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Modeling Delay

For astepinput, then propagation delay simplifies to just rise/fall time of the
output to a particular point (50%, 30%/70%, etc.).

Volts

step

inpui\

30%-

time
]t 30%

Delay can be modeled in terms of RE delay:

Trise = Rrise Cload and Tfall = Rall Cload
for aparticular Vpp.

Vpp Vpp

= Cioad = Cioad Reall = Cioad

Effective Resistance is inversely proportional to 3 of transistor.
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1

Rrise = Krise % Bp

1
Rrall = Kall % R

How do | determinekrise, kiall? DoSPICEsimulationfor a particular (aad,
measure delay, solve f&fse Krall.

These values dfise kfall would be valid for thgparticular Vpp you used in the
simulations.

By characterizing annverter this way, then one can predict delay for more
complex gates after transforming the complex gates into an "equivalent" inverter.
In this procedure, the original characterized inverter is sometimes called the
"base" inverter.

In delay terms (for this NAND), for

\Ll@ trise, Would expect to have theame
v worstcasetrise as the base inverter
W, w, because either A or BPMOS will
A Lp B L,  pulling.
>Y
W,
B— T: Vin
A—l| Wn
Ln
_| For tall, would expect NAND gate to be

twice as slow (as the base inverter)
because channel lengths add.



EE 4253/6253 Lecture Notes November 6, 1998 page 108

More accurate delay model breaks gate delay into two
parts: Tinternal, Toutput

Tinternal = Qgate delay with zero load (only internal capacitance values
affect delay)

Texternal= portion of delay proportional to external load.

Cload

_oad_. co _c
Cunit load unit load 1x load

Tgate= Tinternal + K

Make SPICE measurement at no load,tggérnal
Make SPICE measurement at unit load (typical output load), detekwialee.
Hopefully, k is a constant for different output loads, maynotbe.

In this case, take SPICE measurements at different output loads and perform
curve fit ofk against C values.

) / desirel

k /anlue:

1XC AXC 10xC 20XC
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A
____________________ Ko
e N
actualk curve
1xC 4xC 10xC 20xC

k =ko - p[exp(-Chorm % a)]
[0 curve fit and get values fdo, a, p

Cload

Cnorm = Cix load

Delay calculation:
a) computek value based on|gad
b) compute delay value basedlon

For a gate, need propagation delay factor for each input, bethlHand L — H

A }
Z
B |

Tphl_a to_z Tphl b _to z

Tplh_a to zTplh b to z

Would needkq, a, p, andtinternal parameters foeachoneof these
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But wait a minute! . . . All of the previous discussion assumsée@nput!
Is this realistic?No

Actual waveforms in circuit look something like this:

A

M varyinginput slope:

How do | determine the range of input slopes | might see in a circuit?
[0 Need to know fastest slope, slowest slope

Fastest case would probably be for the inverter driving a 1x load, pulling down.

stef measure this output slo

w7

[J Measure the output slope. Call it ydastestslope.

[J Measure again for 4x load and call that ytwaical slope.
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To get a representative "slow" slope, use a 2-input NOR gate pulling high

apply ¢
typical
slope

AN
N

— 15x ~ T ~"heavy load

measure output slo

Why use a NOR gate?

—— 1/

AL -

Two pMOS's in series wilbe slow.

Now that you have #ast slope, andslow slope, pick values in between and
generate tables of model parametégs 4, p, Tinterna)

For different slopes values — do table lookup based on input slope value.
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How do | define input slope?d Typically 30%-70% points

0%— F — — ;

30% - +

| [
—>] [<— tsiope = 30%-70% time differen

During characterization, | can apply a straight line input (as shown below left)

Viax— F — — — = — — —
0% - - - - = 70%—  — — -
| |
| |
30%- 4+ — — | 30% - + |
I | | |
0 | | | |
! ! | I
—> l<— tsiope —> l<— tsiope

Not veryrealistic Probably want to apply a more realistic waveform (above
right).
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Can have aormalizedwaveform:

10-F—————=>-

70%— - — — - &= "typical" shap

30% - +

—> [~

tso  t7o tmax Of normalized waveforn

Want to scale this to new waveform basechewtgope

Yva|uesscaled by %D.
[ new Yvalue= old YvalueX VDD

Xvalue (time) scaling???
tmax= (tro- t30) x 2.5
tmax_new= (t70_new- t30_new % 2.5

This last equation (above) implies that givep hewand 8o new then tmax_new
can be computed.

Then

Xold
Xnew = tmax

X tmax new
_old -
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Nice thing about previous method using a "scaled" waveform is that you can get ¢
desired slope very easily.

Most realistic waveform is achieved however by having another gate drive the
input:

gate under te

- /
o 7|>Cin = ---—}_

Apply step input hel —

=~ Cioac

Vary G to control input slope. Only problem is that precise control of input

slope is difficult, must be able to accurately predict slope of output gate basec
upon value of "".

This will simulate realistic driving conditions.
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Stage Ratio - Delay Optimization

To drive a large loaddo not just want to make one large driver

large transistor:
represent a larg
load back to

internal circuitry

B —

=~ Cioac

large driver
(large transistor:

Want to drive the load with a series of progressively larger drivers

minimum
sized inverte

n stages (number of inverters -

Each driver (inverter) larger than preceding driver by stage ratio "a".

Let Cg be gate load of first driver which is minimum size. Thegwy @ill be
Cg x &N and want

Cgad<C_, [Note: n=N + 1]

to guarantee that none of capacitances internal to the chain of inverters excee
Cloag For example, if g\ = Cload, Why we would need the n-th inverter at all!
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So when the conditiondz < C_ is set equal we have

Question: What value of "a" will lead to minimum delay? What value of "n"? If
we find one, we can compute the other.

Delay through each stage is approximateby tg where § is the delay through a
minimume-sized inverter driving another minimum-sized inverter.

Total Delay = nx ax tqg

We know
CLO
n —
T e
SO
1/n
a= L0
HCgH
Substituting, /
1/n
Total Delay = ACRu
y = n@g td

To find optimum value for n, differentiate and set equal to zero.

If we do, then we find

Nopt = In

e
[
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Once we know gy, find apt

n=fef

gn(cucy = CL
Cy

Take the natural log (i.e., In) of both sides:
CLn _ Lo
In %EX In(a) = In %E
In(a) =1
[ a=é=27 O

A more detailed analysis shows that the intrinsic output capacitance of the
inverter will affect this ratio.

80 :exp%(—&Jr opy
Pt dopt E

C .
K= drain

~ Cgate

where

Page 190 of text computed
Cdrain = 0.0043pF, gate= 0.02pF for um process

_ Cdrain _
k= 7Cgate = 0.215

aopt = 2.93



