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ABSTR A CT

In order to be cost—e f fective , digital circuit s

im plemented in MOS large scale integration (LSI) are desiFned

= 
w i t h  c lose reg ar d to optimality . Three criteria — power

d iss i p at ion , c h i p  ar e a ( c o s t) , and  speed — are balanc ed to

• - produce a final circuit. Current practices involve a

significant amount of s imulat ion to determ ine the most

satisfactory tra de—offs. This project is concerned with the

prec iction of optimal values of cert .ain design parameters

for  a g i v e n  f u n c t i o n  of the above three criteria .

This paper first develops a simplified model for

MOS/LSI circuits. Using this model , equations are derived

for circu it spee d , power dissipation , and area. These

e q u a t i o n s  are expre s sed  as functions of’ the channe ]

d i m e n s i o n s of ‘ the MOS t r an s i st o r s  and of the  degree  of

p ipelining of’ the  c i r c u i t .

These three equations , an d their pairw ise p ro duct s, are

then optimized . The relationships between the eauations and

the parameters are examined. The effects and trade—offs of

particular design choices are described.
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1. I N T R O D U C T I O N  AND B A C K G R O U N D

1.1 Introduction

In the design of a di gi t.al circuit or system , many

alternatives exist for implementation. Large Scale

Integration (LSI) is an implementation technology which is

• being used increasingly. Metal Oxide Semiconductor (MOS)
• I.

• d e v i c e s  h a v e  been a d o m i n a n t  t e c h n o l o g y  for  LSI for  m a n y

years , boasting extremely hi gh densities (gates/integrated

-- c ircuit) an d low product ion costs .  In add it ion , in density

an d cost—effectiveness MOS technology has maintained a rapid

rate of improvement ever since its inception . The process

cons idered  here  is N — c h a n n e l  MOS w i t h  d e p l e t i o n  loads .  A l l .

• logic is assumed to be r at i o  l og i c .  The r e s u l t s  a lso  hold

• • for  P — c h a n n e l  hut  t hey  do not~ a p p l y  to  c o mp l e m e n t a ry  MC~S

(CMOS ) , because ratio logic , wh ile predom inant in N and P

c h a n n e l  c i r c u i t s , Is not  u t i l i z e d  in C MO S . The d e p l e t i o n

load appears  to he the  d o m i n a n t  cho ice  in c u r r e n t

I
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 1 • • • = - • • • •  ,,.- • ~~~~~~~~~~~~~~ ~

~~~~~~~~~~~~~~~ I~S .~~x~• L  4& - --a 
~~~~~~ •-‘-1~••: — • - —• ~~~~~~~~~~~~~~~~~~~~~~~~



p ‘
~~~~ ~~~~~~ —•• •• 

-
~

— — ‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
------ -— ________________________

2

s i n g l e — c h a n n e l  (P  or N )  d e v i c e s .
j

On ce the decision to imp l ement a given circuit i~

M O S/LSI  is m a de , t h e  c i r c u i t  des i~~~er h~~s i~~ny ~~ c i s i o r .s to

mak e. For som e sy s te~:s , th~ lo g ic  ~z~~U ro t , f i t  e c r - n c m i c a l ’

o n t o  one i n t eg r a t e d  c i r c u i t  ( I C )  a n d  m u s t  he p a r t i t i o n e d  -
•

• appropriately. When the circuit de~ i,qne r is f i n a l l y  r ee ’~v

to i m p l e m e n t  a g i v e n  l og i c  c i r c u i t  w i t h i ~ an IC , t h~~re  a r e

still many parameters w i t h  w h i c h  to he concerned . These

f a l l  i n t o  three major c~ tegories — 1) nar~ r’eters related to

the processin g to be used , 2) rararnote rs related to the

i n t e n d e d  o p e r a t in g  e n v i r o n m e n t  of t h e  IC , a n d  3) ~~r2m eter s

over  w h i c h  th e  d e s ign e r  h a s  d i r e c t , c on t r o l .

Process  n~ r a m e t er s  d i c t a t e  to  the  d e s ign e r  t h e  m i n i m a

a nd m a x i m a  imposed  to a c h i e v e  r e sp ec t a b le  \ ‘ields  or the  IC

~‘rod u c t i on  l i n e .  These i n c lu d e  such  t h i n g s  as m i n i ~~u’s m e ta ]

l i n e  w i d t h s  a n d  m i n i m u m  t r a n s i s t o r — t n —  t r a n s i s t o r  sp a c i n g .

Env i ronm ental paramet ers di ct~ te the re~ ’jir ed interface

from the IC to the outside world . They includ e temperature

-H ranges , and signal rewi i rement,s for hoth i n p u t  ~nd outp ’i~..

• Power s u p p l y  v o l t ag e s  a re  o f t e n  sp e c i f i e d , a1th ou ~ h t h e

c i r c u i t  d e s i g n e r  m ay  h a v e  some d i s c r e t i o n  in  o rde r  to  ‘~eet

o er f o r m a n c e  c r i t e r i a .  P roce s s  an d  r f l v j~~ofl~~~~ t -p l r ’r — e t e r s

are  c o n s t r a i n t s  and  ho u n d s  fr o g  ~~~ ci r c u i t .  ~~~~~~~~~ ~ner ’ •‘~ 4 ~
of v i e w .

-
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The remaining parameters are the primary tools o~ t h e

‘ircuit designer. Thus , the number of param eters which are

tot all y at the desi gner ’s disposal is quite small. In

MOS/LSI , they are effect ively only the channel dimensions of

the MOS transistors. These directly affect circuit speed ,

power , an d area , wh ich is related to circuit cost.

All of the above parameters are utiflzed to achieve

some d esign goal — minimum cost , m aximum speed , mini m um

power dissipation , or some combination of these. This parer

dea l s  w i t h  the  r e l a t i o n s h i p s  b e t w e e n  t h e  v ar i o u s  m o a l s  as

evidenced by their dependence on the channel dimensions of

• the transistors. In addition , the effect of pipelinin g is

examined as an additional tool of the circuit designer.

As the semiconductor industry considers much of its

data proprietary, raw numbers are not available. It is the

intent of’ this paper to provide a first order , or

approx imate , character ization of MOS/LSI. Thus , the  r es u l t s

• 
, •. will include coefficients which are unevaluated . Comments

an d conclusions on the form of thes e results are p resen ted ,
• 

‘
~~ 

including the trade—off’s implied. Readers with access to

the  actual figures in the industry should be ab le to

calculate values for the coeff ic ients and obt a in f i rst or der

numerical results.

The logic design of the circuit to be Implemente d is

consi dered to be frozen , as the ont imal i ty of a lo gi c de s ig n

is not within the scope of’ this paper. Given a p articular

• • • • • i • .- • - •  ‘- - • • • - • 
~~• • .— • 

~~~~~~ c
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logic circuit , then , how can a circuit designer choose ‘, 

=

app ro p r iate channel d imensions an d , noss i bly , the degree of’

pipelining desired? In the remain der of this chaper ,

ne cess ary background in ~OS digital device .s is nrovided .

Theses topics include MOS trans istor cneration , MOS d igital

inv er ters , t he fleta r a t i o  conc ep t , ~r u l t i p l e  inout digital

gates , an d layout considerations.

Then , in Chapter 2, a simplified model of MOS di~~itel

devices is developed. The model is first used to describe a

single MOS inverter. The speed , area , and power dissipation

are then specified for the mode l. • ?~ext , arguments are

presented to extend the model to represent more complex

circuits , u p to an entire integrated circuit . Models for J

storage device s are developed , which also mode] the degree

of nipel ining of ’ a circuit.

Chapter 3 uses the model develoned in the preceeding

• chapter to ascertain optima for th e t h r e e  o p e r a t i ng

parameters — speed , power , an d ar ea , individually. ~T ith

t h e s e  in m i n d , the  Beta  ratio constraints are used to

simplify the model further.

Chap ter 14 p r e s e n t s  m o r e  c o r ip le x  o n t i m a , t hose  i n v o l v i ng

two of the operating parameters at a time. Among these are

s p e e d — p o w e r  p r o d u c t , s p e e d — a r e a  p r o d u c t ,  an d  p o w e r — ar e a

p r o d u c t .  Also , optimum power dissip ation a n d  oot i r u ~ a r e a

• a r e  each e x a m i n e d  a s s u r i ng  a h o u n d  on t h e  sp e e d .

~~~~~~~ ~~~~~~~~~~~~~~ - - •• ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~L:-: 
a’ ~-.--~~~~~~~~~
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Chapter 5 presents two numerical examples t o

demonstrate the methods developed.

Chapter 6 is a short conclusion .

1.2 Operation Of MOS Transistors

For our pur poses , a detailed description of the

operation of the MOS transistor is not needed. The model

used here is a simple one , an d details ma y he obta ine d from

the references . ’’2’3

The MOS transistor may be thought of as a voltage in ,

current out , three terminal device (Fig. 1). The

transistor gate appears as an extremely high resistance , and

may be modeled as a capacltor(There is a certain ambiguity

assoc ia ted  w i t h  the word “ ga te ” . In t h i s  paper , “t r a n s i s t o r

gate ” refer s to the terminal of a MOS transistor , and

• “d i g i t a l  gate ” or “logic gate ” r e fe r  to a c o m b i n a t i o n a l

logic g a t e .) .  The source and d r a i n  are i d e n t i c a l , hu t  t h e

one whose vo l tage  is most n e g a t i v e  is l abe l ed  as the  source

( I n  N — c h a n n e l ) .  A vo l t age  app l i ed  to the  t r a n s i s t o r  pete

mus t  exceed the source by a t h r e s h o l d  v o l t ag e , V~~, or more
• 

• to t u r n  the dev ice  on.  If V~~~, the g a t e — t o — s o u r c e  v o l t ag e ,

is less t h a n  V t, , the dev ice  is o f f  and  the  d r a i n  an d  source

are e lec t r i c a l l y  isolated (no current ). On the  o t h e r  b a n d ,

• 
• the more Vg3 exceeds Vt,, the lower the  i mp e d an c e  b e tween

• drain and source. It is usefu l to define Vton, the turn— on

•
• ~~~~~ r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~&i .~~~. ~~~~~~~~~~~~~~ •
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voltage , as the amount V~ 5 exceeds t he threshold , Vt,. T hus ,

a negative V ton implies that th e d ev ice is off , and the

value of V ton , when posit ive , Is a measure of how hard the

device is turned on.

The transistor ’s opera ti ng cha racter is t ics , when on , L

may be modeled in two regions , saturat ion an d

non—saturation . The boundary between these regions occurs

when

~~~~ Vds (1— 1 )

where V ds is the drain—t o—s ource voltage.

The regipn known as saturation occurs when V~0~ <

w h i l e  V ton > V ds impl i e s  n o n — s a t u r a t i o n . The d r a i n  c u r r en t

(=the source current) is

I — ry W~~ 2 (1 2
• 

• 
d - I 

~~~~ton —

• for saturation and

‘d K’~f ( 2V ton V ds — 

~ d~~
2 

~ 
( 1 — 3 )

for non—saturation .14 Here K’ is a constant coefficient and W

and L are  the c h a n n e l  d i m e n s i o n s  ( w i d t h , l e n g t h )  of the

• device.

For t r a n s i s t o r s  w h i c h  a r e  e n h a n c e m e n t  mo de , t h e

threshold voltage , V~~, is a p o s i t i ve  n o n — z e r o  c~u a n t i t ,y .  ~o ,

for

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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v ton e ~~~ — V t . (1— a)

For depletion mode devices , the hhreshold voltage is

:~ctua l ly ne ga t iv e, so a of zero is already in the ~ n

region. It is customary to define

— V~ (1—5 )

for depletion mode transistors. V ,.~, the p~ seh—off v o l t a g e ,

• represents the am o u n t  of voltage which i~ t u r n i n g  the devic~’

on w h e n  the gate—to— source voltage , V~~~, is ::‘ero. So for

depletion mode transistors :

+ V~ . (1— fl

A zero V~~ results in a posit ive nor—zero so the device

is normally on (enhancement device ,s are n~ rmall off). It

w o u l d  be necessary to apply a nr~~~ t iv e  eo~~~l in

• 
~ragn itude to V~ to turn it off. ~1owever , this is not

nor~ ol]y done. The depletion node tr~ n-~istor as u~ rd in

this paper has 0, so i t n~ ver turn s oft . It m~ v t h e n

• be used  as a r e s i s t i v e  d e v i c e , whos e  r e s i s t an c e  v a r i e s  wit • h
~~

its drain—to—source voltage , V~ 5.

1.3 Digital MOS (ates

Each ~1’)S digital. gate , u s i n e  r a t i o  i o n i c , e on s i~~t s  of a

single depletion mode transi~~tnr , c a l l ed  t h e  loa-~

trans istor , ~nd one or more enhance~~ n~ mn-dc transistors ,

_ _ _ _ _- -_  • • • • • S~~~~~

— ~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 
“—

~~ 
-
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ca l l ed  the  d r i v e r  t r a ns i s t o r s .  R a t i o  log ic  r e fer s  to t h e

f a c t  t h a t  a l o g i c a l  zero  is the  r e s u l t  of a v o l t a g e  d i v i d e r

c o n s i s t i ng  of th e  load t r an s i s t o r  and  t h e  d r i v e r

transistors. The simp lest configuration , ~n inverter , has

just one driver transistor and i-s shown in Fig. 2.

1.3.1 Inverters —

T he loa d tr ans istor , since it is depletion rode , always

remains on. The driver , thoug h , may he turned on or off by

its gate voltage , V in . Actu all y , the transistors are all

continuous devices. For a given ~~~~ 
V0~~ may be determined

by setting the two ‘d currents equal (taking into account

the saturation or non—satur ation of each device ).5

A more intuitive approach is  taken in this paper. The

drain—to—source impedance of the d o p l e t i o n — m o d e  l o a d  d e v i c e

• can  be v iewed  as a s o m e w h a t  c on s t a n t  r e s i s t a n c e , c e r t a i n l y

- 
: •  w i t h i n  an o rder  of m a g n i t u d e  or so. On t h e  o the r  h a n d , as

V in goes fr om zer o to ~V , the  d r a i n — t o — s o u r c e  i mp e d a n c e  of

the driver will decrease many orders of magnitude. The two

dev ices , then , may be viewed as a volt~ pe divider t~

determine

r

_____ 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -S~S- ~~~ • • S
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1.3.2 Beta R a t i o  —

• A u s e f u l tool  fo r  d e n o t i n g  t h e  r e l a t i o n s h i p  b e t w e e n  the

two res i s t an ce s of ratio logic (load and driver sections) is

t he  Beta  r a t i o .  I t  describes the static or steadv— stat ,e

operation of a digital gate. Ret~ ratio is defined as

= (— ~--- )driver
Beta _L ( 1 — 7)

(—4~- - ) 1 o a d

• W d L l ( 1 — 8 )
W I L d

• S ince  W/L appea r s  e x p l i c i t l y  in the  current equation for

eac h d evice , ~e ta  m e a s u r e s  t h e “ s t r e n g t h”  of t he d r i v e r

t r a ns i stor w i t h res p ect t o t h e load  t r a n s i s t o r .  For

i nst an c e , fo r  s m a l l  v a l u e s  of ~ e ta , t h e  “ res i s t a n c e ” of t he

driver may never become as small as that of the load. In

th i s case , the  o u t p u t  w o u l d  r e m a i n  n e a r  +V fo r  a n y  v a lu e  of

b e t w e e n  zero a n d  +V.  A l t e r n a t i v e l y ,  if  R e t a  is l a r g e , a

very slight increase in V 1~~, j u s t  above  V~~, woul d  cause  V out

to chan ge from near ÷V to near ground. !4ere , the

“res istance ” of the driver becOmes very much less than that

of the loa d with only a ver y smai •1 v a l u e  for  ~~~~~ These

r e s u l t s  are  gra p h i c a l l y  d ep i ct e d  in  F i g .  3. “ote t h at  
~
‘out

never chan ges until V in exceeds V t . This occ”rs he~~au s e

V~ 0~ for the driver is ne nati ve for ~~~ < l’t~ 
m a k i n n  the

• driver off and Its “resistance ” practicaHy i n f i n i t e .

_ _ _

~~~~~~~~~ ~•~5’~~~ - - ~~~~~~~~~
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The net impact of Reta ratio is a houn d on the

relationships of the channel di mens ions of dr iver

transistors rel ative to their load transistors. If the Y/L

• 
• for the d r iver se cti on is t oo small rel at ive  to th e ‘~‘/L for

the  load , the logic gate w i l l  he unable to achieve a

s a t i s f a c t o r i l y  low v o l t age  or zero output (even in the

s t e a d y — s t a t e  or D . C .  condition ). Since there are physical

m inima for channel dimensions imposed by the production

process , Beta may be increased beyond a certain amount only

by i n c r e a s i n g  W d or L 1 above t h e i r  m i n i m a .  Th i s  i n c r e a s e

ob v i o u s l y  i nc re a ses t h e ar ea of a lo gic ga te , so

u n r e a s o n a b l y  h i g h  Beta v a l u e s  a re  to be avoided as well. S

1.3.3 Multiple Input Gates —

More com plex logic gates than the inverter are achieved

- • by making series—parall el combinations of driver

transistors. Examples of possible configurations are. 5shown

in F i g .  ‘4 . The c i r c u i t  in  F i g .  14 a re p r e sen t s  t h e N A N D

f u n c t i o n  for  p o s i t i v e  logic  wh i l e  F i g .  1th is a NOR c i r c u i t .

F ig .  11c r e a l i z e s

O u t p u t  ( (  I n 1  A In 2 )V  In3 V In 14 ) . ( 1 - 9 )

In o ther  words , 4c is a t h r e e — i n p u t  !-IOR l og ic  ga t e  in w h i c h

one of t h e in pu t s  is a c t u a l ly t h e ~SN D of two i nr u t s .

• ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _
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These and other similar configurations corrnrise the

usual combinational logic gates in ratio logic. A lthou gh

br idges and other more exotic confi gurations are possible ,

• 
• their occur ence is assumed to he i n f r e q u e n t .

• 1.3 .14 Layout —

The ph y s i c a l  l a y o u t  of the  d i g i t a l  ea t e s  is  an

important topic , as it r e l a t e s  to the  area!~’
7 The

transistors are basically surface devices , so the login

ga tes  and  c i r c u i t s  may  be d e s c r i b e d  in two dimensi ons.

Furt hermore , a circuit is usually laid out in a bus—orie nted

fashion to facilitate distrib ution of power , ground , and

logic signals. A representative -section of logic is

pictured in Fig. 5. In this figure , four inputs enter the

section of logic on the left , while four outouts and two

• inputs exit on the r i g h t , for use in s u c c e e d i n g  l og i c .  The

dashed r e g i o n s  r e p r e s e n t  the  a reas  o c c u p i e d  by t h e  load a n d

driver sections of each digital gate , w h i l e  an X d e n c t e s  a

connection between an interconnect line and a digit al. gate.

As can be s een ,rnu ch of the  a rea is  o c c u p i e d  by the  h u s i n ~ of

• logic signals , power , ~nd ground to a p p r o p r i a t e  logic gates.

The remain der is occupied by the actual transistors and

interconnection s of each logic gate .

5-’. -

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~ ~~~~~
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- 2. C H A R ~~C T E p I Z A T I O r - !  OF “ ~ T ’~P L I F I E D  ~ OS M O D E L

In t h i s  c h a p t e r  t h e  s im p l i f i e d  d e s c r i p t i o n  of ~ Og

devices is u s e d  to d e v e l o p  a set  of e q u a t i o n s  w h i c h  descrite

three operatin g funct ion% of the channel di~ ersion

parameters : device speed , circ u it area , and device nower

dissipation. These functions ~‘re first devised for a single

~OS inv~ rter and then extended to ,rodel more cor— r)lex

‘i ev ices .  ~ in ~~l1v , t h e  c h a r c c t e r i z a t i  on of st o r a c e  e l em e n t s ,

or r e g i s t e r s , is i r~t r c d u c e d  ~nd t h e  c - n u a t i o n s  are  a l t e r e d  to

r e f l e c t the effects of n ipe li n in g.

2.1 Characterization Of I n v e r t ~~r s

2.1. 1 Invert er gneed —

- . The sp eed c-~ n~~r r i c o n d u c ’ t or devices is nener~~ I v

- -  n r e s e n t e d  by d e s cr i b i c ~’ ~h e  ~c v - ~,-se ~f sn e e d , ~ize , ~s in

- •  the speed—row er oroduct which han t~”~ i r i ~~~ of w a t t — s e c  (n r ~

H watt/zec). Therefore , t h i s  n i r - c r  usc - s ~ f~~n c t i - o n r e l a t e d  to

______________________________________________ -
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device delay time to characterize device speed.

The speed of an MOS inverter could he r e p r e s e n t e d  by

the rise time or by the fail time of the device. The v a l u e

chosen here is the stir ” of these  two :

T Tr + T~ . (2— 1)

T h i s  choice  is made  s i n ce  the  v a l u e s  of rise and fall tim es

are usu all y quite di ffer ent , so ne ither alone is an eccurat”

m e a s u r e .  F u r t h e r m o r e , all MOS logic gates have a sin~ ]e

i n v e r s i o n  embedded  in them.  Thus a signal which oropagates

t h rou gh two or more lev els of loV ic ha s bot h r i s ing an d

f a l l i n g  d e l a y s.

The rise time of a digital inverter is dependent only

on t he loa d t r a n s istor , since the driver transistor has just

been turned off (The time to turn the driver off is included

in the time to turn the previous digital gate on.). Given

— that the transistor is driving a purely capacitive load , t he

r is e time i s inversely p ro portional to t he drai n curr ent:

T ~~~~ 
_i~.. . ( 2 — 2 )r

~lso , from equations 1— 2 and 1—3 ,

I~ cC —L . ( 2 — 3 )

T h e r e f o r e ,

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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L
Tr ~( 

_
~i (2_ 11 )

• 1

or

L
T k1—L , (2—5)

where k 1 is a constant coefficient.

The fall t ime is more com p l icated since both loa d an d

driver transistors are on. This situation may be modeled as

in Fig. 6. This means that

‘out = — 
~ ‘d - 1i ~ (2—6)

and t h a t  the  f a l l  t i m e  is i n v e r s e l y  p r o p o r t i o n a l  to t h e

difference of the two device currents. For the device

output to fall at all , ‘d mus t be greater in ma gnitude than

I~~. The steady—state requirements mention ed in the Reta

rat io section of Chapter 1 are such that Td must be

s i g n i f i c a n t l y  g rea te r  t h a n  I~ in order  to o b t a i n  a

satisfactory zero level out. Thus , for a l l  p ra ct ic al

pur poses ,

‘out - ‘d (2-7)

In a manner analo gous to the rise time , the  fa il t ime

is

C .-.i-— , or (2—s)
- .

‘4
-

• -, • 4 - -  —S4 _ _ . .}. •
~~ 
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- L
(2—9)

W ith these equations , the total time is represented by

L1 LT Tr + T f k 1 + k 2~~~~~~. (2 10)

• 2.1.2 Inverter Power —

The power d i s s i p a t i o n  of an MOS i n v e r t e r  is r e l at i v e l y

simple to evaluate. When the driver is off , there is a

virtual open circuit between +1’ and ground , so no power is

d i s s i p a t e d  in the  s t a t i c  case.  On the  o the r  h a n d , when  t he

d r i v e r  is on , the  o u t p u t  vo l t age  is n e a r  g round  (as  a r e su l t

of the Beta rat io cr iterion). Thus , almost all of’ the power

is dissipated in the load transistor. Power is then

~~~ Ii , or ( 2 — 1 1 )

- 
~ •

. P k3 __L , ( 2 — 1 2 )
L1

where k3 is a constant coeff ic ient wh ich inclu des a f a c t o r
• 

for the duty cycle (percent on time ) of the device.

The above equation for the static pcwer dissipation is

in f a c t  the  to ta l  power d i s s i p a t e d  by t he  d e v i c e . The

o u t p u t  load on the  i n v e r t e r  is as sumed  to he p u r e i~’

capacitive. Therefore durin g any complete 0 to 1 to 0 (or 1

- • •~ t~~~~ ~~~~~~~~~~~~~~~~ - - ‘
~~~~~



F ‘~

22

to 0 to 1) cycle , the total ener gy supp lied to the ca pac itor

i-s zero. effectively, the ca pacitor may he remove d for a

power consumption model. Then the logic gate in the model

switches in zero time an d the power is as in eauation 2— 12 .

2.1.3 Invert er Area —

The area of an MOS/LSI inte grated circuit is a usefu l

cost—related measure.

For a s ingle MOS inverter , only part of the area is

relate d to the channel widths and lengths of the two

transistors. As shown in Fig. 5, a significant portion of

the area of an IC is occupied by power supply lines and by

signal lines. These area components are a function of’ the

l og i c  e q u a t i o n s  b e i n g  i m p l e m e n t e d  and  of the skill of the

S layout designer. For this paper , the lo~ ic equat io ns are

assumed to be in their final form , hopefully near optimum.

Also , the  a s s u m p t i o n  is made t h a t  the  l a y o u t  is we l l  done ,
- ~ - 

-

with very little wasted space. Changes in the area of

- 
• 5 certain portions of the IC are assumed not to affect other

- • . areas to any great extent. In other words , the  la you t is

cons idered to be plastic such that changes or alterations in

certain places do not cause inefficiencies or wasted srace

elsewhere.

1

-

- I 

__________________________________

- 
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With these assum ptions in mind , the area can he

consi dered as the sum of the area directly affected by the

channels and of the remain der , or overhead. Th is assumption

results in the formula

A + k 5W 1L 1 + k 6 W d L d , ( 2 — 1 3 )

where k~ is the overhea d area , ~an d k 5 an d are constan t

coeffic ients of’ the two channel areas.

The characterization of a sin gle MOS inverter is

summarize d in Table 1. Here , the speed , power , and area of

the device are represented as functions of the four channel

d imensions — W1, W~ , L1, and Ld.

2.2 Chara cterization Of Complex Gates

The parametric equations presented to model a s i n g l e

MOS i n v e r t e r  are  also v a l i d  for  more complex  p a t e s , w i t h

some further assum ptions. After all , a complex gate i s only

an inverter with additional driver transistors in series or

in parallel.

For exam ple , the speed of a complex gate may he made

compara ble to that of an inverter by appropriately oickin~

the channel widths and lengths. In general , the c hannel

widths and lengths may he chosen to create faster or slower

— 
rise an d fall times independently. ~4h at ev e r  dec is ion is

made , however , the speed of’ the complex gates can he easily

--5-- •~~~~~~~~~~~~~~~ —_ -~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 1.

C h a r a c t e r i z a t i o n  of MOS Inv erter -

Funct ion E q u a t i o n  
-

Speed h i + k 2 — ~~- 
-
,

Power k 3 -r-~
---

Area  k~ + k5W1L1 + ~~~~~~

- 

.1~

— ~~~~
‘ ~ - - _ - . _ -

- -- -
~~~~~~~- -- ---a- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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related to the speed of the single inverter. ~or example ,

the dou blin g of the speed of the inverter by chan gieg

dimensions could be matched by changing the dim ensions of’

the complex gates by a proportional amount . This line ar

relationshi p results from dependence on the same operatirp

equations by all logic gates.

In the case of power d issipation , an even sim p ler

relat ion exists. The power is dependent only on the load

trans istor , an d all logic gates , regardless of complexity,

have only one load trans istor. Therefore , the power

di ssi pate d in a g iven comp lex gate is the same as that of

the stan dar d inverter , w i t h  t he sam e load t r a n s i stor ch a n n e l

dimensions.

The area of complex gates is , in general , greater than

that of an inverter. In effect , the area of a com plex gate

- - 

is com posed of the same components as in Table 1.

remains the “overhea d” area , whi ch may be increase d due to

the additional interconnection nee ded for the a ddi tional

in puts. The area of the driver transistors is a multiple of

the driver transistor area for an inverter , with a poss ib le

factor for d ifferences in channel dimensions. As before ,

the area of complex gates is also linearly related to the

area of an inverter.

The linear ity of the relationships between all logic

• gates yiel ds a usefu l result. A percentage change in any of
• - 

the four parameters — W 1, Wd, L1, Ld — applied universally

I 
(

~~~~~~~~~~ 
_~~_~~_~_~~~~~_ 4 

- 
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to all gates on a gi ven IC woul d result in n ew speed , cower ,

an d area specifications. In fact , if the coefficients in

Table 1 are altered to model the averar~e lo gic pate on an

IC , then they wou ld describe the operation of the entire IC.

For Instance , a 10% increase in the Wd of every driver

transistor on the IC wou ld alter the specifications of the

IC as predicted by the Table 1 ecuations , modified to

describe the average logic gate. W~~, 
5
~T 1,  L 1 , an d Ld now

each descri be the average channel dimensions on the IC. In

the speed equation , k1 remains the sam-2 , while k2 includes a

factor related to the average number of average drivers in

series , i.e., the slowest path. In the p o w er  equation , k3

now inc ludes a factor for the ~ver age number of load devices

in the ON state. In the area equation , k~ adds all of the

interconnect and periphery area — output bonding pads and

off— chip drivers. This ar ea is related to environmental and

processing parameters which are unavailable to the designer.

is unchanged since there is exactly one load device on

each logic gate , an d k6 inclu des a factor for the average

num ber of average driver transistors In the averag~ logic

g a t e .

2.3 Stora ge Registers

This section deals with the insertion of stcrace

• 
el ements or registers. Up to this point- , the discussion has

been restricted to combinational logic. ~irst , a register I

~

1 
- 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~-~- - :::
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model is developed. Then this model is used to extend the

parametric equations to seauential machires and to more

general multi— stage pipeline x~’chines .

2.3.1 Register Model —

In MOS , many im plementatio ns of storage elements exist ,

such as two—phase , four— phase , ratio , and ratio— less .8’9

Rather than try to model the specific differences erron~ all

of these , a generalized register model is used. Given any

one re g ister ty pe , its delay or s pee d is assume d to he a

constant. Its area is also a constant whic h t~ ke s in t o

accoun t  the avera ge number of h its in a re g ister and the

area per storage element. Likewise , the power dissipated in

each register i-s modeled as a constant , depend ent on the

register type and the average bits per register.

2.3.2 Pipelining —

Pipelining is a style of logic architecture in which

computation throughput is increased by a l ] o w i n g  o v e r l a p  in

the p rocessin g of success i ve tas ks . The logic is divide d

into stages , and the degree of pipelining, m , is equal to

the num ber of stages. Each stage consists of’ some am curt of’

logic followed by a register to buffer the stage o,jtnut , as - -

in Fig. 7. The logic in each stage may be of a r b i t r a r y

complexity. The registers are generally gated or c locked  at

t
— _~~~~~! ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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- 

r e g u l a r  i n t e r v a l s  wh ic h are grea ter t han the maximum of t he

delays of the stages. In a ‘-~i r e l in e d  i mp l e m e n t a t i o n , new

input operan d s may he p r e s e n t e d  at  each  re~’is ter  c l o c k  t i m e

- and outputs appear at each rerUster c l.ock time . The total

- 
time from Input to output is generally greater than in the

• n o n p i p e l i n e d  ca s e , hut the syster r throughout may he ~r ee t ly

increase d.

1 2.3.2.1 Degree 0 Pipeline -

- 

A pipeline of deg r ee ~ h as , erfectiv e~. v , 0 stares . The

pipeline of degree 0 is taken to represent an ~~~ circuit
- 

- -  
which is entirely combination al . ~iith no reri~~ters. ~or this

case , the parametric equations in Tahl-~’ 1 ~re s u f f i c ~ien t .

• } 2 . 3 . 2 . 2  Degree 1 Pire lin e -

I The degree 1 pipel ine consists of a single (arbitrarily

complicated) stage of cop 1b inatton al logic followed hy a

-
• register . The pipeline of der!ree 1 is analogous to a

sequenti al or finite—st ate rr~tc~hire . In thi s case , the

equations become:

Speed:

- 
• T Comh i tion ;~’i ~t~)av + Pe& ~i st ~~r d e l a y  ( 2 — 1 - i l )

- k 1 
._
~4. + k 0 _-4 + , (2— i~~)

.
5 - 

‘1

— ~~~~~~~~~~~~~~ ~~~~~~~~~~~L7 ~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~
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Power:

P k 3r i. + k~ , and (2-16)

Area:

A k~ + k 5W 1L 1 + k 6~
T d T d + k 9 , ( 2 - 17 )

where k7 is the delay of the  r e g i s t e r  in  u se , k8 is the

power dissipation in the register , an d k9 is the register

area.

2.3.2.3 Degree M Pipeline —

In g e n e r a l , a p i p e l i n e  may consist of a n y  number of

stages. Also , the  degre e of pipe lining of a given circuit

may be inc reased  by s u b d i v i s i o n  in many cases. 10 ’ 1 1 For a

finite— state machine (degree 1) such as Fig. 8a , w h e r e  t he

combinational logic consists of several levels of logic , t he

combinational section may be separated at amoroxima tely the

m id—point of delay, and a register inserted as in Fig . . b.

The total delay throuph the machine is increased by one

re gi ster delay, but the throurhput is definitel y increased Ji

because new input operan d s may be intro duced after  the • 

-

previous inputs have passed through approximately one—half

the àornbinational delay instead of the entire co~nbin ation al

delay as before.

In actuality, the su bdi vision o rocess nee d not be done H
-~~ I in two parts. 4ny number of registers may be inserted , up

to a maxi m um of one after each level of logic. In these

~~~~~
-,r 
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In puts ~~~~~~~~~ 
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Input s  4isi Lo9ic
j ~ ~ 

>Outputs

• 
( b )  FP—5*25

Figure 8. Finite State Machine Without Feedback

‘9 Before and After Pipelining
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cases , the optimum clock interval is the maxim um of’ the

delays between the registers . In general , th e system

performance increases asymptotically toward a m aximu m value
S 

as the degree of pipelining increases. Simultaneously, the

system cost increases in approximate ly linear fashion with

an increase in pipeline degree. 1°

A finite—state machine with feedback j . c depicted in

Fig. 9a. Mere , oipe lining by subdivision may he

accomplished in the same manner as before. The

c o m b i n a t i o n a l  log ic  is cut  at  t h e  h a l f  d e l a y  p o i n t  and a

reg ister is inserted as in Fig. 9h. However , in this

instance new operands m ay not  n e c e s s a r i l y  he i n t r o d u c e d  at

each clock interval. The circuit has a delay or time length

• of two clock intervals. Thus two separate tasks may he

resident in the machine at any given time , w it h one tas k

• occupying each half of the circuit. Mew operands for each

task ar e presented every other clock interval. ~s before ,

the finite state machine may be subdivided into m stactes.

In this case , new input operan d s for each tas k are p resente d

on ce every m clock intervals.

The parametric eouat .ions for the rn stage pipeline are

slightly different from before. The speed of ’  a pipelined

circuit is defined as the effective throur~hput del~ v (e.~~.,

the  t i m e  be tween  t a s ks  r a t h e r  t h a n  t h e  d e l a y  of a s i ng l e

task). So , the t ime i s set equal to th~ combi national del~ y

of’ the non— pipe lined case plus rr times the register dela y ,

~~~~~~~~~~~~~ • 
~~~~~~~~~~~~~~~~
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Input s Combinat ional _______ 
g > Out put s

______ Logic ____

_ _ _ _ _ _ _ _

( a )

N
e

Inputs >I1~1 Half Half ______ 
> Outputs

of Logic ‘ 1of Logic / ______

F ~
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(b)

Figure 9. Finite State Machine with Feedback Before and
After Pipelining
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all divided by m.

L1 Ld
‘<rç + k2 V +  mk7

T ( 2 1 ~3 )

L 1
+ k~~-~-— + k7 , ( 2 — 1 9 )

w h e r e  k7 is the avera ge de la y of the re g isters betw een

pipeline stages. Thus pipe lining by subdivision into m

stag es reduces the combinational delay by a factor of m and

adds  one r eg i s t e r  d e l ay (  over the  0 degree  p i p e l i n e) .

The power d i s s ip a t i o n  for  a p i p e l i n e  is

w
P = k3 ,_L- + k~ m , ( 2 — 2 0 )

where k0 is the average register power dissipation .

The area of the pipeline circuit is now

- 
- + k5W]L1 + + !< 9m , ( 2 — 2 1 )

where k9 is the average register area.

The parametric eauations for the different classes of’

circuits are summarized in Table 2.

I

— - 
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Table 2.

Character ization of t~0S C ircuits

Function Degree of Pipelin ing

m = 0 m~~1

L1 LdL k 1~~~~ + k2 —j—--
Spee d lc

~ -a-— + k2 .~~~~~- 1 
rn 

- ‘A d +

w w
Power k~~—L k-a -—i + k~ rs

-‘ L1 -,

Area k~ + k 5W 1L 1 + kôWdLd k14 + k5W1L1 + k 6W d L d + k9rn

{

~~~~~~~~~~~~~~~~~~~~~~~ . , -~~~~~~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ .-- 
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3. O P T I M U M  C I R C U I T  SPEED , P0” TER , A N D  A R E A

Given the model and parametric equations developed in

Cha p ter Two , it is now possible to investirate the

dependence of MOS/LSI circuit speed , power , an d area as

functions of the channel dimensions and of’ the degree of

pipelining. The conditions for optimizin g each of the

circuit functions individually is explored first. Then the

effects of Beca rat io are examined .

3.1 Circuit Area

The area of’ an MOS/LSI IC is directly relat-ed to its

cost. Fairchil d Semiconductor has presented a qualitative

estimate of the cost per unit area for MOS devices(Fig .

iO ),12 Th is curve may be further approximate d by a piecewise

linear f it , also in Fig. 10 . The left—han d segment has a

slope nea r zero , so cost and area are rel ated by a constant

coefficient. Most MOS design occurs in this region , so this

.1

- - - ~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
- -  - 

~~~ _ _ _
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Cost per Unit area

~Area

-- 
- - Figure 10. Ic Cost per Unit Area as a Function

- 
. - of Area (from 12)
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38 1~paper  w i l l  s i m p l y  be conce rned  w i t h  o p t i m u m  a r e a .  V or

l a r g e r  ICs , the  r i g h t — h a n d  po r t ion  of the  c u r v e  su g g e s t s  a -j

more com plex relationship between cost ari d area and is

beyond the scope of’ this paper. ~ut in eit her ca se , an

objective of minimum cost implies mini m um a r e a .  p ro m Tab le

2,

A = k~ + k5t41L1 + k6W~Ld + k 0 m . ( 3 — 1 )

O b v i o u s l y ,  the  m i n i m u m  area  is achieved with minima for

all four channel d imension s an d for the d egree of 
- 

-

pipelinin g, m. The environmental and processing parameters

dic tate the minimum va lues for the ch annel w i d ths an d

len gths. In the case of m , a v a l u e  of one woul d be us ed for

machines which inclu de storage elements , while rr e~ u a l  to

zero applies to purely combinational logic.

3.2 Circuit Pot-icr J
The power dissipated on an IC , fr om Ta b le 2 , is

P k3 -.__L + k 8m . ( 3 — 2 )
L~

The minimum power dissioation results from a mi n im um

for W1, a maximum for L1 , and a m i n i m u m fo r  m .  14 1 - 
and

- -  m n n
are set by the environmental an d processi.nct

max
parameters , whic h are dictated to the designer . The val~ie

of m is either zero or one depending on the circuit in

______ ~~~~~~~ ~~~~~~~~~
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quest ion , as in the case of m inimum area.

3.3 Circuit Speed

Also from Ta b le 2, the spee d of an IC Is gi ven by the

formula

L3
k -j— +

T ° + k 7 . (3—3)
m

The minimum time of the circuit is obtained with m inim a

for and Ld, and maxima for W1, Wd ,  an d m. As before , the

bounds on the channel dimensions are pre—determ ined by

processing and environmental parameters. For m , the max imum

I - value is a function of’ the original logic. First , the

circu it must be in a form which is pinelineable. The

• sim plest pipelineable circuit is one that is entirely serial

in nature. Tasks flow from one area of logic to the next

with no feed back from a given area to a previous one. To

‘ - 5  pipeline such a serial circuit , registers may he inserted in

the combinational areas between levels of’ logic. The

maximum number of registers to he Inserted is limited to the

maximum number of logic levels between two successive

registers in the original logic times the number of

combinational sections. The time delay eanation , 3—3 ,  I s

vali d only in the region m= i to m enual to the upper hound

just mentioned.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~-~~L~-.~~~~~ 
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Many circuits which are not strictl y serial are still

pipelineable. Finite— state mac hines may be olpelined in - .

much the same fash ion as seri al mac h ines , as described in

Cha pter Two . Circuit s which are comb inations of several

ser ial or finite—state mach ines ~re also sometir~e,s

pipelineable. For example , each sec ti on of a c ircu it which

is a recognizable serial or finite— state ni~ chjne ~“ a y  h~
p i p e l i n e d  i n d e p e n d e nt  of the  res t  of the  c i r c u i t .  Selective

use of this techn ique could improve circuit through out when

app lied to the “bottlenecks ” or s1ow~ ct sections. However ,

the designer must take care that the time dependencies

between the sections of the circuit are maintained.

3,ZI Beta Ratio Consi derations

Each of the parametric equations — circuit speed ,

circuit area , and circuit power dissipation — have been

opt imize d as funct ions of the four channel d imensi ons an d

the  degree of pipelining. However , it is common industry

p r a c t i c e  to select both and L d to take on their ri~inimum

va lues , W im i n  
and 

~~~~~~ r e s p e c t i v e l y .  For the  d i s c u s s i o n

• of more com plex optimality criteria in Chapter 14 , W1 an d Ld
will be considered as constants .

Several observations may be made conc erruin ~ this

choic e. First , from Chapter 1 , the steady—state

requirements of a log ic gate cr eate a m inimum acce ot a b1 e

Beta ratio. Recall that

____-  ________  - ~~~~~~~~~~~~~~~ 1. -
~~~

-
~~
----
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1Beta . ( 3 — 1 4 )
~1~d

In general pract ice , the min imum required value of Beta is

greater than that value achieved using the minima for the

four channel dimensions which are dictated by the  processing

an d environmental parameters:

• L1
Be ta • 

mm mm 
. ( 3 — 5 )m W i Ldmm m m

In order to a c h i e v e  the n e c e s s a r y  Beta , e i t h e r  or L 1 or

both must be increased above its minimum , even if the

minimum values of and La are chosen. Of course , i f or

• L a is grea te r  than its minimum , Wd or L1 must be incr ease d

even further.

From Table 2, the equation for circuit power varies

directly with and Inversely with L1. Here , an increase

in above its minimum would require a proportionate

increase in either L1 or W d, so the power could at best

remain the same , or at worst increase with the increase in

Wi.

4
From the area equation in Table 2, increases in either

W1 or Ld wou ld increase total area. The accomoanying

increase in L1 or W
~ 

required by BPtSmjr wou ld furt her

increase area .

~~~~~~~~~ - ~~_5-5
__

~~~!:I
- 
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So , for both power an d area , it is obvious that the I 
-

optimum choices for and Ld ar e their minima.

In the equation for speed in Table 2, both and W d
appear in denominators , with L1 and in numerators. An

Increase in Ld requires a proportion~ te increase in the

product of L1 and Wd. At best , this woul d leave spee d

unchan ged , and at worst increase L 1 an d L
~ 

by the same

amount , thus increasing the delay time .

Con cernin g W 1, an increase above its mini m um would

require an increase in the product of L1 and 4d~ 
But here ,

if the increases were only applied•• to W1 an d to W d , the

minimum Beta bound would he satisfied and t.he delay time
‘I

• would decrease. In the extreme , th is im p l i e s  t hat  it is

possible to grow W1 an d W d without hound i,n order to reduce

the delay time . However , as a ch anne] width increases

beyon d a certa in limit , the sim p]ifieci MOS model fails and

the delay time actually begins to increase with increasing

channel width. 
-

In ef fect , the k 1 term in the speed equation is the

only one which does not categorically support the choice of

W 1 and L d . For a part.icular cas e, with assi gne d
m m  mm

values for the k1’s, the s implificat ion , fix ing . W1 an d to

their m inimum values , should he reexamined.

-5- 5---- - - ----—---~~~~~.-5--- ~- —--- ~~ - -“---~-—-5 ~~~~~~-
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Choosin g W 3 an d L
~ 

r’reatly sim p li fi r s ~ — e
- m m

- - parametric equations. Let

k 1 ’ -- , (3— a)
- 

~min

k2 ’ k2Ld - 
(3-7)

- r’in

k3 ’ = k3~41 - 
, ( 3 — 8)

rrmn

1ft
5w1 , and  (3—9)

- - mmmi

= k
~
L
~ - 

. (3 — 1 0 )
- m m

With these substitutions , the equations appear as in Table

3.

F- - 
—

- -5 

- - ~ ~~~~~~~~~~~~~~~~~~~~~~~ .•~~
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Table 3.

S i mp l i f i e d  C h a ra c t er i z a t i o f l  of ‘-~0S C i r c u i t s

Funct ion De gree of Pipelining

m = O m> 1

1<?’
k1 ’L 1 ~~~~Speed k1 tL 1 + _

~~~~
_. ci + k 7ci m

k ‘
Power -~~~~~~-- + k~ mL 1 L 1 - -

A rea k4 + k 5 ’I. 1 + kô ’W~ k~ + i~5 ’L 1 + kô ’
~

T
~ + k 9 m

1:

~ 

~~~~~~~~~~ ~~~~~~~~~~~~~ - 
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14. OPTIMA INV OLVU-tG T~ O CRITERIA

Althou gh s pee d , power , and are~ are  ea ch of in t e r est  to

t he circuit desi gner , it is usually some combin ation of

these that is the objective to he achieved . In this

ch a pter , five objective functions are exam ined for the case

of m)O, i.e., sequential machines. These include the three

pairwise products of the parametric equations — speed—power ,

power—area , and speed—area. Also , both minimum area an !

m inimum power are derived assum ing a required circuit speed .

• 
In addition , optima for the nairwise products are derived

for m=0 , or purely combination al logic.

~
I. 1 Speed And Power Optima

14 .1.1 Speed—Power Product —

The speed—power product is a function mentioned often ,

especially when comp aring various I~ pr oce~ s es (TTL , FCL ,

‘~OS , etc.). As mention ed h-~fore , the speed eciua tion

actually represents a del - fly time. A lthou gh some references

• ~~~~~~~~~ ~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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46 • 1
are made in the literature to the power— delay product this

paper uses the term speed—power product , wh ich is more

common. Also , pipe lining, a factor not usuall y considered , J
is included in this analysis.

Multi plication of the power and speed equations gives

t ,

k ’ L  +—

PT = ( L1 
+ k8m ) C + k7 ) (i4—1)

k ‘k -D ’ k ‘1< Ic~~’k o  k ‘k
k 1 ’RQL 1 + k7k8m + 2 - + 3 7 

÷ -__~~
. ~ + 1 3 (14—2)

W ciLim L1 ~d 
m

From the form of equation 11~ 2 sev eral observat ions can

be m a d e .  F i r s t , the s p e e d — p o w e r  p r o d u c t  is i n v e r s e l y

relate d to W
~ , so m inimum PT implies maximum Wd.

Opt imum values for m and L1 may be oht~ ined by taking

partial derivat ives:

~. P T  k 2 ’k  ‘ k ‘k
k7k~ — 

~2 
— 

1 
2 , and (14—3 )

-
~~~~~ 

WdLlni

~ PT k 1 ’k8 - 
k 2 ’k 3 ’ 

- 

k3 tk 7 )

~d
mL l L 1

These two part ial derivatives , when set eaual to zero ,

provide two simultaneous equations with two unknowns.

However , substi tut ion of one equation into the ot h er results

in a f ifth or der equat ion , for wh ich no al~ ehra ic solution

has yet been found .

f
-5-5---~~~~~~
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It is still possible to derive optimum values for in and

L1, assumin g that one of th en  is fixed. Setting equation

1 4 _ 4  equal to z€ro an d solving for the positive value of L 1

y ields

+ k-~’k7
W
~
m

L1 = 
- 

______________ 

. (14~ 5)
opt 

~ 
k l ’k 8Wdm

Solving equation 14—3 in a sim ilar manner gives

+

m0 t =p 
k7k~~-.d L l

These tw o values are gra phed in Fig. 11 .

P~ mor e reasonable method of minimizing the speed—power

p r o d u c t  is one of the  m a n y  k n o w n  m e t h o d s  of i t e r a t i o n .

Either equation 1I_5 or ‘4 — 6 rri~ ht he used , in c o n j u n c t i o n

with 14—2. Such an app roach req u i re s values for the constant

coe ff icients (k i ’s). -Since t~~ se values are unavailable for

this paper , it is only possible to n~ake comm en t s  on th e fo rm
‘-

-5

and shape of the speed—power nrcduct.

Since W d, L1, and in are all, physical quantities , it is

only necessary to exam ine positive values for them. The

general shape of PT with resneet to W~~, L1, and in ,

in dividually, is depicted in Fig . 12. As ~rent ione d before ,

the optimum value for -

~~~~ 
i-s a r’aximti ra , independent of the

- • values of L, an d m. The lab els in ~ and L1 are the
i-opt

values derived in equations 4—~ an d ‘4—6.

I. __-5_-~~~~~•&S_~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
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Li0~,

k~k’3 + k~k7W d
k~ keWd

1

k~ k8
_ _  - m

( 0 )

m0p~

k~ k~
k7 k8

Lg

(b) FP—542 ~

Figure 11. L,Qpt and for Minimum Speed-Powe r Product I , -
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1.
Optimum values for L1 and in, however , are highly

interde pendent , In Fig. 13, the sha pe of PT is shown as a -
~~~~

function of both L1 an d m. Since the shape Is a

hype rbo lo id , it is s t r a ig h t f o r w a r d  to i t e rat e  to the minimum

value for PT once the coefficients are ev aluated. - .

The shape of Fig. 13 suggests an optimum that takes

into account both i n h e r e n t  device speed (through L1 ) and

speed enhancement with pipelining (through i n) .  However ,

this optimum may be unattainable for several reasons. For

L 1, the  o p t i m u m  may require a value too large or too small

w i t h  respect to processing or environmental restrictions. }
Likew i se , the optimum value of in may be less than one or

greater than the max imum possi ble degree  of p i p e l i n i n p  for  a

part icular circu it. In any of these ca ses , it is only - - -

poss ib le to choose the perm iss ib le values of L1 and m which

yield a figure for PT as near to the minimum as possible.

14.1 .2 Minimum Power For Specified Speed —

Often , a circuit designer has a predetermined design

- 

- I goal for the speed of a circuit. This then becomes a

constraint with respect to other design objectives. The

particular objective function examined in this section is J
the optimization of power dissipation , assuming a hound on -

the circuit speed. 

--- .~~~-~~~~~~~~~~~~~~~
-
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PT
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Figure 13. Speed-Power Product as a Function of

both and m 
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From Table 3, the speed of a circu it is g iven by the . -

formula

Ic2 ’
+ ‘

~d
T = + k7 . (‘1—7 )

Now , assume that the circuit in question must meet the

• re qu i r e m e n t

T � t0 . ( 1 4 — 8 )

It is now possible to relate the degree of nipelinin g , in, to

L1, Wd, and t0 by setting equation 14—7 acual to t 0 and

solvin g for in:

+

in = 
d 

. ( 1 4 — 9 )
t 0 —

- ~
- . Th is value for m is then su bst i tute d into the eouat ion

for P from Table 3:

k2’
k 1c 1 ’L 1 +

= + k8 
d (~4...10)t0 — k 7

A maximum for Wd leads to a m inimum for this equation . This

equation may be further optimized h~’ taking its partial

derivative with respect to L1:

k ‘I’o IC
= 

1 ~~ — . (Il— li)8 L1 t0 — k 7 ~~ 2

Setting this equation equal to zero and solving for L1,

I
~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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which must he positive , yields the result

1 
t- 0 - k 7

L 1 1<, ’ . (‘4—12)
opt -) k1 tk.8

This equation represents the optimum choice of L1 in

order to obtain minimum nower dissipation , for a specified

bound on speed , t0. This value for L1 m ay then be

substituted into equation 14 — 7 , giving

- - t0 - k 7 +
- - 

!I< l ’k3 ’ 1<8 ~d 
-

m0~ t = . (11— 13)
L0 k7

Equations ‘1— 12 and ~4— 13 now provide the optimum values for

L1 an d in as function s of a speed hound , t0, as shown in Fig.

1~4. The optimum L1 increases n’onotonical]y proportional to

the square root of t0—k 7. In other wor d s , as the spee d

bound is relaxed (larger t0 im plies a slower requirement) ,

L1 is lar ger in order to achieve the minimum power.

Likewise , in decreases monotonica lly with increasing t0

(eventually pro portional to the inverse of the square root

of t0), because the degree of pi .pelining required to achieve

a slower speed is less.

• - 

In the case of minimum power with a speed hound , it Is

possible to calculate the optimii ’~ values for 11, Wd, and in

~~~~ 
- •  algebraically. Iterative technic~ues are not necessary.

These optimum values may then he substituted into the

equation for power in Table 3 to provide the mini mum power

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -:~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ :_~~ . .~~~
‘
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for the specifie d t0.

It is interestin g to examine the case where the

desi gner is rest r ic te d to a d egre e one pipel ine , or m= 1 .

Th is represents a simple finite state machine approach .

From Fig. l’1b, it is obvious that for t0 greater than or

equal to x , the optimum choice for in is indeed one. Put for

any choice of t0 less than x , m> 1 Is optimum. So in this

ran ge , a restriction of m= 1 will yield a value for power

which is greater than the best obtainable.

4.2 Area— Power Product

Multi plication of the area and power equations yields

the formula

Al ’  = ( 1<14 + k 5 1L 1 + ~
<6 ’W d + kgrn ) (_ ~.3_ + k8m ) (4—14)

- - 
I k-,’k;, k-,’k~. ’W IC ‘kôrn

+ ~, d +-.‘ -‘ L 1 L 1 L 1

+ k1~k8m + k5’k8L1m + !c6 ’k8Wdm + k~ k 9m 2 
. (14~ 15)

A minimum for this equation requires minima for both

and in, as they appear only In numerators. To obtain the

proper value for L1, consider

= k5
1k 8m — 

k3
tk ,1 + k 3 t k 6 ’W d + k3 ’k9~ 

. (14—1 6)

SettIn g equation 4— 16 to zero and solving for L1, wh ich ~nust

{

-—--~~ -5--~- S -
~~~

- -

~~~~ ,~~~
- 4 .  

- ~~~~ 
• 

- 
• - - .  _____

—~~~~~~- -~~~~S—----- ~~~~~~~~~~ ~~~~~~~~ - — -~~~~~~
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be posit ive , yields the formula

1<3 11<4 + k3 ’kô ’W d + IC 3 ’k 9 m
L1 = ____________________________- . (14 ...~ 7)

k5
tk 8m

The variation of the area—power product with respect to

each of the three variables is demonstrate d in Fig. 15. As

mentioned before , the optimum values for L1, Wd , and in may

not be physically exactly realizeable. Interestingly , the

restriction of rn:1 yields the optimum value of A l’, as shown

in Fig. 15c. An increase in the d~~ ree of pipelining is

usefu l to increase spee d , which is not consi de re d in th is

section .

4.3 Speed And Area Optima

‘4.3. 1 Speed—Area Product — £
The product of the speed and area equations is a design

-
, :: cr iterion of great interest. Often , t he  speed of a sy stem

is used to denote its performance. Also , in th is case , area

• is related to cost. So , speed—area is act .ually a measure of

a circuit’ s performance—cost ratio , s ince spee d is

characterize d by its inverse , time. A minimum speed—area

product is related to minimizin g both tIme and cost ,

providing the m aximum performance— cost ratio. 

- ~~~~~~~ ~~~~~
‘

~~:5~~t5- ~~: —~--~~——~ --—~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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M u l t i p l i c a t i o n  of the speed and  a rea  e q u a t i o n s  f rom

Table 3 gives the e q u a t i o n

k 1 1L 1 k2’-~-k7TA ( ~ + W~ m )( 1<4 + k5
tL 1 + !<

6
h 1 4

d 
+ k9m ) (‘1—18)

= 1<141<7 + ( k1 tk g + k5’k7 )L1 + k 6 ’k 7Wd + c 7k 9m

~~~ 

k~ ’k 9 
+ 

k2 ’k 6’ + 
k 1 tk 4L1 

+ 
k 1 ’k~~’L 1

2

W d in m in

IC ‘k~~’W L 1< ‘k ‘L
+ 

1 d l ~~ 2 5 1~~ 4 (‘4—19)
in W d m W d Tr

In ecuation ~4— 19 , L1 a ppears only in the numerat or , so

m inimum TA implies minimum L1. Both W d and in appear in a

more complex fashion . Their optimum values might , he

attained by taking partial derivatives:

~ TA 
= k6 ’k7 - 

k2’kg 
- 

k2’k’1 + 
k1 1k 6 ’L 1 

- 

k 2 t k 5 t L 1 , (‘1-20)

~~d Wd
2 Wd m m ‘

~d
2m

-

- 

- and
- “ I

~ TA - 
k2’k6’ k1 tk 4L1 k2’k,4 k 1 ’k 5 ’L 1

2

8m m2 ~~m
2

-

~ ~
- 1 - 

kl ’k6 ’W dLl 
- 

k2tk
5
1L
1 

. (‘1-21)

But , like optimum speed—power oroduet , the op timum

speed—area product does not lend itself to algebraic

solution . However , optimum values for end in m ay  he

obtained if one of them is considered fixed , followin g the

example in section ‘4 .1 .1. When values for the various

- ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- a - —~~~~~~
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constant coef f ic ients are av~-ilahl e , i t e r at ion to t he

minimum value of TA may be used.

The variation of TA with respect to each of the three

parameters individually is dep icted in Fig. 1E . Sinc e ~~

an d m have optimum values i ’h i eh  are neither m inim a nor

maxima , the opti r~u~ choice -s are interdependert , as

illustrated in Fig.17. This relati onship demonstr~ tes the

tradeoff between device speed (via ‘-- d ~ 
and speed enhancement

throu gh pipe lining (via r). Of particular interest is the

location of the m = 1 plane in Fig. 17 , wh ich spec if ies the

avail able values of TA without pipe lining. Several

possibilities for the location of this plane exist.

If the m = 1  p l a n e  i n t e r s e c t s  the  h y p e r h o l o i d  at  i t s

m i n i m u m  p o i n t , then the optimur-~ performance—co st ratio may

be o b t a i n e d  by simply c h o o s in g  the  ap r r o p r i a t e  v a l u e  of Wd .

If  the  m i n i m u m  v a l u e  fo r  TA occu r s  at r n < 1  , then the optimum

performance—cost rat io is unattainable , and r = 1 shou]-d he

chosen. Then the optimum value of Wd f or r~= 1 should he

selecte d .

Finall y, if the mini m um value for TA occurs at ir>1 ,

then  an o p t i m u m  perform ance—c~ost ratio may only be achieved

w i t h  the  a id  of p i p e l i n in g .  t~ choice of m :1 r e st r i c t s  the

value to the m inimum point on the TA surface which

intersect s the rn= 1 niane.

- - 
_ 

-  - _ _ 
- 

___________
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14.3.2 Minimum Area For Specifie d Speed —

An optimum performance—cost ratio , as p resen ted in the

previous section , Is not always desirable. There often

exists a bound requirement on the performance , or spee d , of

the circuit. In this situation , it i s usefu l to ca lcu late a

minimum area , or cost , as a func~tion of’ a spee d boun d , t0.

In section ~4.1.2 , the equation for speed was set ecuel

to t0. Then , this equation was solved for m in equation

‘4 —7:

k 1 tL 3 + -
~j~

in = . ( ‘4 — 2 2 )
t0 — k 7

It is also possi b le to solve this equat ion for 
~~

Wd = 

~ - - . (‘4-23)

• 
-

- 

Now , the d ependence of W d an d in on t0 is graphed in Fig.

18. As t0 in creases the circuit is slower , so either d ev ice
I

speed or pipeliriing, or both , may be re duce d .

‘

~~ To obtain a minimal area , e ither equa t ion ‘4—22 or ‘4—23

may be substituted into the equation for a’rea from Table 3.

Usin g equatIon 4—22 ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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k 1 tL
1 ~~~

—ç
~

—

A = k4 + k5
tL

1 + k6tW d + kg (~4—2’4)
• O 1~7

k 1 t k 9L 1 
_ _ _ _ _ _ _ _ _ _ _ _

= k4 + I C S- ’L l + k ô ’W d + t~~~~~~~
+
~~i (t 0 — k 7 ) . (‘4—25)

As before , area is directly relate d to L1 an d min imum a rea

implies a minimum for L1.

The term t0 — k 7 a l w a y s  ap p e a r s  in  a de nominator so A

var ies inversel y with t he spee d hound t0 (In the speed

equation in Table 3, t0 is alwa ys greater than or equal to

so t0 — k 7 is always positive. ). On the other hand , Wd

appears in both a numerator and a d enom ina tor , so the

relat ionship between A and 
~
4d ~~ hyper bolic. These

dependencies are shown in Fig. 19.

• The o p t i m u m  choice  for  W d m ay ‘ e o b t a i n e d  by p a r t i a l

differentiation :

- 
- k ‘ 1<- 2  9

- —

~
Wd ( t0 — 1<7 ) ~~

Equation 4—26 is set equal to zero and solved for 
~
‘d’ wh ich

must be positive , to y ield

if k2 1IC 0 
.

Wd = 
- 

. (14~ 27)opt k61 ( t 0 — k 7 )

Equation ‘4—27 is the value of Wd which minimizes A for a

speed bound of t0.

- 

~~ ~~~~~~~~~~~~~~~~~~ 
- - -~~~~~i. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Now , equation 4—23 is substituted into the area

• equation : .1

- k6 ’1<2’— 

A k4 + k~~’L 1 + k0m + . ( 1 4 —2 8 )
,• - in ( t0 — 1<7. ) — k 1 1L 1

Both L1 an d t0 exh ibit the same effects on area as in

e q u a t i o n  4-25 and in F ig .  19. The v a r i a t i o n  of A w i t h

respect to in is hy perbolic and is depicted in Fig. 20. The

value of in which produces a minimum for equation ‘4— 2P is

achieved by a partial derivative:

____ 

k
2 ’k 6

’ ( t 0 
— 1<

~ m ( in (t~ — k7. ) — k 1 ‘L 1 )
2

Setting equation 4—29 equal to zero and solving for in

provides the optimum value for in:

k 1 ’L 1 
~ 

k2 ’ IC6 ’

- 1<7 )kq ( t0 - 1(7 ) 
. (14-30)

From equation ‘4—22, the restr iction of speed equal to

t0 requires that the degree of pipelining exceed

Note that when in reaches this value ,

infinite area Is requir ’~d (see Fig. 20), corresponding to

i n f i n i t e  W d .  If t h i s  va lue  is gr e at e r  t h a n  one , then  the

speed bound is unobtainable without a higher degree of

pipelining. And , as before , even if r:1 is available as an

-
~~~~~ option , It may severely increase area if mOP~

.• in equation

‘4—30 is significantly greater than one.

•~~~~~~1 

_ _ _ _ _ _ _   

_ _  
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4.14 Optima For Com b inational Logic

The set of equations in Table 3 for m=O describe the -
model for purely combInational logic. In this section , the

pairwise products of these functions are optimized —

speed—power , power—area , an d speed—area under an m=0 -

constraint.
I

14.14.1 OptImum Speed— Power Product — 
- 

-

Multi plication of the speed and power equations for m:0 -

In Ta b le 3 yIelds 1
k2’k3 ’

PT k l ’k3 ’ + L lWd 
. (LI—3 1) 

-~~

-j

As is obvious  f rom t h i s  e q u a t i o n , PT i n c r e a s e s  l i n e a r l y

with reci procals of L1 an d Wd . Therefore , PT is minimized

- 

• by choosing maxima for L1 an d W d. Of course , env ironmental
- 

- 

• - — I
San d process ing paramet ers p lace upp er hound s on both of

these channel dimensions.

4.14.2 OptImum Power—Area Product —

I
Equation 14—32 shows the power—ar ea product for

combinational logic.

-‘
I

I 
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ • 

• 

-
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~
-‘

~~~ 
k -~ ’ <~~’~.!dAP = k3 ’~< 5 ’ + r ” + L 1 

. (‘4—32)

?~P grows linearly with v~d ~nd ~ith the r e c i p r o c a l  of L 1. In

• thi n case the optjr~u~n L 1 is ~
- 

~~xi~ ur~ ~-i hiie the optimum Wd

is a mimimu’’..

H - 

- 

- 4.14.3 Optimulr S p e e d — A r e ~. Proc ~~ ct  —

• - The speed—a rea pro duct i.r ~ ‘- easure of the performance

- cost ratio of the circuit. For strictly combinational

logic , this pro~ tict is:

TA = k2’k6 ’ + k 1 ’RL I L] ~~
- !~1 ’k5 ’L 1

2 + k l ’k6 ’L 1Wd

k7’ <~ k2’k5 ’T -.1
(14—33 )

incr~ ’lses lin9~ rly and q~ip~ r~ eticall .y with L1, so a

mini — u rn fcr L~ is desir ed. W i t h  r e sn ect t o  Wd, how ever ,

a r’-i-n--~-~ u~r nor -
~~ . - - -i- ax imuir is the optimum. As before ,

the optirru’-n is achteved by ~;r
1
~jr~n a pnrtia ] derivative and

s o l v i n g  for  the  p o s i t i v e  roo t :

‘4 = 
--- - --  - - - - - - - - --  ~~~~~~~~

-- . (‘4-314)
- opt

;Jr 

~~
- ---5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~
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This value for Wd minimizes TA for purely combinational -

logic.

Table 4 provides a summary of the results of the - 

—

optimizations in chapters three and four.

S i

N

- 

-

ii-

‘- -
I 1 .
f
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-ra ble ~1.

• O p t i m a l  V a l u e s  of Wd ,  L1, an d m

Function L1 14d in

m� 1 :

Area miii miii m m

Power m ax no effect mm

Speed mm m ax max

Speed—Power intermediate *_A m ax intermediate *_A

Power—Area ~~~~~~~~~~~~~~~~~~~~~~ 
mm mm

k5’k8m

Speed—Area mm intermediate *_B interrnediate *_B

Power (T=t 0) 3’(t0 L~~ max +
- 

~ 
k 1 ’k8 

_____ 

k~ ‘? C~
(t0—k 7)

• 
- Area(T=t0) mm 1 f k 2’kg k 1 ’L 1 + ~! IC2

t
~~6 ’

m=O:
~ :~i-~ 

-

Area mm m m

Power max no ef fect

~~ 
:- .~~~~ Speed mm max

Speed—Power max max

Power—Area max m iii

Speed—Area mm 
________

- 
~ k l ’k 6 ’L J.

- 
* — No closed form , numer ical solution easily o b t a in e d

- 
A — Solve equatIons ( - 1 4 — 3 )  = (14— ’4) = 0
B — Solve equations (‘4—20) (14~ 21) = 0

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~. L~~~ - ;-~ ~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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5. NUMERICAL EXAMPLES

In order to illustrate the decisions and trade—offs in

the design process further , two numer ical examples are

presented in this chapter. The equations used are those in

Table 3 for m)O, and the methods of optimization are

detailed in Table LI

The values chosen for the k m ’s are arbitrary, since the 
- 

-

actual values depend both on the circuit under consideration

an d on proprietary process parameters. It should be noted

that the particu lar values used were selected to i]lustrate

certain points.

In addition , ar b itrary bound s are selecte d for the

parameters. L1 will be allowed to range from 1 to 10

inclusive , an d from 0.1 to 5 inclusive. Also , the de gree

of pi pel inung, in , may vary between 1 an d 5.

I

H -L

— -5—— . - -~~-~~~~~~~~~ ~~~

- -

~~~
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5.1  E x a m p le  One

For this example , the k~~’s are as-cigned values ~s

. -. fol lows :
- • k i ’ 14 = 10 k

7 
= 11

k 2 ’ l  k~~’ = 1 1<8 = 1

1< 3 ’ = 2 1< 6 ’ 2 ko 9 . (5—1)

‘ U s i n g  t h e s e  v a l u e s  and  T a b l e  3 and Table 14 , o p timum va lues

are calcu lated for speed , area , ~n d t ime as well a s t he i r

p a i r w i s e  p r o d u c t s .  The r e s u l t s  a re  p r e s e n t e d  in Table 5.

Each  row of the  ~ah l e  p r e se n t s  the  e q u a t i o n  w h i c h  is

optimized , the correspondin g values of Wd , L 1 , an~ m , and

the values of all the pertinent equations. The optimum

value for each objective is circled for clarity.

In the cases of optimum npe ed— area (TA) and

speed—power(PT ) products , the desired value of’ in is less

than one. Since a pipe line of der~ree one r ep r e s e n t s  a

finite—s tate machine , one in the r r i ni mI Irn use7hle value for rr

i n  a f i n i t e — s t a t e  m a c h i r e .  The lower section of Table 5

shows the optimum TA and PT for in restricted t-o one. This

provides the min im !.lrr obt ainabl e values in cases where the

values com pute d ar e unr eal iza hi -~.

The e n t ry  for  op t i t v v - np~ e~~(T) uit h n restric’ted to one

shows the best obt ainable without rin e linin g , i.e., 15.2.

• -  This can he contrast5ed with the opt- i~ um with nip eli rin R ,

11.8. The m aximum v3lue far :I is ised becau se a r e a  and

~
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1~

Table  5.

- ii.
N u m e r i c a l  E x a m p l e  1

Optimized
Function m Wd L1 A P T TA PT AP

TA 0.815 0.84 1.0 20.0 2.82 17.14 ~~~~ ‘48.9 56,3

PT 0 .862  5 .0  2.37 30.1 1 .7 1 22 .2  670.  ~T~9l 51 .4

AP 1. 0 0 .1  6 . 2  25. 14 1.32  ‘4 5.8 1163. 6 0 . 6  33.61

A 1.0 0 .1  1.0 20. 3 .0  25.0  505 . 75. 0 60 .6

P 1 .0  0. 1 10.0  2 9 . 2  ~~~~ 6 1 . 0  178 1.  73.2 35.0

T 5. 0 5 .0  1.0 66.0  7 .0  1~T~ 781. 82.9 ‘462 .

in restr icte d to 1

TA 1.0 0 .815 1.0 21 .6  3.0 16 .2  ~~~~ 
148. 7 614 .9 

- j
PT 1.0 5.0 2.37 31.~4 1.84 20 . 7  6 149 ,  138 . 11 57.8 -

T 1.0 5.0 1.0 30.0 3.0 L~1~ J 1456. ‘15.6 90.0

• 1k..
i)

I
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power are not considered . For this example , speed is the

on ly  e q u a t i o n  whose o p t i m u m  s u f f e r s  by r e s t r i c t i o n  to —

n o n — p i p e l u n i n g .

It is possible to solve for an objective which takes

into acc ount all three fun ctio ns: sp eed , power , and area.

For instance , one might wish  to minimize the speed— area

p r o d u c t  u n d e r  the  c o n s t r a i n t  t h a t  p ower  mu st  not  exceed  some

m a x i m u m  value , 
~max~ 

The p ow er equa tion fro m Ta b le 3 is

solve d for one par ame ter , sa y L 1. Th i s formul a i s

substituted for L 1 in e q u a t i o n  ‘ 4 — 1 9 .  The r e s u l t i ng  f o r m u l a

for TA is a function of variables and m and the constant

~max~ 
Iterative techniques are now applicable , as in

Chapter 14. It should he noted that this procedure is only

valid for those values of which are less than that

achieved when simply minimizing TA without regard to power ,

or 2.82 from Table 5. The results for minimum TA with a

powe r bound are presented in Table 6. As the maxi mum power

is decreased the minimum achievable TA increases.
• —

I 
-

-
- 

•~ 5.2 Ex ample Two

V This  e x a m p l e  is p r e s e n t e d  to show an example in which

p i p e l i n i n g  is a t t ra c t i v e .  The 1~~ ’ s a re  a s s i qn e d  t h e

follow ing values:

•

~~ 
—
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- 

- - -5 



rr 
-- - - 

~~~~~~~~ ~~~ 
- “

~~~~

- - I

76
.~~1

Ta b le 6. 
I

Minimum TA for Specified Maximum P 
- 

-

~max in Wd L1 A T TA PT AP 1
2.75 1.0 0.80’1 1.1-4 21.8 16.8 366. ‘16.2 59 . 8  -

2.5 1.0 0.789 1.33 21.9 17.6 386. 1414 .0 5’4 .8

2.25 1.0 0.769 1 .6 22.1 18.7 4114 . 142.1 ‘19.8

2.0 1.0 0.7143 2.0 22.5 20.3 ~157. 
p40.7 145.0 

-

1.75 1.0 0.707 2.67 23.1 23.1 533. ‘10.14 140.14

-

- 

1.5 1.0 0.653 ~4.O 24.3 28.5 693. ‘42.8 36.5

- 1.25 1.0 0.56 8.0 28.1 ‘I’t .8 1259. 56.0 35.2

• 1-
4,

.1

& i1 T T ~~L~
_ 

~~~~~~~ • . -
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= 6 = 10 1<7 = ‘4

k2’ 2  1c~~’ = 2 1<8 1

1<3 ’ = 2 k 6’ = 14 k 0 = 3 . (52 )

U s i n g  the e q u a t i o n s  of Table  3 an d the metho d s of Ta b le 14 ,

the results are generated and are shown in Table 7. In this

exam ple all functions dealing with speed (TA , PT , and T)

benefit from pipelining.

— In the case of optimum TA , oipelining provides a 27

percent decrease over non—pipelinin g . The decrease for PT

is almost 6 percent , while T decreases by 149 p e r c e n t .  The

trade—off is essentially between the delay in combinational

logic and the area and power required by additional

registers. For speed , T, the max imum allowa ble f igure for in

is chosen because area and power are not considered.

Incidentally, the optimum values for TA and PT in Table 6

are the bes t ob tainatle w ith inte ger v a lues of in .  The

equations yield optimum m values of 3.29 and 1.78 ,

respectively.

As with exam ple one , it is possible to find the minimum

speed—area product (TA) subject to an upper bound on power ,

~max~ 
In this case the value of 

~max must sta y less than or

equal to 5.0, from Ta b le 7. The minimum TA is shown in

Table 8 for various values of’ 
~max ’ As be fore , the opt imum

- 

- 
TA i n c r e a s e s  as the power h o u n d  is tightened or lowered.

However , minimum TA does not change monotonica lly because

is bound ed by 1 an d the op tima usin g 
~max 

values of 11 .5 an d

~~~~~~~~~~~~~~~~~ :~~ - - - -  - 

‘ ‘ 

~~~~~~
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T a b l e  7.

Numerical Exam ple 2

O p t i m i z e d  -

Function in Wd A P T T~ PT AP 
-

TA 3.0 0.765 1.0 211 .1  5.0 6.87 Li~~~! 314 .3 120. 1
PT 2.0 5.0 1.18 38.14 3.69 7.714 297. 128.61 142.

AP 1. 0 0.1 3.67 20.7 1.54 116.0 9511. 71.1 3?.~

A 1.0 0.1 1.0 i~IsTi~ 3.0 30.0 462. 90.0 ‘16.2 - -

P 1.0 0 . 1  10 .0  33 .4  L1 .21 814.0 2806 . 101. ‘40.1

T 5.0 5.0 1.0 ‘17.0 7.0 5.2S1 2’48. 37.0 329.

in restricted to 1 1
TA 1.0 0.865 1. 0 18.5 3.0 12.3 j22T~ 36 .9 55.4 

-

PT 1.0 5.0 1.21 35.14 2.65 11.7 11 13 . 130.31 911 .0

T 1.0 5 .0  1.0 35.0 3 .0 1O.~j 364 . 31 .2 105 . -

- 

J
1-

-5—-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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T a b l e  8 .

M inimum TA for S pec if ied ~axi mum P

~max m L1 A T TA PT

5.0 3.0 0.76’4 1.0 24.1 6.87 165. 3~l.4 120.

‘1 .5 3.0 0.736 1.33 214.6 7.57 186. 34.1 111 .

14.0 2.0 0.802 1.0 21.2 8.25 175. 33.0 8’4 .8

3.5 2.0 0.7614 1.33 21.7 9.31 202. 32.6 76.0

3.0 1.0 0.866 1.0 18.5 12.3 227. 36.9 55•14

2.5 1.0 0.808 1.33 18.9 111 .5 2714. 36.2 147.2
- 

~
- -
~~~~

- 2.0 1.0 0.729 2.0 19.9 18.7 373. 37.5 39.8

1.5 1.0 0.612 14 .0 23.14 31.3 733. ~46.9 35.2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - -
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3.5 occur with L 1 less than 1. In effec t , in creasing

above the op timum choi ce f orces m , an integer , to change

value wh ich in turn forces TA to t ake on 3 h i g h e r  m i n i m u m
- v a l u e .  In a d d i t i o n , the  degree of ’  pipelin.ina , in, is force d

lower by the decreasing power bound.

I -

ii
j

.1

•1

I
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ -5— I— 
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‘. 6. C O N C L U S I O N

- 
In this pa per , a sim plifi ed mo del was devise d for the

logic in MOS/LSI circuits. First , a single MOS inverter was

mo dele d , an d its spee d , power dissipation , an d area w ere

ex pressed as functions of transistor channel dimensions.

This model was then scal ed to re p resent the comb inat ional

logic of an entire circuit. The channel dimension s in the —

equations became the effe ct ive or avera ge d imens ions for the

circuit as a whole. A register model was introduced and the

circuit model was extended to reflect the effects of

pipelining. Then , the spee d , oower , an d area of the circuit

were formulate d usin g the para m eters of th e mo del: cha nnel

wi dths and lengths and the degree of pipe linin g . These

equations were expressed wit.h unevaluated constant.

coefficients wh ich decend on proprietar y industr y

information and on the spec ifi c c i rcu it he in~ analyzed.

t I

I
— - -

~~
- --- ~~~~~~

- -
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The equations describin g the circuit were then 
-

-

individually optimized with respect to the parameters. 
- .1

M inimum area results from minimization of all. of’ the 1
parameteres. M inimum power requires maximum load channel

length , min imum loa d wi d th , an d minimum pipelining and was

in dependent of the driver channel. dimensions. Optimum speed

(minimum time ) requires minimum channel lengths , m aximum

channel wi d ths , and maximum pipelinin g . -

After these observations , the model. was further

s i m p l i f i e d  to facilitate the study of more complex and more -

interesting optima. In this model , t h e  c ir c u i t  f u n c t i o n s  I
were dependent only on load channel length , driver channel 

- 

-

width , an d degree of pipelinin g, wit h loa d, channel width and

driver channel length set to their minimum values.

_ 1
The first funct ion considered was the product of speed

H I an d power. Although a closed form solution was not j

ob ta ina b le for the opt imal paramet er values , each opt imum -

parameter value was expressed in terms of the other -

parameters. These equations could then he used to iterate I‘H to the minimum for the speed—power product. This procedure 
-

will succeed since the shape of PT is a byperho loid. In a 

~

add i t i o n , power was min imized assuming a bound on speed. In

this case , the optimum val.ues for the parameters were

derive d . -

{ - 1 ’
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~-
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Next , the product of area and power was consi’-~ered .

Here , opt imal values for all th ree na ram eter s w ere ~-4-tained .

Opt ima involv ing sp ee d ~n 1 area were d eal t ~‘ith rex ’..

The minimum speed—area product , )i’~e speed—power , could not

‘-  he solved in a closed form. uowever , since It w as als o a

hyperholoi d , i terat ive techn i~ urs would succeed . al so , ar~ a

was minimized for a houn d on s r r ’ d , an d  o p t i m a l  v a l u e s  were

obtaine d for all parameters.

For those circu its which are purely co-rbir- 2tioral ,

optimal parameters valu’~s f or si r~ ie and oair~ ise nroducts

of the objective functions were also derived and tahulated .

Finally , two numerical c~xamp les were presented to

illustrate the methods involved. Th e uneval uated

c o e f f i c i e n t s  were  a s s ig n e d  a r b i t r a r y  v a l u e s .

The models and circuit functions derived are usefu l j n

describing the nature of the various trade—offs and

s a c r i f ices i n her ent  in ~0S/LSI circuit desi gn . With them ,

it can be shown whether a circ ilt would bene fit from

p a r t i c u la r  d e s ign  c h o i ce s , i n v o l v i n g  v a r i o u s  c h a n n e l

d im e n s i o n s  and the use of p ipelini ng . If the constant

c o e f f i c i e n t s  are  ev a l u a t e d  u s in ~ the  k n o w l e d g e  of a ~-‘OS/L SI

s e m i c o n d u c t o r  m a n u f a c t u r e r , t h e n  n e a r  o p t i m u m  dk ~si~~r ch o i c e s

may be m a d e .

I

~ 
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