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Abstract

In this paper we introduce a method for computing the El-
more delay of MOS circuits which relies on a model of the
capacitance of MOS devices and a model of the Elmore delay
of individual MOS devices. The resistance of a device is not
explicitly modelled. The Elmore models are used to com-
pute the Elmore delay and the 50% point delay of CMOS
circuits in a static timing verifier. Elmore delays computed
with these models fall within 10% of SPICE and can be
computed thousands of times faster than if computed us-
ing SPICE. These models were used to verify critical paths
during the design of a 600MHz microprocessor.

1 Introduction

The static timing verifier developed and used to verify the
21264 Alpha microprocessor [3] uses a family of delay models
to compute the delay through MOS circuits. Simple com-
plementary structures and some latches are modeled with
precharacterized delays. The Elmore delay is one of the
simplest delay models used in the static timing verifier [4]
and we use it to compute the delays across complex comple-
mentary structures and arbitrary non-complementary struc-
tures. We need to use the Elmore delay because many of
the structures used in the Alpha microprocessor design are
arbitrary complementary and noncomplementary structures
and it is impractical to characterize the delay for each one
of these. The static timing verifier uses exhaustive path
tracing techniques to verify every path in the microproces-
sor design and to identify critical paths (slow paths which
violate setup constraints) and race paths (fast paths which
violate hold constraints). Static timing verification is an
important and necessary part of the design of the 21264 Al-
pha CPU. Because of the size (more than 15M transistors)
and speed (600MHz) of this CPU, it is important for us to
be able to filter out as many non-violating paths as possi-
ble before having to verify them or analyze them with more
time consuming algorithms [1]. It was, therefore, necessary
for us to radically improve the accuracy of our simple de-
lay models before resorting to more complicated models or

simulation techniques. In addition, because we use the El-
more delay model to compute the maximum delay through
a MOS circuit, we had to ensure that the delays were always
pessimistic. In other words, the delays computed using the
Elmore delay model have to always be greater than those
computed using a circuit simulator such as SPICE[7].

The Elmore delay which was defined [2] as

< dv

has been used extensively as a measure of delay for RC in-
terconnect and for MOS circuits. Given an RC tree, the
Elmore delay at an output node ¢ can be computed using
the following equation [9]:

Tp, = ZRkiok (2)
K

where Ry; is defined as the resistance which the two paths
from the input to node ¢ and the input to node k£ have in
common. Equation 2 is also used to compute the Elmore
delay of MOS circuits [8]. The effective resistance of each
device and the capacitive load seen by each device are used
to approximate a MOS circuit by an RC circuit and the
Elmore delay is computed. More efficient and general al-
gorithms for computing the Elmore delay have also been
developed [5][6].

The resistance and capacitance models which are used to
approximate the MOS circuit are a great source of error in
computing the Elmore delay. We decided to focus on these
models in order to improve the accuracy of the Elmore delay
in our timing verifier. Our goal was to use the Elmore delay
model to compute 50% point delays which are always greater
than SPICE and within 20%.

We began our modelling effort by attempting to define
an effective resistance. Our objective was to write the re-
sistance as a function of device size, the slope of the input
signal on the gate, and the capacitive load. We wanted to
model the resistance using a simple equation in order to
make the computation of the resistance as fast as possible.
In other words, we wanted to stay away from table lookup
algorithms or complicated models.

In our quest for a simple model for resistance we moved
away from Equation 2 and instead focused on the voltage
waveform whose time constant is the Elmore delay. We real-
ized that we should not even bother modelling the effective
resistance and instead model the Elmore delay of a device
as a function of device size, slope of the input signal on the
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gate, and capacitive load. Since we were interested in us-
ing the Elmore delay only as an estimate for the maximum
delay of our circuit, we also wanted to ensure that the El-
more delay calculated using the Elmore models was always
greater than or equal to the Elmore delay computed using
SPICE. The equations we derive are in fact very simple and
accurate to within 5% of SPICE. As a result, we can com-
pute the Elmore delay to within 10% of SPICE for most of
our circuits.

In Section 2 we review the Elmore delay, describe the
characterization of the Elmore delay and introduce the re-
sulting model. In Section 3 we describe how we use the
model for the Elmore delay within our timing verifier and
how we use it to compute maximum 50% point delays in
MOS circuits. In Section 4 we present results comparing
the Elmore delay computed with the help of precharacter-
ized delays and the Elmore delay computed using SPICE.
We also compare the 50% point delay computed with El-
more delay model to the 50% point delay computed using
SPICE.

2 A Model for the Elmore Delay

2.1 The Elmore Delay

The Elmore delay was introduced half a century ago [2] as
a measure of delay. The Elmore delay can be used to model
the waveforms in an RC network. If the node voltage at a
node 7 in the RC circuit is v;(¢),0 < t < oo, then the Elmore
delay model approximates v;(t) as:

,U;almore(t) — Ul(OO) + (1}1(0) — ’Ul(OO)) e_t/T_ (3)

The time constant 7, which is also the Elmore delay, is cho-
sen so that the area under the curve v;(co) — vE™"e(t) is
the same as the area under the curve v;(c0) —v;(¢). In other

words: o
S (vi(o0) — vi())dt

= v; (00) — v;(0) (4)

See Shi [10] for details.

2.2 Characterizing the Elmore Delay

For a falling waveform at the output of a MOS circuit where
v;(0c0) = 0 and v;(0) = Vpp, the Elmore delay reduces to:

v (t)d
r=d VD](;) : (5)

Similarly, for a rising waveform where v;(0) = 0 and v;(c0) =
Vpp, the Elmore delay reduces to:

d & (o3 d
T :/ dt — 71‘0 VD(Dt) ! (6)

From both Equations 5 and 6 we can see that the quan-
tity that must be characterized in order to model the Elmore

delay is
/ v; (t)dt (7)
0

Let us consider the discharge path shown in Figure 1. Let
vps(t) represent the source-drain voltage across an NMOS
device for ¢ > 0. The Elmore delay at the output node y is

a |:m2 J7

4b_{j7ml

Figure 1: Discharge path through ml and m2

computed by “summing up” the Elmore delay from Vsg to
node z and the Elmore delay from node z to node y:
1 (oo}
T = —— vy (t)dt
VDD o y( )

1 (oo} (e o]
= — [/ UDsml(t)dt+/ VDS o (t)dt:|
Voo |/, o

= Tml+ Tm2 (8)

Therefore if we can model the Elmore delay for a single MOS
device, we can use the model to approximate the Elmore
delay for a discharge path in a MOS circuit.

In order to get accurate models we used SPICE to sim-
ulate several configurations of PMOS and NMOS devices.
These configurations which are shown in Figure 2, include
1-high, 2-high and 3-high stacks, where one device is turning
on (i.e the gate voltage is transitioning) and the remaining
devices are already on. We found it necessary to model each
case separately and to differentiate between:

1. NMOS (PMOS) devices whose source was tied to Vss
(Vbp) and NMOS (PMOS) devices whose source was
tied to the drain of another NMOS (PMOS) device;

2. NMOS (PMOS) devices whose drain is tied to the
drain of a PMOS (NMOS) device and NMOS (PMOS)
devices whose drain is tied to the source of an NMOS
(PMOS) device;

3. NMOS (PMOS) devices whose source and drain are
tied to NMOS (PMOS) devices.

4. NMOS (PMOS) devices for which the gate voltage is
high (low) and NMOS (PMOS) devices for which the
gate voltage is rising (falling).

For each simulation we varied the load seen at the output
node and the sizes of the devices over the ranges allowed by
the design rules imposed on the circuit designers. For each
simulation of a MOS device we computed the following two
quantities from the current and voltage waveforms:

™m VDD = /OO vps(t)dt (9)

and
(I:/ ip(t)dt (10)

where ip(t) represents the drain current for ¢ > 0 and q is
the charge discharged by the device.

In Figure 3 we show a plot of 7.,,Vpp as a function of ¢
for various device widths. The linear relationship between
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Figure 2: Configurations for which 7, is modeled.
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mVpp and ¢ helps to make the modelling of the Elmore
delay for MOS devices very simple.

We wanted to write 7,,Vpp as a function of ¢ and the
device width . For each of the configurations shown in
Figure 2 we were able to fit our simulation data to equations
of the following form:

1
TmVDD:kZi+kl_+k0 (11)

W W

In addition the coefficients ko, k1, and k2 are chosen so that
Tm Vpp computed using Equation 11 is always greater than
TmVbp computed from SPICE waveforms. The maximum
error in 7, Vpp when computed using equations of the form
of Equation 11 compared to the data simulated and mea-
sured using SPICE was less than 5% for more than two
thirds of the configurations shown in Figure 2. The maxi-
mum error across the samples taken in our simulations for
the remaining configurations was less than 10%. It was nec-
essary to model each configuration with a separate equation
in order to obtain this accuracy.

3 Computing the Elmore Delay

In order to compute the Elmore delay for a given struc-
ture, the timing verifier identifies the discharge path of that
particular structure, computes the charge which must be
discharged through each device due to its load capacitance,
computes the Elmore delay for each device along the path,
and sums up the total delay. For symmetric waveforms the
Elmore delay is the 50% point delay. Unfortunately, our
voltage waveforms, examples of which are shown in Figures
4 and 5 are rarely symmetric. We therefore use a waveform
model to map the Elmore delay into a 50% point delay.
Consider the circuit shown in Figure 6. If input b is
rising, the discharge path will be from the output node y
through node z to Vss. Therefore the Elmore delay 7, at the
output node y will be the sum of the Elmore delay through
devices m1 and m2 as shown by Equation 8. 7,1 is a func-
tion of Wy,1 and gmi. Wi is the width of m1 and g1 is



Input | Rising | Falling

al 6.1% [39%
b2 51% | 3.0%
d3 34% |56 %
c4 15% | 27%
ab 40% |3.0%
dé 20% |3.0%
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Figure 4: Example of a rising waveform
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Figure 5: Example of a falling waveform
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Figure 6: Example

Table 1: % Difference in the Elmore delay beween model
and SPICE

the charge that must be discharged through m1. Similarly,
Tm2 18 a function of Wi,2 and gm».

In order to use the models derived for the Elmore de-
lay effectively we also had to model the charge seen by the
drain of each device as accurately as possible. Here again
we chose models for the charge such that the models yield
values that are greater than the data obtained from SPICE
simulations. Once we have computed the charge, we use the
Elmore model for an NMOS device which is turning on and
whose source is connected to Vss in order to compute 71
and the Elmore model for an NMOS which is on and whose
drain is connected to the output node to compute 7y,2.

After computing the Elmore delay we use a set of prechar-
acterized waveform equations to map the Elmore delay into
the 50% point delay. These equations are also based on a
set of pre-simulated configurations and are a function of the
Elmore delay and the slope of the input waveform.

On an AlphaServer 8400 Model 5/300 (300 MHz CPU)
we can compute more than 20,000 delays/sec for circuits
of the complexity shown in Figure 7. This includes iden-
tifying the discharge path, computing the charge at every
node, computing the Elmore delay, and computing the 50%
point delay. On the other hand we can only compute about
4 delays/sec with SPICE for these circuits after the input
stimulus has been manually set up.

4 Results

For the example circuits shown in Figure 7, we show in Ta-
ble 1 the % difference between the Elmore delays computed
using the models of the Elmore delay that we described in
Section 2 and the Elmore delay computed using SPICE. For
all the examples shown the difference between SPICE and
the precharacterized Elmore model is less than 10%. In
75% of our test cases the Elmore delay computed using the
precharacterized model was greater than the Elmore delay
computed using SPICE by less than 6%. For the remaining
cases the difference was less than 10%.

In Tables 2, 3, and 4 we show the % difference between
the 50% point delays computed for the same circuits using
the Elmore model and SPICE. In Table 2 the input wave-
form has a typical transition time, in Table 3, the input
waveform has a fast transition time, and in Table 4, the in-
put waveform has a slow transition time. In 45% of our test
cases the 50% point delay computed using our delay model
is within 5% of SPICE, in 25% of our test cases it is between
5% and 10% of SPICE, and in 23% of our test cases it is be-
tween 10% and 20% of SPICE. For the remaining 7% of our
test cases the 50% point delay was between 20% and 30%
of SPICE.

One weakness still remains in this method in going from
the Elmore delay to the 50% point delay. Our goal was to
use the Elmore delay model to compute 50% point delays
which are always greater than SPICE and within 20%. We
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Figure 7: Sample circuits

Input | Rising | Falling
al 39% | 12%
b2 13% | 112 %
d3 0.8 % | 23.1 %
cd 04% | 62%
ad 79% | 1.0%
dé 24 % | 186 %

Table 2: % Difference in 50 % point delay for typical input
slope

Input | Rising | Falling
al 55 % | 41 %
b2 0.7 % | 13.1 %
d3 3.6 % | 22.7%
c4 38% | 45%
ab 9.0 % | 11.6 %
dé 27% | 1.0%

Table 3: % Difference in 50% point delay for fast input slope

Input | Rising | Falling
al 03% | 1.0%
b2 03 % | 11.8 %
d3 5.6 % | 23.6 %
c4 44% | 24 %
ab 6.3% | 09%
d6 0.0 % | 30.0 %

Table 4: % Difference in 50% point delay for slow input
slope

have fallen short of this goal for about 7% of our circuits
where the error is greater than 20%. However in all cases we
compute a delay which is greater than the delay computed
with SPICE.

In Figure 8 a section from a critical path which was de-
tected by the timing verifier is shown. The path contains
circuits whose delays are precharacterized and circuits for
which the Elmore model is used to compute the delay. For
the section of the path through the latch between CLK
and Iy and I and through the simple complementary logic
between Y7, and OUT the delay is computed in the tim-
ing verfier using precharacterized delays. For the section of
the path between Iy /I and Yz /Yr the Elmore model is
used. The 50% point delay from CLK to OUT rising cal-
culated using the various delay models in the timing verifier
is 19% greater than the delay calculated using SPICE. The
50% point delay from CLK to OUT falling computed in the
timing verifier is 11% greater than the delay computed using
SPICE.

5 Conclusions

We have succeeded in modelling the Elmore delay of a de-
vice accurately and ensuring that the Elmore delay is al-
ways pessimistic. For almost all of our circuits the Elmore
delay computed using the model described in this paper is
greater than the Elmore delay computed using SPICE by
less than 10%. We have successfully incorporated the model
into our static timing verifier and used it to compute the
50% point delays of all circuits whose delays could not easily
be precharacterized. The speed and accuracy of this model
makes full chip timing verification of 600MHz, 15 million
transistor microprocessor design feasible since the majority
of non-critical paths can be filtered out by the timing verifier
and do not need to be verified using time consuming circuit
simulations.
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