 
p r o j e c t  i s  well documented i n  t h e  a r t  of 
prooram manaoement, and I w i l l  no t  dwell on 
t h a t .  I do want t o  p o i n t  o u t  t h e  advantages 
of usin9 a b i g  Check-list.  I have been 
using Check-lists f o r  a number of years  t o  
make s u r e  I d i d n ' t  forcj-et anything,  because 
on a complex p r o j e c t ,  t h e r e  a r e  so  many 
t h i n c r s  t h a t  could e a s i l y  be forqot ten  or 
neglected.  

For example, on a r e c e n t  p r o j e c t ,  I 
s t a r t e d  o u t  one evening t o  w r i t e  a l i s t  of 
"100 Items t o  do", and when I was done, I 
couiited 1 5 5  items. Cn another  p r o j e c t ,  I 
was co l labora t ing  with two junior  engineers ,  
and each of u s  wrote down a lonq l i s t .  I 
iiciu o n  ink i i s t  more than a dozen iterns tney 
had not thought o f ,  and they each had a 
ciozen i t e m  I h a d n ' t  thought o f .  So, by 
coiiibining l i s t s ,  we came up with a much 
better l i s t ,  which w i l l  a l s o  be usefu l  on 
o t h e r  f u t u r e  p r o j e c t s .  

P r i o r i t i e s :  In  these  l i s t s ,  we t r y  t o  
i n d i c a t e  the r e l a t i v e  p r i o r i t i e s  o f  various 
aspec ts  of t h e  p r o j e c t .  That way, i f  the  
noise  i s  the  most important f e a t u r e ,  and YOU 
f i n d  yourself  compromising the  noise  t o  g a i n  
o t h e r  advantages, a t  l e a s t  you cannot s a y  
t h a t  you d i d n ' t  r e a l i z e  t h e  noise  was 
important .  One t i m e  I was given a new 
p r o j e c t ,  and a s  I wrote  down t h e  l i s t  of 100 
Items, I t r i e d  t o  decide i f  i t  was most 
irrportant to keep t h e  d i e  s i z e  small ,  o r  t h e  
quiescent  p w e r ,  o r  t h e  tempco, o r ,  what? 
(:'his was because t h e  t a r g e t  specs  and 
guide l ines  were r a t h e r  imprecise .  ) Short ly ,  
I decided t h a t  none of t h e s e  had the  h i g h e s t  
p r i o r i t y ,  not  even, g e t t i n g  t h e  s i l i c o n  o u t  
i n  t h e  f a s t e s t  p o s s i b l e  t ime.  Rather, t h e  
most important i tem was, t o  have a 100% 
p r o b a b i l i t y  of g e t t i n g  the  c i r c u i t  working 
on t h e  f i r s t  t r y .  This c i r c u i t  was t o  be 
p a r t  of a new l i b r a r y  of c e l l s ,  and t h e  
o t h e r  c e l l s  a l s o  had t o  come o u t  on the 
f i r s t  t r y .  Some of  those  c e l l s  had 8 
components, and o t h e r s  had 18 components, 
and my c i r c u i t  had 85  components, so i t  was 
not easy t o  bui ld  u p  t h e  confidence t h a t  my 
c i r c u i t  would be s u r e  t o  work on t h e  f i r s t  
t r y .  So, I optimized t h e  c i r c u i t  i n  terms 
of ge t t inc ,  each component p r e c i s e l y  def ined,  
with no mistakes. And, with a l i t t l e  h e l p  
from my f r i e n d s  a t  t h e  Beercheck, we d id  get  
i t  o u t  on the  f i r s t  t r y ,  and i t  worked wel l .  

lbw, i f  i t  had n o t  worked on t h e  f i r s t  
t r y ,  what would be t h e  next most important 
th ing  t o  optimize? In  t h i s  case ,  I should 
opt imize t h e  ease  of  analyzing any e r r o r s  i n  
the  f i r s t  t r y ,  and t h e  ease  of f i x i n g  them 
and y e t t i n ?  the  second s i l i c o n  t o  work. So, 
I a l s o  d id  t h a t .  And, even thouqh the  
s i l i c o n  d id  work on t h e  f i r s t  t r y ,  I was 
a b l e  t o  make a minor metal-mask tweak t o  
make i t  work even b e t t e r  on t h e  second t ry .  

Why ? le ta l  llask Tweaks? There a r e  a couple 
advantages i n  being a b l e  t o  tweak the  metal 
mask. I t  I have a c i r c u i t  which works p r e t t y  
w e l l ,  I can u s u a l l y  p r e d i c t  how t o  ir.lprove 
the  c h a r a c t e r i s t i c  n i c e l y  by changing a 
r e s i s t o r  value. So, I could achieve t h i s  by 
changing t h e  base mask. In  theory,  t h a t  i s  
easy t o  do, but  i n  p r a c t i c e ,  i t ' s  easy t o  
botch t h e  computation, and g e t  r e s i s t o r s  
t h a t  d o n ' t  do what we want. I f ,  on the  
o ther  hand, we b u i l d  i n  a l a r g e  group of 
small  r e s i s t o r s  i n  s e r i e s  with t h e  main 
r e s i s t o r ,  and s h o r t  some of them o u t  with 
metal l i n k s ,  we can prove t h a t  the  r e s i s t o r  
can be changed t o  t h e  d e s i r e d  value by 
opening o r  s h o r t i n g  l i n k s .  T.?e can do t h a t  
on Some samples, and then  we know t h a t  when 
we change the metal mask, t h e  improvement 
w i l l  he e x a c t l y  what we want. Further ,  we 
can d o  a l l  s o r t s  of eva lua t ion  on these 
p a r t s ,  (which would otherwise have t o  wai t  
u n t i l  t h e  base mask was changed). 

metal mask, i s  t h a t  we can more quick ly  g e t  
the changes executed. I f  we hold  some 
wafers a t  base (before  base mask) then we 
can s l a p  on a new base mask and g e t  o u t  new 
wafers i n  2 o r  3 weeks, bu t  i f  we hold them 

Another reason t o  make t h e  changes on a 
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a t  metal (before  metal mask) we can g e t  new 
wafers i n  2 o r  3 days. 

"Eold A t  l l e ta l"  
f o r  plann-tal mask chanqes i s  r e l a t e d  

The o t h e r  major reason 

to major goof-ups. Plany times a new r u n  
comes o u t ,  and a b s o l u t e l y  nothing works. A 
l i t t l e  s t u d y  shows a n  e r r o r  i n  t h e  metal 
nask. We can go back and s t a r t  new wafers, 
and p u t  on a new metal mask, a t  a c o s t  of a 
few weeks  and many thousands of d o l l a r s .  If 
i n s t e a d ,  w e  hold 9/10 of t h a t  r u n  a t  metal 
(before  metal mask) and br ing  o u t  1 / 1 0 ,  we 
can l e a r n  from looking a t  those few wafers 
t h a t  t h e  metal mask was botched. Then we 
can expedi te  the new metal mask, and s l a p  i t  
on t h e  l e f t - o v e r  wafers ,  and c u t  down on 
wasted money and time. I have not  declared 
myself t h e  Czar of "Hold a t  Metal", but I am 
one of  i t s  s t r o n g e s t  proponents, and I have 
convinced everybody I work with 
saves  money, a s  wel l  a s  time which i s  more 
p r i c e l e s s  than mere money. lJow, i t  i s  t r u e  
t h a t  havino metal-mask opt ions  a v a i l a b l e  on 
r e s i s t o r s  does waste a l i t t l e  d i e  a r e a ,  but  
I ' v e  seen  t h i s  c o s t  paid back 10  times over .  
And t h e  c o s t  advantage of holding wafers a t  
metal could be computed a t  1 0 0  times or 
more. 

t h a t  i t  

"Bus t-proof ing"  

I d e a l l y ,  a l l  ICs, a l l  c i r c u i t s  should 
survive t h e  outputs  and t h e  i n p u t s  shorted. 
t o  e i t h e r  supply,  and l a r g e  L l e c t r o S t a t i c  
Discharges (ESD)  t o  any te rmina l .  B u t ,  t o  
be r e a l i s t i c ,  t h e r e  a r e  some c i r c u i t s  whose 
performance would be conproniised by any  
a t tempt  t o  make t h e  c i r c u i t  un-bustable. 
For example, t h e  o l d  UA709 would be 
destroyed i n  a few seconds i f  i t s  ou tput  was 
shor ted  t o  e i t h e r  supply,  and even f a s t e r  
t h a n  t h a t  i f  one input  was shor ted  t o  a 
supply.  The demise of the  UA709 was easy t o  
p r e d i c t  when the  L I i l O l  and U11741 came alonc,, 
a s  they  could surv ive  a l l  these  condi t ions .  
However, r e c e n t  requirements t h a t  all I C  
t e rmina ls  m u s t  wi thstand ESD t r a n s i e n t s  
l a r g e r  than 2000 v o l t s  ( s tandard  t e s t  
procedure, appl ied  throuqh 1.5k i n  s e r i e s  
with 100 p icofarads  ) showed t h a t  t h e  Lli lOl  
had weaknesses when t h e  i n p u t s  were pul led  
toward -80 v o l t s .  Ue were a b l e  t o  add a 
couple small  t r a n s i s t o r s  t o  clamp the  
negative-going t r a n s i e n t s  and br ing  the 
L I i l O l A ' s  toughness up t o  a n  acceptab le  
l e v e l ,  and the  u s e r  cannot even s e e  the 
d i i f e r e n c e .  Of course,  customers s t i l l  c a l l  
u s  up and ask how many t r a n s i s t o r s  the 
L i l l G l H  h a s ,  because they b e l i e v e  IiIL-MX3K 
2 1 7 B ,  which a s s e r t s  t h a t  t h e  c i r c u i t  w i l l  ?x 
more r e l i a b l e  i f  i t  h a s  fewer t r a n s i s t o r s .  
We know b e t t e r  than t h a t .  The LEilOlA has 
becoine !IORE r e l i a b l e  f o r  t h e  l a s t  couple 
years ,  no t  LbbG r e l i a b l e ,  because i t  has had 
2 t r a n s i s t o r s  added. In  cieneral, addin5 
t r a n s i s t o r s  t h a t  make t h e  c i r c u i t  more 
bus t -proof ,  more forg iv ing ,  a r e  good 
investments i n  customer s a t i s f a c t i o n .  In 
the  d e s i q  of a "high-volume" l i n e a r  
c i r c u i t ,  t h e r e  a r e  many cases  where t h i s  is 
proven wise, t o  add c i r c u i t r y  i n  t h e  
i n t e r e s t  of " foolproof ing" .  B u t ,  of course, 
we d o n ' t  c a l l  i t  t h a t .  

Tes t ing  S t r a t e g i e s  -_ 

Sometimes a t es t  engineer t e l l s  me, 
"Here's a t e s t  t h a t  a lmost  never has  a 
f a i l u r e ,  s o  I want t o  d e l e t e  i t . "  Oh, what 
i s  t h a t  t e s t ?  I t ' s  a qu iescent  power d r a i n  
t e s t  a t  a 6-volt supply. B u t ,  t h a t ' s  odd, 
we know t h e r e  a r e  a l o t  of p a r t s  t h a t  a r e  
dead and would have t o  f a i l  a qu iescent  
c u r r e n t  t e s t .  I t  tu rns  o u t  t h a t  the 6-volt 
qu iescent  cur ren t  t e s t  i s  run a f t e r  the  
33-volt qu iescent  c u r r e n t  t e s t .  Consequently, 
t h a t  t e s t  lumps together  the  dead p a r t s  and 
the  ones t h a t  break down when t h e  supply i s  
increased from 6 t o  33 v o l t s .  By swapping 
the trio t e s t s ,  we can l e a r n  q u i t e  a b i t  from 
these  t e s t s .  By p u t t i n g  t h e  t e s t s  i n  a 
f o o l i s h  sequence, you f a i l  t o  g e t  your 
money's worth from t h e s e  t e s t s .  

why we were g e t t i n g  such poor y i e l d s  a t  
f i n a l  t es t .  I checked i n t o  i t  and 
discovered t h a t  t h e  wafer-sor t  t e s t  had much 
wider l i m i t s  than  t h e  f i n a l  t e s t .  By being 
too busy t o  s e t  the  l i m i t s  i n  a r a t i o n a l  
fash ion ,  we were condemned t o  spend the 
c o s t s  of packaging u p  bad d.ice and throwing 
them away. Bornally, i t ' s  r a t i o n a l  t o  t e s t  
and t'nrow away the  bad d i c e  'oefore 
a s  se iiib 1 i n9 t h em. 

Other times when a t e s t  engineer 
complains t h a t  a batch is havinq a t e r r i b l e  
y i e l d  on one t e s t .  I ask him, "Are they 
f a i l i n g  any o ther  t e s t s ,  too?" Often, they 
r e p l y ,  'I I d o n ' t  know, a f t e r  t h i s  t e s t ,  the  
p a r t s  f a i l e d  and w e r e n ' t  t e s t e d  any f u r t h e r " .  
I have t o  expla in  why they m u s t  t e s t  these  
p a r t s  i n  "ALL" Ilode, r a t h e r  than "PASS" mode, 
so we can l e a r n  about t h e  r e s u l t s  of the  
o ther  t e s t s .  Usually on a w e l l - d e s i y e d  
p a r t ,  you can l e a r n  more fror .  s tudying bad' 
p a r t s  than 5006 ones.  I u s u a l l y  spend a 
nirlunum amount of ti1;i.e s tudying t e s t s  t h a t  
give goou r e s u l t s ,  b u c  3 lot of t i n e  
s-tudyincj p a r t s  t h a t  f a i l  t e s t s .  koorreti!:.es I 
even have a hundred " inked" & i c e  'oonded up. 
You can lear i i  more from s tudyins  the  s inners  
than the  s a i n t s .  

Lumina r y 

Recently a product engineer asked me 

____ 

The world i s  a coE:,plicated (ailcl 
inear  ) place .  
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