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Abstract

Asymptotic Waveform Estimator (AWE) is a waveform estimator for general
RC networks which can be used to estimate signal propagation delays through
VLSI interconnects. The interconnects are modeled as resistors and capacitors
connected such that each node has a capacitance to ground. State variable
approach is used to obtain the steady-state asymptotes and the Forward Euler
approximation for the capacitors is used to obtain the homogeneous solution.
This approach is quite general and consequently AWE can handle RC networks
with floating capacitors, grounded resistors and multiple drivers. The inputs are
assumed to be ramps of finite slope and can be modeled either as voltage sources
or current sources. RC networks with non-zero initial charge are solved by using
the principle of superposition. The network is first solved with all the node
voltages set to zero. The discharging phenomenon is solved separately by using
the principle of conservation of charge. The two solutions are then superposed to

obtain the total solution.



Chapter 1

Introduction

As VLSI circuit complexity grows, the need for efficient and accurate computer-
aided design tools becomes increasingly important. These tools are required at
all stages of design: layout, extraction, and verification. Circuit designers need
circuit and parasitic extraction tools as well as timing verifiers which operate on
the extracted information to check for the timing characteristics of the circuit.
The faster these tools perform, the shorter the design cycle, leading to improved

efficiency and better performance of the designer.

With increasing chip area and decreasing feature sizes, interconnects have
begun to dominate the delays in propogation along a signal path. This
dominance occurs because of the decreased current drive capability of the
transistors and also because vertical dimensions are not scaled in the same
proportion as horizontal dimensions [1].  Consequently the extraction and

analysis of these RC interconnects have become increasingly important

[3, 13, 16, 19].

RC tree analysis has been used in circuit extractors and timing analyzers for
VLSI circuits. Circuit extractors, in general, follow the principle of supplying the
minimum information sufficient to characterize the parasitics from the circuit
layout. To do this, they must reduce the amount of information extracted by the
interconnect analyzers to a manageable size without overly compromising
accuracy. Fast and efficient RC tree analysis is of great importance at this stage

of minimization [7, 10, 20].



1.1. Circuit Extractors

REDS is a resistor extractor developed by Horowitz and Stark [16] which is
designed to work on a Magic layout database. Interconnects are extracted using a
fast square counting algorithm and the resulting RC trees are simplified to
remove spurious elements. The first order moment of the network’s impulse
response, also known as the Elmore’s delay [5], is then calculated to select the

dominant interconnect nets.

Su, Rao and Trick [19] developed a hierarchical parasitic circuit extractor,
HPEX, which employs a node reduction technique based on the same concept of
Elmore’s delay. But in contrast to REDS, in HPEX Elmore’s delay is used to
obtain a single equivalent resistor and capacitor for the entire RC tree. This
approach was found to be very accurate when the on-resistance of the driver was

much greater than the equivalent resistance of the net.

In cases where the on-resistance of the driving transistor was not dominant a
different method of approximation was found to be very accurate. This approach
makes use of a rigorous derivation of the bounds on the delay through an RC
tree first given by Penfield and Rubinstein [11]. The results from Penfield’s
analysis have been used directly by Putatunda [13] in his delay calculation
program AUTO-DELAY. The average of the upper and lower bounds is used as
the estimate for the delay for the signal transmission from the input driver to the

output node.

More recently, RC tree analysis has also been used in the macromodeling of
transmission gates. Brocco [3] uses the delay parameters defined by Penfield and
Rubinstein [11] as applied to the RC tree representation of the transmission gate
circuit to develop a two time-constant waveform model for circuits containing

RC trees and transmission gates.

All of the above programs depend solely on the delay estimation through an
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RC tree for their node reduction and circuit simplification algorithms. Another
class of simulation tools, known as the Timing Verifiers, also make use of RC
tree delay estimation. The domain of these tools is much greater than that of
parasitic extractors and they are generally used to verify the timing requirements

for the system clocks.

1.2. Timing Verifiers

CRYSTAL is one such timing verifier developed by Ousterhout [10] for digital
nMOS and CMOS circuits. The program uses a switch-level approach in which
the circuit is decomposed into chains of switches called stages. Delays are
computed on a stage-by-stage basis using a simple resistor-switch model based on
rise-time ratios. CRYSTAL uses three different models for comparison purposes:
(1) The lumped RC model, (2) The lumped Slope model and (3) The distributed
slope model. Of these three, the distributed slope model is found to give the most
accurate estimates. This model uses the results of Penfield and Rubinstein [11] in
a way similar to the AUTO-DELAY program. As before, the average of the
upper and lower bounds is used as the delay estimate. Since the stages are a
linear chain of transistors with no side trees, the estimates simplify to Elmore’s

delay [5, 10).

Tamura, Ogawa and Nakano [20] proposed a path delay analysis system for
MOS LSI circuits, taking polysilicon resistance into account. Here again a
nonlinear MOS transistor model is used in conjunction with Penfield and
Rubinstein bounds, to predict the signal delays accurately. The difficulty of
handling ramp inputs is circumvented by dynamically defining the transistor

model parameters for each net in terms of the input slope.

TV is a switch-level timing verifier developed by Jouppi [7]. It is different from
CRYSTAL in that it uses breadth-first search instead of a depth-first search to
find the critical paths. This program also uses the Elmore’s delay for an RC tree

to estimate the delays. Sufficient accuracy has been claimed to have been

achieved by using this simple delay model.
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In all the circuit extractors and timing verifiers discussed above, the delay
analysis of the RC tree plays a crucial part. All of them report good and
sufficient results even with such crude models. An efficient way of obtaining
these delay estimates for a general RC network (including meshes) would most

certainly enhance their applicability.

1.3. Previous Work

The earliest work in this area was done by Elmore [5] who gave a formal
definition of delay for a damped linear network as being equal to the first
moment of the impulse response. RC lines, as distinct from RC trees, were
analysed in detail by Protonotarios and Wing [12] who developed techniques to
approximate the response of such networks. Penfield and Rubinstein [11] derived
expressions to bound the output waveform of an RC tree in terms of the
individual Resistors and Capacitors. Two approximations are made in the
Penfield and Rubinstein method: (1) modeling the input of driving transistors in
terms of step waveforms, and (2) modeling conducting transistors in terms of
linear resistors. Later, Horowitz [6] extended this method by tightening the
bounds and also by suggesting ways to include both the effect of slow inputs and
of the nonlinearity of MOS transistors. Wyatt used the basic framework
developed by Penfield and Rubinstein and improvised upon it by extending it to
include RC meshes [21] and also by tightening the bounds [22, 23].

Lin and Mead [8] used a different approach to deal with networks containing
RC meshes and also arbitrary initial charge distributions. They partitioned the
network into small two-port RC networks and calculated the overall delay in a
hierarchical manner. The above two assumptions made by Penfield and
Rubinstein are also assumed here. Though general in application, the method
derived by Lin and Mead is computationally intense and requires tree

decomposition and load redistribution to handle RC meshes.



1.4. Present Work

This work is intended to develop a simple but general approach to estimate the
waveforms at the nodes of a general RC tree quickly and accurately. The users
can use this information and evaluate the delays based upon their own definition.
As is true of development in general and technical development in particular,
prior work has a profound effect on subsequent thinking. Since the time when
Penfield and Rubinstein proposed their method for finding the bounds on the
output waveform of an RC tree, almost all the work has revolved around the
same principle. One drawback of such an approach is that future developments
become more and more difficult as has been the case here. Though leakage paths
to ground have been ignored so far, modeling of Bipolar transistors entails the
inclusion of resistors to ground. The increasing popularity of BIMOS IC’s only
reinforce the belief that such resistors may not remain uncommon. Moreover,
cross-coupling between lines is becoming increasingly important. Extensions to

handle grounded resistors and floating capacitors have yet to be considered.

This work breaks that traditional view by taking a different approach at the
outset. AWE (Asymptotic Waveform Estimator) uses the State Variable
Approach [17] with explicit Forward Euler [18] approximation extrapolated to its
intersection with the quasi-static [15] steady state to provide delay estimates.
This approach is very general, and can be applied to circuits with grounded
resistors and floating capacitors. The approach can also analyze circuits driven
by multiple inputs. A novel way of handling initial charge is also developed

which overcomes the non-monotonicity associated with such circuits.

Chapter 2 presents the definitions and assumptions made in AWE. A definition
of delay is also presented there. Chapter 3 presents the derivition of the
principles which underlie AWE. A simple scheme based upon charge conservation
to handle initially charged circuits is also discussed in the chapter. Chapter 4
shows the results obtained by simulating a wide range of circuits using AWE.

Conclusions and possible future work are presented in Chapter 5.



Chapter 2

Definitions

This chapter presents the assumptions and definitions employed in AWE. The
input to AWE could be from any of the commonly used circuit extractors which
generate as their output a wirelist of all the parasitic resistors and capacitors

together with an appropriate Thevenin equivalent for the transistors.

2.1. RC Network

An RC network, as referred to in AWE, is any arbitrary connection of resistors
(R) and capacitors (C), such that the resulting network satisfies the following

conditions:

1. Every node in the network has a capacitor to ground except the input
nodes.

2. Every node in the network has a DC path to ground or to an input
node.

3. All the resistors and capacitors in the network are constant and time-
invariant.

An internal node in a RC network refers to any node in the network such that
there is no input source connected directly to it. Also it is assumed that there are

N such nodes.

The restrictions imposed above are not as severe as they ‘may appear and are
satisfied by almost all MOS and Bipolar networks. More severe restrictions such

as (a) Unique path from any node to the input [6], (b) No floating capacitors



9

[6, 8], (c) No resistors to ground [6, 8] or (d) No initial charge [6, 8] have been
dispensed with. Zhang [24] too had none of the above restrictions but as has been
shown in the next section the definition of delay presented there implicitly

imposed some of them, in particular (b), (c) and (d).

There is no restriction placed on the number of inputs which may drive the
network, in contrast to that in the work of Rubinstein [6] and others. Such
situations may arise, for example, in cases where both of the inputs of a two-
input NAND gate are turned off simultaneously. This situation results in the
network being charged through both of the p-type transistors simultaneously.
Another more complicated situation occurs when a common bus is being charged

through more than one transistor [Figure 2-2].

2.1.1, Capacitance

The requirement that there be a capacitor to ground at all the non-input nodes
is easily met by the RC network modeling of a CMOS interconnect. The
interconnect may consist of polysilicon, diffusion and metal lines connecting the
input driver transistor to the gates of the various output transistors. At every
output node there exists a capacitance to ground equal to the gate capacitance of
the driven transistor. The metal lines can be modelled as pure capacitances due
to their negligible resistivity. The polysilicon lines can be accurately modeled as
RC distributed lines [13]. The contacts between metal and polysilicon, diffusion
and metal can also be modeled as a single lumped capacitor at that node. The
crossing of two conducting layers, but belonging to different interconnect

networks, can also be modelled by capacitances to ground.

As feature sizes decrease, the cross-coupling between two adjacent lines can
become important in the delay estimation. These can be modeled by a capacitor
between the two lines [Figure 2-1]. These are different from the shunt
capacitances in that neither end of these capacitors is connected to ground. Such

floating capacitances may also be used to model the gate to drain capacitance






