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ABSTRACT OF THE DISSERTATION

Performance L i m i t a t i o n s  i n  Synchronous D i g i t a l  Systems

by

Eby Gershon Friedman 

Doctor  o f  P hi los oph y in  En g in eer in g  

U n i v e r s i t y  of  C a l i f o r n i a ,  I r v i n e ,  1989 

P r o f e s s o r  James H. Mul l ig an,  J r , ,  Chair

S y n c h r o n o u s  d i g i t a l  s y s t e m s  c o n s i s t  o f  f u n c t i o n a l  
b l o c k s  o p e r a t i n g  under  t h e  i n f l u e n c e  o f  a g l o b a l  c l o c k  
s i g n a l .  Fundamental performance l i m i t a t i o n s  e x i s t  w i t h in  
t h e s e  s y s t e m s  due  t o  t h e - n e c e s s a r y  r e q u i r e m e n t s  o f  
p r o p a g a t i n g  d a t a  s i g n a l s  t h r o u g h  l o g i c  and i n t e r c o n n e c t  
and s y n c h r o n i z i n g  th e  data  f l o w  between f u n c t i o n a l  b l o c k s .  
These l i m i t a t i o n s  depend upon the  p r o p e r t i e s  o f  the  d e v i c e  
and i n t e r c o n n e c t  t e c h n o l o g i e s  a s  w e l l  a s  t h e  d e s i g n  
a p p r o a c h .  The u n d e r l y i n g  p r i n c i p l e s  n e c e s s a r y  f o r  t h e  
optimum d e s i g n  o f  h i g h  p e r f o r m a n c e  s y n c h r o n o u s  d i g i t a l  
s y s t e m s  a r e  b a se d  on t h e s e  p r o p e r t i e s  and h a v e  been  
a p p l i e d  to  r e p r e s e n t a t i v e  e n g i n e e r i n g  problems.

The u n d e r l y i n g  d e s i g n  p r i n c i p l e s  were  d e v e l o p e d  by 
a n a l y z i n g  the  s i g n a l  t r a n s p o r t  p r o p e r t i e s  of  i n t e r c o n n e c t  
and d e v i c e  t e c h n o l o g i e s ,  t h e  t r a n s i e n t  r e s p o n s e  and 
l a t c h i n g  c h a r a c t e r i s t i c s  o f  d a t a  r e g i s t e r s ,  and t h e  
r e l a t i o n s  in  t ime between data and c l o c k  s i g n a l s .  In the  
co ur se  o f  t h i s  r e s e a r c h ,  t h e s e  e l e m e n t s  were i n v e s t i g a t e d  
i n  d e t a i l  and a n a l y t i c  e q u a t io n s  were d e v e l o p e d  d e s c r i b i n g  
t h e i r  b e h a v io r .  These r e s u l t s  were a p p l i e d  to  the  systems  
l e v e l  p r o b le m  o f  o p t i m a l  d a t a  t h r o u g h p u t  i n  h i g h  s pe ed  
p i p e l i n e d  data  paths .

In o r d e r  t o  d e t e r m i n e  t h e  f u n d a m e n t a l  p e r f o r m a n c e  
l i m i t a t i o n s  o f  t h e  c o m p l e t e  s y n c h r o n o u s  d i g i t a l  s y s t e m ,  
t h e  i n t e r d e p e n d e n t  e l e m e n t s  were  a n a l y z e d  a s  a s i n g l e  
i n t e g r a t e d  s y s t e m ;  s p e c i f i c a l l y ,  how t h e  c l o c k  
d i s t r i b u t i o n  network,  the  r e g i s t e r s ,  and the  data path 
a f f e c t  the  performance of  each o t h e r .  This  permit t ed  the
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d e v e l o p m e n t  o f  an i n t e g r a t e d  a p p r o a c h  f o r  d e s i g n i n g  and  
a n a l y z i n g  h i g h  p e r f o r m a n c e  s y n c h r o n o u s  s y s t e m s  and  
r e p r e s e n t s  one o f  t h e  f u n d a m e n ta l  r e s u l t s  o f  t h i s  r e s e a r c h  
e f f o r t .

Thus,  t h i s  r e s e a r c h  d e s c r i b e s :
1)  t h e  i n h e r e n t  l i m i t a t i o n s  o f  t e c h n o l o g y  and  

d e s i g n  m e t h o d o lo g y  on maximum sy n c h r o n o u s  p er for m anc e .
2)  g u i d e l i n e s  f o r  d e s i g n i n g  c l o c k  and d a t a  

t i m i n g  r e l a t i o n s h i p s  t o  maximize  sy n c h r o n o u s  p e r f o r m a n c e .
3 )  an a p p r o a c h  f o r  d e s i g n i n g  h i g h  p e r f o r m a n c e  

s y n c h r o n o u s  d i g i t a l  s y s t e m s  by a p p l y i n g  th e  c h a r a c t e r i s 
t i c s  o f  t h e  i n t e r c o n n e c t  d e l a y ,  c l o c k  d i s t r i b u t i o n  
n e tw o r k ,  l o g i c  p a th ,  and r e g i s t e r  l a t c h i n g  c o n d i t i o n s  t o  
b o t h  d e t e r m i n e  and o p t i m i z e  t h e  da ta  thr oug hp ut  and c l o c k  
f r e q u e n c y .

In  summary,  t h e  r e s e a r c h  r e s u l t s  p r e s e n t e d  i n  t h i s  
d i s s e r t a t i o n  p r o v i d e  q u a n t i t a t i v e  i n s i g h t  i n t o  how t h e  
pe r fo r m a n c e  o f  a s y n c h r o n o u s  d i g i t a l  s y s t e m  i s  l i m i t e d  and 
how t o  d e s i g n  a s y s t e m  i n  o r d e r  t o  m a x i m i z e  i t s  d a t a  
t h r o u g h p u t  and c l o c k  f r e q u e n c y .
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CHAPTER 1

INTRODUCTION

Modern c o m p u t e r s  r e p r e s e n t  t h e  m o s t  c o n s p i c u o u s  

ex a m p le  o f  t h e  common u se  o f  d i g i t a l  s y s t e m s .  Synchronous  

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

under t h e  i n f l u e n c e  o f  a g l o b a l  c l o c k  s i g n a l .  W it h in  t h e s e  

s y n c h r o n o u s  d i g i t a l  s y s t e m s ,  t h e r e  a r e  many c o s t  and  

c o m p l e x i t y  a d v a n t a g e s  t o  m o v i n g  d a t a  a s  q u i c k l y  a s  

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

e x i s t ,  h o w e v e r ,  due  t o  t h e  n e c e s s a r y  r e q u i r e m e n t s  o f  

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

and s y n c h r o n i z i n g  t h e  d a t a  f l o w  b etween f u n c t i o n a l  b l o c k s .  

The se  l i m i t a t i o n s  depend upon t h e  p r o p e r t i e s  o f  t h e  d e v i c e  

an d  i n t e r c o n n e c t  t e c h n o l o g y  a s  w e l l  a s  t h e  d e s i g n  

a p p r o a c h .  In  t h i s  d i s s e r t a t i o n ,  t h e s e  p r o p e r t i e s  h a v e  

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

f o r  t h e  opt imum d e s i g n  o f  h i g h  p e r f o r m a n c e  s y n c h r o n o u s  

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

e n g i n e e r i n g  p r o b l e m s .

T h i s  r e s e a r c h  d e s c r i b e s

1) t h e  i n h e r e n t  l i m i t a t i o n s  o f  t e c h n o l o g y  and  

d e s i g n  m e t h o d o l o g y  on maximum s y n c h r o n o u s  per fo rm anc e .
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2)  an a p p r o a c h  f o r  d e s i g n i n g  h i g h  p e r f o r m a n c e  

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

c h a r a c t e r i s t i c s  o f  t h e  i n t e r c o n n e c t  d e l a y ,  c l o c k  

d i s t r i b u t i o n  n e t w o r k s ,  l o g i c  p a t h ,  and r e g i s t e r  l a t c h i n g  

c o n d i t i o n s  i n  o r d e r  t o  o p t i m i z e  t h e  d a t a  t h r o u g h p u t  and  

c l o c k  f r e q u e n c y  o f  t h e  s y s t e m .

3 )  g u i d e l i n e s  f o r  d e s i g n i n g  c l o c k  and d a t a  

t i m i n g  r e l a t i o n s h i p s  t o  m ax imi ze  s y n c h r o n o u s  d a t a  f l o w

T h r e e  f a c t o r s  a f f e c t  t h e  s p e e d  o f  m o v e m e n t  o f  d a t a  

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

1 )  t h e  t r a n s i e n t  r e s p o n s e  a n d  l a t c h i n g  

c h a r a c t e r i s t i c s  o f  a b i s t a b l e  r e g i s t e r

2)  t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  t h e  

i n t e r c o n n e c t  media  and d e v i c e  t e c h n o l o g y

3)  c o i n c i d e n c e  o f  t h e  d a t a  s i g n a l  and t h e  

s y n c h r o n i z a t i o n  o f  i t s  w a v ef o rm s

T h e r e f o r e ,  i t  i s  d e s i r a b l e  t o  a n a l y z e  s i g n a l  t r a n s p o r t  

p r o p e r t i e s  o f  i n t e r c o n n e c t ,  t h e  t r a n s i e n t  r e s p o n s e  and  

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

o f  r e l a t i o n s  i n  t i m e  b e t w ee n  d a t a  and c l o c k  s i g n a l s .

I n  t h e  c o u r s e  o f  t h i s  r e s e a r c h ,  e a c h  o f  t h e s e  

e l e m e n t s  was  i n v e s t i g a t e d  i n  d e t a i l  and q u a n t i t a t i v e  

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

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

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

I n  o r d e r  t o  d e t e r m i n e  t h e  f u n d a m e n t a l  p e r f o r m a n c e  

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

e a c h  o f  t h e s e  i n t e r d e p e n d e n t  s y s t e m s  must  be a n a l y z e d  n o t  

j u s t  s e p a r a t e l y  b u t  a s  a w h o l e ;  s p e c i f i c a l l y ,  how e a c h  

s y s t e m  i n t e r a c t s  w i t h  e a c h  o t h e r  s o  a s  t o  f o r m  an  

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

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

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

r e g i s t e r s ,  l o g i c  and i n t e r c o n n e c t ,  and c l o c k  d i s t r i b u t i o n  

n e t w o r k s  be  i n d i v i d u a l l y  o p t i m i z e d  b u t  an o p t i m a l l y  

d e s i g n e d  i n t e g r a t e d  d e s i g n  a p p r o a c h  i s  n e c e s s a r y  f o r  

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

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

r e s u l t s  o f  t h i s  r e s e a r c h  e f f o r t .

I n  t h i s  d i s s e r t a t i o n ,  t h e  e f f e c t s  o f  i n t e r c o n n e c t  and 

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

e x a m i n e d  i n  C h a p t e r s  2 t h r o u g h  4 .  S p e c i f i c a l l y ,  t h e  

p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  s e c t i o n s  o f  i n t e r c o n n e c t  on 

s i g n a l  d e g r a d a t i o n  and d e l a y  a r e  i n v e s t i g a t e d  i n  C h a p te r  

2.  E m p h a s i s  i s  p l a c e d  on how d a t a  and c l o c k  w a v e f o r m s  a r e  

d e g r a d e d  and d e l a y e d  i n  t i m e ,  t h e r e b y  s k e w i n g  t h e m  f r o m  

o t h e r  c l o c k  and d a t a  s i g n a l s .
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i n t o  t h e  d e s i g n  and a n a l y s i s  o f  c l o c k  d i s t r i b u t i o n  

n e t w o r k s  and c l o c k  skew and d e s c r i b e s  how t h e  movement o f  

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

C o n s t r a i n t  r e l a t i o n s h i p s  a r e  d e v e l o p e d  f o r  d i f f e r e n t  d a ta  

p a t h / c l o c k  s k e w  r e g i m e s .  T h e s e  t o p i c s  a r e  d i s c u s s e d  i n  

C ha pt er  3.

In  o r d e r  t o  a p p l y  t h e  r e s u l t s  d e v e l o p e d  i n  Chapter  3 ,  

c l o c k  d i s t r i b u t i o n  ne tw orks  must be a n a l y z e d  i n  terms o f  

t h e  i n t e r c o n n e c t  and b u f f e r  c h a r a c t e r i s t i c s  o f  ea ch  c l o c k  

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

t h e  minimum and maximum c l o c k  d e l a y  o f  each  c l o c k  s i g n a l  

p a t h ,  t h e r e b y  d e f i n i n g  bounds on th e  c l o c k  skew f o r  e v e r y  

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

d e s c r i b e d  i n  Chapter  4.

The  r e s u l t s  p r e s e n t e d  i n  C h a p t e r s  2 t h r o u g h  4 a r e  

merged w i t h  an a n a l y s i s  o f  t h e  r e g i s t e r  and l o g i c  path  i n  

C h a p t e r s  5 and 6 ,  r e s p e c t i v e l y ,  i n  o r d e r  t o  a n a l y z e  t h e  

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

th e n  a p p l i e d  t o  t h e  e n t i r e  s y n c h r o n o u s  d i g i t a l  s y s t e m  in  

C ha pt er  7.  S p e c i f i c a l l y ,  i n  Chapter  5,  t h e  e f f e c t s  o f  th e  

c l o c k  and d a ta  s i g n a l s  on t h e  t r a n s i e n t  o u t p u t  r e s p o n s e  o f  

a b i s t a b l e  r e g i s t e r  a r e  d i s c u s s e d  i n  d e t a i l .  S p e c i a l  

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

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

i n p u t  s i g n a l  c o n d i t i o n s .
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Ths waveform c h a r a c t 2r i s t i . c s  o f  th6 data s i g n a l  are  

a n a l y z e d  i n  Cha pt er  6.  How t h e  d a t a  s i g n a l  i s  d e l a y e d  and 

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

l a t c h e d  i n t o  t h e  f i n a l  r e g i s t e r  i s  a n a l y z e d .  D a t a - t o -  

c l o c k  skew i s  a l s o  d i s c u s s e d  i n  term s o f  i t s  l i m i t i n g  

e f f e c t  on synchronous performance.

C h a p t e r  7 c o n t a i n s  an a n a l y s i s  o f  t h e  d a t a  

t h r o u g h p u t / c l o c k  f r e q u e n c y  t r a d e o f f  i n  t e r m s  o f  t h e  

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

These r e s u l t s  are  d e s c r i b e d  in  terms o f  a d e s ig n  paradigm,  

r e l a t i n g  c l o c k  frequency and data  throughput  to the  l e v e l  

o f  p i p e l i n i n g .  This  p e r s p e c t i v e  permi ts  d e s ig n  e q u a t io n s  

t o  be p r e s e n t e d  w h i c h  p a r t i t i o n  s i g n a l  p a t h s  i n t o  

p i p e l i n e d  d a t a  p a t h s  by o p t i m i z i n g  t h e  e f f e c t s  o f  

i n c r e a s e d  l a t e n c y  and c l o c k  r a t e  on data throughput .  From 

t h e s e  r e s u l t s ,  t h e  maximum p o s s i b l e  c l o c k  f r e q u e n c y  i s  

d i s c u s s e d  i n  terms o f  the  fundamental  l i m i t a t i o n s  of  the  

synchronous  d i g i t a l  system.

The a p p l i c a t i o n  o f  t h e s e  t h e o r e t i c a l  r e s u l t s  i s  

d i s c u s s e d  in  Chapter 8. The d e s ig n  p r i n c i p l e s  d e v e l o p e d  

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

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

t h e  r e s u l t s  o f  t h i s  r e s e a r c h  can be u se d  t o  a n a l y z e  and 

d e s i g n  hig h performance synchronous d i g i t a l  sys t ems.
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I n  C h a p t e r  9 ,  p o s s i b l e  a r e a s  o f  f u t u r e  r e s e a r c h  a r e  

d e s c r i b e d .  F i n a l l y ,  i n  Chap ter  10 t h e  r e s e a r c h  r e s u l t s  a r e  

summarized and some f i n a l  c o n c l u s i o n s  a r e  made.
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REVIEW OF INTERCONNECT DELAY IN INTEGRATED CIRCUITS

In an e f f o r t  t o  s a t i s f y  t h e  e v e r  i n c r e a s i n g  demands  

f o r  improved sy st e m  p erforman ce ,  i n t e g r a t e d  c i r c u i t  (IC) 

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

d e n s i t y ,  s p e e d ,  and power  d i s s i p a t i o n .  As t e c h n o l o g y  

i m p r o v e s ,  IC d i e  s i z e ,  c o m p l e x i t y ,  and d e v i c e  d e n s i t y  

i n c r e a s e .  New l i t h o g r a p h i c  and e t c h i n g  t e c h n i q u e s  permit  

r e d u c t i o n  i n  minimum f e a t u r e  s i z e s .  I m p r o v e m e n t s  i n  

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

h i g h e r  l e v e l s  o f  i n t e g r a t i o n .  According  t o  s c a l i n g  th e o r y  

[ 1 ] ,  t h e s e  s m a l l e r  d im e n s io n s  s h o u l d  improve  d e v i c e  speed  

which s h o u l d  improve  o v e r a l l  i n t e g r a t e d  sy st em  s p e e d .  The 

i n t e r c o n n e c t  RC t i m e  c o n s t a n t ,  b a s e d  on s c a l i n g  t h e o r y ,  

r e m a i n s  c o n s t a n t  a s  f e a t u r e  s i z e s  d e c r e a s e .  T h i s  o c c u r s  

s i n c e  t h e  c r o s s  s e c t i o n a l  a r e a s  o f  t h e  i n t e r c o n n e c t  

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

a n d ,  t o  f i r s t  o r d e r ,  d e c r e a s e s  i n t e r c o n n e c t  l i n e  

c a p a c i t a n c e .  However,  f o r  l a r g e  c i r c u i t s ,  i n t e r c o n n e c t  

t im e d e l a y s  i n c r e a s e  s i n c e  d i s t a n c e s  between d e v i c e s  are  

much g r e a t e r  w h i c h  can  s i g n i f i c a n t l y  d e g r a d e  c i r c u i t  

performance  [ 2 , 3 ] .  T h is  i s  p a r t i c u l a r l y  t r u e  f o r  c e r t a i n  

g l o b a l  s i g n a l s  such as  c l o c k  l i n e s .

7

CHAPTER 2
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As d i m e n s i o n s  d i e  a l ci i  6 d } c h x p 5 i Z 6  ns w e l l  n s  

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

b l o c k  i n t e r c o n n e c t  a s  w e l l  a s  t h e  l o c a l  i n t e r c o n n e c t  t o  

i n c r e a s e  i n  l e n g t h .  At micron and submicron d e s i g n  r u l e s ,  

t h e  c a p a c i t i v e  c o u p l i n g  b e t w e e n  a d j a c e n t  l i n e s  and  

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

t h e  p a r a l l e l  p l a t e  component  o f  t h e  t o t a l  l i n e  c a p a c i t a n c e  

[ 4 - 7 ] ,  When t h i s  o c c u r s ,  t h e  c a p a c i t a n c e  no l o n g e r  

d e c r e a s e s  w i t h  d e c r e a s i n g  l i n e  w id th  and t h e  RC t im e  

c o n s t a n t  f o r  a f i x e d  l e n g t h  i n t e r c o n n e c t  i n c r e a s e s  w i t h  

d e c r e a s i n g  p h y s i c a l  i n t e r c o n n e c t  w i d t h  and s p a c i n g  and  

d i e l e c t r i c  t h i c k n e s s .

1) I n t e r c o n n e c t  C a p a c i t a n c e

One o f  t h e  e a r l i e s t  e f f o r t s  t o  m o d e l  m e t a l  l i n e  

i n t e r c o n n e c t  c a p a c i t a n c e  was by Chang [ 8 , 9 ]  i n  1976.  He 

d e v e l o p e d  e q u a t i o n s  f rom  a p p r o x i m a t e  c o n f o r m a l  m ap pi ng  

t e c h n i q u e s  i n s t e a d  o f  t h e  h e r e t o f o r e  u s e d  t e c h n i q u e s  o f  

n u m e r i c a l  a n a l y s i s .  He d e r i v e d  e q u a t i o n s  f o r  two p h y s i c a l  

c o n f i g u r a t i o n s :  1)  t h e  i n t e r c o n n e c t  c a p a c i t a n c e  f o r  a

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

and 2)  t h e  c a p a c i t a n c e  o f  t h e  same m e t a l  l i n e  w i t h  an  

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

f o r m u l a s  w e r e  shown t o  be a c c u r a t e  w i t h i n  1% f o r  a m e t a l  

l i n e  whose w i d t h ,  W, i s  e q u a l  t o  t h e  d i e l e c t r i c  t h i c k n e s s ,  

h ,  ( s e e  F i g u r e  2 . 1 )  and be come more a c c u r a t e  f o r  m e t a l
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l i n e s  w h o s e  w i d t h  e x c e e d s  i t s  s u r r o u n d i n g  d i e l e c t r i c  

t h i c k n e s s .  Thus,  h i s  r e s u l t s  a r e  s a t i s f a c t o r y  ( l e s s  than  

17a e r r o r )  f o r  t h e  c o n d i t i o n ,  W/h > 1 .  Chang was t h e r e f o r e

| ^ ]/\J §► j

F i g u r e  2 . 1 :  A Metal  L in e  Above a Ground P l a n e

a b l e  t o  d e v e l o p  bo th  e f f i c i e n t  and a c c u r a t e  e q u a t i o n s  f o r  

c o m p u t i n g  m e t a l  i n t e r c o n n e c t  c a p a c i t a n c e .  He d i d  n o t  

e x t e n d  h i s  work t o  c o n s i d e r  t h e  e f f e c t s  o f  l i n e s  w h o s e  

w i d t h  t o  h e i g h t  r a t i o  i s  s m a l l  ( l e s s  t h a n  o n e )  and l i n e -  

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

g e n e r a l  a p p l i c a b i l i t y  o f  h i s  e q u a t i o n s .
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for the capacitance of an interconnect line as given by 
equation (2.1),

C / C n = 1 + 2  hln( 1 + t) + 2 tln( 1 + ¥/2 ) (2.1)
W h W h + t

where Cj is the conventional parallel plate capacitance 
given by equation (2.2) and the other physical dimensions 
are depicted in Figure 2.1.

C1 - eoeoxLW (2-2>

Equation (1) is composed of three terms, 1) the 
conventional parallel plate capacitance, 2) the two sided 
side wall capacitance, and 3) the capacitance originating 
from the top of the conductor. It doesn't consider the 
effects of parallel or crossover lines or the location of 
the ground plane (other than the thickness of the oxide to 
the silicon substrate, tQX, in the parallel plate 
capacitor equation). The percentage error of this closed 
form model of the capacitance of a single interconnect 
line is shown to be less than 5% for W/h ratios greater 
than seven. For small W/h (less than seven) and t/h 
approximately equal to one, the percentage error increases 
dramatically.
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Safcurai  and Tamaru [ i i ] d e v e l o p  c l o s e d  form e q u a t i o n s  

f o r  t h e  l i n e  c a p a c i t a n c e  o f  v a r i o u s  t w o -  and t h r e e -  

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

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

s e p a r a t e  o u t  t h e  e f f e c t s  o f  1 i n e - t o - g r o u n d  and l i n e - t o -  

l i n e  c a p a c i t a n c e .  They show t h a t  t h e  l i n e  c a p a c i t a n c e  i s  

a f u n c t i o n  o f  i n t e r c o n n e c t  w i d t h ,  s p a c i n g ,  t h i c k n e s s ,  and 

d i s t a n c e  t o  t h e  ground p l a n e .  For t h e  c a s e  o f  t h r e e  l i n e s  

a b o v e  a ground p l a n e ,  t h e  c a p a c i t a n c e  o f  t h e  m i d d l e  l i n e  

per  u n i t  l e n g t h  i s  shown i n  e q u a t i o n  ( 2 . 3 ) .

C3 / e  a 1 .15(W) + 2 . 8 0  ( T ) 0 *2 22  + [ 0 .0 6 (W )  + 1 . 6 6 ( T )  
h h h h

-  0 . 1 4 ( T ) 0 , 2 2 2 ] ( S ) " 1 *34 ( 2 . 3 )
h h

w h e r e  W i s  t h e  w i d t h  o f  t h e  i n t e r c o n n e c t  l i n e ,  h i s  t h e  

t h i c k n e s s  o f  t h e  i n s u l a t i n g  o x i d e ,  T i s  t h e  t h i c k n e s s  o f  

t h e  i n t e r c o n n e c t  l i n e ,  and S i s  t h e  s p a c i n g  b e t w e e n  

i n t e r c o n n e c t  l i n e s ,  a s  shown i n  F i g u r e  2 .2 .  The r e l a t i v e  

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

compared w i t h  t w o - d i m e n s i o n a l  n u m e r i c a l  a n a l y s i s ,  i s  l e s s  

t h a n  10% f o r  p h y s i c a l  c o n f i g u r a t i o n s  w h i c h  s a t i s f y  t h e  

f o l l o w i n g  c o n d i t i o n s ,  0 . 3 < W / h < 1 0 ,  0 . 3 < T / h < 1 0 ,  and

0 . 5 < S / h < 2 0 .
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h

F i g u r e  2 . 2 :  T hr ee  I n t e r c o n n e c t  L i n e s  Above a Ground P l a n e

T h e s e  a f o r e m e n t i o n e d  p a p e r s  [ 8 - 1 1 ]  d e s c r i b e  

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

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

c a p a c i t a n c e .  C l o s e d  form a n a l y t i c  s o l u t i o n s  a r e  p r o v i d e d  

w h i c h  can be  u s e d  t o  mode l  t h e  i n t e r c o n n e c t  c a p a c i t a n c e  o f  

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

r e p l a c e  t h e  CPU i n t e n s i v e  n u m e r i c a l  a n a l y s i s  t e c h n i q u e s  

t h a t  a r e  commonly u s e d  t o  model  i n t e r c o n n e c t  c a p a c i t a n c e  

[ 1 2 - 1 5 ] .  The  a c c u r a c y  o f  t h e s e  f o r m u l a s  a r e  t y p i c a l l y  

w i t h i n  10%, p e r m i t t i n g  t h e i r  u s e  i n  e s t i m a t i n g  t h e  

i n t e r c o n n e c t  c a p a c i t a n c e  o f  a s i g n a l  p a t h  when c a l c u l a t i n g  

i n t e r c o n n e c t  d e l a y s  o c c u r r i n g  w i t h i n  d a t a  p a t h s  and c l o c k  

d i s t r i b u t i o n  n e t w o r k s .
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2)  I n t e r c o n n e c t  Delay

T h i s  s e c t i o n  d i s c u s s e s  i n t e r c o n n e c t  t r a n s i t  t i m e s  

r e s u l t i n g  from d i s t r i b u t e d  c a p a c i t i v e  and r e s i s t i v e  

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

e f f e c t s  o f  c o n d u c t o r  and i n s u l a t o r  m a t e r i a l s  and  

- g e o m e t r i e s  s u c h  a s  h e i g h t ,  w i d t h ,  t h i c k n e s s ,  and s p a c i n g  

on i n t e r c o n n e c t  d e l a y .  P h y s i c a l  d i m e n s i o n s  s u c h  a s  

minimum f e a t u r e  s i z e ,  c h i p  a r e a ,  and i n t e r c o n n e c t  l e n g t h  

a l s o  p l a y  an i m p o r t a n t  r o l e  i n  t h e  d e v e l o p m e n t  o f  t h e  

m o d e ls  d e s c r i b e d  w i t h i n  t h i s  s e c t i o n .

S a k u r a i  i n  [ 1 6 ]  d e s c r i b e s  a m o d e l  f o r  i n t e r c o n n e c t  

d e l a y  u s i n g  lumped c i r c u i t  a p p r o x im a t io n s  which has l e s s  

t h a n  4% e r r o r  o v e r  t h e  e n t i r e  r a n g e  o f  p a r a m e t e r s .  He 

d e s c r i b e s  t h e  i n t e r c o n n e c t  d e l a y  a s  shown i n  e q u a t i o n  

( 2 . 4 )  b e l o w :

T i n t  “ 1*02Ri n t Ci n t + 2*2 1 f Ct r Rt r + Ct r Ri n t + Rt r Cin t ^  ( 2**)

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

t r a n s i s t o r .  C^_ r e p r e s e n t s  t h e  c a p a c i t a n c e  o f  t h e  l o a dU1 r

t r a n s i s t o r ,  and R^nt  and r e p r e s e n t  t h e  i n t e r c o n n e c t

r e s i s t i v e  and c a p a c i t i v e  i m p e d a n c e ,  r e s p e c t i v e l y  ( s e e  

F i g u r e  2 . 3 ) .  The a s s u m p t i o n  t h a t  Rt r  i s  c o n s t a n t  i s  

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

1/maximum d r a i n  c o n d u c t a n c e  i s  u s e d  by S a k u r a i  t o  m ode l  

t h e  n o n l i n e a r  r e s i s t a n c e  o f  th e  t r a n s i s t o r .
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Figure 2.3: Driver Interconnect Delay Components

Bakoglu and Meindl [17,18] develop models for 
interconnect delay in VLSI circuits. They show that local 
interconnect impedance (R tr >> R ^ n t , typically 
interconnect within a low level cell) remains constant 
with scaling; however, long distance interconnect 
impedance (^int  ̂ ®tr* interconnect between high level 
functional blocks) increases quadratically with scaling. 
The capacitance per unit length of interconnect approaches 
a minimum of approximately 2 pf/cm as interconnect width 
and spacing decrease, assuming silicon dioxide as the 
dielectric material. Thus, as interconnect width and 
spacing and dielectric thickness scale, two-dimensional 
fringing capacitance begins to dominate. Their model for 
interconnect delay, equations (2.5) and (2.6), is similar 
to the model described previously by Sakurai where is 
the input load capacitance.
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+ 2.3[R*. C-tr int + RtrCL+ RintClJ (2-5)

( 2 . 6 )

Interconnect delay with repeaters placed periodically 
along a long interconnect line effectively transforms the 
interconnect impedance into a capacitive load, 
T=2.3RtrCint, by making the interconnect resistance small 
with respect to the driver resistance, R^nt << 2.3Rtr. 
The ultimate lower limit for the interconnect time delay 
is defined by the propagation speed of a signal in a 
lossless transmission line and this limit is approached as 
parasitic resistances are eliminated [18].

It is interesting to note that lower limits for 
capacitance per length (2 pf/cm) and time delay per length 
(0.5 ns/cm) are mentioned by Bakoglu and Meindl [18] and 
Yuan, Lin, and Chiang [19], respectively. Assuming a 
metal line resistivity of 0.1 ohm per square and a metal 
width of two to three micrometers (2.5 micrometers would 
be exact), both of these independently derived lower 
limits agree. Thus, for low resistivity interconnect 
lines, e.g., less than 0.1 ohms per square in aluminum, 
the propagation delay approaches 0.5 ns./cm., a 
fundamental limitation to moving data through an 
interconnect dominated circuit.
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o \ 
1 ) E f f e c t  o f  In  u6i  conxi6C u D e l 7 on A g

In  o r d e r  t o  a c c u r a t e l y  a n a l y z e  and i n t e r p r e t  t h e  

b e h a v i o r  o f  s i g n a l s  i n  i n t e r c o n n e c t  l i n e s ,  t h e  impedance  

o f  t h e s e  l i n e s  must be a c c u r a t e l y  d e te r m in e d  [ 2 0 - 2 2 ] ,  As 

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

and i n  many c a s e s  e x c e e d  t h e  m a g n i t u d e  o f  t h e  d e v i c e  

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

p a r a m o u n t  i m p o r t a n c e  t h a t  t h e s e  RC t i m e  c o n s t a n t s  a r e  

m o d e le d  a c c u r a t e l y .

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

a n a l y t i c a l  and e m p i r i c a l  m o d e ls  f o r  e s t i m a t i n g  r e s i s t i v e  

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

I n i t i a l l y ,  i s o l a t e d  l i n e  [ 2 3 , 2 4 ]  and t h e n  l i n e - t o - l i n e  

[ 4 , 5 , 7 , 2 5 ]  e f f e c t s  w e r e  e x p l o r e d  and m o d e l e d .  Two-  and  

t h r e e - d i m e n s i o n a l  a n a l y s e s  were made o f  i n t e r c o n n e c t  l i n e s  

t o  d e t e r m i n e  t h e i r  r e s i s t i v e  [ 2 6 ]  and c a p a c i t i v e  [ 1 5 ]  

c h a r a c t e r i s t i c s  a s  a f u n c t i o n  o f  t h e s e  added d i m e n s i o n s .

W h i l e  l o c a l  i n t e r c o n n e c t  i m p e d a n c e  (Ri n t  << Rt r ) i s  

shown t o  r e m a i n  c o n s t a n t  w i t h  s c a l i n g ,  l o n g  d i s t a n c e  

i n t e r c o n n e c t  i m p e d a n c e  ( R ^ n t   ̂ ^ t r ^  i n c r e a s e s  

q u a d r a t i c a l l y  w i t h  d e c r e a s i n g  f e a t u r e  s i z e s  [ 1 8 ] .  Thus,  

e v e r  d e c r e a s i n g  d i m e n s i o n s  and i n c r e a s i n g  d i e  s i z e  w i l l  

e x a c e r b a t e  t h e  e f f e c t s  o f  p a r a s i t i c  i n t e r c o n n e c t  impedance  

on h i g h  per fo rm an ce  sy n c h r o n o u s  d i g i t a l  s y s t e m s .
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C i r c u i t  d e s i g n  t e c h n i q u e s }  such 8-s c a s c a d e d  r e o e a t e r s  

[ 2 7 ] ,  h a v e  b e e n  d e v e l o p e d  t o  p a r t i a l l y  d i m i n i s h  t h e  

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

toward i n t e r c o n n e c t  l i n e s  d o m i n a t i n g  t h e  t o t a l  d a t a  path  

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

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

4)  Summary

S p e c i f i c  a n a l y t i c a l  c a p a c i t a n c e  m o d e l s  a r e  d e s c r i b e d  

wh ich d e f i n e  i n t e r c o n n e c t  c a p a c i t a n c e  a s  a f u n c t i o n  o f  t h e  

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

a d j a c e n t  i n t e r c o n n e c t  l i n e s ,  t h e  t h i c k n e s s  o f  t h e  

i n s u l a t o r ,  t h e  t h i c k n e s s  o f  t h e  i n t e r c o n n e c t  l i n e ,  and t h e  

d i s t a n c e  t o  t h e  g r o u n d  p l a n e .  E q u a t i o n  ( 2 . 3 )  c o n s i d e r s  

f r i n g i n g  f i e l d  e f f e c t s  b e t w e e n  a d j a c e n t  l i n e s  and h a s  a 

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

a n a l y s i s ,  o f  l e s s  than 10% f o r  p h y s i c a l  c o n f i g u r a t i o n s  i n  

w h i c h  0 . 3  < W/h < 1 0 ,  0 . 3  < T / h  < 1 0 ,  and 0 . 5  < S / h  < 20 .

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

e q u a t i o n  ( 2 . 4 ) ,  u s i n g  lumped c i r c u i t  a p p r o x i m a t i o n s  which  

h a s  l e s s  t h a n  4% e r r o r  o v e r  i t s  e n t i r e  r a n g e  o f  

p a r a m e t e r s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  m u l t i p l e  

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

0 . 5  n s . / c m . ,  d e f i n i n g  a f u n d a m e n t a l  l i m i t a t i o n  t o  m o v i n g  

d a t a  t h r o u g h  an i n t e r c o n n e c t  d o m i n a t e d  c i r c u i t .  With  

t h e s e  a n a l y t i c a l  m o d e l s  f o r  i n t e r c o n n e c t  d e l a y ,  a c c u r a t e
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e s t i m a t e s  o f  c l o c k  skew and d a t a —t o —c l o c k  skew can be 

d e r i v e d ,  p e r m i t t i n g  t h e  i m p r o v e d  d e s i g n  o f  c l o c k  

d i s t r i b u t i o n  ne tworks  and dat a  p a th s  f o r  h i g h  performance  

sy nc hro nou s  d i g i t a l  s y s t e m s .
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CHAPTER 3

CLOCK DISTRIBUTION NETWORKS

1) Ge ne ra l  Overview o f  Synchronous  Systems

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

s i g n a l  i s  used t o  d e f i n e  a r e l a t i v e  t im e  r e f e r e n c e  f o r  a l l  

m o v e m e n t  o f  d a t a  w i t h i n  t h a t  s y s t e m  [ 2 8 - 4 7 ] ,  M o s t  

sy nc hr on ous  d i g i t a l  s y s t e m s  c o n s i s t  o f  casc ad ed  banks o f  

s e q u e n t i a l  r e g i s t e r s  w i t h  c o m b i n a t o r i a l  l o g i c  between each  

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

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

w h i l e  t h e  g l o b a l  performance  and l o c a l  t i m i n g  r e q u i r e m e n t s  

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

r e g i s t e r s  i n t o  e q u a l l y  s p a c e d  t i m e  w ind ow s t o  s a t i s f y  

c r i t i c a l  w o r s t  c a s e  t im in g  c o n s t r a i n t s  [ 3 2 - 3 4 , 4 0 ]  and th e  

proper  d e s i g n  o f  t h e  c l o c k  d i s t r i b u t i o n  sy st em  t o  s a t i s f y  

c r i t i c a l  t i m i n g  r e q u i r e m e n t s  a s  w e l l  a s  e n s u r e  t h a t  no 

r a c e  c o n d i t i o n s  can occur  [ 4 0 ] ,

Each d a t a  s i g n a l  t y p i c a l l y  i s  s t o r e d  i n  a l a t c h e d  

s t a t e  w i t h i n  a b i s t a b l e  r e g i s t e r  a w a i t i n g  t h e  i n c o m i n g  

c l o c k  s i g n a l  t o  d e f i n e  when t h e  d a t a  s h o u l d  l e a v e  t h e  

r e g i s t e r .  Once t h e  e n a b l i n g  c l o c k  s i g n a l  r e a c h e s  t h e  

r e g i s t e r ,  t h e  d a t a  w i l l  l e a v e  t h e  b i s t a b l e  r e g i s t e r  and 

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

p r o p e r l y  w o r k i n g  s y s t e m ,  e n t e r  t h e  n e x t  r e g i s t e r  and be

19
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f u l l y  l a t c h e d  i n t o  t h a t  r e g i s t e r  b e f o r e  t h e  n e x t  c l o c k  

s i g n a l  a p p e a r s  [ 2 9 , 3 4 ] ,  T h i s  s y n c h r o n o u s  s y s t e m  i s  

p i c t u r e d  i n  F i g u r e  3 . 1 ,  where  and Cj r e p r e s e n t  t h e  

c l o c k  t o  t h e  i n i t i a l  r e g i s t e r  and t o  t h e  f i n a l  r e g i s t e r ,  

r e s p e c t i v e l y ,  and b o t h  o r i g i n a t e  from t h e  same c l o c k  

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

F ig u re  3 . 1 :  Synchronous Data Path

2) Delay  Components o f  a Synchronous D i g i t a l  System

The minimum r e q u i r e m e n t  f o r  a s y s t e m  t o  c o r r e c t l y  

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

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

ap p ear s .  T hi s  l a t c h i n g  requ irement  i s  d i s c u s s e d  in  d e t a i l  

i n  C h a p t e r  5 and s u p p l i e s  many o f  t h e  q u a n t i t a t i v e  

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

performance  becomes l i m i t e d  w i t h i n  th e  r e g i s t e r s ,  i n h e r e n t  

t o  a l l  synchro nou s  d i g i t a l  sy s t em s.
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The d e l a y  c o m p o n e n t s  t h a t  make up a g e n e r a l  

s y n c h r o n o u s  s y s t e m  a r e  com po sed o f  t h r e e  i n d i v i d u a l  

s u b s y s t e m s :

A) t h e  memory e l e m e n t s

B) t h e  dat a  path e l e m e n t s

C) th e  c l o c k i n g  c i r c u i t r y  and d i s t r i b u t i o n  

Each o f  t h e s e  su b sy st em s are  composed of  i n d i v i d u a l  d e l a y  

terms which are  d e s c r i b e d  below:

Memory Element

1) ^c- Q “ t *le c l o c k - t o - Q  d e l a y  o f  t h e  i n i t i a l  

r e g i s t e r  e l e m e n t ,  R^.

2) ^ s e t - u p  “ s e t - u P t i m e  o f  t h e  f i n a l

r e g i s t e r  e l e m e n t ,  Rf.

3 )  ^ h o l d  “ t *ie  t i m e  o f  t h e  r e g i s t e r

e l e m e n t .

Data Path

1) ^ i n t  “ t h e  d e l a y  due  t o  t h e  p a s s i v e  RC 

i n t e r c o n n e c t  s e c t i o n s  o f  th e  dat a  path.

2)  T ^ 0 g ^ c -  t h e  d e l a y  t h r o u g h  t h e  a c t i v e  

f u n c t i o n a l  l o g i c  o f  th e  dat a  path.

C lo c k in g  C i r c u i t r y  and D i s t r i b u t i o n

1) Tgjcew -  t h e  t i m e  d i f f e r e n c e  b e t w e e n  c l o c k  

s i g n a l s  i n  a s e q u e n t i a l  d a t a  p a t h  ( e . g . ,  b e t w e e n  C  ̂ and

Cf ) .

21
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The minimum a l l o w a b l e  c l o c k  p e r i o d  b e t w e e n  two  

r e g i s t e r s  i n  a s e q u e n t i a l  d a t a  p a t h  i s  g i v e n  by e q u a t i o n  

( 3 . 1 )  b e l o w :

Clock  P e r io d  (min)  y_ Tpp + ^SKEW ( 3 . 1 )

where

i PD = ac-Q + 1l o g i c  + ^ i n t  + As e t - u p  ( 3 . 2 )

and Tg^gy can be p o s i t i v e  or n e g a t i v e  depend ing  on whether  

Cf l e a d s  or  l a g s  C^, r e s p e c t i v e l y .  A t i m i n g  d ia g r a m  

d e p i c t i n g  each d e l a y  component i n  e q u a t i o n  (3 . 2 )  i n  terms  

o f  t h e  c l o c k  p e r i o d  i s  sh o w n  i n  F i g u r e  3 . 2 .  T h e s e  

w a v e f o r m s  show t h e  t i m i n g  r e q u i r e m e n t  o f  e q u a t i o n  ( 3 . 1 )  

b e i n g  b a r e l y  s a t i s f i e d .

Data
in

Clock Input
A

Clock Input
r.
~f

Data
Out

Clock

Data

F ig u re  3 . 2 :  Timing Diagram o f  Clocked  Data Path
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3)  Maximum Data  P a t h / C l o c k  Skew C o n s t r a i n t  R e l a t i o n s h i p

F o r  a d e s i g n  t o  m e e t  i t s  s p e c i f i e d  t i m i n g  

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

any d a t a  p a t h  b etween a p a i r  o f  d a t a  r e g i s t e r s ,  and Rj ,  

b e i n g  s y n c h r o n i z e d  by a c l o c k  d i s t r i b u t i o n  s y s t e m  must be 

l e s s  t h a n  t h e  i n v e r s e  o f  t h e  c i r c u i t ’ s  maximum c l o c k  

f r e q u e n c y  a s  shown be lo w :

TPD + TSKEW 1  Tc l o c k  p e r i o d  = 1 / f c l k  ( 3 *3)

When Cf l e a d s  i n  t i m e  ( s e e  F i g u r e  3 , 3 k ) ,  h e n c e f o r t h  

r e f e r r e d  t o  a s  a p o s i t i v e  c l o c k  skew,  a maximum c o n s t r a i n t  

on t h e  d a t a  p a t h  d e l a y  o c c u r s  [ 3 4 , 4 0 ] ,  I n  t h e  p o s i t i v e  

c l o c k  skew c a s e ,  c l o c k  and d a t a  s i g n a l s  f e e d  from o p p o s i t e  

d i r e c t i o n s .  From e q u a t i o n s  ( 3 . 1 ) ,  ( 3 . 2 ) ,  and ( 3 . 3 ) ,  t h e  

maximum p e r m i s s i b l e  p o s i t i v e  c l o c k  skew i s  d e f i n e d  b e lo w :

^SKEW — ^ c l o c k  p e r i o d

“ (^c-Q  + *^int + ^ l o g i c  + ^ s e t - u p )  ( 3 . 4 )

where  Cf l e a d s  C^. T h i s  s i t u a t i o n  i s  t h e  t y p i c a l  c r i t i c a l  

p a t h  a n a l y s i s  r e q u i r e m e n t  co m m o n ly  s e e n  i n  m o s t  h i g h  

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

w h e r e  p o s i t i v e  c l o c k  sk ew  i s  s i g n i f i c a n t  and e q u a t i o n  

( 3 . 4 )  i s  n o t  s a t i s f i e d ,  t h e  c l o c k  and d a t a  s i g n a l s  s h o u l d  

be run i n  t h e  same d i r e c t i o n  t h e r e b y  f o r c i n g  Cj t o  l a g  C. .̂
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c i
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y  \ / \i
B : N e g o  t  i v e C l o c k Skew

F i g u r e  3 . 3 ;  Clock Timing Diagrams

4)  Minimum Data P a t h /C lo c k  Skew C o n s t r a i n t  R e l a t i o n s h i p

When Cf l a g s  C.  ̂ in  t ime ( s e e  F ig u re  3.3B) ,  h e n c e f o r t h  

r e f e r r e d  t o  a s  a n e g a t i v e  c l o c k  skew, a p o t e n t i a l  minimum 

c o n s t r a i n t  can  o c c u r  [ 4 0 ] .  I n  t h i s  c a s e ,  t h e  c l o c k  3kew 

when Cj l a g s  C  ̂ must  be  l e s s  th a n  t h e  t i m e  r e q u i r e d  f o r  

th e  d a ta  t o  l e a v e  t h e  i n i t i a l  r e g i s t e r ,  pr opa ga te  through  

t h e  i n t e r c o n n e c t  and c o m b i n a t o r i a l  l o g i c ,  and s e t - u p  i n  

t h e  f i n a l  r e g i s t e r  ( s e e  F ig u re  3 .1 ) .  I f  t h i s  c o n d i t i o n  i s  

n o t  met b e f o r e  t h e  d a t a  s t o r e d  i n  r e g i s t e r  Rf can  be  

s h i f t e d  o u t  o f  R j ,  i t  i s  o v e r w r i t t e n  by t h e  d a t a  t h a t  had 

been s t o r e d  in  r e g i s t e r  R̂  and had propagated through the  

c o m b i n a t o r i a l  l o g i c .  C orrec t  o p e r a t i o n  r e q u i r e s  t h a t  Rf
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l a t c h e s  d a t a  w h i c h  c o r r e s p o n d s  t o  t h e  d a t a  l a t c h e d  

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

c l o c k  skew i s  shown be low :

j^SKEwl-^ ^PD ~ ^c-Q + ^ i n t  + ^ l o g i c  + ^ s e t - u p  ( 3 . 5 )

where  Cf l a g s  C^. In  t h e  n e g a t i v e  c l o c k  skew c a s e ,  c l o c k  

and d a t a  s i g n a l s  a r e  f e d  from t h e  same d i r e c t i o n .

An i m p o r t a n t  ex a m p le  i n  whi ch  t h i s  minimum c o n s t r a i n t  

o c c u r s  i s  i n  d e s i g n s  which u s e  c a s c a d e d  r e g i s t e r s ,  such a s  

a s e r i a l  s h i f t  r e g i s t e r  or n - b i t  c o u n t e r .  As d e p i c t e d  i n  

F i g u r e  3 . 4 ,  T ^ 0 g i c i s  e q u a l  t o  z e r o  and T^n t  a p p r o a c h e s  

z e r o .  I f  Cf l a g s  ( i . e . ,  n e g a t i v e  c l o c k  skew ) ,  the n

TSKEW — ^c-Q + "^set-up ( 3 . 6 )

and a l l  t h a t  i s  n e c e s s a r y  f o r  m a l o p e r a t i o n  o f  t h e  s y s t e m  

i s  a poor  r e l a t i v e  p l a c e m e n t  o f  t h e  f l i p  f l o p s  or  a h i g h l y  

r e s i s t i v e  c o n n e c t i o n  b e t w e e n  and C j .  In  a c i r c u i t  

c o n f i g u r a t i o n ,  su ch  a s  a s h i f t  r e g i s t e r  or  c o u n t e r ,  where  

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

p o s i t i v e  c l o c k  skew,  t h e  d a t a  and c l o c k  s i g n a l s  need t o  be  

run i n  o p p o s i n g  d i r e c t i o n s ,  f o r c i n g  Cf to  l e a d  C^, u n l i k e  

t h e  ex a m p le  shown i n  F i g u r e  3 .4 .
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k -1
D A T A

n  n r uULU LU

F i g u r e  3 . 4 :  K - B i t  S h i f t  R e g i s t e r

As d i m e n s i o n s  a r e  s c a l e d ,  d e v i c e  d e p e n d e n t  d e l a y s  

s u c h  a s  Tc_q , Ts e t _ u p , and T l o g i c  s c a l e  a s  1 / S  w h i l e  

i n t e r c o n n e c t  d e l a y s  s u c h  a s  Tg^g,, remain  c o n s t a n t  t o  f i r s t  

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

i n c r e a s e  w i t h  d e c r e a s i n g  d i m e n s i o n s  [ 1 8 , 3 7 ] ,  T h e r e f o r e ,  

e q u a t i o n s  ( 3 . 5 )  a n d  ( 3 . 6 )  i n c r e a s e  i n  i m p o r t a n c e  a s  

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

skew becomes more s i g n i f i c a n t .

F i n a l l y ,  a s  c h i p s  become f u n c t i o n a l l y  l a r g e r ,  o n - c h i p  

t e s t a b i l i t y  i s  n e c e s s a r y .  Data r e g i s t e r s ,  c o n f i g u r e d  i n  

t h e  form o f  s e r i a l  s e t / s c a n  c h a i n s  d u r in g  t e s t  mode, a r e  a
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common e x a m p l e  o f  a b u i l t - i n  t e s t  d e s i g n  t e c h n i q u e  [ 4 8 ] .  

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

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

o p e r a t i n g  i n  t h e  s e t / s c a n  t e s t  mode. Thus,  poor  r e l a t i v e

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

t e s t  mode and p o t e n t i a l l y ,  e q u a t i o n  ( 3 . 6 )  w oul d  no l o n g e r  

be s a t i s f i e d .

5)  E f f e c t s  o f  C lo ck D i s t r i b u t i o n  on Per fo r m a n c e

As was  shown i n  s e c t i o n s  t h r e e  and f o u r  o f  t h i s

c h a p t e r ,  t h e  m a g n it u d e  and d i r e c t i o n  o f  t h e  c l o c k  skew can

h a v e  a s i g n i f i c a n t  e f f e c t  on t h e  a b i l i t y  t o  s u c c e s s f u l l y  

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

l i m i t a t i o n  t o  pe r fo r m a n c e  i n  a s y n c h r o n o u s  d i g i t a l  sy s t e m .  

The d i s t r i b u t e d  i n t e r c o n n e c t  i m p ed a n ces  s e e n  by t h e  c l o c k  

d i s t r i b u t i o n  network  be tw een a s e t  o f  c a s c a d e d  r e g i s t e r s  

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

d i f f e r e n c e ,  or  c l o c k  skew,  i s  a measure  o f  t h e  p r o p a g a t i o n  

c h a r a c t e r i s t i c s  b e t w e e n  r e g i s t e r s  a l o n g  t h e  c l o c k  

d i s t r i b u t i o n  p a t h ,  a s  d i s c u s s e d  i n  Chap ter  2.

6)  Summary

C l o c k  d i s t r i b u t i o n  s y s t e m s  were a n a l y z e d  i n  t erms o f  

t h e i r  d a t a  p a th  t i m i n g  r e q u i r e m e n t s .  C l o c k  skew was shown 

t o  a f f e c t  p er form anc e  by b o th  t h e  l e a d / l a g  r e l a t i o n s h i p  o f  

a c l o c k  waveform t o  i t s  a d j a c e n t  c l o c k  wav e fo rm s a l o n g  a 

d a t a  p a t h  a s  w e l l  a s  by i t s  m a g n i t u d e .  Data p a t h / c l o c k
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skew c o n s t r a i n t  r e l a t i o n s h i p s  were  d e v e l o p e d  f o r  b o t h  t h e  

p o s i t i v e  c l o c k  skew c a s e ,  e q u a t i o n  ( 3 . 4 ) ,  and t h e  n e g a t i v e  

c l o c k  s k e w  c a s e ,  e q u a t i o n  ( 3 . 5 ) .  From t h e s e  s p e c i f i c  

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

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

c l o c k  s k e w  on t h e  maximum p e r f o r m a n c e  o f  s y n c h r o n o u s  

d i g i t a l  s y s t e m s .
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CHAPTER 4
A THEORY FOR BOUNDING CLOCK SKEW

S i n c e  c l o c k  d i s t r i b u t i o n  networks  are  t r e e  s t r u c t u r e d  

and c o n t a i n  c a s c a d e d  b u f f e r s  a s  w e l l  a s  d i s t r i b u t e d  

r e s i s t i v e  and c a p a c i t i v e  i n t e r c o n n e c t  s e c t i o n s ,  t h e  

p r o b l e m  o f  d e t e r m i n i n g  t h e  p r o p a g a t i o n  d e l a y  from t h e  

c l o c k  i n p u t  t o  a l l  s e q u e n t i a l  e l e m e n t s  ( i . e . ,  c l o c k  d e l a y )  

and t h e r e b y  d e t e r m i n i n g  th e  minimum and maximum c l o c k  skew 

b e t w e e n  a l l  s e q u e n t i a l  e l e m e n t s  i s  a s u p e r s e t  o f  t h e  RC 

t r e e  network problem a n a l y z e d  by P e n f i e l d  and R u b i n s t e i n  

[ 4 9 , 5 0 ] .  These  bounded i n t e r c o n n e c t  d e l a y  v a l u e s  can be 

c o m b in e d  w i t h  t h e  bounded g a t e  d e l a y  v a l u e s  a l o n g  a 

p a r t i c u l a r  c l o c k  p a t h  t o  p r o v i d e  up p er  and l o w e r  t i m e  

d e l a y  bo u n d s  f o r  e a c h  c l o c k  s i g n a l  p a t h .  From t h e s e  

b o u n d s ,  t h e  c l o c k  s k e w  o f  e a c h  d a t a  p a t h  c a n  be  

d e t e r m i n e d .

By a n a l y z i n g  t h e  c l o c k  d i s t r i b u t i o n  t r e e  network i n  a 

manner s i m i l a r  t o  th e  RC t r e e  network,  c o n c i s e  d e f i n i t i o n s  

o f  each  o f  th e  c l o c k i n g  par ameters  can be d e r i v e d .  These  

d e f i n i t i o n s  o f  c l o c k  d e l a y  and c l o c k  sk ew ,  d e s c r i b e d  i n  

s e c t i o n  1,  can  be u s e d  a s  a b a s i s  f o r  t h e  a n a l y s i s  o f  

c l o c k  d i s t r i b u t i o n  networks  i n  sync hrono us  s y s t e m s .

29
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As i n  t h e  P e n f i e l d - R u b i n s t e i n  a l g o r i t h m ,  t i m e  

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

d e l a y  e l e m e n t s .  Th ese  augmented t i m e  c o n s t a n t s ,  h o w e v e r ,  

a r e  s p e c i f i c  t o  t h e  c l o c k  d i s t r i b u t i o n  pr o b le m  and i n c l u d e  

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

d i s t r i b u t e d  i n t e r c o n n e c t  s e c t i o n s .  Upper and l o w e r  bounds  

on c l o c k  d e l a y  a r e  t h e r e f o r e  p o s s i b l e  f o r  any g i v e n  node  

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

b o u n d s  on c l o c k  sk ew  b e t w e e n  an y  p a i r  o f  s e q u e n t i a l  

r e g i s t e r s .  D e t a i l s  o f  t h i s  c l o c k  skew boun din g a l g o r i t h m  

a r e  d e s c r i b e d  i n  s e c t i o n  2.

T h e s e  c l o c k  s k e w  b o u n d s  c a n  be  r e l a t e d  t o  t h e  d a t a  

pa th  d e l a y s  o f  a sy n c h r o n o u s  d i g i t a l  s y s t e m  a s  d e s c r i b e d  

i n  C h a p t e r  3 ,  t h e r e b y  s a t i s f y i n g  t h e  minimum and maximum 

t i m i n g  c o n s t r a i n t s  o f  t h e  l o c a l  d a t a  pa th  w i t h  r e s p e c t  to  

t h e  l o c a l  c l o c k  s k e w .  An e x a m p l e  o f  t h e  c l o c k  sk e w  

b o u n d i n g  a l g o r i t h m  i s  p r o v i d e d  i n  s e c t i o n  3 .  F i n a l l y ,  

some c o n c l u d i n g  remarks a r e  made i n  s e c t i o n  4.
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The f o l l o w i n g  d e s i g n a t i o n s  o f  c l o c k i n g  pa rameters  are

used:

Clock Delay  = Tqq ( 4 . 1 )

I n t e r c o n n e c t  Delay  = Tjjjij ( 4 . 2 )

B u f f e r  Delay  = Tg ( 4 . 3 )

Clock Skew — ( 4 . 4 )

The c i r c u i t  d e p i c t e d  i n  F ig u r e  4.1 i s  an example  o f  a 

g e n e r a l  c l o c k  d i s t r i b u t i o n  c o n f i g u r a t i o n ,  w h ere  t h e  

r e s i s t o r / c a p a c i t o r  s y m b o l  r e p r e s e n t s  a d i s t r i b u t e d  RC 

i n t e r c o n n e c t  s e c t i o n .  No c o n s t r a i n t s  h a v e  been p l a c e d  on 

t h e  r e l a t i v e  symmetry  o f  t h e  n e t w o r k  o r  on t h e  s i g n a l  

p o l a r i t y  a t  any o f  t h e  o u t p u t  n o d e s .  Node s  i ,  j ,  and k 

r e p r e s e n t  s e q u e n t i a l  r e g i s t e r s  b e in g  s y n c h r o n i z e d  by the  

c l o c k i n g  network.

F ig u r e  4 . 1 :  Clock D i s t r i b u t i o n  Network
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The c l o c k  d e l a y ,  Tqj, ,  i s  t h e  d e l a y  from t h e  c l o c k  

i n p u t  s i g n a l  t o  a s p e c i f i c  c l o c k e d  r e g i s t e r  w i t h i n  a path  

o f  a c l o c k  d i s t r i b u t i o n  n e t w o r k .  The c l o c k  d e l a y  can  be  

r e p r e s e n t e d  a s  t h e  sum t o t a l  o f  a l l  o f  t h e  i n d i v i d u a l  

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

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

p a t h .  T h i s  r e l a t i o n s h i p  i s  e x p r e s s e d  i n  e q u a t i o n  ( 4 . 5 ) ,  

w h e r e  Ttmt and Tw a r e  t h e  i n t e r c o n n e c t  d e l a y  and t h e  

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

( 4 . 2 )  and ( 4 . 3 ) .

TCDii  “ 1 TBa + Z TINTb a lo ng  path i  ( 4 . 5 )
a b

C l o c k  s k e w ,  Tgjrgy, i s  t h e  d i f f e r e n c e  i n  t h e  c l o c k  

d e l a y  o f  any two n o d e s ,  i  and j ,  w i t h i n  t h e  same c l o c k  

d i s t r i b u t i o n  network and i s  d e f i n e d  in  e q u a t io n  (4 .6 ) .

TSKEWij " TCDii  “ TCDjj ( 4 *6)

Usin g  a n o t a t i o n  s i m i l a r  t o  t h a t  used by P e n f i e l d  and 

R u b i n s t e i n ,  Tqq^  i s  t h e  c l o c k  d e l a y  from th e  c l o c k  i n p u t  

t o  n od e  i  and Tqq j  j  i s  t h e  c l o c k  d e l a y  from t h e  c l o c k  

i n p u t  t o  node  j ,  a s  shown i n  F i g u r e  4 . 2 .  The s i g n  o f  

T'sKEW i s  d e p e n d e n t  on t h e  l e a d / l a g  r e l a t i o n s h i p  b e t w e e n  

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

c o n s e q u e n c e s  when t h e  c l o c k  s i g n a l s  a r e  r e l a t e d  t o  t h e  

f l o w  o f  t h e  dat a  s i g n a l s  as  d i s c u s s e d  i n  Chapter 3.
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<---------------------- T» i.---------------------------->

F ig u r e  4 . 2 :  Clock D i s t r i b u t i o n  Network w it h  N o t a t i o n a l  

I n f o r m a t io n

C o n t in ui ng  t h i s  same n o t a t i o n a l  format ,  i s  the

c l o c k  d e l a y  i n  common w i t h  p a t h s  i  and j  and i s  

r e p r e s e n t e d  i n  F i g u r e  4 . 2  by t h e  i n i t i a l  " t r u n k ” o f  t h e  

t r e e  making up t h e  c l o c k  d i s t r i b u t i o n  syst em .  A new d e l a y  

e l e m e n t  i s  d e f i n e d ,  Tg^j ,  which i s  th e  d i f f e r e n c e  i n  d e l a y  

b e t w e e n  t h e  c l o c k  d e l a y  o f  p a t h  i ,  and t h e  common

c l o c k  d e l a y ,  a s  sh o w n  i n  e q u a t i o n  ( 4 . 7 ) .

A l t e r n a t i v e l y ,  Tg.  ̂j  i s  t h e  t i m e  d e l a y  p e c u l i a r  t o  t h e  

s p e c i f i c  c l o c k  p a t h  i  and  i n d e p e n d e n t  o f  an y  d e l a y  

e l e m e n t s  o f  any o t h e r  c l o c k  p a t h  j i n  w h i c h  c l o c k  skew  

i n f o r m a t i o n  i s  be in g  i n f e r r e d .
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TE i j  " TCDii  ~ TCDij

T h u s ,  t h e  t o t a l  c l o c k  skew b e t w e e n  any two n o d e s ,  i  

and j ,  i s  t h e  d i f f e r e n c e  i n  t h e i r  r e s p e c t i v e  Tg terms,  as  

shown i n  e q u a t i o n  ( 4 . 8 ) .

TSKEW = TCDii  “ TCDjj

■ TCDij + TE i j  ” ( TCDij + TEj i>

-  TE i j  " TE j i

T h i s  a g r e e s  w i t h  an i n t u i t i v e  p e r s p e c t i v e  w h i c h  i m p l i e s  

t h a t  when two p a t h s  b r a n c h  o u t  from t h e  same n o d e ,  t h e i r  

s i g n a l  d e l a y  w i l l  d i f f e r  by t h e  amount  o f  a sy m m etry  

between t h o s e  two p a t h s .

2) Genera l  Delay  E q u a t io n s  f o r  a C lock Path

As shown i n  e q u a t i o n  ( 4 . 9 ) ,  t h e  t o t a l  d e l a y  a l o n g  a 

d i s t r i b u t e d  c l o c k  p a t h  i ,  can be m o d e l e d  a s  t h e

s um m at io n o f  i t s  i n d i v i d u a l  i n t e r c o n n e c t  and b u f f e r  

d e l a y s .

TCDii  = ZTBa + ZTINTb “ TBi + TINTi a l o n 8 path i  ( 4 . 9 )
a b

where
m

TINTi= TINTb= TINT1 + TINT2 + •••• + TINTm
b=l

a l o n g  path i  ( 4 . 1 0 )

and
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TBi *  ̂ TBa " TB1 + TB2 +
a=l

■ • • •  + TBn 

a lo n g  path i (4.11)

Each Tjjj-j t erm r e p r e s e n t s  t h e  c u m u l a t i v e  i n t e r c o n n e c t  

d e l a y  between each  b u f f e r  and each  Tg term r e p r e s e n t s  th e  

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

impedance .  The t o t a l  number o f  b u f f e r s  a l o n g  a path i  i s  

r e p r e s e n t e d  by n ,  w h i l e  m i s  t h e  t o t a l  n um be r  o f  

d i s t r i b u t e d  i n t e r c o n n e c t  impedances between b u f f e r  s t a g e s  

a l o n g  t h e  same path i .

I n t e r c o n n e c t  Delay

Each i n t e r c o n n e c t  term i n  e q u a t i o n  (4 .1 0 )  r e p r e s e n t s  

t h e  t o t a l  d e l a y  a l o n g  a c l o c k  path  composed o f  d i s t r i b u t e d  

i n t e r c o n n e c t  s e c t i o n s  b e t w e e n  tw o s e r i a l  b u f f e r s .  

T h e r e f o r e ,  each o f  t h e s e  i n t e r c o n n e c t  impedance components  

r e p r e s e n t s  an i n d i v i d u a l  d i s t r i b u t e d  i n t e r c o n n e c t  problem  

and c a n  be  s o l v e d  by a p p l y i n g  t h e  P e n f i e 1 d - R u b i n s t e i n  

a l g o r i t h m .  Once each term has been d e term in ed,  t h e  t o t a l  

i n t e r c o n n e c t  d e l a y  a l o n g  a c l o c k  p a t h  can be d e r i v e d  by 

summing each term as  shown i n  e q u a t i o n  (4 .1 0 ) .

As d e s c r i b e d  i n  [ 5 0 ] ,  upper and l o w e r  bounds o f  an RC 

d e l a y  can be d e r i v e d  based on s p e c i f i c  path depe nde nt  t ime  

c o n s t a n t s  [ t h e s e  a r e  shown i n  e q u a t i o n s  ( 4 . 1 2 )  -  ( 4 . 1 4 ) ] ,  

w h e r e  e a c h  o f  t h e  t e r m s  makin g up t h e s e  t i m e  c o n s t a n t s  

h a v e  been r e d e f i n e d  f o r  our c l o c k  d i s t r i b u t i o n  problem.
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ip  = r* t\ n
“ *kkuk k

ft .  1 o \ V*» •

TDi " J Rk i  Ck k
( 4 . 1 3 )

TRi = I  s k i 2ck 
k

( 4 . 1 4 )

Ri i

i  and k r e p r e s e n t  a r b i t r a r y  node,.s o f a p a t h  i n  wh ic h

n e x t  b u f f e r  or a s e q u e n t i a l  memory e l e m e n t  i n  t h e

c l o c k  d i s t r i b u t i o n  p a t h  a p p e a r s .  Node i  i s  t h e  node  t o  

which t h e  i n c r e m e n t a l  d e l a y  i s  measured.

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

t h e  p r e v i o u s  b u f f e r  and node i .

Rk k i s  t h e  r e s i s t a n c e  a l o n g  t h e  u n i q u e  p a t h  b e t w e e n  

t h e  p r e v i o u s  b u f f e r  and node k.

Rk i  i s  t h e  r e s i s t a n c e  o f  t h a t  p o r t i o n  o f  t h e  u n i q u e  

p a t h  b e t w e e n  t h e  p r e v i o u s  b u f f e r  and no de  i  t h a t  i s  common 

w i t h  t h e  uni que  path between th e  p r e v i o u s  b u f f e r  and node 

k.

Ck i s  t h e  lumped c a p a c i t a n c e  a t  node k, r e p r e s e n t i n g  

t h e  i n t e r c o n n e c t  and d e v i c e  l o a d  c a p a c i t a n c e  a t  t h a t  node.

With t h e s e  d e f i n i t i o n s ,  upper and low er  bounds on th e  

t i m e  d e l a y  c a n  be  d e v e l o p e d  f o r  e a c h  i n c r e m e n t a l  

d i s t r i b u t e d  i n t e r c o n n e c t  impedance.  These  are  shown below  

where  e q u a t i o n s  ( 4 . 1 6 )  and ( 4 . 1 8 )  r e p r e s e n t  a t i g h t e r  

bound t h a n  e q u a t i o n s  ( 4 . 1 5 )  and ( 4 . 1 7 ) ,  r e s p e c t i v e l y ,  i f  

the  c o n s t r a i n t  e q u a t i o n  on V^(t)  i s  s a t i s f i e d .
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1 - T±(t)

t <_ Tp— Tp^ + Tpln ^Di f°r V^(t)^l- Tp^/Tp (4.16)
Tp[l-V±(t)]

t  < TDi -  TEi (4 .1 5 )

T An T*5j j y w C t  4 / v  w m *  v  i x  *  ^

s  T^.  ^  *Di
>r r i^pi* v  f  \ 

' i v '
\ i j  j ( 4 . 1 7 )

t  > TDi -  TEi  + TE1l n  TEi  f o r  Tt ( t )  > 1 -  TE1/ T p ( 4 . 1 8 )

T p l l - T j l t ) ]

where  t  i s  t h e  i n c r e m e n t a l  i n t e r c o n n e c t  d e l a y ,  from

t h e  b u f f e r  o u t p u t  t o  n o d e  i  and i s  a l w a y s  a n o n - n e g a t i v e  

q u a n t i t y  and Vi ( t )  i s  t h e  n o r m a l i z e d  v o l t a g e  a t  node  i .

T h u s ,  f r o m  e q u a t i o n s  ( 4 . 1 5 )  -  ( 4 . 1 8 ) ,  o n e  c a n

d e t e r m i n e  t h e  t im e  d e l a y  o f  ea c h  d i s t r i b u t e d  i n t e r c o n n e c t  

impedance  component  be tween a p a i r  o f  b u f f e r s  or  a b u f f e r  

and a memory e l e m e n t .  T h ese  i n c r e m e n t a l  d e l a y s  can the n  

be summed a s  shown i n  e q u a t i o n  ( 4 . 1 0 )  t o  g i v e  t h e  minimum 

and maximum t o t a l  i n t e r c o n n e c t  d e l a y  o f  a s p e c i f i c  c l o c k  

p a t h ,  TC D i i .
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As r e p r e s e n t e d  i n  e q u a t i o n  ( 4 . 1 1 ) ,  t h e  t o t a l  t im e  

d e l a y  o f  a c l o c k  path composed of  cascaded b u f f e r s  can be 

m o d e le d  a s  t h e  sum o f  i t s  i n d i v i d u a l  b u f f e r  i e l a y s .  An 

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

d e v i c e s  h a s  be en d e v e l o p e d  by Lee and Soukup [ 5 1 ]  and i s  

g i v e n  below:

Tn -  Cn Z Rn + N Ci n  + Cw (CL n RQ) 
__  n=l     n=i
Go Go Ci

1/N ( 4 . 1 9 )

where GQ i s  th e  i n c r e m e n t a l  output  cond uc tanc e ,  CQ i s  the

l o c a l  p a r a s i t i c  c a p a c i t a n c e  a t  t h e  o u t p u t ,  C^n i s  t h e  

i n p u t  c a p a c i t a n c e ,  Cw i s  t h e  l o c a l  i n t e r c o n n e c t  

c a p a c i t a n c e ,  i s  t h e  l o a d  c a p a c i t a n c e  a t  t h e  o u t p u t  o f  

t h e  g a t e ,  N i s  t h e  number o f  s t a g e s ,  and Rn i s  t h e  number 

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

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

d i s t r i b u t i o n  network,  N i s  one and Rn i s  one and t h e r e f o r e  

equ at ion  (4 .19)  becomes

Td -  TBa Co + Ci n  + Cw

Gin

1 <CG + CL + CLCW) 

Go c I T

( 4 . 2 0 )
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The r a t i o  C ̂  /  C i s  u s e d  t o  e s t i m a t e  t h e  l o c a l  w i r i n g  

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

s i n g l e  s t a g e  b u f f e r ,  Cw r e p r e s e n t s  o n l y  th e  l o c a l  w i r i n g  

c a p a c i t a n c e  i n t r i n s i c  t o  t h e  b u f f e r  and n o t  t h e  

i n t e r c o n n e c t  impedance between b u f f e r  s t a g e s  as  d i s c u s s e d  

p r e v i o u s l y .

In o r d e r  t o  p r o v i d e  bounds on th e  t ime d e l a y  through  

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

minimum and maximum v a l u e s  o f  o u tp u t  co nd uc ta nc e  must be 

d e t e r m i n e d  [ 1 6 ] .  The maximum d e l a y  t h r o u g h  a b u f f e r  

o c c u r s  when o n e  o f  i t s  two d e v i c e s  i s  d o m in a n t  and i s  

s a t u r a t e d  (Vgg -  Vjjg) an<* t *ie  roini®um d e l a y  o c c u r s

when bo th  d e v i c e s  are  o p e r a t i n g  i n  t h e  l i n e a r  r e g i o n  (Vgg 

-  VT VDg ) .  T h i s  a s s u m e s  t h a t  f o r  a g i v e n  o u t p u t  

waveform p o l a r i t y ,  t h e  s a t u r a t e d  d e v i c e  o u tp u t  co n d u cta n ce  

GQ( s a t )  i s  d o m i n a t e d  by e i t h e r  t h e  N - c h a n n e l  or  t h e  P -  

c h a n n e l  c o n d u c t a n c e  w h i l e  t h e  l i n e a r  o u t p u t  c o n d u c t a n c e  

GQ( l i n )  i s  t h e  sum o f  t h e  P - c h a n n e l  c o n d u c t a n c e  GQp and 

t h e  N - c h a n n e l  c o n d u c t a n c e  G0 jj. T h e s e  two c o n d i t i o n s  

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

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

bounding t e c h n i q u e  a l s o  assumes  t h a t  t h e  P - c h a n n e l  and N- 

c h a n n e l  d e v i c e s  a r e  r a t i o e d  t o  p r o v i d e  e q u a l  o u t p u t  

c o n d u c t a n c e s  (and e q u a l  r i s e  t i m e s  and f a l l  t i m e s ) .
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I ds -  I ' s [ 2 (Vqs -  vT)v DS -  vDS2 ] ( 4 . 2 1 )

where K' is the transcoaductance parameter of the device 
and S is the ratio of the channel width to the channel 
length, W/L.

In the saturation region,

IDS = K’S(Vgs - Vt)2(1 + A V ds) (4.22)

where the channel-length modulation parameter A = 1/Vais 
the reciprocal of the Early voltage and represents the 
effect of Vpg on the drain current during saturation. 
Typical values of A are in the range 0.01 to 0.1 V“* [52].

By taking the derivative of Ipg with respect to Vpg, 
the incremental channel conductance can be derived for a 
specific operating point within each region.

Go
dlDS
dVDS

2K'S(Vgs

, K'SA(Vgs
operating

point

Vf - Vpg) linear region (4.23)

V.J.)2 saturation region (4.24)
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an ON mode,  h a s  a v a l u e  w h o s e  r a n g e  c a n  be  e s t i m a t e d  t o  be  

be tw e e n  t h e  i n c r e m e n t a l  s a t u r a t i o n  c o n d u c t a n c e  and t h e  sum 

o f  t h e  P - c h a n n e l  a n d  N - c h a n n e l  i n c r e m e n t a l  l i n e a r  

c o n d u c t a n c e s  where  GQ( l i n )  = GQp + Gqjj and ea ch  GQ term i s  

d e r i v e d  from e q u a t i o n  ( 4 . 2 3 ) .

The e s t i m a t e  o f  t h e  s a t u r a t e d  or  t h e  t o t a l  l i n e a r  

o u t p u t  c o n d u c t a n c e  GQ i n s e r t e d  i n t o  e q u a t i o n  ( 4 . 2 0 )  

p r o v i d e s  a f i r s t  o r d e r  a p p r o x i m a t i o n  o f  t h e  maximum and  

minimum d e l a y  o f  a s i n g l e  s t a g e  CMOS b u f f e r .  These  v a l u e s  

a r e  t h e n  i n d i v i d u a l l y  summed a s  sho wn i n  e q u a t i o n  ( 4 . 1 1 )  

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

s p e c i f i c  c l o c k  p a t h ,  Tq^ ^ .

The e f f e c t  o f  i n t e r c o n n e c t  r e s i s t a n c e  between b u f f e r  

s t a g e s  on t h e  upper and l o w e r  b u f f e r  d e l a y  bounds r e q u i r e s  

com ment .  E q u a t i o n s  ( 4 . 1 9 )  and ( 4 . 2 0 )  a s s u m e  t h a t  t h e  

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

r e p r e s e n t e d  by t h e  i n c r e m e n t a l  o u t p u t  c o n d u c t a n c e  GQ and 

t h e  o u t p u t  l o a d  i s  p u r e l y  c a p a c i t i v e .  As d e s c r i b e d  by 

S a k u r a i  [ 1 6 ] ,  t h e  e f f e c t  o f  i n t e r c o n n e c t  r e s i s t a n c e  on 

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

r e s i s t i v e  r a t i o  RW/RQ, where  Rw i s  t h e  l i n e  r e s i s t a n c e  and 

RQ i s  t h e  o u t p u t  d e v i c e  r e s i s t a n c e .  The s m a l l e r  t h e

G0 ( s a t )  < G0 < G0 ( l i n ) ( 4 . 2 5 )
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m a g n i t u d e  o f  t h e  r e s i s t i v e  r a t i o , t h e  more a c c u r a t e  

e q u a t i o n s  ( 4 . 1 9 )  and ( 4 . 2 0 )  becom e.  For  t h e  p u r p o s e  o f  

t h i s  a n a l y s i s ,  t h e  up p er  bound and t h e  l o w e r  bound ne ed t o  

be c o n s i d e r e d  s e p a r a t e l y .

1) Lower Bound (Minimum D e la y )

-  a t h e o r e t i c a l  minimum b u f f e r  d e l a y  o c c u r s  

when Rw i s  e q u a l  t o  z e r o ,  a s  a ss u m e d  i n  e q u a t i o n  ( 4 . 1 9 ) .  

Thus,  th e  r a t i o  RW/R Q r e p r e s e n t s  a l o w e r  bound when e q u a l  

t o  z e r o  and no c o n s t r a i n t  on Rw o c c u r s  when d e t e r m i n i n g  

t h e  minimum b u f f e r  d e l a y .

2)  Upper Bound (Maximum D e la y )

-  s i n c e  t h e  o u tp u t  c o n d u c t a n c e ,  as  d e f i n e d  in  

e q u a t i o n  ( 4 . 2 4 ) ,  i s  s m a l l ,  th e  ou tp u t  r e s i s t a n c e  i s  l a r g e .  

T h e r e f o r e ,  t h e  r a t i o  RW/ R Q i s  t y p i c a l l y  s m a l l  f o r  s m a l l  

v a l u e s  o f  Rw. H o w e v e r ,  i n  o r d e r  f o r  e q u a t i o n  ( 4 . 2 0 )  t o  

a c c u r a t e l y  r e p r e s e n t  t h e  maximum d e l a y  t h r o u g h  a CMOS 

b u f f e r ,  t h e  f o l l o w i n g  c o n s t r a i n t  i s  p l a c e d  on Rw when 

d e t e r m i n i n g  th e  b u f f e r  r e l a t e d  upper bound.

Rw «  1/G0 ( s a t ) ( 4 . 2 6 )

D i f f e r e n t  r a t i o s  o f  Rw/R0 hav e  been t a b u l a t e d  by Sakurai  

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

s i n g l e  b u f f e r  d r i v i n g  an RC l o a d )  and a r e  p r o v i d e d  i n  

[ 1 6 ] .
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The t o t a l  d e l a y  o f  any g i v e n  c l o c k  p a t h  ca n  t h e n  be 

d e r i v e d  by a d d i n g  t h e  t o t a l  i n t e r c o n n e c t  d e l a y  t o  t h e  

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

( 4 . 9 ) .  T h i s  s u m m a t i o n  r e p r e s e n t s  an a p p r o x i m a t e  m o d e l  

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

waveform.  However ,  from t h i s  i n f o r m a t i o n  t h e  c l o c k  skew 

be tw e e n  any two c l o c k  p a t h s ,  i  and j ,  i s  r e a d i l y  a v a i l a b l e  

by t a k i n g  t h e  d i f f e r e n c e  i n  d e l a y  b e tw een any two p a t h s  i  

and j .

3 )  Example o f  C lo ck  Skew Bounding A l g o r i t h m

I n  o r d e r  t o  d e s c r i b e  t h e  u s e  o f  t h e  a f o r e m e n t i o n e d  

c l o c k  s k e w  b o u n d i n g  a l g o r i t h m ,  an  e x a m p l e  c l o c k  

d i s t r i b u t i o n  n e t w o r k  i s  shown i n  F i g u r e  4 . 3 .  N o d e s  i ,  j ,  

and k r e p r e s e n t  s e q u e n t i a l  r e g i s t e r s  b e i n g  s y n c h r o n i z e d  by 

t h e  c l o c k  d i s t r i b u t i o n  ne twork.  Minimum and maximum c l o c k  

d e l a y s  h a v e  been d e r i v e d  f o r  ea ch  c l o c k  pa th  and compared  

w i t h  d e l a y  v a l u e s  f o r  ea ch  pa th  g e n e r a t e d  from SPICE [ 5 3 ]  

u s i n g  L e v e l  1 Shichman-Hodges  d e v i c e  e q u a t i o n s  [ 5 4 ] .
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S-10

F i g u r e  4 , 3 :  Example o f  a C lo c k  D i s t r i b u t i o n  Network

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

c h a r a c t e r i z e  t h e  t r a n s i s t o r  d e v i c e s :

K' = 2 . 1 5 8  x 10 “  ̂ A m p e r e s / v o l t ^

X = 0 . 0 5  V o l t s - 1  

UQ = 500 c m ^ / V o l t - s e c o n d  

L = 2  m i c r o m e t e r s  

W = 2 0  m i c r o m e t e r s  

CQ = 0 . 0 0 5  p i c o f a r a d s  

Cw = 0 . 0 0 1  p i c o f a r a d s
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shown i n  e q u a t i o n  ( 4 , 2 7 )  and

f o r  t h e  c i t e d  e x a m p l e  h a s  a v a l u e  o f  0 . 0 3 5  p f .  From 

e q u a t i o n s  ( 4 . 2 3 )  and ( 4 . 2 4 ) ,  GQ( l i n )  and GQ( s a t )  h a v e

r e s p e c t i v e l y .  T h i s  example  does  not  c o n s i d e r  th e  v a r i a t i o n  

o f  d e v i c e  p a r a m e t e r s  s u c h  a s  K' and m o b i l i t y  on t h e  t i m e  

r e s p o n s e  o f  t h e  b u f f e r s  and i n t e r c o n n e c t .  One can u s e  

such w o r s t  c a s e  parameters  f o r  t h e  maximum c l o c k  d e l a y  and 

b e s t  c a s e  p a r a m e t e r s  f o r  t h e  minimum c l o c k  d e l a y  t o  

f u r t h e r  exp an d t h e  d e l a y  bo u n d s  and t h e r e b y  e n c o m p a s s  

known p r o c e s s  v a r i a t i o n s .

By u s i n g  e q u a t i o n  (4 .2 0)  t o  d e te r m in e  th e  i n d i v i d u a l  

b u f f e r  d e l a y s ,  t h e  t o t a l  maximum and minimum b u f f e r  d e l a y s  

f o r  a g i v e n  p a t h  can  be d e r i v e d .  For  p a t h  i  i n  F i g u r e  

4 . 3 ,  w h i c h  c o n t a i n s  t h r e e  b u f f e r s ,  t h e  f o l l o w i n g  v a l u e s  

are  d e r i v e d :

v a l u e s  o f  1 . 5 0 0  x 1 0 “  ̂ mhos,  and 1 . 7 2 6  x 1 0 “  ̂ mho s . ,

Ci = 2K* WL ( 4 . 2 7 )

TBi(max) = Tg^max + Tg2max + ^B3max ( 4 . 2 8 )

=> 2 . 7 6 9  ns

T g i ( m in )  -  Tglmin + Tg2min + TB3min ( 4 . 2 9 )

=s 0 . 3 1 9  ns
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Thus , t h e  t o t a l  b u f f e r  d e l a y  a l o n g  p a t h  i  r a n g e s  b e t w e e n  

0 . 3 1 9  n s .  t o  2 . 7 6 9  n s .

Each o f  th e  i n d i v i d u a l  i n t e r c o n n e c t  d e l a y  components  

o f  p a t h  i  i n  F i g u r e  4 . 3  i s  i n d i v i d u a l l y  summed a s  

d e s c r i b e d  i n  e q u a t i o n s  ( 4 . 1 5 )  -  ( 4 . 1 8 ) ,  whe re  a v a l u e  o f  

a 0.5 i s  used.  The t o t a l  i n t e r c o n n e c t  d e l a y  f o r  path  i  

i n  th e  example  shown i n  F ig u r e  4.3 i s  g i v e n  be low :

TI N T l ( max) TINTlmax + TINT2max + x INT3max

= 0 . 0 7 3  ns

/  I  O n  \^ . o u ;

TIN Ti (milO = TlNTlmin + TINT2min + TINT3min ( 4 . 3 1 )

■ 0 . 0 1 4  ns

T h u s ,  t h e  t o t a l  maximum and minimum d e l a y  f o r  p a t h  i  i n  

t h e  c l o c k  d i s t r i b u t i o n  n e t w o r k  i n  F i g u r e  4 .3  i s  g i v e n  

be lo w  i n  e q u a t i o n s  (4 .32)  and ( 4 . 3 3 ) ,  r e s p e c t i v e l y .

TC D i i ( max) "  ̂ "^Bairnax + I  TINTbimax ( 4 . 3 2 )
a b

TC D i i ( min) =  ̂ ^Baimin  a
+ \  TINTbimin 

b
( 4 . 3 3 )

Bounded c l o c k  d e l a y s  f o r  e a c h  p a t h ,  i ,  j ,  and k ,  i n  

F i g u r e  4 . 3  a r e  p r o v i d e d  i n  T a b l e  4 .1  and compared w i t h  

SPICE L e v e l  1 d e l a y  r e s u l t s ,  d e f i n e d  a t  t h e  50% p o i n t .  

T h u s ,  u p p e r  and l o w e r  bo und s  on t h e  c l o c k  d e l a y  f o r  e a c h  

p a t h  d e s c r i b e d  i n  F i g u r e  4 . 3  h a v e  b e e n  d e r i v e d .  I t  i s
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z' 1 a s  r  1 it a o n n f  r  run T a  h 1 o  lx. . 1 t h a t  m i  n ' l  and T^^fmax)O U '  " Oi/  '

form l o w e r  and upper bounds. r e s p e c t i v e l y ,  on th e  c l o c k

d e l a y  as  compared w it h  th e  SPICE g e n e r a t e d  c l o c k  d e l a y  of  

each  path .

Path Tcd(SPICE) ^C D^^n ) T^p(Max)

i 0 . 9 7  n s . 0 . 3 3  n s .  2 . 8 4  n s .

j 1 . 1 5  n s . 0 . 4 3  n s .  3 . 6 2  n s .

k 0 . 5 8  n s . 0 . 2 9  n s .  2 . 6 0  n s .

T a b l e  4.1:  Comparison o f  SPICE D e l a y  w it h  C lo ck

D e l a y  Bounds

With t h i s  i n f o r m a t i o n ,  maximum n e g a t i v e / p o s i t i v e  

c l o c k  skew can  be d e r i v e d ,  a s  shown i n  T a b l e  4 . 2 .  T h i s  

i n f o r m a t i o n  can  be  u s e d  i n  e q u a t i o n s  ( 3 . 4 )  and ( 3 . 5 )  t o  

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

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

r e p r e s e n t e d  i n  T a b l e  4.2 and a p p l i e d  t o  e q u a t i o n s  (3 .4 )

Pat hs  Bounded Clock Skew Valu es

i j - 2 . 4 1 n s . to + 3 .2 9 ns

ik - 2 . 5 5 n s . to + 2 .2 7 ns

JJ* - 3 . 3 3 n s . to + 2 .1 7 ns

Tabl e  4 . 2 :  Range o f  Clock Skew V alu es  Between  

P a th s  i ,  j ,  and k
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and ( 3 . 5 )  can a l s o  he u t i l i z e d  i n  t i m i n g  a n a l y s i s  t o o l s  to  

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

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

c i r c u i t s  [ 5 5 - 5 9 ] .  Timing a n a l y s i s  t o o l s  g e n e r a l l y  i g n o r e  

c l o c k  skew and t h e r e f o r e  c a n n o t  a c c u r a t e l y  a c c o u n t  f o r  t h e  

e f f e c t  o f  c l o c k  s k e w  on c r i t i c a l  t i m i n g  p a t h s  ( p o s i t i v e  

c l o c k  s k e w )  and r a c e  c o n d i t i o n s  ( n e g a t i v e  c l o c k  s k e w ) .  

T h e r e f o r e ,  t h e  r e l i a b i l i t y  o f  t i m i n g  a n a l y z e r s  i n  

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

by t h e  a b s e n c e  o f  and c a n  be i m p r o v e d  by t h e  a d d i t i o n  o f  

c l o c k  skew bounds  su c h  a s  d e s c r i b e d  w i t h i n  t h i s  c h a p t e r .

4)  Summary

T h i s  c h a p t e r  d e s c r i b e s  an a l g o r i t h m  which bounds t h e  

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

minimum and maximum c l o c k  d e l a y  o f  ea ch  c l o c k  s i g n a l  p a th .  

From t h i s  i n f o r m a t i o n ,  t h e  l e a d / l a g  b e h a v i o r  and t h e  

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

e a s i l y  d e r i v e d .

The c l o c k  d i s t r i b u t i o n  pr o b le m  has  been shown t o  be a 

s u p e r s e t  o f  t h e  RC t r e e  n e t w o r k  p r o b l e m  a n a l y z e d  by 

P e n f i e l d  and R u b i n s t e i n .  C o n c i s e  d e f i n i t i o n s  o f  each  o f  

t h e  p a r a m e t e r s  b e l o n g i n g  t o  a c l o c k  d i s t r i b u t i o n  network  

h a v e  been  d e v e l o p e d  and a g e n e r a l  a l g o r i t h m  f o r  g e n e r a t i n g  

t h e o r e t i c a l  upper  and l o w e r  bounds on c l o c k  skew has  been  

d e r i v e d .  An e x a m p le  was g i v e n  d e s c r i b i n g  t h e  u s e  o f  t h e
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c l o c k  skew b o u n d i n g  a l g o r i t h m  f o r  d e t e r m i n i n g  maximum 

p o s i t i v e  and n e g a t i v e  c l o c k  skew.

The b o u n d i n g  o f  c l o c k  d e l a y s ,  and t h e r e f o r e  c l o c k  

skew, i s  d i r e c t l y  a p p l i c a b l e  t o  th e  d e s i g n  and a n a l y s i s  o f  

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

e v a l u a t i o n  o f  c l o c k  skew and i t s  e f f e c t  on c r i t i c a l  worst  

c a s e  t im in g  p a t h s ,  i n  t h e  p o s i t i v e  c l o c k  skew c a s e ,  and on 

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

c l o c k  skew c a s e .  The r e l a t i v e  c l o c k  skew o f  each path can 

a l s o  be  u t i l i z e d  t o  e n h a n c e  t h e  a c c u r a c y  o f  t i m i n g  

a n a l y s i s  t o o l s  by p e r m i t t i n g  t h e s e  t o o l s  t o  c o n s i d e r  the  

e f f e c t  o f  c l o c k  skew on e a c h  d a t a  p a t h  when e v a l u a t i n g  

t h e i r  s p e c i f i c  t i m i n g  r e q u i r e m e n t s .  T h u s ,  w i t h  a 

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

n e t w o r k s  and p r a c t i c a l  e x a m p l e s  d e s c r i b i n g  t h e i r  u s e ,  

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

m etho dol ogy  f o r  d e v e l o p i n g  and a n a l y z i n g  h ig h performance  

c l o c k  d i s t r i b u t i o n  networks .
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CHAPTER 5
LATCHING CHARACTERISTICS OF BISTABLE REGISTER

The s p e c i f i c  e m p h a s i s  o f  t h i s  r e s e a r c h  i s  t h e  

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

t h r o u g h  a s y n c h r o n o u s  d i g i t a l  s y s t e m .  The  minimum  

f u n c t i o n a l  re qu ir em ent  o f  a l l  sy nc hrono us  d i g i t a l  s y s t e m s  

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

f u n d a m e n t a l  form o f  a r e g i s t e r  e l e m e n t  i s  t h e  b i s t a b l e  

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

two NAND g a t e s  or two NOR g a t e s .  E i t h e r  c i r c u i t  performs  

t h e  b a s i c  l a t c h i n g  o p e r a t i o n  u p o n  w h i c h  o t h e r  more  

c o m p l i c a t e d  t y p e s  can be c o n s t r u c t e d  [ 6 0 , 6 1 ] .

1) B i s t a b l e  NAND Gate C o n f i g u r a t i o n

The NAND g a t e  i m p l e m e n t a t i o n  o f  t h e  b i s t a b l e  l a t c h  

h a s  b e e n  c h o s e n  (shown i n  F i g u r e  5 . 1 )  i n s t e a d  o f  t h e  NOR 

g a t e  v e r s i o n ,  s i n c e  i t  performs b e t t e r  in  CMOS t e c h n o l o g y  

(d u e  t o  t h e  h i g h e r  m o b i l i t i e s  o f  t h e  s e r i a l  N - c h a n n e l  

d e v i c e s  t h a n  o f  t h e  s e r i a l  P - C h a n n e l  d e v i c e s )  and i s  

t h e r e f o r e  more commonly u s e d .  H o w e v e r ,  a l l  p h y s i c a l  

th e o r y  and a l g o r i t h m i c  s o l u t i o n s  d e s c r i b e d  i n  t h i s  c h a p ter  

a r e  e a s i l y  a p p l i e d  t o  a NOR g a t e  i m p l e m e n t a t i o n  o f  t h e  

b i s t a b l e  r e g i s t e r .

50
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F i g u r e  5 . 1 :  B i s t a b l e  NAND Gate C i r c u i t  C o n f i g u r a t i o n

A CMOS i m p l e m e n t a t i o n  o f  t h e  b i s t a b l e  NAND g a t e  

s t r u c t u r e  h a s  b e e n  c h o s e n  t o  e v a l u a t e  how d a t a  i s  

f u n d a m e n t a l l y  performance  l i m i t e d  by t h e  a b i l i t y  t o  l a t c h  

dat a  i n t o  a r e g i s t e r .  The CMOS b i s t a b l e  r e g i s t e r  c i r c u i t  

i s  shown i n  F ig u r e  5 .2.  The c l o c k  s i g n a l  d r i v e s  th e  i n p u t  

o f  o n e  NAND g a t e .  A, and t h e  d a t a  s i g n a l  i s  t h e  i n p u t  t o  

t h e  s e c o n d  NAND g a t e ,  B. The o t h e r  i n p u t  o f  e a c h  NAND 

g a t e  i s  f u r n i s h e d  by t h e  o u t p u t  s i g n a l  o f  i t s  

complementary NAND g a t e .  Give n an i n i t i a l  v o l t a g e  a t  V. 

and i t s  complement  a t  V2» th e  i n p u t  dat a  and c l o c k  s i g n a l  

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

s t a t e s .  Once t h e  new s t a t e  o f  t h e  r e g i s t e r  i s  d e f i n e d ,  

th e  i n p u t  da ta  i s  c o n s i d e r e d  t o  ha ve  been l a t c h e d  i n t o  th e  

r e g i s t e r .
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F i g u r e  5 . 2 :  CMOS I m p l e m e n t a t i o n  o f  B i s t a b l e  R e g i s t e r

2 \  T A f  T\ 2 ► rt <4 M I* A P A A ■{ A ♦» A <«
j  j J o u u t i 4 . i i B  w i .  i / d u O  i n u v  a C f t x o u c i ,

I n  o r d e r  t o  l a t c h  d a t a  i n t o  a r e g i s t e r ,  t h e  c l o c k  and  

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

t h e  c o r r e c t  r e l a t i v e  t i m e  a n d  a t  t h e i r  c o r r e c t  v o l t a g e  

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

The i n i t i a l  c o n d i t i o n s  o f  V-^(O) = 0 v o l t s  and V 2 ( 0 )  = 

5 v o l t s  h a v e  b e e n  c h o s e n  t o  e x e m p l i f y  t h e  l a t c h i n g  

p h e n o m e n o n .  A s s u m i n g  t h e  c l o c k  s i g n a l ,  V q LK* * s  a t   ̂

v o l t s  and t h e  d a t a  s i g n a l ,  a t  ® v o l t s ,  t h e

c i r c u i t  e x i s t s  i n  a r e s t o r i n g  e q u i l i b r i u m  s t a t e .  In o r d e r  

t o  c h a n g e  t h e  p o l a r i t y  o f  t h e  o u t p u t  v o l t a g e s  a t  Vi and  

V2 , bo th  t h e  c l o c k  and t h e  d a t a  i n p u t  s i g n a l s  must s w i t c h .  

The c l o c k  s i g n a l  m u s t  d e c r e a s e  f rom  5 v o l t s  and t h e  d a t a  

s i g n a l  must i n c r e a s e  from ground.

As s e e n  i n  F i g u r e  5 . 2 ,  a s  V ^ ^  d e c r e a s e s  f r o m  Vqjj t o  

Vdd + ^TP» n0 c u r r 8 n t  w i l l  f l o w  i n  t h e  t o p  d e v i c e  s i n c e  

b o t h  t h e  P - c h a n n e l  d e v i c e s  r e m a i n  i n  c u t o f f .  Once  

e q u a l s  Vjjjj + V^p,  P2^ t u r n s  on and e n t e r s  t h e  s a t u r a t i o n  

r e g i o n .  T h i s  p e r m i t s  c u r r e n t  t o  f l o w  w i t h i n  t h e  top  NAND 

g a t e .  Once Ip ^  b e c o m e s  g r e a t e r  t h a n  I NA» ^ l o u t  w i - l  

i n c r e a s e .  When V^o u t  e q u a l s  i t  t u r n s  on t h e  l o w e r  11-

c h a n n e l  d e v i c e  o f  t h e  l o w e r  NAND g a t e .  I f  i s

g r e a t e r  than o f  t h e  t o p  d e v i c e  p l u s  Vpg o f  t h e  l o w e r

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

A s s u m i n g  t h e s e  c o n d i t i o n s  e x i s t  and c o n t i n u e s  t o

d e c r e a s e  ( t h e r e b y  i n c r e a s i n g  V^o u t ) ,  t h e  b i s t a b l e  NAND 

g a t e  r e g i s t e r  w i l l  e n t e r  t h e  r e g e n e r a t i v e  l a t c h  mode.  

Thus,  a s  V^o u t  i n c r e a s e s  a b o v e  and ass um in g  V 33 AT A

a b o v e  t h e  N - c h a n n e l  t r e e  o f  t h e  l o w e r  d e v i c e  w i l l
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s i n k  c i i i r 6 iiu t o  g i  Gund* OuCc ^NB i c o n i c s  g r e a t e r  t h s n  

IpB, ^ 2 o u t  w i l l  d e c r e a s e  from i t s  e q u i l i b r i u m  p o t e n t i a l  o f  

Vjjjj v o l t s .  As V2o u t  d e c r e a s e s  b e l o w  Vjjp + V.j.p, ^1A t u r n s  

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

V i o u t  whi ch  i n  tu r n  f u r t h e r  d e c r e a s e s  V2o u t . T h i s  c l o s e d  

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

q u i c k l y  r e sp o n d  t o  i t s  c h a n g i n g  i n p u t  s i g n a l s  and t o  l a t c h  

t h e  i n p u t  d a t a  and i n  e f f e c t  t o  c h a n g e  t h e  s t a t e  o f  t h e  

r e g i s t e r .  As i n c r e a s e s  toward Vpn » V^g a c r o s s  bo th

o f  t h e  P - c h a n n e l  d e v i c e s  becomes  v e r y  s m a l l  and t h e  amount  

o f  o u t p u t  v o l t a g e  change  due t o  a chang e  i n  i n p u t  v o l t a g e  

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

f i n a l  r e g i o n  o f  o p e r a t i o n  i s  a n o n - r e g e n e r a t i v e  open l o o p  

i n  whi ch  t h e  P - c h a n n e l  d e v i c e s  c h a r g e  t h e  o u t p u t  c a p a c i t o r  

up t o  Vjjjj. T h e s e  f o u r  r e g i o n s  o f  o p e r a t i o n  a r e  

q u a n t i t a t i v e l y  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .

3)  R e g i o n s  o f  O p e r a t i o n  o f  B i s t a b l e  R e g i s t e r

The r e s p o n s e  o f  t h e  b i s t a b l e  r e g i s t e r  t o  i t s  c h a n g i n g  

i n p u t  s i g n a l s  can be broken up i n t o  f o u r  s e p a r a t e  r e g i o n s .  

Eac h r e g i o n  r e p r e s e n t s  t h e  b i s t a b l e  r e g i s t e r  o p e r a t i n g  

u n d e r  d i f f e r e n t  c i r c u i t  c o n d i t i o n s  and t h e r e f o r e  e a c h  

r e g i o n  has  a d i f f e r e n t  o u t p u t  r e s p o n s e .
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R egi on  1

As d e c r e a s e s  f r o m  t o  Vjjp + V^ip, no c u r r e n t

c a n  f l o w  t h r o u g h  t h e  u p p e r  NAND g a t e  ( s e e  F i g u r e  5 . 3 )  

s i n c e  1) bo th  P - c h a n n e l  d e v i c e s  a r e  i n  c u t o f f ,  due t o

VCLK VDD + VTP and P 1A due  t 0  V2 o u t  ^  VDD + VTP' and 2 ) 

V i o u t  i s  a t  same p o t e n t i a l  a s  t h e  s o u r c e s  o f  t h e  two

N - c h a n n e l  d e v i c e s .  T h u s ,  r e g i o n  1 r e p r e s e n t s  t h e  t i m e

F i g u r e  5 . 3 :  C i r c u i t  Diagram o f  Upper NAND Gate  i n  Regi on 1

i e i { ux i  cu i Oi  t CLK l u j. c a u n  VDD TP id t u r n  on P2A1

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

r e g i o n  V j QUt r e m a i n s  a t  0 v o l t s ,  a s  shown i n  F i g u r e  5 . 4 ,  

a n d  t h e  t i m e  d e l a y ,  T  ̂ , o f  t h i s  r e g i o n  i s  g i v e n  by  

e q u a t i o n  ( 5 . 1 )  be lo w :

T1 = vTp / k c | ( 5 . 1 )
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w h e r e  k c i s  t h e  f a l l  t i m e  o f  t h e  c l o c k  s i g n a l  i n  

v o l t s / s e c o n d  and Vpp i s  t h e  t h r e s h o l d  v o l t a g e  o f  t h e  P -  

c h a n n e l  d e v i c e s  and f o r  an e n h a n c e m e n t  mode d e v i c e  i s  

n e g a t i v e .

F i g u r e  5 . 4 :  R e g io n  1 Timing Diagram

R e g io n  2

Once  Vqlk d e c r e a s e s  b e l o w  Vjjp + V^p,  c u r r e n t  w i l l  

f l o w  b e t w e e n  Vjjp and g r o u n d .  As d e c r e a s e s  f u r t h e r ,

t h e  c u r r e n t  s u p p l i e d  by w i l l  become g r e a t e r  than th e

c u r r e n t  s u n k  by t h e  N - c h a n n e l  t r e e .  Once t h i s  o c c u r s ,  

V i o y t C O  w i l l  b e g i n  t o  r i s e .  In  t h i s  r e g i o n ,  t h e  b i s t a b l e  

NAND g a t e  r e g i s t e r  c a n  be r e p r e s e n t e d  by a s i n g l e  NAND 

g a t e  w i t h  one  c h a n g i n g  i n p u t ,  ( s i n c e  V2ou t  = Vpp) a s  shown 

i n  F i g u r e  5 . 5 .
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F i g u r e  5 . 5 :  Re g io n 2 C i r c u i t  C o n f i g u r a t i o n

The c i r c u i t  shown i n  F i g u r e  5.5 can be r e p r e s e n t e d  by 

t h e  s m a l l  s i g n a l  m o d e l  shown i n  F i g u r e  5 . 6  w h e r e  v c 

r e p r e s e n t s  t h e  i n c r e m e n t a l  c h a n g e  i n  Vq j^  and v i 0 u t  

r e p r e s e n t s  t h e  i n c r e m e n t a l  change  i n  ^ 2o u t .

9 (y m c

F i g u r e  5 . 6 :  Sm al l  S i g n a l  Model o f  Regio n 2
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From t h i s  m o d e l ,  V i c „«- ( t )  c a n  d e t e r m i n e d  b a s e d  on a 

ramp i n p u t  c l o c k  s i g n a l  d e c r e a s i n g  a t  a r a t e  o f  k c 

v o l t s / s e c o n d .  ^ l o u t ^ ^  f ° r r e S i ° n 2 i s  shown i n  e q u a t i o n  

( 5 . 2 )  b e l o w :

Vlont(t) -  kc [AC1/ B 2 ] [ e x p ( - B t / C 1 ) + B t / C j  -  1] ( 5 . 2 )

N ot e  t h a t  V^QUt( t )  i n c r e a s e s  from 0 and t e r m i n a t e s  a t  

v o l t s  w i t h i n  t h i s  r e g i o n ,  a s  shown i n  F i g u r e  5 .7 .  Regi on 2 

en d s  a t  s i n c e ,  a ss um in g V ^  ^TN’ t *ie c i r c u i t  w i l l

F i g u r e  5 . 7 :  Reg ion  2 Timing Diagram

e n t e r  t h e  r e g e n e r a t i v e  r e g i o n  o f  o p e r a t i o n .  A and B 

r e p r e s e n t  t h e  t r a n s c o n d u c t a n c e  and o u t p u t  c o n d u c t a n c e  o f  

t h e  s i n g l e  NAND g a t e ,  r e s p e c t i v e l y ,  i n  r e g i o n  2 and a r e  

g i v e n  b e lo w :
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a “ Sm T 5mp Sji Sun \

gn l  + gn2 + 8mn

® = gds  ~ gm gnl  ( 5 . 4 )

gn l  + gn2 + gmn

where

8m = 8mngn2 ( 5 . 5 )

8n l  + 8n2

gds = 8n i g n2 ( 5 . 6 )

gnl  + gn2

g mn and g m-p r e p r e s e n t  t h e  t r a n s c o n d u c t a n c e  o f  t h e  P-  

c h a n n e l  t r e e  and t h e  N -c h a n n e l  t r e e ,  r e s p e c t i v e l y ,  o f  t h e  

i n p u t  c l o c k  s i g n a l  and  g n j and g n 2 a r e  t h e  o u t p u t  

c o n d u c t a n c e s  o f  t h e  two s e r i a l  N -c ha nn e l  t r a n s i s t o r s .

The o p e r a t i n g  p o i n t  f o r  r e g i o n  2 from which t h e  s m a l l  

s i g n a l  p a r a m e t e r  v a l u e s  can  be d e r i v e d  i s  a p p r o x i m a t e l y  

h a l f w a y  between 0 and Vjjj a s  shown in  e q u a t i o n  ( 5 .7 ) .  Vx ^

V iou t ( R e g i ° n 2 o p e r a t i n g  p o i n t )  = Vt n / 2  ( 5 . 7 )

( s e e  F i g u r e  5 . 5 ) ,  t h e  p o t e n t i a l  a t  th e  common s o u r c e / d r a i n  

b e t w e e n  N-^ and N2A can *>e d e r i v e d  from e q u a t i o n  ( 5 . 8 )  

where Vl o u t  = VTN/ 2 .
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V - _  (V-----  _  V___^• x i  ' ’uuc v ' ZOUC 1W'

2

“ / ^ VCLK“ VTn ) + ( V2 o u t " VT N ^ 2

( 5 . 8 )

( VCLK"VTN)Vl o u t  + Vl o u t 2

2

N o t e  t h a t  V 2 o u t  =  VDD and VCLK = VDD + 2VTP a r o u n d  t h e  

o p e r a t i n g  p o i n t  o f  V | QUt = V . p y / 2 .  From t h e  a b o v e

i n f o r m a t i o n ,  t h e  p r o c e s s  d e p e n d e n t  p a r a m e t e r s  Kp! and Kn ! ,

and t h e  g e o m e t r i c  W/'L r a t i o s  o f  e a c h  o f  t h e  P -  and N -

c h a n n e l  t r a n s i s t o r s ,  S p and S n , t h e  o u t p u t  r e s p o n s e

Vfout^) f°r a decreasing ramp clock input signal can be
d e t e r m i n e d  f o r  r e g i o n  2.

Reg io n  3

Once V^QUt r e a c h e s  V-pjj v o l t s ,  N2g i s  t u r n e d  on ( s e e  

F i g u r e  5 . 2 ) .  I f  V ds a -̂ s o  g r e a t e r  tha n V̂ .{j o f  t h e  top  

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

N^g w i l l  a l s o  t u r n  on;  w i t h  b o t h  o n ,  c u r r e n t  c a n  f l o w  

b etw een Vgp and ground.  At some p o i n t  i n  t i m e ,  d e p end in g  

upon t h e  m a g n it u d e  o f  and V j QUt, t h e  N - c h a n n e l  t r e e

w i l l  s i n k  more c u r r e n t  t h a n  t h e  P - c h a n n e l  t r e e  w i l l  

s o u r c e .  At t h i s  p o i n t ,  V2o u t ( t )  wdl l  d e c r e a s e  from  Vgg  

v o l t s .  Once V2 o u t  d e c r e a s e s  b e l o w  Vgg + V^p,  P - ^  w i l l  

t u r n  on and s o u r c e  a d d i t i o n a l  c u r r e n t ,  f u r t h e r i n g  t h e  r a t e  

o f  i n c r e a s e  o f  V j Q u t . T h i s  i n  t u r n  w i l l  i m p r o v e  t h e  

a b i l i t y  o f  t h e  N - c h a n n e l  t r e e  o f  t h e  l o w e r  NAND g a t e  t o
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sink more current, further decreasing V2out* Herein lies 
the closed loop rcgencrnfxvc mode of cperatxon inherent to 
the bistable NAND gate circuit configuration and 
fundamental to the latching behavior of a register. Note 
that the circuit is a two time constant system.

At a certain operating -point, the data will be fully 
latched into the register and the clock input signal can 
be returned to Vqjj and the state of the register will 
still enter its correct state (V^out = Vpp and V2out = 0). 
This irreversible latching point represents the limiting 
ability to latch data into a register and will be further 
defined in section four of this chapter.

The circuit configuration of region 3 is shown in 
Figure 5.8. This regenerative circuit can be represented 
by the small signal models depicted in Figures 5.9 and 
5.10, where Figure 5.9 represents the small signal model 
for the upper NAND gate. A, and Figure 5.10 represents the 
small signal model for the lower NAND gate, B.

CLK

Figure 5.8: Circuit Diagram of Region 3
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F i g u r e  5 . 9 :  Sm al l  S i g n a l  Model o f  D e v i c e  A i n  Reg io n  3

B1

F i g u r e  5 . 1 0 :  Sm al l  S i g n a l  Model o f  D e v i c e  B i n  Reg io n  3

I n  t h e  r e g e n e r a t i v e  mode o f  r e g i o n  3 w i t h  a 

c o n s t a n t l y  d e c r e a s i n g  c l o c k  i n p u t  s i g n a l ,  ^ l o u t ^ fĉ  * s  

composed o f  t h r e e  terms:  one  due t o  t h e  i n i t i a l  c o n d i t i o n

o f  r e g i o n  3 ,  V 2 3 ( 0 ) ,  on e  due  t o  t h e  i n p u t  c l o c k  s i g n a l ,  

and t h e  t h i r d  due t o  t h e  i n p u t  d a ta  s i g n a l .
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Each term i s  d e s c r i b e d  i n d i v i d u a l l y  below:

Vl o u t A ( t )  = V2 3 ( 0 ) [ R 1a + R2A + R3A]

R1A = ( a l  “ D ) e x p ( -  a : t )  

a x ( a 2 -  a x )

*2A = ( a 2 “ D ) e x p ( - a 2t )

a2< a l " al >

R3A * D

a 1 a 2

VloutC<t ) - A2k 1 [ (R l c +R2c+R3 c ) U ( t )

Cl
( R1c+R2c+R3 c> U(t  

t  =

- E/k^] 
E/kj

R1C = ( D " « i ) e x p ( -  a xt )

a l 2 ( a 2 " a l )

R2C = v® “ a 2^e x P ( “ a

a22( a x -  a 2)

R3q = ®i ®2(1 + Dt) — D( ® i+ ®2) 

a , 2 a 2

( 5 . 9 )

( 5 . 1 0 )

( 5 . 1 1 )

( 5 . 1 2 )

( 5 . 1 3 )

( 5 . 1 4 )

( 5 . 1 5 )

( 5. ig)

( 5 . 1 7 )
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IT /  J. \’ loutD'' i n i, r t n xb . ± 
tl i , l " ’2 *■ v" l D Tl i 2 D +

1 C2
(r1D+R2D+R3D^ U(t E/k2)]

t = E/k2

R1d = exp(- a xt)

ai2( a 2 “ a l) 

R2D = exp(- a 2t)

a22( a x - a 2)

Rjjj = a 2t - ( o ̂  + o 2)

D ■ 8 b / C 2

«I = -(Sa/Gj + g|,/C2) + ^
2

<*2 “  " ( 8 a / C l  +  8 b / C 2^ “  Q

Q ( g a / c l ) 2 + ( 8 b / C2 ) 2 2 §a®b  

C1 C2

+ 4

C 1 C2

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)
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T h u s ,  e q u a t i o n s  ( 5 . 9 )  -  ( 5 . 2 5 )  r e p r e s e n t  t h e  o u t p u t  

v o l t a g e  a c r o s s  Cl f  when o p e r a t i n g  i n  a c l o s e d

l o o p  r e g e n e r a t i v e  mode d u r i n g  r e g i o n  3.  F i g u r e  5 . 1 1  

d e s c r i b e s  t h e  V j o u t ( t )  w a v e ^orm *n r e g i o n  3.

Each o f  t h e  t r a n s c o n d u c t a n c e  and o u t p u t  c o n d u c t a n c e  

t e r m s . s h o w n  i n  F i g u r e s  5 . 9  and 5 . 1 0  r e q u i r e  d e f i n i t i o n .

and r e p r e s e n t  t h e  t r a n s c o n d u c t a n c e  o f  t h e  two

f e e d b a c k  o u t p u t  v o l t a g e s ,  V2o u t  and r e s p e c t i v e l y .

A2 and B2 a r e  t h e  t r a n s c o n d u c t a n c e s  o f  t h e  i n p u t  c l o c k  and  

d a t a  s i g n a l s ,  r e s p e c t i v e l y .  Aj_, B^, A2 , and B2 i n  t e r m s  

o f  t h e i r  s m a l l  s i g n a l  p a r a m e t e r s  a r e  shown b e l o w  i n  

e q u a t i o n s  ( 5 . 2 6 )  -  ( 5 . 2 9 ) :

F i g u r e  5 . 1 1 :  Reg ion  3 Timing Diagram
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A. ="1

Bi  -

0 ... _ i . C__o _°mnia^uiuz.a

8n2a + 8mnla

e __i _wiupia ( 5 . 2 6 )

8mnlb8mn2b “ §mplb ( 5 . 2 7 )

§n2b + §mnlb

®nsnla®n2a 8mp2a ( 5 . 2 8 )

8mnla + 8n2a

8mnlb8n2b “ ®mp2b ( 5 . 2 9 )

Smnlb + 8n2b

The o u t p u t  c o n d u c t a n c e s  o f  d e v i c e  A and d e v i c e  B a r e  g i v e n  

i n  e q u a t i o n s  ( 5 . 3 0 )  and ( 5 . 3 1 ) .

g a = 0 ( 5 . 3 0 )

8 b “ 8 pib  + 8 p2b ( 5 . 3 1 )

S i n c e  i n  r e g i o n  3 a l l  o f  t h e  ON t r a n s i s t o r s  i n  t h e  u p p e r  

d e v i c e  a r e  s a t u r a t e d ,  ga i s  e q u a l  t o  z e r o .

The o p e r a t i n g  p o i n t  f o r  r e g i o n  3 from whic h t h e  s m a l l  

s i g n a l  p a r a m e t e r s  can be d e r i v e d  i s  a p p r o x i m a t e l y  h a l f w a y  

b e t w e e n  t h e  end p o i n t s  o f  r e g i o n  3 a s  sh ow n i n  e q u a t i o n  

( 5 . 3 2 ) .

V i o u t ( R e g i on 3 o p e r a t i n g  p o i n t )  = Vjjp/2 ( 5 . 3 2 )
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V - and V t h e  common s o u r c e / d r a i n  n o d e s  be tw een Ni » andXI Afa A

N2A an<l Nj^g and N2g» r e s p e c t i v e l y ,  i n  r e g i o n  3 c a n  be  

d e r i v e d  from e q u a t i o n s  ( 5 .3 3 )  and ( 5 . 3 4 )  g i v e n  b e l o w .

Vx l  " CVCLK ~ VTN> + ( V2 o u t  ~ VTN̂

( 5 . 3 3 )

/ t ( v CLK“ VT N ^ V2 o u t “ VT N ^ 2 * <VCLK- V Tn ) v l o u t  +Vl o u t 2

Vx2 * <VDATA " VTN> + <Vl o u t  " VTN^

( 5 . 3 4 )

~ / [ ( VDATA“ VTN  ̂ + ^V1 o u t -  VTN>J ~ (VDATA" VTN)‘

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

e q u a t i o n s  ( 5 . 2 6 )  -  ( 5 . 3 1 )  can be d e t e r m i n e d .

R e g io n  4

As V^QUt i n c r e a s e s  toward Vjjq and a s  V2o u t  d e c r e a s e s  

t o w a r d  g r o u n d ,  Vpg a c r o s s  P j ^ ,  ?2A» ^1B» an(* ^2B t>e c o m e s  

v e r y  s m a l l  and t h e r e f o r e  Aj and A2 b o t h  a p p r o a c h  z e r o .  

T h i s  b r e a k s  t h e  r e g e n e r a t i v e  l o o p  o f  r e g i o n  3 and t h e  

b i s t a b l e  r e g i s t e r  becomes onc e  a g a i n  an open l o o p  s i n g l e  

t i m e  c o n s t a n t  s y s t e m  i n  which t h e  P - c h a n n e l  d e v i c e s  c h a r g e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

th e  c a p a c i t o r  Cj up t o  V-pp ( s e e  F ig u r e  5 .12) .  f ° r

r e g i o n  4 i s  shown b e l o w  w h e r e  V $ ^ ( 0 )  i s  t h e  i n i t i a l  

c o n d i t i o n  o f  r e g i o n  4.

Vl o u t ( t )  -  VDD -  [VOT-  T34 ( 0 ) . ] e x p ( - g a4 t / C l ) ( 5 . 3 5 )

where

8a4 = 8 l 4 a  + 824a ( 5 . 3 6 )

F ig u r e  5 . 1 2 :  Region 4 Timing Diagram

The o p e r a t i n g  p o i n t  f o r  r e g i o n  4 a t  w h i c h  t h e  s m a l l  

s i g n a l  p a r a m e t e r s ,  8 i 4a and g 2 4 a ’ s h ° u l d  be d e r i v e d  i s  

g i v e n  i n  e q u a t i o n  (5 .3 7 ) .

Vl o u t ( Re8i o n  4 o p e r a t i n g  p o i n t )  = Vpp + VTp/ 2  ( 5 . 3 7 )  

Vx i  can be d e te rm in ed from e q u a t i o n  (5 .38) .
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Vx l  = ( VCLK“ VTN̂  + <V2 o u t “ VTN>
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2
( 5 . 3 8 )

" / [ ( VCLK~VTN) + ^V2 o u t -VTN) l 2 " ( VCLK-VTN)2

2

R e g i s t e r  Output Waveform

The ou tp u t  v o l t a g e  waveform o f  t h e  b i s t a b l e  r e g i s t e r  

f o r  an i n p u t  c l o c k  s i g n a l  d e c r e a s i n g  a t  1 v o l t / n s .  and a 

dat a  s i g n a l  i n c r e a s i n g  a t  1 v o l t / n s .  skewed from th e  c l o c k  

s i g n a l  by 1 n s .  i s  s h o w n  i n  F i g u r e  5 . 1 3 .  T h i s  

a n a l y t i c a l l y  d e r i v e d  output  waveform has been compared to  

a w a v e f o r m  g e n e r a t e d  from t h e  SPICE c i r c u i t  s i m u l a t o r  

p r o g r a m  [ 5 3 ]  u s i n g  L e v e l  1 S h i c h m a n - H o d g e s  d e v i c e  

e q u a t i o n s  [ 5 4 ]  w i t h  t h e  same c i r c u i t ,  g e o m e t r i c ,  and 

p r o c e s s  c h a r a c t e r i s t i c s .  C l o s e  a g r e e m e n t  w i t h i n  e a c h  

r e g i o n  i s  a p p a r e n t ,  A BASIC program w h i c h  g e n e r a t e s  t h e  

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

s i g n a l  r i s e  t i m e ,  d a t a - t o - c 1 ock t i m i n g  sk ew ,  a s  w e l l  a s  

Kp', Kn ' ,  and g e o m e t r i c  W/L r a t i o  i s  p r o v i d e d  i n  A p pe nd ix  

A.
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F ig u r e  5 . 1 3 :  T r a n s i e n t  Response  o f  B i s t a b l e  R e g i s t e r

4)  C o n d i t i o n s  f o r  L atch in g

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

s u f f i c i e n t  c o n d i t i o n s  are  r e q u i r e d  t o  i r r e v e r s i b l y  l a t c h  

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

fun dam enta l  l i m i t i n g  r e l a t i o n s h i p s  hav e  been d e r i v e d  which  

d e f i n e  whether ,  f o r  a g i v e n  c o m bi na t io n  of  c l o c k  and data  

i n p u t  s i g n a l s ,  Kp'j Kn ’ , S n , and Sp p a r a m e t e r s ,  t h e  

b i s t a b l e  r e g i s t e r  w i l l  l a t c h .  Once  a r e g i s t e r  h a s  

i r r e v e r s i b l y  l a t c h e d ,  th e  c l o c k  s i g n a l  can be r e tu r n e d  to
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7 1 / x

. _ J _ 1 1
jj  jj  t u r n  a  u  x  x  x  ( . l i e  l e g x s u e j .  w x x x i a x u  u a  -

s t a t e .  T h i s  minimum c l o c k  s i g n a l  r e p r e s e n t s  t h e  s m a l l e s t  

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

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

and p r o c e s s  c o n d i t i o n s .

N e c e s s a r y  and S u f f i c i e n t  C o n d i t i o n s  f o r  L a t c h i n g

The n e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n s  f o r  l a t c h i n g  

a r e  g i v e n  b e l o w :

1 : VCLK < VDD + VTP ( 5 . 3 9 )

2 : VDATA > VTN + Vx2 ( 5 . 4 0 )

3: Al V2 o u t  + A2VCLK > 0 ( 5 . 4 1 )

4: B1V1o u t  + B2VDATA > 0 ( 5 . 4 2 )

T h e  t e r m s  A ^ ,  A 2 * B j ,  a n d  B 2 r e p r e s e n t  t h e

t r a n s c o n d u c t a n c e  p a r a m e t e r s  d e s c r i b e d  i n  r e g i o n  3 and  

g i v e n  a s  e q u a t i o n s  ( 5 . 2 6 )  -  ( 5 . 2 9 ) .  E q u a t i o n  ( 5 . 4 1 )  

s t a t e s  t h a t  t h e  P - c h a n n e l  t r e e  i n  d e v i c e  A s o u r c e s  more  

c u r r e n t  th a n  t h e  N - c h a n n e l  t r e e  i n  d e v i c e  A s i n k s ,  t h e r e b y  

i n c r e a s i n g  V j QUt. E q u a t i o n  ( 5 . 4 2 )  s t a t e s  t h a t  t h e  N-  

c h a n n e l  t r e e  i n  d e v i c e  B s i n k s  more c u r r e n t  t h a n  t h e  P -  

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

^ 2 o u t *  t h e s e  f o u r  c o n d i t i o n s  a r e  s a t i s f i e d  f o r  a l l

o p e r a t i n g  p o i n t s  w i t h i n  r e g i o n  3 ,  t h e  d e v i c e  w i l l  l a t c h .
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Limiting Requirement for Latching
E q u a t i o n  ( 5 . 4 1 )  p r o v i d e s  t h e  f u n d a m e n t a l l y  l i m i t i n g  

c o n d i t i o n  f o r  l a t c h i n g .  As VCLK( m i n )  i s  r e a c h e d  ( s e e  

F i g u r e  5 . 1 4 )  a n d  t h e  c l o c k  s i g n a l  i s  r e t u r n e d  t o  VDD,

f o r  L a t c h i n g

V 2 o u t  d e c r e a s e s  f u r t h e r  f r o m  V p D. I f  a t  t h e  o p e r a t i n g  

p o i n t ,  VCLK = Vjjp + VT p , ( P 2A b e c o m e s  c u t o f f ) ,  t h e  c u r r e n t  

s u p p l i e d  b y  P ^ A ( a n d  d r i v e n  b y  V 2 o u t ) i s  l a r g e r  t h a n  t h e  

c u r r e n t  s u n k  by  t h e  N - c h a n n e l  t r e e  o f  d e v i c e  A,  t h e r e b y  

m a i n t a i n i n g  a m o n o t o n i c a l l y  i n c r e a s i n g  v o l t a g e  a t  V l o u t , 

t h e  d e v i c e  w i l l  l a t c h .  T h i s  c o n d i t i o n  i s  s ho wn  b e l o w :

Al V2 o u t >A2 VCLK and Al V2 o u t  i s  a Po s i t i v e  q u a n t i t y  ( 5 . 4 3 )
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In  t e r m s  o f  i t s  s m a l l  s i g n a l  p a r a m e t e r s ,  e q u a t i o n  ( 5 . 4 3 )  

can be p r e s e n t e d  in  th e  form o f  e q u a t i o n  (5 .4 4 ) .

Smpla — Smnla 8mn2a

8 n 2 a  + 8mn i a

VCLK+= VDD + VTP

( 5 . 4 4 )

where r e p r e s e n t s  th e  o p e r a t i n g  p o i n t  a t  which Vq^k =

V2 D + ^TP a - t e r  i t  had r e a c h e d  i t s  minimum v a l u e  and ha s  

r i s e n  t o  + V.pps E q u a t i o n  ( 5 , 4 4 )  r e p r e s e n t s  t h e

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

b i s t a b l e  r e g i s t e r .  T a b l e  5.1 d e s c r i b e s  an example  c i r c u i t  

w h i c h  o p e r a t e s  j u s t  a t  t h e  l a t c h  b r e a k p o i n t .  One 

p a r a m e t e r ,  ^ d atA’ was v a r i e d  t o  e x e m p l i f y  t h e  l i m i t i n g  

n a t u r e  o f  e q u a t i o n  ( 5 . 4 4 ) .  T h e  o t h e r  c i r c u i t  

c h a r a c t e r i s t i c s  were ke pt  c o n s t a n t  and are  l i s t e d  below:

VCLK^min) = 1 . 7  v o l t s

V ’ v = 4 . 3 1 6  X 10”  ̂ Am pe res /v o l t^

k l_» k 1+ = 1 v o l t / n a n o s e c o n d

Sn ’ Sp = 5 (W/L r a t i o )
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VDATA §mp Smn
T
u a t u i i  ;

2 . 5 5  v o l t s 6 . 5 7 8  X lO- 4 ^ 6 . 6 0 3  X iO"4 ^ no

2 . 6 0  v o l t s 7 . 9 0 7  X 10"4 U 7 . 9 0 7  X 10"4 y b r e a k p o i n t

2 . 6 5  v o l t s 1 . 5 4 8  X i o - 3 y 0 y e s

T a b l e  5 . 1 :  Example  o f  L i m i t i n g  L a t c h  C o n d i t i o n

Maximum C l o c k  F r e q u e n c y

I f  e q u a t i o n  ( 5 . 4 4 )  i s  s a t i s f i e d ,  t h e n  t h e  maximum 

c l o c k  f r e q u e n c y  a t  wh ic h  t h i s  d i g i t a l  s y n c h r o n o u s  s y s t e m  

can o p e r a t e  i s  g i v e n  i n  e q u a t i o n  ( 5 . 4 5 ) .

fmax = 1/minimum c l o c k  p e r i o d  ( 5 . 4 5 )

where  t h e  minimum c l o c k  p e r i o d  b e g i n s  when Vqj^  i n i t i a l l y  

d e c r e a s e s  f r o m  Vjjp and e n d s  when i t  r e a c h e s  Vpjj + V-j>p, 

a f t e r  h a v i n g  p a s s e d  i t s  minimum v a l u e ,  a s  shown i n  F i g u r e  

5 . 1 4 .

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

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

c l o c k  and d a t a  s i g n a l s ,  a s  w e l l  a s  t h e  skew b e t w e e n  t h e s e  

two s i g n a l s ,  h a v e  a d i r e c t  i n f l u e n c e  on w h e t h e r  or  n o t  t h e  

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

d e t e r m i n i n g  t h e  e f f e c t s  o f  t h e s e  c h a r a c t e r i s t i c s  on  

l a t c h i n g  a r e  d i s c u s s e d  i n  C h a p te r  6.
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3)  Summary

C l o s e d  form a n a l y t i c  s o l u t i o n s  o f  e a c h  o f  t h e  f o u r  

r e g i o n s  o f  o p e r a t i o n  o f  a b i s t a b l e  r e g i s t e r  h a v e  been  

d e v e l o p e d .  C l o s e  agreement  w i t h  a SPICE g e n e r a t e d  out pu t  

waveform f o r  an e q u i v a l e n t  c i r c u i t  was made and i s  shown 

i n  F i g u r e  5 . 1 3 .  N e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n s  f o r  

l a t c h i n g  da ta  i n t o  a b i s t a b l e  r e g i s t e r  were d e v e l o p e d  and 

a r e  p r e s e n t e d  i n  e q u a t i o n s  ( 5 c 3 9 ) — ( 5 . 4 2 ) .  From t h e s e  

c o n d i t i o n s ,  t h e  l i m i t i n g  c o n d i t i o n  f o r  l a t c h i n g  has  been  

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

(5 .4 4 )  and i s  r e p e a t e d  be low:

8mpla — 8mn =* Smnla8mn2a ( 5 . 4 4 )

8n2a + 8mnla

VCLK + = VDD+ V TP

T h i s  r e s u l t  was c o r r o b o r a t e d  by t e s t i n g  e q u a t i o n  (5 .4 4 )  a t  

^CLK+ = ^DD + ^TP b r e a k p o i n t  c o n d i t i o n s  and t h e

r e s u l t ,  s h o w n  i n  T a b l e  5 . 1 ,  f u l l y  a g r e e d  w i t h  

e x p e c t a t i o n s .

A minimum c l o c k  p e r i o d  i s  d e f i n e d  by e q u a t i o n  (5 .4 5 ) .  

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

l a t c h i n g  dat a  i n t o  a b i s t a b l e  r e g i s t e r  a r e  q u a n t i t a t i v e l y  

d e f i n e d .
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CHAPTER 6
HIGH SPEED SYNCHRONOUS DATA PATHS

1) Overview o f  I n t e g r a t e d  Systems

T h i s  d i s s e r t a t i o n  i s  i n t e n d e d  t o  d e s c r i b e  r e s e a r c h  

r e s u l t s  which c o n s i d e r  t h e  problem o f  moving dat a  throug h  

a sy n ch ron ou s  d i g i t a l  sy s t e m  a s  q u i c k l y  a s  p o s s i b l e .  These  

r e s u l t s  p r o v i d e  q u a n t i t a t i v e  r e l a t i o n s h i p s  between t h e  key  

c i r c u i t  e l e m e n t s  and pa rameters  o f  a sy nc hrono us  d i g i t a l  

sy st e m  so  a s  t o  pe rm it  t h e  d e s i g n  o f  a sy st e m  o p e r a t i n g  a t  

i t s  maximum p o s s i b l e  p e r f o r m a n c e .  I n  o r d e r  t o  d e v e l o p  

t h e s e  r e s u l t s ,  t h e  c o m p l e t e  sy nc hr ono us  d i g i t a l  s y s t e m  has  

been decomposed i n t o  ea ch  o f  i t s  s e p a r a t e  e l e m e n t s .

A syn chr ono us  d i g i t a l  sy s t e m  i s  t y p i c a l l y  composed o f  

da ta  p a t h s  i n  which da ta  i s  moved from a r e g i s t e r  throug h  

some l o g i c a l  f u n c t i o n s  and i n t o  a s e c o n d  r e g i s t e r .  As 

d e s c r i b e d  i n  C h a p t e r  3 ,  t h e  s y n c h r o n i z a t i o n  o f  t h e  d a t a  

f l o w  b e t w e e n  t h e  i n i t i a l  a n d  f i n a l  r e g i s t e r s  i s  

c o o r d i n a t e d  by a s i n g l e  c o n t r o l  s i g n a l ,  t y p i c a l l y  c a l l e d  

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

composed o f  t h r e e  i n t e r r e l a t e d  s y st e m s:

1) t h e  c l o c k  d i s t r i b u t i o n  sy st e m  which g e n e r a t e s  

t h e  s y n c h r o n i z i n g  c l o c k  p u l s e  and d e f i n e s  when d a t a  can  

f l o w  fr om  one  r e g i s t e r  t o  t h e  n e x t

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



awaiting the synchronizing clock pulse
3) the data paths which contain the logical 

circuitry of the digital system
The total delay of a data path is determined by the 

time required to leave the initial register once a clock 
signal arrives, Tc_q , the time necessary to propagate 
throueh the Ionic and interconnect, and the~~ j. v  5 j . w ^

time required to successfully propagate to and latch 
within the final register of the data path, Tset_up. This 
relation was described in Chapter 3 and is repeated below:

TPD = Tc-Q + Tlogic + Tint + Tset-up (3>2)

Thus, equation (3.2) describes the individual delay 
components making up the total delay, Tpp, of any data 
path. The data paths whose total delay plus any positive 
clock skew are greatest represent the critical worst case 
timing requirements of a digital system and the delay and 
clock skew of these paths must be minimized in order to 
maximize the performance of the entire digital system. 
Thus, in a high performance synchronous digital system, 
the critical paths constrain and define the maximum 
performance of the entire system. Therefore, the goal is 
to minimize each delay component in equation (3.2) as well 
as utilize any possible advantages (and minimize any 
possible disadvantages) of the clock distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



”7 Q

u i i  t u r n  y i/1 /%■#• A n o r o f l  ai

th e  c r i t i c a l  data  pa ths .

T hi s  c h a p te r  d e s c r i b e s  how t h e  s i g n a l  d e l a y  through  

t h e  l o g i c  and i n t e r c o n n e c t  i s  d e t e r m i n e d  and how t h e  

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

s h o u l d  be d e s i g n e d  so  as  t o  o p t i m a l l y  s a t i s f y  th e  l a t c h i n g  

c o n d i t i o n s  o f  th e  f i n a l  r e g i s t e r ;  th e r e b y  moving th e  data  

t h r o u g h  t h e  l o g i c  and i n t o  t h e  r e g i s t e r  a s  q u i c k l y  a s  

p o s s i b l e .  The data  path d e l a y  i s  a l s o  d e s c r i b e d  i n  terms  

o f  t h e  c l o c k  d e l a y  a t  t h e  f i n a l  r e g i s t e r ;  t h e r e b y ,  

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

c o r r e c t  d a t a  i n t o  t h e  f i n a l  r e g i s t e r  a s  q u i c k l y  a s  

p o s s i b l e .

2)  A Data Path o f  a General  Synchronous  System

D i g i t a l  s y s t e m s  a r e  d e s i g n e d  so  a s  t o  s a t i s f y  some  

f u n c t i o n a l  r e q u i r e m e n t .  The f u n c t i o n a l  c i r c u i t r y  i n  a 

d i g i t a l  sy s t em  i s  composed o f  l o g i c  g a t e s  c o n f i g u r e d  in  a 

s p e c i f i c  f a s h i o n .  E v e r y  d i f f e r e n t  s y s t e m  u t i l i z e s  a 

d i f f e r e n t  arrangement  of  l o g i c  g a t e s .  T h e r e f o r e ,  i n  order  

t o  i n v e s t i g a t e  th e  g e n e r a l  problem o f  moving data  through  

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

any s p e c i f i c  l o g i c  f u n c t i o n  and t h e  p r o b l e m  must  be  

a n a l y z e d  from a g e n e r a l  p e r s p e c t i v e .  Th us ,  i n  t h i s  

i n v e s t i g a t i o n ,  no s p e c i f i c  t y p e s  o f  l o g i c a l  c i r c u i t s  are
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7 Q

t  a  o i i m a  / h f i o o a  r a o n l  h o  a r o  a n n l  i  r a h l  P  1" n  a n  V 
j  w * * w w w  ~  —  r  r -----------   —   j

l o g i c a l  c o n f i g u r a t i o n .

A g e n e r a l  form o f  a d a t a  p a t h  i s  shown i n  F i g u r e  6 . 1 ,  

w h e r e  an  i n i t i a l  r e g i s t e r  R^ b e g i n s  t h e  d a t a  p a t h  and i s  

f o l l o w e d  by N s t a g e s  o f  l o g i c  a n d  N + l  s t a g e s  o f  

i n t e r c o n n e c t ,  e n d i n g  i n  a f i n a l  r e g i s t e r  Rf .

F i g u r e  6 . 1 :  S y n c h r o n o u s  D a ta  P a t h  w i t h  N S t a g e s  o f  L o g i c

T h i s  a n a l y s i s  a s s u m e s  t h e  o u t p u t  o f  Rj_ t o  b e  a ramp  

o f  m a g n i t u d e  k j  v o l t s / s e c o n d .  The  o u t p u t  o f  e a c h  i t h  

l o g i c  s t a g e ,  L^» i s  a ssu med t o  be a ramp o f  m a g n i t u d e  k^+ j 

v o l t s / s e c o n d  w h e r e  t h e  ramp i s  d e t e r m i n e d  by t h e  d e v i c e  

and c i r c u i t  c h a r a c t e r i s t i c s  o f  t h e  l o g i c  c i r c u i t .  E ach  

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

wher e  i  r e p r e s e n t s  e a c h  l o g i c  and i n t e r c o n n e c t  s t a g e  and N 

i s  t h e  t o t a l  number o f  l o g i c  s t a g e s .  Thus ,  i n  a d a t a  p a t h  

compos ed  o f  N l o g i c  s t a g e s  t h e r e  a r e  N+l i n t e r c o n n e c t  t i m e  

c o n s t a n t s .
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S i n g l e  S t a g e  L o g i c  C i r c u i t

I n  o r d e r  t o  d e t e r m i n e  t h e  d e l a y  t h r o u g h  a c r i t i c a l  

pa th  composed o f  N s t a g e s ,  t h e  d e l a y  t h r o u g h  e a c h  s t a g e  i s  

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

a p p r o p r i a t e l y  summed. Thus,  an a l g o r i t h m  t o  d e t e r m i n e  th e  

d e l a y  t h r o u g h  a s i n g l e  s t a g e  i s  d e s c r i b e d .  O n c e  

d e v e l o p e d ,  t h i s  a l g o r i t h m  i s  a p p l i e d  a l o n g  t h e  e n t i r e  da ta  

p a t h .

As shown i n  F i g u r e  6 . 2 ,  t h e  o u t p u t  o f  t h e  i n i t i a l  

r e g i s t e r  R  ̂ i s  a ramp o f  m a g n i t u d e  k  ̂ d r i v i n g  an  

i n t e r c o n n e c t  t im e  c o n s t a n t  Tj and l o g i c  s t a g e  Lj .  V ^ ( t ) ,  

t h e  node v o l t a g e  a t  t h e  i n p u t  t o  L.j, i s  g i v e n  by e q u a t i o n  

( 6 . 1) .

F i g u r e  6 . 2 :  F i r s t  S t a g e  o f  N S t a g e  Data  Path
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V j ( t )  = kjTjtexpC-t /T-L)  + t / T j  -  1] u ( t )

81

( 6 . 1 )

- ^ i T i  [ e x p ( - {  t+ Vjjp/ki} / T i ) + ( t+Vpp/k^) /T^ -  1] u( t -Vpjj /k^)

Let us d e f i n e  a new term, V i 0 gi> to  be th e  t h r e s h o l d  

v o l t a g e  a t  which an i n c r e a s i n g  ramp s i g n a l  w i l l  b i a s  the  

N - c h a n n e l  t r e e  o f  t h e  i t h  l o g i c  s t a g e  s u c h  t h a t  c u r r e n t  

can  f l o w  a t  t h e  o u t p u t  o f  t h e  l o g i c  s t a g e .  ^ i Qg i  a 

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

t r a n s i s t o r  i t  i s  d r i v i n g  and t h e  number R o f  s e r i a l l y  

c o n n e c t e d  N - c h a n n e l  t r a n s i s t o r s  b e t w e e n  t h e  d r i v e n  

t r a n s i s t o r  and ground. T hi s  r e l a t i o n  i s  shown i n  e q u a t i o n  

( 6 . 2 ) .  N o t e  t h a t  R i s  one  f o r  an i n v e r t e r  and V^og i s  

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

Vl o g i  -  ?Tn + J j VDS3 <6 ' 2 >

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

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

tu rn -o n  t h r e s h o l d  v o l t a g e  o f  the  l o g i c  s t a g e ,  as  d e f i n e d  

by e q u a t i o n  ( 6 . 2 ) .  T h i s  d e l a y  pe r  s t a g e ,  T f^ ,  i s  summed 

f o r  e a c h  s t a g e  t o  r e p r e s e n t  t h e  t o t a l  d e l a y  t h r o u g h  N 

s t a g e s .  V-^(t ) ,  d e f i n e d  i n  e q u a t i o n  ( 6 , 1 ) ,  c a n  be  

c o n f i g u r e d  i n t o  th e  form o f  e q u a t i o n  ( 6 . 3 ) ,  i f  one assumes  

a r e g i o n  o f  o p e r a t i o n  a s  d e f i n e d  by e q u a t i o n  ( 6 . 2 ) .  T h i s  

r e g i o n a l  form of  e q u a t io n  (6 .1 )  i s  g i v e n  below:

Vx( t )  = k 1T1 [ e x p ( - t / T 1) + t/Tj_ -  1] u ( t )  ( 6 . 3 )
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The d e l a y  o f  t h e  f i r s t  s t a g e ,  T f j ,  i s  c a l c u l a t e d  from  

e q u a t i o n  (6 .3 )  when V j ( t )  r e a c h e s  t h e  l o g i c a l  t h r e s h o l d  o f  

L- .̂ T h i s  i s  shown i n  e q u a t i o n  ( 6 . 3 )  whe re  t  = T f ^ ,  t h e

Vl o g l ( t =Tf l ) = k l Tl t e x p ( - T f l / T 1 )+ Tf l / T x -  1] ( 6 . 4)

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

e q u a t i o n  i n  T f j ,  e q u a t i o n  ( 6 . 4 ) ,  can  be s o l v e d  u s i n g  

i n t e r p o l a t i o n  t e c h n i q u e s  or i t  can be approx imated .  The 

e x p o n e n t i a l  can be a p p r o x i m a t e d  a s  i n  e q u a t i o n  ( 6 . 5 )  t o  

g i v e  a c l o s e d  form g e n e r a l  s o l u t i o n  o f  T f ^ ,  t h e  d e l a y  

through th e  i t h  s t a g e ,  d e s c r i b e d  by e q u a t i o n  (6 .6 ) .

Delay  o f  an N S ta g e  Cascaded Data Path

Thus, t h e  t o t a l  d e l a y  from th e  ou tp u t  o f  th e  i n i t i a l  

r e g i s t e r  R^ t o  t h e  o u t p u t  o f  t h e  Nth l o g i c  s t a g e  i s  t h e  

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

shown in  e q u a t i o n  (6 .7 )  below:

E q u a t i o n  ( 3 . 2 )  can be r e d e f i n e d  a s  shown b e l o w  f o r  

an N s t a g e  data  path where th e  N + l s t  i n t e r c o n n e c t  w i l l  be 

added t o  Tg e t _ Up a s  w i l l  be d i s c u s s e d  l a t e r .  E q u a t i o n  

( 6 . 8 )  s t a t e s  t h a t  t h e  t o t a l  d e l a y  o f  a d a t a  p a t h  i s

e x p ( - t / T i ) = 1 -  t / T ± + t 2 / T i 2 ( 6 . 5 )

Tf i  = / Ti  Vl o g i / ki ( 6 . 6 )

( 6 . 7 )
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N
( 6 . 8 )

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

r e g i s t e r ,  Tc_ q, the  t ime to  e n t e r  and l a t c h  i n t o  the  f i n a l  

r e g i s t e r ,  Tg e t _ u p , and t h e  t i m e  r e q u i r e d  t o  p r o p a g a t e  

through M s t a g e s  o f  l o g i c  and i n t e r c o n n e c t .

The Output o f  th e  Nth Logic  Stage  to  the  R e g i s t e r

As shown i n  F i g u r e  6 . 1 ,  a l l  t h a t  r e m a i n s  t o  move t h e  

d a t a  s i g n a l  f r o m  t h e  i n i t i a l  r e g i s t e r  t o  t h e  f i n a l  

r e g i s t e r  o f  t h e  d a t a  p a t h  i s  t o  s u c c e s s f u l l y  move t h e  

s i g n a l  from t h e  o u t p u t  o f  t h e  Nth l o g i c  s t a g e  i n t o  t h e  

f i n a l  r e g i s t e r .  In t h i s  c a s e ,  t h e  l o g i c  t h r e s h o l d  i s  

r e p l a c e d  by th e  l a t c h i n g  c h a r a c t e r i s t i c s  of  the  r e g i s t e r  

and i s  t h e  t i m e  r e q u i r e d  t o  s a t i s f y  V i 0 gRf» t h e

t h r e s h o l d  v o l t a g e  o f  t h e  f i n a l  r e g i s t e r ,  g i v e n  by t h e  

t r a n s c e n d e n t a l  e q u a t io n  (6 .9)  or the  approximated s o l u t i o n  

f o r  Tfff+i i Q e q u a t io n  (6 .10)  be low.

e x p ( - T fN+1/T N+1) + TfN+1/TN+1 > 1 + Vl o g R f / ( k N+1TN+1) ( 6 . 9 )

Further  d e t a i l s  which c o n s i d e r  th e  l a t c h i n g  c o n d i t i o n s  of  

the  r e g i s t e r  are d i s c u s s e d  i n  the  ne x t  s e c t i o n  d e s c r i b i n g  

th e  r e g i s t e r .

( 6 . 10)
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A by-product of equation (6.9) is an interesting 
design equation which quantifies how the final logic 
stage should be designed so as to satisfy a specific T£jj+  ̂
assuming V-̂ 0gjj£ and Tjj+  ̂is known. This design equation 
is given below:

kN+l “
VlogRf

TN+l£exP(-TfN+l/TN+l) * TfN+l/TN+l " ^

( 6 . 11 )

Thusi equation (6.11) defines the magnitude of the ramp at 
the output of the Nth logic stage which will satisfy the 
logic threshold of the final register of the data path 
within a specified time T£^+j.

Maximum and Minimum Bounds on the Data Path Delay
In order to represent the maximum delay of a data 

path, one must assume a) a minimum k^, implying a poor 
logic response, b) is large, and c) V^Qg^ is a maximum. 
A minimum delay of a data path assumes that a) k^ is at 
its maximum, preferably approaching a step response, b) 
is small, and c) V^g^ is a minimum, approaching Vipn.

Determination of Output Ramp Response
In order to determine k^, one of three approaches can 

be used:
1) k^ of each stage can be assumed equal over 

the entire data path.
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2) f o r  d a t a  p a t h s  c o n t a i n i n g  a s t a t i s t i c a l l y

l a r g e  v a l u e  o f  N, can be e s t i m a t e d  t o  be t h e  mean

waveform r e s p o n s e .

3)  k.  ̂ can  be c a l c u l a t e d  i n d e p e n d e n t l y  f o r  e a c h  

i n d i v i d u a l  l o g i c  s t a g e  and ha n d le d  i n d i v i d u a l l y .

The out pu t  ramp, k^, can be de term ine d from e q u a t i o n  

( 6 . 1 2 )  wher e  I Di  i s  t h e  c u r r e n t  a t  t h e  o u t p u t  o f  t h e  

p r e v i o u s  l o g i c  s t a g e ,  L j ,  and i s  t h e  t o t a l  l o a d

c a p a c i t a n c e  b e in g  d r i v e n  by L^.

ki  ■ W C i + i  <6 - 1 2 >

3)  R e g i s t e r

As d e s c r i b e d  p r e v i o u s l y ,  th e  purpose  o f  th e  r e g i s t e r  

i n  t h e  d a t a  p a t h  i s  t o  t e m p o r a r i l y  s t o r e  t h e  d a t a  s i g n a l  

a s  i t  a w a i t s  a s y n c h r o n i z i n g  c l o c k  p u l s e .  Once t h i s  c l o c k  

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

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

r e g i s t e r s  w i l l  be s y n c h r o n iz e d  i n  t ime.

Input  L atch in g  C o n d i t i o n s  o f  R e g i s t e r

In  order  t o  s t o r e  dat a  i n  a r e g i s t e r ,  th e  dat a  s i g n a l  

must s u c c e s s f u l l y  l a t c h  i n t o  t h e  r e g i s t e r .  N e c e ss a r y  and 

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

s i g n a l  i n t o  a r e g i s t e r  were  d i s c u s s e d  i n  C h a p t e r  5 and a r e  

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

c h a p t e r .
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• \  tr s  X T . TT

VCLK s yDD T *Tp ( 6 . 1 3 )

B> VDATA > Vlo g R f ( 6 . 1 4 )

c ) I PA > I NA ( 6 . 1 5 )

D) I NB > I PB ( 6 . 1 6 )

T h u s ,  t h e  s e t - u p  t i m e  r e f e r r e d  t o  i n  e q u a t i o n  ( 3 . 2 )  

i s  t h e  t i m e  r e q u i r e d  f o r  t h e  o u t p u t  w a v e f o r m  o f  t h e  Nth  

l o g i c  s t a g e  t o  p r o p a g a t e  t h r o u g h  t h e  Tw+ i  i n t e r c o n n e c t ,  

r e a c h  V i 0 gR£ o f  t h e  r e g i s t e r ,  and s a t i s f y  t h e  l a t c h i n g  

c o n d i t i o n s  C and D l i s t e d  a b o v e  and d e s c r i b e d  i n  C h a p t e r  

5.

D a t a - t o - C l o c k  Timing Skew

S i n c e  no c o n s t r a i n t s  a r e  p l a c e d  on t h e  -number o f  

l o g i c  s t a g e s  o f  a d a t a  p a t h  o r  on t h e  s i z e  o f  t h e  c l o c k  

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

t h r o u g h  t h e  d a t a  p a t h ,  TpD, w i t h  r e s p e c t  t o  t h e  d e l a y  o f  

t h e  c l o c k  s i g n a l  a t  t h e  i n p u t  o f  R^,  c a n  v a r y  

s i g n i f i c a n t l y  on a p a t h  by p a t h  b a s i s .  T h e r e f o r e ,  a new 

t erm must  be d e f i n e d .  Tjj_ q i s  t h e  d i f f e r e n c e  i n  t i m e  

b e t w e e n  t h e  d a t a  and t h e  c l o c k  s i g n a l  ( i . e . ,  t h e  d a t a - t o -  

c l o c k  t im in g  skew) r e f e r e n c e d  a t  th e  0% p o i n t  f o r  t h e  dat a  

s i g n a l  and a t  t h e  100% p o i n t  f o r  th e  c l o c k  s i g n a l  ( s e e

^ s e t - u p  “ " f̂N+1 + ^ l a t c h ( 6 . 1 7 )
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F i g u r e  6 . 3 ) .  Td _ q c a n  b e  e i t h e r  p o s i t i v e  o r  n e g a t i v e  

d e p e n d i n g  upon w h e t h e r  t h e  d a t a  s i g n a l  l e a d s  o r  l a g s  t h e  

c l o c k  s i g n a l ,  r e s p e c t i v e l y .

Data

Clock

A: Positive Data-to-Clock Skew

Data

Clock

B: Negative Data-to-Ciock Skew

F i g u r e  6 . 3 ; P o s i t i v e  and N e g a t i v e  D a t a - t o - C l o c k  T i mi ng  Skew
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P o s i t i v e  D a t a - t o - C l o c k  Skew

For  t h e  c a s e  w h e r e  t h e  d a t a  s i g n a l  a r r i v e s  a t  t h e  

r e g i s t e r  b e f o r e  t h e  c l o c k  d o e s ,  i . e . ,  p o s i t i v e  Tjj_ q , t h e n  

t h e  d a t a  s i g n a l  must w a i t  a t i m e ,  Ts e t _ upjj, t o  f u l l y  s e t 

up ( i . e . ,  p r o p a g a t e  t o  and l a t c h  i n t o )  t h e  r e g i s t e r .  In  

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

r e s p e c t i v e  t h r e s h o l d s  ( s e e  F i g u r e  6 . 4 ) ,  an a d d i t i o n a l

t i n s .  T  ir ̂  .  m u s t  h e  a ^ d e d  T  ~ _  -i g  t- h  <=> 1- -i m r p n i t i  r p dQVTn» ----------------- Qvxn ~  ------- - ' - ' i ------------

f o r  t h e  o u t p u t  o f  t h e  t o p  NAND g a t e ,  ^ 1o u t  ( °  - Q)s t o  

r e a c h  V^n v o l t s  o n c e  Vqj^  r e a c h e s  VpD + V^p,  t h e r e b y  

p e r m i t t i n g  c u r r e n t  t o  f l o w .  Tqy^n can be d e t e r m i n e d  from 

e q u a t i o n  ( 6 . 1 8 )  b e lo w :

TQVTn " C1 VT n / I DA ( 6 . 1 8 )

Data

X

c

F i g u r e  6 . 4 :  P o s i t i v e  D a t a - t o - C l o c k  Timing Skew
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Thus,  t h e  s e t - u p  t ime f o r  th e  p o s i t i v e  d a t a —t o —c l o c k  

skew c a s e  i s  g i v e n  below:

Tse t - u p D  |TD-C + |VTpKkc ~ TfN+l + TQVTn| ( 6 *19)

w h ere  k c i s  t h e  f a l l  t i m e  o f  t h e  c l o c k  s i g n a l  i n  v o l t s  per  

s e c o n d .

N e g a t i v e  D a t a - t o - C l o c k  Skew

For t h e  c a s e  where th e  dat a  s i g n a l  a r r i v e s  a f t e r  th e  

c l o c k  s i g n a l  a t  t h e  f i n a l  r e g i s t e r  i n p u t ,  i . e . ,  n e g a t i v e  

Td_ c» the n t h e  c l o c k  s i g n a l  must w a i t  a t im e ,  Tg e t _upQ, in  

o r d e r  t o  c o r r e c t l y  l a t c h  t h e  d a t a  i n t o  t h e  r e g i s t e r ,  

t h e r e b y  i n s u r i n g  c o r r e c t  o p e r a t i o n  o f  t h e  s y s t e m .  Tg e t _ 

UpQ can  be i n t e r p r e t e d  a s  t h e  h o l d  t i m e  o f  t h e  c l o c k  

s i g n a l .  T h is  waveform c o n f i g u r a t i o n  i s  shown i n  Fig ur e  

6 . 5 .

Data

Clock

T

F ig u r e  6 . 5 :  N e g a t i v e  D a t a - t o - C l o c k  Timing Skew
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I t  i s  as-sunned i n  th e  n e g a t i v e  d a t a - t o —c l o c k  skew c a s e

w h i c h  s t a t e s  t h a t  t h e  c l o c k  i s  i n d e e d  l e a d i n g  t h e  d a t a ,  

t h e r e b y  e n s u r i n g  t h a t  Tg e t _ upQ i s  i n d e p e n d e n t  o f  TQVTn* 

T h e r e f o r e ,  i n  t h i s  c a s e  t h e  s e t - u p  t ime i s

Thus,  t h e  t im e  r e q u i r e d  f o r  t h e  o u tp u t  o f  th e  f i n a l  l o g i c  

s t a g e  t o  p rop aga te  throug h t h e  Tjj+ j i n t e r c o n n e c t  and l a t c h  

i n t o  t h e  r e g i s t e r ,  c o n s i d e r i n g  a sy stem  dependent  d a t a - t o -  

c l o c k  s k e w ,  i s  g i v e n  by e i t h e r  e q u a t i o n  ( 6 . 1 9 )  or  ( 6 . 2 1 ) ,  

d e p e n d i n g  upon w h e t h e r  t h e  d a t a  l e a d s  or  l a g s  t h e  c l o c k ,  

r e s p e c t i v e l y .

4)  I n t e g r a t e d  Synchronous  System

As was d i s c u s s e d  i n  C h a p t e r  3 ,  t h e  m a g n i t u d e  and 

l e a d / l a g  b e h a v i o r  o f  t h e  c l o c k  skew b e t w e e n  and Cf o f  

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

a f f e c t s  t h e  minimum p o s s i b l e  c l o c k  p e r i o d  or  maximum 

p o s s i b l e  c l o c k  f r e q u e n c y  f o r  t h a t  dat a  path.

t h a t

( 6 . 2 0 )

Ts e t -u p C  |TD-ci + r fN+l " iVTp|/'kc

TPD + TSKEW 1  TClock P e r io d  = 1 / f CLKmax ( 3 . 3 )
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P o s i t i v e  and N e g a t i v e  C l o c k  Skew

T h u s ,  f r o m  e q u a t i o n  ( 3 . 3 ) ,  i f  Cf l e a d s  Cf ( i . e . ,  

p o s i t i v e  c l o c k  s k e w ) ,  t h e  maximum c l o c k  r a t e  i s  d e c r e a s e d  

w h i l e  i f  Cj  l a g s  Cf  ( i . e . ,  n e g a t i v e  c l o c k  s k e w ) ,  t h e  

maximum f r e q u e n c y  i s  i n c r e a s e d .  The maximum p e r m i s s i b l e  

n e g a t i v e  c l o c k  skew o f  any d a t a  p a t h  i s  d e p e n d e n t  upon t h e  

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

d a t a  p a t h ,  t h e  l a t e r  t h a t  sam e c l o c k  s i g n a l ,  now C f ,  i s  

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

o f  u s i n g  n e g a t i v e  c l o c k  s k e w  t o  i n c r e a s e  m ax im um  

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

s u c c e s s f u l l y ,  bu t  i t s  e f f e c t  must  be  c a r e f u l l y  c o n s i d e r e d  

f o r  e a c h  i n d i v i d u a l  d a t a  p a t h .

R e l a t i o n s h i p  B e tw een  C l o c k  Skew and D a t a - t o - C l o c k  Skew

As d e s c r i b e d  i n  C h a p t e r  4 ,  t h e  t i m e  f o r  t h e  c l o c k  

s i g n a l  t o  a p p e a r  a t  t h e  i n p u t  o f  Rf  i s  Tqq^  and t h e  t i m e  

f o r  t h e  c l o c k  s i g n a l  t o  a p p e a r  a t  t h e  i n p u t  o f  Rf  i s  

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

f i n a l  r e g i s t e r  Rf from t h e  o r i g i n a l  c l o c k  s i g n a l  i s  Tq^^^ 

+ Tpjj. Th us ,  an e q u a t i o n  d e s c r i b i n g  t h e  i n t e r r e l a t i o n s h i p  

b e t w e e n  t h e  d a t a - t o - c 1 o c k  s k e w ,  t h e  d a t a  p a t h  d e l a y ,  and  

t h e  c l o c k  skew i s  g i v e n  b e l o w :
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Ty Q = Data Delay  — Clock Delay  

= TCDii  + TPD " TCDff

= TSKEW + TPD ( 6 . 2 2 )

Eq ua t ion  (6 .2 2)  p r e s e n t s  q u a n t i t a t i v e l y  how th e  da ta  path  

and t h e  c l o c k  d i s t r i b u t i o n  n e t w o r k  i n t e r a c t .  T h u s ,  i f  

Ts k e W * s n e g a t i v e  and g r e a t e r  i n  m a g n i t u d e  th a n  Tpg,  

t h e r e b y  makin g Tq_ q n e g a t i v e  w i t h o u t  c o m p e n s a t i n g  by 

i n c r e a s i n g  Tg e t - u p C  a s  a e f . i n e d  i n  e q u a t i o n  ( 6 . 2 1 ) ,  t h e  

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

i n c o r r e c t  o p e r a t i o n  was d e s c r i b e d  p r e v i o u s l y  i n  Chapter  3 

and q u a n t i t a t i v e l y  d e f i n e d  by t h e  c o n s t r a i n t  e q u a t i o n  

( 3 . 5 ) .

5 )  Summary

Thus,  w i t h  t h e  r e s u l t s  d e v e l o p e d  i n  C hap ters  3 ,  4 ,  5,  

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

r e l a t i o n s h i p s  among t h e  c r i t i c a l  da ta  p a th ,  t h e  r e g i s t e r ,  

and t h e  c l o c k  d i s t r i b u t i o n  network hav e  been i n v e s t i g a t e d  

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

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

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

r e l a t i o n s h i p s  between t h e s e  i n t e r d e p e n d e n t  s u b s y s t e m s .
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CHAPTER 7

DATA THROUGHPUT AND CLOCK FREQUENCY IN PIPELINED DATA PATHS

In a synchronous d i g i t a l  system,  the  data throughput  

i s  d e f in e d  as  th e  t o t a l  t ime required to move a p a r t i c u l a r  

d a t a  s i g n a l  from t h e  i n p u t  o f  a s y s t e m  t o  i t s  o u t p u t  

( i . e . ,  i n  or d e r  t o  p r o c e s s  t h e  s i g n a l ) .  The minimum dat a  

t h r o u g h p u t  o c c u r s  when t h e  d a t a  path  i s  composed o f  o n l y  

l o g i c  s t a g e s  and i s  the  t ime required to propagate a data  

s i g n a l  through t h e s e  l o g i c  s t a g e s .  The sample per iod for  

t h i s  d a t a  pa th  i s  e q u a l  t o  t h e  t im e  r e q u i r e d  t o  p r o c e s s  

one  d a t a  s a m p l e ,  t h e  d a t a  t h r o u g h p u t .  I f  t h e  r a t e  a t  

which the  data  s i g n a l s  are sampled a t  the system in pu t  i s  

more s i g n i f i c a n t  tha n t h e  t im e  r e q u i r e d  t o  p r o c e s s  a 

p a r t i c u l a r  data  sample,  r e g i s t e r s  can be i n s e r t e d  i n t o  the  

data  path.  This  i n c r e a s e s  the  frequency a t  which the  data  

s i g n a l s  a r e  sa m p le d  a t  t h e  s y s t e m  i n p u t  but  d e g r a d e s  th e  

d a t a  t h r o u g h p u t .  Thus ,  s y s t e m s  can be d e s i g n e d  which  

m i n i m i z e  d a t a  t h r o u g h p u t ,  maximize  th e  c l o c k  f r e q u e n c y  

( i . e . ,  d a t a  s a m p l e  r a t e ) ,  or  o p t i m i z e  b o t h  t h e  d a t a  

t h r o u g h p u t  and t h e  c l o c k  f r e q u e n c y .  T h i s  c h a p t e r  

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

r e l a t i o n s h i p s  f o r  d e s i g n i n g  and a n a l y z i n g  each  ki n d  of  

system.

93
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The d a t a  t h r o u g h p u t  i s  p r o p o r t i o n a l  t o  t h e  l a t e n c y ;  

t h e  t o t a l  number o f  r e g i s t e r s  a l o n g  a d a t a  p a t h ,  and t h e  

s a m p l i n g  p e r i o d  ( t h e  c l o c k  p e r i o d )  a t  whic h d a t a  i s  moved 

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

t h e  e f f e c t  o f  added l a t e n c y  on d a t a  t h r o u g h p u t  and r e l a t e s  

t h i s  e f f e c t  t o  i n c r e a s e d  c l o c k  f r e q u e n c y .  Eac h o f  t h e  

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

d e f i n e d  i n  s e c t i o n s  1 and 2 w h i l e  i n  s e c t i o n  3 ,  a d e s i g n  

paradigm  r e l a t i n g  d a t a  t h r o u g h p u t  and c l o c k  f r e q u e n c y  a s  a 

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

s t u d y i n g  t h e  p er fo rm a n ce  b e h a v i o r  o f  s y n c h r o n o u s  s y s t e m s .

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

s a t i s f y  s p e c i f i c  p er fo rm a n ce  r e q u i r e m e n t s  su ch  a s  minimum 

c l o c k  f r e q u e n c y  or  maximum d a t a  t h r o u g h p u t .  T h u s ,  i n  

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

m a x i m i z i n g  t h e  c l o c k  f r e q u e n c y  w h i l e  n o t  e x c e e d i n g  a 

maximum d a t a  th r o u g h p u t  or  m i n i m i z i n g  t h e  d a t a  th r o u g h p u t  

w h i l e  m e e t i n g  a s p e c i f i c  c l o c k  f r e q u e n c y .  Th ese  s y s t e m s  

r e p r e s e n t  c o n s t r a i n e d  d e s i g n  p r o b l e m s  and a r e  a n a l y z e d  in  

s e c t i o n  4 .  I n  c e r t a i n  s y s t e m s ,  n e i t h e r  t h e  d a t a  

t h r o u g h p u t  o r  t h e  c l o c k  f r e q u e n c y  u l t i m a t e l y  c o n s t r a i n s  

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

p r o b l e m s ,  t h e  l e v e l  o f  p i p e l i n i n g  must  be c h o s e n  t o  

o p t i m i z e  bo th  t h e  d a t a  t h r o u g h p u t  and t h e  c l o c k  f r e q u e n c y .  

T h ese  s y s t e m s  a r e  i n v e s t i g a t e d  i n  s e c t i o n s  5 and 6.
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In many 
attribute is

synchronous systems, the primary performance 
the sampling rate (alternatively, the clock 

frequency); therefore, these digital systems are designed 
to maximize f ^ ^  [62]. This is apparent from the careful 
attention placed on minimizing the delay of each of the 
components of the critical paths of a system, that is, 
those data paths which constrain and define the maximum 
operating clock frequency. Often, however, little 
attention is placed on the effect of increased pipelining 
on the data throughput of the system through increased 
latency [63-68]. An arbitrarily defined cost/benefit 
figure of merit is developed in section 5 from which the 
optimal number of logic stages between registers (and the 
optimal number of pipeline registers within a serially 
cascaded set of data paths) is derived for a high speed 
synchronous digital system. This algorithm for 
determining the optimal number of logic stages between 
registers is applied in sections 7 through 9.

In section 10, the theoretically maximum clock 
frequency, for restricted classes of synchronous circuits, 
is analyzed. It is shown that for these circuits the 
maximum clock frequency is only limited by the resolution 
(i.e., control of circuit parameters) of the device and 
design technologies and the speed at which the input data 
signal is changing.
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1) Data  Path  D e la y  Components

96

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

i s  shown  i n  F i g u r e  7 . 1 .  I t  i s  c o m p o s e d  o f  an i n i t i a l  

r e g i s t e r  and a f i n a l  r e g i s t e r  and N l o g i c  l e v e l s  be tw een  

them. The t i m e  i n t e r v a l  f o r  t h e  d a t a  s i g n a l  t o  app ear  a t  

t h e  o u t p u t  o f  t h e  i n i t i a l  r e g i s t e r  upon a r r i v a l  o f  t h e  

c l o c k  s i g n a l  i s  t h e  c l o c k - t o - Q  d e l a y  Tc_q. The t i m e  

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

d i s t r i b u t e d  RC i n t e r c o n n e c t  s e c t i o n  T^ and l o g i c  s t a g e  

i s  Tf^.  F i n a l l y ,  t h e  t i m e  r e q u i r e d  f o r  t h e  s i g n a l  a t  t h e  

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

N + l s t  i n t e r c o n n e c t  s e c t i o n  and l a t c h  i n t o  t h e  f i n a l  

r e g i s t e r  i s  t h e  s e t - u p  t im e  Tg e t _ Up.

F i g u r e  7 . 1 :  Sync hrono us  Data Path  w i t h  N S t a g e s  o f  L o g i c
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Assuming N s t a g e s  i n  t h e  l o g i c  p a t h ,  a s  d i s c u s s e d  i n  

C h a p t e r  6 o n e  c a n  e x p r e s s  t h e  d e l a y  t h r o u g h  a d a t a  p a t h  a s

N
TPD = Tc-Q + i ^ 1Tf i  + Ts e t - u p

E q u a t i o n  ( 6 . 8 )  i s  c o m p o s e d  o f  t h e  d e l a y  r e q u i r e d  t o  g e t  

o u t  o f  a n d  i n t o  t h e  i n i t i a l  a n d  f i n a l  r e g i s t e r s ,  

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

s t a g e s  o f  l o g i c  and N + 1 s e c t i o n s  o f  i n t e r c o n n e c t .  I f  

Tjjeg r e p r e s e n t s  t h e  t o t a l  r e g i s t e r  r e l a t e d  d e l a y ,  t h e n

TREG = Tc-Q + Ts e t - u p  ( 7 *1)

and e q u a t i o n  ( 6 . 8 )  can be w r i t t e n  a s

N
TPD = TREG + . s Tf i  <7 *2)

1=1

Thus ,  t h e  t o t a l  t i m e  t o  move a d a t a  s i g n a l  t h r o u g h  a d a t a  

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

and o u t  o f  t h e  r e g i s t e r  a s  w e l l  a s  t h e  t i m e  r e q u i r e d  t o  

pe r fo r m  t h e  l o g i c a l  o p e r a t i o n s .

The maximum c l o c k  f r e q u e n c y  a t  w h i c h  a s y n c h r o n o u s  

d i g i t a l  s y s t e m  can move d a t a  i s  d e f i n e d  by e q u a t i o n  ( 3 . 3 ) ,  

w h e r e  Tgjjg^ i s  t h e  c l o c k  s k e w  b e t w e e n  and and i t s  

m a g n i t u d e  can be e i t h e r  p o s i t i v e  or  n e g a t i v e  a s  d i s c u s s e d  

i n  C ha pt er  3.  The d a t a  p a t h  w i t h  t h e  g r e a  t e s t  TpD + TSKEW 

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

TPD + TSKEW 1  Tc l o c k  p e r i o d  = 1 / f c l k  ( 3 . 3 )
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2) Definition of Data Thi O'uKuwut Psi. aiuctcl S
The throughput of a synchronous digital system is 

dependent upon the nature of its data paths. A 
generalized example of a single data path is shown in 
Figure 7.1. If a data path is composed of serially 
cascaded registers and logic paths, it is defined in this 
dissertation to be a global data path, typically 
representing a signal path from the input of the system to 
its output. Each individual data path within a global 
data path is described as a local data path and is 
composed of an initial and final register and typically, 
n logical stages between them. Note that each register 
within each local data path performs double duty, serving 
as the initial (final) and final (initial) register of the 
current and previous (next) local data path, respectively.

In order to analyze the problem of data throughput in 
pipelined data paths, the following terms require 
definition:

D-p - the time required to move a data signal 
from the input of the system to its output.

fcik ~ the clock frequency at which data is 
moved from the initial register of one local data path to 
the initial register of the next serially connected local 
data path. Alternatively, it is the rate at which the 
input data signals are sampled.
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L - the latency of the system is the number of 
registers from the input of a global data path to its 
output. Alternatively, it is the number of clock periods 
required to move a particular data signal from the input 
of the system to its output.

N - the number of logic stages per global data
path.

n - the number of logic stages per local data
path.

M - the number of local data paths per global
data path.

Tfjj - the average delay of all of the logic and 
interconnect stages per data path.

Pe - the pipelining efficiency which is a 
measure of the data throughput performance penalty 
incurred by inserting a single register into a global data 
path.

NQpt - the optimal number of logic stages per 
data path where the optimality criteria are discussed in 
sections 5 and 6.

RQpt - the optimal number of additional 
registers to insert into a global data path as defined by

Nopf
fclkopt “ t*ie clock frequency of a local data 

path composed of NQpt stages between registers.
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The maximum p e r m i s s i b l e  n e g a t i v e  c l o c k  sk e w  i n  

e q u a t i o n  ( 3 . 3 )  can be r e p r e s e n t e d  by e q u a t i o n  (7 .3 )  where  

Te i s  t h e  a g g r e g a t e  d e l a y  due  t o  t h e  i n i t i a l  and f i n a l  

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

d a t a  p a th .  Tg can be us ed  t o  r e p r e s e n t  t h e  margin  o f  e r r o r  

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

ea ch  l o c a l  d a t a  path .

Te = TREG + TSKEW ( 7 . 3 )

N o t e  t h a t  when Tgjrgy i s  z e r o ,  Tg e q u a l s  TggQ. A l s o  n o t e  

t h a t  Tg i s  t y p i c a l l y  p o s i t i v e  f o r  m o s t  c i r c u i t  

c o n f i g u r a t i o n s .  S e c t i o n  10 o f  t h i s  c h a p t e r  d i s c u s s e s  t h e  

s p e c i a l  c a s e  where  Tg can be made n e g a t i v e  ( -T g^gy  > Tjjgg) 

and d e s c r i b e s  how t h i s  a p p r o a c h  can  f u r t h e r  i m p r o v e  

pe r fo r m a n c e  bu t  o n l y  f o r  r e s t r i c t e d  a p p l i c a t i o n s .

Te c a n  be  d e s c r i b e d  a s  t h e  t o t a l  e f f e c t i v e  d e l a y  o f  

t h e  r e g i s t e r s  and c l o c k  d i s t r i b u t i o n  n e t w o r k  p e r  l o c a l  

d a t a  p a th .  Each l o c a l  d a t a  pa th  w i t h i n  a g l o b a l  d a t a  path  

p r o v i d e s  i t s  own Tg^ w h e r e  k i s  t h e  k t h  l o c a l  d a t a  p a t h .  

The a v e r a g e  Tg^ f o r  a g l o b a l  d a t a  pa th  i s  d e f i n e d  a s  Te ^ ,  

where  M i s  t h e  number o f  s e r i a l l y  c o n n e c t e d  c a s c a d e d  d a t a  

p a t h s .

T h u s ,  t h e  d a t a  t h r o u g h p u t  i s  t h e  s u m m a t i o n  o f  t h e  

t o t a l  d e l a y  t h r o u g h  t h e  g l o b a l  d a t a  p a t h  due  t o  t h e  N 

l o g i c  and i n t e r c o n n e c t  s t a g e s ,  t h e  L r e g i s t e r s ,  and t h e  M 

l o c a l  c l o c k  d i s t r i b u t i o n  n e t w o r k s .
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N M

( 7 . 4 )

The minimum d a t a  t h r o u g h p u t  o f  a s y s t e m  o c c u r s  when 

no r e g i s t e r s  e x i s t  i n  a g l o b a l  d a t a  p a t h  and i s  t h e  

s um m at io n o f  t h e  N i n d i v i d u a l  l o g i c  d e l a y s  a s  shown by 

e q u a t i o n  ( 7 . 5 ) .

3 )  D es i gn  Paradigm f o r  P i p e l i n e d  Synchronous Systems

R e g i s t e r s  a r e  i n s e r t e d  i n t o  g l o b a l  d a t a  p a t h s  i n  

order  t o  i n c r e a s e  th e  c l o c k  f requ en cy  o f  a d i g i t a l  sys t em  

w i t h ,  a l b e i t ,  an i n c r e a s e  i n  t h e  d a t a  t h r o u g h p u t .  T h i s  

t r a d e o f f  b e t w e e n  c l o c k  f r e q u e n c y  and d a t a  t h r o u g h p u t  i s  

g r a p h i c a l l y  d e s c r i b e d  i n  F i g u r e  7 . 2 .  In  t h i s  f i g u r e  b o t h  

t h e  d a t a  t h r o u g h p u t  and t h e  c l o c k  p e r i o d  a r e  shown a s  a 

f u n c t i o n  o f  t h e  number o f  p i p e l i n e  r e g i s t e r s  M i n s e r t e d  

i n t o  a g l o b a l  d a t a  p a t h .  Th us ,  a s  M i n c r e a s e s ,  t h e  

thr oug hpu t  i n c r e a s e s  by Te j,j f o r  each i n s e r t e d  r e g i s t e r  and 

th e  maximum p o s s i b l e  c l o c k  f requ en cy  i n c r e a s e s ,  s i n c e  th e  

c r i t i c a l  path i s  sh o r te n e d  ( s i n c e  t h e r e  are  l e s s  l o g i c  and 

i n t e r c o n n e c t  s t a g e s  per l o c a l  data  path) .

°Tmin " E Tf i  " N TfN ( 7 . 5 )
i = l
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F i g u r e  7 . 2 :  D e s i g n  Paradig m f o r  P i p e l i n e d  

S y n c h r o n o u s  S y s t e m s

I f  no r e g i s t e r s  a r e  i n s e r t e d  i n t o  t h e  d a t a  p a t h ,  t h e  

minimum d a t a  t h r o u g h p u t  i s  t h e  s u m m a t i o n  o f  t h e

i n d i v i d u a l  l o g i c  d e l a y s ,  N Tfj j ,  a s  s ho w n by e q u a t i o n  

( 7 . 5 ) .  As e a c h  r e g i s t e r  i s  i n s e r t e d  i n t o  t h e  g l o b a l  d a t a  

p a t h ,  Dj  i n c r e a s e s  by Te jj. Thu s  Dq> i n c r e a s e s  l i n e a r l y  

w i t h  M a s  s ho w n by e q u a t i o n  ( 7 . 4 )  and d e p i c t e d  i n  F i g u r e  

7 . 2 .

The  a v e r a g e  number  o f  l o g i c  s t a g e s  p e r  l o c a l  d a t a  

p a t h  n i s  g i v e n  by e q u a t i o n  ( 7 . 6 )  b e l o w :

n = N/M ( 7 . 6 )
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From e q u a t i o n s  ( 7 . 2 ) ,  ( 3 . 3 ) ,  ( / . 3 ) ,  and ( 7 . 6 ) ,  t h e  d o c k  

p e r i o d  can be e x p r e s s e d  a s

Tc l o c k  p e r i o d  ^  TREG + n TfN + TSKEW ( 7 . 7 a )

{N TfN f o r  M = 0 ( 7 . 7 b )

Te M + N TfN /M f o r  M > i  ( 7 . 7 c )

T h i s  i n v e r s e  p r o p o r t i o n a l i t y  w i t h  M i s  d e p i c t e d  i n  F i g u r e  

7 . 2 ,  w h e r e  t h e  maximum p r a c t i c a l  c l o c k  f r e q u e n c y  o c c u r s  

when n e q u a l s  o n e  a s  d e f i n e d  by Tek + Tf i *  T h i s  a s s u m e s  

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

s i m p l e  s h i f t  r e g i s t e r ) .  The  MAX s u b s c r i p t  i s  u s e d  t o  

e m p h a s i z e  t h a t  t h e  c r i t i c a l  l o c a l  d a t a  pa th  c o n s t r a i n s  t h e  

minimum c l o c k  p e r i o d  (maximum c l o c k  f r e q u e n c y )  o f  t h e  

t o t a l  g l o b a l  d a t a  p a t h .

Most  d e s i g n  r e q u i r e m e n t s  must s a t i s f y  some s p e c i f i e d  

maximum t i m e  f o r  d a t a  t h r o u g h p u t  w h i l e  s a t i s f y i n g  or  

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

c o n s t r a i n t s  due t o  OfMAX a n  ̂ ^clkMAX a r e  shown i n  F i g u r e  

7 . 2  by t h e  v e r t i c a l  d a s h e d  l i n e s .  T h u s ,  f o r  a g i v e n  

Dt m a X* r e c o m m e n d e d  maximum c l o c k  f r e q u e n c y  an d

p i p e l i n i n g  i s  d e f i n e d  by t h e  i n t e r s e c t i o n  o f  Drj, and AX* 

I f  I>t m A.X ''■s n o t  s p e c i f i e d  and t h e  d e s i r e  i s  t o  make t h e  

c l o c k  f r e q u e n c y  a s  h i g h  a s  p o s s i b l e ,  th e n  t h e  recommended  

f c i k  i s  d e f i n e d  by t h e  i n t e r s e c t i o n  o f  t h e  c l o c k  p e r i o d  

and t h e  f c ikMAX i i n e * Thus,  f o r  a s p e c i f i e d  and f  

t h e  p o s s i b l e  d e s i g n  s p a c e  i s  i n d i c a t e d  by t h e  h o r i z o n t a l
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arrow. I f  DT and f c i i ,  are  both o f  im po rtanc e  and no DTmay 

or  ^CLKMAX s p e c i f i e d ,  t h e n  some o p t i m a l  l e v e l  o f

p i p e l i n i n g  i s  r e q u i r e d  t o  p r o v i d e  a " r e a s o n a b l y  h i gh "  

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

t h r o u g h p u t .  T h i s  d e s i g n  c h o i c e  i s  r e p r e s e n t e d  by a 

p a r t i c u l a r  v a l u e  o f  M, d e f i n i n g  an a p p l i c a t i o n  s p e c i f i c

f CLK and DT*

T h e s e  d e s i g n  c h o i c e s  h a v e  b e e n  i n v e s t i g a t e d  and 

q u a n t i t a t i v e  d e s i g n  e q u a t i o n s  are  p r e s e n t e d  which r e l a t e  

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

f r e q u e n c y .  F i g u r e  7 .2  d e p i c t s  b o t h  t h e  p o s s i b l e  d e s i g n  

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

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

s y s t e m .

The e f f e c t  o f  c l o c k  skew and t e c h n o l o g y  on d a t a  

thr oug hpu t  and c l o c k  p e r i o d  i s  g r a p h i c a l l y  de m ons trated  by 

F i g u r e s  7 .3  and 7 . 4 .  I f  t h e  c l o c k  skew i s  p o s i t i v e  or  i f  

a p o o r e r  t e c h n o l o g y  ( i . e . ,  s l o w e r )  i s  u s e d ,  a s  shown i n  

F i g u r e  7 . 3 ,  t h e n  Te ^ i n c r e a s e s  and D-j. q u i c k l y  r e a c h e s  

DtmaX* s e d i t i o n ,  t h e  minimum c l o c k  p e r i o d  i n c r e a s e s

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

p o s i t i v e  ske w or  a v e r y  po or  t e c h n o l o g y ,  e l i m i n a t e s  any  

p o s s i b i l i t y  o f  s a t i s f y i n g  a s p e c i f i e d  c l o c k  f r e q u e n c y  

fcLK req and d e c r e a s e s  t h e  e n t i r e  d e s i g n  s p a c e  a s  d e f i n e d  

by th e  i n t e r s e c t i o n  o f  D-j. and Ô MAX*
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F i g u r e  7 . 3 :  E f f e c t  o f  P o s i t i v e  Clock Skew and 

T e c h n o lo g y  on D e s i g n  Paradigm

I f  t h e  c l o c k  skew i s  n e g a t i v e  or  a b e t t e r  t e c h n o l o g y  

( i . e . ,  f a s t e r )  i s  u s e d ,  a s  s h o w n  i n  F i g u r e  7 . 4 ,  Te [j 

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

d e p e n d e n t  on M. In  a d d i t i o n ,  t h e  minimum c l o c k  p e r i o d  

d e c r e a s e s ,  s a t i s f y i n g  fcLKreq more e a s i l y  and fcLKMAX w i t h  

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

r e p r e s e n t e d  by t h e  i n t e r s e c t i o n  o f  Dip and D p j ^ ^ ,  i s  much 

l a r g e r ,  p e r m i t t i n g  h i g h e r  l e v e l s  o f  p i p e l i n i n g  i f  v e r y  

h i g h  c l o c k  r a t e s  a r e  d e s i r e d .
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Time

NT,
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M, #  of Local Data Paths

F i g u r e  7 . 4 :  E f f e c t  o f  N e g a t i v e  C loc k Skew and 

T e c h n o lo g y  on D e s i g n  Paradigm

I t  s h o u l d  be  n o t e d ,  a s  m e n t i o n e d  i n  s e c t i o n  2 ,  t h a t  

Te ca n  be l e s s  t h a n  or  e q u a l  t o  z e r o  f o r  r e s t r i c t e d  

c i r c u i t s .  I n  t h i s  c a s e ,  w o u l d  be f l a t  f o r  Tg e q u a l  t o  

z e r o  and a c t u a l l y  h a v e  a n e g a t i v e  s l o p e  f o r  Tg l e s s  than  

z e r o .  T h i s  r e s u l t  i s  e l a b o r a t e d  on i n  g r e a t e r  d e t a i l  i n  

s e c t i o n  10 o f  t h i s  c h a p t e r .  T h u s ,  F i g u r e s  7 .3  and 7 .4  

g r a p h i c a l l y  d e s c r i b e  how b o t h  c l o c k  skew and t e c h n o l o g y  

a f f e c t  b o t h  t h e  d a t a  t h r o u g h p u t  and t h e  maximum c l o c k  

f r e q u e n c y  o f  a p i p e l i n e d  sy n ch ro n o u s  d i g i t a l  sy s t e m .
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4)  D e s i g n  E q n a t i o n s  D e s c r i b i n g  Data Throughput

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

c a n  be  d e s c r i b e d  a s  t h e  t i m e  r e q u i r e d  t o  move  d a t a  from  

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

i t s  o u t p u t .  For a p i p e l i n e d  g l o b a l  d a ta  pa th  D-j. i s  g i v e n  

by t h e  r e l a t i o n

' Dt = L / f c l k  ( 7 . 8 )

T h e  l a t e n c y  o f  a g l o b a l  d a t a  p a t h  c a n  a l s o  be  

d e s c r i b e d  by e q u a t i o n  ( 7 . 9 )  b e l o w ,  w h e r e  M i s  t h e  number  

o f  l o c a l  d a t a  p a t h s  per  g l o b a l  d a t a  path and t h e  p l u s  one

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

d a t a  p at h .

L = M + 1 ( 7 . 9 )

I f  one  w r i t e s

E T£1 = H Tf „ ( 7 . 1 0 )
1=1

w h e r e  Tfjj i s  t h e  a v e r a g e  s t a g e  d e l a y  o f  a l l  t h e  s t a g e s  

w i t h i n  t h e  d a t a  p a t h ,  t h e n  t h e  c l o c k  f r e q u e n c y  o f  a 

p i p e l i n e d  d a t a  pa th  i s  g i v e n  by

f c l k  < 1 ( 7 . 1 1 )
NTf  jj/M + Te

By c o m b i n i n g  e q u a t i o n s  ( 6 . 8 ) ,  ( 3 . 3 ) ,  ( 7 . 9 ) ,  an d

( 7 . 1 0 ) ,  t h e  t o t a l  d a t a  t h r o u g h p u t  o f  a p a r t i t i o n e d  g l o b a l  

d a t a  pa th  can be e x p r e s s e d  a s
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( 7 . 1 2 )

In a p p l i c a t i o n s  where t h e  maximum d a t a  t h r o u g h p u t  o f  

a s y s t e m  i s  s p e c i f i e d  and ^XMAX c o n s t r a i n s  t h e  d e s i g n  

s p a c e ,  t h e  c l o c k  f r e q u e n c y  and l a t e n c y  can be d e t e r m i n e d  

from e q u a t i o n s  ( 7 . 1 3 )  and ( 7 . 1 4 ) ,  r e s p e c t i v e l y ,  where Tg jj 

i s  t h e  a v e r a g e  T g g g  + T g ^ g ^  d e l a y  o f  a l l  o f  t h e  M 

p i p e l i n e d  d a ta  p a t h s  o f  an N s t a g e  d a t a  p a th .

f e l k  2- %  -  N TfN

TeMDT

M Dip — N Tfjj

( 7 . 1 3 )

( 7 . 1 4 )

In a p p l i c a t i o n s  where  t h e  maximum c l o c k  f r e q u e n c y  i s  

s p e c i f i e d  and fcLKMAX c o n s t r a i n s  t h e  d e s i g n  s p a c e ,  t h e  

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

e q u a t i o n s  ( 7 . 1 5 )  and ( 7 . 4 ) ,  r e s p e c t i v e l y .

NT
M = fN

^Clock P e r i o d  “ ^eM
( 7 . 1 5 )

Thus,  a s  shown i n  F i g u r e  7.2 f o r  a g i v e n  maximum d a ta  

t h r o u g h p u t  (maximum c l o c k  f r e q u e n c y )  and k n o w le d g e  o f  t h e  

a v e r a g e  l o g i c ,  r e g i s t e r ,  and c l o c k  d e l a y  c h a r a c t e r i s t i c s  

o f  a g l o b a l  d a t a  p a t h ,  t h e  minimum c l o c k  f r e q u e n c y  ( d a t a  

t h r o u g h p u t )  and t h e  r e q u i r e d  l a t e n c y  o f  a p i p e l i n e d  

s y n c h r o n o u s  d a ta  pa th  can be d i r e c t l y  d e t e r m i n e d .
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5 )  P e r f o r m a n c e  C o s t  o f  L a t e n c y

E v e r y  r e g i s t e r  a d d e d  t o  a d a t a  p a t h  d e c r e a s e s  t h e  

d a t a  t h r o u g h p u t  o f  a s y s t e m  by t h e  added t i m e  r e q u i r e d  t o  

m o v e  t h e  d a t a  s i g n a l  i n  and o u t  o f  t h e  r e g i s t e r ,  Tjjgg.  

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

c l o c k  f r e q u e n c y  [ 4 3 , 6 2 , 6 5 - 6 7 ] .  However ,  a s  added s t a g e s  

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

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

o c c u r s  w hen t h e  t i m e  r e q u i r e d  t o  m o v e  d a t a  i n  and o u t  o f  

t h e  r e g i s t e r  b e c o m e s  c o m p a r a b l e  t o  o r  g r e a t e r  t h a n  t h e  

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

TREG 2  Z Tf i  ( 7 . 1 6 )
1=1

E a c h  r e g i s t e r  a d d e d  i n c r e a s e s  D̂ . by  Tj^gg a n d  

d e c r e a s e s  t h e  maximum c l o c k  p e r i o d  by t h e  d e c r e a s e d  l o g i c  

d e l a y .  E q u a t i o n  ( 7 . 1 6 )  r e p r e s e n t s  t h e  p o i n t  w h e r e  t h e  

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

t h r o u g h p u t  t i m e )  more tha n t h e  i n c r e a s e  i n  c l o c k  f r e q u e n c y  

b e n e f i t s  t h e  s y s t e m .  I n  o r d e r  t o  q u a n t i f y  t h i s ,  an  

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

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

p i p e l i n i n g ,  P 0 . P g i s  a m e a s u r e  o f  t h e  r e l a t i v e  

p e r f o r m a n c e  p e n a l t y  i n c u r r e d  f o r  n s t a g e s  o f  l o g i c  per  one  

p i p e l i n e d  l o c a l  d a t a  p a t h  and d e s c r i b e s  t h e  c o s t  i n  

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

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

d e l a y  t o  t h e  t o t a l  p a t h  d e l a y ,  t h e r e b y  d e f i n i n g  what  

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

what p e r c e n t a g e  i s  r e g i s t e r  r e l a t e d .  As n i n c r e a s e s ,  th e  

r a t i o -  o f  t h e  t o t a l  l o g i c  d e l a y  t o  t h e  t o t a l  d a t a  p a t h  

d e l a y  i n c r e a s e s  t o w a r d  o n e  and r e a c h e s  o n e  when n i s  

i n f i n i t e  ( o r  p r a c t i c a l l y ,  when t h e  t o t a l  l o g i c  d e l a y  i s  

much g r e a t e r  th an t h e  r e g i s t e r  d e l a y ) .

Pe

n
2 Tf i  i = l

TPD

n
Z T 

i = l
f i

n
E T 

i = l f i + TREG

( 7 . 1 7 )

The b e n e f i t  o f  i n s e r t i n g  a r e g i s t e r  i n t o  a d a t a  p a t h  i s  

i n c r e a s e d  c l o c k  f r e q u e n c y  a s  d e s c r i b e d  by e q u a t i o n  ( 3 . 3 )  

and r e d e f i n e d  be lo w :

f  e l k  1
n
E

i = lTREG + A Tf i  + TSKEW

n
E

i = l
2 Tf i  + Te

( 7 . 1 8 )

T h u s ,  t h e  c o s t / b e n e f i t  o f  i n s e r t i n g  r e g i s t e r s  i n t o  an N 

s t a g e  d a ta  pa th  can be r e p r e s e n t e d  by t h e  f u n c t i o n  Pe f  

where  Pe i n c r e a s e s  f o r  i n c r e a s i n g  n and f ^ ^  d e c r e a s e s  f o r
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i n c r e a s i n g  n ; P „ f  . i s  t h u s  a f i g u r e  o f  m e r i t  f o r  — °  ’ e c x k  “

r e p r e s e n t i n g  th e  performance  a d v a n t a g e s  and d i s a d v a n t a g e s  

o f  p i p e l i n i n g ,  A d i f f e r e n t  f u n c t i o n  c o u l d  be a p p l i e d  i f  

t h e  e f f e c t s  o f  i n c r e a s e d  a r e a  w ere  a l s o  o f  s i g n i f i c a n t  

im po rtanc e  [ 6 5 - 6 7 , 6 9 ] ,  However,  t h i s  r e s u l t  e m p h a s i ze s  an 

o p t i m a l  d a t a  t h r o u g h p u t  and c l o c k  f r e q u e n c y  o v e r  

a r e a / s p e e d  o p t i m i z a t i o n .  I f  e q u a t i o n  ( 7 . 1 0 )  i s  c o m bi ne d  

w i t h  e q u a t i o n s  (7 .1 7 )  and ( 7 . 1 8 ) ,  the n th e  f i g u r e  o f  m er i t  

P0f r l t  can be d e s c r i b e d  as

Pe f e l k
nTf  N 

( nTfN + TREG)

1
__________________________  ( 7 . 1 9 )
<TREG + nTfN + t SKEW)

The c l o c k  f r e q u e n c y  and d a t a  t h r o u g h p u t  o f  a 

p i p e l i n e d  d a t a  p a t h  can be  d e s c r i b e d  i n  t e r m s  o f  i t s  

per formance  e f f i c i e n c y  and d e l a y  and skew c h a r a c t e r i s t i c s ,  

a s  g i v e n  by e q u a t i o n s  ( 7 , 2 0 )  and ( 7 . 2 1 ) .

f c l k = ___________ 1_____________  =  1___ _  ( 7 . 2 0 )
Pe TPD+ TREG + TSKEW Pe^TREG+nTf +Te

Dip = [N/n + l ] * [ P e (TjjgQ + nTpjj) + Te ] ( 7 . 2 1 )

6) Opt imal Number o f  Lo gic  S t a g e s

An o p t i m a l  number o f  l o g i c  s t a g e s  NQp t  i n  t e r m s  o f  

m a x i m i z i n g  t h e  p r o d u c t  PgfcLK :"-s o b t a i n e d  from e q u a t i o n  

( 7 . 2 2 ) .

d ( pe f c i k ) -  0 ( 7 . 2 2 )

dn
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E q u a t i o n  ( 7 . 2 2 )  r e p r e s e n t s  t h e  p o i n t  w h e r e  t h e  

c o s t / b e n e f i t  o f  p i p e l i n i n g  i n  a h i g h  p e r f o r m a n c e  

s y n c h r o n o u s  s y s t e m  r e a c h e s  a maximum. From e q u a t i o n s  

( 7 . 1 9 )  and ( 7 . 2 2 ) ,  t h e  o p t i m a l  number o f  l o g i c  s t a g e s  

b e t w e e n  r e g i s t e r s  NQp t  w h i c h  m a x i m i z e s  t h e  f u n c t i o n  Pe X 

^ c l k  can  d e r i v e d .  Thus NQpt  i s  t h e  o p t i m a l  number o f  

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

w h ere  b o t h  c l o c k  f r e q u e n c y  and d a t a  t h r o u g h p u t  a r e  o f  

i m p o r t a n c e  and no c o n s t r a i n t s  on D^MAX or ^CLKMAX a r e  

s p e c i f i e d .

Nopt  = 1 /TreG^REG + TSKEW) ( 7 . 2 3 )
Tf  N

N o t e  t h a t  Tggg i s  d e f i n e d  i n  e q u a t i o n  ( 7 . 1 ) ,  Tjjj i s  t h e  

a v e r a g e  s t a g e  d e l a y  o f  t h e  e n t i r e  d a t a  p a t h ,  and Tggg^ can  

be z e r o ,  n e g a t i v e  (assum ing Tgggy <_ TRg g ) ,  or p o s i t i v e .

Under t h e  c o n d i t i o n  o f  an i d e a l  c l o c k  d i s t r i b u t i o n  

n e t w o r k  w i t h  z e r o  c l o c k  s k e w ,  e q u a t i o n  ( 7 . 2 3 )  s i m p l i f i e s  

t o  e q u a t i o n  ( 7 . 2 4 ) .

Nopt  = TREG/TfN ( 7 . 2 4 )

N0pfc i s  s i m p l y  a r a t i o  o f  t h e  r e g i s t e r  d e l a y  overhe ad  

t o  t h e  a v e r a g e  s t a g e  d e l a y  o f  t h e  d a t a  p a t h .  I f  TggQ << 

TfN» w h i c h  o c c u r s  when t h e  s t a g e  i s  a l a r g e  h i g h  l e v e l  

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

and NQpt  s h o u l d  be a s  s m a l l  a s  f e a s i b l e  ( s i n c e  NQp t  i s  

d i s c r e t e ,  i t s  s m a l l e s t  r e a l i z a b l e  v a l u e  i s  one s t a g e )  or
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0X13 s h o u l d  p i p e l i n e  as o f t e n  as the s y s t e m  p e r m i t s -  I f  

Tg gc  >> ^fN* w^ i c h  i s  more common when o p e r a t i n g  a t  t h e  

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

i n s e r t i n g  r e g i s t e r s  i s  h ig h and NQpt  i s  some l a r g e  number 

d e f i n e d  by e q u a t i o n  ( 7 . 2 4 ) .  A n o t h e r  i n t e r p r e t a t i o n  o f  

e q u a t i o n  (7 .2 4 )  i s  t h a t  th e  o p t i m a l  number o f  l o g i c  s t a g e s  

between r e g i s t e r s  o c c u r s  when th e  t o t a l  l o g i c  path d e l a y  

NTf jj e q u a l s  t h e  t o t a l  r e g i s t e r  d e l a y  TggQ,  t h e r e b y  

maximiz ing  Pe f c i j c*

T h u s ,  kn owin g  NQpt  and t h e  a v e r a g e  g a t e  d e l a y  Tfjj,  

t h e  o p t i m a l  f r e q u e n c y  a t  which a p a r t i c u l a r  dat a  path (and 

s y s t e m )  s h o u l d  o p e r a t e  a t  i s  g i v e n  by e q u a t i o n  ( 7 . 2 5 )  

where N0pt  i n  an a c t u a l  a p p l i c a t i o n  s h o u l d  be rounded to  

an i n t e g e r  v a l u e .

^ c l k o p t  — _______________1____________
t REG + Nopt  TfN + TSKEW

( 7 . 2 5 )

The number o f  a d d i t i o n a l  r e g i s t e r s  RQpt  which s h o u ld  

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

( c o m p o s e d  o f  two r e g i s t e r s ,  and R f ,  a s  shown i n  F i g u r e  

7.1)  i s  g i v e n  by e q u a t i o n  (7 .25)  below;

Eopt  -  N/»opt  -  1 <7 - 2 6 >

whe re  N i s  t h e  t o t a l  number o f  s t a g e s ,  NQpt  i s  g i v e n  i n  

e q u a t i o n  ( 7 . 2 3 ) ,  and th e  minus one i s  due t o  t h e  c o n d i t i o n  

t h a t  t h e  o r i g i n a l  g l o b a l  data  path i s  assumed to  have  two
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r e g i s t e r s  b e f o r e  t h e  i n s e r t i o n  o f  any a d d i t i o n a l  p i p e l i n e  

r e g i s t e r s .  A l s o ,  NQp t  r e p r e s e n t s  t h e  maximum num ber  o f  

l o g i c  s t a g e s  w i t h i n  a c r i t i c a l  d a t a  p a t h  and t h e r e f o r e  i f  

N / N Qp t  i s  n o t  an i n t e g e r  t h e n  som e o f  t h e  d a t a  p a t h s  

s h o u l d  c o n t a i n  NQpt  -  1 l o g i c  s t a g e s .

7 )  E f f e c t  o f  C l o c k  Skew on O p t im a l  Number o f  L o g i c  S t a g e s  

C l o c k  s k e w ,  t h e  d i f f e r e n c e  i n  d e l a y  b e t w e e n  two  

s e q u e n t i a l l y  a d j a c e n t  c l o c k  p a t h s ,  i s  an i m p o r t a n t  

d e t e r m i n a n t  o f  t h e  maximum o p e r a t i n g  f r e q u e n c y  o f  a 

s y n c h r o n o u s  d i g i t a l  s y s t e m .  As sh o w n  i n  F i g u r e  7 . 1  and  

d e s c r i b e d  i n  C h a p t e r s  3 an d 4 ,  b o u n d s  on  t h e  minimum and  

maximum c l o c k  d e l a y  o f  e a c h  c l o c k  p a t h  d e t e r m i n e  t h e  l e a d  

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

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

a r r i v a l  o f  t h e  c l o c k  s i g n a l  a t  t h e  f i n a l  r e g i s t e r  o f  a 

d a t a  p a t h  (C^) l e a d s  t h a t  o f  t h e  c l o c k  s i g n a l  a t  t h e  

i n i t i a l  r e g i s t e r  o f  t h e  sam e s e q u e n t i a l  d a t a  p a t h  ( C ^ ) ,  

t h e n  t h e  c l o c k  skew i s  d e f i n e d  a s  p o s i t i v e ;  t h i s  c o n d i t i o n  

d e g r a d e s  t h e  maximum a t t a i n a b l e  o p e r a t i n g  f r e q u e n c y .  I f  Cf 

l a g s  C^s t h e  c l o c k  s k e w  i s  d e f i n e d  t o  b e  n e g a t i v e ;  t h i s  

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

s y n c h r o n o u s  s y s t e m .  T h i s  i s  sh ow n by e q u a t i o n  ( 3 . 3 )  i n  

w h i c h  Tpp i s  t h e  t o t a l  d e l a y  o f  t h e  c r i t i c a l  d a t a  p a t h  

f r o m  t h e  i n i t i a l  r e g i s t e r  t o  t h e  f i n a l  r e g i s t e r .  The  

maximum p e r m i s s i b l e  n e g a t i v e  c l o c k  skew o f  any d a t a  p a t h .
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h o w e v e r s i s  d e p e n d e n t  upon t h e  p r e v i o u s  d a t a  p a t h s ,  s i n c e  

t h e  e a r l i e r  i s  f o r  a g i v e n  d a t a  p a t h ,  t h e  e a r l i e r  t h a t  

same c l o c k  s i g n a l ,  now Cj ,  i s  f o r  t h e  p r e v i o u s  d a t a  pa th .

Ts KEW i n  e q u a t i o n  ( 7 . 2 3 )  c a n  be z e r o ,  n e g a t i v e ,  or  

p o s i t i v e  w i t h  t h e  c o n s t r a i n t  t h a t  i f  Tg ^ g y  i s  n e g a t i v e ,  

t h e n  i t s  m a g n i t u d e  m u s t  be  l e s s  t h a n  o r  e q u a l  t o  Tg g g .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  e f f e c t  o f  c l o c k  ske w on 

NQt)t i s  r e l a t i v e  t o  Tg g g  and T^jj. T h u s ,  i f  T g g g  i s  l a r g e  

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

t o  e q u a t i o n  ( 7 . 2 4 ) .  A l s o ,  p o s i t i v e  c l o c k  s k e w  a d d s  

d i r e c t l y  t o  Tg g g  and i n c r e a s e s  t h e  c o s t  o f  p i p e l i n i n g ,  

t h e r e b y  i n c r e a s i n g  t h e  recommended number o f  l o g i c  s t a g e s  

b e t w e e n  r e g i s t e r s  a n d  q u a n t i f y i n g  how t h e  c l o c k  

d i s t r i b u t i o n  ne tw ork a f f e c t s  t h e  o p t i m a l  d e s i g n  o f  a h i g h  

s p eed  d a t a  p a th .

8)  Example o f  A l g o r i t h m

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

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

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

ea ch  i s o l a t e d  by a p i p e l i n e  r e g i s t e r .  The f i r s t  approach  

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

f r e q u e n c y ,  t h u s  d e f i n i n g  a maximum c l o c k  p e r i o d .  Time i s  

a l l o c a t e d  t o  move  t h e  d a t a  s i g n a l  i n  and o u t  o f  t h e  

r e g i s t e r  and a c c o u n t  f o r  any p o s i t i v e  c l o c k  skew,  l e a v i n g  

some r e m a in in g  t i m e  t o  do u s e f u l  l o g i c a l  m a n i p u l a t i o n s  o f
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t h e  d a t a  s i g n a l .  A s  m a n y  s t a g e s  o f  l o g i c  a r e  t h e n  

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

r e g i s t e r  s h o u l d  be  i n s e r t e d .

The  s e c o n d  a p p r o a c h  a s s u m e s  t h e r e  i s  no t a r g e t  c l o c k  

f r e q u e n c y  o t h e r  t h a n  a g o a l  o f  " a s  h i g h  a f r e q u e n c y  a s  i s  

r e a s o n a b l y  p o s s i b l e . "  I n  t h i s  a p p r o a c h ,  t h e  o v e r a l l  d a t a  

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

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

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

t h e  l o g i c  s t a g e s  i s  t y p i c a l l y  o n e  t o  t w o  t i m e s  t h e  t o t a l  

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

a c c e p t a b l e  c o s t ,  t y p i f i e d  b y  3 t o  4 l o g i c  s t a g e s  o r  1 t o  2 

b i t s  o f  a d d i t i o n  b e t w e e n  r e g i s t e r s  [ 6 3 , 7 0 ] .

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

how e a c h  o f  . t h e  k e y  d e s i g n  p a r a m e t e r s  i n t e r a c t s  and d e f i n e  

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

a p p l i c a t i o n s .  T h e  d e s i g n  e q u a t i o n s  d i s c u s s e d  i n  t h i s  

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

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

F i g u r e  7 . 5  d e p i c t s  a 3 0  s t a g e  g l o b a l  d a t a  p a t h  i n  

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

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

Tc_q = 3 n s .

Ts e t - u p  -= ? n s .

Ts KEW =  ̂ n s .  ( p o s i t i v e  s k e w )
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F ig u r e  7 . 5 :  30 St a g e  Data Path

The d e l a y  o f  e a c h  s t a g e  T^i f  f o r  i  = l  t o  30 ( shown i n  

F i g u r e  7 . 5 ) ,  encompasses  both th e  l o c a l  i n t e r c o n n e c t  d e l a y  

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

t h a t  t h e  c l a s s i c  ad hoc a p p r o a c h e s  t y p i c a l l y  assume  

p o s i t i v e  c l o c k  skew and t h e r e f o r e ,  t h i s  i s  assumed i n  the  

e x a m p l e .  A l s o ,  no d a t a  t h r o u g h p u t  or  c l o c k  f r e q u e n c y  

r eq u ir em en t  has been s p e c i f i e d  and t h e r e f o r e  th e  op t im a l  

c h o i c e  o f  and f^Lg w i l l  be d e t e r m i n e d  by t h e  a p p r o a c h  

d e s c r i b e d  in  s e c t i o n  6.
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Ad Hoc Approach 1
Assuming a specified clock frequency of 50 Mhz., 12 

ns. per local data path is allocated to perform the 
logical operations. From perusal of Figure 7.5, the 
global data path is partitioned into 13 local data paths, 
requiring 12 additional registers.

If a 100 Mhz. clock frequency were assumed, only 2 
ns. would remain per local data path. In order to meet 
this performance requirement, many of the logic stages 
would require multiple individual subdivisions and a total 
of 67 local data paths would be required for this global 
data path to operate at 100 Mhz., providing a data 
throughput of 670 ns. One can see the significance of Pg 
in this example (Note that Tggg >> N Tfjj).

Ad Hoc Approach 2
If the goal is as "high a frequency as is reasonably 

possible," then each local data path would typically be 
composed of three to four stages. This would decompose 
the global data path into eight local data paths, thereby 
requiring seven additional registers and operating at a 
maximum clock frequency of 38.5 Mhz. since the minimum 
clock period is 18 ns. + Tggg + Tgggy = 26 ns.

118
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Algorithmic Approach
Since the total delay of the 30 logic stages is 120 

ns., the average delay per stage Tfjg is 4 ns./stage. 
Using equation (7.23) and the aforementioned register and 
clock skew characteristics, NQpt equal 1.56 stages per 
local data path. Thus, a logic delay of 6.3 ns. per 
local data path optimally trades off the maximum clock 
frequency against the data throughput efficiency. Thus, 
based on the characteristics of the global data path, a 
clock frequency fcik0pt of 70 Mhz. is recommended for this 
system.

These results are summarized in Table 7.1 below:

Ad Hoc Approach 1
£clk nTf N M Drp

A: 50 Mhz. 12 ns. 13 224 ns.
B: 100 Mhz. 2 ns. 67 656 ns.

Ad Hoc Approach 2 38.5 Mhz. 18 ns. 8 184 ns.
Algorithmic Approach 69.9 Mhz. 6.3 ns. 18 264 ns.

Table 7.1: Comparison of Pipelining Approaches
in Example Data Path

Thus, for a design problem in which the design space 
is unconstrained (no or fcLKMAX is specified), the
algorithmic approach provides a technique for determining 
the appropriate level of pipelining M which optimizes both
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f n i v  and Drp and i n  t e r m s  o f  t h e  s p e c i f i c  p e r f o r m a n c eViJIV 4

c h a r a c t e r i s t i c s  o f  e a c h  g l o b a l  d a t a  p a t h .  As shown i n  

T a b l e  7 .1 ,  th e  a l g o r i t h m i c  approa ch ,  o p t i m i z e d  f o r  speed  

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

h i g h  c l o c k  f r e q u e n c y  ( 7 0  Mhz.)  w h i l e  y e t  m a i n t a i n i n g  

r e a s o n a b l e  da ta  through put  (264 ns . )

9)  Maximum Performance  o f  Opt imized Data Path

The performance  o f  a p i p e l i n e d  sy nc hrono us  sy st e m  can 

be m a x i m i z e d  when t h e  c o s t  o f  t h e  r e g i s t e r s  i s  m i n i m a l ,  

t h e r e b y  p e r m i t t i n g  t h e  f r e q u e n t  i n s e r t i o n  o f  p i p e l i n e  

r e g i s t e r s  and a h i g h e r  o v e r a l l  s y s t e m  c l o c k  r a t e .  As 

shown i n  e q u a t i o n  ( 7 . 2 3 )  and F i g u r e  7 . 4 ,  i f  Tggg^ i s  

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

d e c r e a s e s .

Nopt  = _ 1 —  / TREG(TREG + TSKEW> ( 7 . 2 3 )
Tf  N

The maximum p e r m i s s i b l e  n e g a t i v e  c l o c k  skew i n  

e q u a t i o n  ( 7 . 2 3 )  can  be r e p r e s e n t e d  by Tg , whe re  Tg i s  t h e  

m a r g in  o f  e r r o r  or  a c c e p t a b l e  t o l e r a n c e  a s  d e f i n e d  by 

e q u a t i o n  ( 7 . 3 ) .  E q u a t i o n  ( 7 . 2 3 )  can  t h e n  be r e w r i t t e n  as  

e q u a t i o n  (7 .2 7)  below:

"opt  -  f w l  ( 7 - 2 7 )
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S i n c e  Nnn( . m u s t  be  an i n t e g e r  n u m b e r  o f  l o g i c~ r
s t a g e s ,  NQpt  i s  us ed  t o  d e s i g n a t e  a rounded i n t e g e r  v a l u e  

o f  e q u a t i o n  ( 7 . 2 7 ) .  The o p t i m a l  c l o c k  f r e q u e n c y  c a n  now 

be r e p r e s e n t e d  by e q u a t i o n  (7 . 2 8 ) .

f c l k o p t  <  i ---------- <7 - 2 8 >

*‘o p t TfH + Te

T h e  f o l l o w i n g  e x a m p l e  i s  h e l p f u l  i n  t h e  

i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s .

Assume

t reg " Tc-Q

TfN = 2 ns

4. Ti s e t - u p 6 n s .

U s in g  an ad hoc app roach and assu ming  an i d e a l  c l o c k  

d i s t r i b u t i o n  n e t w o r k ,  ( i . e i ,  Tg^g^ = 0 n s . ) ,  t h e  maximum 

c l o c k  f r e q u e n c y  i s  83 .3  Mhz. f o r  a t h r e e  s t a g e  l o g i c  path  

and 125 Mhz. f o r  a s i n g l e  s t a g e  f u l l y  p i p e l i n e d  d a t a  path  

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

c o m o a r e s  t o  t h e  a l e o r i t h m i c  a o o r o a c h  w h i c h ,  f o r  T„ = 0 .5* w * * ' c:

n s * ( TSKEW ■ ~ 5 - 5 n s *)» N 0 pt  e q u a l s  on e  a n d ,  from e q u a t i o n  

( 7 . 2 6 ) ,  a maximum c l o c k  f r e q u e n c y  o f  400 Mhz. i s  p o s s i b l e .

Depending upon t h e  magnit ude  and l e a d / l a g  b e h a v i o r  o f  

T g g g y ,  Te c a n  r a n g e  f rom  a s m a l l  p o s i t i v e  number t o  a v e r y  

l a r g e  v a l u e ,  s e v e r e l y  l i m i t i n g  t h e  maximum c l o c k  f r e q u e n c y
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o f  t h e  s y s t e m .  F i g u r e  7 . 6  d e p i c t s  t h e  maximum c l o c k  

f r e q u e n c y  a s  a f u n c t i o n  o f  Tg f o r  s p e c i f i c  v a l u e s  o f  Tggg  

and Tfj j .  N o t e  t h a t  i f  n e g a t i v e  c l o c k  s k e w  i s  u s e d ,  t h e  

maximum c l o c k  f r e q u e n c y  be com es  s i g n i f i c a n t l y  l a r g e r .  For  

t h e  p r e v i o u s l y  c i t e d  e x a m p l e ,  by u s i n g  n e g a t i v e  c l o c k  skew  

t h e  maximum c l o c k  f r e q u e n c y  i n c r e a s e d  from 83 Mhz. t o  400  

Mhz.  ( 5 0 0  Mhz.  w i t h  no t o l e r a n c e ,  i . e . ,  Tg = 0 ) .  Two 

c u r v e s  a r e  p r o v i d e d ,  o n e  d i s c o n t i n u o u s  s i n c e  N0 p t  i s  an  

i n t e g e r  and t h e  s e c o n d  c o n t i n u o u s  s i n c e  a c o n t i n u o u s  NQpt  

i s  as su m ed .

18 (ns.) Te = Theg + Tskew

F i g u r e  7 . 6 :  Maximum F r e q u e n c y  a s  a F u n c t i o n  o f  

R e l a t i v e  C l o c k  Skew
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When T„ = 0 ,  e q u a t i o n  ( 7 . 2 8 )  r e p r e s e n t s  t h e  c l o c k  

f r e q u e n c y ,  f  c i  k 0 » w h e n  TREG = -  T gKEW. T h u s ,

^ c l k o p t ^ c l k o  r e Pr e s e n t s  t h e  n o r m a l i z e d  o p t i m a l  c l o c k  

f r e q u e n c y  and can be d e s c r i b e d  as  s o l e l y  a f u n c t i o n  o f  th e  

a c c e p t a b l e  t o l e r a n c e  Te and t h e  r e g i s t e r  d e l a y  TREq. T h is  

f u n c t i o n  i s  shown i n  e q u a t i o n  (7 .2 9 )  and p l o t t e d  i n  F ig u r e  

7 . 7 .

^ c l k o p t / ^c lk o
1JL irr / T* _

V/ X e '  AREG

(7 -JO1*

F ig u r e  7 . 7 :  Normal ized  Opt imal  Clock Frequency
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10)  T h e o r e t i c a l  Maximum Clock F requency

The a b s o l u t e  maximum f r e q u e n c y  o f  a d a t a  p a t h  i n  a 

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

r e s o l u t i o n  o f  i t s  d e v i c e  and d e s i g n  t e c h n o l o g i e s  and t h e  

s p e e d  a t  w h i c h  t h e  i n p u t  d a t a  s i g n a l  i s  c h a n g i n g .  I f  

Tgg£W i s  d e s i g n e d  t o  be  n e g a t i v e  and j u s t  l e s s  t h a n  Tpp o f  

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

o n l y  l i m i t e d  by how c l o s e  i n  n e g a t i v e  m a gni tud e  ea ch  l o c a l  

Ts KEW can  be d e s i g n e d  t o  t h e  i n d i v i d u a l  Tpp o f  ea ch  l o c a l  

d a t a  p a t h .  I f  any f e e d b a c k  e x i s t s  be tw een t h e  l o c a l  d a t a  

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

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

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

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

s i g n a l s .  H o w e v e r ,  i n  t h i s  c a s e  t h e  c r i t i c a l  w o r s t  c a s e  

pa th  c o u l d  be im pr oved w i t h  n e g a t i v e  c l o c k  skew w i t h  t h e  

c o n s t r a i n t  t h a t  t h e  f a s t e s t  s i g n a l  pa th  o f  ea ch  l o c a l  d a t a  

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

s i g n a l  pa th  w i t h  t h e  s m a l l e s t  Tpp. A l s o ,  a d d i t i o n a l  d e l a y  

c o u l d  be  a d d e d  t o  t h e  f a s t e s t  p a t h  o f  e a c h  l o c a l  d a t a  p a t h  

t o  m i n i m i z e  t h i s  minimum c o n s t r a i n t  r e l a t i o n s h i p  [ s e e  

e q u a t i o n  ( 3 . 5 7 ) ] .

Assuming t h e s e  c o n d i t i o n s  a r e  o b s e r v e d ,  t h e  maximum 

c l o c k  f r e q u e n c y  o f  a d a t a  p a t h  i s  g i v e n  by t h e  f o l l o w i n g  

r e l a t i o n :
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where

£
'■clkmax

1 t m

e + - 0
i /«

e+ = TpD + Tskew

( 1 . -imv * * ------/

( 7 . 3 1 )

and e+ i s  t h e  t i m e  d i f f e r e n c e  b e t w e e n  Tpp and t h e  n e g a t i v e  

c l o c k  s k e w  and i t  m u s t  be p o s i t i v e  f o r  t h e  c i r c u i t  t o  

o p e r a t e  c o r r e c t l y  [ s e e  e q u a t i o n s  ( 3 . 5 )  and ( 3 . 6 ) ] .  The  

minimum v a l u e  o f  e+  i s  e s t a b l i s h e d  by t h e  p r a c t i c a l  

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

us ed  t o  im p le m e n t  t h e  sy n ch ro n o u s  s y s t e m .  The c l o s e r  th e  

n e g a t i v e  Tgggy a p p r o a c h e s  Tpjj, th e  h i g h e r  t h e  p r o b a b i l i t y  

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

The c l o c k  d e l a y s  o f  t h i s  s y s t e m  would  become l a r g e  as  

n e g a t i v e  c l o c k  ske ws  a r e  a c c u m u l a t e d  a l o n g  ea ch  l o c a l  da ta  

p a t h ;  h o w e v e r ,  t h e  c l o c k  f r e q u e n c y  o f  a d a t a  p a t h  ca n  be  

made i n f i n i t e l y  h i g h  w i t h  i n f i n i t e l y  good r e s o l u t i o n .  I f  

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

c l o c k  f r e q u e n c y ,  t h i s  s y s t e m  w o u l d  be c o n s i d e r e d  t o  be  

o p e r a t i n g  a t  e x t r e m e l y  h i g h  performanc e  l e v e l s .

T h i s  t e c h n i q u e  o f  d e s i g n i n g  i n  n e g a t i v e  c l o c k  skew to  

app roach Tpjj i s  d e s c r i b e d  i n  th e  f o l l o w i n g  exam pl e .  The 

g l o b a l  d a t a  p a t h  shown i n  F i g u r e  7 .8  c o n s i s t s  o f  t h r e e  

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

d r i v i n g  e a c h  r e g i s t e r  i s  d e s i g n e d  i n  s u c h  a way t h a t  

a l w a y s  l e a d s  Cf ,  f o r c i n g  t h e  c l o c k  skew t o  be c o n s i s t e n t l y  

n e g a t i v e .  In  t h i s  c i r c u i t ,  i f  Cj r e a c h e s  Rj a t  0 n s . ,  C£

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

a t  R a t  49  n s Si 0 ~ a t  R«, a t  94 n s . ,  and C /. a t  R /. a t  129z  '  o  J  •* *T

n s . ,  t h e  c l o c k  skew o f  each l o c a l  dat a  path would be 1 ns.  

l e s s  t h a n  i t s  i n d i v i d u a l  Tpjj. T h u s ,  t h i s  s y s t e m  c o u l d  be 

c o n t i n u o u s l y  c l o c k e d  e v e r y  1 n s . ,  p r o v i d i n g  a c l o c k  r a t e  

o f  1 Gh z. ,  e v e n  t h o u g h  t h e  c r i t i c a l  p a t h  w i t h  z e r o  c l o c k  

skew would  im p ly  a maximum c l o c k  f r e q u e n c y  o f  o n l y  20 Mhz. 

I f  Tgjjg ĵ c o u l d  be d e s i g n e d  t o  approach e v e n  c l o s e r  to  Tpp, 

t h e  maximum f r e q u e n c y  w o u l d  f u r t h e r  i n c r e a s e .  I f  t h e  

n e g a t i v e  c l o c k  skew c o u l d  be r e l i a b l y  d e s i g n e d  to  approach  

Tpo w i t h i n  0 .1  n s . ,  t h e  maximum f r e q u e n c y  a t  w h i c h  d a t a  

c o u l d  be moved t h r o u g h  t h a t  d a t a  p a t h  w o u l d  be  10 Ghz.

F i g u r e  7 . 8 :  Example o f  T h e o r e t i c a l l y  Maximum 

Clock Frequency

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

Tixs d i s s d v 2"tu gvS  o f  t i i i s  approach* h o v s v s r j  ar*a 2) 

t h e  a c c u m u l a t e d  c l o c k  d e l a y s ,  2)  t h e  s e v e r e  t o l e r a n c e  

r e q u i r e m e n t s  on t h e  d e v i c e  t e c h n o l o g y ,  3 )  t h e  d e s i g n  

p r e c i s i o n  and d e s i g n  t i m e  r e q u i r e d ,  4 )  t h e  r e q u i r e m e n t  

t h a t  e a c h  c a s c a d e d  l o c a l  d a t a  p a t h  c a n n o t  h a v e  a n y  

f e e d b a c k ,  and 5)  t h e  r e q u i r e m e n t  t h a t  e a c h  o f  t h e  d a t a  

s i g n a l s  w i t h i n  a d a t a  p a t h  must  be d e s i g n e d  t o  h a v e  

m i n i m a l  d i f f e r e n c e s  i n  d e l a y  b e t w e e n  t h e i r  minimum and  

maximum Tpn.

11)  Summary

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

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

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

c r i t i c a l  p a t h s  and i n c r e a s i n g  t h e  c l o c k  f r e q u e n c y ,  a l b e i t  

w i t h  an i n c r e a s e  i n  s y s t e m  l a t e n c y .  D a t a  t h r o u g h p u t  i s  

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

c h a p t e r  r e p o r t s  on an i n v e s t i g a t i o n  o f  t h i s  t r a d e o f f  and a 

d e s i g n  p a r a d i g m  i s  d e s c r i b e d  w h i c h  a n a l y z e s  how t h e  

per fo rm anc e  b e h a v i o r  o f  a s y n c h r o n o u s  s y s t e m  i s  a f f e c t e d  

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

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

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

r e g i s t e r  d e l a y s ,  c l o c k  skew,  t h e  p er fo rm a n ce  e f f i c i e n c y  o f  

p i p e l i n i n g ,  and t h e  t o t a l  number o f  l o g i c  s t a g e s  per l o c a l  

d a ta  path .
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T h r e e  t y p e s  o f  p r o b l e m s  a r e  d e s c r i b e d  w h i c h  can  be 

s o l v e d  u s i n g  t h e s e  d e s i g n  e q u a t i o n s :  1) D^AX c o n s t r a i n s

t h e  d e s i g n  s p a c e ,  2) fcLXMAX c o n s t r a i ns  t h e  d e s i g n  s p a c e ,  

and 3)  t h e  d e s i g n  s p a c e  i s  u n c o n s t r a i n e d  and an o p t i m a l  

c h o i c e  o f  D>p a n d  f^LK must: b e  d e t e r m i n e d .  D e s i g n

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

p r o b l e m  t o  be  a n a l y z e d  and a s o l u t i o n  d e t e r m i n e d .  In  

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

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

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

e f f e c t s  o f  i n c r e a s e d  l a t e n c y  and i n c r e a s e d  c l o c k  f r e q u e n c y  

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

number o f  l o g i c  s t a g e s  b e tw een p i p e l i n e  r e g i s t e r s  i n  terms  

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

d e l a y s  i n h e r e n t  t o  t h e  r e g i s t e r ,  and t h e  c l o c k  

d i s t r i b u t i o n  skew c h a r a c t e r i s t i c s .  Exam ples  a r e  p r o v i d e d  

w h i c h  q u a n t i f y  how t h i s  a l g o r i t h m  i s  u s e d  t o  d e s i g n  

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

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

c i r c u i t s ,  t h e  maximum c l o c k  f r e q u e n c y  i s  o n l y  l i m i t e d  by 

t h e  r e s o l u t i o n  o f  i t s  d e v i c e  and d e s i g n  t e c h n o l o g i e s  and 

t h e  r a t e  a t  which t h e  i n p u t  s i g n a l  i s  c h a n g i n g .
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CHAPTER 8

APPLICATION OF THEORETICAL RESULTS

The two primary g o a l s  o f  t h i s  r e se ar ch are  to  d e v e l o p  

th e  u n d e r l y i n g  p r i n c i p l e s  and r e l a t i o n s h i p s  d e s c r i b i n g  the  

i n t e g r a t e d  synchronous  system composed of  the  l o g i c  path,  

t h e  r e g i s t e r s ,  and t h e  c l o c k  d i s t r i b u t i o n  n e tw o rk  and t o  

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

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

p r i n c i p l e s .

Thi s  cha pt er  d e s c r i b e s  a d e s ig n  procedure ,  us i ng  the  

v a r i o u s  t h e o r i e s ,  a l g o r i t h m s ,  and e qu at io ns  d e v e l o p e d  in  

C h a p t e r s  2 t h r o u g h  7,  f o r  a n a l y z i n g  and d e s i g n i n g  h i g h  

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

procedure ,  which embodies t h e s e  p r i n c i p l e s ,  assumes the  

f o l l o w i n g  c o n d i t i o n s :

A) t h e  d i g i t a l  s y s t e m  i s  composed o f  m u l t i p l e  

p a r a l l e l  data  p a t h s ,  each composed of  a v a r i a b l e  number of  

l o g i c  s t a g e s  w i t h  a s i n g l e  i n i t i a l  r e g i s t e r  and f i n a l  

r e g i s t e r  a t  the  ends of  each data path,  as  re p r e s e n te d  by 

F i g u r e  8 .1 .

B) t h e  d e s i r e d  f u n c t i o n a l  r e q u i r e m e n t s  o f  th e  

system are  known and understood.

129
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G) t h e  t i m i n g  i s  f u l l y  s y n c h r o n o u s  ( i , e . .  t h e r e  

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

f o r  t h e  e n t i r e  s y s te m ) .

D) t h e  s y s t e m  m u s t  be  o p t i m i z e d  t o  m e e t  

e x t r e m e l y  h ig h  performance  g o a l s .

_A-

.A-

------- Bf

- A

^ T Tj T
-------- @ - * M

A

F ig u r e  8 . 1 :  R e p r e s e n t a t i v e  Synchronous D i g i t a l  System
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1)  R e p r e s e n t a t i v e  D e s i g n  Problem

As d e s c r i b e d  t h r o u g h o u t  t h i s  d i s s e r t a t i o n ,  t h e  f o c u s  

o f  a l l  h i g h  pe r fo r m a n c e  s y n c h r o n o u s  d i g i t a l  s y s t e m s  i s  t o  

move d a t a  a s  q u i c k l y  a s  p o s s i b l e  from one r e g i s t e r  t h r o u g h  

some l o g i c a l  e l e m e n t s  and l a t c h e d  c o r r e c t l y  i n t o  t h e  n e x t  

r e g i s t e r .  A l l  d a t a  p a t h s  can be r e p r e s e n t e d  by t h e  s i m p l e  

d i a g r a m  shown i n  F i g u r e  8 . 1 ,  no m a t t e r  w h e r e  t h e  d a t a  

s i g n a l  o r i g i n a t e d ,  w h e r e  i t s  d e s t i n a t i o n  i s ,  o r  w ha t  

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

The d e s i g n  pr o b le m  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  can  

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

a b s t r a c t i o n :

1)  s y s t e m  d e s i g n  -  t o  p a r t i t i o n  t h e  f u n c t i o n a l  

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

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

s a t i s f y i n g  t h e  p e r f o r m a n c e  ( d a t a  t h r o u g h p u t  and c l o c k  

f r e q u e n c y )  r e q u i r e m e n t s  o f  t h e  s y s t e m .

2) l o g i c  d e s i g n  -  t o  s e l e c t  t h e  l o g i c  f u n c t i o n s  

t h a t  im pl em ent  t h e  f u n c t i o n a l  r e q u i r e m e n t s  o f  t h e  s y s t e m  

w h i l e  o p t i m i z i n g  t h e  f l o w  o f  d a t a  s i g n a l s  from t h e  i n i t i a l  

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

p a t h .

3)  c i r c u i t  l e v e l  -  t o  o p t i m a l l y  d e s i g n  t h e  

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

k e y  d a t a  and c l o c k  s i g n a l s  s o  a s  t o  m a x i m i z e  t h e  d a t a  f l o w
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th r o u g h  t h e  c r i t i c a l  p a t h s  and s u c c e s s f u l 1 v l a t c h  t h e  d a ta  

i n t o  t h e  f i n a l  r e g i s t e r .

4 )  d e v i c e  l e v e l  -  t o  c h o o s e  a d e v i c e  an d  

i n t e r c o n n e c t  t e c h n o l o g y  w h i c h  p e r m i t s  t h e  d e s i g n  o f  an 

i n t e g r a t e d  s y s t e m  w h i c h ,  w i t h  t h e  a f o r e m e n t i o n e d  

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

p er fo rm a n ce  g o a l s  o f  t h e  t o t a l  s y n c h r o n o u s  s y s t e m .

2)  S y s t e m a t i c  D e s i g n  Approach

T h e  d e s i g n  o f  m o s t  s y s t e m s  u s e s  a t w o - p r o n g e d  

a p p r o a c h :  1 )  a t o p - d o w n  d e s i g n  f l o w  i n  w h i c h  e a c h  

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

e s t i m a t e s  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  l o w e r  l e v e l s ,  and 

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

and 2)  a b o t to m -u p  app roach i n  whi ch  t h e  l o w e r  l e v e l s  a re  

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

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

d e n s i t y ,  power,  and per fo rm anc e  r e q u i r e m e n t s  o f  t h e  t o t a l  

s y s t e m .  Most h i g h  p er fo rm a n ce  d e s i g n  e f f o r t s  u t i l i z e  both  

a p p r o a c h e s  c o n c u r r e n t l y ,  c o n s t a n t l y  f e e d i n g  back,  bo th  up 

and down, u s e f u l  c o n s t r a i n i n g  i n f o r m a t i o n  u n t i l  t h e  t o t a l  

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

d e s i g n  s y s t e m s  a r e  c u r r e n t l y  i n  e x i s t e n c e  t o  a c c e l e r a t e  

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

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

d e s i g n  t a s k s .
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Th«s f o l l o w i n g  f i v s  s u b s e c t i o n s  d e s c r i b e  t h e  d e s i g n  

s t e p s  a p p r o p r i a t e  f o r  t h e  i m p l e m e n t a t i o n  o f  a h i g h  

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

s y s t e m  i s  p a r t i t i o n e d  i n t o  p i p e l i n e d  d a t a  p a t h s  b a s e d  on 

c e r t a i n  assu med s y s t e m s  r e q u i r e m e n t s .  T h i s  i s  d e s c r i b e d  

i n  t h e  f i r s t  s u b s e c t i o n .  I f  u n d e r l y i n g  c i r c u i t  

c h a r a c t e r i s t i c s  m u s t  be  d e t e r m i n e d ,  t h e n  a b o t t o m - u p  

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

be a p p l i e d  t o  d e t e r m i n e  t h e  l o c a l  l o g i c  s t a g e ,  r e g i s t e r ,  

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

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

c a n  be  d e r i v e d  by d e t a i l e d  o p t i m i z a t i o n  o f  t h e  c l o c k  and 

d a t a  s i g n a l s .  T h e s e  a r e  d i s c u s s e d  i n  t h e  f i n a l  two  

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

i m p o r t a n t  d e s i g n  e q u a t i a n s  d e v e l o p e d  w i t h i n  t h i s  

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

d e s i g n  e q u a t i o n s  h a s  b e e n  p r o v i d e d  i n  t h e  p r e v i o u s  

c h a p t e r s .

P a r t i t i o n i n g  t h e  D a ta  P a t h s

As d i s c u s s e d  i n  d e t a i l  i n  C h a p te r  7 ,  s y n c h r o n o u s  d a t a  

p a t h s  a r e  commonly p a r t i t i o n e d  i n t o  m u l t i p l y  c a s c a d e d  d a t a  

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

s y n c h r o n o u s  s y s t e m .  The  l i m i t i n g  e q u a t i o n s  q u a n t i f y i n g  

t h e  maximum c l o c k  f r e q u e n c y  a r e  d e s c r i b e d  i n  C h a p t e r  3 and 

a r e  g i v e n  by e q u a t i o n s  ( 3 . 2 )  and ( 3 . 3 )  b e l o w .  The  maximum
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f r s a a s n c v  a  f  s. sync hrono us  d ■>0 ■> 1 avstpin i s  c o n s t r a i n e dW  ■». ^  J  W M W  M W  O  ^  ’ ~~ J  ■— ~  —  — -

by t h e  d a t a  p a t h s  w i t h  t h e  g r e a t e s t  Tpp + Tggg^ d e l a y .  

T h e s e  d a t a  p a t h s  a r e  d e f i n e d  t o  be t h e  c r i t i c a l  w o r s t  c a s e  

t im in g  pa th s  o f  th e  syst em .

^PD “ ^c-Q + ^ l o g i c  + ^ i n t  + "^set-up 

TPD + TSKEW 1  Tc l o c k  p e r i o d  = 1 / f c l k

A l l  d a t a  p a t h s  and t h e i r  c l o c k  skew w h i c h  l i m i t  t h e  

maximum c l o c k  f r e q u e n c y  o f  t h e  s y s t e m  s h o u l d  be  

p a r t i t i o n e d  i n t o  s m a l l e r ,  f a s t e r  da ta  pa th s  when d e s i g n i n g  

h ig h performance  synchro nou s  d i g i t a l  s y s t e m s .  As shown in  

F i g u r e  7 . 2 ,  d e s i g n  e q u a t i o n s  a r e  d e s c r i b e d  i n  C h a p t e r  7 

which de te r m in e  th e  c l o c k  f r e q u e n c y  f o r  a s p e c i f i e d  data  

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

p i p e l i n i n g  o f  a performance  l i m i t e d  da ta  path .  Equa t ions  

d e s c r i b i n g  t h i s  d e s i g n  paradigm are  shown below:

D es i gn Space C o n s tr a in e d  by Maximum Data Throughput

f e l k  > Dt “ N TfN 

TeM dT

M < DT -  N TfN

( 7 . 1 3 )

( 7 . 1 4 )
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D e s i ° n  S^ace C o n s t r a in e d  bv Maximum Clock Freauencv— - --- - r—-      --------  •• -----  ' *■  — -

N T
M =

fN

^Clock P e r i o d  ~ "̂eM
( 7 . 1 5 )

°T = N TfN + M TeM ( 7 . 4 )

Opt imal Choice  o f  Data Throughput  and Clock Frequency

Nopt  = _L_ t̂REG^TREG + TSKEW) ( 7 . 2 3 )
fN

A d d i t i o n a l  e q u a t i o n s  r e l a t i n g  th e  da ta  th ro u g h p u t ,  c l o c k  

f r e q u e n c y ,  and p i p e l i n i n g  e f f i c i e n c y  a r e  p r o v i d e d  i n  

C h a p t e r  7.  I m p l i c i t  t o  a l l  o f  t h e s e  e q u a t i o n s  i s  t h e  

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

r e g i s t e r s ,  l o g i c  s t a g e s ,  and c l o c k  d i s t r i b u t i o n  n e t w o r k  

a r e  known.  I f  t h e s e  a t t r i b u t e s  must  be d e t e r m i n e d ,  t h e n  

th e  f o l l o w i n g  t h r e e  s u b s e c t i o n s  s h o u l d  be f o l l o w e d .

D ete rm in in g  t h e  L o g ic  Path  D e la y s

As d i s c u s s e d  i n  C h a p t e r  6 ,  t h e  t o t a l  d e l a y  t h r o u g h  an 

N s t a g e  da ta  path can be d e s c r i b e d  by e q u a t i o n  (6 .8 )  where

N
TPD " Tc-Q + E Tf i  + Ts e t - u p  1=1

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

composed o f  a lumped RC i n t e r c o n n e c t  s e c t i o n  and a s i n g l e  

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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



136

t r a n s c e n d e n t a l l v  by e q u a t i o n  ( 6 . 4 )  or  a p p r o x i m a t e d  by 

e q u a t i o n  ( 6 . 6 ) .

Once t h e  d e l a y  o f  e a c h  i n d i v i d u a l  l o g i c  s t a g e  h a s  

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

d a ta  pat h ,  T^jj, can be de term in ed .

D ete rm in in g  t h e  R e g i s t e r  Delay  C h a r a c t e r i s t i c s

As d i s c u s s e d  i n  Chapters  5 and 6,  th e  c i o c k - t o - Q  and 

s e t - u p  c h a r a c t e r i s t i c s  can  be d e t e r m i n e d  f o r  e a c h  d a t a  

p a t h .  In  s e c t i o n  3 o f  C h a p t e r  6 ,  d e s i g n  e q u a t i o n s  f o r  

T g e t _ u p  a r e  shown t o  d ep en d  upon w h e t h e r  t h e  d a t a  s i g n a l  

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

These  d e s i g n  e q u a t i o n s  a r e  g i v e n  be low:

Ts e t -u p D  jTD-C + |VTp|/kc “ TfN+l + TQVTn| ( 6 . 1 9 )

The c l o c k - t o - Q  d e l a y  i s  de term ine d from t h e  summation 

o f  t h e  t i m e  d e l a y s  d e r i v e d  from e q u a t i o n s  ( 5 . 1 ) ,  ( 5 . 2 ) ,  

and ( 5 . 9 )  s a t i s f y i n g  t h e  t h r e s h o l d  r e q u i r e m e n t s  o f  t h e  

f i r s t  l o g i c  s t a g e  d e f i n e d  by e q u a t i o n  (6 .2 ) .

( 6 . 6 )

P o s i t i v e  D a t a - t o - C l o c k  Skew

N e g a t i v e  D a t a - t o - C l o c k  Skew

( 6 . 2 1 )
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Vl o g l  = VTn +j. 5 1VDSj ( 6 *2)

D e te r m in in g  t h e  Clock Skev C h a r a c t e r i s t i c s

As d i s c u s s e d  i n  C h a p t e r s  3 ,  4 ,  6 ,  and 7 ,  t h e  c l o c k  

d i s t r i b u t i o n  network can e i t h e r  h i n d er  or h e l p  th e  f l o w  of  

d a t a  i n  a sy nc hro nou s  d i g i t a l  sy s t em .  Depending upon th e  

n a t u r e  o f  t h e  c a s c a d e d  d a t a  p a t h s ,  one  can d e s i g n - i n  

a d d i t i o n a l  n e g a t i v e  c l o c k  skew t o  improve  the  speed o f  the  

c r i t i c a l  p a t h s  w h i l e  i n s u r i n g  t h a t  1) no minimum  

c o n s t r a i n t s  o c c u r  (Tpp < n e g a t i v e  T gggy)  and 2) no new 

maximum c o n s t r a i n t s  occur  ( t h e  p r e v i o u s  data  path d o e sn ' t  

be come t h e  c r i t i c a l  w o r s t  c a s e  p a t h  w i t h  t h e  a d d i t i o n  o f  

p o s i t i v e  c l o c k  skew).

To d e te r m in e  th e  magnitude and l e a d / l a g  b e h a v i o r  of  

t h e  c l o c k  d i s t r i b u t i o n  n e t w o r k ,  one  must  d e t e r m i n e  t h e  

c l o c k  d e l a y  o f  e a c h  c l o c k  p a t h  a s  d i s c u s s e d  i n  C h a p t e r  4 

and summarized by e q u a t i o n  ( 4 .5 ) .

TCDii  = S TBa + 2 TINTb a lo n g  path i  ( 4 . 5 )  
a b

The c l o c k  skew b e t w e e n  any two c l o c k  p a t h s ,  i  and j ,  

w i t h i n  t h e  same c l o c k  d i s t r i b u t i o n  ne tw o r k  i s  g i v e n  by 

e q u a t i o n  ( 4 . 6 ) .

TSKEWij = TCDii  " TCDjj ( 4 . 6 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A fTK , 1 A A 1/ AU A f da fo  n a fh  r* a n Ko ma H o mnr o

n e g a t i v e  by ad d in g  d e l a y  e l e m e n t s  t o  t h e  c l o c k  pa th  t o  t h e  

f i n a l  r e g i s t e r ,  s e p a r a t e  from  t h e  c l o c k  p a t h  t o  t h e  

i n i t i a l  r e g i s t e r ,  T g f i  [ s e e  e q u a t i o n s  ( 4 . 7 )  and ( 4 . 8 ) ] .  

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

i n i t i a l  r e g i s t e r  t o  t h e  f i n a l  r e g i s t e r ,  t h e  magn itud e  and 

l e a d / l a g  b e h a v i o r  o f  t h e  c l o c k  skew i s  g i v e n  by e q u a t i o n

( 8 . 1 ) ,  where T ^ g y  can be n e g a t i v e  or  p o s i t i v e  a s  shown i n  

F i g u r e  3 . 3  and T f ^ i i  i s  t h e  c l o c k  d e l a y  t o  t h e  i n i t i a l  

r e g i s t e r  an d  T ^ p ^ f  i s  t h e  c l o c k  d e l a y  t o  t h e  f i n a l  

r e g i s t e r  f o r  e a c h  l o c a l  d a t a  pa th .

TSKEW 3 TCDii  “ TCDff ( 8 *1 )

T h u s ,  o n c e  t h e  d e l a y  and c l o c k  s k e w  c h a r a c t e r i s t i c s  

o f  t h e  d a t a  p a t h  h a v e  b e e n  d e t e r m i n e d ,  t h e  d a t a  p a t h  can  

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

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

a c h i e v e d  by s h a p i n g  t h e  w aveforms t o  m in im iz e  t h e  s e t - u p  

and c l o c k - t o - Q  t i m e s .  F i n a l l y ,  t h e  o v e r a l l  t h r o u g h p u t  can  

be i m p r o v e d  by u s i n g  c l o c k  sk ew  when a p p r o p r i a t e  a s  

d e s c r i b e d  i n  t h e  p r e v i o u s  s u b s e c t i o n .  G r e a t e r  s p e e d  

enh anc em ents  a r e  p o s s i b l e  by s h a p in g  p o r t i o n s  o f  c e r t a i n  

s i g n a l  w a v e f o r m s  f o r  maximum p e r f o r m a n c e  i m p r o v e m e n t .  

These  a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n .
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As d i s c u s s e d  i n  C h a p t e r s  5 and 6 ,  t h e  c l o c k  and d a t a

i n p u t  w a v e fo r m s  a t  t h e  f i n a l  r e g i s t e r  can be d e s i g n e d  to

perform the  f u n c t i o n a l  requi rements  o f  t h e s e  two s i g n a l s

a s  q u i c k l y  a s  p o s s i b l e .  The pr im ary p u r p o s e  o f  t h e  

r e g i s t e r  i s  t o  l a t c h  t h e  d a t a  s i g n a l  upon a r r i v a l  o f  t h e  

c l o c k  s i g n a l .  N e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n s  f o r  

l a t c h i n g  data  i n t o  a b i s t a b l e  r e g i s t e r  are rep ea ted  below:

1: VCLK < VDD + VTp ( 5 . 3 9 )

2 :V DATA > V1 ogRF ( 6 . 1 4 )

3: Al V2out  + A2VCLK > 0 ( 5 . 4 1 )

4: Bl Vl o u t  + B2VDATA > 0 ( 5 . 4 2 )

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

i n p u t  o f  t h e  r e g i s t e r ,  kjj+ £,  i s  g i v e n  by e q u a t i o n  ( 6 . 1 1 ) ,  

where  ^ l o g R f  i s  g i v e n  by e q u a t i o n s  ( 6 . 2 )  and ( 6 . 1 4 ) .  

Thus, e q u a t io n  (6 .11)  d e s c r i b e s  how the  output  waveform of

VlogRf
kN+1 = ------------------------------------------------------------------------

TN + l [ exP ( - Tf N + l / TN+l) + Tf N + l / TN+l “ ^

( 6 . 11)

the  f i n a l  l o g i c  s t a g e  sh o u ld  be de s i gn ed  so as  to  s a t i s f y  

a s p e c i f i c  T£jf+j ,  assuming and Tjj+  ̂ are known.
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The c l o c k  s i g n a l  d u r i n g  r e g i o n  1,  VjjD t o  Vqq + VTp, 

i s  a l s o  o f  key  i m p o r t a n c e  s i n c e  t h i s  t i m e  r e p r e s e n t s  

wasted t ime.  T h e r e f o r e ,  the  s l o p e  o f  the  waveform i n  t h i s  

r e g i o n  o f  i n t e r e s t ,  r e p r e s e n t e d  by th e  ramp k c i n  eq u a t io n

( 5 . 1 )  , sh o u ld  be as  l a r g e  as  p o s s i b l e .

*i - IWM
Analyz ing  Synchronous Data Paths

The a p p r o a c h  u s e d  t o  d e t e r m i n e  t h e  maximum c l o c k  

frequ enc y o f  a p i p e l i n e d  data  path i s  as  f o l l o w s :

1) For  e a c h  i n t e r c o n n e c t  and l o g i c  s t a g e  i n  a 

d a t a  p a t h ,  c a l c u l a t e  T ^  from e q u a t i o n  ( 6 . 6 )  by u s i n g  

e q u a t i o n s  (6.2)  to  determine  V i 0gi» T  ̂ i s  determined from 

th e  RC i n t e r c o n n e c t  impedance (and d i s c u s s e d  i n  more depth  

i n  C h a p ter  2 ) ,  and e q u a t i o n s  ( 6 . 1 2 ) ,  ( 4 . 2 1 ) ,  amd ( 4 . 2 2 )  

are  used to  determine  k^.

2) C a l c u l a t e  Tg e t _ Up from e q u a t i o n  ( 6 . 1 7 )  by 

u s i n g  e q u a t i o n  ( 6 . 1 0 )  f o r  Tfjj+ j and e q u a t i o n s  ( 6 . 1 8 )  and

( 5 . 1 )  f o r  Tl a t c h .

3)  C a l c u l a t e  Tc_ q f ro m  e q u a t i o n s  ( 5 . 2 )  and

( 5 . 9 ) .

4)  Combine t h e  r e s u l t s  o f  1,  2,  and 3 a b o v e  to  

g i v e  th e  t o t a l  data  path d e l a y  Tpp, as  d e f i n e d  by eq ua t ion  

( 6 . 8 ) .
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5)  The  d e l a y  o f  e a c h  o f  t h e  two c l o c k  s i g n a l  

p a t h s  a r e  d e t e r m i n e d  by summing t h e  i n t e r c o n n e c t  and  

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

( 4 . 9 )  . The  i n t e r c o n n e c t  d e l a y  i s  d e r i v e d  f rom  e q u a t i o n s

( 4 . 1 0 )  and ( 4 . 1 2 )  t o  ( 4 . 1 8 )  and t h e  b u f f e r  d e l a y  from  

e q u a t i o n s  ( 4 . 1 1 ) ,  ( 4 . 2 0 ) ,  ( 4 . 2 3 ) ,  and ( 4 . 2 4 ) .  T h i s  w i l l  

p r o v i d e  t h e  minimum and maximum d e l a y  o f  ea ch  c l o c k  path .  

I f  an e s t i m a t e  o f  t h e  c l o c k  p a t h  d e l a y  i s  p r e f e r r e d  o v e r  a 

b o u n d e d  r a n g e  o f  v a l u e s ,  t h e n  t h e  a v e r a g e  o f  t h e  minimum 

and maximum d e l a y  c a n  be  u s e d  t o  a p p r o x i m a t e  t h e  c l o c k  

d e l a y .

6 )  Once  e a c h  o f  t h e  c l o c k  d e l a y s  h a v e  b e e n  

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

c l o c k  skew i s  g i v e n  by e q u a t i o n  ( 8 . 1 ) .

7 )  W i t h  Tpjj and Tg g g ^  d e t e r m i n e d ,  t h e  maximum 

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

e q u a t i o n  ( 3 . 3 ) .

By a d d in g  d e l a y  t o  e i t h e r  t h e  i n i t i a l  or  f i n a l  c l o c k  

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

n e t w o r k  c a n  be c h a n g e d ,  a s  d e s c r i b e d  by e q u a t i o n s  ( 4 . 9 )  

and ( 8 . 1 ) .  T h u s ,  i f  n e g a t i v e  c l o c k  sk e w  i s  d e s i r e d  i n  

o r d e r  t o  i n c r e a s e  t h e  c l o c k  f r e q u e n c y  o f  a p a r t i c u l a r  da ta  

p a t h ,  a d d i t i o n a l  d e l a y  e l e m e n t s  s h o u l d  be a d d e d  t o  t h e  

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

p a t h .  O n c e  Tq d j £ i s  i n c r e a s e d ,  s t e p s  5 t h r o u g h  7
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d e s c r i b e d  a b o v e  s h o u l d  be f o l l o w e d  t o  d e t e r m i n e  t h e  

i n c r e a s e d  c l o c k  f r e q u e n c y  o f  t h e  da ta  path .

Thus i n  s e c t i o n  2 o f  t h i s  c h a p t e r ,  a p r o c e d u r e  f o r  

d e s i g n i n g  and a n a l y z i n g  h i g h  p e r f o r m a n c e  s y n c h r o n o u s  

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

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

f o l l o w i n g  s e c t i o n  some e x a m p l e  s y s t e m s  a r e  d e s i g n e d  and 

a n a l y z e d  w i t h  t h i s  p ro cedu re  f o r  d e s i g n i n g  i n t e g r a t e d  hig h  

performance  synchronous  s y s t e m s .

3) I l l u s t r a t i v e  D e s i g n  Examples

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

d e s c r i b e d  and s o l v e d  u s i n g  th e  i n t e g r a t e d  d e s i g n  approach  

d i s c u s s e d  i n  t h i s  c h a p t e r .  The f i r s t  example  i s  a n a l y z e d  

t o  de term in e  i t s  c i r c u i t  c h a r a c t e r i s t i c s  and v a l i d a t e d  by 

comparing t h e  r e s u l t s  o f  t h e  d e s i g n  procedur e  d e v e l o p e d  i n  

t h i s  c h a p t e r  t o  t h a t  o f  SPICE; t h e r e b y ,  q u a n t i f y i n g  t h e  

r e l a t i v e  a ccu rac y  o f  t h i s  d e s i g n  approach by comparing i t  

t o  e x a c t  n u m e r ic a l  s o l u t i o n s  o f  t h e  n o n l i n e a r  d i f f e r e n t i a l  

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

d e s c r i b e s  how our d e s i g n  approach can be used to  improve  

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

l i t e r a t u r e .  In  t h e  t h i r d  e x a m p l e ,  a s y s t e m s  l e v e l  

s p e c i f i c a t i o n  i s  d e f i n e d  f o r  d a t a  t h r o u g h p u t ,  r e q u i r i n g  

t h e  maximum l a t e n c y  and minimum c l o c k  f r e q u e n c y  t o  be
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d e t e r m i n e d  w h i l e  t h e  f o u r t h  e x a m p l e  q u a n t i f i e s  how 

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

synchronous performance.

Example 1: Use o f  Des ign Procedure to  Analyze

Synchronous Data Paths  

In t h i s  example a r e p r e s e n t a t i v e  data  path ,  shown in  

F i g u r e  8 . 2 ,  i s  a n a l y z e d  t o  d e t e r m i n e  i t s  p e r f o r m a n c e  

c h a r a c t e r i s t i c s ,  p e r m i t t i n g  th e  maximum c l o c k  freq ue nc y o f  

the  data path and i t s  r e l a t e d  c l o c k  d i s t r i b u t i o n  network  

t o  be  d e t e r m i n e d .  The r e l a t i v e  a c c u r a c y  o f  t h e s e  

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

a l g o r i t h m i c a l l y  d e r i v e d  performance c h a r a c t e r i s t i c s  with  

t h a t  o f  SPICE u s i n g  L e v e l  1 Sh ic h m a n -H o d g e s  d e v i c e  

eq u a t io n s  [ 5 4 ] .  Note t h a t  t h i s  example i s  composed o f  an 

i n i t i a l  r e g i s t e r  R^, f o u r  s t a g e s  o f  l o g i c  an d  

i n t e r c o n n e c t ,  and a f i n a l  r e g i s t e r  Rj.  T y p i c a l  v a l u e s  of  

i n t e r c o n n e c t  r e s i s t a n c e  and c a p a c i t a n c e  f o r  a 1 to  3 

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

path i s  composed of  four  s e r i a l l y  cascaded l o g i c  s t a g e s :  a 

two i n p u t  NAND g a t e ,  an i n v e r t e r ,  a t h r e e  i n p u t  NOR g a t e s 

and a second i n v e r t e r .
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F i g u r e  8 . 2 :  Example o f  an I n t e g r a t e d  Sync hrono us  Data  Path

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

c h a r a c t e r i z e  t h e  d e v i c e  t e c h n o l o g y :

K' = 2 . 1 5 8  X 10  ̂ A m p e r e s / v o l t ^

X = 0 . 0 5  V o l t s - 1

UQ = 500 c m ^ / v o l t - s e c o n d

L = 2  m ic r o m e t e r s  

W = 20 m i c r o m e t e r s
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1/,C

Co
A AAe _ J ____jff _ _ _ J=  U t U U J  p i c u i a i a u s

Cw = 0 . 0 0 1  p i c o f a r a d s

VTn = 1 Vol t

VTP = - 1  Vol t

kCLK = 2 . 5  V o l t s / n s

The s t e p s  d e s c r i b e d  i n  t h e  s u b s e c t i o n  on a n a l y z i n g  

synchronous data  pat hs  were a p p l i e d  i n  the  a n a l y s i s  o f  the

f o u r s t a g e d a t a  p a t h d e p i c t e d i n  F i g u r e 8 . 2 .  The

p e r f ormance c h a r a c t e r i s t i c s were compared wi th  SPICE

simu l a t i o n s o f  t h e  same c i r c u i t  an d a r e  shown i n  T a b l e

8 . 1 .

Eauat ion Algo r i thm ic SPICE Error

tpd ( 6 . 8 ) 5 .3 7 n s . 5 . 5 3  n s . 3.0%

t skew ( 8 . 1 ) - 0 . 8 7 n s . - 0 . 8 1  n s . 6.9%

f  e l k ( 3 . 3 ) 222 .1 Mhz. 211 .9  Mhz. 4 = 6%

Table  8 . 1 :  Comparison o f  A lg or i thm ic  R e s u l t s  with  

SPICE S im u la t io n

T h u s ,  a s  sho wn i n  T a b l e  8 . 1 ,  t h e  p e r c e n t a g e  

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

c l o c k  f r e q u e n c y  and t h e  SPICE g e n e r a t e d  maximum c l o c k  

f r e q u e n c y  i s  und er  5%. In a d d i t i o n ,  SPICE d o e s  not  

d i r e c t l y  p r o v i d e  th e  t o t a l  d e l a y  o f  a path s i n c e  the  s e t 

up t i m e  o f  a r e g i s t e r  c a n n o t  be d i r e c t l y  d e t e r m i n e d  but
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i n s t e a d  must  be !!b a c k e d  i n t o ” by d e c r e a s i n g  t h e  c l o c k  

" p e r i o d  u n t i l  th e  r e g i s t e r  no l o n g e r  c o r r e c t l y  l a t c h e s  the  

d a t a .  T h e r e f o r e ,  not  o n l y  doe s  t h e  a l g o r i t h m i c  approach  

compare f a v o r a b l y  w i t h  SPICE i n  a n a l y z i n g  t h e  performance  

c h a r a c t e r i s t i c s  o f  a d a t a  p a t h  b u t  a l s o  t h e  s e t - u p  t i m e  

can  be  d i r e c t l y  d e t e r m i n e d  and c l o s e d  form s o l u t i o n s  o f  

a l l  o f  t h e  k e y  c i r c u i t  d e l a y  c h a r a c t e r i s t i c s  o f  a 

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

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

c h a r a c t e r i s t i c s  o f  th e  d e v i c e  and i n t e r c o n n e c t  t e c h n o l o g y .

Example 2: Performance  A d v a n t a g e s  o f  I n t e g r a t e d  

Synchronous  D e s i g n  Approach 

The approach o f  i n v e s t i g a t i n g  how performance  becomes  

l i m i t e d  i n  sy nc hro nou s  d i g i t a l  s y s t e m s  by em ph as i z in g  th e  

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

m a x i m i z i n g  any one  s u b s y s t e m  i s  n o v e l  and t h e r e f o r e  

d i f f i c u l t  t o  compare w i t h  ex a m p le s  p u b l i s h e d  i n  th e  open 

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

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

t y p i c a l l y  t h e  l o g i c  pat h ,  and r e f e r e n c e  how th e  r e g i s t e r  

and c l o c k i n g  s t r a t e g y  must  s u p p o r t  t h e i r  i n n o v a t i v e  

c i r c u i t ,  l o g i c ,  or  t e c h n o l o g y  i m p r o v e m e n t s .  T h u s ,  a 

v a r i e t y  o f  e x c e l l e n t  c i r c u i t  t e c h n i q u e s  h a v e  b e e n  

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

recommend ways to  improve  th e  performance  o f  a l o g i c  path.
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R e c e n t l y ;  i n  a p a p e r  bv Yuan and S v e n s s o n  [ 7 1 ] ,  t h e  

im po r ta nc e  o f  t h e  t o t a l  sync hrono us  sy st em  i s  ment ioned;  

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

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

f u n c t i o n a l i t y  o v e r  t h e  o p t i m i z a t i o n  o f  t h e  e n t i r e  

sy nc hro nou s  problem. In order  t o  compare and q u a n t i f y  th e  

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

d i s s e r t a t i o n  t o  t h a t  o f  th e  open l i t e r a t u r e ,  our r e s u l t s  

w i l l  be a p p l i e d  t o  t h e  a p p r o a c h  d e s c r i b e d  i n  [ 7 1 ] .  In  

t h i s  paper ,  t h e y  d e v e l o p  a c i r c u i t  t e c h n i q u e  named TSPC-2 

(True S i n g l e - P h a s e - C l o c k )  w h i c h  s t a t i c a l l y  i m p l e m e n t s  a 

c l a s s i c a l  dyn am ic  c i r c u i t  d e s i g n  a p p r o a c h  by i n s e r t i n g  

f u l l y  l a t c h i n g  r e g i s t e r s  i n t o  t h e  da ta  path and r e p l a c i n g  

t h e  m u l t i - p h a s e  p r e c h a r g e  c l o c k  s i g n a l s  w i t h  a s i n g l e 

p h a s e  c l o c k  s i g n a l .  They compare  t h i s  c i r c u i t  d e s i g n  

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

t e c h n i q u e s  [ 7 2 , 7 3 ]  and show s i g n i f i c a n t  i m p r o v e m e n t  i n  

l o g i c  d e l a y .

The r e s e a r c h  r e s u l t s  d e v e l o p e d  i n  t h i s  d i s s e r t a t i o n  

can  f u r t h e r  e x t e n d  t h e i r  p e r f o r m a n c e  i m p r o v e m e n t s  by 

c o n s i d e r i n g  th e  i n t e r a c t i o n s  o f  th e  i n t e g r a t e d  sy nc hrono us  

s y s t e m .  Thu s ,  c o n c e p t s  s u c h  a s  1) s h a p i n g  t h e  c l o c k  and 

d a t a  s i g n a l s  t o  m i n i m i z e  t h e  s e t - u p  t i m e  and c l o c k - t o - Q  

d e l a y  by l a t c h i n g  th e  dat a  s i g n a l  as  q u i c k l y  a s  p o s s i b l e ,  

2) u s i n g  n e g a t i v e  c l o c k  skew t o  d e c r e a s e  t h e  r e q u i r e d  

c l o c k  p e r i o d ,  and 3)  a p p l y i n g  p i p e l i n i n g  t e c h n i q u e s  to
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o p t i m i z e  t h e  s y s t e m  d a t a  f l o w  a r e  e i t h e r  n o t  c o n s i d e r e d  

or o n l y  su m m a r i l y  m e n t i o n e d .  In  a d d i t i o n ,  no q u a n t i t a t i v e  

d e s i g n  e q u a t i o n s  or  r e l a t i o n s h i p s  a r e  p r o v i d e d  and a l l  th e  

pe r fo r m a n c e  d a t a  d e s c r i b i n g  t h e i r  t e c h n i q u e  a r e  g e n e r a t e d  

d i r e c t l y  from SPICE.

S i n c e  no t e c h n o l o g y  p a r a m e t e r s  a r e  p r o v i d e d  i n  [ 7 1 ] ,  

i t  i s  d i f f i c u l t  t o  q u a n t i t a t i v e l y  e x t e n d  t h e i r  r e s u l t s .  

H o w e v e r ,  an e f f o r t  t o  q u a n t i f y  p o s s i b l e  p e r f o r m a n c e  

i m p r o v e m e n t s  ha s  be en made and i s  d e s c r i b e d  b e l o w .

In  t h e i r  p a p e r ,  t h e  maximum e x t r a p o l a t e d  p er for m anc e  

o f  t h e i r  3 m i c r o m e t e r  5 v o l t  CMOS t e c h n o l o g y  i s  4 0 0 - 5 0 0  

Mhz. a s  d e r i v e d  from t h e i r  SPICE s i m u l a t i o n s .  A c c e p t i n g  

t h e i r  e s t i m a t e d  minimum s i n g l e  s t a g e  d e l a y  o f  0 .8  ns .  and 

p i p e l i n i n g  e v e r y  l o g i c  s t a g e ,  t h e  r e g i s t e r  d e l a y  ( c l o c k -  

t o - Q  and s e t - u p )  and c l o c k  s k e w  o f  t h e i r  c i r c u i t ,  Te , i s  

i n  t h e  r a n g e  o f  1 . 2 - 1 . 7  n s .

As d e s c r i b e d  i n  Chapter  5 ,  a l l  s t a t i c  r e g i s t e r s  h a v e  

a minimum t i m e  r e q u i r e m e n t  f o r  l a t c h i n g  d a t a  w h i c h  i s  a 

f u n c t i o n  o f  t h e  r e g i s t e r  and i t s  i n p u t  w a v e f o r m s .  I f  we 

c o m b i n e  t h i s  minimum l a t c h i n g  t i m e  w i t h  n e g a t i v e  c l o c k  

skew,  t h e n ,  f o r  t h e  l i m i t i n g  c a s e  where  Te =0,  t h e  maximum 

p e r f o r m a n c e  o f  t h e i r  3 m i c r o m e t e r  CMOS t e c h n o l o g y  i s  a 

t h e o r e t i c a l  1.25  Ghz. (12 50  Mhz.) .  T h i s  r e p r e s e n t s  a 2 5 0 -  

312.5% i m p r o v e m e n t  o v e r  t h e i r  s c a l e d  s i m u l a t e d  c l o c k  

f r e q u e n c y  a ss um in g  t h e  same t e c h n o l o g y .  I t  a l s o  r e t a i n s  

t h e  l o g i c  d e l a y  o f  0 . 8  n s .  a s  a m a r g i n  o f  e r r o r  f o r
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n i * A ^  a o o  o  n  ^  r )  a o  i '  r »  «  o f i  A n  T  ■f* u o  i  n  a  r  « a  o  o  o  T  h  n  a~ ~ ~ ~ ~ , ~~ - - ------ -  - -  -  *e "  -

p r a c t i c a l  v a l u e  o f  0 . 5  n s . ,  t h e  maximum p o s s i b l e  c l o c k

f r e q u e n c y  i s  7 6 9 . 2  Mhz . ,  r e p r e s e n t i n g  an i m p r o v e m e n t  i n

s p e e d  o f  1 5 3 . 8 - 1 9 2 . 3 %  o v e r  t h e  a u t h o r s '  u l t i m a t e

a c h i e v a b l e  maximum p e r f o r m a n c e .

T h u s ,  t h i s  e x a m p l e  d e s c i b e s  how an i n t e g r a t e d  

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

i n t e r a c t i o n s  be tw e e n  t h e  l o g i c  s t a g e s ,  t h e  r e g i s t e r s ,  and 

t h e  c l o c k  d i s t r i b u t i o n  n e t w o r k  c o u l d  b e  u s e d  t o  

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

s o l e l y  by o p t i m i z i n g  t h e  d e l a y  th ro u g h  t h e  l o g i c  s t a g e s .

Example  3: D e r i v a t i o n  o f  C l o c k  Fr equ enc y  f o r  a S p e c i f i e d  

Data  Throughput

T h i s  e x a m p le  a s s u m e s  t h a t  t h e  d e l a y  c h a r a c t e r i s t i c s  

o f  a p i p e l i n e d  d a t a  p a t h  a r e  known and t h e  f o c u s  o f  t h e  

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

s h o u l d  be c l o c k e d  w h i l e  n o t  e x c e e d i n g  a s p e c i f i e d  d a t a  

t h r o u g h p u t  g o a l .  T h i s  e x a m p l e  can  be e x p l a i n e d  i n  t h e  

c o n t e x t  o f  F i g u r e  7.2 where  Diyjj^x c a n n o t  be e x c e e d e d  w h i l e  

p r o v i d i n g  a s  h i g h  a c l o c k  f r e q u e n c y  a s  p o s s i b l e .  T h u s ,  

t h e  a p p r o p r i a t e  l e v e l  o f  p i p e l i n i n g  t o  maximize  f^LK wh i l e  

s a t i s f y i n g  t h e  c o n s t r a i n t  on D^ i s  d e t e r m i n e d  by t h e  

i n t e r s e c t i o n  o f  t h e  D.p and c u r v e s ,  d e f i n i n g  b o t h  M

and f CLK*
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E q u a t i o n s  ( 7 . 1 3 )  and ( 7 . 1 4 )  c a n  be u s e d  t o  d e t e r m i n e  

t h e  a p p r o p r i a t e  c l o c k  f r e q u e n c y  and l a t e n c y ,  r e s p e c t i v e l y ,  

w h e r e  i t  i s  n o t e d  t h a t  TeM i s  t h e  a v e r a g e  TggQ + T g g g y  o f  

ea ch  l o c a l  d a t a  pa th  a l o n g  t h e  g l o b a l  p i p e l i n e d  d a t a  p a th .

f CLK > dt “ N TfN ( 7 . 1 3 )

TeMDT

M < Dt -  N TfN ( 7 , 1 4 )

T . .*en

T h u s ,  f o r  a 1 0 0  s t a g e  d a t a  p a t h  w h e r e  t h e  a v e r a g e  

s t a g e  d e l a y  Tpjj and a v e r a g e  r e g i s t e r  and s k e w  d e l a y  Te[  ̂

a r e  b o t h  2 n s . ,  f(jLK an<* ^ c a n  d i r e c t l y  d e t e r m i n e d  f o r  

a g i v e n  t a r g e t  Dip a s  shown i n  F i g u r e  8 . 3 .  I f  D-p m us t  be

F i g u r e  8 . 3 :  Example o f  D e s i g n  Paradigm w i t h  C o n s t r a i n i n g  

Maximum Data Throughput
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l e s s  chan 3GG n s , ,  th e n  t h e  iuBa luiuiu 1 s b e n c  jr , f  j. o w e q u a t i o n  

( 7 . 1 4 ) ,  i s  50 l o c a l  d a t a  p a t h s ,  M (51 p i p e l i n e  r e g i s t e r s ) .  

T h u s ,  two l o g i c  s t a g e s  p e r  l o c a l  d a t a  p a t h ,  n = 2 ,  i s  

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

t a r g e t  d a t a  t h r o u g h p u t  o f  300 n s . ,  t h e  d a t a  must  f l o w  from  

r e g i s t e r  t o  r e g i s t e r  a maximum o f  e v e r y  6 n s .  ( T g + 2 

Tfjj ),  f o r  a minimum c l o c k  f r e q u e n c y  o f  166.7  Mhz,

Example 4:  D e r i v a t i o n  o f  Data Throughput  f o r  a S p e c i f i e d  

C lo c k  F requen cy  

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

d e t e r m i n e d  f o r  a s p e c i f i e d  c l o c k  f r e q u e n c y  ( o r  maximum 

c l o c k  f r e q u e n c y ) .  T h i s  e x a m p l e  c a n  be  e x p l a i n e d  i n  t h e  

c o n t e x t  o f  F i g u r e  7 .2  where  i n  t h i s  c a s e  t h e  maximum c l o c k  

f r e q u e n c y ,  n o t  t h e  maximum d a t a  t h r o u g h p u t ,  c o n s t r a i n s  th e  

d e s i g n  s p a c e .  The a p p r o p r i a t e  l e v e l  o f  p i p e l i n i n g  t o  

m i n i m i s e  Dj w h i l e  s a t i s f y i n g  ^clkMAX i s  d e t e r m in e d  by t h e  

i n t e r s e c t i o n  o f  t h e  c l o c k  p e r i o d  and t h e  fcLKMAX c u r v e s * 

d e f i n i n g  bo th  M and D^.

E q u a t i o n s  ( 7 . 4 )  and ( 7 . 1 5 )  c a n  be  u s e d  t o  d e t e r m i n e  

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

f o r  a g i v e n  maximum c l o c k  f r e q u e n c y .

DT -  N TfN + M TeM ( 7 . 4 )
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M
NTfN

( 7 . 1 5 )
^ C lo c k  P e r i o d  ~ ^eM

T h u s ,  f o r  a 1 0 0  s t a g e  d a t a  p a t h  w h e r e  t h e  a v e r a g e  

s t a g e  d e l a y  Tfjj i s  2 n s .  and t h e  a v e r a g e  r e g i s t e r  and skew  

d e l a y  Tg jj i s  5 n s . ,  Dij. a n d  M c a n  b e  d i r e c t l y  d e t e r m i n e d  

f o r  a s p e c i f i e d  c l o c k  f r e q u e n c y  a s  sh o w n  i n  F i g u r e  8 . 4 .  

I f  t h e  maximum c l o c k  f r e q u e n c y  i s  4 0  Mhz. ( t h e  c l o c k  

p e r i o d  i s  25  n s . ) ,  t h e n  t h e  l a t e n c y ,  g i v e n  by e q u a t i o n  

( 7 . 1 5 ) ,  i s  10 l o c a l  d a t a  p a t h s ,  M (11  p i p e l i n e  r e g i s t e r s ) .  

T h e s e  t e n  l o c a l  d a t a  p a t h s  a d d  5 0  n s .  t o  t h e  d a t a  

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

250 n s .

F i g u r e  8 . 4 :  Example  o f  D e s i g n  Paradi gm  w i t h  C o n s t r a i n i n g  

Maximum C l o c k  F r e q u e n c y
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Example 5: Use o f  N e g a t i v e  C lo c k  Skew t o  Improve Maximum 

Clock Frequency  

T h i s  example  q u a n t i f i e s  how n e g a t i v e  c l o c k  skew can 

be u s e d  t o  i n c r e a s e  t h e  maximum c l o c k  f r e q u e n c y  o f  a 

sy n ch ron ou s  d i g i t a l  sy s t em  composed o f  m u l t i p l e  p a r a l l e l  

d a t a  p a t h s .  F i g u r e  8 .5  d e p i c t s  two p a r a l l e l  d a t a  p a t h s .  

The f i r s t  c o n s i s t s  o f  25 l o g i c  s t a g e s  w i t h  an a v e r a g e  

s t a g e  d e l a y  o f  2 n s .  w h i l e  t h e  s e c o n d  r e q u i r e s  45  l o g i c  

s t a g e s  and h a s  an a v e r a g e  s t a g e  d e l a y  o f  2 .5  n s .  The 

r e g i s t e r  d e l a y  o f  t h e s e  c i r c u i t s  i s  5 n s .  I n  o r d e r  t o  

m a x i m i z e  t h e  s p e e d  o f  t h e s e  c i r c u i t s ,  a n e g a t i v e  c l o c k  

sk ew  o f  4 n s .  i s  b u i l t  i n t o  t h e s e  d a t a  p a t h s .  Thus from  

e q u a t i o n  ( 7 . 2 3 ) ,  NQpt  f o r  p a t h  1 i s  a p p r o x i m a t e l y  one  

l o g i c  s t a g e  p e r  d a t a  p a t h  a s  i s  a l s o  p a t h  2.  I f  we make 

t h e  a ss u m p t io n  t h a t  th e  a v e r a g e  s t a g e  d e l a y  i s  th e  a c t u a l  

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

t h e n  p a t h  1 r e q u i r e s  an a d d i t i o n a l  44 r e g i s t e r s .  The 

o v e r a l l  sy s t e m  c l o c k  f r e q u e n c y  i s  g i v e n  by e q u a t i o n s  (6 .8 )  

and ( 3 . 3 )  and i s  c o n s t r a i n e d  by p a t h  2 ,  s i n c e  t h e  a v e r a g e  

s t a g e  d e l a y  i s  l a r g e r .  The c l o c k  p e r i o d  i s  TggQ + Tjjt + 

^SKEW f ° r a t o t a l  o f  3 .5  n s .  T h u s ,  t h e  maximum p o s s i b l e  

c l o c k  f r e q u e n c y  o f  t h i s  syn chr on ous  d i g i t a l  sy s t e m ,  u s i n g  

a n e g a t i v e  c l o c k  skew o f  4 n s . ,  i s  2 8 5 . 7  Mhz. For an 

i d e a l  c l o c k  d i s t r i b u t i o n  sy st e m ,  where Tgggy e q u a l s  0 n s . ,  

t h e  maximum c l o c k  f r e q u e n c y  i s  1 3 3 . 3  Mhz. I f  t h e  c l o c k
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skew i s  f u r t h e r  i n c r e a s e d  i n  t h e  p o s i t i v e  d i r e c t i o n ,  t h e  

maximum c l o c k  f r e q u e n c y  w i l l  d e c r e a s e  f u r t h e r .

R« Rf

Path 1 -  N = 25 Stages

Cl
Tjj, = ?.0 ns.

cf

F ig u r e  8 . 5 :  Example C i r c u i t  w i t h  Two P a r a l l e l  Data Paths  

4)  Summary

The u s e  o f  an i n t e g r a t e d  s y n c h r o n o u s  s y s t e m  d e s i g n  

approach which c o n s i d e r s  th e  i n t e r a c t i o n s  among th e  l o g i c  

p a t h ,  t h e  r e g i s t e r s ,  and t h e  c l o c k  d i s t r i b u t i o n  n e t w o r k  

has been summarized and demonstr ated  w it h  fo u r  e xam p le s .  

C l o s e  a g r e e m e n t  ( l e s s  t h a n  5% e r r o r )  b e t w e e n  t h e  d e s i g n  

e q u a t i o n s  d e v e l o p e d  i n  t h i s  d i s s e r t a t i o n  and SPICE was  

dem onstrated  f o r  a r e p r e s e n t a t i v e  c i r c u i t  a n a l y s i s  problem  

as  shown i n  T a b le  8 .1 .  Examples  d e p i c t i n g  how synchro nou s
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p e r f o r m a n c e  c a n  be  i m p r o v e d  o v e r  s t a n d a r d  o r  e v e n  

a g g r e s s i v e  c i r c u i t  d e s i g n  a p p r o a c h e s  w ere  d e s c r i b e d .  

D e s i g n  e q u a t i o n s  r e l a t i n g  s y s t e m  l e v e l  r e q u i r e m e n t s  i n  

t e r m s  o f  c i r c u i t  and d e v i c e  c h a r a c t e r i s t i c s  w e r e  

d e m o n s t r a t e d .  T h u s ,  t h i s  c h a p t e r  h a s  o u t l i n e d  and  

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

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

d i s s e r t a t i o n  f o r  a p p l y i n g  an i n t e g r a t e d  sy nc hrono us  sy st em  

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

sy nc hro nou s  d i g i t a l  s y s t e m s .
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CHAPTER 9 

DIRECTIONS FOR FUTURE RESEARCH

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

p r i n c i p l e s  o f  h i g h  pe r fo r m a n c e  sy n c h r o n o u s  d i g i t a l  s y s t e m s  

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

Areas  f o r  p o s s i b l e  e x t e n s i o n s  o f  t h e  r e s e a r c h  d e s c r i b e d  i n  

t h i s  d i s s e r t a t i o n  a r e  d i s c u s s e d  i n  t h i s  c h a p t e r .  

I m p r o v e m e n t s  t o  t h i s  r e s e a r c h  a r e  p o s s i b l e  by a p p l y i n g  

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

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

a c c u r a c y .  In a d d i t i o n ,  t h e  i n s e r t i o n  o f  t h e s e  d e s i g n  and 

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

g r e a t l y  a c c e l e r a t e  t h e i r  u s e  i n  t h e  e n g i n e e r i n g  community.  

S p e c i f i c  f e r t i l e  a r e a s  f o r  p o s s i b l e  r e s e a r c h  a r e  d e s c r i b e d  

below :

1)  E x t e n s i o n  o f  C l a s s  o f  A p p l i c a b l e  Sy st em s

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

assume f u l l y  s y n c h r o n o u s  s y s t e m s  w i t h  a s i n g l e  p ha se  c l o c k  

d r i v i n g  a b i s t a b l e  NAND g a t e  r e g i s t e r .  E x t e n s i o n s  t o  t h i s  

work a r e  p o s s i b l e  by c o n s i d e r i n g  more g e n e r a l  s y s t e m s  such  

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

A s y n c h r o n o u s  o r  s e l f - t i m e d  s y s t e m s  [ 7 4 - 7 8 ]  a r e  

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

s y n c h r o n o u s / a s y n c h r o n o u s  s y s t e m s  i n  w h i c h  1)  t h e  g l o b a l  

s y n c h r o n i z a t i o n  i s  a s y n c h r o n o u s ,  c o m m u n i c a t i n g  w i t h  a 

f u l l y  s y n c h r o n o u s  l o c a l  s y s t e m  ( e . g . ,  p a r a l l e l  p r o c e s s o r s  

s u c h  a s  s y s t o l i c  a r r a y s  [ 7 9 - 8 1 ] )  o r  2 )  t h e  g l o b a l  

s y n c h r o n i z a t i o n  i s  f u l l y  s y n c h r o n o u s ,  c o m m u n i c a t i n g  w i t h  

l o c a l  a s y n c h r o n o u s  p e r i p h e r a l  m o d u l e s  ( e . g . ,  c l a s s i c a l  Von 

Neumann a r c h i t e c t u r e  c o m p u t e r s ) .  In  s y s t e m s  w h i c h  r e q u i r e  

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

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

w h i c h  i n c o m i n g  d a t a  s i g n a l s  co m p e te  w i t h  t h e  s y n c h r o n i z i n g  

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

c o n d i t i o n  o f  m e t a s t a b i l i t y  [ 8 2 - 9 7 ]  c a n  s e v e r e l y  d e g r a d e  

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

a r b i t r a t i o n  c i r c u i t r y  [ 9 8 - 1 0 4 ]  i s  c o m m o n l y  u s e d  t o  

" a r b i t r a t e ” b e t w e e n  t h e  tw o  i n c o m i n g  s i g n a l s ,  t h e r e b y  

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

m e t a s t a b l e  s t a t e .  T h e s e  i s s u e s  r e p r e s e n t  an e n t i r e l y  new 

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

s y n c h r o n i z a t i o n  o f  a s y s t e m .
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G e n e r a l i z a t i o n  o f  C lo ck in g  S t r a t e g y  t o  M u l t i - P h a s e  Clocks  

The r e s e a r c h  r e s u l t s  d e s c r i b e d  in  t h i s  d i s s e r t a t i o n  

as su m e  a s i n g l e  p h a s e  c l o c k ,  a s  shown i n  F i g u r e  3 . 3 .  The 

b i s t a b l e  r e g i s t e r ,  d i s c u s s e d  i n  Chapter 5,  r e q u i r e s  o n l y  a 

s i n g l e  p h a s e  c l o c k  t o  l a t c h  t h e  d a t a  s i g n a l s .  Bo th  o f  

t h e s e  t y p e s  o f  c i r c u i t  s t r a t e g i e s  r e p r e s e n t  t h e  most  

common f o r m  o f  s y n c h r o n i z a t i o n  and d a t a  s t o r a g e  

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

H o w e v e r ,  i n  c e r t a i n  c o m p a n i e s ,  m u l t i —p h a s e  c l o c k i n g  

s t r a t e g i e s  ( e i t h e r  two or f o u r  in d ep en d en t  c l o c k  s i g n a l s )  

are  used [ 3 8 , 7 2 , 1 0 5 , 1 0 6 ] .  In t h e s e  d e s i g n s ,  t y p i c a l l y  two 

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

t h r o u g h o u t  t h e  s y s t e m  w i t h  t h e i r  o p p o s i t e  p o l a r i t y  

g e n e r a t e d  and d i s t r i b u t e d  l o c a l l y .  T h e s e  c l o c k  s i g n a l s  

d r i v e  s p e c i a l  r e g i s t e r s ,  e a c h  s y n c h r o n i z e d  by d i f f e r e n t  

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

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

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

performance  o f  th e  d i g i t a l  sys t em.  M u l t i - p h a s e  c l o c k i n g  

s t r a t e g i e s ,  however ,  r e q u i r e  a n o n - a c t i v i t y  t ime s i n c e  th e  

c l o c k  ph ase s  are  not  p e r m i t t e d  t o  o v e r l a p .  T h is  l o s t  t ime  

a s  w e l l  a s  t h e  a d d i t i o n a l  c o m p l e x i t y  and c o n t r o l  

r e q u i r e m e n t s  on t h e  c l o c k  d i s t r i b u t i o n  c i r c u i t r y  due t o  

t h e  a d d e d , c l o c k  s i g n a l s  can p o t e n t i a l l y  c o m p r o m is e  t h e  

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

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

a p p l i c a b i l i t y  t o  t h e  m u l t i - p h a s e  c l o c k i n g  p r o b l e m  and 

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

t h e  problem o f  how m u l t i - p h a s e  c l o c k i n g  i n t e r a c t s  w i t h  th e  

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

synchro nou s  d i g i t a l  s y s t e m s.

Wider V a r i e t y  o f  R e g i s t e r  C i r c u i t s

Chapter  5 d e s c r i b e s  l i m i t a t i o n s  to  l a t c h i n g  dat a  i n t o  

a r e g i s t e r  i n  terms o f  th e  feedb ack l a t c h  mode ( r e g i o n  3) 

i n  a r e g i s t e r .  In orde r  t o  a n a l y z e  t h e s e  c h a r a c t e r i s t i c s ,  

a s p e c i f i c  i m p l e m e n t a t i o n  o f  a r e g i s t e r  was u s e d  (a  CMOS 

b i s t a b l e  NAND g a t e ) .  O th e r  r e g i s t e r  c i r c u i t  d e s i g n s  and 

d e v i c e  t e c h n o l o g i e s  are  a l s o  commonly used in  i n d u s t r i a l  

a p p l i c a t i o n s .  T h e r e f o r e ,  e x t e n s i o n s  t o  t h i s  work w o u ld  

a n a l y z e  th e  r e g i s t e r  l a t c h i n g  b e h a v i o r  o f  o th e r  commonly 

u s e d  d e v i c e  t e c h n o l o g i e s  ( e . g . ,  ECL, TTL, NMOS, E/D GaAs)  

w i t h  d i f f e r e n t  r e g i s t e r  c i r c u i t  c o n f i g u r a t i o n s  ( e . g . ,  

m a s t e r / s l a v e ,  JK) or n o n - l a t c h i n g  r e g i s t e r s  s u c h  a s  

dynamic r e g i s t e r s  [ 7 3 ] .
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2)  More S o p h i s t i c a t e d  Models

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

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

F u r t h e r  a c c u r a c y  can be a t t a i n e d  and more g e n e r a l  p r o b l e m s  

c a n  be a n a l y z e d  by e x t e n d i n g  t h e s e  r e s e a r c h  r e s u l t s  t o  

more s o p h i s t i c a t e d  m o d e l s .  S p e c i f i c  e x a m p l e s  a r e  p r o v i d e d  

b e l o w .

More A c c u r a t e  CMOS D e v i c e  Models

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

t r a n s i s t o r s  w e r e  u s e d  i n  b o t h  C h a p t e r  4 and i n  C h a p t e r  5.  

C l a s s i c a l  Shi chman-Hodges  c u r r e n t - v o l t a g e  e q u a t i o n s  [ 5 4 ]  

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

d i s t r i b u t i o n  n e t w o r k s  a s  w e l l  a s  t h e  b i s t a b l e  NAND g a t e  

r e g i s t e r .  A d d i t i o n a l  a c c u r a c y  c a n  be  a t t a i n e d  by u s i n g  

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

[ 1 0 7 ] .  The se  more a c c u r a t e  m o d e l s  would  t i g h t e n  t h e  c l o c k  

sk ew  b o u n d s  a s  w e l l  a s  p r o v i d e  a more p r e c i s e  s m a l l  

s i g n a l  r e p r e s e n t a t i o n  o f  t h e  b i s t a b l e  r e g i s t e r .  

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

o f  gamma f r o m  0 t o  0 . 3 7  V*^, t h e  p e r c e n t a g e  e r r o r

i n c r e a s e s  by o n l y  1.2%. H o w e v e r ,  when t h e  e f f e c t  o f  

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

i n c r e a s e s  f rom  3.7% t o  16.1% ( f o r  t h e  r a n g e  o f  p a r a m e t e r  

v a l u e s  u s e d ) ,  d e p e n d in g  upon t h e  r e l a t i v e  m agni tud e  o f  t h e  

d e v i c e  and l o a d  c a p a c i t a n c e s .
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T ig h te n in g  o f  Clock Skew Bounds

The t i g h t n e s s  o f  t h e  bounds  on c l o c k  d e l a y ,  as  

d i s c u s s e d  i n  C h a p ter  4 ,  i s  d i r e c t l y  d e p e n d e n t  upon t h e  

t i g h t n e s s  o f  the  i n d i v i d u a l  i n t e r c o n n e c t  and b u f f e r  d e la y  

bounds  making up t h e  c l o c k  s i g n a l  p a t h .  R e c e n t  work by 

Wyatt  and o t h e r s  [ 1 0 8 - 1 1 8 ]  d e s c r i b e  e x t e n s i o n s  to  t h e  

P e n f i e l d - R u b i n s t e i n  a l g o r i t h m  [ 4 9 ,5 0 ]  which both t i g h t e n  

and g e n e r a l i z e  t h e  i n t e r c o n n e c t  d e l a y  b o u n d in g  p r o b le m .  

Improved a l g o r i t h m s  f o r  t i g h t e n i n g  the  d e l a y  bounds o f  a 

CMOS b u f f e r ,  a s  w e l l  a s  g e n e r a l i z i n g  t h e  CMOS b u f f e r  t o  

o t h e r  t e c h n o l o g i e s ,  a r e  a l s o  p o s s i b l e  and wor thy  o f  

f u r t h e r  i n v e s t i g a t i o n .  With t i g h t e r  bounds  on b o t h  t h e  

i n t e r c o n n e c t  d e l a y  and the  b u f f e r  d e l a y ,  the  o v e r a l l  c l o c k  

skew bounds a r e  i m p r o v e d ,  t h e r e b y  p e r m i t t i n g  g r e a t e r  

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

synchronous  d i g i t a l  sys t ems.

Improved Models f o r  Data Throughput

The mode l  f o r  d a t a  t h r o u g h p u t  u se d  i n  C ha pt er  7,  

e q u a t i o n  ( 7 . 1 ) ,  r e p r e s e n t s  a s t r a i g h t  f o r w a r d  e x p r e s s i o n  

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

T h i s  e q u a t i o n  m o d e l s  t h e  s y s t e m  a s  a b i t - s e r i a l  

a r c h i t e c t u r e  i n  whi ch  t h e  d a t a  t h r o u g h p u t  i s  t h e  t im e  

r e q u i r e d  f o r  d a t a  t o  s e r i a l l y  p r o p a g a t e  t h r o u g h  a 

p i p e l i n e d  data  path.  More s o p h i s t i c a t e d  e x p r e s s i o n s  f o r  

the  data throughput of  a system e x i s t  which c o n s i d e r  the
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n a t u r e  o f  t h e  s p e c i f i c  f u n c t i o n a l  b e h a v i o r  o f  t h e  s y s t e m  

[ 6 8 , 6 9 , 1 1 9 - 1 2 1 ] .  For ex a m p le ,  s y s t e m  c h a r a c t e r i s t i c s  such  

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

o f  o p e r a t i o n s  per  c y c l e  c o u l d  be u se d  t o  e x p r e s s  t h e  d a ta  

t h r o u g h p u t  o f  a s y s t e m  and p r o v i d e  more s o p h i s t i c a t e d  

r e l a t i o n s h i p s  be tw een c l o c k  f r e q u e n c y  and d a t a  t h r o u g h p u t .

3)  I m p l e m e n t a t i o n  o f  A l g o r i t h m s  i n  D e s i g n  T o o l s

A p r a c t i c a l  e x t e n s i o n  o f  t h e s e  r e s e a r c h  r e s u l t s  i s  

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

d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  i n t o  s p e c i f i c  t y p e s  o f  CAD 

t o o l s .  As d i s c u s s e d  i n  Chapter  4 ,  t h e  c l o c k  skew bounding  

a l g o r i t h m  w o u l d  h a v e  i m m e d i a t e  u t i l i t y  i n  many g e n e r a l  

p u r p o s e  t i m i n g  a n a l y z e r s  [ 5 5 - 5 9 ] .  T h e s e  t o o l s  e v a l u a t e  

w he the r  a sy n c h r o n o u s  d i g i t a l  s y s t e m  s a t i s f i e s  i t s  c l o c k  

f r e q u e n c y  s p e c i f i c a t i o n s  by d e t e r m i n i n g  e x h a u s t i v e l y  th e  

c r i t i c a l  p a t h s  and comparing  t h e  d e l a y  o f  t h e s e  p a t h s  w i t h  

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

a n a l y z e r s  t y p i c a l l y  d o n ' t  c o n s i d e r  c l o c k  ske w a n d ,  a s  

d e s c r i b e d  t h r o u g h o u t  t h i s  d i s s e r t a t i o n ,  c l o c k  skew,  both  

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

p e r f o r m a n c e .

The d a t a  t h r o u g h p u t ,  c l o c k  f r e q u e n c y ,  and l a t e n c y  

a l g o r i t h m s  d e v e l o p e d  i n  C h a p t e r  7 w o u l d  a l s o  be  

a p p r o p r i a t e  f o r  i n t e g r a t i o n  i n t o  c e r t a i n  t y p e s  o f  CAD 

t o o l s ,  s p e c i f i c a l l y  i n  t h e  e m e r g i n g  a r e a  o f  b e h a v i o r a l
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s y n t h e s i s  [ 1 2 2 - 1 2 4 ] .  M i n i m a l  r e s e a r c h  h a s  b e e n  d o n e  on 

p a r t i t i o n i n g  h i g h  l e v e l  s y s t e m s  f o r  maximum p e r f o r m a n c e .  

Much o f  t h e  c u r r e n t  r e s e a r c h  i n  t h i s  a r e a  c o n c e n t r a t e s  on 

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

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

d e v e l o p e d  i n  C h a p t e r  7 c o u l d  p o t e n t i a l l y  e n h a n c e  t h e  

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

t o o l s .
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CHAPTER 10
CONCLUSIONS

The primary contributions of this research involve 
the analysis and integration of the limiting factors 
affecting the performance of synchronous digital systems. 
Specifically, the underlying principles and relationships 
constraining the performance of an integrated synchronous 
system were established. Furthermore, the application of 
these principles into an integrated design approach 
focusing on the design and analysis of high performance 
synchronous digital systems was demonstrated.

These results were developed by partitioning 
synchronous digital systems into three components: the 
logic path, the memory elements, and the clock 
distribution network. The development of an integrated 
approach to the design and analysis of high speed 
synchronous digital systems was made possible by 
investigating how these subsystems interact with each 
other. The three components were first analyzed 
individually and their behavior quantitatively described. 
Then, the interactions of the individual components on 
each other were investigated in terms of how each 
component limits data flow.
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R e l a t i o n s h i p s  were d e v e l o p e d  whic h d e s c r i b e  how th e  

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

Two r e g i m e s  w e r e  shown t o  e x i s t :  p o s i t i v e  c l o c k  s k e w ,

which  o c c u r s  when t h e  c l o c k  s i g n a l  a t  t h e  f i n a l  r e g i s t e r  

Cf o f  a d a t a  p a t h  l e a d s  t h e  c l o c k  s i g n a l  a t  t h e  i n i t i a l  

r e g i s t e r  and n e g a t i v e  c l o c k  s k e w ,  when " l e a d s  C f .  

D e s i g n  e q u a t i o n s  q u a n t i f y i n g  how p o s i t i v e  c l o c k  skew can  

d e g r a d e  t h e  maximum c l o c k  f r e q u e n c y  o f  a d a t a  p a t h  w e r e  

d e s c r i b e d .  N e g a t i v e  c l o c k  skew was shown t o  i n c r e a s e  th e  

maximum c l o c k  f r e q u e n c y  a s  l o n g  a s  s p e c i f i c  minimum t i m i n g  

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

In  o r d e r  t o  i n c l u d e  t h e  e f f e c t s  o f  c l o c k  skew on t h e  

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

an a l g o r i t h m  was  d e v e l o p e d  w h i c h  b o u n d s  t h e  minimum and  

maximum d e l a y  o f  e a c h  c l o c k  s i g n a l  p a th ,  t h e r e b y  bounding  

t h e  c l o c k  sk e w  o f  e a c h  l o c a l  d a t a  p a t h .  D e l a y  b o u n d s  o f  

t h e  d i s t r i b u t e d  i n t e r c o n n e c t  a s s o c i a t e d  w i t h  e a c h  c l o c k  

p a t h  w e r e  d e t e r m i n e d  by f o l l o w i n g  t h e  p a t t e r n  o f  t h e  

F e n f i e l d - R u b i n s t e i n  a l g o r i t h m  f o r  RC n e t w o r k s .  In o r d e r  to  

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

a l o n g  ea ch  c l o c k  s i g n a l  pa th  (assumed f o r  s p e c i f i c i t y  to  

be a CMOS i n v e r t e r ) ,  minimum and maximum v a l u e s  o f  o u t p u t  

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

maximum d e l a y  o c c u r s  when on e  o f  t h e  t r a n s i s t o r s  i s  i n  

s a t u r a t i o n  and t h e  o t h e r  i s  i n  c u t - o f f .  The minimum d e l a y  

o c c u r s  when bo th  d e v i c e s  o p e r a t e  i n  t h e  l i n e a r  r e g i o n .
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T h e s e  two c o n d i t i o n s  p r o v i d e  t h e  s m a l l e s t  and l a r g e s t  

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

c o n d u c t a n c e .  D e l a y  bound s  o f  t h e  i n d i v i d u a l  d i s t r i b u t e d  

i n t e r c o n n e c t  s e c t i o n s  and cas cad ed  b u f f e r s  a l o n g  a c l o c k  

s i g n a l  path are  summed, p r o v i d i n g  a bounded range  o f  c l o c k  

skew f o r  each l o c a l  data  path .

In  o r d e r  t o  e x a m i n e  how t h e  memory e l e m e n t  a f f e c t s  

t h e  performance  o f  h ig h speed da ta  p a t h s ,  t h e  b e h a v i o r  of  

a b i s t a b l e  r e g i s t e r  was a n a l y z e d .  I t  was shown t h a t  t h e  

t r a n s i e n t  r e s p o n s e  o f  a b i s t a b l e  NAND g a t e  r e g i s t e r  can be 

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

a n a l y t i c a l  e x p r e s s i o n s  t o  be d e v e l o p e d  f o r  each r e g i o n  in  

terms o f  th e  s m a l l  s i g n a l  parameters  o f  th e  r e g i s t e r .  Once 

t h e  r e g i s t e r  e n t e r s  i t s  r e g e n e r a t i v e  l a t c h i n g  mode,  

n e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n s  f o r  l a t c h i n g  dat a  i n t o  

a r e g i s t e r  can be d e f i n e d .  From t h i s  r e s u l t ,  th e  l i m i t i n g  

c o n d i t i o n  f o r  l a t c h i n g  dat a  i n t o  a b i s t a b l e  r e g i s t e r  can  

be a n a l y t i c a l l y  e x p r e s s e d .

A g e n e r a l  approach f o r  d e t e r m in in g  t h e  t o t a l  d e l a y  o f  

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

t h e  l o g i c  s t a g e s ,  and t h e  s e t - u p  and h o l d  t i m e s  o f  t h e  

f i n a l  r e g i s t e r  was d e v e l o p e d  i n  t e r m s  o f  t h e  d a t a  and 

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

d e s i g n i n g  and a n a l y z i n g  s y n c h r o n o u s  s y s t e m s  m e r g e s  t h e  

l a t c h i n g  c o n d i t i o n s  o f  th e  r e g i s t e r  and th e  waveform shape  

and skew c h a r a c t e r i s t i c s  o f  th e  c l o c k  s i g n a l  w i t h  th e  data
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s i g n a l  p r o p a g a t i n g  t h r o u g h  t h e  i n t e r c o n n e c t  a n d  l o g i c  

s t a g e s .  From t h i s  p e r s p e c t i v e ,  e q u a t i o n s  f o r  d e s i g n i n g  

a n d  a n a l y z i n g  h i g h  s p e e d  s y n c h r o n o u s  d a t a  p a t h s  w e r e  

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

c h a r a c t e r i s t i c s  o f  t h e  k e y  c i r c u i t  c o m p o n e n t s  i n t o  an  

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

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

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

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

r e l a t i n g  d a t a  t h r o u g h p u t  and c l o c k  f r e q u e n c y  a s  a f u n c t i o n  

o f  t h e  l e v e l  o f  p i p e l i n i n g  was  d e v e l o p e d  f o r  s t u d y i n g  t h e  

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

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

r e l a t i n g  d a t a  t h r o u g h p u t ,  l a t e n c y ,  and c l o c k  f r e q u e n c y  i n  

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

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

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

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

p i p e l i n e d  d a t a  p a t h s  a nd  i s  b a s e d  on a f i g u r e  o f  m e r i t  

d e r i v e d  f ro m t h e  p e r f o r m a n c e  e f f i c i e n c y  o f  p i p e l i n i n g  and  

t h e  c l o c k  f r e q u e n c y .  T h i s  a l g o r i t h m  o p t i m i z e s  t h e  e f f e c t s  

o f  i n c r e a s e d  l a t e n c y  and i n c r e a s e d  c l o c k  f r e q u e n c y  on d a t a  

t h r o u g h p u t  and c a n  be  u s e d  t o  d e t e r m i n e  t h e  o p t i m a l  number  

o f  l o g i c  s t a g e s  b e t w e e n  p i p e l i n e  r e g i s t e r s  a s  a f u n c t i o n  

o f  t h e  a v e r a g e  s t a g e  d e l a y  o f  t h e  g l o b a l  d a t a  p a t h ,  t h e  

d e l a y s  i n h e r e n t  t o  t h e  r e g i s t e r ,  a nd  t h e  c l o c k  s k e w .
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T h e s e  r e s u l t s  h a v e  u t i l i t y  t o  s y s t e m s  l e v e l  d e s i g n  by 

p e r m i t t i n g  h i g h  l e v e l  p e r f o r m a n c e  and f u n c t i o n a l  

p a r t i t i o n i n g  r e q u i r e m e n t s  t o  be d e f i n e d  i n  t e r m s  o f  low  

l e v e l  c i r c u i t  d e t a i l s .

A s t r u c t u r e d  d e s i g n  p r o c e d u r e  was d e s c r i b e d  wh ic h  

s u m m a r i z e s  and i n t e g r a t e s  t h e  p r i m a r y  d e s i g n  e q u a t i o n s  

d e v e l o p e d  th ro u g h o u t  t h e  d i s s e r t a t i o n .  S p e c i f i c  emphasis  

was p l a c e d  on i n t e g r a t i n g  t h e  r e s u l t s  i n t o  a c o h e r e n t  

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

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

which s i g n i f i c a n t  performance  improvements  were a c h i e v e d .  

T h e s e  e q u a t i o n s  f o r  t h e  d e s i g n  and a n a l y s i s  o f  h i g h  

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

a p p l i c a t i o n  t o  r e p r e s e n t a t i v e  e x a m p l e  c i r c u i t s  and  

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

i n s i g h t  i n t o  how t h e  performance  o f  syn chr on ous  s y s t e m s  i s  

a f f e c t e d  by c i r c u i t  and m a t e r i a l  c h a r a c t e r i s t i c s .  Des ign  

e q u a t i o n s  r e l a t i n g  s y s t e m  l e v e l  r e q u i r e m e n t s  such as  c l o c k  

f r e q u e n c y  and l a t e n c y  f o r  a s p e c i f i e d  da ta  thr oug hpu t  and 

s e t  o f  c i r c u i t  c h a r a c t e r i s t i c s  w e r e  d e m o n s t r a t e d  and 

c o n s i d e r e d  i n  terms o f  i t s  e f f e c t  on t h e  d e s i g n  paradigm.

F u rth er  e x t e n s i o n s  t o  t h i s  r e s e a r c h  e f f o r t  were a l s o  

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

a p p l i e d  t o  a g r e a t e r  v a r i e t y  o f  s y s t e m s .  Recommended  

f u t u r e  a r e a s  o f  i n v e s t i g a t i o n  would ex ten d  t h e s e  r e s u l t s
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t o  a w i d e r  c l a s s  o f  c l o c k i n g  s t r a t e g i e s  and p r o v i d e  more 

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

b e h a v i o r .

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

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

c i r c u i t  l e v e l  d e t a i l s  su ch  a s  waveform s h a p e s  and s i g n a l  

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

d a t a  t h r o u g h p u t .  T h i s  p e r s p e c t i v e  was  m e r g e d  i n t o  an 

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

c o n s i d e r s  t h e  i n t e r a c t i o n s  among t h e  v a r i o u s  c o m p o n e n t  

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

h i g h  per fo rm an ce  s y n c h r o n o u s  d i g i t a l  s y s t e m s .

The i n t e g r a t e d  s y n c h r o n o u s  s y s t e m  d e s i g n  a p p r o a c h  was 

shown t o  be i n s t r u m e n t a l  i n  m a s i m i z i n g  t h e  p e r f o r m a n c e  o f  

s y n c h r o n o u s  d i g i t a l  s y s t e m s .  T h i s  ap p roach  can be us ed  to  

e x t e n d  t h e  p er fo rm a n ce  g a i n s  a c h i e v e d  by t h e  enhancement  

o f  t h e  i n d i v i d u a l  componen ts  o f  a s y n c h r o n o u s  s y s t e m  and 

t h e r e b y  p e r m i t  t h e  s y s t e m  t o  o p e r a t e  a t  i t s  maximum 

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

d e t a i l e d  a n a l y s e s  o f  c l o c k  d i s t r i b u t i o n  n e t w o r k s  and  

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

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

fu n d a m e n t a l  p er fo rm a n ce  l i m i t a t i o n s .
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10 REM Linear Model using Laplace Transforms -- Vt(t)
20 REM Two Parallel Bistable NAND Gates with a Ramp Input Signal 
30 REM Small Signal Ana 1ysis-Changing Clock and Data Input Signals 
40 REM V10UTCD.BAS 5/16/88
50 READ VTP,VTN,VD0,E,C1,C2,K1,K 2,TAU 
60 DATA -I , 1,5,5,-15e-12,.15e-t2,le+9,te+9,le-9
70 REM Region 1: Input clock signal above Vdd + Vtp and no current can flow 
80 TD1 - ABS(VTP)/K1 
90 REM
100 REM Region 2 * Open Loop System (One Time Constant System)
110 REM Operating Point at 2.0 ns (Vclk “ 3.00 volts)
120 READ GMN,GN1, GN2,GMP
130 DATA 2.?62e-5*3.920e-4;8.510e-4s2:158e-4
140 DELTA2 - 5E-U
150 GDS - GN1*GN2/(GN1 + GN2)
160 6MPRIME ■ GMri/(i + GN1/GN2)
170 A - GMPRIME + GMP - GMPRIME*GMN/(GN1 + GN2 + GMN)
180 B - GDS - GMPRIME*GNI/(GN1 + GN2 + GMN)
190 FOR T - 0 TO 2.5E-08 STEP DELTA2 
200 VDATA - K2«(T+TD1-TAU)
210 IF VDATA < 0 THEN VDATA “ 0 
220 E2 - VDD + VTP
230 V0UT1 • (K1*A*C1/BA2)*(EXP((-B/C1)*T) + (B/C1)*T - 1)
240 PRINT 11 Vou 11 ("T+TDl" ) - * VOUT1 , VDATA
250 TD2 - T
260 V0UT23 - V0UT1
270 IF VDATA < VTN GOTO 290
280 IF V0UT1 >« VTN GOTO 320
290 IF VOUT1 >- VDD + VTP GOTO 800
300 NEXT T
310 REM
320 REM Region 3: Closed Loop System (Two Time Constant System)
330 REM Operating Point at 3.35 ns (Vclk » 1.65 volts, Vout * 2.5 volt
340 READ GMP1A,GMP2A,GMN1A,GMN2A,GN2A
350 DATA 3,237e-6ft.720e-4,2.l58e-7,t.942e-6,6.422e-4 
360 READ GMN1B,GMN2B, GN2B,GMP1B,GPlB,GMP2B,GP2B
370 OATA l.444«-4,2.851e-4,4.061e-4,2.158e-4,0,2.190e-4,1.079«-6 
380 A1 - (GMN1A*GMN2A/(GN2A + GMN1A)) - GMP1A 
390 A2 - '(GMNIA«GN2A/(GN2A + GMN1 A)) - GMP2A 
400 GA - 0
410 B1 - (GMN2B/(1 + (GN2B/GMN18))) - GMP1B 
420 B2 - GMN18*GN2B/(GMN1B+GN2B) * GMP2B 
430 GB - GP18 + GP2B
440 Q - SQR((GA/C1)“2 + (GB/C2)A2 - 2*GA*G8/(Cl*C2) + 4*A1*B1/(Cl*C2))
450 ALPHA1 - (-(GA/C1 + GB/C2) + Q)/2 
460 ALPHA2 - (-(GA/C1 + GB/C2) - Q)/2 
470 0 - GB/C2 
480 0ELTA3 - 5E-11
490 FOR T - 0 TO 2.5E-08 STEP DELTA3 
500 VDATA - K2*(T + TD1 + TD2 - TAU)
510 E3 * E2 - TD2*K1 
520 UT - 1
530 EPSILON3 - DELTA3/4
540 IF T < E3/K1-EPS ILON3 THEN UTK-0 ELSE UTK-1
550 RtA - (ALPHA1-D)*EXP(-ALPHA1*T)/(ALPHA1»(ALPHA2-AIPHA1))
Ok

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



184

( A L P H A 2 - D ) « E X P ( - A L P H A 2 * T ) / ( A L P H A 2 * ( A L P H A 1 - A L P H A 2 ) )
0 / ( A L P H A l * A L P H A 2 )

» V0UT23 * 1 E+09 * (R1A + R2A + R3A) 
( ( - A L P H A 1 + D ) * E X P ( - A L > H A 1 * T ) ) / ( A L P H A 1 A2 * ( - A L P H A 1 + A L P H A 2 ) )  
( ( - A L P H A 2 + D ) * E X P ( - A L P H A 2 * T ) ) / ( A L P H A 2 A2 * ( - A L P H A 2 + A L P H A 1 ) }
(ALPHAI  * AL P H A 2 * ( 1 + D * T ) - D * ( ALPHA1+ALPHA2) ) / ( ALPHA1A2 * ALPHA2A2)
DC -  ( ( - A L P H A 1 + D ) * E X P ( - A L P H A 1 * ( T - E 3 / K 1 ) ) ) / ( A L P H A 1 A2 * ( -A L P H A 1 + A L P H A 2 ) )  
DC -  ( ( - A L P H A 2 + D ) * E X P ( - A L P H A 2 * ( T - E 3 / / ' 1 ) ) ) / ( A L P H A 2 A2 * ( - A L P H A 2 + A I P H A 1 ) )  
DC -  ( A L P H A ! * A L P H A 2 * ( 1 + D * ( T - E 3 / K 1 ) )

- D * ( A L P H A 1 + A L P H A 2 ) ) / ( A L P H A 1 A2*ALPHA2A2)
-  - ( ' A 2 / C 1 ) * K 1 * (  (R lC+R2C+R3C)  *UT -  ( R i  DC+R2DC+R3DC) *UTK ) 

( E X P ( - A L P H A 1 « T ) ) / ( A L P K A ! ' 2 * ( - A L P H A 1 + A L P H A 2 ) )
( E X P ( - A L P H A 2 « T ) ) / ( ALPHA2A2 * ( - ALPHA2+ALPHA1 ) )

560 R2A *
570 R3A - 
580 V0UT1A 
530 R1C ®
600 R2C - 
610 R3C - 
620 REM Rl 
630 REM R2 
640 REM R3
650 V0UT1C 
660 RID =
670 R2D -
6S0 R3D = (ALPHA!«ALPHA2*T-(ALPHAI + ALPHA2))/{ALPHA!A2«ALPHAS A2)
690 REM RlDO - (EXP(-ALPHA!*(C-VDATA/K2)))/(ALPHA1A2*(-ALPHA1+ALPHA2))
700 REM R2D0 - ( EXP ( -ALPHA2* (T-V0ATA/K2) ) )/(ALPHA.2A 2 *  ( - ALPHA2+ALPHA1))
710 REM R300 - ((ALPHA!*ALPHA2*(T-VDATA/K2))

-(ALPHA1+ALPHA2))/(ALPHA!A2*ALPHA2A2)
720 V0UT1D - -(A1*B2/(C1»C2)*K2*((R1D+R2D+R3 0)»UT - (RlDD+R2 DD+R3 00)*UTK)) 
730 V0UT1 - VOUTIA + V0UT1C + VOUTIO
740 PRINT "Vou 11(“T+TD2+T01“) - "V0UT1 + VOUT23,VOUTIA(V0UT1C, V0UT10,VDATA 
750 REM PRINT R1,R2,R3 
760 TD3 - T
770 V0UT34 - V0UT1 + VOUT23
780 IF V0UT1 + V0UT23 >- 3.5 GOTO 810
790 NEXT T
800 V0UT34 - V0UT23
810 REM
820 REM Region 4: Closed Loop System (Two Time 
830 REM Operating Point at 4.00 ns (Vclk -
340 READ G14A,G24A 
850 DATA 5.158e-5,4.92Qe-4 
860 GA4 - G14A + G24A 
870 DELTA4 - IE-10
880 FOR T - 0 TO 2.5E-08 STEP 0ELTA4 
890 VOUT1 “ VDO - (VDO-VOUT34)*EXP(-T*(GA4/C1))
900 PRINT "Volit 1 ( "T+TD3+TD2+TD1 " ) « MV0UT1 
910 IF V00 - VOUT1 < .001 GOTO 930 
920 NEXT T 
930 PRINT
940 REM Region 2 Parameter Values 
950 PRINT "GMPRIME is "GMPRIME", Gds "GDS", A 
960 PRINT
970 REM Region 3 Parameter Values 
980 PRINT "A1 is "Al", A2 is" A2", and GA is^GA 
930 PRINT “SI is "Bt", B2 is "82ns and GB is"GB 
1000 PRINT "Q is “Q", ALPHAl is“ALPHA1", ALPHA2 
1010 PRINT '
1020 REM Region 4 Parameter Values 
1030 PRINT " GA4 isHGA4 
1040 PRINT
1050 PRINT E2,E3,E4,TD1.TD2.T03 
1060 END 
Ok

Constant System) 
1.00 volts t Vou t 4.28 volts)

s MAM, and B i s

is "ALPHA2". and D is"D

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r . F u rth er  r e p r o d u c tio n  p r o h ib ite d  w ith o u t p e r m is s io n .


