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PREFACE

This book is our earnest and first effort at demystifying power integrity, its
detailed analysis, and its management for integrated circuits in the nanometer
scale era.

The focus of the book is squarely on integrated circuits and power integrity
as it pertains to such components. It is intended both for the student engineer gain-
ing an introduction to the field of integrated circuit design, and for those skilled in
the art, developing systems based on integrated components. Hence, every attempt
has been made to emphasize basic concepts, principles, and intuitive understand-
ing, while also discussing state-of-the-art and advanced concepts and technolo-
gies. This book differs from prior, related efforts at least in that it emphasizes
comprehensive, true-physical modeling of integrated circuits and systems behav-
ior. Beginning with an intuitive understanding of power integrity in a fundamental,
physical sense, through analogies with mechanical systems and their underlying
laws, we explore root causes for a rise to predominance of power integrity as a
performance differentiator for integrated circuits.

A simple example is helpful in establishing the importance of power integ-
rity to integrated circuits and systems. Today, as integrated systems become
increasingly powerful and portable, system and device power and energy con-
sumption is a critical design constraint. But less noticed is power integrity, despite
its principal role in determining power consumption. Most of us notice that if we
dim the lights in our entertainment rooms too much, sharp changes in brightness
of our television screens hurt our eyes. Our attempt to reduce lighting energy
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consumption therefore depends directly on the level of light noise we encounter.
The very same is true for integrated circuits: minimization of power and energy
consumption through supply voltage reduction, a fundamental approach, depends
directly on knowing the level of power supply noise, or, in other words, power
integrity.

We must nevertheless confess that motivation for this work comes in large
part from power integrity studies into high-performance microprocessors rather
than from a need to save energy in low-power, system-on-chip components. While
engaged in the investigation of technologies for future generations of processor
packages, we observed a lack of tools enabling the determination of the spatio-
temporal coincidence of power supply noise with critical path activation within
circuits, Optimization of the placement of power integrity management compo-
nents such as package capacitors remains an afterthought in package design. Non-
physical approximations such as simplified resistance-capacitance models are
commonly employed in the analysis of a chip power distribution network. It is
well known that the extraction of key electromagnetic aspects of on-chip intercon-
nect, or resistance, capacitance, and inductance, and simulation of such extracted
models with circuit blocks and system-level components, are tasks of high and
increasing computational complexity. Hence, optimization of on-chip power
grids, circuit block placement, and decoupling capacitance allocation also suffers
in quality. More importantly, we see an absence of early, front-end tools for allo-
cation of chip resources such as metal, decoupling capacitance, and external con-
nectivity such as power supply pads with respect to power integrity performance.
This constrains quality and degrees of freedom in physical design, often leading to
overallocation of chip resources, or excessive iterations of design. With many
additional challenges in nanometer-scale fabrication processes, we see this
absence of comprehensive, true-physical investigation, and of front-end analysis
capability for power integrity, to be significant challengeé to continued scaling of
integrated devices.

We have therefore endeavored to put into book form our learning and inves-
tigations over the past decade into this important aspect of integrated circuit
design. Our work in this field has taught us that high levels of abstraction and
physics-based modeling and analysis addresses many of the challenges of power
integrity. This learning is captured in the book, along with traditional and
advanced methods and techniques for power integrity analysis.

While we discuss many necessary aspects of power, power integrity, power
supply, and distribution network design, as well as power integrity management,
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this book is, quite simply, only an introduction to this complex topic. Discussions
within may at times appear to be too brief, or, occasionally, overly laden with
details and exemplary illustrations, and at times even appear to be repetitive.
While many readers will grasp the principles and theory discussed readily, we
believe lay readers will find additional explanations, examples, and reiteration
within helpful. Readers of all levels will appreciate some of our exercises
designed to invoke thought beyond the teachings of chapter material. The book is
meant to provide a fuller understanding of power integrity as it relates to inte-
grated circuits, and strives to focus on derivations from first principles as well as
intuitive understanding. Empirical understanding is also provided in places within
along with our considered inferences where appropriate.

We humbly opine that as researchers ourselves, we are fallible; we’ve ven-
tured to discuss concepts in this book that are not yet in common use, which must
therefore be applied by our readers after diligent and thorough validation in their
work. Skilled practitioners nevertheless will, we believe, find the advanced con-
cepts discussed in this book resonating well with their own efforts, and, on occa-
sion, to be surprising discoveries advancing their learning. For instance, we
discuss differential power distribution as a “broadband” power supply distribution
method. Signal integrity engineers may readily appreciate the similarities that this
concept shares with differential signal transmission, which has all but replaced
single-ended signaling. We also discuss active noise regulation, a technique that
dynamically changes network impedance at a power grid junction, enhancing
power integrity. These and other concepts and techniques, as for example, holistic
integration, and the constructive employment of supply undulations to benefit cir-
cuit performance through dynamic timing analysis, are proposed with confidence
but not necessarily with sufficient prior implementation and empirical evidence.
We hope readers and researchers will find these concepts as intriguing and
enlightening as they have been to us.

Book Organization

At a high level, the book is organized into four distinct parts. The first part, com-
prising Chapters 1 to 3, provides a foundational understanding of power integrity,
the challenges posed for power and power integrity by relentless scaling, practical
aspects of power delivery, and the beneficial application of total power integrity to
chip physical design optimization. Chapters 4 through 7 form the second part,
which focuses on various aspects of power distribution network modeling, design,
and analysis. These chapters highlight abstraction and physics-based analysis while
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also providing copious discussion of traditional circuit- and field-solver-based
techniques. The third part concentrates on floorplanning and implementation of
various techniques for power integrity management. Chapters 8 and 9 comprise this
part of the book, and discuss advanced power integrity management concepts and
implementations. Chapter 10 closes the book with a discussion on integration
trends and the consequent challenges for power integrity. Brief descriptions of the
individual chapters and recommended reading strategies follow.

Chapter 1, “Power, Delivering Power, and Power Integrity,” employs physi-
cal analogies to develop an intuitive understanding of power and aspects of power
integrity. For instance, the force-voltage analogy is used to relate work done,
power, and energy in electrical form to the same quantities in the physical world.
Beginning readers in the field will find this chapter helpful in developing an
appreciation for power integrity, whereas skilled practitioners may wish to skip
the chapter, or skim through it to review and refresh some salient points.

Chapters 2 and 3 are essential segments of the first part of the book, recom-
mended for both beginning experimenters and skilled practitioners of the field.
Chapter 2, “Ultra-Large-Scale Integration and Power Challenges,” delves deeply
into fundamental aspects of CMOS scaling and energy-delay, illustrating through
simple derivations differences between nanoscale and prior integrated circuit fab-
rication regimes. This chapter sets a foundation for discussions on fotal power
integrity including inductive aspects of chip power grids by demonstrating poten-
tial follies ensuing from the exclusion of inductance in signal propagation analysis
as it relates to energy and circuit performance. The chapter also derives scaling-
driven relationships for power integrity and system aspects that influence it
directly. Chapter 3, “IC Power Integrity and Optimal Power Delivery,” discusses
power delivery and IC power distribution, and in particular, details distributed
voltage regulation as well as a connection between switched, efficient power con-
version and scaling. These chapters firmly establish the significance of on-chip
inductance to chip power grid design, and provide methods for its incorporation
into power integrity analysis.

Chapters 4 through 7, recommended for readers of all skill levels in the field,
discuss various techniques for power distribution network modeling and analysis
in much detail. Chapter 4, “Early Power Integrity Analysis and Abstraction,”
details front-end analysis and abstraction based chip and power distribution net-
work modeling. Chapter 5, “Power Integrity Analysis and EMI/EMC,” begins
with a detailed description of traditional power distribution network modeling and
impedance management, discusses modeling methods and numerical analysis, and
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establishes the importance of, and accuracy in, 3D field-solver-based methodolo-
gies. The chapter then illustrates the application of such analysis methods to
exploring the close relationship between power integrity and electromagnetic radi-
ation in chip packages. It again highlights the need for comprehensive, system-
level, and early analysis of power integrity as well as EMI. Chapter 6, “Power
Distribution Modeling and Integrity Analysis,” presents a modeling technique that
employs distributed RLC elements for accurate and efficient on-chip power
distribution analysis, and applies the technique to a case study demonstrating the
effects of different power supply noise reduction techniques. Chapter 7, “Effective
Current Density and Continuum Models,” describes a novel modeling method that
permits the abstraction of a power distribution grid into a continuum model of
greatly reduced computational complexity. The chapter includes numerous illus-
trative examples demonstrating benefits of abstraction-based modeling in chip
floorplanning, and compares a continuum model-based simulator with SPICE.

Chapters 8 and 9 combine state-of-the-art and advanced methodologies and
concepts developed in the industry for power and power integrity management, as
well as power-integrity-aware floorplanning. Chapter 8 in particular focuses on
chip floorplanning and design with power integrity awareness, and discusses the
impact of power management techniques on power integrity. Chapter 9 details
chip- and package-level power integrity management techniques, exploring
advanced techniques such as decoupling capacitance channel length design,
triple-well fabrication processes, voltage-dependent capacitance, and active pack-
aging. These chapters are recommended reading for practicing and experienced
engineers.

Chapter 10 forms a brief, closing segment of the book, discussing advanced
technologies and trends for continued device scaling and electronics integration.
Readers will find ample evidence for integration moving into the third dimension
through silicon and packaging technologies in this chapter. Integration driven by
miniaturization and cost-reduction requirements is described in detail, with impli-
cations to power, heat, and power integrity challenges highlighted.

Supporting Material

Appendices included in the book assist by providing further detail for derivations
or theory in the more mathematical chapters of the book. Appendix A is the com-
plete derivation of the Effective Current Density based continuum modeling
approach to conducting grids. Appendix B provides a derivation of the Helmholtz
equation for planar circuits.
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Internet links dispersed throughout the book are intended to provide readers
with ready access to advanced simulation results visualization as well as online
reference documents. In like manner, footnotes throughout all chapters provide
readers with ready clarification of uncommon terms or concepts.

The continuum model based power grid simulator employing abstraction for
chip power grid, circuit blocks, and capacitance, RLCSim.exe, is freely available
from Anasim at the web link: http://www.anasim.com/category/software/. This
Microsoft Windows compatible software comes with a manual and a set of exam-
ples including some experiments of Chapter 4.

Further Learning

Other texts in this area, listed early among the references in Chapter 9, provide
excellent treatment of printed circuit boards, planes, passive components, trans-
mission lines, and related circuit behavior. We hope that our unwavering focus on
integrated circuits and power integrity in this book will complement these other
works well, while paving the way for further investigations into advanced analysis
methods and power integrity management. Advancement in power integrity mod-
eling and analysis capability as discussed within will be key to facilitating sustain-
able, 3D, and holistic integration in the nanoscale regime. It is with this belief that
we offer our work and learning to you as stepping stones to further learning and
accomplishment.

Raj Nair
Donald Bennett
Anasim Corporation
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