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Modeling Delay

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

step
input

output

tr 30%

30%

Volts

time

Delay can be modeled in terms of an RC delay:

τrise = Rrise Cload and τfall = Rfall Cload ,

for a particular VDD.

VDD VDD

Cload Cload Rfall Cload

Rrise

Vin

Effective Resistance is inversely proportional to ß of transistor.
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Rrise = krise × 
1
ßp

Rfall = kfall × 
1
ßn

How do I determine krise, kfall?  Do SPICE simulation for a particular Cload,
measure delay, solve for krise, kfall.

These values of krise, kfall would be valid for the particular VDD you used in the
simulations.

By characterizing an inverter 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.
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In delay terms (for this NAND), for
trise, would expect to have the same
worst case trise as the base inverter
because either A or B pMOS will
pulling.

VDD

Cload

Vin

Wp

Lp

Wn
Ln

For tfall, would expect NAND gate to be
twice as slow (as the base inverter)
because channel lengths add.
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More accurate delay model breaks gate delay into two
parts: τinternal, τoutput

τinternal = gate delay with zero load (only internal capacitance values 
affect delay)

τexternal = portion of delay proportional to external load.

τgate = τinternal + k 
Cload

Cunit load
 ; Cunit load = C1x load

Make SPICE measurement at no load, get τinternal.

Make SPICE measurement at unit load (typical output load), determine k value.

Hopefully, k is a constant for different output loads, but may not be.

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

actual k values

desired

1xC 4xC 10xC 20xC

k
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actual k curve

1xC 4xC 10xC 20xC

k
ko

k = ko - ρ[exp(-Cnorm × α)]

⇒ curve fit and get values for ko, α, ρ

Cnorm = 
Cload

C1x load

Delay calculation:
a) compute k value based on Cload

b) compute delay value based on k

For a gate, need propagation delay factor for each input, both H → L and L → H

A

B
Z

Tphl_a_to_z, Tphl_b_to_z

Tplh_a_to_z, Tplh_b_to_z

Would need ko, α, ρ, and τinternal parameters for each one of these
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But wait a minute! . . . All of the previous discussion assumed a step input!

Is this realistic?  No

Actual waveforms in circuit look something like this:

varying input slopes

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

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

step
input

measure this output slope

⇒ Measure the output slope. Call it your fastest slope.

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

measure output slope

apply a
typical
slope

15x "heavy load"

Why use a NOR gate?

A B

VDD

A

B

Two pMOS's in series will be slow.

Now that you have a fast slope, and slow slope, pick values in between and
generate tables of model parameters (ko, α, ρ, τinternal)

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

70%

30%

tslope = 30%-70% time difference

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

70%

30%

Vmax

0

tslope

70%

30%

tslope

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

70%

30%

t70t30

1.0

tmax of normalized waveform

"typical" shape

Want to scale this to new waveform based on new tslope

Yvalues scaled by VDD.
⇒ new Yvalue = old Yvalue × VDD

Xvalue (time) scaling???

tmax = (t70 - t30) × 2.5

tmax_new = (t70_new - t30_new) × 2.5

This last equation (above) implies that given t70_new and t30_new, then tmax_new

can be computed.

Then

Xnew = 
Xold

tmax_old
 × tmax_new
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Nice thing about previous method using a "scaled" waveform is that you can get a
desired slope very easily.

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

gate under test

Cload
CinApply step input here

Vary Cin 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 based
upon value of "Cin".

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

To drive a large load, do not just want to make one large driver

large driver
(large transistors)

large transistors
represent a large
load back to
internal circuitry

Cload

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

Cload

1 a a2

Cg

n stages (number of inverters = n)

inv-1 inv-2 inv-3 inv-n

minimum
sized inverter

Cg2Cg1 CgN

aN

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

Let Cg be gate load of first driver which is minimum size.  Then, CgN will be
Cg × aN and want

Cg an ≤ CL , [Note:  n = N + 1]

to guarantee that none of capacitances internal to the chain of inverters exceed
Cload.  For example, if CgN ≥ Cload, why we would need the n-th inverter at all!
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So when the condition Cg an ≤ CL is set equal we have

an = 
CL
Cg

 .

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 approximately a × td where td is the delay through a
minimum-sized inverter driving another minimum-sized inverter.

Total Delay = n × a × td

We know

an = 
 


 
CL

Cg
 ,

so

a = 
 


 
CL

Cg

1/n
 
 

Substituting,

Total Delay = n 
 


 
CL

Cg

1/n
 
 

td

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

If we do, then we find

nopt = 
� �

 
 


 
CL

Cg
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Once we know nopt, find aopt

an = 
 


 
CL

Cg

aln(CL/Cg) = CL

Cg

Take the natural log (i.e., ln) of both sides:

ln 
 


 
CL

Cg
 × ln(a) = ln 

 


 
CL

Cg

ln(a) = 1

⇒      a = e1 ≈ 2.7    ⇐

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

aopt = exp
 


 
k + aopt

aopt

where

k = 
Cdrain
Cgate

 .

Page 190 of text computed

Cdrain = 0.0043pF, Cgate = 0.02pF for 1µm process

k = 
Cdrain
Cgate

 = 0.215

aopt = 2.93


