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Propagation Delay in Multiple-Levels of
Logic with Stage Loading

A | o— ) >—F

Assume all gates sized for equal worst-case rise/fall times

For n levels of logic between A and F

lprop :Z torop (k)
k=1



Propagation Delay in Multiple-
Levels of Logic with Stage Loading

Analysis strategy : Express delays in terms of those of reference inverter

Reference Inverter

It

I

Assume M,/p,=3
W =Wuine Wp=3Wpyin

In 0.5u proc tgee=20ps,

Crer =Cin= 4Cox Wik uin
Fil=1

Vin=-2Vpp

R I_MIN — I_MIN

POREF l"nCOXWMIN (VDD -VTn ) B I'lnCOXWMIN (O'SVDD)

+1

1-'REF :tHLREF LHREF:2RPDREFCREF

L =Lo=Lmin

(Note: This Coy is somewhat larger than that in the 0.5u ON process)



Propagation Delay in Multiple-Levels of
Logic with Stage Loading

A% %F

Assume:

« all gates sized for equal worst-case rise/fall times

« all gates sized to have rise and fall times equal to that of ref
inverter when driving Cpr

Observe:

 Propagation delay of these gates will be scaled by the ratio of the
total load capacitance on each gate to Cgee

What loading will a gate see?

* |nput capacitance to other gates
 Any load capacitors

e Parasitic interconnect capacitnaces



Propagatlon Delay with Stage Loading

y 1:REF_ZRPDrefCREF
Ve Y|
4}7 —
CREF_ 4COXWMINLMIN
FI of a capacitor Fl.=
Fl of a gate (input k) Flg=
REF
] — C:INI
FI of an interconnect Fl=—=
CREF
Z CINGi+ Z CINCi+ Z CINIi
Overa” F| F| — Gates Capacitances Interconnects
CREF

FI can be expressed either in units of capacitance or normalized to Crgf

Most commonly Fl is normalized but must determine from context

If gates sized to have same drive as ref inverter ‘ tprop-k = tREF ol LOAD-k‘




Propagation Delay in Multiple-Levels of
Logic with Stage Loading

Example .

A >o—— F

Assume all gates sized for equal worst-case rise/fall times

Assume all gate drives are the same as that of reference inverter
Neglect interconnect capacitance, assume load of 10Cxg: on F output

Determine propagation delay from Ato F



Propagation Delay in Multiple-Levels of
Logic with Stage Loading

A >—— F
10Cger 3+k
FI NAND= e Crer

Assume all gates sized for equal worst-case rise/fall times
Assume all gate drives are the same as that of reference inverter

Neglect interconnect capacitance, assume load of 10Cg: on F output
Determine propagation delay from Ato F

3k+1
FlNOR:( 2

jCREF

What loading will a gate see?

Derivation:

6 7 7 13
FIZZZCREF FI3:CREF +ZCREF FI4:ZCREF +ZCREF FILOAD:FI"S":lOCREF



Propagation Delay in Multiple-Levels of
Logic with Stage Loading

Example _

Ao F
I 10Cker

Assume all gates sized for equal worst-case rise/fall times
Assume all gate drives are the same as that of reference inverter
Neglect interconnect capacitance, assume load of 10Cge: Oon F output

Determine propagation delay from Ato F

DERIVATIONS
6 7 4 13 _
FIZZZCREF Fl,=Cpree + Z REF FI4:ZCREF +ZCREF Fl;=10Cer

t _6,[ 7 (7 13
PROP1™  "REF lprop2 = 4 lrer lorops ™= Z"‘Z trer torops =10tcc

L L 6 11 20
tPROP: tPROPk:tREF |:|(|<+1) tREF(4+Z 7 le REF(19 25)

k=1 k=1



Propagation Delay Through Multiple Stages
of Logic with Stage Loading

(assuming gate drives are all same as that of reference inverter)

Fio Fis Fia Fl(n+l)

Identify the gate path from Ato F
terork=trerFl k+1)

Propagation delay from A to F:

n
lorop =lrer Z F I(k+1)
k=1

This approach is analytically manageable, provides modest accuracy and is “faithful”
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What If the propagation delay Is too
Iong (or too short) ?

\

Gz

Propagation delay from A to F:

\

Gs

n

lorop =lrer Z F I(k+1)

k=1

teropk=trReFF | k+1)



Recall:

o ~ Device Sizing
ultiple Input Gates:

2-input NOR 2-input NAND K-input NOR k-input NAND

1 Hi- o V e I~
A M

mmmm) Equal Worst Case Rise/Falll(and equal to that of ref inverter when driving Crer) |

W,=? consider the fine print !
W, =2

Fastest response (t, ort ) =7
Worst case response (tpgop, Usually of most interest)?
Input capacitance (FI) =?
Minimum Sized (assume driving aload of Cggp)
Wn:Wmin
Wp:Wmin
Fastest response (ty ort, ) =7
Slowest response (t, ort ) =7

Worst case response (tprop, Usually of most interest)?
Input capacitance (FI) =7



Recall: Device Sizing

Equal Worst Case Rise/Fall | | (and equal to that of ref inverter when driving Cger)

Multiple Input Gates: 2-input/NOR

(n-channel devices sized same, p-¢hannel devices sized the same)
Assume L,=L,=Lmin and/driving a load of Crg

Vop

W, =? 4

e e T

DERIVATIONS

W,=?

Input capacitance = ?

FI=?

One degree of freedom was used to

t =7 (worst case) . .
PROP satisfy the constraint indicated

W =Wy

Other degree of freedom was used to
Wp=6Win achieve equal rise and fall times
.

.
CiNA :ClNB:CoxWNnN'—MlN+6CoxW|v||N|—M|N:7CoxWM|NLM|N:(Zj 4COXWMINLMIN:[ZJ CrEF

7 7
FI=| — |C or Fl=—
(4} REF 2

lbrop = lrer  (worst case)



Overdrive Factors

Ref Inv
A ~&@—— F
;

N

Example: Determinet,, in 0.5u process if C=10pF In 0.5u proc tg=20ps,

prop

10 pF
torop =trer ®Fl = trer .ﬁ:tREF 23500

torop =20ps #2500 = 50nsec

Note this is unacceptably long !



Overdrive Factors
A
.

A4
Scaling widths of ALL devices by constant (W, ,.q=WXOD) will change
“drive” capability relative to that of the reference inverter but not change

relative value of t,, and t,
— L, — L, Rep
RPD_ RPDOD_ =
M,Cox W, (VDD Vi, ) M,Cox [OD b Wl] (VDD Vo, ) OD

VOUT

Reyon= = = Rey
M,Cox [OD e W, |(Vyp+Vy,) OD

- L,
Rey=
UpCoxwz (VDD +VTp )

Scaling widths of ALL devices by constant will change FI by OD

Cin=Cox (WAL #W,L, ) Cnop=Cox ([O DeW,]L,#[0 DeW,]L,)=0DsC,



Overdrive Factors

Ref Inv Inv with OD =1000

A —-{:;>©~———— F A——{:;>©~———— F
- -

— C ~ C
7 7
torop=00Nnsec torop ="

Example: Determinet,, in 0.5u process if C=10pF and OD=1000

1 _ ,10pF _
OD R 4F
1 _, J10pF 1

=t__. ® 2500

tprop =trer ®*Flo—

oD R 4fF 1000

=trer ® 2.9

tprop —trer ®Fl@

Note sizing the inverter with the OD improved delay by a factor
of 1000 !



Overdrive Factors

A 1000 —  F

. C

N
By definition, the factor by which the W/L of all devices are scaled above
those of the reference inverter is termed the overdrive factor, OD

Scaling widths by overdrive factor DECREASES resistance by same
factor

Scaling all widths by a constant does not compromise the symmetry
between the rise and fall times (i.e. t, =t )

Judicious use of overdrive can dramatically improve the speed of digital
circuits

Large overdrive factors are often used

Scaling widths by overdrive factor INCREASES input capacitance by
same factor - So is there any net gain in speed?



Propagation Delay with Over-drive Capability

Overdrive Vin _% VouT

TN

I:IL

R

PDREF C

t =t = oD NS

— RPDF\’EF(:L — tREF

t =ttt =2
PROP ™~ 'HL ' ‘LH oD oD

Asymmetric Overdrive

Define the Asymmetric Overdrive Factors of the stage to be the factor by
which PU and PD resistors are scaled relative to those of the reference
inverter.

R _ Reprer R — Rourer
PDEFF PUEFF
R
Reorer t _%C
L = oD,, C, oD,

R R 1 1 t 1 1
torop =th Hiy= OPBREF C + OPBREF C. =RpprerCy {OD + oD :| = RZEF |:OD + oD }Fn_
HL LH HL LH HL LH



Propagation Delay with Over-drive Capability

Overdrive Vin _% VouT

7CL
BN

A

I:IL

If inverter with OD is sized for equal rise/fall, OD, =0OD,,=0OD

2 P

1 1
t =R C + =R C,— =t i
PROP PDREF L |:ODHL ODLH } PDREF™-L ~ REF oD

OD may be larger or smaller than 1



Propagation Delay with Over-drive Capability

Example
Compare the propagation delays. Assume the OD is 900 in the third case

and 30 in the fourth case. Don’t worry about the extra inversion at this time.

Vin *[>01VOUT
t =900t
CL=900CREF1 PROP REF

Vin +>%—+>©1 Vour

cngoocREi tPROP =1 REF T 9OOtREF =901t REF
Vin ‘DW_ VOUT ~

cngoocREFl Lorop _9OOtREF +lger = 901t REF
Vin %— Vour

tPROP ZBOtREF + 3OtREF = 6O'I:REF

CLZQOOCREF

e Dramatic reduction in tpgop IS possible (inputis driving same in last 3 cases)
* Will later determine what optimal number of stages and sizing is



Driving Large Capacitive Loads

Example
F
A ‘> Assume C, =1000Cgg,

/ T CL

Assume driving by a \ w4
reference inverter

tprop="7

In 0.5u proc tge=20ps,



Driving Large Capacitive Loads

Example
F
A ‘> Assume C, =1000Cgg,

/ T CL

Assume driving by a \ w4
reference inverter

tprop=1000t ek

torop IS tOO lONQ !

In 0.5u proc tge=20ps,



Driving Large Capacitive Loads

Example
- } @» I

Assume C, =1000Cgg.

~ CL
Assume first stageis a
reference inverter V4
tprop="7
2 F
t —t I(k+1)
PROP REFkZ; ODk
1 1
torop =trer (ilOOO + mloooj = trer (1000 +1)

lorop = trer (1001)

Delay of second inverter is really small but
overall delay is even longer than before!



Driving Large Capacitive Loads

Example Assume C,=1000Cgg-
A 4[>w % @c F
e = C.

Assume first stageis a

reference inverter A4
i I:|(|<+1)

Uprop =tRer

k=1 ODk

tomop = aer GlO + %100 + ﬁlOOO] <er (10+10 +10)

1:PROP = 30t REF

Dramatic reduction is propagation delay (over a factor of 30!)

What is the fastest way to drive a large capacitive load?



Optimal Driving of Capacitive Loads

A... h,. h T

Assume first stageis a
reference inverter

\
Y
O

S

Need to determine the number of stages, n, and the OD factors for each
stage to minimize tpgrop.

n ek

- Figen =
t =t M) torop =lrer Z—
PROP ™ “REF ; oD, ) ek-l

where 0,=1, 0,=C, /Crer

This becomes an n-parameter optimization (minimization) problem !

Unknown parameters: {64, 05,...0,.1 ,n}

An n-parameter nonlinear optimization problem is generally difficult !!!



Optimal Driving of Capacitive Loads

A... h,. @ :CLF

Assume first stage is a torop =trer ) <
reference inverter k=1 ek-l

AY!

Order reduction strategy : Assume overdrive of stages increases by the same
factor clear until the load

A 0 RS [ -

CL
8"Crer=CL 1

This becomes a 2-parameter optimization (minimization) problem !
Unknown parameters: {e,n}

One degree of freedom
One constraint : GnCREF =C|



Optimal Driving of Capacitive Loads

A o7 SR RSS! :

n

k ., ¢
torop ~lrer 0 torop =lrer k-1 6"Crer=C_
k=1 Yk-1 k=1 6

torop =trerNO

torop =trerNO

Unknown parameters: {e n}
0"Crer=CL P ’

enCREF=C|_ n= 1 In( CL j
In(8) \ Crer

Thus obtain an expression for torop in terms of only 6

0 C
t =torr ———| IN—=
PROP ~'REF | (9) { Coer }




Optimal Driving of Capacitive Loads

t =t In C
PROP REF |n(9) CREF

Is suffices to minimize the function f(@):
1

it |n(e)-e-(ej

I
Il
o




Optimal Driving of Capacitive Loads

o ><%_ » :

Oopr =€

CL
Nopt =In Crer

6 C C
torop =lrer In (9) {In - } torop = lrer® {InCL} = NOteee

CREF REF



Optimal Driving of Capacitive Loads

« minimum at 8=e but shallow inflection point for 2<8<3

» practically pick 8=2, 8=2.5, or 8=3

e since optimization may provide non-integer for n, must
pick close integer



Optimal Driving of Capacitive Loads

A 0? oo ] g -

r
n-stage pad driver

« Often termed a pad driver

« Often used to drive large internal busses as well
 Generally included in standard cells or in cell library
* Device sizes can become very large

« Odd number of stages will cause signal inversion but
usually not a problem



Optimal Driving of Capacitive Loads

g ICLF

n-stage pad driver

Example: Design a pad driver for driving a load capacitance of
10pF, determine tprop fOr the pad driver, and compare this with the
propagation delay for driving the pad with a minimum-sized

reference inverter,, ; -, DroC e =20pS,
Crer=4fF,Rpprer=2.5K

NopT =1In C =1|n (1Oij 7.8
CREF AfF

Select n=8, 6=2.5

Wni=2.5 e Wper, Wi =302.55 e Wper



Optimal Driving of Capacitive Loads

i b b. P e :

I
n-stage pad driver

Example: Design a pad driver for driving a load capacitance of
10pF, determine tprop fOr the pad driver, and compare this with the
propagation delay for driving the pad with a minimum-sized

reference inverter. n0.5uproc teee=20ps, 1 1
CREF:4ﬂ:’RPDREF:2'5K Wnk:25 .WREF’ ka :3.25 .WREF

WrermrWun  Lo=Lp=Luin

k | n-channel p-channel

1 1 Wbl 3 WY
2 2.5 WVWhin 7.5 WY
a B.25 Wb 18.75 Wbk
4 159.6 Wil ARSIk
a 397 WM 1172 Wbk
[ 97 WM 293.0 Wbk
7 244 1 i F32.4 Wi
a B10.4 i 1831.1 Yhin

Note devices in last stage are very large !



Optimal Driving of Capacitive Loads

g ICLF

n-stage pad driver

Example: Design a pad driver for driving a load capacitance of
10pF, determine tprop fOr the pad driver, and compare this with the
propagation delay for driving the pad with a minimum-sized

reference inverter,, ; -, Droc te =20ps,
Crer=4fF,Rpprer=2.5K Wo=2.5 e Wpep, Wy =302.5% e wpee

tprop = MOty =802.5¢t. =20t

More accurately:

’ 1 C, 1
torop =trer [Zme c j nEr (17 5+@2500j 21.6t
EF

R



Optimal Driving of Capacitive Loads

g ICLF

n-stage pad driver

Example: Design a pad driver for driving a load capacitance of
10pF, determine tprop fOr the pad driver, and compare this with the
propagation delay for driving the pad with a minimum-sized

reference inverter,, ; -, Droc te =20ps,
Crer=4fF,Rpprer=2.5K Wnk:2'5k-1°WREF’ ka :3°2-5k-1°WREF

If driven directly with the minimum-sized reference inverter

C
tPrOP=IREF CRII;F =2500tREF

Note an improvement in speed by a factor of

r =229 155
20



Pad Driver Size Implications

n-stage pad driver

Consider a 7-stage pad driver and assume 6 = 3

N\
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Area of Last Stage Larger than that of all previous stages combined!
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