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C H A PT ER 1

In tr o d uc tio n

I m p r o v e m e n t s in V L SI fa b r ica t io n t e ch n olo g y h a v e in c r e a se d t h e n u m b e r o f

t r a n sis t o r s t h a t c a n b e p u t o n a silico n c h ip. T h e m a jo r im p r o v e m e n t s h a v e b e e n

d u e t o a r e d u c t io n in t h e size o f fe a t u r e s u se d in p h o t o lit h o g r a p h ic fa b r ica t io n

pr o c e sses. W it h t h e se r e d u c t io n s h a v e c o m e im p r o v e m e n t s in cir c u it p e r f o r -

m a n c e . T h e t h r e e m a jo r p e r f o r m a n c e cr it e r ia u se d t o e va lu a t e a c h ip a r e t h e

a r e a , d e la y a n d p o we r . A r e a r e f e r s t o t h e silico n a r e a c o n su m e d b y t h e cir cu it r y

of t h e c h ip. D e la y r e fe r s t o t h e t im e r e q u ir e d f o r sign a ls t o p r o p a g a t e t h r o u g h

t h e c h ip . P o we r r e f e r s t o t h e p o we r d issipa t e d b y t h e c h ip d u r in g it s o p e r a t io n .

I m p r o v e m e n t s in t e c h n o lo g y a llo w m o r e c ir c u it fu n c t io n s t o b e p la c e d w it h in

a g iv e n a r e a . A lt e r n a t ive ly , t h e sa m e c ir cu it fu n ct io n c a n b e p e r fo r m e d u sin g

le ss d e n se c ir c u it r y . T h e r e fo r e , a g ive n d e sign d o e s n o t h a v e t o b e a s e la b o r a t e ly

co n st r u c t e d a s a d e sign in a n e a r lie r t e c h n o log y , t o a c h ie v e a sim ila r p e r f o r -

m a n c e .

I n c r e a se s in cir c u it d e n sit y im p ly t h a t sig n a ls h a v e sh o r t e r d ist a n c e s t o p r o -

pa g a t e a n d t h a t ca p a c it iv e a n d r e sis t iv e lo a d in g s o n t r a n sist o r s a r e r e d u c e d .

H o we v e r , a t r a d e o f f e x ist s: r e d u cin g t h e size o f t r a n sis t o r s a lso r e d u c e s t h e a b il-

it y o f t r a n sis t o r s t o d r iv e t h e ir c a pa c it iv e o r r e sist iv e loa d s. R e c e n t a d v a n c e s in

1
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t e c h n o lo g ie s, su c h a s Bip o la r a n d C M O S , h a v e k e p t a r e a so n a b le b a la n c e

be t we e n t h e se t wo t r a d e o f fs in o r d e r t h a t p r o p a g a t io n d e la y s d e c r e a se in a n

im p r ov e d t e c h n o lo g y . Si n c e p r o p a g a t io n d e la y s d e c r e a se , a c a lcu la t io n , r e q u ir e d

t o b e p e r fo r m e d wit h in a fix e d t im e , ca n b e im p le m e n t e d wit h le ss e la b o r a t e

a p p r o a c h e s a n d le ss f in e t u n in g , c o m p a r e d t o t h e sa m e c ir c u it im p le m e n t a t ion in

a n e a r lie r t e c h n o lo g y .

I n c r e a se s in cir c u it d e n sit y t e n d t o in c r e a se t h e p o we r d issipa t io n f o r a fix e d

ch ip a r e a w it h a fix e d c h ip p o we r su p p ly v o lt a g e . T h is p r o b le m h a s b e e n o v e r -

co m e in t h e p a st b y r e d u c in g t h e su p p ly v o lt a g e , fr o m a st a n d a r d v a lu e o f 1 2

vo lt s t o 5 v o lt s ( a n d m a y soo n d r o p t o 3 . 3 v o lt s) . P o we r d issipa t io n p r o b le m s

h a v e a lso be e n so lv e d b y im p r o v e d c h ip p a c k a g in g . A s t e ch n o lo g y im p r o v e s,

po we r d issi pa t io n p r o b le m s m u st b e o v e r co m e .

T h e c o m p le xit y o f d e sig n in g ch ip s in cr e a se s wit h t h e n u m b e r o f t r a n sist o r s.

I n o r d e r t o m a n a g e t h is c o m p le x it y , d e sign m e t h o d s h a v e b e co m e h ie r a r ch ic a l,

a s h a v e t h e r e p r e se n t a t io n s o f d e sig n s. T h e lo we st le v e l o f r e p r e se n t in g a d esign

is a d e scr ip t io n o f t h e m a sk s u se d in t h e f a b r ic a t io n p r o ce ss; a n e x a m p le o f t h is

r e p r e se n t a t io n is t h e C I F fo r m a t [1 ] . A h ig h e r le v e l o f d e sig n d e sc r ip t io n c a n b e

a c h ie v e d u sin g p r o ce d u r a l la y o u t la n g u a g e s su c h a s I C E W A T E R [ 2 ] a n d

I G L O O [3 ] wh ich d e sc r ib e t r a n sisto r s, t h e ir r e la t iv e p la c e m e n t s a n d t h e ir in t e r -

co n n e c t io n s in a la y o u t . A h ig h e r le v e l o f d e scr ip t ion is a n e t list , a d e scr ip t io n
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of t r a n sisto r s o r log ic g a t e s a n d t h e ir in t e r c o n n e c t ion s wit h o u t a n y r e fe r e n c e t o

t h e ir p o sit io n s in a la y o u t . S om e t im e s t h e c o m p o n e n t s o f a n e t list c a n b e a ss oc i-

a t e d wit h a st a n d a r d se t of c e lls wh ic h c o n t a in m a sk o r p r o c e d u r a l la n g u a g e

d e sc r ip t io n s o f e a c h n e t list fu n c t io n . A n in t e r m e d ia t e -le v e l o f d e scr ip t io n is

a b o u t t h e Bo o le a n f u n c t io n s t h a t t h e c ir c u it is t o p e r fo r m . T h e se fu n c t io n s c a n

fu r t h e r b e g r ou pe d in t o b lo c k s wh ic h d e scr ib e t h e st r u c t u r e a n d t h e a r c h it e c t u re

of a c h ip. T h e h igh e st le v e l is a b e h a v io r a l o r f u n ct io n a l d e scr ipt io n wh ic h spe c i-

fie s t h e fu n c t io n o f t h e c h ip wit h o u t im p ly in g h o w t h a t f u n c t io n is im p le m e n t e d .

T o a c c o m m od a t e t h e wid e r a n g e o f d e sc r ip t ion s, n u m e r o u s C A D p r o g r a m s,

ca lle d t o o ls, e x ist t o g e n e r a t e d e sign d e sc r ip t ion s o r m a k e c o n v e r sion s b e t w e e n

t h e d iff e r e n t le v e ls o f d e sign d e scr ip t io n s. T h e m ost sim p le d e sign s c a n b e g e n -

e r a t e d b y m a n ip u la t in g r e p r e se n t a t io n s o f t h e m a sk s u se d in fa b r ic a t io n . T h is is

fa c ilit a t e d b y a C A D t o o l c a lle d a la y o u t e d it o r , su c h a s C a e sa r [ 4 ] o r M a g ic [5 ].

A h igh e r -le v e l st r u c t u r a l d e scr ipt io n c a n b e g e n e r a t e d u sin g a sch e m a t ic e d it o r

fr o m g r a p h ic a l in p u t .

C A D t o o ls p e r fo r m c o n v e r sion s b e t we e n m a n y le v e ls o f r e p r e se n t a t io n . A

la y o u t e x t r a c t o r a n a ly se s a m a sk r e p r e se n t a t io n a n d g e n e r a t e s a n e t list . A p e r -

fo r m a n c e e v a lu a t o r a n a ly se s a m a sk r e p r e se n t a t io n a n d e st im a t e s p r o p a g a t io n

d e la y s, p o we r d iss ipa t io n a n d sili co n a r e a . T h e o b je c t iv e o f a p e r fo r m a n ce

e v a lu a t o r is t o p r o v id e t h e d e sign e r wit h p e r fo r m a n c e d a t a t o b e u se d in
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e v a lu a t in g o r im p r o v in g d e sign . A b o v e t h e le v e l o f a n e x t r a c t o r a r e p r o c e d u r a l

la y o u t la n g u a g e c o m p ile r s, su c h a s I C E W A T E R a n d I G L O O , wh ic h c o n v e r t a

pr o c e d u r a l la y o u t d e sc r ip t ion in t o a m a sk d e scr ip t io n . A n o t h e r t o o l c a lle d a

m o d u le g e n e r a t o r p e r fo r m s a c o n v e r sion fr om a n in t e r m e d ia t e - le v e l d e sc r ip t ion ,

su c h a s Bo o le a n e q u a t io n s, in t o a lowe r -le v e l d e scr ip t io n , su ch a s a n e t list o r

m a sk la y o u t . M o d u le g e n e r a t o r s ca n b e u se d t o e f fic ie n t ly g e n e r a t e p a r t s o f a

ch ip su c h a s P r o g r a m m a b le -L o g ic A r r a y s ( P L A ) , R a n d o m - A c ce ss M e m o r ie s

( R A M ) o r R e a d - O n ly M e m o r ie s ( R O M ) . A t t h e h ig h e st le v e l o f d e sign a u t o -

m a t io n is a silico n c o m p ile r . I t p e r fo r m s a c o n v e r sion fr o m a d e sign e r ’ s h ig h -

le v e l st r u ct u r a l o r fu n c t io n a l d e sc r ip t ion in t o a c h ip la y o u t . T h e silico n c o m p ile r

m a y t r a n sfo r m t h e h ig h -le v e l d e scr ip t io n in t o m a n y in t e r m e d ia t e - le v e l d e scr ip -

t io n s b e fo r e fin a lly g e n e r a t in g t h e la y o u t d e scr ipt io n [6 ] .

A n im p o r t a n t p o in t t o c o n sid e r wh e n u sin g C A D t o o ls t o g e n e r a t e a c h ip is

t h a t t h e lo we r t h e le v e l o f d e sign d e t a il, t h e g r e a t e r t h e a m o u n t o f d e sign e f fo r t .

I f d e sign s a r e p e r f o r m e d u sin g h ig h e r le v e ls o f d e sign d e sc r ip t ion , le ss e f fo r t is

r e q u ir e d b y t h e d e sign e r b e c a u se t h e C A D t o o ls m a n a g e m o r e o f t h e d e t a ils.

T h e t r a d e o ff wit h u sin g h ig h e r -le v e l d e sign t o o ls is t h a t t h e p e r fo r m a n c e o f t h e

ch ip s t h e y g e n e r a t e is in f e r io r t o t h e p e r fo r m a n c e t h a t c a n b e a c h ie v e d u sin g

lowe r -le v e l d e sign t o o ls. T h is t r a d e o ff is d u e t o le ss f le xib le a p p r o a c h e s a n d

a ssu m p t io n s t h a t t h e C A D t o o ls a r e fo r c e d t o m a k e in o r d e r t o h id e d e t a ils fr o m

t h e d e sign e r .
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T h e g o a l o f t h is r e se a r c h is t o sh o w t h a t t h e st a t e o f t h e a r t is a d v a n c e d

e n o u g h t h a t a c h ip c a n be e f fic ie n t ly d e sign e d u sin g a silico n c o m p ile r wit h a

pe r fo r m a n c e e v a lu a t o r a n d t h a t t h e c h ip c a n sa t isfy t h e r e q u ir e m e n t s o f spe c ific

a p p lic a t io n s.

C h a p t e r 2 c o n t a in s a m o r e d e t a ile d d iscu ss ion a b o u t silico n c o m pile r s a s we ll

a s a d e scr ip t io n o f t h e spe c ific silico n c o m p ile r t h a t wa s u se d t o d e sign a D ig it a l

S i gn a l P r o ce ssin g ( D S P) c h ip . T h is c h a p t e r a lso d iscu sse s t h e m e t h o d s a

d e sig n e r c a n u se t o im p r o v e t h e p e r fo r m a n c e o f t h e c h ip b y u sin g t h e d a t a

ob t a in e d fr o m a p e r fo r m a n c e e v a lu a t o r .

C h a p t e r 3 d iscu sse s t h e t o o ls u se d t o su p p o r t t h e d e sign o f a c h ip : t h e p e r fo r -

m a n c e e v a lu a t o r ( E P A D ) , t h e lo g ic sim u la t o r , t h e F in it e -Sta t e -M a c h in e ( F S M )

pa r t it io n e r a n d t h e d a t a -p a t h -t o -F S M in t e r c o n n e c t io n p r o g r a m .

C h a p t e r 4 d iscu sse s t h e c o d e r - d e c o d e r c h ip ( c o d e c ) wh ic h wa s d e sig n e d

u sin g t h e S PI L . T h is c h ip c o m p r e ss e s a n d d e c o m p r e ss e s spe e c h b y p e r f o r m in g

co n v e r sion s b e t we e n t wo spe e c h c o d in g fo r m a t s, A d a p t iv e D e lt a M o d u la t io n

( A D M ) a n d P u lse C o d e M o d u la t io n ( P C M ) . T h is c h a p t e r d iscu sses c h ip d e sign ,

pe r fo r m a n c e e st im a t ion , sim u la t ion a n d p r e p a r a t ion f o r fa b r ica t io n .

C h a p t e r 5 in c lu d e s t e st r e su lt s a n d c o m pa r ison t o E P A D p r e d ic t io n s. I t a lso

in c lu d e s su g g e st e d im p r o v e m e n t s t o t h e silico n c o m p ile r a n d p e r fo r m a n ce

e v a lu a t o r . C h a p t e r 6 c o n t a in s t h e c o n c lu sion s o f t h is r e se a r c h .
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D es i g n Au to m a tio n and Silic o n Co m p ila t io n

A silicon co m p ile r a c c e p t s a fu n c t io n a l o r b e h a v io r a l la n gu a g e d e sc r ip t ion a s

in p u t a n d g e n e r a t e s a lo w- le v e l d e scr ip t io n o f ch ip f a b r ic a t io n m a sk s a s o u t p u t .

T h is c h a p t e r will d iscu ss t h e wid e v a r ie t y o f silico n co m p ile r s a s we ll a s t h e sim i-

la r it ie s a n d d iff e r e n c e s b e t we e n t h e m a n d t h e S PI L silico n c o m p ile r . T h e m a jor -

it y o f t h is ch a p t e r d iscu sses S PI L sin c e it is t h e silico n co m p ile r wh ic h wa s u se d

fo r t h e c o d e c c h ip d e sig n .

2. 1. Intro ductio n to Silico n Com pila tio n

T h e h ig h d e g r e e o f d e sign a u t o m a t io n a ch ie v e d u sin g a silico n c o m p ile r is

d u e t o t h e n u m b e r o f d e sig n d e t a ils wh ich t h e c o m p ile r m a n a g e s. I d e a lly , t h e

d e sig n e r n e e d o n ly t o sp e c ify t h e h igh e st o v e r a ll f u n c t ion t h a t t h e c h ip is t o p e r -

fo r m . T h is d e sign st y le is v e r y e ff icie n t in t e r m s o f t h e t im e it t a k e s t o d e sign a

ch ip . H o we v e r , t h e p r o d u c e d d e sign su f fe r s fr o m a la c k o f a p p lica t io n fle x ib ilit y

a n d c h ip p e r f o r m a n c e . T h is is d u e t o t h e r e st r ict io n s in t h e c o m p ile r ’ s in p u t

la n g u a g e a n d c o m p ilin g m e t h o d s. R e st r ic t ion s in co m p ilin g m e t h o d s r e su lt , fo r

e x a m p le , f r o m u sin g fix e d c ir c u it a r c h it e c t u r e s.

6
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T h e la n g u a g e s u se d t o sp e cif y a d e sig n e r ’ s a lgo r it h m a r e d iv id e d in t o t w o

m a in c a t e g o r ie s: st r u ct u r a l a n d f u n c t io n a l. S tr u c t u r a l la n g u a g e s h ie r a r c h ic a lly

d e sc r ib e t h e in t e r c o n n e c t io n s o f p a r t s o f a c h ip . T h e silico n c o m p ile r s Y A SC

[7 ], F I R S T [ 8 ] a n d A p o llo n [9 ] a c c e p t a s in p u t st r u ct u r a l d e sc r ip t ion s o f a d a t a

pa t h . Y A S C a n d F I R S T a r e b a se d o n a d a t a f lo w a r c h it e ct u r e . A p o llo n is

ba se d o n t wo d a t a b u se s. F u n c t ion a l, a lso k n o wn a s b e h a v io r a l, la n g u a g e s

d e sc r ib e wh a t k in d o f fu n c t io n t h e ch ip is t o p e r fo r m wit h o u t n e c e ss a r ily im p ly -

in g h o w t h e c h ip is t o p e r f o r m it . A su b -c la ss o f fu n c t io n a l la n g u a g e s is a r c h i-

t e c t u r a l la n g u a g e s [1 0 ] wh ic h d ir e c t ly im p ly c e r t a in a r c h it e c t u r a l f e a t u r e s. A r c h i-

t e c t u r a l la n g u a g e s a r e a d v a n t a g e o u s in t h a t t h e y c o m p ile fa st e r t h a n a p u r e

fu n c t ion a l la n g u a g e b e c a u se t h e co m p ile r d o e s n o t h a v e t o c h o o se b e t we e n a r c h i-

t e c t u r a l fe a t u r e s. T h e d isa d v a n t a g e o f a r c h it e ct u r a l la n g u a g e s is la c k o f fle x ib il-

it y in wh a t t h e c o m p ile r c a n p u t o u t . T h e silico n c o m p ile r s M a c P it t s [1 1 ] a n d

S PI L [1 2 , 1 3 ] a c ce p t a r ch it e c t u r a l in p u t la n g u a g e d e scr ipt io n s.

T h e c ir c u it a r c h it e c t u r e s g e n e r a t e d b y silicon c o m p ile r s t e n d t o b e fix e d in

va r io u s a spe c t s. T h is m a k e s c o m p ila t io n e a sie r , b u t r e d u c e s t h e n u m b e r o f

a p p lic a t io n s o f t h e p r o d u c e d c h ip b e c a u se t h e a r c h it e ct u r e h a s b e e n d e sign e d fo r

a sp e c ific p e r fo r m a n c e . T h e S PI L , M a c P it t s a n d A p o llo n a r c h it e c t u r e s a r e d is-

t in c t ly d iv id e d in t o a d a t a p a t h a n d a c o n t r o l p a t h . S PI L u se s a sin g le b u s d a t a

pa t h . A p o llo n u se s a t wo - b u s d a t a p a t h . M a c P it t s u se s a n a r b it r a r y n u m b e r o f

bu se s in t h e d a t a p a t h . T h e m o r e b u se s, t h e m o r e p a r a lle lism in t h e
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a r c h it e c t u r e . H o we v e r , m o r e b u se s m e a n t h a t t h e a r c h it e c t u r e is m o r e c om p le x

t o g e n e r a t e a n d t h e p e r fo r m a n ce o f t h e a r c h it e c t u r e is n o t a s co n sis t e n t ly pr e d ict -

a b le . T h e c o n t r o l p a t h fo r M a c P it t s is b a se d o n m ic r o c o d in g . T h e c o n t r o l p a t h

fo r S PI L is b a se d o n a n F S M . T h e a r ch it e c t u r e fo r Y A S C is b a se d o n it s d a t a

flo w in p u t la n g u a g e . T h e a r c h it e c t u r e c o n t a in s a syn c h r o n o u sly co n n e c t e d d a t a

flo w b lo c k s a n d it is we ll su it e d t o p a r a lle l c a lc u la t io n s. H o we v e r , a la r g e d a t a

flo w a r c h it e c t u r e is m o r e d iffic u lt t o la y o u t t h a n sim p le d a t a b u s b a se d a r c h it e c -

t u r e . T h e a r c h it e c t u r e f o r t h e F I R S T sili co n c o m p ile r is b a se d o n se r ia l p r o c e ss-

in g e le m e n t s c o n n e c t e d wit h g lo b a lly -c lo c k e d la t c h e s b e t we e n t h e m . T h is a r c h i-

t e c t u r e is w e ll su it e d t o h ig h -sp e e d D S P a p p lica t io n s, b u t it is n o t v e r y fle x ib le in

it s a b ilit y t o im p le m e n t a v a r ie t y o f a lgo r it h m s. T h e r e a r e n o lo o p in g c o n st r u c t s

in t h e F I R S T la n g u a ge su c h a s W H I L E - D O loo p s.

S i n c e t h e r e a r e m a n y silico n c o m p ile r s wh ic h a r e c a p a b le o f g e n e r a t in g a

wid e v a r ie t y o f a r c h it e c t u r e s, it is n e c e ssa r y t o c h o o se a spe c ific silico n c o m p ile r

fo r a p a r t ic u la r d e sign . T h e m a jo r a d v a n t a g e o f u sin g t h e S PI L silico n c o m p ile r

is it s a b ilit y t o c o m m u n ic a t e t o t h e p e r fo r m a n c e e v a lu a t io n t o o l E P A D .
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2. 2. Silico n Co mpi la tio n using SPIL

I n o r d e r t o d e m o n st r a t e t h e a spe c t s o f c h ip d e sig n u sin g a silico n c o m p ile r , a

spe c ific silicon c o m p ile r , S PI L , wa s u se d . T h e n a m e S PI L is a n a c r o n y m wh ic h

m e a n s Sim p lifie d Pa sc a l In t o La y o u t . S PI L wa s in t e n d e d t o g e n e r a t e ch ip s fo r

d igit a l sign a l p r o c e ssin g a pp lica t io n s. A s it s n a m e im p lie s, S PI L a c c e p t s a s in p u t

a d e sig n e r ’ s h igh - le v e l p r o g r a m wh ic h is wr it t e n in a la n g u a g e sim ila r t o P a sca l

[1 4 ] a n d t h e n fr om t h e d e sign e r ’ s p r o g r a m , S PI L g e n e r a t e s a m a sk -le v e l d e sc r ip -

t io n o f a c h ip la y o u t . T h e fo r m a t o f t h e m a sk - le v e l d e scr ipt io n is t h e Ca lt e c h

In t e r m e d ia t e For m a t ( C I F ) .

S i n c e S PI L ’ s in p u t la n g u a g e v e r y clo se ly r e se m b le s P a sca l, t h e la n g u a g e

d e sc r ib e s t h e fu n c t io n t h a t t h e c h ip p e r f o r m s. H o we v e r , t h e c o m p o n e n t s o f t h e

S PI L la n g u a g e , su c h a s v a r ia b le n a m e s, d ir e c t ly im p ly a r c h it e c t u r a l f e a t u r e s,

su c h a s r e g ist e r s. T h u s, t h e S PI L la n g u a g e is a n a r c h it e ct u r a l la n g u a g e [1 0 ] .

S PI L t r a n sla t e s a n a r c h it e c t u r a l la n g u a g e in t o a m a sk -le v e l d e scr ip t io n o f

t h e la y o u t . T h e se t wo le v e ls o f d e sig n d e scr ip t io n a r e n e a r ly a t o p p o sit e e n d s o f

t h e sp e c t r u m in t e r m s o f c o n t a in in g h ig h a n d lo w le v e l d e sign d e t a ils. T h is

r e su lt s in a h ig h le v e l o f d e sign a u t o m a t io n b e c a u se t h e d e sign e r is n o t c o n -

ce r n e d wit h a ll o f t h e d e t a ils o f t h e in t e r m e d ia t e -le v e l d e scr ipt io n s o f a d e sign ,

su c h a s a lo g ic d e scr ip t io n . I n a d d it io n , t h e a r ch it e c t u r a l im p lica t io n s o f t h e

S PI L la n g u a g e m e a n t h a t c o m p ilin g c a n b e d o n e m o r e e a sily t h a n a b e h a v io r a l
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la n g u a g e .

S PI L u se s a f ixe d a r ch it e c t u r e wit h a sin g le -b u s d a t a p a t h c o n t r o lle d b y a

Fin it e St a t e Ma c h in e ( F S M ) . T h is a r c h it e c t u r e d o e s n o t h a ve a n y d a t a p a t h

pa r a lle lism ; h o we v e r , it is v e r y r e g u la r a n d v e r y e f fic ie n t t o g e n e r a t e . T h e p r o -

ce ss o f ge n e r a t in g t h e la y o u t d o e s n o t in v o lve e x p lic it t r a n sla t ion s t o lo g ic c ir -

cu it s or t r a n sisto r c ir c u it s. F o r e x a m p le , S PI L c h o o se s c e lls f r o m t h e S PI L c e ll

libr a r y a n d p la c e s t h e c e lls in a m a t r ix a r r a n g e m e n t t o g e n e r a t e t h e d a t a p a t h .

T h e a r c h it e c t u r e is st ill g e n e r a l e n o u g h t o im p le m e n t a n y n u m e r ic a l a lg o r it h m .

M o r e d e t a ils o f S PI L will b e d e scr ib e d in t h e fo llo win g se c t io n s, in clu d in g

t y p e s o f d e sign s t h a t S PI L is ca p a b le o f g e n e r a t in g , a d d it io n a l la n gu a g e issu e s,

t h e st e p s t o c o m p ile a p r o g r a m , t h e cir c u it a r ch it e c t u r e , t im in g c o n sid e r a t io n s

a n d , fin a lly , so m e d e sign t r a d e o f f t e c h n iq u e s.

2. 2. 1. SPIL Us a g e

T h e fir st iss u e t h a t a d e sign e r m u st c o n sid e r is wh e t h e r S PI L is t h e c o r r e c t

ch o ic e o f t o o l t o d e sign a c h ip . T h is su it a b ilit y o f S PI L will d e p e n d g r e a t ly o n

t h r e e cr it e r ia : t h e e x p e r t ise o f t h e d e sign e r , t h e p e r fo r m a n ce r e q u ir e d fr o m t h e

ch ip a n d t h e t im e a v a ila b le in wh ich t o d e sign it . T h e se t h r e e c r it e r ia a r e

d e sc r ib e d in m o r e d e t a il b e lo w b u t t h e y a r e m e r e ly h e u r ist ic s t o g u id e a p o t e n t ia l

d e sig n e r in se le c t in g S P I L . A m o r e q u a n t it a t iv e a r g u m e n t b a se d o n t h e r e q u ir e d
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pe r fo r m a n c e o f t h e c h ip c a n b e fo u n d in c h a p t e r 4 ( A D M -P C M C o d e c C h ip

U sin g S PI L ) . A D M m e a n s Ad a p t iv e De lt a Mod u la t io n ; P C M m e a n s Pu lse Cod e

Mod u la t io n [1 5 ] . T h e wo r d chip in t h is d isc u ss ion is syn o n y m o u s wit h chip s e t.

A s t o t h e fir st c r it e r ion , S PI L d o e s n o t r e q u ir e t h a t t h e d e sign e r h a v e v e r y

m u c h e x p e r t ise in lo g ic a n d c ir c u it d e sig n , c o m p a r e d t o t h a t w h ich m a y b e

r e q u ir e d t o d o a sim ila r d e sig n wit h low e r -le v e l t oo ls su c h a s a sc h e m a t ic o r la y -

ou t e d it o r [ 4 ]. I n fa c t , t h e e x p e r t ise r e q u ir e d t o d e sign a c h ip u sin g S P I L lie s in

t h e d e sign t r a d e o f fs t h a t o c c u r wh e n c h o o sin g d if fe r e n t h ig h -le v e l st a t e m e n t s t o

pe r fo r m a t a sk . A m o r e d e t a ile d e x p la n a t io n o f t h e se t r a d e o ff s c a n b e fo u n d in

se c t ion 2 . 2 . 6 ( D e sign T r a d e O ff T e c h n iq u e s) .

T h e se c o n d c r it e r io n is t h e t y p e o f p e r fo r m a n c e r e q u ir e d f r o m t h e c h ip .

S i n c e t h e S PI L o u t p u t d a t a p a t h d o e s it s ca lc u la t io n s se q u e n t ia lly, t h is im p lie s

low- spe e d a p p lic a t io n s, su ch a s spe e c h p r o c e ssin g o r c o m m u n ica t io n s, r e q u ir in g

low d a t a r a t e s su c h a s 1 9 . 2 k ilob a u d . S PI L sh o u ld o n ly b e u se d if o n - c h ip

m e m o r y r e q u ir e m e n t s a r e lo w. A t y p ic a l d e sign c o n t a in s 1 0 r e g ist e r s u p t o a

m a x im u m o f a p p r o x im a t e ly 2 2 b it s wid e . S in c e S PI L c a n b e u se d t o g e n e r a t e

on e o r a fe w App lica t io n Spe c ific In t e g r a t e d Cir c u it s ( A S I C ) , S PI L c h ip s m a y b e

m u c h m o r e d e sir a b le t h a n h a v in g a n o ff -t h e -sh e lf m ic r o p r o c e ss or a n d a ll it s a sso-

cia t e d p e r ip h e r a l c ir c u it r y .
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T h e t h ir d c r it e r io n is t h e t im e a v a ila b le in w h ich t o g e n e r a t e a c h ip . U sin g

S PI L r e q u ir e s le ss d e sign t im e t h a n lo we r -le v e l d e sig n t o o ls. T h e d e sign t im e

ca n b e r e d u ce d d u e t o t wo r e a so n s. T h e fir st r e a son is t h a t S PI L m a n a g e s

in t e r m e d ia t e -le v e l d e t a ils wh ic h wo u ld o t h e r wise r e q u ir e m o r e d e sign e r e f fo r t

wh e n low e r -le v e l d e sign a u t o m a t io n t o o ls a r e u se d . T h e se c o n d r e a son is

in c r e a se d r e lia b ilit y in g e t t in g a fu n c t io n a lly co r r e c t d e sign , be c a u se o f a r e d u c e d

ch a n c e o f d e sig n e r e r r or . A n in d ic a t io n o f r e d u c e d d e sign t im e is g iv e n in

ch a p t e r 5 ( T e st R e su lt s a n d S u g g e st e d E n h a n c e m e n t s) .

2. 2. 2. Input Lang ua g e

I t is sh o wn in t h is se c t io n h o w t h e S PI L la n g u a g e is a n a r c h it e c t u r a l

la n g u a g e . T h e fu n c t io n a l a spe c t s o f t h e S PI L la n g u a g e st e m fr o m it s sim ila r it ie s

t o P a sc a l. T h e a r c h it e c t u r a l a spe c t s st e m f r o m la n g u a g e co n st r u c t s wh ic h

d ir e c t ly im p ly a r c h it e c t u r a l f e a t u r e s in t h e la y o u t .

T h e S PI L in p u t la n g u a g e wa s d e sign e d t o a d h e r e a s c lo se ly a s p o ssible t o

S ta n d a r d P a sca l [1 4 ]. H o we v e r , it wa s n e c e ssa r y t o m a k e c h a n g e s t o P a sc a l

be c a u se it wa s n e v e r in t e n d e d a s a h a r d wa r e d e scr ip t io n la n g u a g e . , T h e se

ch a n g e s we r e m a d e fo r e f fic ie n c y . H o we v e r , t h e h igh d e g r e e o f sim ila r it y

be t we e n t h e t wo la n g u a g e s m a k e s t h e S PI L la n g u a g e e a sy t o le a r n fo r d e sign e r s

wh o a r e a lr e a d y fa m ilia r wit h P a sc a l. S om e o f t h e im p o r t a n t d iffe r e n c e s
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be t we e n t h e S PI L la n g u a g e a n d P a sca l will b e su m m a r ize d h e r e .

T h e S PI L la n g u a g e d o e s n o t su p p o r t t h e t y p e r e a l, n o r t h e t y p e c o n st r u c -

t o r s s e t, r e c o r d a n d e n u m e r a t io n . H o we v e r , it d o e s su p p o r t t h e i n t e g e r t y p e ,

sin c e in t e g e r a r it h m e t ic c a n b e e f fic ie n t ly d o n e o n a c h ip . I t p r o v id e s fo r

su b r a n g e t y p e s a n d o n e -d im e n sion a l a r r a y s. I t p r o v id e s fo r p o in t e r t y p e s, b u t

sin c e it h a s n o d y n a m ic m e m o r y a llo c a t io n , p o in t e r s r e f e r t o st a t ic lo c a t io n s

on ly. T h e f u n c t io n A D D R h a s b e e n a d d e d t o t h e S PI L la n g u a g e t o r e t u r n t h e

a d d r e ss of a v a r ia b le or a r r a y e le m e n t . T h e S PI L la n g u a g e h a s t h e a d d e d t y p e s

i n p u t _ p o r t a n d o u t p u t _ p o r t fo r d e scr ib in g c h ip in p u t a n d o u t p u t r e g ist e r s.

A n y in t e g e r s d e c la r e d in a S PI L p r o g r a m c o r r e spo n d o n a o n e -t o -o n e b a sis

wit h st o r a g e r e g ist e r s c r e a t e d fo r t h e m in t h e d a t a p a t h . T h is is a n e x a m p le o f

wh y t h e S P I L la n g u a g e is a n a r c h it e c t u r a l la n g u a g e .

T h e S PI L la n g u a g e h a s b in a r y -m a sk co n st a n t s wit h don’t c are bit s o f t h e

fo r m ? ? 1 0 B. T h e q u e st ion m a r k s a r e t h e don’t c are bit s. T h e B m e a n s b in a r y .

T h e se h e lp h a n d o p t im iza t io n o f d a t a p a t h c o n d it io n a l t e st s. T h is is a v e r y g o o d

e x a m p le o f a n a d d it io n t o t h e S PI L la n g u a g e fr o m P a sc a l f o r r e a so n s o f e f fi-

cie n c y . Bit m a sk s ca n g r e a t ly r e d u c e t h e size o f t h e c o n t r o l p a t h . T h is will b e

d e sc r ib e d in m o r e d e t a il in se c t io n 2 . 2 . 4 ( T h e C ir c u it A r ch it e c t u r e o f SPI L ) .
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T h e S PI L la n g u a g e h a s som e p r e d e f in e d v a r ia b le s a n d c o n st a n t n a m e s. A ll

su c h a d d e d sym b o ls b e g in wit h a n u n d e r sco r e t o d ist in g u ish t h e m fr o m o r d in a r y

va r ia ble s. T h e r e is a p r e d e f in e d v a r ia b le n a m e fo r e a c h o f t h e in p u t a n d o u t p u t

r e g ist e r s of t h e co m p u t a t io n a l u n it s in t h e d a t a p a t h t o p e r m it h a n d o p t im iza t io n

of c r it ica l c o m p u t a t ion s in t h e c a se wh e r e t h e a u t o m a t ic c o d e im p r o v e m e n t is

in a d e q u a t e . A n e x a m p le o f t h is is sh o wn in t h e S PI L p r o g r a m in a p p e n d ix A

( S PI L C o d e c F ile s) . S om e e x a m p le s o f t h e se v a r ia b le s a n d c o n st a n t s fo llo w.

T h e p r e d e fin e d sy m bo lic c o n st a n t _ d a t a _ w i d t h co n t r o ls t h e wid t h o f t h e d a t a

pa t h . T h e p r e d e f in e d va r ia ble s _ a d d _ i n _ 1 a n d _ a d d _ i n _ 2 r e p r e se n t t h e t wo

in p u t p o r t s o f t h e a d d e r c o m p u t a t io n a l u n it . T h e p r e d e fin e d v a r ia b le _ a d d _ o u t

r e p r e se n t s t h e o u t p u t p o r t o f t h e a d d e r c o m p u t a t io n a l u n it .

T h e S PI L la n g u a g e h a s som e a d d it io n a l o p e r a t o r s fo r sh ift in g a n d c o m p le -

m e n t in g t h a t w e r e t a k e n fr o m t h e C la n g u a g e . T h e se m a k e lo w-le v e l c o m p u t a -

t io n wit h t h e sh ift e r a n d c o m p le m e n t e r e a sie r . F o r e x a m p le , t h e e x p r e ssi on X

< < 1 m e a n s t h e v a lu e o f X sh ift e d t o t h e le f t o n e b it . T h e le a st sign ific a n t b it

will b e p a d d e d wit h a z e r o . T h e m o st sign ific a n t b it will b e d isca r d e d .

T h e S PI L la n g u a g e h a s m o st o f t h e c o n t r o l st r u c t u r e s o f P a sc a l, in c lu d in g

I F - T H E N - E L S E, F O R - D O, W H I L E - D O, R E P E A T - U N T I L, G O T O, a n d C A S E, b u t d o e s

n ot in c lu d e p r o c e d u r e in v o c a t io n . T h e h igh o v e r h e a d o f p r o c e d u r e in v o c a t io n

im p le m e n t e d b y f in it e st a t e m a c h in e m a k e s it im p r a c t ic a l c u r r e n t ly . T h e o n ly
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pr o c e d u r e d e fin it ion t h a t t h e d e sign e r is a llo we d is f o r a p r o c e d u r e c a lle d _ r e s e t

wh ich w ill b e in v o k e d wh e n t h e ch ip r e se t in p u t is e n a b le d . D e t a ils o f t h is will

be d isc u ss e d in t h e se c t io n 2 . 2 . 5 ( T im in g C o n sid e r a t io n s) .

T h e S PI L la n g u a g e ’ s sim ila r it ie s t o a we ll-k n o wn la n g u a g e , P a sc a l, c o m -

bin e d wit h it s sp e cif ic a d a p t a t io n s fo r h a r d wa r e d e scr ip t ion , m a k e it a n e ff e c t iv e

la n g u a g e fo r d e scr ib in g c h ip s.

I n o r d e r t o d e scr ib e a c h ip u sin g t h e S PI L la n g u a g e , t h e d e sign e r sh o u ld

be g in wit h a n a lg o r it h m ic d e sc r ip t ion in t h e fo r m of a sign a l-flo w g r a p h , e q u a -

t io n s, o r e v e n a p r o g r a m in a n o t h e r la n g u a g e . A ll o f t h e se r e p r e se n t a t io n s a re

we ll su it e d t o st e p - b y -st e p c o d in g in t h e SPI L la n g u a g e .

A sa m p le p r o g r a m t o d e t e r m in e a b so lu t e v a lu e , illu st r a t in g so m e o f t h e

ba sic S PI L la n g u a g e f e a t u r e s, is sh o wn in F ig u r e 2 . 1 .

I n t h e C O N S T se c t ion t h e wid t h o f t h e d a t a b u s is se t t o 8 b it s. I n t h e V A R

se c t ion a n in p u t p o r t c a lle d i n p u t a n d a n o u t p u t r e g ist e r ca lle d o u t p u t a r e

d e f in e d , a s w e ll a s a r e g ist e r c a lle d t e m p t o h o ld in t e r m e d ia t e r e su lt s. T h e r e is

n o _ r e s e t pr o c e d u r e in t h is e x a m ple . T h e p r o g r a m r e a d s in t h e in p u t a n d

st o r e s it in t h e r e g ist e r t e m p, t h e n t e st s t h e sign a n d t a k e s t h e n e g a t ive if n e c e s-

sa r y t o d e t e r m in e t h e a b so lu t e v a lu e . T h e r e su lt is t h e n m o v e d t o t h e o u t p u t

r e g ist e r .
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P R O G R A M D e m o ;

C O N S T
_ d a t a _ w i d t h = 8 ;

V A R
i n p u t : i n p u t _ p o r t C O N N E C T D O W N W A R D ;
o u t p u t : o u t p u t _ p o r t C O N N E C T U P W A R D ;
t e m p : i n t e g e r ;

B E G I N
t e m p : = i n p u t ;
I f ( t e m p < 0 ) t h e n t e m p : = - t e m p ;
o u t p u t : = t e m p ;

E N D .

Fig ure 2. 1. Dem o nstra tio n SPIL Prog ra m

2. 2. 3. Co mpi la tio n S teps

T h e st e p s in v o lv e d in c o m p ilin g a S PI L p r o g r a m a r e a s f o llows ( F ig u r e 2 . 2 ) .

T h e p r o g r a m is st o r e d in t h e file dem o. sp. T h e S PI L c o m p ile r is t h e n r u n b y t h e

co m m a n d spil dem o. s p. T h is c o m m a n d g e n e r a t e s t w o n e w file s. T h e fir st file ,

dem o. bm, is a r e a d a b le d e scr ipt io n o f t h e a r r a n g e m e n t s o f c e lls in t h e d a t a p a t h .

T h e . bm file is c a lle d t h e b u s m a p o r a d a t a p a t h d e scr ip t io n . T h e se c o n d file ,

dem o. fsm , is a h ig h -le v e l d e scr ip t io n o f t h e F S M c o n t r o lle r . T h e . fsm file is

ca lle d t h e fin it e st a t e m a c h in e file . T h e spil co m m a n d a lso g e n e r a t e s a so u r c e

listin g wh ic h c o n t a in s a fin it e st a t e c o n t r o l d e scr ip t io n . E x a m p le s o f t h e se file s

a r e sh o wn in a p p e n d ix A ( S PI L C o d e c F ile s) . T h e d a t a p a t h la y o u t is p r o d u c e d

by r u n n in g t h e b u s g e n e r a t o r p r o g r a m ; t h e c o m m a n d busge n de m o. bm cr e a t e s t h e
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ou t p u t file dem o_bm . c if. T h e F S M la y o u t is p r o d u c e d b y r u n n in g t h e fin it e st a t e

m a c h in e g e n e r a t io n p r o g r a m c a lle d P L A m a t e [1 7 ] ; t h e c o m m a n d P L A m ate

dem o. fsm cr e a t e s t h e o u t p u t f ile dem o. c if. T h e C I F la y o u t s a r e fo r a 3µm C M O S

t e c h n o lo g y [1 8 , 1 9 ].

F in a l c o n n e c t io n s o f t h e F S M t o t h e d a t a p a t h a n d a d d r e ss d e c o d e r s, a n d o f

in p u t s a n d o u t p u t s t o p a d d r iv e r s a r e d o n e m a n u a lly u sin g a n in t e r a ct iv e m a sk

e d it o r , C ae s ar, a n d a p r o g r a m c a lle d T A R C O N . T A R C O N (Te r m in a l ARr a y

CO Nn e c t o r ) will r o u t e t h e o p p o sit e sid e s o f a r e c t a n g u la r c h a n n e l p r o v id e d t h a t

t h e c h a n n e l t h a t c a n b e r ou t e d in o n e la y e r . T h is t o o l c a n sa v e a g r e a t d e a l of

t im e d u r in g m a n u a l r o u t in g . M o r e im p o r t a n t ly , it c a n a lso b e u se d in a p r o g r a m

wh ich w ill a u t o m a t ic a lly g e n e r a t e t h e in t e r c o n n e c t io n s b e t we e n t h e d a t a p a t h

a n d t h e c o n t r o l p a t h .
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. spdem o

spi l dem o . sp

dem o dem o

dem o dem o

_b m . ci fdem o dem o

b u sge n p la m a t e . fsm . b m

. b m . f sm

. c if

co m m a n d

file :

p r o gr a m :

K e y :

Fig ure 2. 2. Co m piling a SPIL Pro g ra m
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2. 2. 4. The Circui t Architecture of SPIL

A b loc k d ia g r a m o f t h e a r ch it e c t u r e is sh o wn in F ig u r e 2 . 3 . T h e f in it e st a t e

m a c h in e p r o v id e s t h e c o n t r o l flo w f o r t h e a lg o r it h m a n d t h e d a t a p a t h p e r fo r m s

t h e c o m p u t a t ion s. T h e d e sign e r sp e cif ie s a d ig it a l a lg o r it h m in SPI L ’ s in p u t

la n g u a g e . A ft e r c o m p ilin g t h e p r og r a m , t h e d e sign e r ’ s a lg o r it h m is p e r m a n e n t ly

e n c o d e d in t h e fin it e st a t e m a c h in e [1 ] . T h is e n c o d in g is a c h ie v e d b y h a v in g

e a c h st a t e in t h e F S M c o n t r o lle r r e p r e se n t o n e d a t a t r a n sfe r b e t w e e n t wo lo c a -

t io n s in t h e d a t a p a t h [2 0 ]. T h e se t w o loc a t io n s c a n b e c o n st a n t s, st o r a g e r e g is-

t e r s o r c o m p u t a t ion a l u n it s, a n d t h e y a r e spe c ifie d b y u n iq u e sou r c e a n d d e st in a -

t io n a d d r e sse s. T h u s a n F S M st a t e se le ct s t h e t wo lo c a t io n s in t h e d a t a p a t h fo r

t h e d a t a t r a n sfe r b y g e n e r a t in g a sou r c e a n d a d e st in a t io n a d d r e ss p a ir . T h e t wo

a d d r e sses t h a t t h e F S M g e n e r a t e s a r e d e c o d e d b y t h e a d d r e ss d e co d e r s in t h e

d a t a -p a t h h a lf o f t h e a r c h it e c t u r e .

T o illu st r a t e t h is c o n c e p t , su p p o se t h a t in a S PI L p r og r a m t h e d e sign e r h a s

d e f in e d t h r e e va r ia ble s A , B a n d C u sin g t h e fo llo win g syn t a x , wh ic h is id e n t ic a l

t o t h a t o f S t a n d a r d P a sc a l:

va r
A , B, C : in t e g e r ;

T h e se t h r e e v a r ia b le s co r r e spo n d o n a o n e - t o - o n e b a sis wit h st o r a g e r e g ist e r s

cr e a t e d f o r t h e m in t h e d a t a p a t h . I f t h e d e sig n e r wa n t e d t o spe c ify a c a lcu la -

t io n t o a d d t h e c o n t e n t s o f t h e B a n d C r e g ist e r s a n d st o r e t h e r e su lt in t h e A
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( F S M )

F in it e -

M a c h in e
S ta t e

R

A : A d d e r

C : C o m p le m e n t e r
R : R e gist e r

R e a d y

G o

R e se t

C loc k s

Bu s
D a t a

A n O u t p u t

wid t h

A n I n p u t

A d d r e ss D e c o d e r s

A d d r e ss
Bu s

R C A

S ou r ce /D e st in a t io n

D a t a P a t h

R S L S

R S : R igh t S h ift e r
L S : L e f t S h ift e r

Fig ure 2. 3. SPIL Cir cuit Architecture

r e g ist e r , t h e f o llowin g p r o g r a m syn t a x wo u ld b e u se d :

A := B + C ;

T h e a r c h it e c t u r e im p le m e n t s t h is h ig h -le v e l in st r u c t io n b y u sin g t h r e e st a t es

of t h e F S M . D u r in g t h e fir st st a t e , t h e sou r c e a d d r e ss will se le c t t h e r e g ist e r B

a n d t h e d e st in a t io n a d d r e ss will se le c t t h e fir st in p u t p o r t o f t h e a d d e r c o m p u t a -

t io n a l u n it . T h e se c o n d F S M st a t e g e n e r a t e s a so u r c e a d d r e ss fo r r e g ist e r C a n d

a d e st in a t io n a d d r e ss fo r t h e se c o n d in p u t p o r t of t h e a d d e r . F in a lly , t h e t h ir d

st a t e g e n e r a t e s a sou r c e a d d r e ss fo r t h e o u t p u t p o r t o f t h e a d d e r a n d a
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d e st in a t io n a d d r e ss fo r r e g ist e r A .

T h e r e a r e so m e fu r t h e r a r ch it e c t u r a l fe a t u r e s o f S PI L wo r t h n o t in g . A

m in im u m o f fo u r c o m p u t a t io n a l u n it s a r e n e e d e d : a d d it io n , le ft sh ift b y o n e b it ,

r ig h t sh ift b y o n e b it w it h sig n b it e x t e n sion , a n d o n e s c o m p le m e n t [2 0 ] . A

r ip p le - c a r r y a d d e r w a s u se d . A n o t h e r a r c h it e c t u r a l fe a t u r e is t h e d a t a bu s c on -

n e c t io n b e t we e n t h e d a t a p a t h a n d som e o f t h e in p u t s t o t h e F S M . T h is fe e d -

ba c k p e r m it s t h e F S M t o m a k e c o n d it io n a l t r a n sfe r s t o d iffe r e n t st a t e s b a se d on

t h e r e su lt o f som e p r e v io u s ca lc u la t io n a n d is u se d t o im p le m e n t h ig h -le v e l c o n -

d it io n a l t e st s in t h e d e sign e r ’ s S PI L p r o g r a m . N o t e t h a t t h is a r c h it e c t u r e d o es

n ot h a v e st a t u s b it s o r a c o n d it ion c o d e r e g ist e r . H o w e ve r , t h e d e sign e r c o u ld

u se a n in t e g e r v a r ia b le t o st o r e t h e r e su lt o f a c a lc u la t io n fo r t h e p u r p o se o f c o n -

d it io n a l b r a n c h in g a t a la t e r t im e . T h e r e a r e a lso in p u t p o r t c e lls fo r c o n n e ct io n

of o ff- c h ip in p u t s t o t h e d a t a b u s, a n d o u t p u t r e g ist e r s t o t r a n sfe r d a t a fr o m t h e

d a t a p a t h t o o ff- c h ip o u t p u t s. T h e wid t h o f t h e d a t a p a t h ( a n d h e n c e t h e

n u m b e r o f b it s in t h e d a t a b u s) is v a r ia b le a n d is sp e c if ie d in t h e S PI L p r o g r a m ;

t h e le n g t h o f t h e d a t a p a t h is a lso v a r ia b le a n d d e p e n d s o n t h e n u m b e r o f d a t a

r e g ist e r s, c o n st a n t s, c o m p u t a t io n a l u n it s, c h ip in p u t s a n d c h ip o u t p u t s r e q u ir e d

by t h e a lg o r it h m . T h e wid t h o f e a c h a d d r e ss b u s is a lso v a r ia b le a n d d e p e n d s o n

t h e n u m b e r o f d e v ice s r e q u ir e d in t h e d a t a p a t h .
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A s in d ic a t e d , t h e c o n t r o lle r is a fin it e st a t e m a c h in e . P L A m a t e [1 7 ] is a

m o d u le g e n e r a t o r t h a t g e n e r a t e s Pr o g r a m m a b le Log ic Ar r a y ( P L A ) a n d fin it e

st a t e m a c h in e la y o u t s in C a lt e c h I n t e r m e d ia t e F o r m ( C I F ) f o r a 3µm C M O S

t e c h n o lo g y . P L A m a t e a c c e p t s a h igh - le v e l d e sc r ip t ion o f t h e P L A o r F S M ,

in c lu d in g in p u t a n d o u t p u t lin e s a n d t h e ir o r d e r in g , a ssign m e n t st a t e m e n t s wit h

Boo le a n e x p r e ssion s, F S M st a t e s, F S M st a t e t r a n sit ion s, F S M o u t p u t s t o b e

a sse r t e d in a g iv e n st a t e , F S M o u t p u t s t o b e a ss e r t e d d u r in g a p a r t icu la r st a t e

t r a n sit ion , a n d t h e F S M R E S E T st a t e a n d R E S E T in p u t . P L A m a t e t h e n

a u t o m a t ic a lly r e d u c e s t h e Bo o le a n e x p r e ssion s t o m in t e r m f o r m , m in im iz e s t h e m

a n d t h e n p r o d u c e s t h e P L A /F S M la yo u t , a s we ll a s a list in g o f t h e in p u t /ou t p u t

n u m b e r in g se q u e n c e a n d a P L A c o n n e c t io n m a t r ix.

T h e P L A o r F S M g e n e r a t e d b y P L A m a t e is c u r r e n t ly a st a t ic c o m p le m e n -

t a r y C M O S N A N D -N A N D st r u c t u r e ( F igu r e 2 . 4 ) . T h e t w o le v e ls o f t h e P L A

a r e t h e A N D pla n e , wh ic h g e n e r a t e s t h e m in t e r m s t h a t a r e r e q u ir e d , a n d t h e O R

pla n e , wh ic h c o m b in e s t h e m in t e r m s t o p r o d u c e t h e fu n c t io n s r e q u ir e d . T h is

pa r t icu la r st r u c t u r e ( F ig u r e 2 . 4 ) a llo ws a ll N M O S d e v ic e s t o b e p la c e d in a c o m -

m o n P w e ll, r e d u c in g t h e silico n a r e a r e q u ir e d . T h e F S M a u t o m a t ica lly in c lu d e s

in p u t a n d o u t p u t la t c h e s a n d t h e f e e d b a c k p a t h s r e q u ir e d t o fo r m t h e st a t e v a r i-

a b le s. T h e u se o f a c o m p le m e n t a r y C M O S st r u c t u r e r e d u c e s p o we r d issipa t ion ,

bu t r e su lt s in a la r g e silico n a r e a b e c a u se b o t h P M O S a n d N M O S t r a n sist o r s a r e

r e q u ir e d fo r e a c h lo g ic fu n c t io n . I n a d d it io n , t h e wid t h o f t h e se r ie s N M O S
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t r a n sis t o r s in t h e N A N D g a t e s is m u lt ip lie d b y t h e n u m b e r o f N A N D g a t e in p u t s

in o r d e r t o m a in t a in sym m e t r ic r isin g a n d f a llin g p r o p a g a t io n d e la y s [1 7 ] .

.

.

.

.

.

.

.

.

.

.

.

.

S ta t e
F e e d b a c k

I n p u t s

O u t p u t s

I n p u t
L a t c h e s

O u t p u t
L a t c h e s

PM O S
t r a n sist o r s

N M O S
t r a n sist o r s

PM O S
t r a n sist o r s

N M O S
t r a n sist o r s

PL A
A N D
p la n e
N A N D
ga t e s

PL A
O R
p la n e
N A N D
ga t e s

Fig ure 2. 4. PLA ma te Static CMO S FSM

S i n c e t h e a r c h it e c t u r e h a s n o w b e e n d e scr ibe d , it is p o ssi ble t o e x p la in wh y

it wa s e ffic ie n t t o a d d t h e b it -m a sk t e st s su c h a s ? ? ? 0 B t o t h e S PI L la n g u a g e .

E sse n t ia lly , t h e m o r e don’t c are bit s in t h e b it -m a sk , t h e fe we r t h e n u m b e r o f

co n n e c t io n s f r o m t h e d a t a b u s t o t h e f in it e st a t e m a c h in e ( F ig u r e 2 . 3 ) . R e du c-

in g t h e n u m b e r o f t h e se c on n e c t io n s c a n sign if ica n t ly r e d u c e t h e size o f t h e P L A

u se d in t h e F SM . T h u s, u sin g b it -m a sk t e st s c a n r e d u c e t h e a r e a o f t h e d e sign .
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I n su m m a r y , t h e S P I L a r c h it e c t u r e m a y b e b a se d o n a sim p le r e g ist e r

t r a n sfe r d e sign ; h o we v e r , it is v e r y e ffic ie n t t o g e n e r a t e , a n d is a d e q u a t e f o r

low- p e r fo r m a n c e c h ip d e sign s.

2. 2. 5. Timing Co ns idera tio ns

2. 2. 5. 1. Ex terna l Signa ls

T h r e e sign a ls a r e u se d t o c o n t r o l a n d m o n it o r e x e cu t io n o f t h e a lg o r it h m b y

t h e F S M . T h e se a r e R E S E T , R E A D Y a n d G O ( F ig u r e 2 . 3 ) . R E SE T a n d G O

a r e in pu t s t o t h e F S M . R E A D Y is a n o u t p u t fr o m t h e F S M . W h e n t h e R E S E T

in p u t is se t high t h e F S M is fo r c e d in t o st a t e 0 . I f t h e d e sign e r spe c ifie d a

_ r e s e t pr o c e d u r e , t h e n st a t e 0 will b e it s fir st st a t e . T h is p r o c e d u r e will b e fo l-

lowe d b y a w ait st a t e . I f t h e d e sign e r d id n o t sp e c ify a _ r e s e t pr o c e d u r e ( F ig -

u r e 2 . 1 ) , st a t e 0 will b e t h e w ait st a t e . F ig u r e 2 . 5 co n t a in s t h e F S M st a t e

d ia g r a m f o r t h e p r o g r a m in F ig u r e 2 . 1 . I n t h e w ait st a t e , t h e R E A D Y o u t p u t

sign a l is se t high. I n t h is st a t e , t h e F S M is w a it in g fo r a G O sign a l. W h e n G O

is se t high, t h e F S M le a v e s t h e w ait st a t e w h ich c a u se s R E A D Y t o b e se t low.

T h is is fo llo we d b y t h e F S M e x e c u t in g t h e m a in p r o g r a m o f t h e S PI L a lg o r it h m .

T h e m a in p r o g r a m is c o n t a in e d b e t w e e n t h e t wo st a t e m e n t s B E G I N a n d E N D

( F ig u r e 2 . 1) . W h e n t h e F S M is fin ish e d e x e c u t in g t h e a lg o r it h m , it r e t u r n s t o

t h e w ait st a t e w h e r e t h e R E A D Y o u t p u t is a g a in se t high a n d t h e F S M wa it s fo r
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a n o t h e r G O sign a l. T h is R E A D Y -G O - ex e c ute cy c le is t h e m e t h o d t o pe r fo r m

r e p e t it iv e c a lcu la t io n s u sin g t h e c h ip .

T h e F S M st a t e s ( F ig u r e 2 . 5 ) f o r t h e d e m o n st r a t io n p r o g r a m illu st r a t e t h e

op e r a t ion o f t h e c o n t r o lle r a n d t h e wa y t h a t a d e sign e r ’ s a lg o r it h m is c o d e d in

t h e F S M . S t a t e S 0 is t h e w ait st a t e . I n st a t e S 1 t h e c h ip in p u t is m o v e d t o t h e

r e g ist e r t e m p wh e n t h e F SM se n d s t h e so u r c e a d d r e ss o f i n p u t a n d t h e d e st in a -

t io n a d d r e ss o f t e m p t o t h e a d d r e ss d e c o d e r s in t h e d a t a p a t h ; a lso t h e F S M is

loa d e d wit h t h e v a lu e o f t e m p t o b e u se d in t h e c o n d it io n a l t e st in st a t e S 3.

S ta t e S 2 is a n o - o p e r a t ion st a t e ; t h is is e xp la in e d in t h e n e xt se c t io n . I n st a t e S 2

a so u r c e a d d r e ss o f t e m p pu t s t h e r e g ist e r c o n t e n t s o n t h e d a t a b u s fo r in p u t t o

t h e F S M . T h e sign b it is t e st e d a n d c o n d it io n a l b r a n c h in g o c c u r s. I f it is n e ce s-

sa r y t o m a k e t e m p p o sit iv e b e c a u se it is c u r r e n t ly n e g a t iv e , t h is is d o n e b y m o v -

in g t e m p t o t h e c o m p le m e n t e r ( S 3) , t h e c o n st a n t 1 t o t h e a d d e r ( S4) , t h e o u t p u t

of t h e c o m p le m e n t e r t o t h e a d d e r ( S 5) a n d t h e o u t p u t o f t h e a d d e r t o t e m p ( S 6) .

T h is g e n e r a t e s a t w o ’ s c o m p le m e n t u sin g a o n e ’ s c o m p le m e n t p lu s a d d it io n o f

on e . F in a lly, t e m p is m o v e d t o t h e o u t p u t r e g ist e r ( S 7) a n d t h e F S M r e t u r n s t o

t h e w ait st a t e a n d t u r n s o n t h e R E A D Y sig n a l.
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o t h e r wi se G O

R E S E T

R E A D Y
S 0
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d e st . = _a d d_in_2
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d e st . = _a d d_in_1
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d e st . = -

sou r ce = t e m p

d e st . = t e m p
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t e m p < 0

S 7

S 6

S 5

S 4

S 3

S 2
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sta t e
fr o m a n y

o t h e r wi se

Fig ure 2. 5. Sam ple Prog ra m FSM Contro ller



27

2. 2. 5. 2. Cri tical Path Anal y sis

T h e r e m a in d e r o f t h is se c t ion o n T im in g C o n sid e r a t io n s c o n t a in s a d e t a ile d

a n a ly sis o f t h e r a c e s w h ich c o u ld o c c u r in t h e S PI L a r c h it e c t u r e d u r in g it s o p e r a -

t io n . T h is a n a ly sis is im p o r t a n t b e ca u se it is t h e b a sis fo r p r e d ic t in g t h e o p e r a t -

in g sp e e d o f t h e c h ip. T h e r a c e s will b e sp e c ifie d in a n e x p r e ss ion wh ic h g iv e s

t h e m in im u m c lo c k p e r io d . S in ce t h e a r c h it e c t u r e u se s t w o n o n -o v e r la p p in g

clo c k s, t h e r e a r e f o u r p h a se s p e r c lo ck c y c le . T h e r e su lt o f t h e c r it ic a l p a t h

a n a ly sis is a spe c ific a t io n o f t h e m in im u m p o ssible v a lu e fo r e a c h o f t h e c loc k

ph a se s.

F igu r e 2 . 6 sh o ws a ll o f t h e e ssen t ia l t im in g u n it s o f t h e a r c h it e c t u r e . T h e

co n t r o l p a t h is r e p r e se n t e d b y t h e P L A a n d t h e t wo se t s o f F S M la t c h e s. T h e se

F S M in p u t a n d o u t pu t la t c h e s a r e sh o wn b y t h e t w o b loc k s t o t h e le ft o f t h e

P L A . T h e t o p la t c h , la b e lle d In, is t h e F S M in p u t la t c h , t h e b o t t o m on e ,

la b e lle d O ut, is t h e F S M o u t p u t la t c h . T h e se le v e l-se n sit iv e la t c h e s h a v e t wo

m o d e s o f o p e r a t io n , lo c k e d a n d t r a n spa r e n t . W h e n a la t c h e d is lo c k e d , it s o u t -

pu t c o n t a in s t h e d a t a t h a t wa s p r e v io u sly a p p lie d t o t h e in p u t o f t h e la t ch , a t t h e

in st a n t wh e n it wa s loc k e d . W h e n a la t c h is t r a n sp a r e n t , t h e in p u t is sim p ly

pa sse d t o o u t p u t . T h e F S M la t c h e s a r e c lo c k e d b y P H I 2 . W h e n P H I 2 is low ,

t h e in p u t la t c h is loc k e d a n d t h e o u t p u t la t c h is t r a n spa r e n t . W h e n P H I 2 is

h igh , t h e m o d e s o f t h e la t c h e s a r e r e v e r se d . T h e d a t a p a t h is r e p r e se n t e d b y t h e
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r e m a in in g p a r t s o f F ig u r e 2 . 6 .

T h e P -c h a n n e l t r a n sist o r a t t h e t o p o f t h e d a t a b u s r e p r e se n t s t h e p r e ch a r ge

cir cu it r y . T h e d a t a b u s h a s st o r a g e r e g ist e r s, in p u t /ou t p u t r e g ist e r s a n d c o m p u t a -

t io n a l u n it s c o n n e c t e d t o it . H o we v e r , on ly t h e a d d e r c o m p u t a t ion a l u n it is

sh o wn in t h is d ia g r a m , sin ce t h is is a ll t h a t is n e e d e d t o d e m o n st r a t e t im in g .

O n e d e st in a t io n la t c h a n d o n e so u r c e d isch a r g e p o r t a r e sh o wn . T h e a d d e r ’ s

sou r c e a n d d e st in a t io n p o r t s a r e sh o wn b e c a u se t h e a d d e r is t h e slowe st u n it o n

t h e d a t a b u s. T h e so u r c e b lo c k h a s t h r e e sign a ls c o n n e c t e d t o it , la b e lle d α, β

a n d γ . S ign a l α is c o n n e ct e d t o t h e d a t a bu s in o r d e r t o c o n d it io n a lly d isch a r g e

it . S ign a l β is t h e d a t a wh ic h h a s b e e n c o m p u t e d b y t h e a d d e r u n it . W h e n sig-

n a l γ is se t h ig h , it e n a b le s t h e sou r c e t o c o n d it ion a lly d isch a r ge t h e d a t a b u s

ba se d o n t h e d a t a in p u t fr om sig n a l β. T h e d e st in a t io n b lo c k h a s t h r e e sign a ls

co n n e c t e d t o it , la b e lle d δ , ε a n d ζ. S ign a l δ is u se d t o r e a d fr o m t h e d a t a b u s.

S i gn a l ε is t h e ou t p u t o f t h e d e st in a t io n la t c h a n d is in p u t t o t h e c o m pu t a t io n a l

u n it . W h e n sign a l ζ is se t lo w it e n a b le s t h e d e st in a t io n t o lo a d t h e v a lu e fr o m

t h e d a t a b u s u sin g sign a l δ . T h e ga t e s b e lo w t h e r e g ist e r s a r e u se d t o e n a b le a

pa r t icu la r so u r c e o r d e st in a t io n u n it wh e n t h e a d d r e ss d e c o d e r se le ct s t h a t u n it

a n d t h e a p p r o p r ia t e c lo c k sign a l, P H I 1 - o r P H I 2 , is a p p lie d . T h e a d d r e ss

d e c o d e r is a c o m bin a t io n a l c ir c u it wh ich se le c t s o n e so u r c e a n d o n e d e st in a t ion

u n it wh e n t h e a p p r o p r ia t e a d d r e sse s h a v e b e e n g e n e r a t e d b y t h e P L A .
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a d d_la t ch_a a d d_o u t

e n a b le e n a b le

a d d

PH I 2

G O R E S E T

R E A D Y

PH I 2 PH I 1-

A d d r e ss D e c o d e r s

PH I 1 -

V d d

sr c d st

PL A

D a t a Bu s

In

Ou t

α δ
ε β

ζ γ

Fig ure 2. 6. Timing Units of SPIL Archi tecture

T h e c r it ic a l p a t h will b e d e scr ib e d u sin g F ig u r e s 2 . 7 t o 2 . 1 0 . T h e se fig u r e s

sh o w, wit h b o ld lin e s, t h e sig n a ls wh ic h a r e p r o p a g a t in g in e a c h o f t h e f o u r

ph a se s. I n e a c h d ia g r a m , t h e se b o ld ly -d r a w n sign a ls a r e t h e o n e s wh ic h h a v e t o

se t t le b e fo r e t h e n e x t p h a se ca n b e e n t e r e d . F ig u r e 2 . 1 1 sh o ws t h e r e la t io n sh ip

be t we e n t h e fo u r c loc k p h a se n u m b e r s a n d t h e c loc k s P H I 1 - a n d P H I 2 .
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d st

sr c

D a t a Bu s

PL A

V d d

PH I 1 -

A d d r e ss D e c o d e r s

PH I 1 - PH I 2

R E A D Y

R E S E T G O

PH I 2

sr c

a d d

e n a b le e n a b le

a d d_o u t a d d_la t ch_a

In

Fig ure 2. 7. Phas e 1 Timing , Prechar g e

I n o r d e r t o le a v e t h is p h a se a n d e n t e r p h a se 2 , t h r e e sign a ls m u st h a v e se t -

t le d . F ir st , t h e d a t a b u s m u st be p r e c h a r g e d . S e c o n d , t h e d a t a t h r o u g h t h e

a d d e r m u st h a v e se t t le d . A n d fin a lly , t h e in p u t s t o t h e A N D g a t e s wh ic h lo g i-

ca lly A N D P H I 1 - a n d a so u r c e u n it se le ct lin e m u st h a v e se t t le d .
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a d d_la t ch_a a d d_o u t

e n a b le e n a b le

a d d

d st

D a t a Bu s

PH I 2

G O R E S E T

R E A D Y

PH I 2 PH I 1-

A d d r e ss D e c o d e r s

PH I 1 -

V d d

sr c d st

PL A

In

Fig ure 2. 8. Phas e 2 Timing , Source Dis cha rg e

I n o r d e r t o le a v e t h is p h a se a n d e n t e r p h a se 3 , t h r e e sign a ls m u st h a v e se t -

t le d . F ir st , t h e d a t a b u s m u st b e c o n d it io n a lly d isc h a r g e d b y t h e sou r c e u n it .

S ec o n d , a ll t h e sign a ls t h r o u g h t h e o u t p u t la t c h e s o f t h e F S M m u st h a v e se t t le d;

sign a ls su c h a s t h e R E A D Y sign a l d r iv e o u t p u t p a d s a n d c o u ld h a v e m u ch

lon g e r se t t lin g t im e s t h a n sign a ls wh ic h g o t o t h e a d d r e ss d e c o d e r s. A n d fin a lly ,

t h e in p u t s t o t h e N A N D g a t e s wh ic h log ic a lly N A N D P H I 2 a n d a d e st in a t ion

u n it se le c t lin e m u st h a v e se t t le d .
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Ou t

D a t a Bu s

PH I 2

G O R E S E T

R E A D Y

PH I 2 PH I 1-

A d d r e ss D e c o d e r s

PH I 1 -

V d d

sr c d st

PL A

a d d

e n a b le e n a b le

a d d_o u t a d d_la t ch_a

Fig ure 2. 9. Phas e 3 Timing , Destina tio n Loa d

I n o r d e r t o le a v e t h is p h a se a n d e n t e r p h a se 4 , t wo sign a ls m u st h a v e se t -

t le d . F ir st , t h e d a t a b u s m u st be r e a d in t o t h e d e st in a t io n r e g ist e r . S e c o n d , t h e

d a t a t h r o u g h t h e in p u t la t c h e s o f t h e F S M m u st h a v e se t t le d .
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a d d_la t ch_a a d d_o u t

e n a b le e n a b le

a d d

PL A

sr c

V d d

PH I 1 -

A d d r e ss D e c o d e r s

PH I 1 - PH I 2

R E A D Y

R E S E T G O

PH I 2

D a t a Bu s

In

Fig ure 2. 10 . Phas e 4 Timing , No Ca lcula tio ns

T h e r e a r e n o sig n a ls p r o p a g a t in g in p h a se 4 t h a t p r e v e n t im m e d ia t e ly e n t e r -

in g p h a se 1 . H o we v e r , t h is is a t h e o r e t ic a l r e st r ict io n . I n a r e a l c h ip, t h e r e c o u ld

be c lo c k sk e w b e t w e e n p h a se s. T h u s, t h e P H I 1 - a n d P H I 2 c lo c k s wh ic h sp e cif y

t h e p h a se s m a y h a v e t o d e f in e p h a se 4 t o b e o n t h e o r d e r o f a fe w n a n o se c on d s

t o a v o id c lo c k sk e w. T h is is d iscu sse d fu r t h e r in se c t io n 5 . 2 ( M a x im u m C loc k

F r e q u e n c y D e t e r m in a t io n ) .
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F igu r e 2 . 1 1 c o n t a in s a t im in g d ia g r a m wh ic h sh ow s a ll o f t h e sign a ls wh ic h

co u ld p o ssibly b e p a r t o f t h e c r it ica l p a t h . T h is t im in g d ia g r a m wa s o b t a in e d b y

a n a ly sin g F ig u r e s 2 . 7 t o 2 . 1 0 . H e r e a r e d e fin it ion s o f t h e t im e s in F ig u r e 2 . 1 1 .

Tm i n is t h e m in im u m p o ss ible c lo c k p e r io d fo r P H I 1 - a n d P H I 2 .

t1 is t h e m in im u m p o ss ible d u r a t io n o f p h a se 1 .

t2 is t h e m in im u m p o ss ible d u r a t io n o f p h a se 2 .

t3 is t h e m in im u m p o ss ible d u r a t io n o f p h a se 3 .

t4 is t h e m in im u m p o ss ible d u r a t io n o f p h a se 4 .

tt o l is t h e t im e b e t we e n t h e P H I 1 - a n d P H I 2 c lo ck e d g e s wh ic h m a y

pr e v e n t clo c k sk e w in a r e a l c h ip in p h a se 4 . T h e su b scr ip t tol

m e a n s t o le r a n c e . T h is t im e will b e o n t h e o r d e r o f n a n o se co n d s.

F o r t h e p u r p o se s o f c r it ic a l pa t h c a lc u la t io n s, t h is t im e will b e se t t o

ze r o .

tp is t h e t im e t o p r e c h a r g e t h e d a t a b u s.

ta d d e r is t h e t im e fo r d a t a t o p r o p a g a t e t h r o u g h t h e a d d e r .

tP L A , O L , src is t h e t im e fo r t h e sig n a ls t o p r o p a g a t e t h r o u g h t h e P L A , F S M o u t -

pu t la t c h e s a n d a d d r e ss d e c o d e r s t o t h e in p u t o f a ll t h e sou r c e

d isch a r g e u n it s’ A N D g a t e s wh ic h a r e g a t e d b y P H I 1 -. N o t e t h a t

on ly t h e in p u t s t o t h e se A N D g a t e s m u st h a v e se t t le d . I t is n o t
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n e c e ssa r y f o r a ll t h e o u t p u t s o f t h e F S M la t c h e s t o h a v e se t t le d .

tc is t h e t im e t o c o n d it io n a lly d isch a r g e t h e d a t a bu s b y t h e slowe st

sou r c e u n it .

tP L A , O L is t h e t im e fo r sign a ls t o p r o p a g a t e t h r o u g h t h e P L A t o t h e F S M

ou t p u t la t c h e s.

tP L A , O L , d st is t h e t im e fo r sign a ls t o p r o p a g a t e t h r o u g h t h e P L A , F S M o u t p u t

la t c h e s a n d a d d r e ss d e c o d e r s t o t h e in p u t o f t h e d e st in a t io n u n it s’

N A N D g a t e s.

td la t is t h e t im e fo r a d a t a b u s v a lu e t o b e r e a d in t o t h e slowe st d e st in a -

t io n la t c h .

tI L is t h e t im e fo r a ll sign a ls t o p r o p a g a t e t o t h e o u t p u t o f t h e F S M

in p u t la t c h e s.
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Fig ure 2. 11 . Critica l Pa th Timi ng Dia g ra m
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T h e t im e s sh o wn in F ig u r e 2 . 1 1 c a n b e e x p r e sse d a s :

t4= tt o l ( 2 . 1 )

t1 = m a x ( tp , ta d d e r − t4 , tP L A , O L , sr c − t4 ) ( 2 . 2 )

t2 = m a x ( tc , tP L A , O L , d st − t1 − t4 , tP L A , O L − t1 − t4 ) ( 2 . 3 )

t3 = m a x ( td la t , tI L ) ( 2 . 4 )

Tm i n = t1 + t2 + t3 + t4 ( 2 . 5 )

fm a x =
Tm i n

1
( 2 . 6 )

N o t e t h a t e q u a t ion s 2 . 1 t o 2 . 5 will u su a lly r e su lt in a sim p le r e x p r e ssion fo r

Tm i n. F r o m a d e t a ile d a n a ly sis in S e ct io n 4 . 3 . 2 ( S I L O S C r it ic a l P a t h A n a ly sis ) ,

t h e r e is a m ost lik e ly c r it ic a l p a t h , a n d it is sh o wn in F ig u r e 2 . 1 1 . T h e sign ifi-

ca n c e o f t h is is t h a t t h e d e la y d u e t o co m p u t a t io n a l u n it s in t h e d a t a p a t h doe s

n ot c o n t r ib u t e t o t h e cr it ic a l p a t h d e la y . T h is is a r e su lt o f h a v in g la t c h e s a t

bo t h t h e in p u t s a n d t h e o u t p u t s o f t h e P L A . T h e se la t c h e s e sse n t ia lly c r e a te a

t wo -st a g e p ip e lin e . T h is co v e r t co n c u r r e n c y u sin g a p ip e lin e in c r e a se s t h e

op e r a t in g sp e e d o f t h e a r c h it e c t u r e a n d is v e r y sign ific a n t in a sin g le -b u s d a t a

pa t h a r ch it e c t u r e .

T h e e ff e ct o f t h e t wo st a g e p ip e lin e c a n b e o b se r v e d in t h e F S M c o n t r o lle r in

F igu r e 2 . 5 . I n o r d e r t o m a k e a c o n d it ion a l b r a n c h , in st a t e S 2, t h e v a lu e t o b e

t e st e d m u st be p u t o n t h e d a t a b u s t h e st a t e b e fo r e t h e F S M p e r fo r m s t h e t e st ,

st a t e S1. T h e a c t io n p e r f o r m e d b y t h e so u r c e a n d d e st in a t ion a d d r e ss e s in st a t e
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S 2, a s sh o wn in F ig u r e 2 . 5, d o e s n o t h a v e a n y e ffe c t . S om e a r c h it e c t u r e s wit h

pip e lin e s so lv e t h e p r o b le m o f st a r t in g c a lc u la t io n s b e fo r e a b r a n c h is t a k e n b y

flushing out t h e p ip e lin e b e fo r e t h e b r a n c h in st r u c t io n [2 1 ] . H o w e v e r , t h e r e is a n

a p p r o a c h t o im p r o v e t h e spe e d o f b r a n c h in st r u c t io n s, b e t t e r -su it e d t o t h is a r c hi-

t e c t u r e . T h is a p p r o a c h in vo lve s m ov in g c a lc u la t ion t h a t o c c u r s a f t e r t h e c o n d i-

t io n a l b r a n c h b lo c k in t o t h e u n u se d st a t e w h ich o c c u r s ju st b e fo r e t h e c o n d it io n a l

br a n c h . N a t u r a lly , t h is r e o r d e r in g o f t h e c a lc u la t ion s c a n n o t c h a n g e t h e fin a l

r e su lt o f t h e a lg o r it h m . O n ly fe w c a lc u la t ion s, if a n y , wo u ld sa t isfy t h is r e st r ic-

t io n . T h is k in d o f o p t im iz a t ion is sim ila r t o t h e wa y t h a t t h e R I S C a r c h it e c t u r e

a n d R I S C c o m p ile r fill a p ipe lin e b e fo r e a b r a n ch w it h n o - o p e r a t ion in st r u c t ion s

( N O P ) a n d t h e n t r y t o o p t im iz e t h e p r o g r a m b y r e p la c in g t h e N O P s wit h o t h e r

ca lc u la t ion s t h a t a r e in d e p e n d e n t o f t h e b r a n c h [ 2 2 ]. A n e x a m p le o f a sit u a t io n

wh e r e t h is o p t im iz a t io n c a n o cc u r is sh o w n in a p p e n d ix A ( S PI L C o d e c F ile s) ,

file rx . s pil_list. T h e op e r a t ion s in st a t e S 0 3 2 ca n b e m o v e d so t h a t t h e y a r e p e r -

fo r m e d in st a t e S 0 2 8. T h is is a n e x a m p le o f h o w t o sa v e o n e st a t e . T h e r e a r e a t

le a st t h r e e st a t e s t h a t c a n b e d e le t e d in t h is e x a m p le . C u r r e n t ly , t h e S PI L co m -

pile r d o e s n o t p e r fo r m t h is k in d o f o p t im iz a t ion w it h it s b r a n c h in st r u c t io n s.
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2. 2. 6. Desi g n Trade Off Techniques

W h e n a d e sign e r wr it e s a S PI L p r o g r a m t o d e sc r ib e a c h ip, t h e r e will b e

m a n y t r a d e o f fs r e q u ir e d in t o o r d e r t o o b t a in a d e sign w h ich sa t isfie s d e sir e d

d e sig n c r it e r ia . M e t h o d s o f r e d u c in g t h e d a t a p a t h a r e a , t h e f in it e st a t e m a c h in e

a r e a , t h e n u m b e r o f e x t e r n a l p in s, t h e ch ip sp e e d a n d t h e c h ip p o we r d issipa t ion

a r e d e scr ib e d b e lo w.

I n o r d e r t o r e d u c e t h e size o f t h e d a t a p a t h , t h e fo llo win g t e c h n iq u e s c a n b e

u se d . T h e n u m b e r o f r e g ist e r s, o r p r o g r a m va r ia ble s, t h a t t h e a lg o r it h m r e q u ir e s

sh o u ld b e r e d u c e d b y r e u sin g v a r ia b le s; h o we v e r , t h is m a k e s t h e a lg o r it h m m o r e

d iffic u lt t o r e a d . T h e n u m b e r of c o n st a n t s t h a t t h e a lg o r it h m u se s sh o u ld b e

r e d u c e d b y c o m b in in g o t h e r c o n st a n t s u sin g a d d it io n a n d sh if t in g , r e su lt in g in

m o r e st a t e s in t h e F S M . T h e n u m b e r o f in p u t a n d o u t p u t p o r t s t h a t t h e p r ogr a m

u se s c a n b e r e d u c e d b y c o m b in in g sim ila r p o r t s ( i. e . ju st in p u t p o r t s) in t o o n e

po r t a n d t h e n t im e -d iv ision m u lt iple x in g d iffe r e n t d a t a t h r o u g h t h a t o n e p o r t

u sin g a fe w a d d it ion a l o u t p u t sign a ls t o c o n t r o l o ff -c h ip m u lt ip le x o r s; t h is a lso

in c r e a se s t h e n u m b e r o f st a t e s in t h e F S M . T h e n u m b e r o f c o m p u t a t ion a l u n it s

t h a t a p r o g r a m u se s sh o u ld b e r e d u ce d b y t r y in g t o m a k e u se o f t h e m in im a l

n u m b e r ; t h is m a y in c r e a se t h e n u m b e r o f st a t e s in t h e F S M . A n e x a m ple o f t h e

u se o f t h e m in im a l n u m b e r o f c o m p u t a t io n a l u n it s is a m u lt ip lic a t io n p r o g r a m

wh ich u se s sh ift a n d a d d lo o p s b u t t r ie s t o m a k e u se o f o n ly o n e sh ift e r u n it .
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I n o r d e r t o r e d u c e t h e size o f t h e F S M , t h e fo llo win g t e c h n iq u e s c a n b e

u se d . C u r r e n t ly , S PI L d o e s n o t p e r f o r m d a t a f lo w o p t im iz a t io n s b e t we e n se p a r a t e

h igh - le v e l st a t e m e n t s. T h is m e a n s t h a t t h e d e sign e r c a n som e t im e s r e d u c e t h e

n u m b e r s o f wa st e d st a t e s b e t we e n h igh -le v e l st a t e m e n t s b y e x p a n d in g t h e h igh -

le v e l st a t e m e n t s u sin g lo we r le v e l d a t a t r a n sfe r s b e t we e n t h e S PI L c o m p u t a t io n a l

u n it p o r t s, su c h a s _ a d d _ i n _ 1, _ a d d _ i n _ 2 a n d _ a d d _ o u t; h o we v e r , t h is m a k e s

t h e d e sign e r ’ s p r o g r a m v e r y d iff icu lt t o r e a d a n d t h u s m o r e p r o n e t o p r o g r a m -

m in g e r r o r s. T h e size o f t h e P L A ca n b e r e d u ce d wh e n t h e d e sign e r u se s b it -

m a sk t e st s in o r d e r t o r e d u ce t h e n u m b e r o f co n n e c t io n s b e t we e n d a t a b u s a n d

t h e F S M . A ve r y im p o r t a n t t e c h n iq u e t o r e d u c e t h e siz e o f t h e F S M is t o p a r t i-

t io n o n e F S M in t o a n u m b e r o f sm a lle r F S M s. T h is is d isc u ss e d f u r t h e r in t h e

n e x t c h a p t e r o n S PI L E n h a n c e m e n t fo r D S P D e sign .

I n o r d e r t o c o n se r v e t h e n u m b e r o f e x t e r n a l p in s, t h e p r e v io u sly d iscu ssed

t e c h n iq u e s o f t im e -d iv ision m u lt ip le x in g a n d u sin g b it -m a sk t e st s c a n b e

e m p lo y e d .

T h e o p e r a t in g spe e d o f t h e c h ip c a n b e im p r o v e d b y in c r e a sin g t h e wid t h -

t o - le n g t h r a t io s o f t r a n sisto r s in t h e lib r a r y o f SPI L ce lls w h ich a r e u se d t o c r e a t e

t h e d a t a p a t h . A sim ila r t e c h n iq u e c a n b e a p p lie d t o t h e t r a n sis t o r s in t h e

la t c h e s o f t h e F S M . T h e c o st o f t h e se in c r e a se s will b e a g r e a t e r p o we r d issipa -

t io n .
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A c h ip’ s p o we r d iss ipa t io n c a n be r e d u c e d b y d e c r e a sin g t h e w id t h - t o - le n g t h

r a t ios o f t r a n sist o r s in t h e S PI L lib r a r y f o r t h e d a t a p a t h a n d t h e F S M la t c h e s.

T h e c o st is a d e c r e a se in o p e r a t in g sp e e d .

I f it is n o t p o ssible t o t r a d e o ff d e sign c r it e r ia in o r d e r t o a c h ie v e a d e sir e d

pe r fo r m a n c e , it m a y b e n e c e ss a r y t o c o n sid e r if S PI L sh o u ld b e u se d fo r su c h a

d e sig n o r if t h e size o f t h e a lg o r it h m sh o u ld b e r e d u c e d .

2. 3. Perfo rma nce Eva lua tio n with Silico n Co mpila tio n

T h e p r e v io u s se c t ion d e sc r ib e s so m e o f t h e t r a d e o f fs a m o n g d iff e r e n t

a sp e c t s o f a c h ip ’ s p e r fo r m a n c e in o r d e r t o o b t a in a d e sir e d c h ip p e r f o r m a n c e .

T h is se c t io n d iscu sse s h o w p e r fo r m a n c e m e a su r e s a r e o b t a in e d a n d h o w t h e y ca n

be u se d t o e ffe c t c h a n g e s in t h e o u t p u t o f a sili co n c o m p ile r .

I n d e v e lop in g t h e d e sign a id , t h e t a r g e t silico n c o m p ile r wa s a ssu m e d t o

h a v e t h e fo u r le v e ls sh o wn in F ig u r e 2 . 1 2 . T h e b e h a v iou r a l d e sc r ip t io n m a y

co n sist o f f u n ct io n a l b lo c k s a n d t h e ir in t e r c o n n e c t io n s ( wit h a fu n c t io n a l b lo c k

su c h a s a n A L U spe c ifie d in t e r m s o f in p u t s, o u t p u t s a n d t h e fu n c t io n s r e la t in g

t h e m ) . L o g ic sy n t h e sis t h e n g e n e r a t e s a lo g ic le v e l d e scr ipt io n , c o n sis t in g o f se t s

of Bo o le a n e q u a t io n s. A g iv e n Boo le a n fu n c t io n c a n t h e n b e t r a n sla t e d t o t h e

t r a n sis t o r c ir cu it le v e l, wit h a n e t list spe c ify in g t h e co n n e c t io n s. T h r o u g h p la ce -

m e n t a n d r o u t in g o f la y o u t c e lls, t h e t r a n sist o r c ir c u it d e scr ip t io n is t r a n sla t e d t o
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a la y o u t le v e l d e sc r ip t io n .

F E E D BA C K :

D e sign A id A n a lysis
L e ve ls :

S ilico n C o m p ile r

( A r c h it e c t u r e )

D e sc r ip t io n

Be h a vi o u r a l

( Bo o le a n F u n c t io n s)

C ir c u it

T r a n sist o r

( C I F )

I C L a yo u t

if

a p p r o ve d

a p p r o ve d

if

F E E D BA C K :

T e ch n o log y d a t a

U se r in p u t s &

D e la ys

Po we r , A r e a ,

A N A L Y S I S :

D a t a
O u t p u t

a n d F e e d b a c k :

( N e t list)

fa n -o u t , . . .

C h a n ge
T r a n sist o r size ,
A d d Bu ff e r s, . . .

C h a n ge
fa n -in ,

L o gi c

D e sc r ip t io n

Fig ure 2. 12 . Des ig n Aid Requireme nts
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T h e a n a ly sis o f t h e la y o u t c a n b e o b t a in e d u sin g a p e r fo r m a n c e e v a lu a t o r

wh ich d e t e r m in e s e st im a t e s o f p o we r d issipa t io n , a r e a a n d d e la y . T h e o b je c t iv e

is t o p r o v id e a n a n a ly sis o f t h e o u t p u t o f a silico n c o m p ile r a n d a lso p r o v id e

fe e d b a c k t o h ig h e r le v e ls in t h e silico n c o m p ile r . C u r r e n t ly in S PI L , a ll fe e d b a c k

is p e r fo r m e d m a n u a lly b y t h e d e sig n e r .

T h e lo g ic le v e l d e c ision s o n t h e d e fin it io n o f Bo o le a n f u n c t ion s a ffe c t t h e

n u m b e r o f t r a n sisto r s in o n e g a t e a n d t h e f a n -in a n d fa n -o u t , a n d c h a n g e s c o u ld

be r e c o m m e n d e d t o im p r o v e p e r fo r m a n c e . T r a n sis t o r w id t h a n d le n g t h p a r a m e -

t e r s, plu s t h e a d d it io n o f b u f fe r s, a lso a ff e c t t h e p e r fo r m a n c e m e a su r e s, a n d

ch a n g e s c o u ld b e id e n t ifie d . A n y fe e d b a ck c h a n g e s wo u ld r e q u ir e d e sign e r

a p p r o v a l b e f o r e im p le m e n t a t io n .



C H A PT ER 3

SPI L Enha nc e m e n t for DS P Ch ip De s ig n

I n o r d e r t o p r o v id e a c o m p le t e d e sig n e n v ir o n m e n t wit h S PI L , fo u r C A D

t o o ls we r e u se d : ( E P A D , S I L O S , P a r t it ion a n d T A R C O N ) . T h e se t o o ls h e lp e d

t o g e n e r a t e a n d t o a n a ly se t h e fin a l c o d e c c h ip t h a t wa s g e n e r a t e d .

E P A D is a p e r fo r m a n c e e v a lu a t o r wh ic h a n a lyse d t h e co d e c c h ip la y o u t

fr o m S PI L t o o b t a in e st im a t e s a b o u t t h e c o d e c ’ s p e r fo r m a n c e . S I L O S is a lo g ic

sim u la t o r . T h e SI L O S c ir c u it d e sc r ip t ion file o f t h e co d e c wa s g e n e r a t e d

a u t o m a t ic a lly fr o m E P A D t o a llo w t h e E P A D d e la y e st im a t e s t o b e u se d in a

log ic sim u la t io n . T h e p r o g r a m c a lle d P a r t it io n c a n b e u se d t o p a r t it io n a n F S M

wh ich is g e n e r a t e d by S PI L , in t o t wo o r m o r e F S M s t h a t h a v e a co m b in e d a r e a

le ss t h a n t h e o r ig in a l. T h e p r o g r a m c a lle d T A R C O N ca n b e u se d t o in t e r c o n n e c t

sign a ls in t h e la y o u t d u r in g p r e pa r a t ion f o r c h ip fa b r ic a t io n .

44
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3. 1. EPA D

3. 1. 1. Inco rpo ra ting EPA D into S PIL

A d e sign a id c a lle d E P A D (Est im a t io n o f Pow e r Ar e a a n d De la y ) h a s b e e n

d e v e lo p e d fo r p e r fo r m a n c e e st im a t io n o f silico n a r e a , p o w e r d iss ipa t io n a n d p r o -

pa g a t io n d e la y s o f C M O S V L S I c ir c u it s. E P A D a u t o m a t ic a lly e x t r a c t s e st im a t e s

of p e r fo r m a n ce m e a su r e s fr o m a d e sc r ip t io n o f t h e in t e g r a t e d c ir c u it m a sk

fe a t u r e s a n d h a s b e e n t a ilo r e d fo r u se wit h S PI L . E P A D w a s d e sign e d t o p r o v id e

fe e d b a c k in t h e S PI L d e sign c y c le ( F ig u r e 2 . 1 2 ) C u r r e n t ly , E P A D p e r fo r m s o n ly

a n a n a ly sis o f t h e la y o u t ; f e e d b a c k is p e r fo r m e d b y t h e d e sign e r .

3. 1. 2. Ov erv ie w

T wo in p u t file s a r e r e q u ir e d t o r u n E P A D ( F ig u r e 3 . 1 ) . O n e file p r o v id e s a

C I F d e scr ip t io n o f t h e la y ou t , a n d t h e ot h e r p r o v id e s a se t o f t e c h n o lo g y a n d

in p u t p a r a m e t e r s. P e r f o r m a n c e m e a su r e e st im a t e s a r e wr it t e n in t o t h e . e pad file

a n d d e sig n e r p a r a m e t e r s a n d e r r o r s a r e list e d in t h e . log file . E P A D p r o v id e s a n

in p u t , in t h e . dat file , t o t h e log ic a n d swit c h le v e l sim u la t o r S I L O S [2 3 ] . I n

or d e r t o c a libr a t e E P A D , t h e c r it ica l p a t h sim u la t ion s o b t a in e d f r o m S I L O S we r e

co m p a r e d t o t e st r e su lt s o f f a b r ic a t e d c h ip s; t h is is d e scr ib e d in c h a p t e r 5 ( T e st

R e su lt s a n d S u g g e st e d E n h a n c e m e n t s) . E P A D is wr it t e n in aw k, a p a t t e r n
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sca n n in g a n d pr o c e ssi n g la n g u a g e [2 4 ] .

. e p a d . lo g fil e file

. c iffil e

fil ee p a d
E n t e r :

A r e a E xt r a c t io n

T r a n sist o r /N o d e
E xt r a ct io n ( m e xt r a )

C a p a c it a n c e
C a lcu la t io n

C M O S G a t e
I d e n t if ic a t io n

C M O S G a t e
D e la y & Po we r

T r a n sm i ssio n G a t e
I d e n t if ic a t io n

T r a n sm i ssio n G a t e
D e la y & Po we r

N e t wo r k L ist in g

t e ch n o logy
file

fil e . d a t

Fig ure 3. 1. Ov erv iew of EPA D
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3. 1. 3. Perform a nce Meas ures

T h e t h r e e p e r f o r m a n c e m e a su r e s wh ic h E P A D e x t r a c t s f r o m la y o u t s a r e

po we r d issi pa t io n , la y o u t a r e a a n d p r o p a g a t io n d e la y .

E P A D pr e d ict s t h e d yn a m ic p o we r d issipa t ion a ssoc ia t e d wit h g a t e o u t p u t

ca p a c it a n c e s c h a r g in g a n d d isch a r g in g . F o r e v e r y g a t e in t h e la y o u t , E P A D

a p p lie s t h e fo r m u la :

Pd yn a m i c = Cga t e VD D
2 f ( 3 . 1 )

wh e r e :

Pd yn a m i c is t h e d yn a m ic p o we r d issipa t e d b y t h e g a t e c h a r g in g a n d

d isch a r g in g is o u t p u t n o d e c a p a c it a n c e .

Cga t e is t h e ca p a c it a n c e o f t h e o u t p u t n o d e o f t h e g a t e .

VD D is t h e vo lt a g e swin g o f t h e ga t e ’ s o u t p u t n o d e .

f is t h e swit c h in g fr e q u e n c y o f t h e g a t e .

T h e a r e a s p r e d ic t e d b y E P A D a r e t h e a r e a o f m in im a l size b o u n d in g b o x e s

a r o u n d e a c h o f t h e c e lls in t h e C I F la y o u t .

T h e d e la y s p r e d ic t e d b y E P A D a r e o n a p e r g a t e b a sis . F o r e v e r y ga t e in

t h e la y o u t , E P A D list s t h e p r o p a g a t io n d e la y t im e s o f t h e g a t e fo r t h e t wo c a se s

wh e n t h e o u t p u t n o d e is r isin g o r fa llin g . T h e se p r o p a g a t io n d e la y t im e
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d e f in it io n s a r e sh o wn in F ig u r e 3 . 2 .

ptnt

V o u t
t im e

t im e
0

V d d /2

V d d

0

V d d /2

V d d

V in

F ig u r e 2. P r o p a g a t io n D e la y T im e D e fin it i o n s

Fig ure 3. 2. Pro pa g a tion Dela y Tim e Definitions

3. 1. 4. Dela y Models

B. A . W h it e a n d M . I . E lm a sr y c o n sid e r e d se v e r a l p r o p a g a t io n d e la y m o d e ls

fo r C M O S in v e r t e r s [2 5 ] a n d c o m p a r e d t h e m u sin g t h e c ir c u it sim u la t or S PI C E

[2 6 ]; t h e y c o n c lu d e d t h a t t h e Bu r n s in v e r t e r d e la y m o d e l [2 7 ] g a v e t h e b e st

r e su lt s. T o d e t e r m in e t h e p r o p a g a t ion d e la y e st im a t e s fo r st a t ic N A N D a n d

N O R ga t e s, it wa s n e c e ssa r y t o t r a n sfo r m t h e se r ie s a n d p a r a lle l t r a n sist o r
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gr o u p s in t h e se t y p e s o f g a t e s in t o a n e q u iv a le n t C M O S in v e r t e r . F o r e x a m p le ,

t h e se r ie s N - c h a n n e l t r a n sist o r s in a N A N D g a t e wo u ld b e t r a n sfor m e d in t o o n e

N -c h a n n e l t r a n sis t o r by d e t e r m in in g a wid t h -t o -le n g t h r a t io d e r iv e d fr o m t h e

r e sis t a n c e s o f a ll t h e on t r a n sis t o r s.

E q u a t io n s 3 . 2 a n d 3. 3 a r e u se d t o c o m b in e t h e wid t h - t o -le n g t h r a t ios o f

pa r a lle l a n d se r ie s t r a n sisto r s.



 L

W 

p a r a llel

= m in








 L

W 

1

,


 L

W 

2






( 3 . 2 )



 L

W 

ser ie s

1 = 

 L

W 

1

1 + 

 L

W 

2

1
( 3 . 3 )

T h e p a r a m e t e r kc aps e rie s will b e u se d t o c a lib r a t e E P A D . I t is a d e sign e r

in p u t wh ic h e st im a t e s h o w m u c h o f t h e c a p a c it a n c e o f t h e n o d e s b e t we e n t h e

se r ie s t r a n sist o r s in a g a t e will b e a d d e d t o t h e g a t e o u t p u t c a p a c it a n c e d u r in g

t h e d e la y e st im a t ion . A s kc aps e rie s a p p r o a c h e s 1 , t h e g a t e o u t p u t c a p a c it a n c e

in c r e a se s, r e su lt in g in lon ge r e st im a t e d p r o p a ga t io n d e la y s. T h u s, kc aps e rie s ca n

be u se d t o o b t a in b o u n d s o n g a t e d e la y s d u e t o t h e wo r st a n d b e st c a se c a p a ci-

t iv e lo a d in g c o n d it io n s. E P A D p r e d ic a t io n s c a n b e c o m p a r e d t o t h e r e su lt s o f

t e st in g in o r d e r t o ca lib r a t e kc aps e rie s.
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3. 1. 5. EPA D Ex a mple

T h e fo llo win g is a su m m a r y of a n e x a m p le u se d t o v e r ify E P A D d u r in g

d e v e lo p m e n t [1 6 , 2 5 ] a n d is in c lu d e d h e r e b e c a u se it e x p la in s r e le v a n t d e t a ils o f

E P A D . T h e cir c u it o f F igu r e 3 . 3 wa s u se d t o c o m p a r e E P A D d e la y e st im a t io n

t o S PI C E . T h e c ir c u it is a 4 4 -t r a n sist o r d e sign o f a fo u r - t o - o n e m u lt ip le x o r

m a d e fr o m t h r e e t w o -t o -o n e m u lt iple x o r s lin k e d h ie r a r c h ica lly . A su m m a r y is

sh o wn in T a b le 3 . 1 . E P A D -0 g a v e e st im a t e s wit h in 8 % o f S PI C E , b u t r e q u ir in g

on ly 1 % o f t h e C P U t im e . F u r t h e r m o r e , t h e SPI C E r e su lt s a r e b o u n d e d b y t h e

E P A D -0 a n d E P A D -1 c a lc u la t io n s.

W h e n a S I L O S sim u la t io n wa s p e r fo r m e d o n t h is e x a m p le , u sin g a . dat file

ge n e r a t e d f r o m a n E P A D -1 r u n a n d u sin g sim ila r wo r st - c a se c o n d it io n s t h a t

e x ist e d in t h e S PI C E sim u la t io n , t h e pr o p a g a t ion d e la y s w e r e a s fo llo ws. T h e

pr o p a g a t ion d e la y ( r isin g in p u t ) fr o m s_0 t o t h e n o d e end wa s 3 8 n s, a n d t h e

d e la y fo r fa llin g in p u t wa s 3 2 n s. T h e se SI L O S t im e s co m p a r e f a v o u r a b ly wit h

t h e su m m a t io n s o f E P A D -1 t im e s o f 3 9 . 5 5 n s a n d 3 2 . 77 n s ( T a b le 3. 1 ) . D iffe r -

e n c e s c a n b e a c c o u n t e d b y t h e fa c t t h a t S I L O S u se s o n ly in t e g e r v a lu e s.

T h e E P A D p o we r d issipa t ion e st im a t e s w e r e c o m p a r e d t o a S P I C E c a lc u la -

t io n o f po we r d issi pa t io n , u sin g a m e t h o d p r o p o se d b y K a n g [2 8 ] . T h is in v o lv e d

a d d in g a d e p e n d e n t c u r r e n t sou r c e a n d p a r a lle l R C c ir cu it t o t h e S PI C E n e t list

in se r ie s wit h t h e VD D lin e so t h a t t h e v o lt a g e a c r o ss t h e c a p a c it o r in d ica t e s t h e
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s_0
3

in_0

in_1

in_2

in_3

s_1
34

158

106

50

10

98

5

111

43

36

e n d o u t

Fig ure 3. 3. An EPA D Ev a lua tio n Cir cuit

a v e r a g e po we r c o n su m p t io n , wit h o u t d ist u r b in g c ir c u it o p e r a t io n . T h e S PI C E

sim u la t io n sh o w e d a p o w e r d issi pa t io n o f 2 1 . 1 7 m icr o -wa t t s a t 1 M H z. T h e

E P A D p o we r d issi pa t io n e st im a t e s we r e 4 2 . 1 7 m icr o -wa t t s ( E P A D -0 ) a n d 5 2 . 3 8

m ic r o - wa t t s ( E P A D - 1 ) . A s e x p e c t e d , t h e E P A D e st im a t e s we r e h ig h e r , d u e t o

t h e a ssu m p t ion t h a t e v e r y g a t e is swit c h in g in e v e r y c lo c k c y c le .
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Ta ble 3. 1. Co mpa ri so n of EPAD to SPIC E

50% -P o i n t P r o p a ga t i o n D e la ys ( n s)
I n p u t G a t e O u t p u t R isin g s_0 F a llin g s_0
N o d e T yp e N o d e S PI C E E P A D -0 E PA D - 1 S PI C E E PA D -0 E P A D -1

s_0 . I N V 3 3. 1 0 3. 48 3. 48 4. 34 6. 05 6. 05
3 . N A N D 15 8 7. 05 6. 83 8. 27 4. 63 4. 36 5. 29

158 . N A N D 98 6. 10 5. 41 8. 42 5. 08 4. 70 7. 32
98 . N A N D 1 11 7. 09 6. 83 8. 27 4. 63 4. 36 5. 29

111 . N A N D 36 5. 83 5. 21 8. 22 4. 96 4. 52 7. 15
36 . I N V e n d 4. 0 6 2. 89 2. 89 2. 83 1. 67 1. 67

s_0 t o t a l e n d 33. 2 3 30. 65 39. 55 26 . 47 2 5. 6 6 32. 77

E P A D -0 : kc apse ries = 0. 0
E P A D -1 : kc apse ries = 1. 0

3. 2. SILO S

S I L O S wa s c h o se n a s t h e log ic sim u la t o r t o in t e r fa c e wit h E P A D b e c a u se o f

fo u r im p o r t a n t fe a t u r e s.

T h e fir st fe a t u r e is t h a t t h e log ic sim u la t io n c a pa b ilit ie s o f S I L O S p r o p e r ly

sim u la t e e x c lu sive o r g a t e s m o d e lle d u sin g t r a n sist o r s, a s sh ow n in F igu r e 3 . 4 . I n

le ss r o b u st sim u la t o r s, t h e f e e d b a c k t h r o u g h t r a n sm iss ion g a t e s is n o t c o r r e c t ly

m o d e lle d a s a c o m b in a t io n a l c ir c u it . T h e r ip p le -c a r r y a d d e r s u se d in t h e S PI L

a r c h it e c t u r e a r e b a se d u p o n c ir c u it s sim ila r t o t h e e x c lu sive o r g a t e .

T h e se c o n d f e a t u r e of S I L O S is it s a b ilit y t o m o d e l h ig h -r e sis t iv e t r a n sm is-

sion g a t e s, a s we ll a s lo w-r e sist iv e t r a n sm issi on g a t e s. T h is is im p o r t a n t t o t h e

S PI L a r c h it e c t u r e b e c a u se t h e so u r c e d isch a r g e u n it s m u st d isch a r g e t h e d a t a bu s

a g a in st t h e p u ll o f o f t h e trick le -c har ging d a t a -b u s p r e c h a r g e c ir c u it .
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T h e t h ir d fe a t u r e o f S I L O S is it s a b ilit y t o p e r fo r m fa u lt sim u la t ion , c o n -

fir m in g t h e q u a lit y o f t h e c ir c u it t e st p a t t e r n .

T h e fo u r t h im p o r t a n t fe a t u r e o f S I L O S is it s sp e e d of e x e c u t io n . W h e n

E P A D d e la y m o d e ls we r e u se d in t h e lo g ic sim u la t o r , it g a v e t h e a c c u r a c y

a p p r o a c h in g t h a t o f a t im in g sim u la t io n , b u t r e q u ir in g le ss C P U t im e .

o f A a n d B
E xc lu siv e O R

A

A
_

B

A

D DV

Fig ure 3. 4. Ex clusiv e OR Ga te Cir cuit

3. 3. FSM Partitio ning

T h e silico n a r e a r e q u ir e d b y t h e F S M g e n e r a t e d b y P L A m a t e wa s o b se r v e d

t o in c r e a se r a p id ly a s a fu n c t io n o f t h e n u m b e r o f st a t e s in t h e a lg o r it h m , a n d

t h e n u m b e r o f p r o d u c t t e r m s r e q u ir e d , p r im a r ily d u e t o t h e sc a lin g o f N M O S

t r a n sis t o r w id t h s wit h t h e n u m b e r o f N A N D g a t e in p u t s. O n e a lt e r n a t iv e fo r

r e d u c in g t h e F S M a r e a ( wh ile st ill u sin g P L A m a t e ) is t o p a r t it ion t h e st a t e
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d ia g r a m in t o se p a r a t e se q u e n t ia l p a r t s. T h e se p a r a t e p a r t s a r e e a c h u se d t o g en -

e r a t e f in it e st a t e m a c h in e s t h a t a r e c o m b in e d in t o o n e c o n t r o lle r . T h e F S M s r u n

in se q u e n c e ; t h e c o m p le t io n o f t h e f ir st o n e a c t iva t e s t h e se co n d on e , a n d so o n .

T h e split t in g ca n b e d o n e b y m o d ify in g t h e . fsm P L A m a t e in p u t file c r e a t e d b y

S PI L ; t h e r e f o r e n o c h a n g e s t o S PI L a r e r e q u ir e d .

P a r t it io n in g wa s t r ie d o n t h e r e c e iv e r ’ s F S M c o n t r o lle r . F o r t h e c a se of t wo

pa r t it io n s, st a t e s 0 t o 1 6 we r e u se d fo r t h e f ir st F S M , wit h a n a d d e d o u t p u t t o

ge n e r a t e t h e G O sig n a l f o r in p u t t o t h e se c o n d F S M . N e w st a t e s we r e cr e a t e d to

a sse r t t h is G O a n d t h e n r e t u r n t o st a t e 1 . T h e se c o n d F S M w a s c o m p o se d o f

st a t e s 1 7 t o 3 2 . A n e w st a t e 0 wa s a d d e d t o a sse r t t h e R E A D Y sign a l fr o m t h e

se c o n d F S M a n d wa it fo r t h e G O sign a l fr o m t h e fir st F S M . S t a t e 3 2 w a s m o d i-

fie d t o r e t u r n t o t h is n e w st a t e 0 wh ic h is a lso t h e R E S E T st a t e .

P a r t it io n in g wa s a c h ie v e d a u t o m a t ic a lly b y r u n n in g a p r o g r a m , P artition

( wr it t e n b y Br ia n W h it e ) , o n t h e . fsm file g e n e r a t e d b y S PI L t o p r o d u ce n e w . fsm

file s fo r t h e p a r t it io n s. T o r u n t h e p r o g r a m o n t h e r e c e ive r , e n t e r :
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pa r t it io n 3 1 7 3 2 r e c e iv e r

wh e r e :

3 is t h e n u m b e r o f t h e st a t e t h a t wa it s f o r t h e G O sign a l.

17 is t h e st a r t in g st a t e fo r t h e se c o n d p a r t it io n .

32 is t h e la st st a t e .

T h e p a r t it io n s m u st b e se lf- c o n t a in e d wit h a se q u e n t ia l st a t e a d v a n c e m e n t a t

t h e p a r t it io n p o in t ( in t h is c a se , st a t e 1 6 g o e s t o 1 7 ) . A lso n o t e t h a t st a t e 1 7 is

t h e b e g in n in g o f a t wo -st a t e c o n d it io n a l t e st blo c k . I t is n o t p o ssible t o st a r t a

pa r t it io n in t h e m id d le o f a t wo - st a t e co n d it io n a l b lo ck su c h a s st a t e s 1 7 a n d 1 8 ,

se e a p p e n d ix A ( S PI L C o d e c F ile s) , f ile rx . s pil_list. T h e cu r r e n t v e r sion o f t h e

pa r t it io n in g p r o g r a m d o e s n o t in d ic a t e if t h e d e sign e r h a s m a d e su c h a n in v a lid

pa r t it io n . N e w . fsm file s re c e ive r_1. fsm a n d re c e ive r_2. fsm a r e p r o d u c e d . T h e

fir st F S M h a s a n a d d e d o u t p u t G O_2 t o g iv e a G O sig n a l a t t h e a p p r o p r ia t e

t im e t o t h e se c o n d F S M . A p p r o p r ia t e r e se t a n d st a r t in g st a t e s we r e a d d e d t o t h e

se c o n d F S M , a n d a p p r o p r ia t e e n d in g st a t e s a d d e d t o t h e f ir st F S M . T h is is se t

u p in su c h a wa y t h a t t h e a d d r e ss lin e o u t p u t s c a n b e O R e d t o g e t h e r , t h e o v e r a ll

G O sign a l is c o n n e c t e d t o o n ly t h e fir st F S M , a n o v e r a ll R E A D Y sig n a l is

ob t a in e d b y A N D in g a ll o f t h e in d iv id u a l F S M r e a d y sign a ls, a n d t h e o v e r a ll

R E S E T sign a l is c o n n e c t e d t o e a c h F SM r e se t . T h e d a t a p a t h is c o n n e c t e d t o

t h e in p u t la t c h e s o f e a c h F S M .
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T h e p r o g r a m h a n d le s u p t o 1 0 p a r t it io n s; in t h e se c a se s t h e f ir st F S M h a s a n

ou t p u t G O_2 t o b e c o n n e c t e d t o t h e G O in pu t o f t h e se c o n d F S M , t h e se c o n d

F S M h a s a n o u t p u t G O_3 t o b e c o n n e c t e d t o t h e t h ir d F SM , a n d so o n .

T h e r e su lt s o f p a r t it io n in g a r e sh o wn in T a b le 3 . 2 . T h e r e is so m e r e d u c t io n

in t h e a r e a in u t ilizin g t o t wo p a r t it io n s. W it h t h is c a p a b ilit y o f p a r t it io n in g , t h e

a lg o r it h m c o u ld b e r e wr it t e n t o p r o v id e fo r p a r t it io n p o in t s. T h is a n a ly sis d o e s

n ot in c lu d e t h e a r e a o f t h e wir in g a n d c o m b in a t io n a l c ir c u it s r e q u ir e d t o in t e r -

co n n e c t t h e p a r t it ion s. T h e a r e a sa v e d b y p a r t it io n in g wa s n o t e n o u g h t o wa r -

r a n t t h e e x t r a d e sign e f fo r t r e q u ir e d .

Ta ble 3. 2. FSM Pa rtitio ning Results

E xa m p le N u m b e r N u m b e r N u m b e r N u m b e r N u m b e r H e igh t W id t h A r e a
o f o f o f o f o f (dsm*) (dsm) (dsm)2

I n p u t s O u t p u t s S ta t e s S t a t e P r o d u ct
L in e s T e r m s

1. n o p a r t it io n
r e c e ive r . fsm 10 9 33 6 38 2433 31 37 7, 632, 321

2. t wo p a r t it io n s
r e c e ive r_1. fsm 10 10 1 9 5 22 15 34 1942 2, 97 9, 0 28
r e c e ive r_2. fsm 10 9 17 6 20 152 4 1935 2 , 948 , 94 0

T o t a l A r e a 5, 927, 968

* D e sign S ca le M ic r o n s [ 1 8 , 1 9 ] ( 1 dsm = 0 . 6 µm )
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3. 4. TA RC O N

T A R C O N (Te r m in a l ARr a y CO Nn e c t o r ) wa s wr it t e n b y D a n S a lo m o n . I t is

a sm a ll p r o g r a m t h a t c a n b e u se d t o r o u t e b e t we e n t h e o p p o sit e sid e s o f a ch a n -

n e l, p r o v id e d t h a t t h e c h a n n e l c a n b e r o u t e d in o n e la y e r , su c h a s m e t a l. T h is

pr o g r a m will b e t h e b a sis fo r a u t o m a t ic a lly in t e r c o n n e c t in g t h e S PI L d a t a p a t h

a n d F SM . C u r r e n t ly, T A R C O N c a n b e r u n b y m a n u a lly e n t e r in g t h e c o o r d i-

n a t e s t o b e r o u t e d . E ve n u se d m a n u a lly , T A R C O N is m o r e e f fic ie n t t h a n C a e -

sa r [2 9 ] . T A R C O N c a n b e in st r u c t e d t o r o u t e t h e c h a n n e l in a n y wid t h . I f t h e

ch a n n e l c a n n o t b e r o u t e d in t h e sp e c ifie d wid t h , t h e m in im u m p o ssi ble wid t h will

be u se d .
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A D M -PC M Co de c Chi p Us in g SPI L

4. 1. Chip Specificatio ns

I n o r d e r t o e v a lu a t e S PI L a n d it s su p p o r t t o o ls, su c h a s E P A D , a n a p p r o p r i-

a t e d e sign e x a m p le h a d t o b e c h o se n . T h is e x a m p le d e m o n st r a t e d t h a t t h e

d e sig n m e t h o d o lo g y o f u sin g S PI L a n d E P A D in cr e a se s d e sign a u t o m a t io n .

F o r t h e d e sign e x a m ple t o b e e ff e ct iv e , it h a d t o sa t isfy c e r t a in r e q u ir e -

m e n t s, su c h a s p o we r d issipa t io n , a r e a a n d d e la y . T h e se r e q u ir e m e n t s o r c o n -

st r a in t s a r e im p o se d b y t h e a lg o r it h m a n d t h e p a c k a g in g o f t h e fa b r ica t e d c h ip s.

T h e a lg o r it h m will sp e cif y t h a t t h e d e sign will h a v e t o o p e r a t e a t a c e r t a in spe e d ,

a n d t h u s, d e la y s in t h e d e sign will h a v e t o b e m in im ize d t o sa t isfy t h e spe e d

r e q u ir e m e n t . T h e t y p e o f pa c k a g in g fo r t h e ch ip s o b t a in e d fr o m t h e C M C

im p o se s lim it s on t h e c h ip a r e a , p o we r d issi pa t io n a n d n u m b e r o f e x t e r n a l p in s

[1 8 , 1 9 ] .

S i n c e t h e c h ip s g e n e r a t e d b y S PI L h a v e m a x im u m c lo c k fr e q u e n c ie s o n t h e

or d e r o f M H z , t h e m a x im u m d a t a r a t e s will o n t h e o r d e r o f k H z . SPI L ch ip s

ca n h a v e a p p r o x im a t e ly a d oz e n st o r a g e r e g ist e r s o f u p t o a b o u t 2 2 b it s wid e .
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T h e spe c ific c o n st r a in t s im p o se d b y t h e p a c k a g in g a r e a s f o llow s. T h e

ce r a m ic Du a l-In -Lin e ( D I P ) pa c k a g e s ca n r e lia b ly d issipa t e 7 5 0 m W . T h e a r e a

of a c h ip ca n n o t e x c e e d 4 5 1 1µm x 4 5 1 1µm . H o we v e r , t h e d e sig n m a y u se m o r e

t h a n o n e c h ip . I f t wo c h ip s a r e r e q u ir e d , t h e d a t a p a t h c o u ld g o o n o n e c h ip

a n d t h e F S M c o u ld g o o n t h e o t h e r . T h e m a x im u m n u m b e r o f p in s f o r a

ce r a m ic D I P p a c k a ge is 4 0 . T h e m a x im u m n u m b e r o f p in s fo r a Pin -Gr id -Ar r a y

( P G A ) p a ck a g e is 6 8 . T h e m a x im u m p o we r d issipa t io n f o r t h e P G A is a lso 7 5 0

m W .

Ba se d o n t h e lim it a t io n s, a d e sign e x a m p le wa s c h o se n fo r spe e c h p r o c e ss-

in g , spe c ific a lly fo r sp e e ch c o m p r e ssion . S in ce S P I L p r o d u c e s a d ig it a l sign a l

pr o c e ssi n g a r c h it e c t u r e , t h e e x a m p le h a d t o pe r fo r m a n all-digital co m p r e ss ion .

T h e d e sign e x a m p le is a c h ip wh ich p e r fo r m s co n ve r sion s b e t we e n h ig h -sp e e d

bit -se r ia l Ad a p t iv e De lt a Mod u la t io n ( A D M ) a n d lo w- spe e d b it -p a r a lle l Pu lse

Cod e Mod u la t io n ( P C M ) . T h e S on g st e p -size p r e d ica t io n a lg o r it h m wa s u se d

[1 5 ]. S in ce h a r d wa r e m u lt iplic a t io n s in S PI L h a v e t o b e d o n e u sin g sh ift -a n d -

a d d - lo o p s, t h e c o st o f m u lt ip lic a t io n s is v e r y h ig h . T h is m e a n s t h a t m o r e so p h is-

t ic a t e d t e ch n iq u e s, su ch a s Lin e a r Pr e d ict iv e Cod in g [ 3 0 ], co u ld n o t b e im p le -

m e n t e d b e c a u se t h e y r e q u ir e m u lt ip lica t io n s. H o we v e r , t h e S on g a lg o r it h m , ca n

st ill c o m p r e ss 8 -b it 8 k H z P C M t o a n d fr o m 3 2 k H z A D M a n d m a in t a in a

Sign a l-t o -Noise Ra t io ( S N R ) o f 2 5 d B [1 5 ].
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4. 2. Alg or ithm Desi g n

T h e c h ip is d iv id e d in t o t wo m a in p a r t s. O n e p a r t is c a lle d t h e t r a n sm it t e r

wh ich c o n v e r t s a n 8 -b it P C M sign a l t o a n A D M sig n a l. T h e o t h e r p a r t is t h e

r e c e ive r wh ic h p e r fo r m s t h e r e v e r se o p e r a t io n a n d c o n v e r t s a n A D M sign a l t o a n

8- b it P C M sign a l. E ig h t b it P C M wa s c h o se n b e c a u se it is a st a n d a r d v a lu e a n d

it p r ov id e s a h igh e n o u g h S N R , c o m pa r e d t o t h e t h e o r e t ic a l r e st r ic t io n s o f t h e

S on g a lgo r it h m . C o n sid e r t h a t t h e S N R o f 8 - b it P C M is a b o u t 8 b it s x ˜6d B/bit

= 4 8 d B. T h is is h ig h e r t h a n t h e m a x im u m t h e o r e t ica l S N R o f t h e S on g a lg o -

r it h m [ 1 5 ]. T h e t r a n sm it t e r a n d t h e r e c e iv e r we r e d e sign e d se p a r a t e ly u sin g

S PI L a n d t h e n c o m b in e d in t o o n e c h ip u sin g a la y o u t e d it o r , C ae sar. T h e

t r a n sm it t e r a n d r e c e ive r o p e r a t e in d e p e n d e n t ly . T h is m e a n s t h a t wit h t wo c h ips

loc a t e d a t o p p o sit e e n d s o f a c h a n n e l t h a t f u ll-d u p le x co m m u n ic a t ion c a n o c c u r

be c a u se t h e r e a r e in d e p e n d e n t t r a n sm it t e r - r e c e iv e r p a ir s a t o p p o sit e e n d s o f t h e

ch a n n e l.

I t is n e c e ssa r y t o d e scr ib e t h e r e c e iv e r b e fo r e t h e t r a n sm it t e r sin c e t h e

t r a n sm it t e r is b u ilt u p o n t h e sa m e c ir c u it r y p r e se n t in t h e r e c e iv e r . H o we v e r ,

loo k in g a h e a d a t t h e b lo c k d ia g r a m o f t h e t r a n sm it t e r ( F igu r e 4 . 5 ) m a y m a k e

u n d e r st a n d in g t h e r e c e ive r e a sie r .
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A b loc k d ia g r a m o f t h e S on g A D M -t o - P C M c o n v e r sion a lg o r it h m [1 5 ] u se d

in t h e r e c e iv e r is sh o wn in F ig u r e 4 . 1 . A t t h e le ft is t h e b it - se r ia l A D M in p u t .

A t t h e r igh t is t h e b it -p a r a lle l P C M o u t p u t . T h e b loc k t h a t t h e A D M b it st r e a m

pa sse s in t o is k n ow n a s t h e st e p -size p r e d ict o r . I t t r ie s t o p r e d ict t h e t h e g e n e r a l

t r e n d o f t h e A D M in p u t a n d a d ju st s t h e st e p size a c c o r d in g ly . T h e se c o n d b lo c k

in F ig u r e 4. 1 is f o r t h e su m m a t ion o f t h e st e p size s wit h t h e p r e v io u s e st im a t e s o f

P C M v a lu e s. F in a lly , t h e A N D g a t e a t t h e e n d o f t h e d ia g r a m r e p r e se n t s a sim -

ple wa y o f o b t a in in g a P C M o u t p u t a t a lowe r b it - p a r a lle l d a t a r a t e b y u sin g o n ly

e v e r y Nt h e st im a t e fr o m t h e su m m a t io n b lo c k . N o t e t h a t t h is sim p le m e t h o d o f

sa m p lin g t o c o n v e r t t h e P C M o u t p u t d o wn t o t h e lo we r b it r a t e r e su lt s in a b o u t a

7d B lo ss in S N R c o m p a r e d t o d ig it a lly f ilt e r in g t h e h ig h -sp e e d P C M b e fo r e sa m -

plin g [1 5] . T h e lo ss in S N R is d u e t o a lia sin g o f t h e n o ise t h a t t h e S on g a lgo -

r it h m c r e a t e s in t h e c o n v e r sio n p r o c e ss. I t wa s im p r a c t ic a l t o a d d su c h a d ig it a l

filt e r t o t h e a lg o r it h m d u e t o t h e m u lt ip lica t io n s t h a t a r e r e q u ir e d . H o we v e r ,

filt e r in g c o u ld b e d o n e a s a p o st -p r o c e ssin g o p e r a t ion on t h e o u t p u t o f t h e S PI L

ch ip [ 3 1 , 3 2 ].

E q u a t io n s 4 . 1 t o 4 . 4 m a t h e m a t ic a lly d e sc r ib e t h e d e t a ils o f t h e d ig it a l sign a l

pr o c e ssi n g a lg o r it h m .
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1
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x k N

P C M
Sx( k )

A D M

ex( k )

Fig ure 4. 1. Receiv e r : AD M-to-PC M Co nv erter

ex( k ) = + 1,− 1 r e p r e se n t e d in b in a r y a s 1 , 0 ( 4 . 1 )

Sx( k ) = 


Sx( k− 1) 


ex( k− 1) + Sm i n ex( k− 2) ( 4 . 2 )

x̂( k ) = x̂( k− 1) + Sx( k ) ( 4. 3 )

fS = N fN ( 4 . 4 )

wh e r e :

ex( k ) r e p r e se n t s t h e e r r o r b e t we e n t h e t r u e P C M v a lu e a n d t h e e st im a t e a t t im e

st e p k . I f ex( k ) = 1 t h e n t h e t r u e P C M v a lu e is g r e a t e r t h a n o r e q u a l t o

t h e e st im a t e . I f ex( k ) = − 1 t h e n t h e t r u e P C M v a lu e is le ss t h a n t h e e st i-

m a t e .

Sx( k ) r e p r e se n t s t h e v a lu e o f t h e st e p size a t t im e st e p k . I n ot h e r wo r d s, t h e

e st im a t e o f t h e t r u e P C M v a lu e a t t im e st e p k h a s b e e n in c r e a se d b y t h e

va lu e o f Sx( k ) .
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Sm i n r e p r e se n t s t h e sm a lle st p o ssible c h a n g e t h a t c a n b e m a d e t o t h e st e p size .

A v a lu e o f Sm i n= 1 h a s b e e n u se d .

x̂( k ) r e p r e se n t s t h e e st im a t e of t h e t r u e P C M v a lu e a t t im e st e p k .

fS r e p r e se n t s t h e sa m plin g f r e q u e n c y o f t h e A D M v a lu e s.

fN r e p r e se n t s t h e sa m plin g f r e q u e n c y o f t h e P C M e st im a t e s.

N is a n in t e g e r g r e a t e r t h a n o r e q u a l t o on e . N is 1 in t h e im p le m e n t e d v e r -

sion . T h is is t h e m o st g e n e r a l im p le m e n t a t io n b e ca u se it p e r m it s a n y

in t e r f a c e t o t h e c h ip t o a r b it r a r ily c h o o se N .

E q u a t io n 4 . 1 sp e cif ie s t h e A D M v a lu e s a n d h o w t h e y a r e r e p r e se n t e d in

bin a r y .

E q u a t io n 4 . 2 sp e cif ie s h o w t h e n e x t st e p size , Sx( k ) , is c a lcu la t e d b a se d o n

t h e t r e n d o f t h e A D M in p u t s, ex( k− 1) a n d ex( k− 2) , o v e r t h e p r e v iou s t wo t im e

st e p s. T h e p r e d ic t o r e q u a t io n ( 4 . 2 ) c h a n g e s t h e st e p size , Sx( k ) , t o sa t isfy t wo

cr it e r ia . T h e f ir st c r it e r ia is t o a d ju st t h e st e p size ’ s sign so a s t o m o v e t o wa r d

t h e t r u e P C M va lu e . T h e se c o n d c r it e r ia is t o a d ju st t h e st e p size ’ s m a g n it u d e t o

d e c r e a se o r in c r e a se if t h e p r e d ict e d P C M v a lu e a p p e a r s t o b e c o n v e r g in g o r n o t

co n v e r g in g o n t h e t r u e P C M v a lu e . I n o r d e r t o e x p la in t h e se t wo c r it e r ia o f t h e

pr e d ict o r , t h e d e t a ils o f it s o p e r a t io n a r e sh o w n in T a b le 4 . 1 . T a b le 4 . 1 sh o ws
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a ll t h e c o m b in a t io n s o f n e g a t iv e a n d p o sit iv e v a lu e s t h a t ca n e x ist in e q u a t io n

( 4 . 2 ) . A s a n e x a m p le , c o n sid e r lin e t h r e e o f t h e T a b le 4 . 1 . T h e sit u a t io n

d e sc r ib e d b y lin e t h r e e is sh o wn in F ig u r e 4 . 2 . S in c e ex( k− 1) is + 1 in T a ble

4. 1 , lin e 3 , t h e t r u e P C M v a lu e wa s g r e a t e r t h a n t h e p r e d ict e d o n e a t t im e k - 1 .

T h e sit u a t io n wa s r e v e r se d a t t im e st e p k - 2 . F r o m ex( k− 1) wh ic h is p o sit iv e ,

e q u a t io n ( 4 . 2 ) c a u se s t h e st e p size , Sx( k ) , t o b e p o sit ive so t h a t t h e p r e d ic t e d

P C M v a lu e m o v e s t o w a r d s t h e t r u e P C M v a lu e . S in c e t h e p r e d ic t e d P C M

va lu e ’ s c u r v e c r o sse d ju st o v e r t h e t r u e P C M v a lu e ’ s c u r v e , t h e p r e d ict e d P C M

va lu e m u st b e c o n v e r g in g o n t h e t r u e P C M v a lu e . T h u s, t h e st e p size ’ s m a g n i-

t u d e is d e c r e a se d t o X -1 f r o m X , a n d t h u s, t h e se c o n d c r it e r ia o f t h e p r e d ic t o r is

m e t .

Ta ble 4. 1. The Song Predicto r ( Equatio n 4. 2) (X> 0) (Sm i n= 1)

Sx( k ) 


Sx( k− 1) 


Sx( k− 1) ex( k− 1) ex( k− 2)

-X -1 X - X -1 - 1
-X + 1 X - X -1 + 1
+ X -1 X - X + 1 -1

+ X + 1 X -X + 1 + 1
-X -1 X + X -1 -1

-X + 1 X + X - 1 + 1
+ X -1 X + X + 1 -1

+ X + 1 X + X + 1 + 1
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k -2 k -1 k
T im e

Pr e d i ct e d P C M

T r u e P C M

PC M va lu e s

Fig ure 4. 2. Situatio n in Table 4. 1, line three.

E q u a t io n 4 . 3 sp e cif ie s h o w t h e st e p size , Sx( k ) , is a d d e d t o t h e p r e v iou s e st i-

m a t e o f t h e P C M v a lu e , x̂( k− 1) , t o p r o d u ce t h e c u r r e n t e st im a t e o f t h e P C M

va lu e , x̂( k ) .

E q u a t io n 4 . 4 sp e cif ie s t h a t t h e sa m p lin g fr e q u e n c y o f t h e A D M in p u t s m u st

be N t im e s g r e a t e r t h a n t h e sa m p lin g fr e q u e n cy o f t h e e st im a t e s o f t h e P C M a t

t h e o u t p u t . A s in d ic a t e d , N is e q u a l t o 1 fo r g e n e r a lit y .

F igu r e 4 . 3 is a sig n a l-flo w g r a p h r e p r e se n t a t io n o f e q u a t ion s 4 . 1 t o 4 . 4 , a s

we ll a s a n e x p a n d e d v e r sion o f t h e b lo c k d ia g r a m sh o wn in F ig u r e 4 . 1 .

I n t h is se c t io n t h e S PI L p r o g r a m wh ic h g e n e r a t e s t h e r e c e iv e r is d e sc r ib e d in

d e t a il. T h e a c t u a l p r o g r a m fo llo ws t h is d e sc r ip t ion a s sh o wn in F ig u r e 4 . 4 . I n

or d e r t o h e lp wit h t h e e x p la n a t io n , r e f e r e n c e s will b e m a d e t o F ig u r e 4 . 3 b e c a u se

t h e p r o g r a m im p le m e n t s, st e p b y st e p , w h a t is sh o wn in t h e sign a l flo w g r a p h in
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Fig ure 4. 3. Receiv e r : Signa l-Fl o w G ra ph

t h is fig u r e . T h e p r o g r a m sh o wn in F ig u r e 4 . 4 is t h e fin a l v e r sion o f t h e a lg o -

r it h m . M a n y it e r a t io n s o f t h is a lg o r it h m we r e p e r fo r m e d a n d t h e se it e r a t io n s

r e q u ir e d t h r e e we e k s. A su m m a r y o f d e sign e r e x p e r ie n c e a n d a lgo r it h m it e r a -

t io n t e c h n iq u e s is g iv e n in se c t io n 2 . 2 . 6 ( D e sign T r a d e O f f T e ch n iq u e s) .
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T h e fir st p a r t o f t h e p r o g r a m is d e c la r a t io n s. T h e f ir st lin e o f t h e p r o g r a m

giv e s t h e t it le , A D M _ t o _ P C M co n v e r t e r . A s sh o wn in F ig u r e 4 . 3 , t h is ch ip c o n -

ve r t s a n A D M in p u t , ex( k ) , t o a P C M o u t p u t , x̂( k ) . I n t h e C O N S T se c t ion o f t h e

pr o g r a m , a v a r ia b le is d e c la r e d c a lle d _ d a t a _ w i d t h. T h is v a r ia b le is a r e se r v e d

co n st a n t in S PI L wh ic h is u se d t o se t t h e wid t h o f t h e d a t a b u s. I n t h is ca se , it

m e a n s t h a t a ll t h e va r ia ble s d e cla r e d in t h e V A R se c t ion w ill b e 8 b it s wid e .

T h u s, t h e p r o g r a m will g e n e r a t e 8 -b it P C M .

T h e fir st v a r ia b le , A D M _ i n p u t, is a r e g ist e r t o b r in g o ff- c h ip v a lu e s t o t h e

d a t a b u s wh e n A D M _ i n p u t is se le c t e d . T h e p a r a m e t e r s 0 . . 0 U P W A R D in d ic a t e

t h a t o n ly b it 0 , t h e le a st sign ific a n t b it , is su p p o se d t o c o n n e ct t o t h e c h ip a n d

t h a t t h e o ff- c h ip in p u t is su p p o se t o r u n u p t h e d a t a p a t h a c c o r d in g t o t h e o r ie n -

t a t io n sh o w n in F ig u r e 2. 3 . T h is v a r ia b le m u st c o n t a in ex( k ) f o r t h e e n t ir e d u r a -

t io n o f t h e m a in p r o g r a m ( b e t we e n B E G I N a n d E N D .) in o r d e r t o b e la t c h e d b y

t h e h a r d wa r e .

T h e se c o n d v a r ia b le , P C M _ o u t p u t, is a r e g ist e r t o la t c h d a t a b u s v a lu e s

wh e n P C M _ o u t p u t is se le c t e d . T h e ou t p u t s o f t h e r e g ist e r a r e t a k e n o ff c h ip.

T h e p a r a m e t e r D O W N W A R D in d ic a t e s t h e o ff -c h ip lin e s a r e su p p o se d t o d o w n r u n

d a t a p a t h a c c o r d in g t o t h e o r ie n t a t io n sh o wn in F ig u r e 2 . 3 . S i n c e n o b it r a n g e is

spe c ifie d ( su c h a s 0 . . 0 fo r A D M _ i n p u t) , a ll e ig h t r e g ist e r o u t p u t s will r u n o ff

ch ip . T h is v a r ia b le will c o n t a in x̂( k ) a t t h e e n d o f t h e m a in p r o g r a m .
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T h e t h ir d v a r ia b le , E x, is o n e 8 -b it S PI L v a r ia b le a n d o n e 8 -b it r e g ist e r o n

t h e d a t a p a t h , b u t it h o ld s t wo a lg o r it h m v a r ia b le s. T h e a lgo r it h m v a r ia b le s a r e

ex( k− 1) a n d ex( k− 2) . T h e le a st sign ific a n t b it o f E x , b it 0 , st o r e s ex( k− 1) a t t h e

be g in n in g o f t h e m a in p r o g r a m . T h e n e x t sign ific a n t b it o f E x , b it 1 , st o r e s

ex( k− 2) a t t h e b e g in n in g o f t h e m a in p r o g r a m .

T h e fo u r t h v a r ia b le , S x _ o f _ k, st o r e s Sx( k ) a t t h e e n d o f t h e m a in p r o g r a m .

T h e fift h v a r ia b le , X _ o f _ k, st o r e s x ( k ) a t t h e e n d o f t h e m a in p r o g r a m .

A ft e r t h e v a r ia b le d e cla r a t io n s is t h e P R O C E D U R E _ r e s e t. T h is is t h e o n ly

pr o c e d u r e t h a t is a llow e d in S PI L . I t spe c ifie s t h e o p e r a t io n s t o b e p e r fo r m e d

wh e n a h a r d wa r e r e se t sign a l oc c u r s. I n t h is c a se , t h e p r o c e d u r e c a u se s a ll t h r e e

in t e g e r v a r ia b le s t o b e se t t o z e r o .

T h e r e m a in in g p a r t o f t h e p r o g r a m is b e t we e n t h e B E G I N a n d E N D . st a t e -

m e n t s. H e r e t h e a lg o r it h m is c o d e d . T h e g r o u p s o f st a t e m e n t s in t h e p r o g r a m

will b e r e la t e d t o t h e o p e r a t io n s in t h e sign a l f low g r a p h in F ig u r e 4 . 3 .

T h e fir st st a t e m e n t , I F S x _ o f _ k . . ., p e r f o r m s t h e a b solu t e v a lu e a t t h e

ou t p u t o f t h e d e la y e le m e n t , Z − 1, a t t h e bo t t o m o f F ig u r e 4 . 3 .

T h e n e x t st a t e m e n t , I F E x . . ., c o m p u t e s t h e o u t pu t o f t h e m u lt ip lica t io n

op e r a t or c lo se st t o t h e b o t t o m o f F ig u r e 4 . 3 . N o t e t h a t t h e m u lt iplic a t io n u n it s

in t h e sign a l flo w g r a p h o n ly h a v e t o p e r f o r m a m u lt ip lic a t ion w it h + 1 o r -1 ,
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a n d t h u s, t h e m u lt ip lic a t ion o p e r a t io n in t h e S PI L p r o g r a m c a n b e p e r f o r m e d

u sin g a n I F st a t e m e n t .

T h e n e x t g r o u p o f st a t e m e n t s sp a n s six lin e s, st a r t in g wit h _ a d d _ i n _ 1 . . . .

T h e y p e r f o r m t h r e e se q u e n t ia l f u n c t ion s in F ig u r e 4 . 3 . T h e f ir st is t o c o m p u t e

t h e o u t p u t o f t h e r e m a in in g m u lt ip lic a t io n o p e r a t o r . T h e se c o n d is t o c o m p u t e

t h e o u t p u t o f t h e le ft m o st a d d it ion o p e r a t o r . T h e t h ir d is t o p r o p a g a t e t h e v a lu e

of Sx( k ) t o t h e o u t p u t o f t h e d e la y e le m e n t c lo se st t o t h e b o t t o m o f F ig u r e 4 . 3 .

T h e n e x t st a t e m e n t , X _ o f _ k . . ., p e r f o r m s t wo se q u e n t ia l fu n c t io n s in F ig -

u r e 4 . 3 . T h e f ir st is t o c o m p u t e t h e o u t p u t o f t h e r ig h t m o st a d d it io n o p e r a tor .

T h e se c o n d is t o p r o p a g a t e t h e v a lu e o f x̂( k ) t o t h e o u t p u t o f t h e r ig h t m o st d e la y

e le m e n t .

T h e n e x t g r o u p o f st a t e m e n t s sp a n s t wo lin e s st a r t in g wit h E x . . .. T h e y

pe r fo r m t wo se q u e n t ia l fu n c t io n s. T h e f ir st fu n c t io n is t o p r o p a g a t e ex( k− 1) t o

t h e o u t p u t o f t h e d e la y e le m e n t wh ic h is fe d d ir e c t ly fr o m t h e o u t p u t o f t h e le f t -

m o st d e la y e le m e n t . T h e se c o n d fu n c t io n is t o r e a d in t h e of f- ch ip A D M sign a l

a n d t o p r o p a g a t e it , ex( k ) , t o t h e o u t p u t o f t h e le ft m o st d e la y e le m e n t .

T h e la st st a t e m e n t , P C M _ o u t p u t . . ., c o p ie s x̂( k ) t o t h e o ff- c h ip la t c h e s.

T h e v a r io u s it e r a t io n s o f t h e r e c e ive r will n o t b e d iscu sse d sin c e t h e d e sign

t e c h n iq u e s wh ich we r e u se d t o it e r a t e t h e d e sign h a v e a lr e a d y b e e n su m m a r iz e d

in se c t io n 2 . 2 . 6 ( D e sign T r a d e O ff T e c h n iq u e s) . A m o r e d e t a ile d d e sc r ip t ion o f
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t h e r e ce iv e r m a y b e fo u n d in A p p e n d ix A ( S PI L C o d e c F ile s) .

P R O G R A M A D M _ t o _ P C M ;

C O N S T
_ d a t a _ w i d t h = 8 ;

V A R
A D M _ i n p u t : i n p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;
P C M _ o u t p u t : o u t p u t _ p o r t C O N N E C T D O W N W A R D ;

E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
S x _ o f _ k , { S t e p t o n e x t p r e d i c t e d P C M }
X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }

P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
B E G I N

E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
X _ o f _ k : = 0 ;
S x _ o f _ k : = 0 ;

E N D ;

B E G I N
I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

_ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
I F E x = ? ? ? ? ? ? 1 ? B T H E N { }

_ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
E L S E { E L S E }

_ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }

X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }

E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
I F A D M _ i n p u t = ? ? ? ? ? ? ? 1 B T H E N E x : = E x + 1 ;

P C M _ o u t p u t : = X _ o f _ k ;
E N D . { A D M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }

Fig ure 4. 4. The Receiv er Prog r a m
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F igu r e 4 . 5 is a b lo c k d ia g r a m o f t h e t r a n sm it t e r . I t c o n t a in s t h r e e p a r t s.

T wo o f t h e p a r t s, t h e p r e d ic t o r a n d t h e su m m e r , h a v e a lr e a d y b e e n d e sc r ib e d in

t h e d iscu ssion a b o u t t h e r e c e ive r . T h e t h ir d b lo c k is a c o m p a r a t o r , a c o m b in a -

t io n a l c ir c u it wh ich ge n e r a t e s e it h e r + 1 o r -1 d e p e n d in g o n t h e t wo in p u t s. I f

t h e P C M in p u t , x ( k ) , is g r e a t e r t h a n o r e q u a l t o t h e e st im a t e , x̂( k ) , t h e n t h e o u t -

pu t o f t h e c o m p a r a t o r is 1 ; o t h e r wise t h e o u t p u t is -1 .

A D M

( k )xS

x
e ( k )

x
S ( k )

x ( k )

x ( k )

+ 1

-1

sign

+

-

C O M PA R A T O R
P C M

Fig ure 4. 5. Tra nsm itter : PCM-to -AD M Co nv erter
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T h e o p e r a t io n o f t h e t r a n sm it t e r will n o w b e d e scr ib e d . S in ce t h e

t r a n sm it t e r is b a se d u p o n t h e r e c e iv e r , e q u a t io n s 4 . 1 t o 4 . 4 a r e st ill v a lid . P C M

d a t a is in p u t t o t h e t r a n sm it t e r a t a r a t e fN a n d A D M d a t a is o u t p u t a t a r a t e N

t im e s h ig h e r , fS. T h is m e a n s t h a t a p a r t icu la r P C M sa m p le sh o u ld b e a pp lie d t o

t h e in p u t o f t h e t r a n sm it t e r a n d h e ld c o n st a n t fo r N c y c le s so t h a t N A D M d a t a

va lu e s c a n b e c a lc u la t e d p e r P C M v a lu e .

T h e S PI L p r o g r a m w h ich g e n e r a t e s t h e t r a n sm it t e r w ill n o t b e d e scr ibe d in

d e t a il sin c e it is v e r y sim ila r t o t h e r e c e iv e r . O n ly t h e sign if ica n t d iffe r e n c e s

be t we e n t h e t r a n sm it t e r a n d t h e r e c e iv e r will b e d iscu ss e d . T h e p r o g r a m fo llo ws

t h is d e scr ip t io n ( F ig u r e 4 . 6 ) , bu t in o r d e r t o h e lp w it h t h e e x p la n a t io n , r e fe r -

e n c e s will b e m a d e t o F ig u r e 4 . 3 a n d F ig u r e 4. 5 b e c a u se t h e p r o g r a m im p le -

m e n t s, st e p b y st e p , wh a t is sh o w n in t h e se f ig u r e s.

T h e fir st sign ific a n t d iffe r e n c e s b e t we e n t h e t r a n sm it t e r a n d t h e r e c e iv e r a r e

t wo va r ia ble s. T h e fir st v a r ia b le , P C M _ i n p u t, is a r e g ist e r t o b r in g o ff- c h ip

va lu e s t o t h e d a t a b u s wh e n P C M _ i n p u t is se le c t e d . T h e p a r a m e t e r D O W N W A R D

in d ic a t e s t h e o ff -c h ip lin e s a r e su p p o se d t o d o w n r u n d a t a p a t h a c c o r d in g t o t h e

or ie n t a t io n sh o w n in F igu r e 2 . 3 . S in ce n o b it r a n g e is sp e c ifie d ( su c h a s 0 . . 0

fo r A D M _ o u t p u t) , a ll e ig h t r e g ist e r o u t p u t s will r u n o f f c h ip . T h is v a r ia b le m u st

co n t a in x ( k ) fo r t h e e n t ir e d u r a t io n o f t h e m a in pr o g r a m in o r d e r t o b e la t c h e d

by t h e c h ip .
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T h e se c o n d v a r ia b le , A D M _ o u t p u t, is a r e g ist e r t o la t c h d a t a b u s v a lu e s

wh e n A D M _ o u t p u t is se le c t e d . T h e pa r a m e t e r s 0 . . 0 U P W A R D in d ic a t e t h a t

on ly b it 0 , t h e le a st sign if ica n t b it , is su p p o se d t o r u n o f f c h ip a n d t h a t t h e o ff -

ch ip lin e is su pp ose d t o r u n u p t h e d a t a p a t h a c c o r d in g t o t h e o r ie n t a t io n sh o wn

in F ig u r e 2. 3 . T h is v a r ia b le will c o n t a in ex( k ) a t t h e e n d o f t h e m a in p r o g r a m .

T h e r e m a in in g sign ific a n t d iffe r e n c e s be t we e n t h e t r a n sm it t e r a n d t h e

r e c e ive r a r e t h e la st t w o g r o u p s o f st a t e m e n t s a t t h e e n d o f t h e t r a n sm it t e r p r o -

gr a m . T h e fir st o f t h e se t wo g r o u p s o f st a t e m e n t s spa n s t wo lin e s, st a r t in g wit h

E x . . .. I t p e r f o r m s f ive se q u e n t ia l fu n c t io n s. T h e f ir st fu n ct io n is t o p r op a g a t e

ex( k− 1) t o t h e o u t p u t o f t h e d e la y e le m e n t wh ic h is f e d d ir e ct ly fr o m t h e o u t p u t

of t h e le f t m o st d e la y e le m e n t sh o wn in F ig u r e 4 . 3 . T h e se c o n d fu n c t io n is t o

r e a d in t h e o f f-c h ip P C M d a t a , x ( k ) . T h e t h ir d fu n c t io n is t o c o m p u t e t h e o u t -

pu t o f t h e a d d it io n o p e r a t o r sh o wn in F igu r e 4 . 5 . T h e f o u r t h fu n c t io n is t o c o m -

pu t e t h e o u t p u t o f t h e sign blo c k sh o wn in F ig u r e 4 . 5 . T h e f ift h fu n c t io n is t o

pr o p a g a t e ex( k ) t o t h e o u t p u t o f t h e le f t m o st d e la y e le m e n t sh o wn in F ig u r e 4 . 3.

T h e la st st a t e m e n t , st a r t in g wit h A D M _ o u t p u t . . ., c o p ie s ex( k ) t o t h e o ff- c h ip

la t c h e s.

A m or e d e t a ile d d e scr ipt io n o f t h e t r a n sm it t e r m a y b e fo u n d in A p p e n d ix A

( S PI L C o d e c F ile s) .
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P R O G R A M P C M _ t o _ A D M ;

C O N S T
_ d a t a _ w i d t h = 8 ;

V A R
P C M _ i n p u t : i n p u t _ p o r t C O N N E C T D O W N W A R D ;
A D M _ o u t p u t : o u t p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;

E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
S x _ o f _ k , { S t e p t o n e x t p r e d i c t e d P C M }
X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }

P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
B E G I N

E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
X _ o f _ k : = 0 ;
S x _ o f _ k : = 0 ;

E N D ;

B E G I N
I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

_ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
I F E x = ? ? ? ? ? ? 1 ? B T H E N { }

_ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
E L S E { E L S E }

_ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }

X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }

E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
I F P C M _ i n p u t > X _ o f _ k T H E N E x : = E x + 1 ;

A D M _ o u t p u t : = E x ;
E N D . { P C M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }

Fig ure 4. 6. The Transm itter Prog ra m
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A ft e r d e sign in g t h e t r a n sm it t e r a n d t h e r e c e ive r , it is p o ssible t o d e t e r m in e

t h e m in im u m c lo c k fr e q u e n cy o f t h e co d e c c h ip in o r d e r t o p r o c e ss 3 2 k H z

A D M . F r o m A p p e n d ix A ( SPI L C o d e c F ile s) , t h e t r a n sm it t e r r e q u ir e s 3 4 st a t e s

d u r in g it s wo r st c a se o f in p u t a n d st a t e c o n d it io n s t o g e n e r a t e a n A D M o u t p u t .

32 00 0
se c o n d

bit s
34

bit
st a t e s = 1. 0 8 8 x 1 06

se c o n d
st a t e s

S i n c e o n e F S M st a t e c o r r e sp o n d s t o o n e c loc k sig n a l, t h e c loc k f r e q u e n c y o f t h e

ch ip will h a v e t o b e 1. 0 8 8 M H z, o r h ig h e r .

4. 3. EPA D Ana ly si s

A ft e r S PI L g e n e r a t e d t h e d e sign e x a m p le , t h e ch ip la y o u t wa s c o m p le t e d b y

m a n u a lly in t e r c o n n e ct in g t h e d a t a p a t h a n d t h e F S M u sin g t h e la y o u t e d it o r ,

C a e sa r . T h is wa s d o n e f o r b o t h t h e r e c e iv e r a n d t h e t r a n sm it t e r . E P A D wa s

r u n o n t h e la y o u t wh ic h wa s g e n e r a t e d b y S P I L . T h e file s fo r t h e E P A D r u n

a r e in a p p e n d ix B ( E P A D F ile s) .

T h is se c t io n a b o u t t h e E P A D a n a lysis is d iv id e d in t o t w o p a r t s. T h e fir st

pa r t is o n lo g ic sim u la t io n fo r t h e p u r p o se o f v e r ify in g t h e c h ip g e n e r a t e d b y

S PI L a n d t h e a lg o r it h m wh ic h h a s b e e n c o d e d in t h e S PI L p r o g r a m . T h e se c o n d

pa r t is o n c r it ica l p a t h sim u la t ion fo r t h e p u r p o se o f d e t e r m in in g h o w fa st t h e

ch ip c a n b e c lo c k e d . R e c a ll t h a t t h e se sim u la t ion s a r e p e r f o r m e d u sin g S I L O S

a n d t h a t t h e c ir c u it d e sc r ip t ion file f o r S I L O S w a s g e n e r a t e d a u t o m a t ic a lly f r o m
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E P A D .

4. 3. 1. SILO S Log ic Veri fica tion

T h e sa m p le o u t p u t sh o wn in a p p e n d ix C ( S I L O S L o g ic F ile s) , f ile output,

d e m o n st r a t e s p a r t o f t h e o p e r a t io n o f t h e r e c e iv e r : t h e A D M - t o -P C M c o n v e r t e r .

O n ly a f e w sa lie n t sim u la t io n t im e p o in t s a r e sh o wn in t h is sa m p le o u t p u t . T h e

t im e s in t h e sim u la t ion a r e in n a n o se c o n d s. T h e P H I 1 - a n d P H I 2 c lo c k s h a v e

pe r io d s in t h is sim u la t ion o f 1 0 0 0 n a n o se c o n d s.

A t t im e 0, t h e r e c e iv e r r e se t sig n a l, N R R E S E T, is h ig h . T h e r e se t sign a l is

lowe r e d a t 8 7 5 a f t e r it is la t c h e d b y t h e F S M ’ s in p u t la t ch e s. T h is is f o llowe d b y

t h e c h ip e x e c u t in g it s r e se t p r o c e d u r e . T h e sig n a l, N B R E A D Y, wh ic h in d ica t e s

t h a t t h e r e se t p r o ce d u r e is fin ish e d , r ise s a t t im e 4 7 7 2. Bo t h t h e A D M in p u t

sign a l, N A D M _ I N, a n d t h e g o sign a l, N R G O, a r e h ig h a t t im e 5 6 2 5 wh ich c a u se s

t h e c h ip t o c o n st a n t ly co n ve r t A D M v a lu e s o f 1 t o P C M va lu e s. I t t a k e s

be t we e n 2 0 0 0 0 a n d 3 0 0 0 0 n a n o se c o n d s t o p e r fo r m o n e c o n v e r sio n wit h t h e 1

M H z sim u la t ion c lo c k s. T h u s, a t t im e 3 0 7 7 2 wh e n t h e r e a d y sig n a l r ise s a g a in ,

t h e in it ia l P C M v a lu e h a s be e n c o m p u t e d . T h e P C M o u t p u t is sh o wn b y t h e sig-

n a ls R P C M O U T _ H a n d R P C M O U T _ L wh ich a r e t h e m o st sig n ific a n t a n d le a st sign if i-

ca n t h e x a d e c im a l v a lu e s. T h e P C M ou t p u t a t 3 0 7 7 2 is F F ( -1 d e c im a l) . T h e

n e x t P C M o u t p u t a t 5 5 7 7 2 is F F ( -1 d e c im a l) . T h e n e x t P C M o u t p u t a t 7 6 7 7 2
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is 0 0 ( 0 d e c im a l) . T h e P C M o u t p u t s fo r A D M in p u t s a r e su m m a r ize d in T a b le

4. 2 . T h e se P C M o u t p u t s we r e v e r ifie d u sin g e q u a t io n s 4 . 1 t o 4 . 4 .

Ta ble 4. 2. Receiv er Lo g ic Verifica tio n Exa m ple

S i m u la t io n T im e A D M S te p P C M
T im e P o in t I n p u t S ize O u t p u t

ex( k ) Sx( k ) x̂( k )

-3
-2 -1
-1 -1 0 0

30 77 2 0 1 -1 -1
55 77 2 1 1 0 -1
76 77 2 2 1 1 0
97 77 2 3 1 2 2

11 87 72 4 1 3 5
13 97 72 5 1 4 9
16 07 72 6 1 5 14
17 87 72 7 -1 6 2 0
20 07 72 8 -1 -5 1 5
22 67 72 9 -1 -6 9
25 27 72 10 -1 -7 2
27 87 72 11 -1 -8 - 6
30 47 72 12 -1 -9 - 1 5

T h e t r a n sm it t e r wa s v e r ifie d in a sim ila r m a n n e r t o t h e r e c e iv e r sin ce t h e y

a r e v e r y sim ila r .
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4. 3. 2. SILO S Critica l Pa th Ana ly s is

A p p e n d ix D ( S I L O S C r it ic a l P a t h F ile s) , file output, sh o w s h o w a sa m p le

pr o p a g a t ion t im e wa s d e t e r m in e d . T h e p r o p a g a t io n t im e t h r o u g h t h e in p u t

la t c h e s o f t h e a d d e r a n d t h e a d d e r it se lf , td la t , a d d e r, wa s d e t e r m in e d fr o m t h e la st

co lu m n o f t h e sim u la t io n o u t p u t wh ic h sh o ws t h e o u t p u t s o f t h e a d d e r se t t lin g a t

t im e 1 3 5 7 4. S in c e t h e in p u t la t c h e s o f t h e a d d e r we r e e n a b le d a t t im e 1 3 5 0 0, it

t o o k 7 4 n a n o se c o n d s t o p r o p a g a t e t h r o u g h t h e a d d e r la t c h e s a n d t h e a d d e r .

T h e p r o p a g a t io n t im e s in T a b le 4 . 3 we r e ca lc u la t e d in a sim ila r m a n n e r .

T h e t e r m s u se d in T a b le 4 . 3 h a v e a lr e a d y b e e n d e scr ib e d in e q u a t ion s 2 . 1 t o 2 . 6 .

Tm i n wa s c a lc u la t e d u sin g e q u a t io n 2 9 . T h e m o st im p o r t a n t r e su lt o f t h is se c t io n

is t h e pr e d ict io n t h a t t h e c h ip will r u n f a st e r t h a n 1 . 0 8 8 M H z . T h e 1 . 0 8 8 M H z

fr e q u e n c y is d iscu sse d a t t h e e n d o f se c t io n 4 . 3 ( A lg o r it h m D e sign ) . T h u s,

E P A D p r e d ic t s t h a t t h e c lo c k fr e q u e n c y is h ig h e n o u g h t o p e r m it t h e co d e c t o

co m p r e ss a n d d e c o m p r e ss 8 k H z P C M sp e e c h sig n a ls.

T h e t r a n sm it t e r a n d r e c e iv e r c o n t a in 4 9 9 6 t r a n sis t o r s. T h e t o t a l p o w e r d issi -

pa t io n s of t h e co d e c c h ip fr o m E P A D -0 , kc aps e rie s= 0. 0, a n d fr o m E P A D - 1 ,

kc aps e rie s= 1. 0, a r e 2 7 . 0 m W a n d 3 1 . 4 m W wh e n o p e r a t in g a t 1 M H z . E P A D

pr e d ict io n s fo r t h e c o d e c c h ip a r e su m m a r iz e d in T a b le 4 . 4 .
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Ta ble 4. 3. Deta iled Co dec Propa g a tio n Dela y s ( n s)

T im e s R e c e iv e r T r a n sm it t e r

E P A D -0 E P A D -1 E P A D - 0 E P A D -1

tt o l 0 0 0 0
tp 6 6 6 6
ta d d e r 54 54 54 54
tP L A , O L , src 73 15 5 76 17 7
tc 6 6 6 6
tP L A , O L 44 12 6 48 14 9
tP L A , O L , d st 69 15 1 72 17 3
td la t 29 29 29 29
tI L 66 66 70 70

Tm i n 14 5 22 7 15 2 25 3
fm a x 6. 9 0 4 . 40 6. 5 8 3 . 95

Ta ble 4. 4. Desi g n S umm a ry f or PCM-AD M Co der-D eco der

Pa r a m e t e r E PA D

E P A D -0 E PA D - 1

T x/ D a t a P a t h 163 3 x 1703 1633 x 1 703
A r e a T x/C o n t r o l Pa t h 1601 x 20 69 1601 x 2069
(µm )2 R x/D a t a Pa t h 1633 x 1 703 163 3 x 1703

R x/C o n t r o l Pa t h 1 460 x 18 83 1460 x 1883
C o d e c 45 11 x 451 1 4511 x 4511

C loc k T x 6. 5 8 3. 95
F r e q u e n c y R x 6 . 90 4 . 40
( M H z) C o d e c 6. 58 3 . 95

Po we r T x 11. 5 13. 9
D issip a t io n R x 15. 5 17. 9
( m W ) C o d e c 27. 0 31. 4
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4. 4. Test Pla n

T h e a r c h it e c t u r e wh ic h S PI L g e n e r a t e s d o e s n o t c o n t a in a n y t e st in g st r u c -

t u r e s, su c h a s a sca n p a t h [3 3 ] . F o u r m e t h o d s o f we r e c o n sid e r e d .

T h e fir st m e t h o d c o n sid e r e d wa s t h e a d d it io n o f t e st st r u c t u r e s t o t e st t h e

ba sic p a r a m e t e r s o f t h e p r o c e ss. T h is t e st st r u c t u r e is k n o wn a s a tes t inse rt a n d

wa s p la c e d in a n u n u se d a r e a o f t h e c h ip . I f t h e r e is som e q u e st io n a b o u t t h e

co r r e c t n e ss o f t h e fa b r ic a t io n p r o c e ss, t h e n t h e se t e st st r u c t u r e s c a n b e p r obe d .

T h e t e st st r u ct u r e is d e scr ib e d b y t h e sch e m a t ic sh o wn in F ig u r e 4 . 7 . T h is st r u c -

t u r e c o n sis t s f o u r su b -st r u c t u r e s. T h e fir st su b -st r u c t u r e c o n t a in s lo n g p o ly lin e s

a n d c o n t a c t c h a in s, t h e se co n d a n N - C h a n n e l t r a n sist o r , t h e t h ir d a P - C h a n n e l

t r a n sis t o r , a n d t h e fo u r t h a C M O S in v e r t e r .

T h e se c o n d t e st c o n sid e r a t io n wa s t o d e t e r m in e t h e c o r r e c t n e ss o f t h e in p u t

a n d o u t p u t p a d s. T h is t e st st r u c t u r e c o n sist s o f a n in p u t c e ll co n n e c t e d d ir e c t ly

t o a n o u t p u t c e ll. S in c e t h e I /O c e lls we r e c h a r a c t e r iz e d a t t h e C M C , t h e I /O

ce lls o n t h e t h r e e c h ip s c o u ld b e e v a lu a t e d in t e r m s of t h e C M C ’ s p r e v io u s

r e su lt s [ 3 4 ].

T h ir d , t h e c h ip c o n t a in s a t e st st r u c t u r e t o ob se r v e t h e e ig h t d a t a b u s va lu e s

in t h e r e c e iv e r . A sin g le d a t a b u s lin e is o b se r ve d b y c o n n e c t in g t h e d a t a b u s

lin e t o t h e g a t e o f a n N -C h a n n e l t r a n sis t o r . T h e so u r c e o f t h is t r a n sist o r is

gr o u n d e d . T h e d r a in o f t h e t r a n sisto r is c o n n e c t e d t o a p r o b e p a d . T h is o p e n -
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d r a in st r u c t u r e c a n b e u se d t o o b se r v e c h a n g e s in t h e d a t a b u s sig n a ls t o a r e so-

lu t io n o f 0 . 2 n s wit h a n e g lig ible e ff e c t o n t h e d a t a b u s [ 3 5 ].

co n t a ct ch a in s

p o lysilico n

Fig ure 4. 7. The Tes t Insert

T h e fo u r t h t e st c o n sid e r a t ion wa s t h e d e v e lop m e n t o f a t e st p a t t e r n , a n d t h e

sin g le -st u c k -a t fa u lt c o v e r a g e o f t h e t e st p a t t e r n is 8 0 . 1 p e r c e n t . I t wa s fo u n d

t h a t 9 . 0 p e r c e n t of t h e u n d e t e c t e d fa u lt s a r e r e d u n d a n cie s in t h e S PI L a r ch it e c -

t u r e . A p p e n d ix E ( S I L O S F a u lt S im u la t io n F ile s) c o n t a in s t h e r e su lt s o f t h e

S I L O S fa u lt sim u la t io n .
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4. 5. Submis sio n for Fa brica tio n

T h e c o d e c wa s se n t f o r fa b r ica t io n o n J a n u a r y 7 , 1 9 8 7 . T h e c h ip is id e n t i-

fie d b y t h e lo g o W T BR P in t h e u p p e r r ig h t c o r n e r . T h e p a d f r a m e fo r t h e c o d e c

wa s su p p lie d b y t h e C M C . T h e pa d f r a m e spe c ifie d t h e m a x im u m d im e n sion s o f

t h e c h ip t h a t co u ld b e su b m it t e d . T h e c o d e c u se d t h e la r g e st p o ssible o n e , t h e A

pa d f r a m e wh ic h is 4 5 1 1 µm b y 4 5 1 1 µm . T h is p a d fr a m e is r e st r ic t e d t o h a v in g

10 bo n d in g p a d s p e r sid e o f t h e c h ip . See t h e p lo t o f t h e c h ip in a p p e n d ix B

( E P A D F ile s) , file code c . c if.

T h e in p u t a n d o u t p u t p a d s t h a t we r e e m p lo y e d we r e d e v e lo p e d a t C M C f o r

u se b y r e se a r c h e r s u sin g t h e V L S I im p le m e n t a t io n se r v ice [ 2 5 ]. T h e r e a r e t wo

cr it e r ia f o r se le c t in g a n I /O c e ll. O n e c r it e r ia is sim p ly wh e t h e r a n in p u t c e ll o r

a n o u t p u t c e ll is d e sir e d . T h e se co n d c r it e r ia is t h e a sp e c t r a t io o f t h e d e sir e d

ce ll. T h e r e a r e t wo p o ssible a spe c t r a t io s, n a r r o w ( t y p e X ) a n d sq u a r e ( t y p e Y ) .

T h u s, t h e r e a r e f o u r d iffe r e n t I /O c e lls: X I N , X O U T , Y I N a n d Y O U T . T h e

co d e c u se d t h e Y ce lls sin c e t h e y d o n o t e x t e n d a s fa r in t o t h e c h ip a s t h e X

ce lls. I f Y c e lls a r e u se d , t h e w o r k in g a r e a o f t h e A pa d f r a m e is r e d u c e d t o

39 11 µm b y 3 9 1 1 µm . T h e f u n c t io n s o f t h e I /O c e lls a r e n o w d e sc r ib e d . T h e

in p u t c e lls p a ss t h e in p u t sign a l d ir e c t ly t o t h e in sid e o f t h e c h ip, b u t t h is sign a l

is c la m p e d t o t h e u p p e r a n d lo we r p o we r r a il vo lt a g e s b y a P N P a n d a n N P N

t r a n sis t o r , r e sp e ct iv e ly . T h e o u t p u t ce lls c o u ld h a v e b e e n u se d a s t r i-st a t e
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bu ffe r s, b u t we r e n ot . T h e o u t p u t c e lls we r e u se d a s n o n -in v e r t in g b u ff e r s.

T h e se o u t p u t c e lls a r e c a p a b le o f d r iv in g lo a d s su ch a s 5 0 p F wit h p r o p a g a t ion

d e la y s o n t h e o r d e r o f t e n s o f n a n o se c o n d s.

By sh a r in g o n ly t h e VD D a n d G N D c o n n e c t io n s fo r t h e t r a n sm it t e r a n d

r e c e ive r , t h e c h ip r e q u ir e s 3 2 e x t e r n a l p in s.

F igu r e 4 . 8 c o n t a in s a p h o t o m icr o g r a p h o f t h e A D M -P C M C o d e r - D e c o d e r .
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Fig ure 4. 8. AD M-PC M Co der-Dec o der Photo mic ro g ra ph



C H A PT ER 5

Tes t Res u lts an d Sug g e st ed Enha n c em e nts

T h is c h a p t e r d e sc r ib e s t h r e e t e st s t h a t we r e p e r fo r m e d o n t h e fa b r ic a t e d

co d e c c h ip s. T h e se t e st s v e r if ie d t h e lo g ic , d e t e r m in e d t h e m a x im u m c lo ck f r e -

q u e n c y a n d d e t e r m in e d t h e p o we r d issipa t io n . T h e r e su lt s a r e d iscu sse d , in c lu d -

in g t h e c a lib r a t ion of E P A D , a n d e n h a n c e m e n t s a r e su g g e st e d .

5. 1. Lo g ic Verifica tio n

A b loc k d ia g r a m o f t h e t e st a p p a r a t u s fo r lo g ic a lly ve r ify in g t h e r e c e ive r is

sh o wn in F ig u r e 5 . 1 . T h e d a t a g e n e r a t o r w a s u se d t o st o r e a n d g e n e r a t e t h e t e st

pa t t e r n s fo r t h e De v ic e Un d e r Te st ( D U T ) . A n a m m e t e r wa s e m p lo y e d t o

ob t a in t h e st a t ic d r a in c u r r e n t o f t h e D U T . T h e d a t a a n a ly se r c a p t u r e d t h e

D U T o u t p u t s a n d t o c o m p a r e d t h e c a p t u r e d d a t a w it h t h e e x p e c t e d d a t a .

T h e fo llo win g m e t h o d wa s u se d t o t e st t h e c h ip s.

T h e d a t a g e n e r a t o r wa s se t u p a s fo llo ws. T h e in it ia l clo c k f r e q u e n c y fo r

t h e t e st wa s c h o se n t o b e 1 M H z , sin c e it wa s p r e d ic t e d t h a t t h e c h ip s wo u ld

op e r a t e a t sp e e d s o f a t le a st t h a t f r e q u e n c y . Be c a u se t h e c h ip s r e q u ir e t wo - p h a se

n on -o v e r la p p in g c loc k s, t h e wid t h o f e a c h o f t h e fo u r c loc k p h a se s wa s in it ia lly

se t t o 2 5 0 n s. T h e d a t a g e n e r a t or p e r m it t e d t h e wid t h a n d d u r a t io n o f e a c h c lo c k

85
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G N D

V D D

data cloc k s

v
5

S u p p ly
Po we r

A m m e t e r

M o d e l 8180A
H P D a t a G e n e r a t o r

PH I 2 PH I 1- G O R E S E T

R E A D Y P C M_O U T

H P D a t a A n a lyse r
M o d e l 8182A

strobe da ta

A D M

Fig ure 5. 1. Test Appar a tus

pu lse t o be sp e c ifie d . D u r in g t e st in g t h e c lo c k fr e q u e n c y wa s in c r e a se d t o t h e

m a x im u m p o ssi ble fr e q u e n c y , a s sh o wn in F ig u r e 5 . 2 . T h e t e st p a t t e r n s we r e

e n t e r e d in t o t h e d a t a ge n e r a t o r . T h e r e we r e 1 0 2 4 wo r d s o f d a t a st or e d , wh e r e

e a c h wo r d wa s t h r e e b it s wid e . T h e t e st d a t a t h a t wa s u se d is sh o wn in F ig u r e s

5. 3 a n d 5 . 4 . O n ly t h e p a r t s o f t h e t e st d a t a wh e r e c h a n g e s o c c u r r e d h a v e b e e n

sh o wn in t h e se t wo fig u r e s. T h e t h r e e b it s o f d a t a t h a t we r e u se d a r e t h e la st
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t h r e e b it s o f t h e fir st c o lu m n o f f o u r -b it wo r d s. T h e se t h r e e b it s c o r r e spo n d t o

t h e c h ip sign a ls : A D M_I N , R E S E T a n d G O .

Fig ure 5. 2. Da ta Genera to r - Clo c ks

A s t h e 1 0 2 4 t e st p a t t e r n s we r e r u n t h r o u g h t h e c h ip, t h e d a t a a n a ly se r c a p -

t u r e d t h e D U T o u t p u t s. T h e R E A D Y sign a l fr o m t h e D U T is co n n e c t e d t o t h e

clo c k st r o b e o f t h e d a t a a n a ly se r . T h e P C M o u t p u t s o f t h e D U T a r e c o n n e c t e d

t o t h e d a t a in p u t s o f t h e d a t a a n a ly se r . E a c h t im e t h e R E A D Y sign a l g o e s

h igh , sign ify in g a n e w P C M o u t p u t , t h e d a t a a n a lyse r c a p t u r e s it . S in ce it t a k e s

a b o u t 2 5 in p u t p a t t e r n s t o g e n e r a t e o n e o u t p u t p a t t e r n , t h e r e a r e 4 0 b yt e s st o r e d

in t h e d a t a a n a lyse r . T h e c a p t u r e d d a t a fr o m t h e d a t a a n a ly se r is sh o wn in F ig-

u r e s 5 . 5 , 5 . 6 a n d 5 . 7 . T h is c a p t u r e d d a t a wa s v e r ifie d wit h t h e r e su lt s o f f a u lt
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Fig ure 5. 3. Da ta Genera to r - Da ta 1

sim u la t io n a n d sh o we d t h a t t h e c h ips p e r fo r m e d fu n c t io n a lly .

T h e t e st p a t t e r n t h a t w a s u se d wa s r u n t h r o u g h a fa u lt sim u la t o r , S I L O S ,

a n d t h e fa u lt c o v e r a g e o f t h e p a t t e r n is 8 0 . 1 % . H o we v e r , 9 . 0 % o f t h e fa u lt s

ca n n o t b e d e t e c t e d b y a n y p a t t e r n . T h is is b e c a u se t h e y a r e r e d u n d a n c ie s in t h e

S PI L o u t p u t wh ic h m e a n s t h a t o n ly 1 0 . 9 % o f t h e fa u lt s t h a t a r e d e t e c t a b le ha v e

n ot b e e n d e t e c t e d b y t h e p a t t e r n .
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Fig ure 5. 4. Da ta Genera to r - Da ta 2

T h e t r a n sm it t e r wa s log ic a lly v e r ifie d b y p e r f o r m in g a back - to-bac k t e st wit h

t h e r e ce iv e r . T h e t e st w a s p o ssible b e c a u se t h e t r a n sm it t e r wa s b u ilt u p o n t h e

sa m e log ic b lo c k s p r e se n t in t h e r e ce iv e r . N o t e t h a t t h is t e st wa s n o t a sim p le

ca se o f c o n v e r t in g P C M t o a n d fr o m A D M a n d t h e n v e r ify in g t h a t t h e P C M o u t

of t h e r e c e iv e r wa s t h e sa m e a s t h e P C M p u t in t o t h e t r a n sm it t e r . T h e t e st is

n ot sim p le is b e c a u se t h e S on g c o n v e r sion a lgo r it h m in t r o d u c e s n o ise in t o t h e sig-

n a l d u r in g t h e c o n v e r sio n s so t h a t t h e P C M o u t p u t fr o m t h e r e c e iv e r is c lo se , b u t

n ot e x a c t ly e q u a l t o t h e P C M wh ic h is p u t in t o t h e t r a n sm it t e r . I n st e a d , t h e

back - to-bac k t e st m a d e t h e in p u t a n d st a t e c o n d it io n s t h e sa m e o n t h e p r e d ic t o r
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Fig ure 5. 5. Da ta Anal y ser O bserv a tio ns 1

a n d su m m e r b lo ck s wh ic h e x ist in b o t h t h e t r a n sm it t e r a n d t h e r e c e iv e r ( F igu r e s

4. 1 a n d 4 . 4 ) .

T h e a p p a r a t u s f o r t h e t e st is sim ila r t o t h e se t u p fo r t h e r e c e iv e r ; o n ly t h e

d iffe r e n c e s w ill b e d e scr ibe d h e r e . Bo t h t h e t r a n sm it t e r a n d r e ce iv e r R E A D Y

sign a ls we r e A N D e d t o g e t h e r t o f o r m t h e o n e G O sign a l wh ic h wa s c o n n e c t e d t o

bo t h t h e t r a n sm it t e r a n d t h e r e c e iv e r . T h e A N D g a t e sy n ch r o n iz e d t h e o p e r a -

t io n o f t h e t r a n sm it t e r a n d t h e r e c e iv e r b e c a u se t h e t r a n sm it t e r wo r k s slowe r

t h a n t h e r e c e iv e r . T h e G O sign a l pr e v io u sly c o n n e c t e d t o t h e d a t a g e n e r a t or
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Fig ure 5. 6. Da ta Anal y ser O bserv a tio ns 2

wa s d isca r d e d . T h e P H I 1 - a n d P H I 2 c lo ck s o f t h e t r a n sm it t e r we r e c o n n e c t e d t o

t h e sa m e c lo c k s o f t h e r e c e ive r . T h e R E S E T sign a l f r o m t h e d a t a g e n e r a t o r w a s

a lso c o n n e ct e d t o t h e t r a n sm it t e r . T h e A D M_I N sign a l fr o m t h e d a t a g e n e r a t o r

wa s p u t in t o a n e t wo r k t o co n v e r t it t o a P C M sign a l fo r t h e t r a n sm it t e r . T h e

in p u t t o o u t p u t m a p p in g o f t h is n e t w o r k is sh o wn :
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Fig ure 5. 7. Da ta Anal y ser O bserv a tio ns 3

I n p u t O u t p u t
R e c e i v e r T r a n s m i t t e r
A D M _ I N P C M _ I N

0 ( M S B ) 1 0 0 1 0 1 0 1 ( L S B )
1 0 1 1 0 1 0 1 0

T h e p r o g r a m m in g in t h e d a t a g e n e r a t o r u n d e r we n t t wo c h a n g e s. T h e fir st is

t h a t t h e A D M_I N c o lu m n o f d a t a , wh ic h wa s p r e v io u sly 1 b e t we e n p a t t e r n

n u m b e r 0 a n d 16 0 ( F ig u r e s 5 . 3 a n d 5 . 4 ) wa s e x t e n d e d t o b e 1 b e t we e n p a t t e r n
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n u m b e r 0 a n d 20 5 in o r d e r t o m a in t a in t h e sa m e t e st a s t h e o n e in t h e r e ce iv e r

ve r ific a t io n . T h e r e c e iv e r slo ws d o wn b e c a u se it m u st o c c a sion a lly wa it fo r t h e

t r a n sm it t e r . T o m a in t a in t h e sa m e log ic a l t e st , t h e in p u t d a t a h a d t o b e

e x t e n d e d . T h e se c o n d p r o g r a m m in g c h a n g e wa s t o m a k e t h e la st a d d r e ss 6 4 0

in st e a d o f 1 0 2 3 . I t w a s n o t p o ssi ble t o u se t h e e n t ir e r e c e iv e r p a t t e r n t o v e r ify

t h e t r a n sm it t e r . Be y o n d p a t t e r n n u m b e r 6 4 0 , t h e P C M o u t p u t o f t h e r e c e ive r

u n d e r flo ws; t h a t is, t h e r e c e iv e r P C M o u t p u t a t t e m p t s t o g o b e lo w t h e r a n g e 1 2 7

t o - 1 2 8 . T h is wa s in t e n d e d wit h t h e r e c e ive r t e st p a t t e r n in o r d e r t o a c h ie v e a

h igh e r fa u lt co v e r a g e ; h o we v e r , it m e a n t t h a t t h e t r a n sm it t e r c o u ld n o t b e t e st e d

be y o n d t h e u n d e r f lo w lim it .

F igu r e 5 . 8 c o n t a in s t h e d a t a t h a t wa s ca p t u r e d b y t h e d a t a a n a ly se r . T X

m e a n s t r a n sm it t e r . R X m e a n s r e c e iv e r . N o t e t h a t t h e t r a n sm it t e r ’ s A D M_O U T

a n d t h e r e c e iv e r ’ s A D M_I N a r e t h e sa m e .
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T T T T T T T T T R R R R R R R R R
X X X X X X X X X X X X X X X X X X

P P P P P P P P A A P P P P P P P P
C C C C C C C C D D C C C C C C C C
M M M M M M M M M M M M M M M M M M
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
I I I I I I I I O I O O O O O O O O
N N N N N N N N U N U U U U U U U U
7 6 5 4 3 2 1 0 T T T T T T T T T

7 6 5 4 3 2 1 0

8 1 8 2 A S t a t u s A C T I V E
C l o c k S t o r e d W o r d s 0 0 2 0
- - - - - - - - - - - - - - - - - - - S T A T E L I S T - - - - - - - - - - - - - - - - - - -

D i s p l a y E r r o r s Y E S
A D D R M A S K D A T A

0 0 0 0 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1
0 0 0 1 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1
0 0 0 2 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0
0 0 0 3 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 1 0
0 0 0 4 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 0 1 0 1
0 0 0 5 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 1 0 0 1
0 0 0 6 . 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 1 1 1 0
0 0 0 7 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 1 0 1 0 0
0 0 0 8 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 1 1 1 1
0 0 0 9 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 1
0 0 1 0 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0
0 0 1 1 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 1 1 1 0 1 0
0 0 1 2 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 1 1 0 0 0 1
0 0 1 3 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 1 0 0 1 1 1
0 0 1 4 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 0 1 1 1 0 0
0 0 1 5 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0
0 0 1 6 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 1 0 0 0 0 1 1
0 0 1 7 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 0 1 1 0 1 0 1
0 0 1 8 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 0 1 0 0 1 1 0
0 0 1 9 . 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 0 0 0 0 1 0 0 1 0 1 1 0

Fig ure 5. 8. Tra nsm itter Veri fica tion
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5. 2. Ma x imum Clo ck Frequency Determ ina tio n

T h e t e st se t u p s t o d e t e r m in e t h e m a x im u m c lo c k fr e q u e n c y o f t h e c o d e c

we r e sim ila r t o t h e t e st se t u p s u se d t o lo g ic a lly v e r ify t h e t h e t r a n sm it t e r a n d t h e

r e c e ive r . T h e o n ly d iffe r e n c e s in t h e se t u p s we r e t h e c loc k f r e q u e n c ie s, w h ich

we r e p r o g r a m m e d d iffe r e n t ly in t o t h e d a t a g e n e r a t o r .

T h e m a x im u m c lo c k fr e q u e n c y wa s d e t e r m in e d b y r e d u c in g e a c h o f t h e f o u r

clo c k p h a se s o n e a t a t im e u n t il a n e r r o r wa s d e t e c t e d in t h e o b se r v e d o u t p u t

pa t t e r n . E r r o r s we r e o b se r v e d b e c a u se t h e t e st e q u ip m e n t c a n b e p r o g r a m m e d

t o a u t o m a t ica lly h ig h ligh t t h o se b it s wh ich d if fe r f r o m wh a t is e x p e c t e d . T h e

e x p e c t e d d a t a wa s o b t a in e d fr o m t h e lo g ic v e r ific a t io n t e st s. F in d in g t h e

m in im u m c loc k p h a se c a n b e d o n e e ff ic ie n t ly in a m a n n e r sim ila r t o a b in a r y

se a r c h .

T a b le s 5 . 1 a n d 5 . 2 c o n t a in t h e r e su lt s o f t e st in g . N o t e t h a t E P A D p r e d ict e d

t h e c lo c k fr e q u e n c y o f t h e r e c e iv e r t o b e b e t we e n 4 . 4 0 M H z a n d 6 . 9 0 M H z .

A lso, E P A D p r e d ict e d t h e c lo c k fr e q u e n c y o f t h e t r a n sm it t e r t o b e b e t we e n 4 . 4 0

M H z a n d 6 . 9 0 M H z . See se c t io n 4 . 3 ( E P A D A n a ly sis) T h e se b o u n d s

co r r e spo n d t o t h e wo r st a n d b e st c a se c a p a c it iv e lo a d in g c o n d it io n s o n g a t e s

wit h in t h e la y o u t . F r o m T a b le s 5 . 1 a n d 5 . 2 , lin e s 1 , 3 , 4 a n d 5 , t h e m e a n v a lu e s

of t h e m a x im u m fr e q u e n c ie s w e r e d e t e r m in e d . T h e m a x im u m clo c k f r e q u e n c y

of t h e r e c e iv e r is 4 . 2 7 M H z . T h e m a x im u m c lo c k fr e q u e n c y o f t h e t r a n sm it t e r
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is 3 . 1 1 M H z . T h e a c c u r a c y o f E P A D ’ s wo r st -c a se -lo a d in g p r e d ic t io n fo r t h e

r e c e ive r is :

E P A D -1 A c c u r a c y =
4. 2 7

 4. 4 0− 4. 2 7  x1 00 %

= 3. 0 %

T h e a c c u r a c y o f E P A D ’ s wo r st -c a se - loa d in g p r e d ic t io n fo r t h e t r a n sm it t e r is :

E P A D -1 A c c u r a c y =
3. 1 1

 3. 9 5− 3. 1 1  x1 00 %

= 27 . 0 %

Ta ble 5. 1. Max im um Clo c k Frequency of t he Recei v er

M in im u m M in im u m M a x im u m
C h ip C loc k P e r io d C lo c k

N u m be r P h a se s( n s) ( n s) F r e q u e n c y

1 2 3 4 ( M H z )

1 14 9 6 70 0 22 5 4. 42
2 22 2 61 70 0 35 2 2. 8 3
3 14 0 29 70 0 23 9 4. 18
4 14 9 14 70 0 23 3 4. 29
5 15 0 20 70 0 24 0 4. 17

M e a n 4. 27

C h ip 2 c o n t a in s a y ie ld e r r o r .

I n T a b le s 5. 1 a n d 5 . 2 t h e d u r a t io n o f c lo c k p h a se 3 is a lwa y s 7 0 n s. T h is is

by ch o ic e . T h e su m o f t h e d u r a t ion s o f p h a se s 1 , 3 a n d 4 is a c o n st a n t f o r a n y

D U T . A ft e r t h e d u r a t io n s o f p h a se s 3 a n d 4 a r e c h o se n , t h e v a lu e o f p h a se 1

m u st b e o b t a in e d b y m e a su r e m e n t . D u r in g t e st in g , som e p h a se s c o u ld b e
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Ta ble 5. 2. Max im um Clo c k Frequency of t he Tra nsm itter

M in im u m M in im u m M a x im u m
C h ip C loc k P e r io d C lo c k

N u m be r P h a se s( n s) ( n s) F r e q u e n c y

1 2 3 4 ( M H z )

1 24 3 0 70 0 31 3 3. 19
2 25 6 0 70 0 32 6 3. 0 7
3 24 3 0 70 0 31 3 3. 19
4 25 7 0 70 0 32 7 3. 06
5 26 5 0 70 0 33 5 2. 99

M e a n 3. 11

C h ip 2 c o n t a in s a y ie ld e r r o r .

r e d u c e d t o z e r o a n d st ill m a in t a in c o r r e c t o u t p u t r e su lt s; h o we v e r , t h is m a y n o t

be a r e lia b le wa y t o o p e r a t e t h e ch ip . N o r e lia b ilit y t e st s we r e p e r fo r m e d . T h e

r e a son p h a se 2 f o r t h e r e c e iv e r c o u ld n o t b e r e d u c e d t o z e r o is m o st lik e ly d u e t o

t h e d o m in a n t t e r m in t h e c r it ic a l p a t h b e in g tP L A , O L in st e a d o f tC ( F ig u r e 2 . 11 ) .

T h is d o m in a n t t e r m wo u ld b e d u e t o a slow e r -se t t lin g R E A D Y sign a l c o m p a r e d

t o t h e t r a n sm it t e r . T h e id e a o f a slowe r -se t t lin g r e c e iv e r R E A D Y sign a l is t o

som e e x t e n t c o n fir m e d b y c h ip n u m b e r 2 ’ s y ie ld e r r o r . C h ip n u m b e r 2 h a s a

lon g e r p h a se 2 a n d t h is c h ip ’ s y ie ld e r r o r wa s o b se r v e d t o b e r e la t e d t o t h e

R E A D Y sig n a l wh ic h n e v e r w e n t lo we r t h a n o n e v o lt a b o v e g r o u n d . T h e d a t a

pa t h ’ s fo r t h e r e c e ive r a n d t r a n sm it t e r a r e sim ila r , b u t t h e Bo o le a n lo g ic in t h e

F S M ’ s is n o t sim ila r a n d t h is c o u ld a ffe c t t h e r e su lt s.
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5. 3. Po w er Diss ipa tio n

T h e fir st t e st t h a t wa s p e r fo r m e d wa s t o d e t e r m in e t h e st a t ic d r a in c u r r e n t .

T h e o n ly p u r p o se of t h is t e st is t o c h e c k fo r y ie ld d e fe c t s wh ic h c a u se la r g e st a t ic

d r a in cu r r e n t s. Bot h t h e r e c e iv e r a n d t h e t r a n sm it t e r c lo c k s we r e se t so a s t o p u t

t h e m in t o p h a se 4 ; n o a c t ion s o c c u r in p h a se 4 . T h e r e su lt s a r e sh o wn in T a b le

5. 3 . C h ip n u m b e r 2 sh ow s a r e la t iv e ly la r ge d r a in cu r r e n t . F u r t h e r a n a lysis o f

ch ip 2 sh o we d t h a t t h e o u t p u t sign a l R E A D Y wa s a t o n e v o lt wh e n it sh o u ld

h a v e b e e n a t z e r o v o lt s. I t is a ssu m e d t h a t t h is p r o b le m is d u e t o a y ie ld d e fe c t .

A ll o f t h e o t h e r c h ip ’ s st a t ic c u r r e n t s in it ia lly se e m e d h ig h f o r 5 0 0 0 t r a n sist o r s in

a 3µm C M O S t e c h n o lo g y . T h is wa s d u e t o h a v in g m a n y N - c h a n n e l o r

P -c h a n n e l t r a n sis t o r t r a n sm iss ion g a t e s; t h a t is, n on -C M O S t r a n sm iss ion g a t e s.

S i n c e t h e se g a t e s a r e n o t c o m p le m e n t a r y , t h e y d o n o t p a ss a ll v o lt a g e s e q ua lly .

F o r e x a m p le , t h e o u t p u t o f a n N -c h a n n e l t r a n sm issi on g a t e will o n ly g o a s h ig h

a s VD D − Vt h r e sh o ld. T h is will m e a n t h a t t h e ga t e wh o se in p u t is a t t h e o u t p u t o f

t h e t r a n sm iss ion g a t e will n o t b e c o m p le t e ly swit ch e d o f f. T h is h y p o t h e sis a b o u t

t h e c a u se o f t h e h igh st a t ic d r a in c u r r e n t wa s v e r ifie d b y t h e o b se r v a t io n o f t h e

cu r r e n t im m e d ia t e ly a f t e r t h e t e st p a t t e r n s we r e r u n t h r o u g h t h e D U T , d u r in g

pr e v io u s lo g ic v e r ific a t io n t e st in g . T h e c u r r e n t slowly d e c a y e d o v e r a p e r io d o f

m in u t e s. T h e c u r r e n t d e ca y c o r r e spo n d s t o t h e o u t p u t s o f sin g le t r a n sisto r

t r a n sm issi on g a t e s se t t lin g t o fin a l v o lt a g e s a s t h e t r a n sisto r s g o in t o c u t o ff.
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Ta ble 5. 3. Static Dra i n Current of t he Co dec

C h ip N u m b e r C u r r e n t ( m A )

1 0. 3 1 6
2 9. 0 3 6
3 0. 3 5 6
4 0. 3 4 5
5 0. 3 7 1

T h e d y n a m ic po we r d issi pa t io n o f t h e t r a n sm it t e r , r e c e iv e r a n d c o d e c we r e

d e t e r m in e d . T h e t e st a p p a r a t u s w a s id e n t ic a l t o t h a t o f t h e co r r e spo n d in g lo g ic a l

ve r ific a t io n , e x c e pt f o r t h e fo llo win g p o in t s. T h e r e wa s a 4 . 7 o h m r e sist o r p u t in

se r ie s w it h t h e g r o u n d o f t h e c h ip a n d t h e syst e m g r ou n d . A n H P 3 4 0 0 T r u e

R M S V o lt m e t e r wit h a 1 0 H z t o 1 0 M H z b a n d w id t h wa s c o n n e ct e d a c r o ss t h is

r e sis t o r . T h e co d e c p o w e r d iss ipa t io n wa s m e a su r e d u sin g t h e back - to-bac k t e st

a p p a r a t u s. T h e t r a n sm it t e r p o we r d issipa t ion w a s m e a su r e d u sin g t h e back - to-

back t e st a p p a r a t u s, e x c e p t t h a t t h e r e ce iv e r w a s d isco n n e c t e d a n d p u t in t o st a t e

4 a n d t h e t r a n sm it t e r G O sign a l wa s o b t a in e d fr o m t h e d a t a g e n e r a t o r in st e a d o f

a n A N D g a t e .

T h is v o lt m e t e r wa s u se d t o m e a su r e t h e R M S v a lu e o f v o lt a g e a c r o ss t h e

r e sis t o r , a n d b y O h m ’ s la w, d e t e r m in e t h e R M S v a lu e o f t h e A C c o m p o n e n t o f

t h e c u r r e n t . S in c e t e st in g wa s d o n e wit h c lo c k fr e q u e n c ie s in t h e k H z r a n g e , it

wa s a ssu m e d t h a t t h e A C c o m p o n e n t o f t h e c u r r e n t b e low 1 0 H z wa s n e g lig ible .

T h e H P 3 4 8 6 A m u lt im e t e r wa s st ill k e p t in se r ie s wit h VD D in o r d e r t o m e a su r e



10 0

t h e D C c o m p o n e n t o f t h e c h ip c u r r e n t .

M e a su r e m e n t s w e r e t a k e n f o r fr e q u e n c ie s fr o m 2 0 k H z t o 5 0 0 k H z in 2 0

k H z in c r e m e n t s. A t e a c h fr e q u e n c y , t wo m e a su r e m e n t s we r e t a k e n : t h e D C

po we r su p p ly c u r r e n t a n d t h e A C R M S v o lt a g e a cr o ss t h e 4 . 7 Ω r e sis t o r .

T h e t o t a l c h ip p o we r a t a g iv e n fr e q u e n c y w a s d e t e r m in e d f r o m t h e fo llo w-

in g e q u a t io n s.

ID D , R M S
2 = ID D , D C , R M S

2 +


 R

VR , R M S




2

( 5 . 1 )

PT o t a l = ID D , R M S VD D − R ID D , R M S
2 ( 5 . 2 )



10 1

wh e r e :

ID D , R M S is t h e R M S v a lu e o f t h e p o w e r su p p ly c u r r e n t , t h e d r a in

cu r r e n t .

ID D , D C , R M S is t h e R M S v a lu e o f t h e D C c o m p o n e n t o f t h e p o we r su p p ly

cu r r e n t .

VR , R M S is t h e R M S v a lu e o f t h e A C c o m p o n e n t o f t h e v o lt a g e a c r o ss

t h e r e sis t o r R .

R is t h e r e sist o r in se r ie s wit h t h e ch ip ’ s g r o u n d . R = 4. 7Ω

VD D is t h e po we r su p p ly v o lt a g e . VD D = 4. 9 8 9v

PT o t a l is t h e t o t a l p o we r d issipa t ion o f t h e ch ip .

A ft e r t h e t o t a l p o we r s we r e c o m p u t e d fo r e a c h f r e q u e n c y , a lin e a r r e g r e s-

sion wa s p e r fo r m e d o n p o we r v e r su s f r e q u e n c y . T h e lin e w a s e x t r a p o la t e d t o 1

M H z t o o b t a in t h e d y n a m ic p o we r d issipa t io n a t 1 M H z . T h e y- inter c e pt of t h e

lin e g a v e t h e st a t ic p o w e r . T h is a n a ly sis wa s p e r f o r m e d fo r e a c h o f t h e fo u r

ch ip s wh ic h d id n o t h a v e y ie ld e r r o r s. I t wa s p e r f o r m e d fo r t h e t r a n sm it t e r ,

r e c e ive r a n d c o d e c . T h e r e su lt s a r e su m m a r ize d in T a b le s 5 . 4 , 5 . 5 a n d 5 . 6 .
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Ta ble 5. 4. Receiv er Po w er Diss ipa tio n (mW) ( Clo c ked at 1 MHz)

C h ip N u m b e r PS ta t i c PD y n a m i c PT o t a l

1 3. 0 1 5 . 1 18 . 2
3 3. 1 1 4 . 3 17 . 4
4 3. 1 1 4 . 8 17 . 8
5 3. 4 1 4 . 4 17 . 8

M e a n 3 . 2 1 4 . 6 1 7 . 8

Ta ble 5. 5. Trans m itter Po we r Diss ipa tio n ( mW) ( Clo cked at 1 MHz)

C h ip N u m b e r PS ta t i c PD y n a m i c PT o t a l

1 2. 3 9 . 9 12 . 3
3 2. 3 1 0 . 3 12 . 5
4 2. 2 1 0 . 2 12 . 4
5 2. 6 9 . 5 12 . 1

M e a n 2 . 3 1 0 . 0 1 2 . 3

Ta ble 5. 6. Co dec Pow er Dis s ipa tion (mW) (Clo cked 1 MHz)

C h ip N u m b e r PS ta t i c PD y n a m i c PT o t a l

1 4. 0 2 7 . 0 31 . 0
3 4. 0 2 6 . 9 30 . 9
4 3. 1 2 9 . 5 32 . 6
5 4. 0 2 6 . 9 30 . 9

M e a n 3 . 8 2 7 . 6 3 1 . 3
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5. 4. AD M-PC M Co dec Chip Summa ry

T h e r e su lt s fo r t h e A D M -P C M c o d e c a r e sh o wn in T a b le 5 . 7 . T h e r e su lt s

a r e a su m m a r y o f T a b le s 4 . 4 , 5 . 1 , 5 . 2 , 5 . 4 , 5 . 5 a n d 5 . 6 .

Ta ble 5. 7. Desi g n S umm a ry f or PCM-AD M Co der-D eco der

Pa r a m e t e r E PA D C h ip T e st
R e su lt s

E P A D -0 E PA D - 1 C a libr a t e d
E P A D -

kc apse ries

T x/ D a t a P a t h 163 3 x 1703 1633 x 1 703 - 16 33 x 170 3
A R E A T x/C o n t r o l Pa t h 1601 x 2 069 160 1 x 2069 - 1601 x 2069
(µm )2 R x/D a t a Pa t h 1633 x 1 703 163 3 x 1703 - 1633 x 1703

R x/C o n t r o l Pa t h 1 460 x 18 83 1460 x 1883 - 1460 x 1 883
C o d e c 45 11 x 451 1 4511 x 4511 - 4 511 x 45 11

C L O C K T x 6. 58 3. 95 1. 32± 0. 02 3. 11
F R E Q U E N C Y R x 6. 90 4. 40 1. 05± 0. 05 4. 27
( M H z) C o d e c 6 . 58 3 . 95 1. 19± 0. 15 3. 11

PO W E R T x 1 1. 5 1 3. 9 0. 34 4± 0. 07 1 12. 3
D I S S I P A T I O N R x 15. 5 17. 9 0. 958± 0. 13 6 17. 4
( m W ) C o d e c 27. 0 31. 4 0. 651± 0. 34 4 30. 9

T h e a r e a o f t h e c o d e c is t h e la r g e st t h a t C M C p e r m it s fa b r ic a t in g . T h e

co m p le x it y o f t h e c h ip in t e r m s o f t h e n u m b e r o f F S M st a t e s in t h e r e c e iv e r a n d

t r a n sm it t e r is 3 3 a n d 3 8 , r e spe c t ive ly .

T h e c h ip r e su lt s fo r t h e m a x im u m c lo c k fr e q u e n c y sh o w t h a t t h e m e a n

va lu e o f t h e c h ip c lo c k fr e q u e n c ie s a r e n o t b o u n d e d b y t h e E P A D p r e d ic t io n s o f

t h e c lo c k fr e q u e n c ie s. T h is r e su lt is d isc u ss e d la t e r in t h is se c t io n . T h e m e a n

va lu e s a n d sa m p le st a n d a r d d e v ia t io n s o f t h e c loc k f r e q u e n c ie s a r e 4 . 2 7 ± 0. 1 2

fo r t h e r e c e iv e r a n d 3 . 1 1 ± 0. 1 0 fo r t h e t r a n sm it t e r . T h e sa m p le siz e is 4 , t h e 4

wo r k in g c h ip s. E v e n t h o u g h t h e sa m p le siz e is sm a ll, it p r e d ic t s t h e v a r ia t ion s in
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t h e o v e r a ll e ff e ct o f p r o c e ss p a r a m e t e r s m u c h b e t t e r t h a n a n a n a ly sis o f in d iv i-

d u a l p r o ce ss p a r a m e t e r v a r ia t io n s. T h e r a n g e o f fr e q u e n c ie s w it h in o n e st a n d a r d

d e v ia t io n is 4 . 3 9 t o 4 . 1 5 M H z f o r t h e r e c e iv e r a n d 3 . 2 1 t o 3 . 0 1 M H z f o r t h e

t r a n sm it t e r . F o r a n o r m a l d ist r ib u t io n , 1 4 p e r c e n t o f fa b r ica t e d r e c e iv e r s will

h a v e d e la y s w h ich a r e in t h e r a n g e p r e d ict e d b y E P A D . E sse n t ia lly , n o n e o f t h e

fa b r ic a t e d t r a n sm it t e r s will e v e r b e in t h e f r e q u e n c y r a n g e p r e d ic t e d b y E P A D .

T h e r e a so n fo r t h e lo we r m e a su r e d fr e q u e n c ie s is m o st lik e ly t h e e ffe c t o f

po lysilico n r e sist a n c e . I n t h e d a t a p a t h , t h e p o we r r u n s v e r t ic a lly in p o ly silico n .

T h e r e a r e p o ly silico n lin k s b e t we e n m e t a l p a r t s o f t h e d a t a b u se s. F in a lly, in t h e

F S M , t h e r e a r e lo n g p o lysilico n lin e s f o r t h e m in t e r m s. T h e e ffe c t o f p o ly silico n

r e sis t a n c e s is n o t t a k e n in t o a c c o u n t in t h e E P A D d e la y m od e ls. T h is r e su lt

a d v o c a t e s a r e d e sign o f t h e S PI L c e ll lib r a r y a n d t h e c o n t r o l p a t h in o r d e r t o

r e d u c e t h e a m o u n t o f p o ly silico n u se d . R e c a ll t h a t t h e t r a n sm it t e r a n d t h e

r e c e ive r u se id e n t ica l d a t a p a t h s. T h e d e c r e a se in spe e d in t h e t r a n sm it t e r is

sole ly d u e t o t h e t h e e ffe c t o f t h e c o n t r o l p a t h h a v in g 5 m o r e st a t e s. E v e n

t h o u g h t h e r e is n o p h y sica l in t e r p r e t a t io n o f kc aps e rie s wh e n it is be y o n d t h e

r a n g e 0 t o 1, t h is p a r a m e t e r c a n st ill b e u se d t o c a libr a t e E P A D t o t h e c u r r e n t

ve r sion o f t h e S PI L d a t a p a t h ce ll lib r a r y a n d t h e c o n t r o l p a t h g e n e r a t o r . T he

m e a n a n d st a n d a r d d e v ia t io n s o f kc aps e rie s a v e r a g e d o v e r t h e f o u r r e c e iv e r s a n d

fo u r t r a n sm it t e r s a r e sh o wn in T a b le 5. 7 .
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T h e c h ip r e su lt s sh o w t h a t t h e m e a n v a lu e o f t h e p o we r d issipa t ion s is

bo u n d e d b y t h e E P A D p r e d ic t io n s. T h is r e su lt is d iscu sse d la t e r in t h is p a r a -

gr a p h . T h e m e a n v a lu e s a n d sa m p le st a n d a r d d e v ia t io n s o f t h e p o we r d issi pa -

t io n s a r e 1 7 . 8 ± 0. 3 fo r t h e r e c e iv e r a n d 1 2 . 3 ± 0. 2 fo r t h e t r a n sm it t e r . T h e

sa m p le siz e is 4 , t h e 4 wo r k in g c h ip s. F o r a n o r m a l d ist r ib u t io n , 5 4 p e r c e n t o f

fa b r ic a t e d r e c e ive r s will h a v e p o we r d issi pa t io n s w h ich a r e in t h e r a n g e p r e d ict e d

by E P A D . E ss e n t ia lly a ll o f t h e f a br ic a t e d t r a n sm it t e r s will b e in t h e p o we r d is-

sipa t ion r a n g e pr e d ict e d b y E P A D . S in c e E P A D a ssu m e s t h a t a ll g a t e s a r e

swit c h in g e v e r y c loc k c y c le , t h e E P A D p o we r d iss ipa t io n p r e d ic t ion s sh o u ld h a v e

be e n h ig h e r t h a n t e st r e su lt s. T h a t t h e ch ip p o we r d iss ipa t io n is t o o h ig h is m o st

lik e ly d u e t o t h r e e r e a son s. T h e fir st is t h e p r e se n c e o f n o n - C M O S t r a n sm ission

ga t e s in la t c h e s o f t h e F SM a n d d a t a p a t h . G a t e s c o n n e c t e d t o t h e o u t p u t s of

n on -C M O S t r a n sm iss ion g a t e s h a v e h ig h e r st a t ic p o we r d issipa t io n , a n d t h is is

n ot t a k e n in t o a cc o u n t in t h e E P A D p o we r m o d e ls. S e c o n d , c h ip c a p a c it a n c e s

m a y b e la r g e r t h a n n o m in a l p r o c e ss v a lu e s. T h is is c o n f ir m e d b y c h ip c lo c k fr e -

q u e n c ie s b e in g lo we r t h a n p r e d ict e d v a lu e s. T h ir d , c h ip st a t ic a n d d y n a m ic

po we r d issi pa t io n m a y b e h ig h e r d u e t o le a k a g e c u r r e n t s t h r o u g h in p u t p r o t e c tion

d e v ic e s. A ll t h r e e o f t h e se e ff e c t s c o u ld c a u se c h ip p o we r d isspa t io n t o b e h ig h e r

t h a n in it ia lly e x p e c t e d , e spe c ia lly sin c e t h e ch ip p o we r d iss ipa t io n is v e r y lo w,

20
1 t h

of t h e m a x im u m fo r t h e c h ip p a c k a g e . S in c e t h e se e ff e c t s sh o u ld n o t



10 6

ch a n g e r a d ica lly fr o m o n e S PI L d e sign t o t h e n e x t , t h e sin g le E P A D p a r a m e t e r

kc aps e rie s will b e u se d a s t h e ba sis fo r c a libr a t in g E P A D . T h e m e a n a n d st a n -

d a r d d e v ia t io n s of kc aps e rie s a v e r a g e d o v e r t h e f o u r r e c e iv e r s a n d fo u r

t r a n sm it t e r s a r e sh o wn in T a b le 5 . 7 .

U sin g S PI L r e d u c e s t h e d e sign turn-around t im e . A ft e r t h e r e c e iv e r wa s

d e sig n e d , t h e a u t h o r wa s f a m ilia r wit h c h ip d e sign u sin g S PI L a n d E P A D . T h e

t r a n sm it t e r wa s su b se q u e n t ly d e sig n e d , v e r ifie d a n d p r e p a r e d fo r f a b r ic a t io n

wit h in n in e d a y s, c o m pa r e d t o a n e st im a t e d six m o n t h s r e q u ir e d u sin g lo w-le v e l

la y o u t d e sign t o o ls; a n im p r o v e m e n t o f m o r e t h a n a fa c t o r o f t e n . T h is c o m -

pa r ison is b a se d o n d e sig n e r s wh o h a v e e x p e r ie n c e wit h t h e ir r e spe c t iv e C A D

t o o ls. N o c o m p a r iso n o f t im e s r e q u ir e d fo r a d e sign e r t o b e c o m e f a m ilia r wit h

t h e a p p r op r ia t e C A D t o o ls is g ive n . H o we v e r , t h e le a r n in g t im e fo r S PI L will

n ot b e g r e a t e r t h a n le a r n in g t im e fo r lo w- le v e l d e sign t o o ls, a ssu m in g a d e sign e r

h a s n o p r e v io u s e x p e r ie n c e in c h ip d e sign . A r e a son a b le e st im a t e o f t h e t im e fo r

a d e sig n e r t o b e co m e t h o r o u g h ly f a m ilia r wit h c h ip d e sign u sin g S PI L is t wo

m o n t h s.

T h e d e sign e r c a n e f fic ie n t ly it e r a t e d e sign s u sin g SPI L . T o g e n e r a t e t h e

C I F file s fo r t h e r e ce iv e r r e q u ir e d 4 3 se c o n d s o f C P U t im e o n a V A X 1 1 /78 5 .

S PI L r e q u ir e d 1 se c o n d , Bu sg e n 7 se c o n d s a n d P L A m a t e 3 5 se c o n d s. T o g e n -

e r a t e t h e C I F f ile s fo r t h e t r a n sm it t e r r e q u ir e d 5 2 se c o n d s o f C P U t im e o n a
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V A X 1 1 /7 8 5 . S PI L r e q u ir e d 1 se c o n d , Bu sg e n 8 se c o n d s a n d P L A m a t e 4 3

se c o n d s. F u r t h e r m o r e , t h e t im e c o m p le x it y o f SPI L a n d Bu sg e n a r e lin e a r ,

m e a n in g t h e C P U t im e r e q u ir e d g r o ws lin e a r ly wit h t h e n u m b e r o f lin e s in t h e

S PI L in p u t f ile . T h e C P U t im e r e q u ir e d b y P L A m a t e g r o ws n o n -lin e a r ly ; h o w-

e v e r a fin it e st a t e m a c h in e h a v in g a b o u t 6 5 st a t e s f ills t h e la r g e st C M C p a d

fr a m e b u t o n ly r e q u ir e s a p p r o x im a t e ly fiv e m in u t e s o f C P U t im e .

5. 5. Sugg es ted Enhancem ents and Future Work

S u g g e st e d e n h a n ce m e n t s t o S PI L a n d E P A D a r e g iv e n in t h is se c t io n . T h e

e n h a n c e m e n t s a r e list e d in d e c r e a sin g p r ior it y o f im p o r t a n ce ; h o we v e r , t h e y a r e

n ot o r d e r e d wit h r e g a r d t o t h e a m ou n t o f wo r k r e q u ir e d t o im p le m e n t t h e

su g g e st io n s.

1 H a v e t h e d a t a p a t h a n d t h e c o n t r o l p a t h c o n n e c t e d a u t o m a t ic a lly. T h is ca n

be b a se d u p o n t h e Te r m in a l ARr a y CO Nn e c t in g p r o g r a m ( T A R C O N ) .

2 C r e a t e a S PI L a lg o r it h m sim u la t o r t o v e r ify t h e S PI L p r o g r a m . O n e m igh t

u se t h e sim u la t o r N . 2 [ 3 6 ] o r h a v e a t r a n sla t o r w h ich t r a n sla t e s t h e S PI L

pr o g r a m in t o S ta n d a r d P a sca l. T h e t r a n sla t o r wo u ld b e t h e e a sie st t o im p le -

m e n t .
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3 P a r a m e t e r ize t h e S PI L d a t a p a t h ce ll lib r a r y u sin g t h e p r o c e d u r a l la y o u t

la n g u a g e s I C E W A T E R o r I G L O O . T h is wo u ld a llo w t h e d e sign e r t o g iv e

po we r , a r e a a n d d e la y sp e c if ica t io n s o f t h e c e lls a n d p r o v id e a n o p p o r t u n it y

t o c h a n g e p o we r lin e s fr o m p o ly silico n in t o m e t a l.

4 T h e spe e d o f t h e c o n t r o l p a t h sh o u ld b e in c r e a se d . T h e c r it ic a l p a t h a n a ly sis

in d ic a t e s t h a t t h e co n t r o l p a t h c o n st it u t e s a b o u t 8 5 p e r c e n t o f t h e d e la y .

O n e m e t h o d o f spe e d in g u p t h e c o n t r o l p a t h is t o u se a d d it io n a l p ipe lin in g ,

su c h a s p u t t in g a p ipe lin e r e g ist e r a f t e r t h e A N D p la n e o f t h e P L A . T h is

h a s t h e a d v a n t a g e s o f n o t c a u sin g a d r a st ic c h a n g e t o t h e S PI L a r c h it e c tu r e

a n d o f c u t t in g t h e d e la y o f t h e P L A in h a lf. C u r r e n t ly , S P I L is o n ly a t wo -

st a g e p ipe lin e d a r c h it e c t u r e ; t h r e e st a g e s m ig h t pr o v id e a sign ific a n t sp e e d

u p. T h is c h a n g e c o u ld b e c o u p le d wit h t h e S PI L c o m p ile r o p t im iz in g b r a n c h

in st r u c t ion s, a s p r e v io u sly d iscu sse d .

5 P L A m a t e sh o u ld la b e l t h e sig n a ls in t h e o u t p u t C I F file . T h is m a k e s in t e r -

fa c in g t o C A D t o o ls su c h a s S I L O S m o r e e f fic ie n t .

6 S om e t e st a b ilit y fe a t u r e s m u st b e a d d e d t o t h e c o m p ile r [ 3 3 ]. T h e m o st

ob vio u s a d d it io n wo u ld se e m t o b e sca n n a b le F S M la t c h e s. F u r t h e r m o r e ,

r e d u n d a n c ie s in t h e S P I L o u t p u t sh o u ld b e r e m o v e d t o m a k e s t e st p a t t e r n

ge n e r a t io n e a sie r . C u r r e n t ly , t h e se a r e t h e r e d u n d a n c ie s:
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a T h e c e ll f o r m o st sign if ica n t b it o f t h e le ft sh ift e r h a s r e d u n d a n t

t r a n sis t o r s wh ic h c o n d it io n a lly d isch a r g e a n im a g in a r y d a t a b u s.

b T h e d e st in a t io n d e c o d e r c e lls wh ich a r e c loc k e d b y P H I 2 c o n t a in

u n u se d in v e r t e r s.

c U n c o n n e c t e d c e lls o f in p u t a n d o u t p u t r e g ist e r s c o n t a in u n u se d c ir -

cu it r y . N o t e t h a t t h e se u n c o n n e c t e d c e lls som e t im e s c a n n o t sim p ly

h a v e t h e ir t r a n sist o r s r e m o v e d ; t h e y m a y h a v e t o b e r e p la ce d b y

ce lls w h ich se t v a lu e s o n t h e d a t a b u s. A n e x a m p le o f c e lls wh ic h

ca n h a v e t h e ir t r a n sist o r s r e m o v e d a r e b it s 7 t o 1 o f t h e r e c e iv e r

va r ia ble A D M _ I N.

d U n u se d b it s o f st o r a g e r e g ist e r s h a v e e x t r a c ir c u it r y . T h is is sim ila r

t o t h e in p u t o r o u t p u t c e lls. A n e x a m p le o f t h is is t h e r e c e iv e r v a r i-

a b le E x _ o f _ k, b it s 7 t o 2 .

7 A llow S PI L t o sp e c ify m ulticloc k c om putational units t o r e d u ce c lo c k p e r io d

a n d a llo w so m e c o m p u t a t io n s o v e r m u lt ip le c lo c k p e r io d s. H o we v e r , t h is

on ly b e c o m e s p r a c t ic a l a ft e r t h e spe e d o f t h e c o n t r o l p a t h ( c u r r e n t ly

P L A m a t e ’ s F S M ) g e t s in cr e a se d b y a t le a st a f a c t o r o f t wo .
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8 I n v e st ig a t e h a v in g a d d r e ss d e c o d e r s m a d e o f a lt e r n a t in g N A N D a n d N O R

ga t e s in st e a d o f h a v in g a N A N D g a t e a n d a n in v e r t e r in e v e r y a d d r e ss

d e c o d e r . T h is wo u ld b e r e la t iv e ly e a sy t o im p le m e n t , c o m p a r e d t o a cu s-

t o m iz e d a d d r e ss d e c o d e r . Bu t , a c u st om iz e d a d d r e ss d e c o d e r wo u ld t a k e

le ss a r e a a n d r u n f a st e r . A d d r e ss d e c o d e r s m ig h t n o t e v e n b e n e c e ssa r y if

t h e c o n t r o l p a t h g e n e r a t e d h o r iz o n t a l a d d r e ss e s in st e a d o f v e r t ic a l o n e s.

C u r r e n t ly a d d r e ss d e c o d e r s a r e in t h e c r it ica l p a t h .

9 A d d m or e c o m pu t a t io n a l u n it s, su c h a s A N D , O R , N A N D , N O R , X O R

a n d X N O R , t o t h e S PI L a r c h it e ct u r e .

10 A d d b id ir e ct io n a l o ff -c h ip la t c h e s, m u lt iple x e d c h ip in p u t s a n d o u t p u t s.

11 A d d in d ir e ct io n in S PI L b y a d d in g a fe a t u r e t o P L A m a t e . I n d ir e c t io n c o u ld

a lso b e im p le m e n t e d by a d d in g n e w S PI L c e lls wh ich f e e d a v a lu e fr o m t h e

d a t a b u s t o t h e a d d r e ss d e c o d e r s.

12 T h e a r e a r e q u ir e d b y o f f-c h ip lin e s f r o m a n o u t p u t r e g ist e r c a n b e r e d u c e d

by h a v in g h a lf t h e lin e s c o n n e c t u p a n d t h e o t h e r h a lf c o n n e c t d o wn .

E P A D sh o u ld b e e x p a n d e d t o h a n d le a C M O S t e c h n o lo g y wh ic h h a s t wo

la y e r s o f m e t a l. I n t e r c o n n e c t io n m o d e llin g sh o u ld a lso b e fu r t h e r in v e st ig a t e d ,

wit h c o n sid e r a t ion o f e x t r a c t in g P e n f ie ld - R u b in st e in -t y p e d a t a [3 7 ]. T h is m o d e l-

lin g c o u ld b e u se d t o a c c o u n t fo r t h e e ff e ct o f p o lysilico n in t h e la y o u t . T e m -

pe r a t u r e e ffe c t s o n m o b ilit ie s a n d t h r e sh o ld v o lt a g e s sh o u ld b e c o n sid e r e d a n d
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co u ld b e in c lu d e d b y fo r m u la s sim ila r t o t h o se u se d in S PI C E [ 2 6 , 3 8 ].

T h e d e sign e r in t e r f a ce t o E P A D c o u ld b e im p r o v e d t o p r o v id e a u t om a t ic

su m m a t io n o f d e la y s a lon g c ir c u it p a t h s t o p r o v id e a c r it ic a l p a t h a n a ly sis.

T h e fe e d b a c k lo o p in S PI L sh o u ld b e c o m p le t e d . T h is wo u ld in v o lv e t h e

E P A D e st im a t e s o f p o we r d issipa t io n , a r e a a n d d e la y , wh ic h c a n b e a n a ly se d t o

ob t a in a c r it ic a l p a t h . T h is cr it ic a l p a t h in fo r m a t io n wo u ld b e u se d t o fe e d b a c k

ch a n g e s t o a p a r a m e t e r iz e d S PI L lib r a r y .



C H A PT ER 6

C o nc lu s io n s

T h e su c c e ssfu l d e sign , v e r ific a t io n , fa b r ica t io n a n d t e st in g o f a c h ip t o p r o -

ce ss sp e e c h sig n a ls d e m o n st r a t e s t h a t u sin g S PI L a n d E P A D is a n e ff ic ie n t

d e sig n st y le . S PI L in c r e a se s d e sign a u t o m a t io n in c o m p a r ison t o lo we r - le ve l

C A D t o o ls. S in c e a ll S P I L la y o u t s a r e v e r y sim ila r , t h e p e r f o r m a n c e o f t h e la y-

ou t is co n sis t e n t fr o m o n e d e sign t o t h e n e x t . F u r t h e r m o r e , c a lib r a t in g E P A D

u sin g kc aps e rie s a llo ws t h e p e r fo r m a n c e o f f u t u r e S PI L d e sign s t o b e a c c u r a t e ly

pr e d ict e d b y E P A D a n d S I L O S . T h e t u r n -a r o u n d t im e o f a S PI L d e sign is le ss

t h a n lo w- le v e l d e sign t o o ls b e c a u se S P I L m a n a g e s o f a ll t h e in t e r m e d ia t e le v e ls

of d e t a il. W it h f e we r d e t a ils d e p e n d e n t o n t h e d e sign e r , t h e p r o b a b ilit y t h a t t h e

d e sig n is c o r r e c t is h ig h e r . S PI L d e sign e r s d o n o t r e q u ir e a s m u c h t e c h n o lo g y o r

cir cu it d e sign e x p e r ie n c e . H o we v e r , t h e y a r e r e q u ir e d t o b e co m e f a m ilia r wit h

t h e S PI L d e sign e n v ir o n m e n t ; g a in in g fa m ilia r it y r e q u ir e s a p p r o x im a t e ly t wo

m o n t h s. W it h a d e sign a s c o m p le x a s t h e r e c e iv e r , a n e x p e r ie n c e d S PI L

d e sig n e r wo u ld r e q u ir e a p p r ox im a t e ly t h r e e we e k s o f d e sig n it e r a t io n s t o a c h ie v e

a f in a l la y o u t . T h e p r e d ic t a b ilit y o f t h e S PI L o u t p u t , c o m b in e d wit h t h e p e r fo r -

m a n c e e st im a t ion fr o m E P A D , a llo w t h e d e sign e r t o d e t e r m in e if t h e g e n e r a t e d

ch ip m e e t t h e d e sir e d spe c ific a t io n s. T h u s, E P A D a llo ws a d e sign t o m e e t a

11 2
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ch ip ’ s spe c ific a t io n s. T h e c o st o f u sin g S PI L is lo we r ch ip p e r fo r m a n c e in t e r m s

of a r e a a n d spe e d . H o we v e r , t h e sp e e d is in c r e a se d b y h a v in g c o v e r t c o n -

cu r r e n c y p r e se n t in t h e a r c h it e c t u r e . T h u s, S PI L c a n b e u se d t o d e sign c h ip s fo r

low- spe e d a p p lic a t io n s, su ch a s spe e c h p r o c e ssin g . S in c e t h e se a p p lic a t io n s will

co n t in u e t o e x ist , silico n c o m p ile r s su c h a s S PI L will b e co m e m o r e p r e v a le n t a s

V L S I fa b r ic a t io n t e c h n o lo g y c o n t in u e s t o im pr o v e .



A pp en di x A

SPI L C o de c File s

A lt h o u g h a m o r e d e t a ile d d e sc r ip t io n o f t h e m e a n in g s o f t h e se file s m a y b e

fo u n d in t h e SPI L U se r ’ s M a n u a l [1 6 ] , a b r ie f d e scr ip t io n o f t h e file s will b e

in c lu d e d h e r e fo r c la r it y .

Rece iv er Source File (rx. sp)

T h is f ile is t h e in p u t t o t h e SPI L p r o g r a m . T h e d e sign e r d e sc r ib e s t h e c h ip ’ s

a lg o r it h m in t h is p r o g r a m . T h is file h a s b e e n e x t e n siv e ly d isc u ss e d in se ct io n 4 . 2

( A lg o r it h m D e sign ) .

P R O G R A M A D M _ t o _ P C M ;

C O N S T
_ d a t a _ w i d t h = 8 ;

V A R
A D M _ i n p u t : i n p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;
P C M _ o u t p u t : o u t p u t _ p o r t C O N N E C T D O W N W A R D ;

E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
S x _ o f _ k , { P r e d i c t e d P C M }
X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }

P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
B E G I N

E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
X _ o f _ k : = 0 ;
S x _ o f _ k : = 0 ;

E N D ;

B E G I N

11 4
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I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

_ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
I F E x = ? ? ? ? ? ? 1 ? B T H E N { }

_ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
E L S E { E L S E }

_ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }

X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }

E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
I F A D M _ i n p u t = ? ? ? ? ? ? ? 1 B T H E N E x : = E x + 1 ;

P C M _ o u t p u t : = X _ o f _ k ;
E N D . { A D M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }

Rece iv er Source File Listing ( rx. spil_list)

T h is f ile is t h e list in g o u t p u t fr o m t h e S PI L c o m p ile r a ft e r t h e c o m p ila t io n o f

t h e S PI L p r o g r a m ( file r x . sp) . T h e fir st p a r t o f t h is file , h a v in g lin e s n u m b e r e d

1 t o 3 9 , is t h e sa m e a s t h e r e c e iv e r so u r c e file ( r x . sp) . T h e n e x t p a r t o f t h is file

be g in s wit h * * P r o g r a m G r a p h * *. T h is p a r t in d ic a t e s t h e wid t h o f t h e t h r e e

bu se s. T h e wid t h o f t h e d a t a b u s is spe c ifie d b y t h e d e sig n e r . T h e sou r ce a n d

d e st in a t io n b u se s a r e d e t e r m in e d b y S PI L t o b e e a c h f o u r b it s wid e . T h a t m e a n s

t h e r e ca n o n ly b e u p t o 1 6 ( 24) sou r ce u n it s a n d 1 6 d e st in a t io n u n it s in t h e d a t a

pa t h . T h is p a r t o f t h e file a lso c o n t a in s a d e scr ip t io n o f t h e st a t e s o f t h e

r e c e ive r ; t h e st a t e s a r e n u m b e r e d 0 t o 3 2. C o n sid e r st a t e 0. I t in d ic a t e s a d e s-

t in a t io n u n it n u m b e r e d 1 0 a n d a so u r c e u n it n u m b e r e d 1 1. T h e m e a n in g s o f

t h e se n u m b e r s a r e sh o wn in c o lu m n s in t h e la st p a r t o f t h is file , * * B u s M a p * *.
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T h u s, st a t e 0 pe r fo r m s a d a t a t r a n sfe r f r o m c o n st a n t 0 t o r e g ist e r E x. A s in d i-

ca t e d ju st a b o v e st a t e 0, t h is d a t a t r a n sfe r im p le m e n t s t h e h ig h -le v e l st a t e m e n t

n u m b e r e d 1 6 in t h e fir st p a r t o f t h is f ile . T h e M o o r e _ m a s k in d ic a t e s wh a t sig-

n a ls a r e t h e o u t p u t s o f a g iv e n st a t e . T h e le f t b it is t h e R E A D Y sign a l. T h e

n e x t b it is t h e le a st sign ific a n t b it o f t h e d e st in a t io n b u s. T h e n e x t b it is t h e le a st

sign ific a n t b it o f t h e so u r c e b u s, a n d so o n . T h e sou r c e a n d d e st in a t io n b u se s

a r e in t e r le a v e d . S t a t e 0 in d ic a t e s t o t r a n sfe r (A r c) t o st a t e 1, u n c o n d it ion a lly .

A n e x a m p le o f a c o n d it io n a l t e st is sh o wn in st a t e 3. T h e co n st r u c t ? 1 ? ? ? ? ? ? ? ?

r e fe r s t o t h e m a t c h in g c o n d it io n o f t h e F S M c o n d it io n a l t e st . T h e le ft sign a l is

R E S E T . T h e n e x t sign a l is G O . T h is is fo llo we d b y t h e m o st t o le a st sign ific a n t

bit s o f t h e d a t a b u s. Q u e st ion m a r k s in t h e co n d it io n r e p r e se n t don’t c are bit s.

T h u s, t h e c o n d it io n in st a t e 3 m e a n s g o t o st a t e 4 if t h e G O in p u t t o t h e F S M is

se t h igh . T h e la st p a r t o f t h e file b e g in s wit h * * B u s M a p * *. T h is p a r t c o n t a in s

six c o lu m n s o f a t t r ib u t e s. E a c h r o w d e sc r ib e s o n e d e v ic e in t h e d a t a p a t h . T h e

fir st t wo c o lu m n s c o n t a in sou r ce a n d d e st in a t io n a d d r e ss n u m b e r s. T h e t h ir d

co lu m n d e scr ibe s t h e n a m e o f t h e c e lls u se d b y Bu sg e n t o g e n e r a t e t h e la y o u t .

T h e sixt h c o lu m n c o n t a in s t h e n a m e o f t h e d e v ic e t h a t c a n b e u se d in t h e

d e sig n e r ’ s p r o g r a m ( r x . sp ) . T h e fo u r t h a n d f ift h c o lu m n s som e t im e s c o n t a in

a d d it io n a l in f o r m a t io n . F o r e x a m p le , r o w 1 2 d e scr ib e s t h e v a r ia b le A D M _ I N a n d

t h e f o u r t h a n d fift h c o lu m n s in d ic a t e t h e b it r a n g e t h a t is c o n n e c t e d o ff c h ip .

T h is b it r a n g e wa s spe c ifie d in t h e d e sig n e r ’ s p r o g r a m ( r x . sp ) . D e st in a t io n u n it
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7 is sh o wn a s - 7; t h is n e g a t iv e sign m e a n s t h e o ff -c h ip o u t pu t s a r e c o n n e c t e d a t

t h e b o t t o m o f t h e d a t a p a t h .

F i n i t e - s t a t e - c o n t r o l d e s c r i p t i o n i n f i l e : r x . f s m
B u s m a p i n f i l e : r x . b m

1 P R O G R A M A D M _ t o _ P C M ;
2
3 C O N S T
4 _ d a t a _ w i d t h = 8 ;
5
6 V A R
7 A D M _ i n p u t : i n p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;
8 P C M _ o u t p u t : o u t p u t _ p o r t C O N N E C T D O W N W A R D ;
9
1 0 E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
1 1 S x _ o f _ k , { P r e d i c t e d P C M }
1 2 X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }
1 3
1 4 P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
1 5 B E G I N
1 6 E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
1 7 X _ o f _ k : = 0 ;
1 8 S x _ o f _ k : = 0 ;
1 9 E N D ;
2 0
2 1 B E G I N
2 2 I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;
2 3
2 4 I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;
2 5
2 6 _ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
2 7 I F E x = ? ? ? ? ? ? 1 ? B T H E N { }
2 8 _ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
2 9 E L S E { E L S E }
3 0 _ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
3 1 S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }
3 2
3 3 X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }
3 4
3 5 E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
3 6 I F A D M _ i n p u t = ? ? ? ? ? ? ? 1 B T H E N E x : = E x + 1 ;
3 7
3 8 P C M _ o u t p u t : = X _ o f _ k ;
3 9 E N D . { A D M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }

* * P r o g r a m G r a p h * *

D a t a b u s w i d t h = 8
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D e s t a d d r w i d t h = 4
S o u r c e a d d r w i d t h = 4

- - - S o u r c e L i n e 1 6 - - -
0 ) d e s t = 1 0 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 0 1 1 1 0 0 1 1

A r c t o : # 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 7 - - -
1 ) d e s t = 8 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 0 1 0 1 0 0 1 1

A r c t o : # 2 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 8 - - -
2 ) d e s t = 9 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 1 1 0 1 0 0 1 1

A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 - - -
3 ) d e s t = 0 , s o u r c e = 0 , M o o r e _ m a s k : 1 0 0 0 0 0 0 0 0

A r c t o : # 4 o n c o n d i t i o n : ? 1 ? ? ? ? ? ? ? ?
A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 2 - - -
4 ) d e s t = 0 , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 0 0 0 0 0 1

A r c t o : # 5 o n c o n d i t i o n : d e f a u l t

5 ) d e s t = 0 , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 0 0 0 0 0 1
A r c t o : # 6 o n c o n d i t i o n : ? ? 1 ? ? ? ? ? ? ?
A r c t o : # 1 0 o n c o n d i t i o n : d e f a u l t

6 ) d e s t = 5 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 1 0 0 1
A r c t o : # 7 o n c o n d i t i o n : d e f a u l t

7 ) d e s t = 1 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 1 0 0 0 0 1 0 1
A r c t o : # 8 o n c o n d i t i o n : d e f a u l t

8 ) d e s t = 2 ( c u ) , s o u r c e = 5 ( c u ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 0
A r c t o : # 9 o n c o n d i t i o n : d e f a u l t

9 ) d e s t = 9 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0
A r c t o : # 1 0 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 4 - - -
1 0 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1

A r c t o : # 1 1 o n c o n d i t i o n : d e f a u l t

1 1 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1
A r c t o : # 1 2 o n c o n d i t i o n : ? ? ? ? ? ? ? ? ? 0
A r c t o : # 1 6 o n c o n d i t i o n : d e f a u l t

1 2 ) d e s t = 5 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 1 0 0 1
A r c t o : # 1 3 o n c o n d i t i o n : d e f a u l t

1 3 ) d e s t = 1 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 1 0 0 0 0 1 0 1
A r c t o : # 1 4 o n c o n d i t i o n : d e f a u l t
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1 4 ) d e s t = 2 ( c u ) , s o u r c e = 5 ( c u ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 0
A r c t o : # 1 5 o n c o n d i t i o n : d e f a u l t

1 5 ) d e s t = 9 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0
A r c t o : # 1 6 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 6 - - -
1 6 ) d e s t = 1 , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 0 0 0 1

A r c t o : # 1 7 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 7 - - -
1 7 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1

A r c t o : # 1 8 o n c o n d i t i o n : d e f a u l t

1 8 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1
A r c t o : # 1 9 o n c o n d i t i o n : ? ? ? ? ? ? ? ? 1 ?
A r c t o : # 2 0 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 9 - - -
1 9 ) d e s t = 2 , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 0 0 1 0 0 1 0 1

A r c t o : # 2 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 0 - - -
2 0 ) d e s t = 2 , s o u r c e = 1 3 ( c o n s t : - 1 ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 1

A r c t o : # 2 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 1 - - -
2 1 ) d e s t = 9 , s o u r c e = 2 , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0

A r c t o : # 2 2 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 3 - - -
2 2 ) d e s t = 1 ( c u ) , s o u r c e = 8 , M o o r e _ m a s k : 0 1 0 0 0 0 0 0 1

A r c t o : # 2 3 o n c o n d i t i o n : d e f a u l t

2 3 ) d e s t = 2 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 1 0 0 0 0 1
A r c t o : # 2 4 o n c o n d i t i o n : d e f a u l t

2 4 ) d e s t = 8 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 0 1 0 0 1 0
A r c t o : # 2 5 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 5 - - -
2 5 ) d e s t = 3 ( c u ) , s o u r c e = 1 0 , M o o r e _ m a s k : 0 1 0 1 1 0 0 0 1

A r c t o : # 2 6 o n c o n d i t i o n : d e f a u l t

2 6 ) d e s t = 1 0 , s o u r c e = 3 ( c u ) , M o o r e _ m a s k : 0 0 1 1 1 0 0 1 0
A r c t o : # 2 7 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 6 - - -
2 7 ) d e s t = 0 , s o u r c e = 6 , M o o r e _ m a s k : 0 0 0 0 1 0 1 0 0

A r c t o : # 2 8 o n c o n d i t i o n : d e f a u l t

2 8 ) d e s t = 0 , s o u r c e = 6 , M o o r e _ m a s k : 0 0 0 0 1 0 1 0 0
A r c t o : # 2 9 o n c o n d i t i o n : ? ? ? ? ? ? ? ? ? 1
A r c t o : # 3 2 o n c o n d i t i o n : d e f a u l t
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2 9 ) d e s t = 1 ( c u ) , s o u r c e = 1 0 , M o o r e _ m a s k : 0 1 0 0 1 0 0 0 1
A r c t o : # 3 0 o n c o n d i t i o n : d e f a u l t

3 0 ) d e s t = 2 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 0 0 1 0 0 1 0 1
A r c t o : # 3 1 o n c o n d i t i o n : d e f a u l t

3 1 ) d e s t = 1 0 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 1 1 0 0 1 0
A r c t o : # 3 2 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 8 - - -
3 2 ) d e s t = 7 , s o u r c e = 8 , M o o r e _ m a s k : 0 1 0 1 0 1 0 0 1

A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

* * B u s M a p * *

d e s t s o u r c e
a d d r a d d r d e v i c e . i n f o 1 i n f o 2 s y m b o l
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 0 d a t a _ p r e c h * * *
0 2 a d d _ o u t * * _ A D D _ O U T
0 0 a d d e r * * *
2 0 a d d _ l a t c h _ b * * _ A D D _ I N _ 2
1 0 a d d _ l a t c h _ a * * _ A D D _ I N _ 1

0 3 s h i f t _ l e f t * * _ S H F L _ O U T
3 0 d l a t c h * * _ S H F L _ I N
0 4 s h i f t _ r i g h t * * _ S H F R _ O U T
4 0 d l a t c h * * _ S H F R _ I N
0 5 c o m p l * * _ C O M P L _ O U T

5 0 d l a t c h * * _ C O M P L _ I N
0 6 o c _ i n _ l a t c h 0 0 A D M _ I N P U T
- 7 0 o c _ o u t _ l a t c h 0 7 P C M _ O U T P U T
0 8 o u t _ e n a b l e * * X _ O F _ K
8 0 d l a t c h * * "

0 9 o u t _ e n a b l e * * S X _ O F _ K
9 0 d l a t c h * * "
0 1 0 o u t _ e n a b l e * * E X
1 0 0 d l a t c h * * "
0 1 1 c o n s t 0 * *

0 1 2 c o n s t 1 * *
0 1 3 c o n s t - 1 * *
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Rece iv er Busg en File ( rx. bm)

T h is f ile wa s g e n e r a t e d b y S PI L . I t is a d e sc r ip t io n o f d e v ic e s in t h e d a t a

pa t h . E a c h lin e o f t h e file d e scr ib e s o n e o r m o r e c o lu m n s o f it e m s in t h e d a t a

pa t h . T h e f ir st lin e in d ic a t e s t h e n u m b e r o f b it s in t h e d a t a b u s, fo llo we d o n t h e

sa m e lin e b y t h e n u m b e r o f b it s in t h e sou r c e a n d d e st in a t io n a d d r e ss b u se s.

T h e r e m a in in g lin e s m a p o n a o n e - t o - o n e b a sis wit h t h e la st p a r t (* * B u s M a p

* *) o f t h e list in g file ( r x . spil_list) , e x c lu d in g t h e s y m b o l co lu m n in t h e list in g

file . T h is file c o u ld b e in p u t t o Bu sge n . T h e a c t u a l f ile wh ic h wa s g ive n a s

in p u t t o Bu sge n is sh o wn in t h e n e x t se ct io n .

8 4 4
0 0 9 0 0
0 2 2 0 0
0 0 3 0 0
2 0 1 0 0
1 0 0 0 0
0 3 2 3 0 0
3 0 1 0 0 0
0 4 2 5 0 0
4 0 1 0 0 0
0 5 5 0 0
5 0 1 0 0 0
0 6 1 1 0 0
- 7 0 1 2 0 7
0 8 2 2 0 0
8 0 1 0 0 0
0 9 2 2 0 0
9 0 1 0 0 0
0 1 0 2 2 0 0
1 0 0 1 0 0 0
0 1 1 6 0 0
0 1 2 6 1 0
0 1 3 6 - 1 0



12 2

Rece iv er Busg en File ( rx_no_rig ht_shifter. bm)

T h is is file is t h e sa m e a s r x . b m e x c e p t t h a t t h e lin e s

0 4 2 5 0 0
4 0 1 0 0 0

wh ich d e sc r ib e t h e in p u t a n d o u t p u t p o r t s o f t h e r ig h t sh ift e r a n d t h e r ig h t sh ift e r

h a v e b e e n r e m o v e d . T h e f ile sh o wn h e r e h a d t h e r ig h t sh ift e r r e m o v e d b e c a u se

it is n o t u se d in t h e r e c e iv e r a lg o r it h m . T h e v e r sion o f S PI L t h a t w a s u se d d id

n ot a u t o m a t ica lly r e m o v e u n u se d d e v ic e s.

8 4 4
0 0 9 0 0
0 2 2 0 0
0 0 3 0 0
2 0 1 0 0
1 0 0 0 0
0 3 2 3 0 0
3 0 1 0 0 0
0 5 5 0 0
5 0 1 0 0 0
0 6 1 1 0 0
- 7 0 1 2 0 7
0 8 2 2 0 0
8 0 1 0 0 0
0 9 2 2 0 0
9 0 1 0 0 0
0 1 0 2 2 0 0
1 0 0 1 0 0 0
0 1 1 6 0 0
0 1 2 6 1 0
0 1 3 6 - 1 0
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Rece iv er FSM File (rx. fsm)

T h is f ile wa s g e n e r a t e d b y S PI L fo r in p u t t o P L A m a t e . T h is file ’ s sy n t a x is

a c c e p t a b le t o P L A m a t e ; it ’ s se m a n t ic s a r e sim ila r t o t h e st a t e -b y -st a t e d e sc r ip t ion

of t h e F S M g iv e n in t h e S PI L list in g f ile ( r x . sp il_list) . T h e se c o n d lin e o f t h is

file ( r x . fsm ) sh o ws t h e in p u t s t o t h e F S M . S ign a l x 0 0 is t h e R E S E T sign a l.

S i gn a l x 0 1 is t h e G O sign a l. S ign a l x 0 2 is t h e le a st sig n ific a n t b it o f t h e d a t a

bu s a n d so o n u p t o t h e m o st sign ific a n t b it o f t h e d a t a b u s, x 0 9. T h e t h ir d lin e

sh o ws t h e o u t p u t s. S ign a ls y 0 0 t o y 0 8 co r r e spo n d e x a c t ly t o t h e M o o r e m a sk in

t h e S PI L list in g file ( r x . sp il_list) . T h is is f o llow e d b y a list o f t h e sy m b o lic

st a t e s, su c h a s s 0 0 0, a n d t h e c o r r e sp o n d in g a c t u a l F S M st a t e n u m b e r s, su c h a s

0. T h e lin e b e g in n in g wit h R E S E T in d ic a t e s t h a t wh e n sign a l x 0 0 is r a ise d h ig h ,

t h e F S M sh o u ld e n t e r st a t e s 0 0 0, t h e r e se t st a t e . T h e R E S E T lin e is f o llowe d b y

t h e st a t e d e scr ip t io n . C o n sid e r st a t e s 0 0 5. I t in d ic a t e s t wo o u t p u t sign a ls, y 0 2 ,

y 0 8, wh ic h a r e se t h ig h d u r in g st a t e s 0 0 5. I f in p u t x 0 2 is h ig h , t h e n t h e n e x t

F S M st a t e will b e s 0 0 8, o t h e r wise s 0 1 0 will b e t h e n e x t F S M st a t e .

F S M A D M _ T O _ P C M ;
I N P U T S x 0 0 , x 0 1 , x 0 2 , x 0 3 , x 0 4 , x 0 5 , x 0 6 , x 0 7 , x 0 8 , x 0 9 ;
O U T P U T S y 0 0 , y 0 1 , y 0 2 , y 0 3 , y 0 4 , y 0 5 , y 0 6 , y 0 7 , y 0 8 ;

S T A T E S
s 0 0 0 = 0 ,
s 0 0 1 = 1 ,
s 0 0 2 = 2 ,
s 0 0 3 = 3 ,
s 0 0 4 = 4 ,
s 0 0 5 = 5 ,
s 0 0 6 = 6 ,
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s 0 0 7 = 7 ,
s 0 0 8 = 8 ,
s 0 0 9 = 9 ,
s 0 1 0 = 1 0 ,
s 0 1 1 = 1 1 ,
s 0 1 2 = 1 2 ,
s 0 1 3 = 1 3 ,
s 0 1 4 = 1 4 ,
s 0 1 5 = 1 5 ,
s 0 1 6 = 1 6 ,
s 0 1 7 = 1 7 ,
s 0 1 8 = 1 8 ,
s 0 1 9 = 1 9 ,
s 0 2 0 = 2 0 ,
s 0 2 1 = 2 1 ,
s 0 2 2 = 2 2 ,
s 0 2 3 = 2 3 ,
s 0 2 4 = 2 4 ,
s 0 2 5 = 2 5 ,
s 0 2 6 = 2 6 ,
s 0 2 7 = 2 7 ,
s 0 2 8 = 2 8 ,
s 0 2 9 = 2 9 ,
s 0 3 0 = 3 0 ,
s 0 3 1 = 3 1 ,
s 0 3 2 = 3 2 ;

R E S E T x 0 0 : s 0 0 0 ;

S T A T E s 0 0 0 > y 0 2 , y 0 3 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 1 ;

S T A T E s 0 0 1 > y 0 2 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 2 ;

S T A T E s 0 0 2 > y 0 1 , y 0 2 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 3 ;

S T A T E s 0 0 3 > y 0 0 ;
x 0 1 : s 0 0 4 ;
O T H E R W I S E : s 0 0 3 ;

S T A T E s 0 0 4 > y 0 2 , y 0 8 ;
O T H E R W I S E : s 0 0 5 ;

S T A T E s 0 0 5 > y 0 2 , y 0 8 ;
x 0 2 : s 0 0 6 ;
O T H E R W I S E : s 0 1 0 ;

S T A T E s 0 0 6 > y 0 1 , y 0 2 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 0 7 ;

S T A T E s 0 0 7 > y 0 1 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 0 8 ;
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S T A T E s 0 0 8 > y 0 2 , y 0 3 , y 0 6 ;
O T H E R W I S E : s 0 0 9 ;

S T A T E s 0 0 9 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 1 0 ;

S T A T E s 0 1 0 > y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 1 1 ;

S T A T E s 0 1 1 > y 0 4 , y 0 8 ;
x 0 9 ’ : s 0 1 2 ;
O T H E R W I S E : s 0 1 6 ;

S T A T E s 0 1 2 > y 0 1 , y 0 2 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 1 3 ;

S T A T E s 0 1 3 > y 0 1 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 1 4 ;

S T A T E s 0 1 4 > y 0 2 , y 0 3 , y 0 6 ;
O T H E R W I S E : s 0 1 5 ;

S T A T E s 0 1 5 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 1 6 ;

S T A T E s 0 1 6 > y 0 1 , y 0 2 , y 0 8 ;
O T H E R W I S E : s 0 1 7 ;

S T A T E s 0 1 7 > y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 1 8 ;

S T A T E s 0 1 8 > y 0 4 , y 0 8 ;
x 0 8 : s 0 1 9 ;
O T H E R W I S E : s 0 2 0 ;

S T A T E s 0 1 9 > y 0 3 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 2 1 ;

S T A T E s 0 2 0 > y 0 2 , y 0 3 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 2 1 ;

S T A T E s 0 2 1 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 2 ;

S T A T E s 0 2 2 > y 0 1 , y 0 8 ;
O T H E R W I S E : s 0 2 3 ;

S T A T E s 0 2 3 > y 0 2 , y 0 3 , y 0 8 ;
O T H E R W I S E : s 0 2 4 ;

S T A T E s 0 2 4 > y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 5 ;

S T A T E s 0 2 5 > y 0 1 , y 0 3 , y 0 4 , y 0 8 ;
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O T H E R W I S E : s 0 2 6 ;

S T A T E s 0 2 6 > y 0 2 , y 0 3 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 7 ;

S T A T E s 0 2 7 > y 0 4 , y 0 6 ;
O T H E R W I S E : s 0 2 8 ;

S T A T E s 0 2 8 > y 0 4 , y 0 6 ;
x 0 9 : s 0 2 9 ;
O T H E R W I S E : s 0 3 2 ;

S T A T E s 0 2 9 > y 0 1 , y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 3 0 ;

S T A T E s 0 3 0 > y 0 3 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 3 1 ;

S T A T E s 0 3 1 > y 0 3 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 3 2 ;

S T A T E s 0 3 2 > y 0 1 , y 0 3 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 0 3 ;

E N D .

Rece iv er Busg en Listing File (rx. bm_list)

T h is f ile is t h e list in g file fr o m Bu sge n a n d sim p ly in d ic a t e s t h e size o f t h e

d a t a p a t h . T h e u n it s o f m i c r o n s wh ich a r e sh o wn a r e d e sign sc a le m ic r o n s
[1 8 , 1 9 ] .

D i m e n s i o n s o f d e v i c e a r r a y :
H e i g h t = 2 7 2 1 m i c r o n s
W i d t h = 2 8 3 9 m i c r o n s
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Rece iv er FSM Listing File (rx. fsm_list)

T h is f ile is t h e list in g o u t p u t o f P L A m a t e . I t c o n t a in s a d e scr ip t io n o f t h e

A N D a s w e ll a s t h e O R p la n e s o f t h e P L A . T h e r o w s o f t h e A N D p la n e

r e p r e se n t t h e F S M in p u t s x 0 0 t o x 0 9 fo llo we d b y t h e six st a t e lin e s fr o m t h e

le a st t o t h e m o st sign ific a n t b it s. T h e r o w s e x t e n d e d b e y o n d 8 0 c h a r a ct e r s p e r

lin e a n d wr a p a r o u n d t o t h e b e g in n in g o f t h e lin e so t h a t o n e r o w o f t h e A N D

pla n e sp a n s t wo r o ws o f t e x t . T h e r o ws a r e n u m b e r e d ju st b e fo r e t h e c h a r a c t e r

|. T h e n u m b e r s 1 t o 1 6 c o r r e sp o n d t o t h e sig n a ls b y t h e or d e r t h a t t h e r o ws o f

t h e A N D p la n e w e r e d e scr ib e d a b o v e . I f a n e g a t iv e n u m b e r is sh o wn , it r e fe r s

t o t h e in v e r t e d v e r sion o f t h e sign a l. T h e co lu m n s of t h e A N D p la n e r e p r e se n t

t h e m in t e r m s. I n t h e O R p la n e o u t p u t , t h e r o ws r e p r e se n t t h e m in t e r m s a n d t h e

co lu m n s r e p r e se n t t h e F S M ou t p u t s. T h e o r d e r o f t h e F S M o u t p u t s fr o m le ft t o

r ig h t is y 0 8 t o y 0 0 a n d t h e n t h e le a st sign ific a n t b it t o t h e m o st sign if ica n t b it .

A b o v e e a c h o f t h e A N D a n d O R p la n e c o lu m n s is t h e n u m b e r o f o n e s in e a c h

co lu m n . T h e e n d o f t h is f ile in d ic a t e s t h e size o f t h e F S M , e v e n t h o u g h t h e

wo r d P L A is sh ow n . U n it s o f size a r e d e sign sca le m ic r o n s.

- - - P L A M A T E - U n i v e r s i t y o f W a t e r l o o P L A / F S M g e n e r a t o r - - -

P L A / F S M " A D M _ T O _ P C M " g e n e r a t e d o n T u e D e c 2 1 8 : 4 8 : 5 2 1 9 8 6

S Y M B O L S :

I N P U T 1 = x 0 0
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I N P U T 2 = x 0 1
I N P U T 3 = x 0 2
I N P U T 4 = x 0 3
I N P U T 5 = x 0 4
I N P U T 6 = x 0 5
I N P U T 7 = x 0 6
I N P U T 8 = x 0 7
I N P U T 9 = x 0 8
I N P U T 1 0 = x 0 9

O U T P U T 1 = y 0 0
O U T P U T 2 = y 0 1
O U T P U T 3 = y 0 2
O U T P U T 4 = y 0 3
O U T P U T 5 = y 0 4
O U T P U T 6 = y 0 5
O U T P U T 7 = y 0 6
O U T P U T 8 = y 0 7
O U T P U T 9 = y 0 8

S T A T E 0 = s 0 0 0 ( e x p l i c i t )
S T A T E 1 = s 0 0 1 ( e x p l i c i t )
S T A T E 2 = s 0 0 2 ( e x p l i c i t )
S T A T E 3 = s 0 0 3 ( e x p l i c i t )
S T A T E 4 = s 0 0 4 ( e x p l i c i t )
S T A T E 5 = s 0 0 5 ( e x p l i c i t )
S T A T E 6 = s 0 0 6 ( e x p l i c i t )
S T A T E 7 = s 0 0 7 ( e x p l i c i t )
S T A T E 8 = s 0 0 8 ( e x p l i c i t )
S T A T E 9 = s 0 0 9 ( e x p l i c i t )
S T A T E 1 0 = s 0 1 0 ( e x p l i c i t )
S T A T E 1 1 = s 0 1 1 ( e x p l i c i t )
S T A T E 1 2 = s 0 1 2 ( e x p l i c i t )
S T A T E 1 3 = s 0 1 3 ( e x p l i c i t )
S T A T E 1 4 = s 0 1 4 ( e x p l i c i t )
S T A T E 1 5 = s 0 1 5 ( e x p l i c i t )
S T A T E 1 6 = s 0 1 6 ( e x p l i c i t )
S T A T E 1 7 = s 0 1 7 ( e x p l i c i t )
S T A T E 1 8 = s 0 1 8 ( e x p l i c i t )
S T A T E 1 9 = s 0 1 9 ( e x p l i c i t )
S T A T E 2 0 = s 0 2 0 ( e x p l i c i t )
S T A T E 2 1 = s 0 2 1 ( e x p l i c i t )
S T A T E 2 2 = s 0 2 2 ( e x p l i c i t )
S T A T E 2 3 = s 0 2 3 ( e x p l i c i t )
S T A T E 2 4 = s 0 2 4 ( e x p l i c i t )
S T A T E 2 5 = s 0 2 5 ( e x p l i c i t )
S T A T E 2 6 = s 0 2 6 ( e x p l i c i t )
S T A T E 2 7 = s 0 2 7 ( e x p l i c i t )
S T A T E 2 8 = s 0 2 8 ( e x p l i c i t )
S T A T E 2 9 = s 0 2 9 ( e x p l i c i t )
S T A T E 3 0 = s 0 3 0 ( e x p l i c i t )
S T A T E 3 1 = s 0 3 1 ( e x p l i c i t )
S T A T E 3 2 = s 0 3 2 ( e x p l i c i t )
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B e f o r e m i n i m i z a t i o n :

N u m b e r o f i n p u t s i s 1 0 .
N u m b e r o f o u t p u t s i s 9 .
N u m b e r o f s t a t e l i n e s i s 6 .
N u m b e r o f m i n t e r m s i s 3 9 .

T h e r e w e r e 0 e r r o r s i n t h i s d e s c r i p t i o n .

A f t e r m i n i m i z a t i o n , n u m b e r o f m i n t e r m s i s 3 8 .

T H E A N D P L A N E :

8 8 8 8 7 7 7 7 7 8 7 8 7 7 7 8 7 7 6 7 7 7 7 7 7
7 8 7 8 7 7 6 6 7 7 7 7 8

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
- 2 | 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
2 | 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
- 3 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
3 | 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
- 9 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0
9 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1

- 1 0 | 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0
1 0 | 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0

- 1 1 | 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 | 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0

- 1 2 | 0 1 0 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 0
0 0 0 1 1 1 0 0 1 1 1 1 0
1 2 | 1 0 1 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1
1 1 1 0 0 0 0 0 0 0 0 0 1

- 1 3 | 1 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 1
1 1 1 0 0 0 0 1 1 1 1 1 1
1 3 | 0 1 0 1 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 0
0 0 0 1 1 1 1 0 0 0 0 0 0

- 1 4 | 1 1 0 0 0 0 1 1 0 0 1 1 0 0 1 1 0 0 0 1 0 0 1 1 0
0 1 1 0 0 1 1 0 0 1 1 1 1
1 4 | 0 0 1 1 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1
1 0 0 1 1 0 0 1 1 0 0 0 0

- 1 5 | 1 1 1 0 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
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1 0 1 0 1 0 1 0 1 0 1 1 0
1 5 | 0 0 0 1 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
0 1 0 1 0 1 0 1 0 1 0 0 1

- 1 6 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 0 1 1
1 6 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0

T H E O R P L A N E :

2 1 3 1 4 1 1 2 0 3 1 0 9 2 5 1 9 1 9 1 7 1 7 1 8 2
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 | 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0
2 | 0 0 1 0 0 0 0 0 1 0 1 1 0 0 0
3 | 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0
4 | 0 0 0 0 1 0 1 0 0 1 0 1 1 1 0
5 | 0 0 0 1 1 0 0 1 0 0 0 0 0 0 1
6 | 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0
7 | 0 0 1 1 0 0 0 0 1 0 0 0 1 1 0
8 | 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0
9 | 0 0 0 0 1 0 1 0 0 0 0 1 1 1 0
1 0 | 0 0 0 0 1 0 0 0 1 0 0 1 1 0 0
1 1 | 0 0 0 1 0 0 1 0 1 1 0 1 0 1 0
1 2 | 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0
1 3 | 0 1 0 0 1 0 0 0 1 0 1 1 1 1 0
1 4 | 0 1 0 0 0 0 1 0 1 0 1 1 1 0 0
1 5 | 0 1 0 0 1 0 0 1 0 0 1 1 0 1 0
1 6 | 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0
1 7 | 0 1 0 1 1 0 0 0 1 0 1 0 1 1 0
1 8 | 0 1 0 0 1 0 0 1 0 0 1 0 1 0 0
1 9 | 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0
2 0 | 0 0 1 0 1 0 0 1 1 0 1 0 0 0 0
2 1 | 0 0 0 1 0 0 1 0 1 1 1 1 1 1 0
2 2 | 0 0 1 1 0 0 1 0 0 1 1 1 1 0 0
2 3 | 0 1 0 0 0 0 0 0 1 1 1 1 0 1 0
2 4 | 0 1 1 0 0 1 0 0 1 1 1 1 0 0 0
2 5 | 0 0 1 1 1 0 0 1 0 1 1 0 1 1 0
2 6 | 0 0 0 0 1 0 0 0 1 1 1 0 1 0 0
2 7 | 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0
2 8 | 0 1 1 0 1 0 0 1 1 1 1 0 0 0 0
2 9 | 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1
3 0 | 0 1 1 0 0 1 0 0 1 1 0 1 1 0 0
3 1 | 0 0 1 1 0 0 1 0 1 1 0 1 0 1 0
3 2 | 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0
3 3 | 0 0 0 0 1 0 0 1 0 1 0 0 1 1 0
3 4 | 0 0 1 1 0 0 1 0 0 1 0 0 1 0 0
3 5 | 0 1 1 0 0 0 0 0 1 1 0 0 0 1 0
3 6 | 0 1 0 1 0 1 0 0 1 1 1 0 0 0 0
3 7 | 0 0 1 1 1 0 0 1 1 1 0 0 0 0 0
3 8 | 0 0 0 0 1 0 0 0 1 1 1 0 0 1 0

P L A H E I G H T : 2 4 3 3 M i c r o n s
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P L A W I D T H : 3 1 3 7 M i c r o n s

Tra nsm itter Source File ( tx. sp)

T h e t r a n sm it t e r file s h a v e m e a n in g s sim ila r t o t h o se o f t h e r e c e iv e r f ile s. A

d e sc r ip t io n will n o t b e r e p e a t e d .

P R O G R A M P C M _ t o _ A D M ;

C O N S T
_ d a t a _ w i d t h = 8 ;

V A R
P C M _ i n p u t : i n p u t _ p o r t C O N N E C T D O W N W A R D ;
A D M _ o u t p u t : o u t p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;

E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
S x _ o f _ k , { S t e p t o n e x t p r e d i c t e d P C M }
X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }

P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
B E G I N

E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
X _ o f _ k : = 0 ;
S x _ o f _ k : = 0 ;

E N D ;

B E G I N
I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;

_ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
I F E x = ? ? ? ? ? ? 1 ? B T H E N { }

_ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
E L S E { E L S E }

_ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }

X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }

E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
I F P C M _ i n p u t > X _ o f _ k T H E N E x : = E x + 1 ;

A D M _ o u t p u t : = E x ;
E N D . { P C M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }
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Tra nsm itter Source File Listing (tx. spil_list)

F i n i t e - s t a t e - c o n t r o l d e s c r i p t i o n i n f i l e : t x . f s m
B u s m a p i n f i l e : t x . b m

1 P R O G R A M P C M _ t o _ A D M ;
2
3 C O N S T
4 _ d a t a _ w i d t h = 8 ;
5
6 V A R
7 P C M _ i n p u t : i n p u t _ p o r t C O N N E C T D O W N W A R D ;
8 A D M _ o u t p u t : o u t p u t _ p o r t C O N N E C T 0 . . 0 U P W A R D ;
9
1 0 E x , { S t a r t i n g f r o m L S B ( 0 ) : E x ( k - 1 ) , E x ( k - 2 ) }
1 1 S x _ o f _ k , { S t e p t o n e x t p r e d i c t e d P C M }
1 2 X _ o f _ k : i n t e g e r ; { L a s t P C M o u t p u t }
1 3
1 4 P R O C E D U R E _ r e s e t ; { C h i p i n i t i a l i z a t i o n p r o c e d u r e }
1 5 B E G I N
1 6 E x : = 0 ; { M a k e E x ( k - 1 ) = E x ( k - 2 ) = 0 }
1 7 X _ o f _ k : = 0 ;
1 8 S x _ o f _ k : = 0 ;
1 9 E N D ;
2 0
2 1 B E G I N
2 2 I F S x _ o f _ k < 0 T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;
2 3
2 4 I F E x = ? ? ? ? ? ? ? 0 B T H E N S x _ o f _ k : = 0 - S x _ o f _ k ;
2 5
2 6 _ a d d _ i n _ 1 : = S x _ o f _ k ; { I F E x ( k - 2 ) = 1 T H E N }
2 7 I F E x = ? ? ? ? ? ? 1 ? B T H E N { }
2 8 _ a d d _ i n _ 2 : = 1 { S x _ o f _ k : = S x _ o f _ k + 1 }
2 9 E L S E { E L S E }
3 0 _ a d d _ i n _ 2 : = - 1 ; { S x _ o f _ k : = S x _ o f _ k - 1 ; }
3 1 S x _ o f _ k : = _ a d d _ o u t ; { ( N o o v e r / u n d e r - f l o w c h e c k ) }
3 2
3 3 X _ o f _ k : = X _ o f _ k + S x _ o f _ k ; { N o o v e r / u n d e r - f l o w c h e c k }
3 4
3 5 E x : = E x < < 1 ; { S h i f t s i g n a l s l e f t i . e . o n e t i m e s t e p }
3 6 I F P C M _ i n p u t > X _ o f _ k T H E N E x : = E x + 1 ;
3 7
3 8 A D M _ o u t p u t : = E x ;
3 9 E N D . { P C M _ i n p u t m u s t h a v e r e m a i n e d v a l i d a l l t h e t i m e }

* * P r o g r a m G r a p h * *

D a t a b u s w i d t h = 8
D e s t a d d r w i d t h = 4
S o u r c e a d d r w i d t h = 4
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- - - S o u r c e L i n e 1 6 - - -
0 ) d e s t = 1 0 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 0 1 1 1 0 0 1 1

A r c t o : # 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 7 - - -
1 ) d e s t = 8 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 0 1 0 1 0 0 1 1

A r c t o : # 2 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 8 - - -
2 ) d e s t = 9 , s o u r c e = 1 1 ( c o n s t : 0 ) , M o o r e _ m a s k : 0 1 1 0 1 0 0 1 1

A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 1 - - -
3 ) d e s t = 0 , s o u r c e = 0 , M o o r e _ m a s k : 1 0 0 0 0 0 0 0 0

A r c t o : # 4 o n c o n d i t i o n : ? 1 ? ? ? ? ? ? ? ?
A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 2 - - -
4 ) d e s t = 0 , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 0 0 0 0 0 1

A r c t o : # 5 o n c o n d i t i o n : d e f a u l t

5 ) d e s t = 0 , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 0 0 0 0 0 1
A r c t o : # 6 o n c o n d i t i o n : ? ? 1 ? ? ? ? ? ? ?
A r c t o : # 1 0 o n c o n d i t i o n : d e f a u l t

6 ) d e s t = 5 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 1 0 0 1
A r c t o : # 7 o n c o n d i t i o n : d e f a u l t

7 ) d e s t = 1 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 1 0 0 0 0 1 0 1
A r c t o : # 8 o n c o n d i t i o n : d e f a u l t

8 ) d e s t = 2 ( c u ) , s o u r c e = 5 ( c u ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 0
A r c t o : # 9 o n c o n d i t i o n : d e f a u l t

9 ) d e s t = 9 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0
A r c t o : # 1 0 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 4 - - -
1 0 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1

A r c t o : # 1 1 o n c o n d i t i o n : d e f a u l t

1 1 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1
A r c t o : # 1 2 o n c o n d i t i o n : ? ? ? ? ? ? ? ? ? 0
A r c t o : # 1 6 o n c o n d i t i o n : d e f a u l t

1 2 ) d e s t = 5 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 1 0 0 1
A r c t o : # 1 3 o n c o n d i t i o n : d e f a u l t

1 3 ) d e s t = 1 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 1 0 0 0 0 1 0 1
A r c t o : # 1 4 o n c o n d i t i o n : d e f a u l t

1 4 ) d e s t = 2 ( c u ) , s o u r c e = 5 ( c u ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 0
A r c t o : # 1 5 o n c o n d i t i o n : d e f a u l t
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1 5 ) d e s t = 9 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0
A r c t o : # 1 6 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 6 - - -
1 6 ) d e s t = 1 , s o u r c e = 9 , M o o r e _ m a s k : 0 1 1 0 0 0 0 0 1

A r c t o : # 1 7 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 7 - - -
1 7 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1

A r c t o : # 1 8 o n c o n d i t i o n : d e f a u l t

1 8 ) d e s t = 0 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 1
A r c t o : # 1 9 o n c o n d i t i o n : ? ? ? ? ? ? ? ? 1 ?
A r c t o : # 2 0 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 2 9 - - -
1 9 ) d e s t = 2 , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 0 0 1 0 0 1 0 1

A r c t o : # 2 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 0 - - -
2 0 ) d e s t = 2 , s o u r c e = 1 3 ( c o n s t : - 1 ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 1

A r c t o : # 2 1 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 1 - - -
2 1 ) d e s t = 9 , s o u r c e = 2 , M o o r e _ m a s k : 0 1 0 0 1 0 0 1 0

A r c t o : # 2 2 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 3 - - -
2 2 ) d e s t = 1 ( c u ) , s o u r c e = 8 , M o o r e _ m a s k : 0 1 0 0 0 0 0 0 1

A r c t o : # 2 3 o n c o n d i t i o n : d e f a u l t

2 3 ) d e s t = 2 ( c u ) , s o u r c e = 9 , M o o r e _ m a s k : 0 0 1 1 0 0 0 0 1
A r c t o : # 2 4 o n c o n d i t i o n : d e f a u l t

2 4 ) d e s t = 8 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 0 1 0 0 1 0
A r c t o : # 2 5 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 5 - - -
2 5 ) d e s t = 3 ( c u ) , s o u r c e = 1 0 , M o o r e _ m a s k : 0 1 0 1 1 0 0 0 1

A r c t o : # 2 6 o n c o n d i t i o n : d e f a u l t

2 6 ) d e s t = 1 0 , s o u r c e = 3 ( c u ) , M o o r e _ m a s k : 0 0 1 1 1 0 0 1 0
A r c t o : # 2 7 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 6 - - -
2 7 ) d e s t = 1 ( c u ) , s o u r c e = 1 3 ( c o n s t : - 1 ) , M o o r e _ m a s k : 0 1 1 0 0 0 1 0 1

A r c t o : # 2 8 o n c o n d i t i o n : d e f a u l t

2 8 ) d e s t = 2 ( c u ) , s o u r c e = 6 , M o o r e _ m a s k : 0 0 0 1 1 0 1 0 0
A r c t o : # 2 9 o n c o n d i t i o n : d e f a u l t

2 9 ) d e s t = 5 ( c u ) , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 1 0 0 1 1 0 0 0
A r c t o : # 3 0 o n c o n d i t i o n : d e f a u l t
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3 0 ) d e s t = 1 ( c u ) , s o u r c e = 8 , M o o r e _ m a s k : 0 1 0 0 0 0 0 0 1
A r c t o : # 3 1 o n c o n d i t i o n : d e f a u l t

3 1 ) d e s t = 2 ( c u ) , s o u r c e = 5 ( c u ) , M o o r e _ m a s k : 0 0 1 1 0 0 1 0 0
A r c t o : # 3 2 o n c o n d i t i o n : d e f a u l t

3 2 ) d e s t = 0 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 0
A r c t o : # 3 3 o n c o n d i t i o n : d e f a u l t

3 3 ) d e s t = 0 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 0 1 0 0 0 0
A r c t o : # 3 4 o n c o n d i t i o n : ? ? 1 ? ? ? ? ? ? ?
A r c t o : # 3 7 o n c o n d i t i o n : d e f a u l t

3 4 ) d e s t = 1 ( c u ) , s o u r c e = 1 0 , M o o r e _ m a s k : 0 1 0 0 1 0 0 0 1
A r c t o : # 3 5 o n c o n d i t i o n : d e f a u l t

3 5 ) d e s t = 2 ( c u ) , s o u r c e = 1 2 ( c o n s t : 1 ) , M o o r e _ m a s k : 0 0 0 1 0 0 1 0 1
A r c t o : # 3 6 o n c o n d i t i o n : d e f a u l t

3 6 ) d e s t = 1 0 , s o u r c e = 2 ( c u ) , M o o r e _ m a s k : 0 0 0 1 1 0 0 1 0
A r c t o : # 3 7 o n c o n d i t i o n : d e f a u l t

- - - S o u r c e L i n e 3 8 - - -
3 7 ) d e s t = 7 , s o u r c e = 1 0 , M o o r e _ m a s k : 0 1 0 1 1 1 0 0 1

A r c t o : # 3 o n c o n d i t i o n : d e f a u l t

* * B u s M a p * *

d e s t s o u r c e
a d d r a d d r d e v i c e . i n f o 1 i n f o 2 s y m b o l
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 0 d a t a _ p r e c h * * *
0 2 a d d _ o u t * * _ A D D _ O U T
0 0 a d d e r * * *
2 0 a d d _ l a t c h _ b * * _ A D D _ I N _ 2
1 0 a d d _ l a t c h _ a * * _ A D D _ I N _ 1

0 3 s h i f t _ l e f t * * _ S H F L _ O U T
3 0 d l a t c h * * _ S H F L _ I N
0 4 s h i f t _ r i g h t * * _ S H F R _ O U T
4 0 d l a t c h * * _ S H F R _ I N
0 5 c o m p l * * _ C O M P L _ O U T

5 0 d l a t c h * * _ C O M P L _ I N
0 - 6 o c _ i n _ l a t c h 0 7 P C M _ I N P U T
7 0 o c _ o u t _ l a t c h 0 0 A D M _ O U T P U T
0 8 o u t _ e n a b l e * * X _ O F _ K
8 0 d l a t c h * * "

0 9 o u t _ e n a b l e * * S X _ O F _ K
9 0 d l a t c h * * "
0 1 0 o u t _ e n a b l e * * E X
1 0 0 d l a t c h * * "
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0 1 1 c o n s t 0 * *

0 1 2 c o n s t 1 * *
0 1 3 c o n s t - 1 * *

Tra nsm itter Busg en File (tx. bm)

8 4 4
0 0 9 0 0
0 2 2 0 0
0 0 3 0 0
2 0 1 0 0
1 0 0 0 0
0 3 2 3 0 0
3 0 1 0 0 0
0 4 2 5 0 0
4 0 1 0 0 0
0 5 5 0 0
5 0 1 0 0 0
0 - 6 1 1 0 7
7 0 1 2 0 0
0 8 2 2 0 0
8 0 1 0 0 0
0 9 2 2 0 0
9 0 1 0 0 0
0 1 0 2 2 0 0
1 0 0 1 0 0 0
0 1 1 6 0 0
0 1 2 6 1 0
0 1 3 6 - 1 0
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Tra nsm itter Busg en File (tx_no_rig ht_shifter. bm)

8 4 4
0 0 9 0 0
0 2 2 0 0
0 0 3 0 0
2 0 1 0 0
1 0 0 0 0
0 3 2 3 0 0
3 0 1 0 0 0
0 5 5 0 0
5 0 1 0 0 0
0 - 6 1 1 0 7
7 0 1 2 0 0
0 8 2 2 0 0
8 0 1 0 0 0
0 9 2 2 0 0
9 0 1 0 0 0
0 1 0 2 2 0 0
1 0 0 1 0 0 0
0 1 1 6 0 0
0 1 2 6 1 0
0 1 3 6 - 1 0
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Tra nsm itter FSM File (t x. fsm)

F S M P C M _ T O _ A D M ;
I N P U T S x 0 0 , x 0 1 , x 0 2 , x 0 3 , x 0 4 , x 0 5 , x 0 6 , x 0 7 , x 0 8 , x 0 9 ;
O U T P U T S y 0 0 , y 0 1 , y 0 2 , y 0 3 , y 0 4 , y 0 5 , y 0 6 , y 0 7 , y 0 8 ;

S T A T E S
s 0 0 0 = 0 ,
s 0 0 1 = 1 ,
s 0 0 2 = 2 ,
s 0 0 3 = 3 ,
s 0 0 4 = 4 ,
s 0 0 5 = 5 ,
s 0 0 6 = 6 ,
s 0 0 7 = 7 ,
s 0 0 8 = 8 ,
s 0 0 9 = 9 ,
s 0 1 0 = 1 0 ,
s 0 1 1 = 1 1 ,
s 0 1 2 = 1 2 ,
s 0 1 3 = 1 3 ,
s 0 1 4 = 1 4 ,
s 0 1 5 = 1 5 ,
s 0 1 6 = 1 6 ,
s 0 1 7 = 1 7 ,
s 0 1 8 = 1 8 ,
s 0 1 9 = 1 9 ,
s 0 2 0 = 2 0 ,
s 0 2 1 = 2 1 ,
s 0 2 2 = 2 2 ,
s 0 2 3 = 2 3 ,
s 0 2 4 = 2 4 ,
s 0 2 5 = 2 5 ,
s 0 2 6 = 2 6 ,
s 0 2 7 = 2 7 ,
s 0 2 8 = 2 8 ,
s 0 2 9 = 2 9 ,
s 0 3 0 = 3 0 ,
s 0 3 1 = 3 1 ,
s 0 3 2 = 3 2 ,
s 0 3 3 = 3 3 ,
s 0 3 4 = 3 4 ,
s 0 3 5 = 3 5 ,
s 0 3 6 = 3 6 ,
s 0 3 7 = 3 7 ;

R E S E T x 0 0 : s 0 0 0 ;

S T A T E s 0 0 0 > y 0 2 , y 0 3 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 1 ;
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S T A T E s 0 0 1 > y 0 2 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 2 ;

S T A T E s 0 0 2 > y 0 1 , y 0 2 , y 0 4 , y 0 7 , y 0 8 ;
O T H E R W I S E : s 0 0 3 ;

S T A T E s 0 0 3 > y 0 0 ;
x 0 1 : s 0 0 4 ;
O T H E R W I S E : s 0 0 3 ;

S T A T E s 0 0 4 > y 0 2 , y 0 8 ;
O T H E R W I S E : s 0 0 5 ;

S T A T E s 0 0 5 > y 0 2 , y 0 8 ;
x 0 2 : s 0 0 6 ;
O T H E R W I S E : s 0 1 0 ;

S T A T E s 0 0 6 > y 0 1 , y 0 2 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 0 7 ;

S T A T E s 0 0 7 > y 0 1 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 0 8 ;

S T A T E s 0 0 8 > y 0 2 , y 0 3 , y 0 6 ;
O T H E R W I S E : s 0 0 9 ;

S T A T E s 0 0 9 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 1 0 ;

S T A T E s 0 1 0 > y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 1 1 ;

S T A T E s 0 1 1 > y 0 4 , y 0 8 ;
x 0 9 ’ : s 0 1 2 ;
O T H E R W I S E : s 0 1 6 ;

S T A T E s 0 1 2 > y 0 1 , y 0 2 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 1 3 ;

S T A T E s 0 1 3 > y 0 1 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 1 4 ;

S T A T E s 0 1 4 > y 0 2 , y 0 3 , y 0 6 ;
O T H E R W I S E : s 0 1 5 ;

S T A T E s 0 1 5 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 1 6 ;

S T A T E s 0 1 6 > y 0 1 , y 0 2 , y 0 8 ;
O T H E R W I S E : s 0 1 7 ;

S T A T E s 0 1 7 > y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 1 8 ;
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S T A T E s 0 1 8 > y 0 4 , y 0 8 ;
x 0 8 : s 0 1 9 ;
O T H E R W I S E : s 0 2 0 ;

S T A T E s 0 1 9 > y 0 3 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 2 1 ;

S T A T E s 0 2 0 > y 0 2 , y 0 3 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 2 1 ;

S T A T E s 0 2 1 > y 0 1 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 2 ;

S T A T E s 0 2 2 > y 0 1 , y 0 8 ;
O T H E R W I S E : s 0 2 3 ;

S T A T E s 0 2 3 > y 0 2 , y 0 3 , y 0 8 ;
O T H E R W I S E : s 0 2 4 ;

S T A T E s 0 2 4 > y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 5 ;

S T A T E s 0 2 5 > y 0 1 , y 0 3 , y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 2 6 ;

S T A T E s 0 2 6 > y 0 2 , y 0 3 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 2 7 ;

S T A T E s 0 2 7 > y 0 1 , y 0 2 , y 0 6 , y 0 8 ;
O T H E R W I S E : s 0 2 8 ;

S T A T E s 0 2 8 > y 0 3 , y 0 4 , y 0 6 ;
O T H E R W I S E : s 0 2 9 ;

S T A T E s 0 2 9 > y 0 1 , y 0 4 , y 0 5 ;
O T H E R W I S E : s 0 3 0 ;

S T A T E s 0 3 0 > y 0 1 , y 0 8 ;
O T H E R W I S E : s 0 3 1 ;

S T A T E s 0 3 1 > y 0 2 , y 0 3 , y 0 6 ;
O T H E R W I S E : s 0 3 2 ;

S T A T E s 0 3 2 > y 0 4 ;
O T H E R W I S E : s 0 3 3 ;

S T A T E s 0 3 3 > y 0 4 ;
x 0 2 : s 0 3 4 ;
O T H E R W I S E : s 0 3 7 ;

S T A T E s 0 3 4 > y 0 1 , y 0 4 , y 0 8 ;
O T H E R W I S E : s 0 3 5 ;

S T A T E s 0 3 5 > y 0 3 , y 0 6 , y 0 8 ;
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O T H E R W I S E : s 0 3 6 ;

S T A T E s 0 3 6 > y 0 3 , y 0 4 , y 0 7 ;
O T H E R W I S E : s 0 3 7 ;

S T A T E s 0 3 7 > y 0 1 , y 0 3 , y 0 4 , y 0 5 , y 0 8 ;
O T H E R W I S E : s 0 0 3 ;

E N D .

Tra nsm itter Busg en Listing (tx. bm_list)

D i m e n s i o n s o f d e v i c e a r r a y :
H e i g h t = 2 7 2 1 m i c r o n s
W i d t h = 2 8 3 9 m i c r o n s

Tra nsm itter FSM Listing (t x. fsm_list)

- - - P L A M A T E - U n i v e r s i t y o f W a t e r l o o P L A / F S M g e n e r a t o r - - -

P L A / F S M " P C M _ T O _ A D M " g e n e r a t e d o n S a t D e c 1 3 0 5 : 1 9 : 0 0 1 9 8 6

S Y M B O L S :

I N P U T 1 = x 0 0
I N P U T 2 = x 0 1
I N P U T 3 = x 0 2
I N P U T 4 = x 0 3
I N P U T 5 = x 0 4
I N P U T 6 = x 0 5
I N P U T 7 = x 0 6
I N P U T 8 = x 0 7
I N P U T 9 = x 0 8
I N P U T 1 0 = x 0 9

O U T P U T 1 = y 0 0
O U T P U T 2 = y 0 1
O U T P U T 3 = y 0 2
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O U T P U T 4 = y 0 3
O U T P U T 5 = y 0 4
O U T P U T 6 = y 0 5
O U T P U T 7 = y 0 6
O U T P U T 8 = y 0 7
O U T P U T 9 = y 0 8

S T A T E 0 = s 0 0 0 ( e x p l i c i t )
S T A T E 1 = s 0 0 1 ( e x p l i c i t )
S T A T E 2 = s 0 0 2 ( e x p l i c i t )
S T A T E 3 = s 0 0 3 ( e x p l i c i t )
S T A T E 4 = s 0 0 4 ( e x p l i c i t )
S T A T E 5 = s 0 0 5 ( e x p l i c i t )
S T A T E 6 = s 0 0 6 ( e x p l i c i t )
S T A T E 7 = s 0 0 7 ( e x p l i c i t )
S T A T E 8 = s 0 0 8 ( e x p l i c i t )
S T A T E 9 = s 0 0 9 ( e x p l i c i t )
S T A T E 1 0 = s 0 1 0 ( e x p l i c i t )
S T A T E 1 1 = s 0 1 1 ( e x p l i c i t )
S T A T E 1 2 = s 0 1 2 ( e x p l i c i t )
S T A T E 1 3 = s 0 1 3 ( e x p l i c i t )
S T A T E 1 4 = s 0 1 4 ( e x p l i c i t )
S T A T E 1 5 = s 0 1 5 ( e x p l i c i t )
S T A T E 1 6 = s 0 1 6 ( e x p l i c i t )
S T A T E 1 7 = s 0 1 7 ( e x p l i c i t )
S T A T E 1 8 = s 0 1 8 ( e x p l i c i t )
S T A T E 1 9 = s 0 1 9 ( e x p l i c i t )
S T A T E 2 0 = s 0 2 0 ( e x p l i c i t )
S T A T E 2 1 = s 0 2 1 ( e x p l i c i t )
S T A T E 2 2 = s 0 2 2 ( e x p l i c i t )
S T A T E 2 3 = s 0 2 3 ( e x p l i c i t )
S T A T E 2 4 = s 0 2 4 ( e x p l i c i t )
S T A T E 2 5 = s 0 2 5 ( e x p l i c i t )
S T A T E 2 6 = s 0 2 6 ( e x p l i c i t )
S T A T E 2 7 = s 0 2 7 ( e x p l i c i t )
S T A T E 2 8 = s 0 2 8 ( e x p l i c i t )
S T A T E 2 9 = s 0 2 9 ( e x p l i c i t )
S T A T E 3 0 = s 0 3 0 ( e x p l i c i t )
S T A T E 3 1 = s 0 3 1 ( e x p l i c i t )
S T A T E 3 2 = s 0 3 2 ( e x p l i c i t )
S T A T E 3 3 = s 0 3 3 ( e x p l i c i t )
S T A T E 3 4 = s 0 3 4 ( e x p l i c i t )
S T A T E 3 5 = s 0 3 5 ( e x p l i c i t )
S T A T E 3 6 = s 0 3 6 ( e x p l i c i t )
S T A T E 3 7 = s 0 3 7 ( e x p l i c i t )

B e f o r e m i n i m i z a t i o n :

N u m b e r o f i n p u t s i s 1 0 .
N u m b e r o f o u t p u t s i s 9 .
N u m b e r o f s t a t e l i n e s i s 6 .
N u m b e r o f m i n t e r m s i s 4 4 .
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T h e r e w e r e 0 e r r o r s i n t h i s d e s c r i p t i o n .

A f t e r m i n i m i z a t i o n , n u m b e r o f m i n t e r m s i s 4 3 .

T H E A N D P L A N E :

8 8 8 8 7 7 7 7 7 8 7 7 8 7 7 7 7 8 7 7 6 8 7 7 7
6 7 7 7 8 7 7 7 7 7 7 6 6 7 7 6 7 8

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
- 2 | 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 | 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
- 3 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 | 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
- 9 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
9 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

- 1 0 | 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 | 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

- 1 1 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

- 1 2 | 0 1 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0
0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 0 1 0
1 2 | 1 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 1
1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1

- 1 3 | 1 0 1 1 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0
0 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1
1 3 | 0 1 0 0 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 1
1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0

- 1 4 | 1 1 1 0 0 0 1 1 0 0 1 1 1 0 0 1 1 1 0 0 0 1 1 0 0
0 1 0 0 1 1 1 0 0 1 1 1 0 0 1 1 1 1
1 4 | 0 0 0 1 1 1 0 0 1 1 0 0 0 1 1 0 0 0 1 1 0 0 0 1 1
0 0 1 1 0 0 0 1 1 0 0 0 1 1 0 0 0 0

- 1 5 | 1 1 1 1 0 1 0 1 0 1 0 1 1 0 1 0 1 1 0 1 0 1 1 0 1
0 1 0 1 0 1 1 0 1 0 1 1 0 1 0 1 1 0
1 5 | 0 0 0 0 1 0 1 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0
1 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0 0 1

- 1 6 | 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 0 1 1 1
1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 0 1 1
1 6 | 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0
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T H E O R P L A N E :

2 1 6 1 6 1 3 2 3 4 1 0 9 2 7 2 3 2 1 2 0 1 7 1 8 7
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 | 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0
2 | 0 0 1 0 0 0 0 0 1 0 1 1 0 0 0
3 | 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1
4 | 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0
5 | 0 0 1 1 0 0 1 0 0 0 0 0 0 0 1
6 | 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0
7 | 0 0 1 1 0 0 0 0 1 0 0 0 1 1 0
8 | 0 1 0 0 0 0 1 0 1 0 0 0 1 0 0
9 | 0 1 1 0 0 0 1 0 1 0 0 1 1 1 0
1 0 | 0 0 0 0 1 0 0 0 1 0 0 1 1 0 0
1 1 | 0 0 0 1 0 0 1 0 1 1 0 1 0 1 0
1 2 | 0 0 0 1 0 0 1 0 1 0 0 1 0 0 1
1 3 | 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0
1 4 | 0 1 0 0 1 1 0 0 0 0 1 1 1 1 0
1 5 | 0 1 0 0 0 0 1 0 1 0 1 1 1 0 0
1 6 | 0 1 0 0 1 0 0 1 0 0 1 1 0 1 0
1 7 | 0 1 0 1 1 1 0 0 1 1 1 0 0 0 0
1 8 | 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0
1 9 | 0 1 0 1 1 0 0 0 1 0 1 0 1 1 0
2 0 | 0 1 0 0 1 0 0 1 0 0 1 0 1 0 0
2 1 | 0 0 0 0 1 0 0 0 1 0 1 0 0 1 0
2 2 | 0 0 0 0 1 0 0 0 0 1 0 1 0 0 1
2 3 | 0 0 1 0 1 0 0 1 1 0 1 0 0 0 0
2 4 | 0 1 0 0 0 0 0 0 1 1 1 1 1 1 0
2 5 | 0 0 1 1 0 0 1 0 0 1 1 1 1 0 0
2 6 | 0 1 0 0 0 0 0 0 1 1 1 1 0 1 0
2 7 | 0 1 1 0 0 1 0 0 1 1 1 1 0 0 0
2 8 | 0 0 1 1 1 0 0 1 0 1 1 0 1 1 0
2 9 | 0 0 0 0 1 0 0 0 1 1 1 0 1 0 0
3 0 | 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0
3 1 | 0 1 0 0 1 0 0 0 1 1 1 0 0 0 1
3 2 | 0 1 1 0 1 0 0 1 1 1 1 0 0 0 0
3 3 | 0 0 0 1 1 0 1 0 0 1 0 1 1 1 0
3 4 | 0 1 1 0 0 1 0 0 1 1 0 1 1 0 0
3 5 | 0 0 1 1 0 0 1 0 1 1 0 1 0 1 0
3 6 | 0 0 0 1 1 0 0 1 0 1 0 1 0 0 1
3 7 | 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0
3 8 | 0 0 0 0 1 0 0 1 0 1 0 0 1 1 0
3 9 | 0 0 1 1 0 0 1 0 0 1 0 0 1 0 0
4 0 | 0 1 1 0 0 0 0 0 1 1 0 0 0 1 0
4 1 | 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1
4 2 | 0 0 1 1 1 0 0 1 1 1 0 0 0 0 0
4 3 | 0 0 0 0 1 0 0 0 1 1 1 0 0 1 0

P L A H E I G H T : 2 6 6 8 M i c r o n s
P L A W I D T H : 3 4 4 7 M i c r o n s
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EPA D File s

EPA D CMO S Technolo g y File (epad. ana ly s is )

T h is f ile c o n t a in s t h e C M O S t e c h n o lo g y p a r a m e t e r s t h a t we r e u se d t o r u n

E P A D . T h e t e c h n o lo g y file c o n t a in s t h e (k c apse rie s = 1. 0. T h is p a r a m e t e r wa s

e x p la in e d in se c t io n 3 . 1 . 4 ( D e la y M o d e ls) . T h is file is se lf-e x p la n a t or y .

t e c h c m o s - n t # C M O S 3 t e c h n o l o g y J a n 1 9 8 6
#
# c a p a c i t a n c e p a r a m e t e r s ( a s . c a d r c )
#
a r e a t o c a p m e t a l 2 7 # a r e a t o c a p i s c a p p e r u n i t a r e a i n
a r e a t o c a p p o l y 6 0 # a F / m i c r o n * m i c r o n
a r e a t o c a p d i f f 1 0 0
a r e a t o c a p p o l y / d i f f 6 9 0
p e r i m t o c a p p o l y 2 0 # p e r i m t o c a p i s c a p p e r u n i t p e r i m e t e r i n
p e r i m t o c a p d i f f 8 0 0 # a F / m i c r o n
p e r i m t o c a p m e t a l 4 0
p e r i m t o c a p p o l y / d i f f 5 0
#
# o t h e r c a p a c i t a n c e p a r a m e t e r s
#
c o x n 6 9 0 # g a t e c a p a c i t a n c e ( N M O S ) i n a F / m i c r o n * m i c r o n
c o x p 6 9 0 # g a t e c a p a c i t a n c e ( P M O S ) i n a F / m i c r o n * m i c r o n
c o v n 3 0 0 # o v e r l a p c a p a c i t a n c e ( N M O S ) i n a F / m i c r o n
c o v p 2 5 0 # o v e r l a p c a p a c i t a n c e ( P M O S ) i n a F / m i c r o n
#
# a d d i t i o n a l d e l a y a n d p o w e r c a l c u l a t i o n f a c t o r s
#
u n 7 7 5 . 0 # e l e c t r o n s u r f a c e m o b i l i t y i n c m * c m / ( V - s )
u p 2 5 0 . 0 # h o l e s u r f a c e m o b i l i t y i n c m * c m / ( V - s )
v t n 0 . 7 # z e r o b i a s t h r e s h o l d v o l t a g e N M O S i n V
v t p 0 . 8 # z e r o b i a s t h r e s h o l d v o l t a g e ( a b s o l u t e v a l u e ) P M O S i n V
g a m n 1 . 1 # b u l k t h r e s h o l d p a r a m e t e r N M O S i n V * * 0 . 5 ( g a m m a )
g a m p 0 . 6 # b u l k t h r e s h o l d p a r a m e t e r P M O S i n V * * 0 . 5
p h i n 0 . 6 # s u r f a c e p o t e n t i a l N M O S i n V ( 2 * p h i - f )

14 5
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p h i p 0 . 6 # s u r f a c e p o t e n t i a l P M O S i n V
#
# I N P U T P A R A M E T E R S
#
k c a p s e r i e s 1 . 0 # f a c t o r f o r s e r i e s t r a n s i s t o r c a p a c i t a n c e c o m b i n a t i o n
# n o r m a l l y b e t w e e n 0 . 0 a n d 1 . 0
v d d 5 . 0 # p o w e r s u p p l y v o l t a g e i n V
f s w 1 . 0 # s w i t c h i n g f r e q u e n c y i n M H z
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La y o ut Input File (codec. cif)

T h e la y o u t file is m u ch t o o b ig t o b e sh o wn h e r e . I n st e a d , a d ia g r a m o f t h e

la y o u t is sh o wn .
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EPA D Output Lo g File (codec. log )

T h is f ile d ispla y s a n y e r r o r s t h a t E P A D d e t e c t e d . S om e t r a n sm iss ion g a t e

d ir e c t io n a lit y is u n r e solv e d . I t is a m in o r a n n o y a n c e a n d is d u e t o t wo p o in t s.

T h is f ir st p o in t is o n e t r a n sisto r a t t h e m o st sig n ific a n t b it o f t h e le ft sh if t e r . T h is

t r a n sis t o r d o e s n o t h in g ; it is a r e d u n d a n c y g e n e r a t e d b y S PI L a n d E P A D c a n n o t

d e t e r m in e t h e d ir e c t ion o f sign a l p r o p a g a t io n t h r o u g h t h e t r a n sis t o r . T h e se c o n d

po in t is t e st in se r t s. E r r o r m e ssa g e s la b e lle d wit h t h e n a m e t i n s a r e d u e t o

E P A D e r r o r s in id e n t ify in g t h e t e st in se r t s. T e st in se r t s we r e n o t sim u la t e d

u sin g E P A D a n d S I L O S . N o n o t ic e a b le e ffe c t o n a n y c o d e c r e su lt s o c c u r r e d

be c a u se o f t h e se e r r o r m e ssa g e s.

T u e D e c 2 3 0 3 : 5 0 : 2 3 E S T 1 9 8 6
e p a d I N P U T F I L E = c o d e c . c i f
- - - - - m e x t r a l o g - - - - - - - - - - - - - - - - - - - - - - - -
W i n d o w : - 2 2 5 5 . 4 2 2 5 5 . 4 - 2 2 5 5 . 4 2 2 5 5 . 4 @ u = 1 0 0
t h e l a b e l ’ a d d _ c o ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ a d d _ c i n ’ h a s 1 4 o c c u r r e n c e s
t h e l a b e l ’ l a t _ c o m ’ h a s 8 0 o c c u r r e n c e s
t h e l a b e l ’ s r c _ a d d ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ s r c _ c o m ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ d s t _ a d d ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ S R C _ E N ’ h a s 2 0 o c c u r r e n c e s
t h e l a b e l ’ d s t _ c o m ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ a d d _ a ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ a d d _ b ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ a d d _ s ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ D _ I N ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ d s t ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ D S T _ E N ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ D _ B U S ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ s r c ’ h a s 8 o c c u r r e n c e s
t h e l a b e l ’ D _ O U T ’ h a s 1 6 o c c u r r e n c e s
t h e l a b e l ’ P H I 1 - ’ h a s 2 o c c u r r e n c e s
t h e l a b e l ’ P H I 2 ’ h a s 2 o c c u r r e n c e s

2 5 8 4 n e g e n h a n c e m e n t
2 4 1 2 p o s e n h a n c e m e n t
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3 2 9 1 n o d e s
- - - - - - - - - - e p a d . a n a l y s i s p a r a m e t e r s u s e d - - - - - - - - - - - - - - -
t e c h c m o s - n t
a r e a t o c a p m e t a l 2 7
a r e a t o c a p p o l y 6 0
a r e a t o c a p d i f f 1 0 0
a r e a t o c a p p o l y / d i f f 6 9 0
p e r i m t o c a p m e t a l 4 0
p e r i m t o c a p p o l y 2 0
p e r i m t o c a p d i f f 8 0 0
p e r i m t o c a p p o l y / d i f f 5 0
c o x n 6 9 0
c o x p 6 9 0
c o v n 3 0 0
c o v p 2 5 0
G A T E S W I T H > 1 0 I N P U T S - A S S U M E D C O M P L E M E N T A R Y
u n 7 7 5 . 0
u p 2 5 0 . 0
v t n 0 . 7
v t p 0 . 8
g a m n 1 . 1
g a m p 0 . 6
p h i n 0 . 6
p h i p 0 . 6
- - - - - - - I N P U T P A R A M E T E R S - - - - - - -
k c a p s e r i e s 1 . 0
v d d 5 . 0
f s w 1 . 0
E R R O R : S o m e t r a n s m i s s i o n g a t e d i r e c t i o n a l i t y u n r e s o l v e d
E R R O R : U n r e s o l v e d t r a n s f e r g a t e d i r e c t i o n a l i t y i n S I L O S i n p u t
8 1 2 6 N P A S S . 1 1 . 7 0 3 1 9 0 . 3 0 9 9 6 7 1 . 3 1 7 7 1 . 0 8 1 4 5 s e l _ 3 -
8 1 4 5 N P A S S . 2 1 . 4 3 5 4 0 . 2 6 1 2 3 2 1 . 1 1 0 5 2 1 . 0 8 1 2 6 s e l _ 3 -
t i n s 2 a N P A S S . 1 3 3 . 6 6 3 3 6 . 1 2 6 4 5 1 3 . 0 2 2 1 1 . 0 t i n s 2 c t i n s 2 b -
t i n s 2 c N P A S S . 2 3 4 . 3 3 7 8 6 . 2 4 9 2 1 1 3 . 2 8 3 1 . 0 t i n s 2 a t i n s 2 b -
t i n s 4 c N P A S S . 1 3 4 . 3 1 3 4 6 . 2 4 4 7 6 1 3 . 2 7 3 6 1 . 0 t i n s 4 d t i n s 4 a -
t i n s 4 d N P A S S . 2 3 6 . 1 0 1 5 6 . 5 7 0 1 8 1 3 . 9 6 5 3 1 . 0 t i n s 4 c t i n s 4 a -
8 4 9 4 N P A S S . 1 1 . 4 3 5 3 0 . 2 6 1 2 1 4 1 . 1 1 0 4 5 1 . 0 8 7 3 9 t s e l _ 3 -
8 7 3 9 N P A S S . 2 1 . 7 0 3 0 9 0 . 3 0 9 9 4 9 1 . 3 1 7 6 3 1 . 0 8 4 9 4 t s e l _ 3 -
t i n s 3 a P P A S S . 1 6 . 7 9 2 5 1 3 9 . 6 3 0 6 1 3 . 2 2 5 7 1 . 0 t i n s 3 c - t i n s 3 b
t i n s 3 c P P A S S . 2 6 . 8 7 8 0 9 4 0 . 1 2 9 9 1 3 . 3 9 2 3 1 . 0 t i n s 3 a - t i n s 3 b
t i n s 4 b P P A S S . 1 6 . 9 1 8 8 4 0 . 3 6 7 4 1 3 . 4 7 1 6 1 . 0 t i n s 4 d - t i n s 4 a
t i n s 4 d P P A S S . 2 7 . 1 7 2 3 4 4 1 . 8 4 6 7 1 3 . 9 6 5 3 1 . 0 t i n s 4 b - t i n s 4 a
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EPA D SILO S-Input File (codec. dat)

T h is f ile c o n t a in s a lo g ic d e scr ip t io n o f t h e c o d e c ch ip . I t is t o o b ig t o b e

sh o wn in it s e n t ir e t y . E a c h lin e sh o wn r e p r e se n t s o n e c a p a c it a n c e fr o m a n o d e

t o g r o u n d . T h e n o d e s n a m e s a r e in t h e fir st c o lu m n a n d a r e a u t o m a t ica lly g e n -

e r a t e d b y m e x t r a , wh e n E P A D c a lls m e xt r a . T h e ca p a c it a n c e s in fe m t o -F a r a d s

a r e sh o wn in t h e t h ir d c o lu m n . T h is file c o n t a in s o t h e r c ir c u it e le m e n t s su c h a s

C M O S g a t e s, N -c h a n n e l t r a n sm issi on g a t e s a n d P - c h a n n e l t r a n sm iss ion g a t e s,

bu t t h e y a r e n o t sh ow n .

. T I T L E S I L O S I N P U T F O R c o d e c . c i f
#
# A d d c l o c k / p a t t e r n s p e c i f i c a t i o n f o r i n p u t n o d e s
#
n 1 0 0 5 9 . C A P 5 9 6
n 1 0 0 8 0 . C A P 1 3 0
n 1 0 0 8 2 . C A P 6 0 8
n 1 0 1 3 5 . C A P 6 6 5
n 1 0 1 3 8 . C A P 1 2 7
n 1 0 1 4 0 . C A P 1 2 7
n 1 0 1 4 2 . C A P 1 2 7
n 1 0 1 4 4 . C A P 1 2 6
n 1 0 1 4 6 . C A P 1 2 7
n 1 0 1 4 8 . C A P 1 2 7

. . .
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EPA D Output File (codec. epad)

T h is f ile is t h e o u t p u t fr o m E P A D a n d c o n t a in s p o we r d iss ipa t io n , a r e a a n d

d e la y p r e d ic t io n s. T h is file is t o o b ig t o b e sh o wn in it s e n t ir e t y . T h e f ir st p a r t

of t h e file d e sc r ib e s t h e a r e a s of c e lls in t h e C I F la y o u t . O n ly t w o ce lls a r e

sh o wn . T h e u n it s o f le n g t h a n d a r e a fo r t h e c e lls a r e in p h y sic a l µm , n o t d e sign

sca le m ic r o n s. T h e g a t e d e la y s a n d p o w e r d isspa t io n s a r e g r o u p e d b y g a t e t y p e s.

C M O S g a t e d e la y s a r e list e d fir st . T h is is fo llo we d b y D - la t c h d e la y s. D -la t c h e s

a r e t h e le v e l-se n sit ive la t c h e s u se d in t h e F S M la t c h e s a n d in d a t a p a t h r e g ist e r s.

F in a lly c o m p le m e n t a r y a n d n o n - co m p le m e n t a r y t r a n sm ission g a t e d a t a a r e

sh o wn . T h e se t a b le s a r e se lf-e x p la n a t o r y . T h e la st t h r e e p a r t s o f t h e E P A D

ou t p u t file c o n t a in t h e c ir c u it c o n n e c t ivit y , a ga in se g r e g a t e d b y g a t e t y p e s.

T u e D e c 2 3 0 3 : 3 1 : 2 0 E S T 1 9 8 6
e p a d I N P U T F I L E = c o d e c . c i f

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S I L I C O N A R E A :

N A M E / S Y M B O L : p a d o u t y ; 1
H E I G H T ( m i c r o n s ) 3 0 0
W I D T H ( m i c r o n s ) 3 1 2
A R E A ( s q . m i c r o n s ) 9 3 6 0 0
A S P E C T R A T I O 0 . 9 6
- - - - - - - - - - - - - - - - - -
N A M E / S Y M B O L : p a d i n y ; 2
H E I G H T ( m i c r o n s ) 3 0 0
W I D T H ( m i c r o n s ) 3 1 2
A R E A ( s q . m i c r o n s ) 9 3 6 0 0
A S P E C T R A T I O 0 . 9 6
- - - - - - - - - - - - - - - - - -

. . .

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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C M O S G A T E D E L A Y S , P O W E R :
O u t p u t n o d e G a t e P M O S ( r i s e ) N M O S ( f a l l ) P o w e r F r e q u e n c y

t y p e d e l a y ( n s ) d e l a y ( n s ) u W M h z
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
1 0 1 7 1 . I N V 2 . 3 9 3 1 . 3 2 6 3 . 6 4 1 . 0 0 0
1 0 2 2 6 . I N V 0 . 8 4 7 0 . 7 8 2 2 . 1 5 1 . 0 0 0
1 0 2 3 8 . I N V 4 . 0 4 3 2 . 2 4 0 6 . 1 5 1 . 0 0 0

. . .

t s e l _ 8 . N A N D 4 . 2 5 5 3 . 2 7 4 1 7 . 9 8 1 . 0 0 0
t s e l _ 9 . I N V 4 . 3 2 9 3 . 9 9 7 1 0 . 9 8 1 . 0 0 0

T o t a l P o w e r 1 1 6 4 7 . 8 3

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D L A T C H D E L A Y S , P O W E R :
O u t p u t n o d e I n p u t n o d e R i s e i n p u t F a l l i n p u t P o w e r F r e q . O u t p u t
Q o r Q B A R D d e l a y ( n s ) d e l a y ( n s ) u W M h z t y p e

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
2 2 3 7 1 1 2 7 5 . 3 5 4 2 . 5 8 2 0 . 0 0 1 . 0 0 0 Q B A R
s r c _ 0 1 1 2 7 8 . 9 5 1 4 . 0 2 1 1 7 . 5 6 1 . 0 0 0 Q
1 2 7 0 2 1 2 5 6 7 5 . 3 5 4 2 . 5 8 2 0 . 0 0 1 . 0 0 0 Q B A R

. . .

1 2 0 8 2 t s t _ i n _ 5 5 9 . 1 8 7 4 6 . 3 1 3 0 . 0 0 1 . 0 0 0 Q B A R
t s t _ o u t 5 t s t _ i n _ 5 7 0 . 3 2 2 5 0 . 7 6 8 1 0 0 . 6 6 1 . 0 0 0 Q

T o t a l P o w e r 4 0 9 6 . 2 1

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T R A N S M I S S I O N G A T E D E L A Y S , P O W E R :
*
O u t p u t I n p u t R i s i n g F a l l i n g P o w e r F r e q . T y p e
n o d e n o d e d e l a y ( n s ) d e l a y ( n s ) u W M h z

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
1 0 2 7 7 G N D 1 . 7 4 6 0 . 3 1 8 1 . 3 5 1 . 0 0 0 N P A S S
1 0 3 2 0 a d d _ a # 1 1 4 . 1 2 3 2 . 3 1 6 4 . 2 8 1 . 0 0 0 C P A S S
1 0 3 2 0 a d d _ b # 1 1 1 1 . 0 6 2 2 . 0 1 3 4 . 2 8 1 . 0 0 0 N P A S S

. . .

t r e a d y V d d 5 . 8 8 7 3 4 . 3 4 7 4 5 . 0 9 1 . 0 0 0 P P A S S
t r e a d y V d d 5 . 8 8 7 3 4 . 3 4 7 4 5 . 0 9 1 . 0 0 0 P P A S S
t r e a d y V d d 5 . 8 8 7 3 4 . 3 4 7 4 5 . 0 9 1 . 0 0 0 P P A S S

T o t a l P o w e r 1 5 6 1 7 . 7 1
* *
* * S o m e t r a n s m i s s i o n g a t e d i r e c t i o n a l i t y i s u n r e s o l v e d
* * a n d t h e r e f o r e d o u b l e c o u n t e d i n p o w e r s u m m a t i o n
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C M O S G A T E N E T W O R K C O N N E C T I O N S :
O u t p u t n o d e T y p e I n p u t n o d e s
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
1 0 1 7 1 . I N V a d d _ c o # 1 2
1 0 2 2 6 . I N V a d d _ s # 1 1
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1 0 2 3 8 . I N V a d d _ b # 1 1

. . .

t s e l _ 7 . I N V 1 4 3 8 0
t s e l _ 8 . N A N D 1 4 6 7 5 , t P H I 2
t s e l _ 9 . I N V 1 4 3 7 6
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D L A T C H N E T W O R K C O N N E C T I O N S :
O u t p u t n o d e I n p u t n o d e C l o c k S i g n a l O u t p u t
Q o r Q B A R D T y p e
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
2 2 3 7 1 1 2 7 1 8 8 5 Q B A R
s r c _ 0 1 1 2 7 1 8 8 5 Q
1 2 7 0 2 1 2 5 6 7 1 2 4 2 0 Q B A R

. . .

t s t _ o u t 4 t s t _ i n _ 4 t P H I 2 Q
1 2 0 8 2 t s t _ i n _ 5 t P H I 2 Q B A R
t s t _ o u t 5 t s t _ i n _ 5 t P H I 2 Q
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T R A N S M I S S I O N G A T E N E T W O R K C O N N E C T I O N S :
*
O u t p u t n o d e I n p u t n o d e N M O S G a t e P M O S G a t e T y p e
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
1 0 2 7 7 G N D 1 0 2 5 6 - N P A S S
1 0 3 2 0 a d d _ a # 1 1 a d d _ b # 1 1 1 0 2 3 8 C P A S S
1 0 3 2 0 a d d _ b # 1 1 a d d _ a # 1 1 - N P A S S

. . .

t r e a d y V d d - 1 6 7 8 9 P P A S S
t r e a d y V d d - 1 6 7 8 9 P P A S S
t r e a d y V d d - 1 6 7 8 9 P P A S S
* *
* * S o m e t r a n s m i s s i o n g a t e d i r e c t i o n a l i t y i s u n r e s o l v e d
* * a n d t h e r e f o r e b o t h d i r e c t i o n s a p p e a r



A pp en di x C

SI LO S Log i c Sim ula tio n

T h is a p p e n d ix c o n t a in s t h e file s a ssoc ia t e d wit h r u n n in g a S I L O S lo g ic sim u -

la t io n .

Ba tch Co m m a nd File (batchfile)

T h is f ile c o n t a in s t h e U N I XT M co m m a n d t h e wa s u se d t o st a r t t h e S I L O S

sim u la t io n . T h e file c a lle d c o m m a n d s co n t a in s t h e S I L O S c o m m a n d s. T h e f ile

ca lle d o u t p u t co n t a in s t h e o u t p u t o f S I L O S .

c a t c o m m a n d s | s i l o s > o u t p u t

15 4
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SILO S Co m m a nds File (comm a nds)

T h is f ile c o n t a in s t h e S I L O S c o m m a n d s. T h e fir st c o m m a n d r e a d s t h e t h r e e

. d a t file s fo r SI L O S . T h e se c o n d c o m m a n d r u n s a lo g ic sim u la t io n f r o m 0

n a n o se c o n d s t o 4 0 0 0 0 0 n a n o se c o n d s. T h e t h ir d c o m m a n d sh o ws a n y e r r o r s if

t h e y e x ist e d . T h e fo u r t h c o m m a n d e x it s S I L O S a n d sa v e s t h e sim u la t io n r e su lt s.

i n p u t t o p . d a t c o d e c . d a t b o t . d a t
s i m 0 t o 4 0 0 0 0 0
t y e r r
e x i t s a v e

Cir cuit Des criptio n Part 1 of 3 ( top. dat)

T h is f ile c o n t a in s t h e t o p o f t h e S I L O S c ir c u it d e scr ip t io n file . I t ju st sh o ws

t h e t it le .

. T I T L E S i l o s i n p u t f r o m e p a d _ 1 f o r c o d e c . d a t
#
# T h e c i r c u i t d e s c r i p t i o n :
#
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Cir cuit Des criptio n Part 2 of 3 ( codec . dat)

T h is f ile c o n t a in s a d e scr ipt io n o f cir cu it e le m e n t s o f t h e c o d e c . R e c a ll t h e

it wa s g e n e r a t e d b y E P A D . S e e a p p e n d ix B ( E P A D F ile s) . I t will n o t b e

r e p e a t e d h e r e .

Cir cuit Des criptio n Part 3 of 3 ( bot. dat)

T h is f ile d e scr ib e s t h e lo g ic t e st t o b e p e r f o r m e d o n t h e r e c e ive r . T h is file

co n t a in s a d e sc r ip t ion o f t h e sig n a ls wh ic h a r e in p u t t o t h e c ir c u it t o p e r fo r m a

log ic v e r ific a t io n . I t a lso d e scr ib e s t h e sign a ls wh ich w e r e o b se r v e d , t h e o u t p u t s

of t h e c ir c u it . I n p u t sign a ls a r e sh o wn b y t h e . C L K sym b o l in t h e se co n d c o lu m n

of a n y lin e . T h e f ir st c o lu m n c o n t a in s t h e sig n a l n a m e . T h e t r a n sm it t e r sign a ls

wh ich a r e sh o wn a r e : R E SE T , G O , P H I 1 -, P H I 2 a n d t h e e igh t P C M in p u t sig-

n a ls. T h e r e c e iv e r sign a ls a r e : R E S E T , G O , P H I 1 -, P H I 2 , t h e A D M in p u t sig-

n a l a n d t h e se v e n u n u se d sign a ls o f t h e A D M_I N r e g ist e r wh ich h a d t o b e

gr o u n d e d . T e st st r u c t u r e s we r e g iv e n in p u t sign a ls t o p r e v e n t S I L O S e r r o r m e s-

sa g e s, b u t t e st st r u c t u r e o u t p u t s we r e n o t a n a ly se d . C o n sid e r t h e sign a l

n t r e s e t, a t t im e 0 it is d e f in e d t o b e D 1 ( d r iv in g -st r e n g t h , lo g ic 1 ) . A t t im e

8 7 5 ( n a n o se c o n d s) , it is d e fin e d t o b e D 0. T h e O u t p u t d a t a d e f i n i t i o n s

be g in wit h t h e . s y m st a t e m e n t . T h is st a t e m e n t in d ica t e s t h e m e a n in g o f c h a r a c -
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t e r s in t h e o u t p u t f ile . F o r e x a m p le , S I L O S sh o ws a su p p ly- st r e n g t h sign a l (s 0)

by t h e sy m bo l 0. L o g ic v a lu e s m a y b e 1, 0 or X ( u n k n o wn ) . S ign a l st r e n g t h s

m a y b e su p p ly, d r iv in g , r e sis t iv e o r h ig h -im p e d a n c e . T h e st a t e m e n t . h e x in d i-

ca t e s gr o u p s o f fo u r lo g ic o u t p u t s wh ic h a r e t o h a v e a n e q u iv a le n t h e x a d e cim a l

n a m e . F o r e x a m p le , t h e m o st sign ific a n t b it o f t h e h e x a d e c im a l sign a l r d a t a _ h

is n D _ 7. M o r e h e x a d e c im a l sign a ls a r e d e f in e d t h a n a r e u se d , b u t t h a t d id n o t

a f fe c t t h e sim u la t io n . T h e fin a l st a t e m e n t , . m o n, in d ic a t e s a ll t h e sign a ls w h ich

a r e t o d ispla ye d in t h e o u t p u t file . W h e n e v e r a n y o n e o f t h e sign a ls c h a n g e s, a ll

sign a ls will b e d ispla ye d a t t h e t im e t h a t t h e c h a n g e o c c u r r e d . T h e sign a ls in t h e

. m o n st a t e m e n t a r e : P H I 1 -, P H I 2 , R E S E T , G O , A D M in p u t , R E A D Y , P C M

ou t p u t ( h ig h a n d lo w h e x a d e c im a l v a lu e s) , c u r r e n t F S M st a t e ( h ig h a n d lo w h ex-

a d e c im a l v a lu e s) , d a t a b u s v a lu e s ( h ig h a n d lo w h e x a d e cim a l v a lu e s) , sou r ce

a d d r e ss, a n d d e st in a t ion a d d r e ss .

#
# I n p u t w a v e f o r m s :
#

# t r a n s m i t t e r

n t r e s e t . C L K 0 D 1 8 7 5 D 0
n t g o . C L K 0 D 0 5 6 2 5 D 1
n t p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n t p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
#
n D _ I N # 8 . C L K 0 D 0 1 9 2 8 7 5 D 1
n D _ I N # 9 . C L K 0 D 1 1 9 2 8 7 5 D 1
n t p c m i n 5 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 4 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 3 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 2 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 1 . C L K 0 D 0 1 9 2 8 7 5 D 0
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n t p c m i n 0 . C L K 0 D 0 1 9 2 8 7 5 D 0

# r e c e i v e r

n r r e s e t . C L K 0 D 1 8 7 5 D 0
n r g o . C L K 0 D 0 5 6 2 5 D 1
n r p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n r p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
n A D M _ I N . C L K 0 D 1 1 6 0 8 7 5 D 0
#
n D _ I N # 1 . C L K 0 D 1
n D _ I N # 2 . C L K 0 D 1
n D _ I N # 3 . C L K 0 D 1
n D _ I N # 4 . C L K 0 D 1
n D _ I N # 5 . C L K 0 D 1
n D _ I N # 6 . C L K 0 D 1
n D _ I N # 7 . C L K 0 D 1

# t e s t s t r u c t u r e s

n t e s t i n . C L K 0 D 0 1 0 0 D 1 2 0 0 D 0
n t i n s 2 a . C L K 0 D 0
n t i n s 2 b . C L K 0 D 0
n t i n s 2 c . C L K 0 D 0
n t i n s 3 a . C L K 0 D 1
n t i n s 3 b . C L K 0 D 1
n t i n s 3 c . C L K 0 D 1
n t i n s 4 a . C L K 0 D 0
n t i n s 4 b . C L K 0 D 1
n t i n s 4 c . C L K 0 D 0
n t i n s 4 d . C L K 0 D 1

#
# O u t p u t d a t a d e f i n i t i o n s :
#

. s y m s 0 = 0 s * = X s 1 = 1 d 0 = 0 d * = X d 1 = 1 r 0 = 0 r * = X r 1 = 1
+ z 0 = - z * = X z 1 = + 0 d = v * d = X 1 d = ̂ * s = S

. h e x r d a t a _ h = n D _ 7 , n D _ 6 , n D _ 5 , n D _ 4 r d a t a _ l = n D _ 3 , n D _ 2 , n D _ 1 , n D _ 0
+ r s t a t e _ h = . G N D , . G N D , n s t _ o u t _ 5 , n s t _ o u t _ 4
+ r s t a t e _ l = n s t _ o u t _ 3 , n s t _ o u t _ 2 , n s t _ o u t _ 1 , n s t _ o u t _ 0
+ r i n l a t = n 5 9 4 3 , n 6 1 5 4 , n 6 2 8 8 , n 6 3 6 6
+ r o u t l a t _ 1 = . G N D , . G N D , n s t _ i n _ 5 , n s t _ i n _ 4
+ r o u t l a t _ 2 = n s t _ i n _ 3 , n s t _ i n _ 2 , n s t _ i n _ 1 , n s t _ i n _ 0
+ r s r c = n s r c _ 3 , n s r c _ 2 , n s r c _ 1 , n s r c _ 0
+ r d s t = n d s t _ 3 , n d s t _ 2 , n d s t _ 1 , n d s t _ 0
+ r d e c s r c _ 1 = n 2 1 5 1 , n 2 1 4 5 , n 2 1 4 1 , n 2 1 3 7
+ r d e c s r c _ 2 = n 2 1 3 3 , n 2 1 2 9 , n 2 1 2 5 , n 2 1 2 1
+ r d e c s r c _ 3 = . G N D , . G N D , n 2 1 1 9 , n 2 1 1 7
+ r d e c d s t _ 1 = n 2 1 4 9 , n 2 1 4 7 , n 2 1 4 3 , n 2 1 3 9
+ r d e c d s t _ 2 = n 2 1 3 5 , n 2 1 3 1 , n 2 1 2 7 , n 2 1 2 3
+ r a d d l a t b _ h = n a d d _ b # 7 , n a d d _ b # 6 , n a d d _ b # 5 , n a d d _ b # 4
+ r a d d l a t b _ l = n a d d _ b # 3 , n a d d _ b # 2 , n a d d _ b # 1 , n a d d _ b # 0
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+ r a d d l a t a _ h = n a d d _ a # 7 , n a d d _ a # 6 , n a d d _ a # 5 , n a d d _ a # 4
+ r a d d l a t a _ l = n a d d _ a # 3 , n a d d _ a # 2 , n a d d _ a # 1 , n a d d _ a # 0
+ r s h f l _ h = n 7 9 4 9 , n 7 5 1 9 , n 7 0 8 5 , n 6 4 7 9
+ r s h f l _ l = n 5 7 5 7 , n 4 5 1 3 , n 3 7 7 4 , n 3 0 8 7
+ r c o m p l _ h = n 7 9 4 8 , n 7 5 1 8 , n 7 0 8 4 , n 6 4 7 8
+ r c o m p l _ l = n 5 7 5 6 , n 4 5 1 2 , n 3 7 7 3 , n 3 0 8 6
+ r p c m o u t _ h = n r p c m o u t 7 , n r p c m o u t 6 , n r p c m o u t 5 , n r p c m o u t 4
+ r p c m o u t _ l = n r p c m o u t 3 , n r p c m o u t 2 , n r p c m o u t 1 , n r p c m o u t 0
+ r x _ o f _ k _ h = n 7 9 4 7 , n 7 5 1 7 , n 7 0 8 3 , n 6 4 7 7
+ r x _ o f _ k _ l = n 5 7 5 5 , n 4 5 1 1 , n 3 7 7 2 , n 3 0 8 5
+ r s x _ o f _ k _ h = n 7 9 4 6 , n 7 5 1 6 , n 7 0 8 2 , n 6 4 7 6
+ r s x _ o f _ k _ l = n 5 7 5 4 , n 4 5 1 0 , n 3 7 7 1 , n 3 0 8 4
+ r e x _ h = n 7 9 4 5 , n 7 5 1 5 , n 7 0 8 1 , n 6 4 7 5
+ r e x _ l = n 5 7 5 3 , n 4 5 0 9 , n 3 7 7 0 , n 3 0 8 3
+ r o l i _ 1 = n 8 9 4 , n 9 4 3 , n 1 1 2 7 , n 1 3 0 1
+ r o l i _ 2 = n 1 4 6 2 , n 1 7 0 9 , n 1 7 2 9 , n 1 8 8 6
+ r o l i _ 3 = n 2 0 7 0 , n 2 5 0 2 , n 2 8 0 3 , n 3 1 5 5
+ r o l i _ 4 = . G N D , n 3 5 0 6 , n 3 7 3 6 , n 4 0 4 4
+ r a d d o u t _ h = n 8 1 4 7 , n 7 7 1 8 , n 7 2 9 3 , n 6 8 6 1
+ r a d d o u t _ l = n 6 1 4 7 , n 5 0 1 3 , n 4 0 5 0 , n 3 3 8 1

#
# O u t p u t d a t a :
#

. m o n n r p h i 1 - n r p h i 2 ;
+ n r r e s e t n r g o n A D M _ I N ;
+ n b r r e a d y ;
+ r p c m o u t _ h r p c m o u t _ l ;
+ r s t a t e _ h r s t a t e _ l ;
+ r d a t a _ h r d a t a _ l ;
+ r s r c r d s t ;
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Cir cuit Des criptio n of t he Tra nsm itter (bot_tx. dat)

I f t h is f ile r e p la c e s t h e file b o t . d a t , t h e n lo g ic v e r ific a t io n t e st s will b e p e r -

fo r m e d o n t h e t r a n sm it t e r . T h is file is t h e sa m e a s t h e r e c e iv e r f ile ( b o t . d a t )

e x c e p t fo r t h e c o r r e spo n d in g t r a n sm it t e r sig n a ls in t h e . m o n st a t e m e n t .

#
# I n p u t w a v e f o r m s :
#

# t r a n s m i t t e r

n t r e s e t . C L K 0 D 1 8 7 5 D 0
n t g o . C L K 0 D 0 5 6 2 5 D 1
n t p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n t p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
#
n D _ I N # 8 . C L K 0 D 0 1 9 2 8 7 5 D 1
n D _ I N # 9 . C L K 0 D 1 1 9 2 8 7 5 D 1
n t p c m i n 5 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 4 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 3 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 2 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 1 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 0 . C L K 0 D 0 1 9 2 8 7 5 D 0

# r e c e i v e r

n r r e s e t . C L K 0 D 1 8 7 5 D 0
n r g o . C L K 0 D 0 5 6 2 5 D 1
n r p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n r p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
n A D M _ I N . C L K 0 D 1 1 6 0 8 7 5 D 0
#
n D _ I N # 1 . C L K 0 D 1
n D _ I N # 2 . C L K 0 D 1
n D _ I N # 3 . C L K 0 D 1
n D _ I N # 4 . C L K 0 D 1
n D _ I N # 5 . C L K 0 D 1
n D _ I N # 6 . C L K 0 D 1
n D _ I N # 7 . C L K 0 D 1

# t e s t s t r u c t u r e s

n t e s t i n . C L K 0 D 0 1 0 0 D 1 2 0 0 D 0
n t i n s 2 a . C L K 0 D 0
n t i n s 2 b . C L K 0 D 0
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n t i n s 2 c . C L K 0 D 0
n t i n s 3 a . C L K 0 D 1
n t i n s 3 b . C L K 0 D 1
n t i n s 3 c . C L K 0 D 1
n t i n s 4 a . C L K 0 D 0
n t i n s 4 b . C L K 0 D 1
n t i n s 4 c . C L K 0 D 0
n t i n s 4 d . C L K 0 D 1

#
# O u t p u t d a t a d e f i n i t i o n s :
#

. s y m s 0 = 0 s * = X s 1 = 1 d 0 = 0 d * = X d 1 = 1 r 0 = 0 r * = X r 1 = 1
+ z 0 = - z * = X z 1 = + 0 d = v * d = X 1 d = ̂ * s = S

. h e x t d a t a _ h = n t D _ 7 , n t D _ 6 , n t D _ 5 , n t D _ 4 t d a t a _ l = n t D _ 3 , n t D _ 2 , n t D _ 1 , n t D _ 0
+ t s t a t e _ h = . G N D , . G N D , n t s t _ o u t 5 , n t s t _ o u t 4
+ t s t a t e _ l = n t s t _ o u t 3 , n t s t _ o u t 2 , n t s t _ o u t 1 , n t s t _ o u t 0
+ t i n l a t = n 1 0 5 2 5 , n 1 0 3 7 7 , n 1 0 2 0 9 , n 1 0 0 8 2
+ t o u t l a t _ 1 = . G N D , . G N D , n t s t _ i n _ 5 , n t s t _ i n _ 4
+ t o u t l a t _ 2 = n t s t _ i n _ 3 , n t s t _ i n _ 2 , n t s t _ i n _ 1 , n t s t _ i n _ 0
+ t s r c = n t s r c _ 3 , n t s r c _ 2 , n t s r c _ 1 , n t s r c _ 0
+ t d s t = n t d s t _ 3 , n t d s t _ 2 , n t d s t _ 1 , n t d s t _ 0
+ t d e c s r c _ 1 = n 1 4 6 9 1 , n 1 4 6 8 5 , n 1 4 6 8 1 , n 1 4 6 7 7
+ t d e c s r c _ 2 = n 1 4 6 7 3 , n 1 4 6 6 9 , n 1 4 6 6 5 , n 1 4 6 6 1
+ t d e c s r c _ 3 = . G N D , . G N D , n 1 4 6 5 9 , n 1 4 6 5 7
+ t d e c d s t _ 1 = n 1 4 6 8 9 , n 1 4 6 8 7 , n 1 4 6 8 3 , n 1 4 6 7 9
+ t d e c d s t _ 2 = n 1 4 6 7 5 , n 1 4 6 7 1 , n 1 4 6 6 7 , n 1 4 6 6 3
+ t a d d l a t b _ h = n a d d _ b # 1 5 , n a d d _ b # 1 4 , n a d d _ b # 1 3 , n a d d _ b # 1 2
+ t a d d l a t b _ l = n a d d _ b # 1 1 , n a d d _ b # 1 0 , n a d d _ b # 9 , n a d d _ b # 8
+ t a d d l a t a _ h = n a d d _ a # 1 5 , n a d d _ a # 1 4 , n a d d _ a # 1 3 , n a d d _ a # 1 2
+ t a d d l a t a _ l = n a d d _ a # 1 1 , n a d d _ a # 1 0 , n a d d _ a # 9 , n a d d _ a # 8
+ t s h f l _ h = n 8 6 8 9 , n 9 1 3 0 , n 9 5 6 2 , n 1 0 3 3 6
+ t s h f l _ l = n 1 1 4 3 8 , n 1 2 6 1 2 , n 1 3 2 7 4 , n 1 3 9 5 9
+ t c o m p l _ h = n 8 6 8 7 , n 9 1 2 8 , n 9 5 6 0 , n 1 0 3 3 4
+ t c o m p l _ l = n 1 1 4 3 6 , n 1 2 6 1 0 , n 1 3 2 7 2 , n 1 3 9 5 7
+ t x _ o f _ k _ h = n 8 6 8 5 , n 9 1 2 6 , n 9 5 5 8 , n 1 0 3 3 2
+ t x _ o f _ k _ l = n 1 1 4 3 4 , n 1 2 6 0 8 , n 1 3 2 7 0 , n 1 3 9 5 5
+ t s x _ o f _ k _ h = n 8 6 8 3 , n 9 1 2 4 , n 9 5 5 6 , n 1 0 3 3 0
+ t s x _ o f _ k _ l = n 1 1 4 3 2 , n 1 2 6 0 6 , n 1 3 2 6 8 , n 1 3 9 5 3
+ t e x _ h = n 8 6 8 1 , n 9 1 2 2 , n 9 5 5 4 , n 1 0 3 2 8
+ t e x _ l = n 1 1 4 3 0 , n 1 2 6 0 4 , n 1 3 2 6 6 , n 1 3 9 5 1
+ t o l i _ 1 = n 1 4 7 8 2 , n 1 4 6 2 0 , n 1 4 4 9 9 , n 1 4 3 2 5
+ t o l i _ 2 = n 1 4 2 0 5 , n 1 4 0 1 8 , n 1 3 8 5 2 , n 1 3 7 1 0
+ t o l i _ 3 = n 1 3 6 5 2 , n 1 3 4 7 2 , n 1 3 2 5 3 , n 1 3 1 1 5
+ t o l i _ 4 = . G N D , n 1 3 0 0 1 , n 1 2 7 5 1 , n 1 2 5 6 7
+ t a d d o u t _ h = n 8 6 0 7 , n 9 0 4 9 , n 9 4 8 0 , n 1 0 2 2 6
+ t a d d o u t _ l = n 1 1 1 5 8 , n 1 2 4 2 1 , n 1 3 1 5 0 , n 1 3 8 3 0

#
# O u t p u t d a t a :
#
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. m o n n t p h i 1 - n t p h i 2 ;
+ n t r e s e t n t g o
+ n D _ I N # 8 n D _ I N # 9 n t p c m i n 5 n t p c m i n 4 n t p c m i n 3 n t p c m i n 2 n t p c m i n 1 n t p c m i n 0 ;
+ n b t r e a d y ;
+ n a d m _ o u t ;
+ t s t a t e _ h t s t a t e _ l ;
+ t d a t a _ h t d a t a _ l ;
+ t s r c t d s t

SILO S O utput File ( output)

T h is f ile c o n t a in s t h e o u t p u t o f S I L O S . O n ly som e o f t h e o u t p u t file is

sh o wn . S i gn a ls a r e sh o wn in c o lu m n s a n d t im e s a r e sh o wn in r o ws. T h e p a r t o f

t h e f ile wh ic h is sh o wn in d ica t e s t h e P C M o u t p u t s o f t h e r e c e iv e r (P C M O U T _ H a n d

P C M O U T _ L) wh e n t h e R E A D Y sig n a l r ise s. T h e m e a n in g o f t h is t e st is d e sc r ib e d

in se c t io n 4 . 3 . 1 ( S I L O S L o g ic V e r ifica t io n ) .

- S I L O S 2 D . 1 - M O N I T O R 2 0 : 2 2 : 2 0 M a r 2 5 1 9 8 7
S I L O S I N P U T F O R C O D E C . C I F

N N N N N N R R R R R R R R
R R R R A B P P S S D D S D
P P R G D R C C T T A A R S
H H E O M R M M A A T T C T
I I S _ E O O T T A A
1 2 E I A U U E E _ _
- T N D T T _ _ H L

Y _ _ H L
H L

T I M E
0 0 0 1 0 1 ? * * * * F F * *

. . .
7 6 3 1 0 1 0 1 0 0 0 * * 0 0 0 0
8 7 5 1 0 0 0 1 0 0 0 * * 0 0 0 0
. . .
4 7 7 2 1 0 0 0 1 1 0 0 0 3 0 0 0 0
. . .
5 6 2 5 1 1 0 1 1 1 0 0 0 3 F F 0 0
. . .
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6 7 6 3 1 0 0 1 1 0 0 0 0 4 F F 0 0
. . .

3 0 7 6 0 1 0 0 1 1 0 F F 0 3 F F 0 0
3 0 7 7 2 1 0 0 1 1 1 F F 0 3 F F 0 0
. . .

5 5 7 6 0 1 0 0 1 1 0 F F 0 3 F F 0 0
5 5 7 7 2 1 0 0 1 1 1 F F 0 3 F F 0 0
. . .

7 6 7 6 0 1 0 0 1 1 0 0 0 0 3 0 0 0 0
7 6 7 7 2 1 0 0 1 1 1 0 0 0 3 0 0 0 0
. . .

9 7 7 6 0 1 0 0 1 1 0 0 2 0 3 0 2 0 0
9 7 7 7 2 1 0 0 1 1 1 0 2 0 3 0 2 0 0
. . .

1 1 8 7 6 0 1 0 0 1 1 0 0 5 0 3 0 5 0 0
1 1 8 7 7 2 1 0 0 1 1 1 0 5 0 3 0 5 0 0

. . .
1 3 9 7 6 0 1 0 0 1 1 0 0 9 0 3 0 9 0 0
1 3 9 7 7 2 1 0 0 1 1 1 0 9 0 3 0 9 0 0



A pp en di x D

SI LO S Cr iti ca l Pat h Sim u la tio n

T h e e x e c u t ion o f S I L O S fo r t h e c r it ic a l p a t h a n a ly sis wa s t h e sa m e a s t h e

e x e c u t io n d e scr ibe d in t h e S I L O S L o g ic F ile s a p p e n d ix , e x ce p t f o r t h e fo llo win g

d iffe r e n t file s.

Cir cuit Des criptio n File Part 3 of 3 ( bot. dat)

T h is f ile d e scr ib e s t h e r e c e iv e r a n a ly sis . T h e o n ly d iff e r e n c e fr o m A p p e n d ix

C ( S I L O S L o g ic S im u la t io n ) is t h e . m o n st a t e m e n t . T h e . m o n st a t e m e n t list s

e v e r y sign a l t h a t wa s n e c e ss a r y t o p e r fo r m a c r it ic a l p a t h a n a ly sis. T h e . m o n

sign a ls a r e sh o wn b y lin e s. T h e fir st lin e g iv e s P H I 1 -, P H I 2 a n d P H I 2 ’ . T h e

se c o n d lin e g iv e s a ll t h e o u t p u t s o f t h e F S M in p u t la t c h e s. T h e t h ir d lin e g ive s

a ll t h e o u t p u t s o f t h e F S M o u t p u t la t c h e s. T h e fo u r t h lin e g iv e s t h e d a t a b us.

T h e fift h lin e g iv e s a ll t h e o u t p u t s o f t h e a d d r e ss d e c o d e r s. T h e sixt h lin e g iv e s

t h e o u t p u t s o f t h e a d d e r ’ s in p u t p o r t s. T h e se v e n t h lin e g iv e s t h e o u t p u t s o f t h e

le f t sh ift e r ’ s a n d c o m ple m e n t e r ’ s in p u t p o r t s. T h e e ig h t h lin e g iv e s o u t p u t s a ll

ot h e r r e g ist e r ’ s in p u t p o r t s. T h e n in t h lin e g iv e s t h e in p u t s o f a ll F SM o u t p u t

la t c h e s. T h e la st lin e g iv e s t h e in p u t s o f t h e a d d e r ’ s o u t p u t p o r t .

16 4
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#
# I n p u t w a v e f o r m s :
#

# t r a n s m i t t e r

n t r e s e t . C L K 0 D 1 8 7 5 D 0
n t g o . C L K 0 D 0 5 6 2 5 D 1
n t p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n t p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
#
n D _ I N # 8 . C L K 0 D 0 1 9 2 8 7 5 D 1
n D _ I N # 9 . C L K 0 D 1 1 9 2 8 7 5 D 1
n t p c m i n 5 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 4 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 3 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 2 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 1 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 0 . C L K 0 D 0 1 9 2 8 7 5 D 0

# r e c e i v e r

n r r e s e t . C L K 0 D 1 8 7 5 D 0
n r g o . C L K 0 D 0 5 6 2 5 D 1
n r p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n r p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
n A D M _ I N . C L K 0 D 1 1 6 0 8 7 5 D 0
#
n D _ I N # 1 . C L K 0 D 1
n D _ I N # 2 . C L K 0 D 1
n D _ I N # 3 . C L K 0 D 1
n D _ I N # 4 . C L K 0 D 1
n D _ I N # 5 . C L K 0 D 1
n D _ I N # 6 . C L K 0 D 1
n D _ I N # 7 . C L K 0 D 1

# t e s t s t r u c t u r e s

n t e s t i n . C L K 0 D 0 1 0 0 D 1 2 0 0 D 0
n t i n s 2 a . C L K 0 D 0
n t i n s 2 b . C L K 0 D 0
n t i n s 2 c . C L K 0 D 0
n t i n s 3 a . C L K 0 D 1
n t i n s 3 b . C L K 0 D 1
n t i n s 3 c . C L K 0 D 1
n t i n s 4 a . C L K 0 D 0
n t i n s 4 b . C L K 0 D 1
n t i n s 4 c . C L K 0 D 0
n t i n s 4 d . C L K 0 D 1

#
# O u t p u t d a t a d e f i n i t i o n s :
#
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. s y m s 0 = 0 s * = X s 1 = 1 d 0 = 0 d * = X d 1 = 1 r 0 = 0 r * = X r 1 = 1
+ z 0 = - z * = X z 1 = + 0 d = v * d = X 1 d = ̂ * s = S

. h e x r d a t a _ h = n D _ 7 , n D _ 6 , n D _ 5 , n D _ 4 r d a t a _ l = n D _ 3 , n D _ 2 , n D _ 1 , n D _ 0
+ r s t a t e _ h = . G N D , . G N D , n s t _ o u t _ 5 , n s t _ o u t _ 4
+ r s t a t e _ l = n s t _ o u t _ 3 , n s t _ o u t _ 2 , n s t _ o u t _ 1 , n s t _ o u t _ 0
+ r i n l a t = n 5 9 4 3 , n 6 1 5 4 , n 6 2 8 8 , n 6 3 6 6
+ r o u t l a t _ 1 = . G N D , . G N D , n s t _ i n _ 5 , n s t _ i n _ 4
+ r o u t l a t _ 2 = n s t _ i n _ 3 , n s t _ i n _ 2 , n s t _ i n _ 1 , n s t _ i n _ 0
+ r s r c = n s r c _ 3 , n s r c _ 2 , n s r c _ 1 , n s r c _ 0
+ r d s t = n d s t _ 3 , n d s t _ 2 , n d s t _ 1 , n d s t _ 0
+ r d e c s r c _ 1 = n 2 1 5 1 , n 2 1 4 5 , n 2 1 4 1 , n 2 1 3 7
+ r d e c s r c _ 2 = n 2 1 3 3 , n 2 1 2 9 , n 2 1 2 5 , n 2 1 2 1
+ r d e c s r c _ 3 = . G N D , . G N D , n 2 1 1 9 , n 2 1 1 7
+ r d e c d s t _ 1 = n 2 1 4 9 , n 2 1 4 7 , n 2 1 4 3 , n 2 1 3 9
+ r d e c d s t _ 2 = n 2 1 3 5 , n 2 1 3 1 , n 2 1 2 7 , n 2 1 2 3
+ r a d d l a t b _ h = n a d d _ b # 7 , n a d d _ b # 6 , n a d d _ b # 5 , n a d d _ b # 4
+ r a d d l a t b _ l = n a d d _ b # 3 , n a d d _ b # 2 , n a d d _ b # 1 , n a d d _ b # 0
+ r a d d l a t a _ h = n a d d _ a # 7 , n a d d _ a # 6 , n a d d _ a # 5 , n a d d _ a # 4
+ r a d d l a t a _ l = n a d d _ a # 3 , n a d d _ a # 2 , n a d d _ a # 1 , n a d d _ a # 0
+ r s h f l _ h = n 7 9 4 9 , n 7 5 1 9 , n 7 0 8 5 , n 6 4 7 9
+ r s h f l _ l = n 5 7 5 7 , n 4 5 1 3 , n 3 7 7 4 , n 3 0 8 7
+ r c o m p l _ h = n 7 9 4 8 , n 7 5 1 8 , n 7 0 8 4 , n 6 4 7 8
+ r c o m p l _ l = n 5 7 5 6 , n 4 5 1 2 , n 3 7 7 3 , n 3 0 8 6
+ r p c m o u t _ h = n r p c m o u t 7 , n r p c m o u t 6 , n r p c m o u t 5 , n r p c m o u t 4
+ r p c m o u t _ l = n r p c m o u t 3 , n r p c m o u t 2 , n r p c m o u t 1 , n r p c m o u t 0
+ r x _ o f _ k _ h = n 7 9 4 7 , n 7 5 1 7 , n 7 0 8 3 , n 6 4 7 7
+ r x _ o f _ k _ l = n 5 7 5 5 , n 4 5 1 1 , n 3 7 7 2 , n 3 0 8 5
+ r s x _ o f _ k _ h = n 7 9 4 6 , n 7 5 1 6 , n 7 0 8 2 , n 6 4 7 6
+ r s x _ o f _ k _ l = n 5 7 5 4 , n 4 5 1 0 , n 3 7 7 1 , n 3 0 8 4
+ r e x _ h = n 7 9 4 5 , n 7 5 1 5 , n 7 0 8 1 , n 6 4 7 5
+ r e x _ l = n 5 7 5 3 , n 4 5 0 9 , n 3 7 7 0 , n 3 0 8 3
+ r o l i _ 1 = n 8 9 4 , n 9 4 3 , n 1 1 2 7 , n 1 3 0 1
+ r o l i _ 2 = n 1 4 6 2 , n 1 7 0 9 , n 1 7 2 9 , n 1 8 8 6
+ r o l i _ 3 = n 2 0 7 0 , n 2 5 0 2 , n 2 8 0 3 , n 3 1 5 5
+ r o l i _ 4 = . G N D , n 3 5 0 6 , n 3 7 3 6 , n 4 0 4 4
+ r a d d o u t _ h = n 8 1 4 7 , n 7 7 1 8 , n 7 2 9 3 , n 6 8 6 1
+ r a d d o u t _ l = n 6 1 4 7 , n 5 0 1 3 , n 4 0 5 0 , n 3 3 8 1

#
# O u t p u t d a t a :
#

. m o n n r p h i 1 - n r p h i 2 ; n 1 8 8 5 ;
+ r s t a t e _ h r s t a t e _ l r i n l a t n 6 4 8 7 ;
+ r o u t l a t _ 1 r o u t l a t _ 2 r s r c r d s t n b r r e a d y ;
+ r d a t a _ h r d a t a _ l ;
+ r d e c s r c _ 1 r d e c s r c _ 2 r d e c s r c _ 3 r d e c d s t _ 1 r d e c d s t _ 2 ;
+ r a d d l a t b _ h r a d d l a t b _ l r a d d l a t a _ h r a d d l a t a _ l
+ r s h f l _ h r s h f l _ l r c o m p l _ h r c o m p l _ l
+ r p c m o u t _ h r p c m o u t _ l r x _ o f _ k _ h r x _ o f _ k _ l r s x _ o f _ k _ h r s x _ o f _ k _ l r e x _ h r e x _l ;
+ r o l i _ 1 r o l i _ 2 r o l i _ 3 r o l i _ 4 ;
+ r a d d o u t _ h r a d d o u t _ l
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Cir cuit Des criptio n File Part 3 of 3 ( bot_tx. dat)

T h is f ile d e scr ib e s t h e t r a n sm it t e r a n a ly sis . I t is id e n t ica l t o t h e r e c e iv e r file

( b o t . d a t ) e x c e p t fo r e q u iv a le n t t r a n sm it t e r . m o n sign a ls.

#
# I n p u t w a v e f o r m s :
#

# t r a n s m i t t e r

n t r e s e t . C L K 0 D 1 8 7 5 D 0
n t g o . C L K 0 D 0 5 6 2 5 D 1
n t p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n t p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
#
n D _ I N # 8 . C L K 0 D 0 1 9 2 8 7 5 D 1
n D _ I N # 9 . C L K 0 D 1 1 9 2 8 7 5 D 1
n t p c m i n 5 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 4 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 3 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 2 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 1 . C L K 0 D 0 1 9 2 8 7 5 D 0
n t p c m i n 0 . C L K 0 D 0 1 9 2 8 7 5 D 0

# r e c e i v e r

n r r e s e t . C L K 0 D 1 8 7 5 D 0
n r g o . C L K 0 D 0 5 6 2 5 D 1
n r p h i 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n r p h i 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
n A D M _ I N . C L K 0 D 1 1 6 0 8 7 5 D 0
#
n D _ I N # 1 . C L K 0 D 1
n D _ I N # 2 . C L K 0 D 1
n D _ I N # 3 . C L K 0 D 1
n D _ I N # 4 . C L K 0 D 1
n D _ I N # 5 . C L K 0 D 1
n D _ I N # 6 . C L K 0 D 1
n D _ I N # 7 . C L K 0 D 1

# t e s t s t r u c t u r e s

n t e s t i n . C L K 0 D 0 1 0 0 D 1 2 0 0 D 0
n t i n s 2 a . C L K 0 D 0
n t i n s 2 b . C L K 0 D 0
n t i n s 2 c . C L K 0 D 0
n t i n s 3 a . C L K 0 D 1
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n t i n s 3 b . C L K 0 D 1
n t i n s 3 c . C L K 0 D 1
n t i n s 4 a . C L K 0 D 0
n t i n s 4 b . C L K 0 D 1
n t i n s 4 c . C L K 0 D 0
n t i n s 4 d . C L K 0 D 1

#
# O u t p u t d a t a d e f i n i t i o n s :
#

. s y m s 0 = 0 s * = X s 1 = 1 d 0 = 0 d * = X d 1 = 1 r 0 = 0 r * = X r 1 = 1
+ z 0 = - z * = X z 1 = + 0 d = v * d = X 1 d = ̂ * s = S

. h e x t d a t a _ h = n t D _ 7 , n t D _ 6 , n t D _ 5 , n t D _ 4 t d a t a _ l = n t D _ 3 , n t D _ 2 , n t D _ 1 , n t D _ 0
+ t s t a t e _ h = . G N D , . G N D , n t s t _ o u t 5 , n t s t _ o u t 4
+ t s t a t e _ l = n t s t _ o u t 3 , n t s t _ o u t 2 , n t s t _ o u t 1 , n t s t _ o u t 0
+ t i n l a t = n 1 0 5 2 5 , n 1 0 3 7 7 , n 1 0 2 0 9 , n 1 0 0 8 2
+ t o u t l a t _ 1 = . G N D , . G N D , n t s t _ i n _ 5 , n t s t _ i n _ 4
+ t o u t l a t _ 2 = n t s t _ i n _ 3 , n t s t _ i n _ 2 , n t s t _ i n _ 1 , n t s t _ i n _ 0
+ t s r c = n t s r c _ 3 , n t s r c _ 2 , n t s r c _ 1 , n t s r c _ 0
+ t d s t = n t d s t _ 3 , n t d s t _ 2 , n t d s t _ 1 , n t d s t _ 0
+ t d e c s r c _ 1 = n 1 4 6 9 1 , n 1 4 6 8 5 , n 1 4 6 8 1 , n 1 4 6 7 7
+ t d e c s r c _ 2 = n 1 4 6 7 3 , n 1 4 6 6 9 , n 1 4 6 6 5 , n 1 4 6 6 1
+ t d e c s r c _ 3 = . G N D , . G N D , n 1 4 6 5 9 , n 1 4 6 5 7
+ t d e c d s t _ 1 = n 1 4 6 8 9 , n 1 4 6 8 7 , n 1 4 6 8 3 , n 1 4 6 7 9
+ t d e c d s t _ 2 = n 1 4 6 7 5 , n 1 4 6 7 1 , n 1 4 6 6 7 , n 1 4 6 6 3
+ t a d d l a t b _ h = n a d d _ b # 1 5 , n a d d _ b # 1 4 , n a d d _ b # 1 3 , n a d d _ b # 1 2
+ t a d d l a t b _ l = n a d d _ b # 1 1 , n a d d _ b # 1 0 , n a d d _ b # 9 , n a d d _ b # 8
+ t a d d l a t a _ h = n a d d _ a # 1 5 , n a d d _ a # 1 4 , n a d d _ a # 1 3 , n a d d _ a # 1 2
+ t a d d l a t a _ l = n a d d _ a # 1 1 , n a d d _ a # 1 0 , n a d d _ a # 9 , n a d d _ a # 8
+ t s h f l _ h = n 8 6 8 9 , n 9 1 3 0 , n 9 5 6 2 , n 1 0 3 3 6
+ t s h f l _ l = n 1 1 4 3 8 , n 1 2 6 1 2 , n 1 3 2 7 4 , n 1 3 9 5 9
+ t c o m p l _ h = n 8 6 8 7 , n 9 1 2 8 , n 9 5 6 0 , n 1 0 3 3 4
+ t c o m p l _ l = n 1 1 4 3 6 , n 1 2 6 1 0 , n 1 3 2 7 2 , n 1 3 9 5 7
+ t x _ o f _ k _ h = n 8 6 8 5 , n 9 1 2 6 , n 9 5 5 8 , n 1 0 3 3 2
+ t x _ o f _ k _ l = n 1 1 4 3 4 , n 1 2 6 0 8 , n 1 3 2 7 0 , n 1 3 9 5 5
+ t s x _ o f _ k _ h = n 8 6 8 3 , n 9 1 2 4 , n 9 5 5 6 , n 1 0 3 3 0
+ t s x _ o f _ k _ l = n 1 1 4 3 2 , n 1 2 6 0 6 , n 1 3 2 6 8 , n 1 3 9 5 3
+ t e x _ h = n 8 6 8 1 , n 9 1 2 2 , n 9 5 5 4 , n 1 0 3 2 8
+ t e x _ l = n 1 1 4 3 0 , n 1 2 6 0 4 , n 1 3 2 6 6 , n 1 3 9 5 1
+ t o l i _ 1 = n 1 4 7 8 2 , n 1 4 6 2 0 , n 1 4 4 9 9 , n 1 4 3 2 5
+ t o l i _ 2 = n 1 4 2 0 5 , n 1 4 0 1 8 , n 1 3 8 5 2 , n 1 3 7 1 0
+ t o l i _ 3 = n 1 3 6 5 2 , n 1 3 4 7 2 , n 1 3 2 5 3 , n 1 3 1 1 5
+ t o l i _ 4 = . G N D , n 1 3 0 0 1 , n 1 2 7 5 1 , n 1 2 5 6 7
+ t a d d o u t _ h = n 8 6 0 7 , n 9 0 4 9 , n 9 4 8 0 , n 1 0 2 2 6
+ t a d d o u t _ l = n 1 1 1 5 8 , n 1 2 4 2 1 , n 1 3 1 5 0 , n 1 3 8 3 0

#
# O u t p u t d a t a :
#

. m o n n t p h i 1 - n t p h i 2 ; n 1 2 4 2 0 ;
+ t s t a t e _ h t s t a t e _ l t i n l a t n 9 8 8 0 ;
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+ t o u t l a t _ 1 t o u t l a t _ 2 t s r c t d s t n b t r e a d y ;
+ t d a t a _ h t d a t a _ l ;
+ t d e c s r c _ 1 t d e c s r c _ 2 t d e c s r c _ 3 t d e c d s t _ 1 t d e c d s t _ 2 ;
+ t a d d l a t b _ h t a d d l a t b _ l t a d d l a t a _ h t a d d l a t a _ l
+ t s h f l _ h t s h f l _ l t c o m p l _ h t c o m p l _ l
+ n a d m _ o u t t x _ o f _ k _ h t x _ o f _ k _ l t s x _ o f _ k _ h t s x _ o f _ k _ l t e x _ h t e x _ l ;
+ t o l i _ 1 t o l i _ 2 t o l i _ 3 t o l i _ 4 ;
+ t a d d o u t _ h t a d d o u t _ l
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SILO S O utput File ( output)

T h is f ile c o n t a in s t h e o u t p u t o f S I L O S . N o t a ll o f t h e f ile is sh o wn . T h e

file h a s b e e n d e scr ib e d in se c t io n 4 . 3 . 2 ( S I L O S C r it ic a l P a t h A n a ly sis) .

- S I L O S 2 D . 1 - M O N I T O R 1 8 : 4 4 : 5 7 M a r 2 5 1 9 8 7
S I L O S I N P U T F O R C O D E C . C I F

N N N R R R N R R R R N R R R R R R R R R R R R R R R R R R R R R R R R R R R R R
R R 1 S S I 6 O O S D B D D D D D D D A A A A S S C C P P X X S S E E O O O O A A
P P 8 T T N 4 U U R S R A A E E E E E D D D D H H O O C C _ _ X X X X L L L L D D
H H 8 A A L 8 T T C T R T T C C C C C D D D D F F M M M M O O _ _ _ _ I I I I D D
I I 5 T T A 7 L L E A A S S S D D L L L L L L P P O O F F O O H L _ _ _ _ O O
1 2 E E T A A A _ _ R R R S S A A A A _ _ L L U U _ _ F F 1 2 3 4 U U
- _ _ T T D H L C C C T T T T T T H L _ _ T T K K _ _ T T

H L _ _ Y _ _ _ _ _ B B A A H L _ _ _ _ K K _ _
1 2 1 2 3 1 2 _ _ _ _ H L H L _ _ H L

H L H L H L
T I M E

0 0 0 1 * * * ? * * * * ? F F * * * * * * * * * * * * * * * * * * * * * * * * * * *
2 5 0 1 0 1 * * * ? * * * * ? F F * * * * * * * * * * * * * * * * * * * * * * * * * * *
. . .

1 3 5 2 0 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 0 *
1 3 5 2 2 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 0 1
1 3 5 2 6 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 0 3
1 3 5 3 4 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 0 7
1 3 5 4 2 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 0 F
1 3 5 5 0 1 1 0 0 E F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 1 F
1 3 5 5 6 1 1 0 0 F F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 1 F
1 3 5 5 8 1 1 0 0 F F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 3 F
1 3 5 6 6 1 1 0 0 F F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 7 F
1 3 5 7 4 1 1 0 0 F F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 2 7 4 F F
1 3 5 8 3 1 1 0 0 F F 0 0 F 5 2 0 F F 2 0 0 8 0 F F 0 1 0 0 0 0 0 0 0 0 0 0 0 0 3 0 7 4 F F
. . .



A pp en di x E

SI LO S Fa ult Sim ula t io n

T h is a p p e n d ix c o n t a in s t h e file s a ssoc ia t e d wit h r u n n in g a S I L O S f a u lt sim u -

la t io n o n t h e r e c e iv e r . F a u lt sim u la t io n wa s n o t p e r fo r m e d o n t h e t r a n sm it t e r

sin c e it wa s v e r ifie d in a back - to-bac k t e st wit h t h e r e c e iv e r .

Ba tch Co m m a nd File (batchfile)

T h is f ile c o n t a in s t h e c o m m a n d t h e wa s u se d t o st a r t t h e S I L O S sim u la t io n .

c a t c o m m a n d s | s i l o s > o u t p u t

17 1
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SILO S Co m m a nds File (comm a nds)

T h is f ile c o n t a in s t h e S I L O S c o m m a n d s. T h is f ile is sim ila r t o t h e f ile wh ic h

wa s d e scr ibe d in A p p e n d ix C , wit h t h e fo llo win g e x c e p t io n s. A f ile c a lle d

i n s t . d a t h a s b e e n in clu d e d a s SI L O S in p u t in o r d e r t o spe c ify fa u lt sim u la t ion

co m m a n d s. T h e st a t e m e n t t y c l o c k s d ispla ys in fo r m a t io n a b o u t a ll t h e . C L K

sign a ls. T h e st a t e m e n t t y n o c o n v d ispla ys in fo r m a t io n a b o u t a ll t h e sign a ls

wh ich d id n o t c o n v e r g e d u r in g sim u la t io n ; a ll sim u la t io n sign a ls d id c o n v e r g e .

T h e n e x t st a t e m e n t sp e c ifie s fa u lt sim u la t io n t o b e p e r f o r m e d b e t w e e n 9 5 0 n s

a n d 1 0 2 3 0 0 0 n s wit h c ir c u it o u t p u t s a n a ly se d e v e r y 1 0 0 0 n s. T h e n e x t st a t e m e n t

pr in t s o u t a n a c t iv it y su m m a r y o f cir c u it n o d e s. T h e n e x t st a t e m e n t p r in t s o u t

a ll d e t e c t e d a n d u n d e t e c t e d fa u lt s.

i n p u t t o p . d a t r e c e i v e r . d a t b o t . d a t i n s t . d a t
s i m 0 t o 1 0 2 3 0 0 0
t y e r r
t y c l o c k s
t y n o c o n v
f s i m 9 5 0 t o 1 0 2 3 0 0 0 s t e p 1 0 0 0
t y a c t i v i t y
t y f a u l t s / d e t u n d
e x i t s a v e
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Cir cuit Des criptio n Part 1 of 3 ( top. dat)

T h is f ile c o n t a in s t h e t o p o f t h e S I L O S c ir c u it d e scr ip t io n file .

. T I T L E S i l o s i n p u t f r o m e p a d _ 1 f o r r e c e i v e r . d a t
#
# T h e c i r c u i t d e s c r i p t i o n :
#

Cir cuit Des criptio n Part 2 of 3 ( receiv er. dat)

T h is f ile c o n t a in s a d e scr ipt io n o f cir cu it e le m e n t s o f t h e r e c e iv e r . R e c a ll

t h e it wa s g e n e r a t e d b y E P A D . T h is file is t o o la r g e t o b e sh o wn in it s e n t ir e t y.

I t is sim ila r t o t h e c o d e c . d a t file sh o wn in A p p e n d ix C ( S I L O S L o g ic V e r ific a -

t io n ) .
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Cir cuit Des criptio n Part 3 of 3 ( bot. dat)

T h is f ile d e scr ib e s t h e lo g ic t e st t o b e p e r f o r m e d o n t h e r e c e ive r . T h is file

co n t a in s a d e sc r ip t ion o f t h e sig n a ls wh ic h a r e in p u t t o t h e c ir c u it t o p e r fo r m a

log ic v e r ific a t io n . I t a lso d e scr ib e s t h e sign a ls wh ich w e r e o b se r v e d , t h e o u t p u t s

of t h e c ir c u it . A d d it ion a lly , t h is file co n t a in s t h e t e st p a t t e r n fo r t h e r e c e ive r .

#
# I n p u t w a v e f o r m s :
#

n R E S E T . C L K 0 D 1 8 7 5 D 0
n G O . C L K 0 D 0 5 6 2 5 D 1
n P H I 1 - . C L K 0 D 0 2 5 0 D 1 1 0 0 0 D 0 . R E P 0
n P H I 2 . C L K 0 D 0 5 0 0 D 1 7 5 0 D 0 1 0 0 0 D 0 . R E P 0
n A D M _ I N . C L K 0 D 1 1 6 0 8 7 5 D 0
#
n D _ I N # 1 . C L K 0 D 1
n D _ I N # 2 . C L K 0 D 1
n D _ I N # 3 . C L K 0 D 1
n D _ I N # 4 . C L K 0 D 1
n D _ I N # 5 . C L K 0 D 1
n D _ I N # 6 . C L K 0 D 1
n D _ I N # 7 . C L K 0 D 1

#
# O u t p u t d a t a :
#

. s y m s 0 = 0 s * = X s 1 = 1 d 0 = 0 d * = X d 1 = 1 r 0 = 0 r * = X r 1 = 1
+ z 0 = - z * = X z 1 = + 0 d = v * d = X 1 d = ̂ * s = S

. m o n n R E S E T n G O n P H I 1 - n P H I 2 ; n A D M _ I N ; ;
+ n R E A D Y ; n p c m _ 7 n p c m _ 6 n p c m _ 5 n p c m _ 4 n p c m _ 3 n p c m _ 2 n p c m _ 1 n p c m _ 0 ; ;
+ n D _ 7 n D _ 6 n D _ 5 n D _ 4 n D _ 3 n D _ 2 n D _ 1 n D _ 0 ; ;
+ n s t _ o u t _ 5 n s t _ o u t _ 4 n s t _ o u t _ 3 n s t _ o u t _ 2 n s t _ o u t _ 1 n s t _ o u t _ 0 ; ;
+ n s r c _ 3 n s r c _ 2 n s r c _ 1 n s r c _ 0 ; n d s t _ 3 n d s t _ 2 n d s t _ 1 n d s t _ 0 ; ;
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Fa ult Simula tion Method File ( inst. dat)

T h is f ile c o n t a in s a d e scr ipt io n o f t h e f a u lt sim u la t io n m e t h o d . E sse n t ia lly it

sh o ws t h a t a t h o r o u g h n o n -st a t ist ica l fa u lt sim u la t io n wa s p e r f o r m e d . T h e

ob se r v a b le o u t p u t sign a ls a r e g iv e n b y t h e . t n o d e st a t e m e n t . T h e st a t e m e n t s

. s l o w t o . i s h i g h spe c ify t h a t 1 0 0 p e r c e n t o f a ll g a t e -o u t p u t st u c k - low , g a t e -

ou t p u t st u c k - h igh , g a t e -in p u t st u c k -lo w a n d g a t e -in p u t st u c k -h ig h fa u lt s a r e t o b e

sim u la t e d . T h e . f m o n in d ic a t e s sign a ls t o b e d isp la y e d d u r in g f a u lt sim u la t io n .

T h e la st st a t e m e n t in d ic a t e s t h e a n y p o ssi ble d e t e c t ion s a r e c o u n t e d .

. t n o d e n r e a d y n p c m _ 7 n p c m _ 6 n p c m _ 5 n p c m _ 4 n p c m _ 3 n p c m _ 2 n p c m _ 1 n p c m _ 0

. s l o w . p c t = 1 0 0 %

. s h i g h . p c t = 1 0 0 %

. i s l o w . p c t = 1 0 0 %

. i s h i g h . p c t = 1 0 0 %

. f m o n

. f c o n t r o l . n p d e t = 0 . f i t r = 5 0 0
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SILO S O utput File ( output)

T h is f ile c o n t a in s t h e o u t p u t o f S I L O S . O n ly som e o f t h e o u t p u t file is

sh o wn , t h a t p a r t r e le v a n t t o t h e fa u lt sim u la t io n su m m a r y . T h e O V E R A L L F A U L T

D E T E C T I O N is a lso c a lle d t h e fa u lt c o v e r a g e . I t is t h e su m o f t o t a l h a r d d e t e c -

t io n s a n d t o t a l p o ssible d e t e c t io n s. T h e e n d o f t h e file sh o ws a r o u g h p lo t o f t h e

n u m b e r o f d e t e ct io n s v e r su s t im e in n a n o se c o n d s.

N U M B E R H A R D P O S S I B L E U N D E T E C T E D
F A U L T E D D E T E C T I O N D E T E C T I O N F A U L T S

C o u n t % C o u n t % C o u n t % C o u n t %

. S L O W 1 0 3 1 1 0 0 . 0 7 6 6 7 4 . 3 4 9 4 . 8 2 1 6 2 1 . 0

. S H I G H 1 0 3 1 1 0 0 . 0 6 9 7 6 7 . 6 2 1 0 2 0 . 4 1 2 4 1 2 . 0

. I S L O W 2 1 1 5 1 0 0 . 0 1 5 9 5 7 5 . 4 6 8 3 . 2 4 5 2 2 1 . 4

. I S H I G H 2 1 7 4 1 0 0 . 0 1 3 8 5 6 3 . 7 3 1 6 1 4 . 5 4 7 3 2 1 . 8

T O T A L 6 3 5 1 1 0 0 . 0 4 4 4 3 7 0 . 0 6 4 3 1 0 . 1 1 2 6 5 1 9 . 9
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| |
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