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Thus the deepest and most important motive for learning is not the
approval of a vaguely conceived society, not to please one's parents or
teachers, not to get ahead of the Russians. The inner conviction of the
uses of learning for oneself is what overcomes educational handicaps,
even the most severe blocks to learning. For education to be such a
liberating force, it must not be degraded to the position of a tool, but
made the essence of personal growth and development.

Bruno Bettelheim, 1961
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Chapter 1
Introduction

The latest advances in technology have resulted in a modification of the priorities
of integrated circuit designers. With the widespread use of large CMOS chips,
complete systems are being implemented on a single die, and timing has become
the most important constraint placed on IC designs. At the same time, it has become
increasingly evident that simulation is the only efficient means of verifying the
behavior of VLSI circuits both from the logic and timing viewpoints.

Unfortunately, while strict hierarchical design methodologies have been developed
in order to manage the complexity of the design process, the simulation task has
not benefited from the same attention. In many cases, since a circuit simulation of
large portions of the circuits is too expensive, only the simulation of the basic cells
is performed, while the interaction of these cells and the delays due to interconnect
are verified only by logic simulators and timing verifiers. Although various
algorithms have been developed in order to exploit the inherent latency and render
the circuit simulation feasible, they do not take advantage of the design hierarchy
and hence are confronted with the complexity of flattening the circuit and the
rediscovery of a new hierarchy.

In addition to the problems described above, the evolution of technology brings a
new challenge. As device dimensions are reduced and wafer sizes increase, the
influence of the variations of the process parameters upon the circuit performance
increases. Statistical timing evaluation is now sought through worst-case analysis,
delay probability distribution evaluation, and parametric failure prediction. Since
statistical analysis requires repeated runs, the cost of each simulation is even more
crucial. Moreover, in order to perform a meaningful analysis of the variations of the
process parameters, the simulation accuracy must be further improved.
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The goal of this project was to obtain efficiently accurate statistical and non-
statistical timing data, while not neglecting the verification of the circuit logic
behavior. The requirements also included the correct computation of the
correlation between the delays and the discovery of parametric faults. From the
viewpoint of timing simulation in general, we intended to develop a new
methodology that would lead to a better synergy between the design process and
simulation. Finally, in order to reduce the size of the problem, we decided to
concentrate on digital MOS technologies.

In order to meet these goals, we have developed a novel approach to timing
analysis in general, and more specifically to statistical timing analysis. This
approach is based upon the utilization of the design hierarchy for circuit partitioning
and building the simulation hierarchy. The logic and timing behaviors of the blocks
resulting from the partitioning are 'dissociated and modeled separately. The logic
behavior of the blocks is represented by an equivalent finite state machine. The
timing behavior of the blocks is extracted from the timing data obtained under
different conditions by circuit simulations, and a simplified parametric model based
upon statistically independent process parameters and exhibiting the same
characteristics is built. This model provides the basis for an event-driven timing
simulator which has proven to be both fast and accurate. In order to compute the
statistical timing data, a new scheme relying upon the sequence of events
determined in a single simulation has been implemented. As this scheme avoids the
repetition of costly simulations, it results in a significant speed-up and allows us to
perform statistical analyses that would otherwise be prohibitively expensive. In
addition, algorithms for efficient building of higher-level models on the basis of
low-level models were formulated and successfully tested, thus allowing
hierarchical simulation to be performed.

After an overview of the existing simulation tools in Chapter 2, the next chapter
describes our approach as it has been implemented in a program called STAT!
(Statistical Timing Analysis Tool). In Chapters 4 and 5, we develop the concepts of
integrating the simulation in the design process by partitioning the circuit according
to the design hierarchy and computing a regression model of the block behavior.
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Chapter 6 deals with the application of our methodology to timing simulation and
shows the results of the comparison between STAT! and previous approaches on a
few test circuits. In Chapter 7, we elaborate on the statistical problems that can be
solved efficiently by using our simulator. Finally, in Chapter 8, we present our
conclusions and propose directions for future work.
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Chapter 2
Previous Approaches to Timing Evaluation

In this chapter, we review the previous approaches to timing evaluation and more
specifically, we concentrate on their applicability to our goals. The first section of
the chapter is concerned with non-statistical techniques that can be used in order
to compute the timing data. These techniques range from explicit circuit simulation
to timing verification. In the second section, we describe the previous approaches
to statistical timing evaluation.

2.1. Timing evaluation

2.1.1. Circuit simulation

During the 1970's, the most popular way of evaluating the performance of a circuit
was to simulate its physical behavior and extract the resulting delay. This approach
was the basis for the development of CANCER [Nagel 71] and thereafter of a whole
class of circuit simulators of which SPICE2 [Nagel 75] is certainly the best-known.
This first generation of circuit simulators performed an analysis of all nodes (or all
branches) of the circuit and used low-level models of the atomic devices in the
circuits. Circuit simulators offer an unchallenged precision and reliability which
allow for an accurate but expensive verification of the circuit behavior, without
restriction to digital circuits. However, due to the time complexity of explicit
solutions, their use for large circuits is prohibitive. In order to exploit the inherent
latency of digital circuits and speed-up the simulation, local relaxation schemes
have been developed. Static circuit partitioning followed by local waveform
relaxation [Lelarasmee 82] or even dynamic partitioning in windowed relaxation
algorithms are typical examples of the dissociation of local solutions based upon
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loose coupling of the circuit. The event-driven approach was meant to account
implicitly for this latency by scheduling for simulation only the active parts of the
circuit. The first event-driven simulators (such as SAMSON [ Sakallah 83]) were
based upon a pre-processing partitioning step [Vasquez 84] which re-extracted
tightly coupled blocks. A second generation of advanced circuit simulators
implemented the event-driven concept at a lower-level by evaluating the device
current (or voltage) only when one of the device terminal voltages crosses a given
level [Kim 85, Vidigal 86, Odryna 86, Visweswariah 86]. Mixed~-mode simulation
allows models of different complexity to be simultaneously present in a simulation,
Despite the presence of different modeling levels (e.g. logic and circuit levels)
causing interface problems [Beardslee 86], mixed-mode simulation allows to
efficiently simulate large circuits while conserving a high accuracy for the
problematic parts. By building a model of circuit behavior under some pre-defined
conditions, macromodeling techniques [Nassif 86a] not only exploit the latency,
but also speed-up the evaluation itself.

From the perspective of timing estimation, the focus of simulation efforts on
providing a continuous trade-off of speed versus accuracy has led to a paradox. In
modern timing evaluation, extremely good accuracy is required in the delay
computation. However, as large circuits are the main target, only the fastest and
somewhat less accurate of the proposed solutions are acceptable. Furthermore, all
of the proposed circuit simulators attempt to simulate the analog waveforms which,
not only are of little interest for the timing estimation, but also generate
unmanageable amounts of output. Our approach, as we will explain in the next
chapter, is inspired by both macromodeling and advanced simulation techniques.

2.1.2. Timing verification

Timing verification is composed of two complementary applications. The first
application is the verification of the validity of the signals. The verification process
checks that the proper constraints on the data and clock signals are enforced while
trying to pinpoint the critical paths and power wasters. Critical paths are defined as
the longest paths, in terms of tim’ing, between the input and the output. Power

10






