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Preface

Traditional deterministic computer-aided-design (CAD) tools no longer serve
the needs of the integrated circuit (IC) designer. These tools rely on the use
of corner case models which assume worst-case values for process parame-
ters such as channel length, threshold voltage, and metal linewidth. However,
process technologies today are pushed closer to the theoretical limits of the
process equipment than ever before (sub-wavelength lithography is a prime ex-
ample) - this leads to growing levels of uncertainty in these key parameters.
With larger process spreads, corner case models become highly pessimistic
forcing designers to overdesign products, particularly in an application-specific
integrated circuit (ASIC) environment. This growing degree of guardbanding
erodes profits, increases time to market, and generall will make it more diffi-
cult to maintain Moore’s Law in the near future.

The concept of statistical CAD tools, where performance (commonly gate
delay) is modeled as a distribution rather than a deterministic quantity, has
gained favor in the past five years as a result of the aforementioned growing
process spreads. By propagating expected delay distributions through a circuit
and not a pessimistic worst-case delay value, we can arrive at a much more ac-
curate estimation of actual circuit performance. The major tradeoff in taking
this approach is computational efficiency. Therefore, we can only afford to use
statistical CAD tools when their performance benefit is compelling. In earlier
technologies this was not the case. However, many companies now feel that
the levels of variability, and the stakes, are high enough that the day of sta-
tistical CAD has arrived. An inspection of current CAD conference technical
programs reflect a large amount of interest from both academia and industry;
the current year’s Design Automation Conference (DAC) has at least a dozen
papers on this topic, nearly 10% of the conference program. While a large
fraction of this work has been in extending traditional deterministic static
timing analysis (STA) to the statistical regime, power is also critical due to
the exponential dependencies of leakage current on process parameters.

As a result of the above trends, the pace of progress, in the past few years
in statistical timing and power analysis has been rapid. This book attempts to
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summarize recent research highlights in this evolving field. Due to the rapid
pace of progress we have made every effort to include the very latest work
in this book (e.g., at least five conference publications from the current year
are included in the reference list). The goal is to provide a “snapshot” of the
field circa mid-2005, allowing new researchers in the area to come up to speed
quickly, as well as provide a handy reference for those already working in this
field. Note that we do not discuss circuit techniques aimed at reducing the
impact of variability or monitoring variability, although we feel these will play
a key role in meeting timing, power, and yield constraints in future ICs. The
focus here is on CAD approaches, algorithms, modeling techniques, etc.

On a final note, a key to the widespread adoption of statistical timing
and power analysis/optimization tools is designer buy-in. This will only come
about when there is open discussion of variability data, variation modeling
approaches (e.g., Does a Quad-Tree model accurately capture the actual be-
havior of spatially correlated process parameters?), and related topics. We
believe that the recent progress in algorithms for statistical analysis and opti-
mization has brought us to the point where these practical issues, and not the
underlying tool capabilities, are the limiting factor in commercial acceptance
of the approaches described in this book.

This book is organized into six chapters. The first chapter provides an
overview of process variability: types, sources, and trends. The second chapter
sets the stage for the following four chapters by introducing different statisti-
cal modeling approaches, both generic (Monte Carlo, principal components)
and specific to the topic of integrated circuit design (Quad-Tree). The third
chapter summarizes recent work in statistical timing analysis, a ripe field of
research in the past 4-5 years. Both block-based and path-based techniques
are described in this chapter. Chapter 4 turns attention to power for the
first time — both high-level and gate-level approaches to modeling variation in
power are presented with emphasis on leakage variability. Chapter 5 combines
ideas from the previous two chapters in examining parametric yield. This im-
portant performance metric may replace other more traditional metrics, such
as delay or power, in future ICs as the primary objective function during the
design phase. Finally, Chapter 6 describes current state-of-the-art in the sta-
tistical optimization area — the work to date is primarily aimed at timing yield
optimization and ranges from sensitivity-based to dynamic programming and
Lagrangian relaxation techniques.

The authors would like to thank Carl Harris of Springer Publishers for
arranging for this book to be published and also for consistently pushing us
to the finish line. We thank Sachin Sapatnekar for comments on the general
content of the book and we also thank Amanda Brown and Paulette Ream
for help in proofreading and generating figures.

Ann Arbor Michigan, Ashish Srivastava
May 2005 Dennis Sylvester
David Blaauw
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1

Introduction

The impact of process and environmental variations on performance has been
increasing with each semiconductor technology generation. Traditional corner-
model based analysis and design approaches provide guard-bands for parame-
ter variations and are, therefore, prone to introducing pessimism in the design.
Such pessimism can lead to increased design effort and a longer time to mar-
ket, which ultimately may result in lost revenues. In some cases, a change in
the original specifications might also be required while, unbeknownst to the
designer performance is actually left on the table. Furthermore, traditional
analysis is limited to verifying the functional correctness by simulating the
design at a number of process corners. However, worst case conditions in a
circuit may not always occur with all parameters at their worst or best pro-
cess conditions. As an example, the worst case for a pipeline stage will occur
when the wires within the logic are at their slowest process corner and the
wires responsible for the clock delay or skew between the two stages is at the
best case corner. However, a single corner file cannot simultaneously model
best-case and worst-case process parameters for different interconnects in a
single simulation. Hence, a traditional analysis requires that two parts of the
design are simulated separa.tely, resulting in a less unified, more cumbersome
and less reliable analysis approach. The strength of statistical analysis is that
the impact of parameter variation on all portions of a design are simultane-
ously captured in a single comprehensive analysis, allowing correlations and
impact on yield to be properly understood.

As the magnitude of process variations have grown, there has been an
increasing realization that traditional design methodologies (both for analysis
and optimization) are no longer acceptable. The magnitude of variations in
gate length, as an example, are predicted to increase from 35% in a 130nm
technology to almost 60% in a 70 nm technology. These variations are generally
specified as the fraction 30/u (30 is assumed to be the worst case shift in
the parameter), where o and p are the standard deviation and mean of the
process parameter, respectively. Thus a 60% variation in 70nm technology
implies that the standard deviation of the distribution of gate length across a
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large number of samples is 14 nm. With variations as large as these, it becomes
extremely important that the designers treat these variation in a statistical
manner rather than using gaurd-bands in deterministic analysis.

1.1 Sources of Variations

The traditional approach to ensuring acceptable yield is to estimate mar-
gins, while assuming worst-case process and environmental conditions. With
increasing clock frequency and the growth of variations, these margins have
become a larger fraction of the total clock cycle, making the traditional tech-
niques hard to sustain. Part of this difficulty is that margins do not result from
a single source of randomness. They are, in fact, used to capture a host of
physical effects that are either truly statistical (and hence unknown at design
time), or are hard to model while performing analysis.

The first step to consider the impact of variations during the design pro-
cess is to understand the sources of variations and the impact they have on
performance. We first characterize the variations based on their sources.

1.1.1 Process Variations

Process variations are fluctuations in the value of process parameters observed
after fabrication. These variations result from a wide range of factors during
the fabrication process which determine the ranges of variations. It is obvious
that large variations in process parameters will lead to designs that devi-
ate strongly from their specifications. These variations effect the performance
characteristics of devices as well as interconnects. The resulting distribution
for performance across a large set of fabricated samples leads to the defini-
tion of parametric yield, which is the fraction of manufactured samples that
meet the performance constraints. Parametric yield should be contrasted to
manufacturing yield that defines the fraction of samples manufactured with-
out catastrophic manufacturing failures (such as wire shorts and opens) that
render a given sample useless at any frequency.

For a given process technology, two different designs can have significantly
different parametric yield. This results from the fact that the same variations
in process parameters may influence two designs in very different manners.
For example, we will see in Chap. 2 that designs with a large number of timing
critical signals have an increased susceptibility to process variations. In this
context, we define the so-called timing yield as the fraction of samples of a
design that meet the timing constraint, and similarly we define the power yield
as the fraction of samples that meet the power constraint.

1.1.2 Environmental Variations

These variations capture the variations in the surrounding environment in
which a chip sits during its operation. This includes temperature variations,
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variation in the power supply and variations in switching activity (defined by
the input vectors). A reduced power supply lowers the drive strengths of the
devices and hence degrades performance. Similarly, an increased temperature
results in performance degradation for both devices and interconnects. It is
important to understand that these variations depend on the work-load of the
processor and are hence time-dependent. Thus, the set of input vector com-
binations that result in a worst-case voltage supply drop can occur on any
possible sample of the design but will, in all likelihood, occur only intermit-
tently during its operational life time. Thus, power supply and temperature
variations are generally not treated statistically, since every shipped chip is
required to operate without failures over its entire operational life-time. Power
supply drops and high temperatures are, therefore, assumed during the ver-
ification of a design. However, identifying specific worst-case conditions for
temperature and power supply variation is extremely difficult. Therefore, de-
signers often focus on minimizing temperature and supply variations as much
as possible, such as ensuring that the voltage drop on a power grid is always
within 5%-10% of the nominal supply voltage.

A particularly interesting situation occurs when process variations in-
creases the current demands on the power supply grids. In older technologies,
leakage power dissipation was a concern only in designs that spent a large
fraction of their time in stand-by. With leakage power becoming a significant
contributor to total power dissipation, leakage currents flowing through the
power grid can result in significant supply voltage drops. Moreover, assum-
ing that all devices are operating at their highest leakage will be extremely
pessimistic. In this situation, it becomes important to estimate the mean and
variance of voltage drops and temperature hot-spots based on variation in
process parameters [50], [51], since worst-case leakage induced power-supply
drops and hot-spots cannot be expected to occur on each sample of a design.

Leakage currents themselves also increase strongly with an increase in
temperature, just as increasing leakage currents may result in a higher tem-
perature. In certain cases, this positive feedback can be strong enough to
cause thermal runaway, where the currents and temperature in the design
continue to increase until failure. Thus, it is important that chip level leakage
and temperature analysis are performed in a self-consistent manner [156].

1.1.3 Modeling Variations

These variations result from the fact that the power and delay models used
to perform design analysis and optimization are inaccurate and do not per-
fectly capture device characteristics. These models, if conservative, will make
it harder to meet design specifications, whereas aggressive models will result
in yield loss. The sample-space of these variations is over design iterations,
with different modeling errors at different design points. The tradeoff, in us-
ing smaller margins to capture modeling variations, involves the likelihood of
tuning particular paths post-fabrication or going through the entire design
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process again. Thus, we typically want to be conservative while accounting
for modeling variations, since it affects all fabricated samples of a design.

1.1.4 Other Sources of Variations

Though most variations are included within the previous three classes of vari-
ations, there are physical effects that result in a change in process parameter
with time. These effects include phenomena such as hot electrons, negative
bias temperature instability (NBTI) and electromigration. Hot electron and
NBTI effects result in device degradation with time causing the threshold
voltage of the device to rise. Electromigration may cause increased wire resis-
tance due to a reduction in the width of a wire, which increases the resistance
of the wire and increases propagation delay. In the worst case, it will result in
wire opens and shorts causing functional failure. The impact of these varia-
tions depends strongly on process and environmental variations. A wire that
has a smaller width to start-off (due to patterning) and is used to provide
current to a hot section of the design that demands large currents is much
more likely to fail due to electromigration. If these effects are not properly
accounted during the design process, they may result in timing errors that
become visible during operation or burn-in. The analysis of these variations
is particularly difficult, since they become visible after a reasonable time of
operation. Therefore, techniques such as burn-in, which are accelerated test
techniques, are used. These testing techniques are used to stress the design
to operate under worst-case conditions. However, these testing techniques are
expensive and have a large application time.

1.2 Components of Variation

For the purpose of design analysis, it is beneficial to divide the variations
into two categories: inter-die and intra-die variations. As we will see in later
chapters, these components influence the performance of a design differently.
Moreover, the influence of these components also depends on how well the
design is optimized, which impacts the number of critical paths in a design.

1.2.1 Inter-die Variations

Inter-die variations refer to a parameter variation that has the same value
across a single die, and hence captures variations that occur from die-to-die,
wafer-to-wafer and lot-to-lot. Since these variations are independent, they are
all represented using a single variational term for ease of analysis. These vari-
ations are thus represented by a single value for each die and represent a
shift in the mean or expected value of the parameter distribution from the
nominal value. These variations include gate-length variations due to fluctua-
tions in the time of exposure during fabrication and metal thickness variations
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between different metal layers. Thus, considering inter-die variations for a pro-

cess parameter, we can write the value of a parameter for a device as a random
variable (RV).

P= Pnom + APinter (1-1)

where P,om is the nominal value of the process parameter and Py, is a zero
mean RV that captures the inter-die variation. The RV Py, has a single
value for all components on the die. The inter-die variations are generally as-
sumed to have a simple distribution, such as Gaussian, with a given variance.
These variations may have systematic trends across dies that can be captured
if the specific orientation and location of a die on the wafer is known. How-
ever, the designer typically has no control where his chip will be placed on a
wafer. Moreover, this information is not available at design time and hence
the impact of these factors on process parameters must be captured using a
random variable.

Inter-die variations in a single process parameter are easily captured by
corner models, which assume that all devices and interconnects on a given
sample of the design have a value that is shifted away from the mean by a fixed
value that degrades (improves) performance, for slow (fast) path analysis.
However, when a number of process parameters are considered simultaneously
it is important to consider the correlation between these process parameters.
As discussed above, thickness of metal layers that are negatively correlated
can result in timing failures when the logic is slower than nominal and clock
is faster than nominal. The number of process corners at which a design needs
to be simulated for functional correctness thus increase exponentially with the
increase in process parameters.

1.2.2 Intra-die Variations

Intra-die variation is the component of variation that causes device parameters
to vary across different locations within a single die. Thus, each device on a
die requires a separate RV to represent its intra-die variation. Depending
on the source of variations, intra-die variations may be spatially correlated -
or spatially uncorrelated. Though all variations are random, the accepted
terminology is to use the term random variations specifically to refer to the
uncorrelated component of intra-die variations.

It is obvious that intra-die variations result in a huge increase in the di-
mensionality of the problem by requiring an extra RV for each device. In
addition, these RVs are correlated due to proximity-effects. Since, it is com-
putationally very expensive to generate samples of correlated RVs of high
dimensionality, traditional statistical analysis methodologies such as Monte
Carlo become unsuitable in scenarios where intra-die variations are signifi-
cant, whereas deterministic approaches fail to capture the effect of intra-die
variations completely. Spatially correlated random variations can be handled
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by dividing the chip into regions that can be assumed to be perfectly corre-
lated and using a correlation matrix to capture the correlation among these
RVs. If the number of these perfectly correlated regions are small, they can
be handled easily.

Now, considering both intra-die and inter-die variations for a process pa-
rameter, we can write the value of a process parameter as

P = Prom + APipter + APintra(wi; yi)
= Paom + APter + APspat.ia.l(-Tiy yi) + Aandom.i (1~2)

where APiytra(Ti, ¥:) represents intra-die variation that consists of a spatially
correlated component A Pypatial, Which is a function of the location on the die
and an independent or so-called random component APiandom,i that has no
correlation with other devices and is represented as a separate RV for each
device.

Intra-die variations can also be classified based on their origin as: wafer-
level trends, layout dependent variations and statistical variations.

Wafer-level Variations

Wafer-level variation originate due to effects such as lens aberrations and
result in bowl-shaped or other known distributions over the entire reticle, which
results in a slanted profile of the process parameter across a single die. Again,
the direction of slant varies depending on the orientation of the die on the
wafer and cannot be ascertained a priori.

Layout Dependent Variations

Layout dependent variations result in different geometric dimensions due to
lithographic and etching techniques that are used during fabrication. These
include fabrication steps such as chemical mechanical polishing (CMP) and
optical proximity correction (OPC). CMP results in variations in dimensions
due to dishing (shown in Fig. 1.1) and erosion. Dishing arises from the fact
that all excess copper must be removed from the wafer — to accomplish this
goal, a wafer is typically over-polished, removing some of the copper that is
supposed to remain. As copper etches much faster than the surrounding di-
electric, the wire ends up being shorter than the oxide. Dishing is the vertical
distance between the final oxide level and the lowest point in the copper wire.
A substantial amount of dishing leads to increased resistance, worsened pla-
narity, and overall process non-uniformity. Constraints are set on the process-
ing equipment (including slurries and pads) to limit the amount of dishing in
the widest wire expected in a given process. Oxide erosion is another problem
- normally in this case CMP is applied to an array of dense lines. The oxide
between wires in a dense array tends to be over-polished compared to nearby
areas of wider insulators (that is, oxide between sparse features will be thicker



