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Components of a [Model] Declaration

V/T Curves V/I  Curves
-P u l l u p / P u l l d o w n

-P W R / G N D  C l a m p s
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F or P u rposes of th is P resentation …

Td =  2  n SZ0 =  5 0  o h m s
Td =  2 5  p SZ0 =  5 0  o h m s

5 0 0  p S e d g e  r a t e
Z o u t =  ? ? ?

Cc o m p =  5  p f
Rs e r i e s ( o p t i o n a l )  =  ? ? ?  o h m s
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E lectrically  …

Td =  2  n SZ0 =  5 0  o h m s

5 0 0  p S e d g e  r a t e
Z o u t =  ? ? ?

Cc o m p =  5  p f
Rs e r i e s ( o p t i o n a l )  =  ? ? ?  o h m s
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Rising  E dg e B eh av ior,  t= 0

0V

VD D Q

t  = 0

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

C c o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 5 0 0 ps

0V

VD D Q

t  =  5 00 p s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 1 ns

0V

VD D Q

t  =  1  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 2 ns

0V

VD D Q

t  =  2  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 2 .5 ns

0V

VD D Q

t  =  2 . 5  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 3 ns

0V

VD D Q

t  =  3  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 4 ns

0V

VD D Q

t  =  4  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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Rising  E dg e B eh av ior,  t= 4 .5 ns

0V

VD D Q

t  =  4 . 5  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o w
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O b serv ations

• The buffer output changes voltage only when the ed ge i s launched  and  the reflecti on i s recei ved
- Launch: 0 to 0.5 ns
- R e f l e cti on: 4  to 4 .5 ns

• The buffer spend s m ost of i ts ti m e i n the stead y-state cond i ti on,  where behavi or i s d eterm i ned  by the V / I  curve
- R e f l e cti on b e hav i or  i s al so d e te r m i ne d  b y  the  V / I  cur v e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  = 0

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

C c o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  5 00 p s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wD y n a m i c  0  t o  0 . 5  n s
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  1  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  2  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  2 . 5  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  3  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  4  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wS t e a d y  S t a t e
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Dy namic v s. S teady  S tate B eh av ior

0V

VD D Q

t  =  4 . 5  n s

Td =  2  n SZ0 =  5 0  o h m s
A s s u m e  Z o u t +Rs e r i e s =  5 0  o h m s

VD D Q / 2

Cc o m p =  0  p f  f o r  n o wD y n a m i c  4 . 0  t o  4 . 5  n s
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… S o  W h a t  D e t e r m i n e s  S t e a d y -S t a t e  V a l u e s ?

0V

VD D Q

t  =  1  n s

Td =  2  n SZ0 =  5 0  o h m s

VD D Q / 2

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

V D D Q

Zout

Rs e r i e s

Z o u t + R s e r i e s =  5 0  o h m s

Tl i n e l o o k s  l i k e  
5 0  o h m s  t o  G N D
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H ow  to Determine Zout?

• If  w e  k n o w  Zout,  w e  c a n  c o mp ute  s te p  v o l ta g e
• Ca n  s e l e c t Rs e r i e s s uc h  th a t Zout +  Rs e r i e s =  Z0

Td =  2  n SZ0 =  5 0  o h m s

V D D Q

Zout =  ? ? ?
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R e m e m b e r  T r a n s i s t o r  C u r v e s  a n d  L o a d  L i n e s ?

• W e  us e d  th e m to  f in d  DC b ia s  p o in ts  f o r  a mp l if ie r  
c ir c uits  b a c k  in  c o l l e g e

• T h e y ’r e  e q ua l l y  v a l id  f o r  d ig ita l  c ir c uit a n a l y s is
- Digital circuits simply operate with VGS saturated
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1 .8 V  H S T L  Class 1  P u lldow n V / I  Cu rv e

• L o o k  l ik e  a  tr a n s is to r  c ur v e ?   T h a t’s  b e c a us e  it is !
- Special case where VGS =  VD D Q

• L o a d  l in e  a n a l y s is  w il l  f in d  th e  o p e r a tin g  p o in t
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1 .8 V  H S T L  Class 1  P u lldow n L oad L ine

• Since this is a pull down, load line should be 50 ohms to VDDQ
• Step v oltag e f or  unter minated line is 0. 6 4 V
• T his buf f er  will ov er dr iv e a 50 ohm line in the nominal case

23 m A

0 . 6 4 V

1.8V

5 0 o h m s
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S imu lation Resu lts

Ste p  v o l ta g e  
is  6 4 5 mV

O v e r s h o o t is  
509 mV  b e l o w  G N D

Dummy  l o a d  h a s  n o
e f f e c t;  g iv e s  s imul a to r
a  n o d e  to  me a s ur e
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W h at E lse Do W e K now ?

• Pulldown wi ll op e r a t e  a long  t h e  V / I  c ur v e  f r om  t h e  or i g i n 
t o t h e  loa d li ne  i nt e r s e c t i on

• T h e  s lop e  of  t h e  V / I  c ur v e  c or r e s p onds  t o Zout ,  i f  t h e  c ur v e  
i s  li ne a r ,  t h e  de v i c e  wi ll b e h a v e  a s  a  r e s i s t or

23 m A

0 . 6 4 V

23 m A

0 . 6 4 V
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S erial T ermination B asics

Initial voltage launched down the 
line deter m ines  over s hoot at r eceiver

C om b ined value of  Zout and R s e r i e s
deter m ines  how well r ef lections  ar e ab s or b ed
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I t’s a Cu rrent T h ing  …

• Ideal step voltage is VDDQ/2
- F r om  O h m ’s  la w:  E = I R ,  I = E / R
- E  =  V D D Q / 2 ,  R = 5 0  oh m s
- I  =  ( V D D Q / 2 ) / 5 0  =  V D D Q / 1 0 0

• O u r  1 . 8 V r ec eiver  r eq u ir es 1 . 8 /1 0 0  =  1 8 m A  of  lin e 
c u r r en t f or  ideal r ef lec tion  b eh avior

W hat cur r ent gives  us  the ideal 
r es p ons e at the r eceiver  inp ut?

Z0 =  5 0  o h m s
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H ow  S trong  I s O u r H S T L  O u tpu t?

• At 50 ohm operating point, R=E/I
- E = 0.64V, I = 23 m A

• Ef f ec tiv e ou tpu t imped anc e = 2 8  ohms

23 m A

0 . 6 4 V

23 m A

0 . 6 4 V
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… S o,  W h at V alu e of Rseries ?

• Effective Output Impedance, R=E/I
- E  =  0 . 9 V,  I =  1 8 m A ,  so R  =  5 0  oh m s

• Zout +  Rs e r i e s = 5 0 , R s e r i e s = 2 2  o h ms

Zout =  2 8  oh m s

R s e r i e s =  ? ? ?
W e  k n ow  c ur r e n t =  1 8 m A

W e  a l s o k n ow  s te p  v ol ta g e  =  0 . 9 V
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U pdated S imu lation Resu lts

Negative reflection
off d river’s  C _ C O M P

S till s ligh t overs h oot;  
2 5 m V  b elow  G ND
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W h y  I s T h ere S till O v ersh oot?

• T h e  s e r i e s  r e s i s tor  c h a n g e s  
th e  tr a n s i s tor ’s  op e r a ti n g  
p oi n t

• L oa d  l i n e  i s  n ow  7 2  
( 5 0  +  2 2 )  oh m s  to V D D Q

• I f  th e  V / I  c ur v e  i s n ’t l i n e a r  
b e tw e e n  th e  n e w  a n d  ol d  
op e r a ti n g  p oi n ts ,  Zout w i l l   
c h a n g e

• N e w  Zout =  0 . 4 7 V / 1 8 m A  
=  2 6  oh m s

18 m A

0 . 4 7 V

18 m A

0 . 4 7 V
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S imu lation Resu lts F or N ew  L oad L ine

Negative reflection
off d river’s  C _ C O M P

O vers h oot is  
b as ically  gone
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H ow  Do W e Determine Z o u t and Rseries ?

1 . D et erm in e id ea l  c u rren t  f ro m  I = V D D Q / 1 0 0
2 . F in d  c o rresp o n d in g  c u rren t  p o in t  o n  V / I  c u rv e
3 . C o m p u t e Zout,eff =  E c ur v e / I c ur v e
4 . A ssig n  Rs er i es su c h  t h a t  Zout,eff +  R s er i es =  Z0

Zout =  ? ? ?

R s e r i e s =  ? ? ?
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F or O u r 1 .8 V  H S T L  B u ffer …

1 . I  =  1 . 8 V / 1 0 0  =  1 8 m A
2 . F rom  th e p u lld ow n

cu rve,  E = 4 7 0 m V  at 
I = 1 8  m A

3 . Zout,eff =  0 . 4 7 / 0 . 0 1 8  =  2 6 . 1  oh m s
4 . Rs er i es =  2 3 . 9  oh m s

18 m A

4 7 0  m V
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P u llu p Cu rv es W ork  T h e S ame W ay

1 . I  =  1 . 8 V / 1 0 0  =  -1 8 m A
( I B I S  convention)

2 . F rom  th e p u llu p cu rve,  
E = 3 7 1 m V  at I = -1 8  m A

3 . Zout,eff =  0 . 3 7 1 / 0 . 0 1 8  =  2 0 . 6  oh m s
4 . Rs er i es =  2 9 . 4  oh m s

-18 m A

3 7 1 m V
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P u llu p/ P u lldow n S imu lation Resu lts

O vers h oot on 
ris ing ed ge

Rs er i es w ell m atch ed  for falling ed ge
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O b serv ations

• T h is is a H S T L  C lass 1  b u f f er ;  w e’d ex pec t it to b e 
design ed f or  poin t to poin t oper ation  w ith ou t 
ter m in ation  ( 5 0  oh m  Zout)

• Zout, e f f r an ges f r om  21 -26  oh m s,  r eq u ir in g a ser ies r esistor  to avoid over sh oot
• P u llu p/P u lldow n ar e n ot w ell m atc h ed ( 21  vs.  26  
oh m s)

• T h is c ou ld eith er  b e a b u f f er  design  issu e or  a 
m odelin g issu e
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More O n V / I  Cu rv es

• Where the load line intersects the V/I curve 
say s a lot ab out how  the device w ill b ehave

Linear Region S at u rat ed  RegionN onl inear Region
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3 .3 V ,  4 mA  L V T T L  B u ffer P u lldow n Cu rv e
50 ohm, 3.3V 

l oa d  l i n e

• T h is  d evice can’t d rive a 5 0  oh m  line;  
w e need  3 0  m A ,  th e ou tp u t can only  
s u p p ly  1 7  m A

C u r r e n t  a t  t hi s
p oi n t  d e t e r mi n e s  

ov e r s hoot  /  
u n d e r s hoot  
a t  t he  r e c e i v e r

T he  s l op e  of  t he  V/ I
c u r v e  a t  t hi s

p oi n t  d e t e r mi n e s  
how  t he  d r i v e r  

a b s or b s  r e f l e c t i on s
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S imu lation Resu lts,  4 mA  B u ffer

• A s ex pec ted,  th e 
dr iver  c an n ot dr ive th e 
lin e or  adeq u ately  
c on tr ol th e r ef lec tion s
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3 .3 V  Clock  O u tpu t B u ffer P u lldow n

• Load line suggests buffer  w ill driv e about 4 2 m A  into a 5 0  oh m  line;  w e only  need 3 0 m A
• S tep  v oltage E = I R ,  4 2  m A * 5 0  oh m s =  2 . 1 V ,  so w e ex p ec t about 9 0 0  m V  ov ersh oot
• S lop e of V / I  c urv e at load line is v ery  h igh ;  ex p ec t v ery  p oor absorp tion of reflec tions by  driv er
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S imu lation Resu lts – F alling  E dg e

• O ver sh oot sligh tly  
ex c eeds ex pec tation s

• “R in gin g” oc c u r s 
b ec au se of  slope of  V/I 
c u r ve at th e load lin e
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More S imu lation Resu lts …

• “R in gin g” am plif ies 
over  tim e;  th e m odel 
essen tially  spin s ou t 
of  c on tr ol
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E liminate Reflections A nd …

• I deal term ination at th e 
end of th e line elim inates 
reflec tions off th e driv er

• N ow  w e h av e a v oltage 
th resh old p roblem

• T h is m ay  be a m odeling 
p roblem  any w ay ;  sh ould 
be inv estigated furth er
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S u mmary

• Depen din g on  th e r atio of  edge r ate to lin e len gth ,  dr iver s c an  spen d m u c h  of  th eir  tim e in  “steady  state” c on dition s
• “S teady  state” b eh avior  is dr iven  b y  V/I c u r ves
• U n der stan din g th e details b eh in d V/I c u r ve c an  pr ovide valu ab le in sigh t in to

- B uffer beh av ior
- M odel q uality
- T erm ination selec tion
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Y oda S ay s ….

• M in d y ou r  V/I c u r ves!
- I m p ortant,  th ey  are!
- S av e y ou,  th ey  c an!


