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R E F A C E

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 gaining 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 understanding, while also discussing state-of-the-art and advanced concepts and technologies. This book differs from prior, related efforts at least in that it emphasizes
comprehensive, true-physical modeling of integrated circuits and systems behavior. 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 integrity to integrated circuits and systems. Today, as integrated systems become
increasingly powerful and portable, system and device power and energy consumption 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 spatiotemporal coincidence of power supply noise with critical path activation within
circuits. Optimization of the placement of power integrity management components such as package capacitors remains an afterthought in package design. Nonphysical 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 interconnect, 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 allocation of chip resources such as metal, decoupling capacitance, and external connectivity 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 challenges to continued scaling of
integrated devices.
We have therefore endeavored to put into book form our learning and investigations 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 integrated 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 ventured 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 concepts discussed in this book resonating well with their own efforts, and, on occasion, 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 circuit 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, comprising 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 physical 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, recommended 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 fabrication regimes. This chapter sets a foundation for discussions on total power
integrity including inductive aspects of chip power grids by demonstrating potential follies ensuing from the exclusion of inductance in signal propagation analysis
as it relates to energy and circuit performance. The chapter also derives scalingdriven 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 conversion 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 network 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 methodologies. The chapter then illustrates the application of such analysis methods to
exploring the close relationship between power integrity and electromagnetic radiation in chip packages. It again highlights the need for comprehensive, systemlevel, 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 illustrative 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 packaging. 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 implications 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 complete 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 examples 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, transmission 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 modeling and analysis capability as discussed within will be key to facilitating sustainable, 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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Power, Delivering Power,
and Power Integrity

Power may be defined as the capacity to perform work, and is measured as the
work done or energy transferred per unit of time. The greater the power, the
greater the capacity to move something (against forces of attraction, repulsion, or
friction) or to transfer energy (by raising the temperature of a substance, for example). With reference to electronic systems, and integrated circuits in particular,
power is the presence of voltage, or electromotive force, and current, or the flow
of charge. Power enables the performance of desired functions in the system and
is delivered by devices that generate, store, or regulate electromotive force or flow
of charge. Electronic circuits and systems consume this delivered power and convert it into other desired forms of energy or activity. The integrity of delivered
power relates to its stability and invariability through variations in energy expenditure, in transfer elements, in the generating source, or in the surrounding environment. These aspects are expounded on in the following sections of this chapter,
with a focus on integrated circuits and systems.
1.1 Electromotive Force (emf)
The discovery of electromotive force is attributed to physicist Alessandro Volta
(1745–1827), who invented the electric battery or voltaic pile. Electric batteries
possess the ability to move electric charge. They perform work, a prerequisite of
which is the existence of force; batteries are therefore termed sources of electromotive force or emf.
The unit of emf is the volt, and as defined in the international system of
units, one volt equals one joule per coulomb, where joule is the unit of energy and
1
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coulomb is the unit of electrical charge. Viewed another way, if a charge of a coulomb gains a joule of energy in passing through a device, the emf present across
the device is a volt.
Since the movement of charged particles and gain (or loss) of energy is
involved, mechanical analogies are often employed to illustrate aspects of electrical behavior such as emf, current, and power. The force-voltage analogy is a common example, wherein mechanical force is equated to electrical voltage.
1.1.1

Force-Voltage Analogy

The force-voltage analogy [1] is attributed to James Clerk Maxwell.1 Since the SI
(French Le Système International d’Unités, or International System of Units) unit
of force is the newton, and the unit of emf is the volt, this analogy is not altogether
consistent. Nevertheless, many aspects of electrical behavior mirror the behavior
of physical objects, and such an electrical-mechanical analogy assists comprehension. An electrical “tank” circuit, for example, behaves in much the same way as
the pendulum of a mechanical clock.
Work done, whose SI unit is the joule, involves force and distance. Hence:
W ( joules ) = F (newtons ) i d (meters )

(1-1)

Similarly, voltage difference, or electrical potential difference, in a homogeneous medium, is the work in joules required to move a coulomb of charge from
a point to another. Therefore:

V (volts ) =

W ( joules )
Q(coulombs )

(1-2)

If one associates force with voltage, following the relationships above, distance in mechanical terms will be equivalent to charge in electrical terms. Distance over time, or velocity, will be equivalent to charge transferred over time, or
current.

1. James Clerk Maxwell, Scottish theoretical physicist and mathematician, 1831–1879. [2]
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Consider the expression for kinetic energy:
1
Kinetic Energy = mv 2
2

(1-3)

where m is the mass and v the velocity of the object. Also consider the expression
for energy stored in a magnetic coil:

Energy of an inductor =

1 2
LI
2

(1-4)

where L is the inductance of the magnetic coil, and I the current flowing
through the coil. These expressions suggest an equivalence between mass and
inductance.
The distance moved by an elastic spring increases the energy stored within it
and linearly increases its force of resistance. Similarly, charge transferred into an
electrical capacitance device increases the energy stored in the capacitance, and
linearly increases emf across its terminals. Work done on a spring, or an increase
in its potential energy, is given, following Hooke’s Law, by:
1
Spring PE = kx 2
2

(1-5)

where k is the elastic constant of the spring and x the elongation or compression.
This relationship is equivalent to that for electrical potential energy stored in a
capacitor:
1
Capacitor PE = CV 2
2

(1-6)

The equivalence is to an extent hidden within these expressions, since V does
not correspond to x. The expression for potential energy in a spring may be derived
by the integration of force (given by Hooke’s Law as k i x) over distance traversed
(dx), which derivation is left to the reader. Hence, the expression for potential
energy is obtained from force i distance ((k i x) i x), as in the fundamental
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definition of work done. Similarly, the expression of potential energy in a capacitor
is derived from voltage i charge (V i (C i V)), which also follows from the definition of work done in electrical terms, in a manner consistent with the force-voltage
analogy.
It is also useful to note the equivalence of energy in static and dynamic analysis of fluid flow to electrical energy, since electric current may be described as a
fluid-like flow of electrons or charge at a macroscopic level. Gravitational potential energy is given by m i g i h, where m is mass, g is acceleration due to gravity,
and h is the height increase. In an analogy with liquids, it is common to equate
pressure at the bottom of a liquid column with emf. A conduit joining two columns of different diameter, but of the same height and fluid matter, will see no
fluid flow since fluid pressure will be the same at both ends of the conduit. This
example is equivalent to two capacitors of different capacitance value charged to
the same electric potential. If the column heights are different, a flow of liquid
between the two columns will be established through the conduit, subject to its
diameter. The electrical equivalent to this physical analogy is the relationship
between emf, or voltage, and charge flow, or current, as presented by Ohm’s Law:

I (amperes ) =

V (volts )
R(ohms )

(1-7)

where R, or resistance, is the property by which materials oppose or resist the flow
of charged particles through their atomic structures. Resistance is a property that
leads to energy absorption. It is also a property that leads to loss of emf in an electrical circuit, since:
V =I iR

(1-8)

whereby some electromotive force is spent in overcoming the resistance of a connecting element to the flow of charges through it, much as force is spent overcoming friction in mechanical systems.
Another analogy sometimes used is the force-current analogy, in which an
electrical current source is equated with a force generator, and voltage equated
with input velocity to a mechanical system. This analogy results in capacitance
being equated to mass, inductance to the inverse of the spring constant, and resistance to the inverse of friction [1].

Electrical Power

5

1.2 Electrical Power
Electrical power is defined as the product of voltage and current, where the latter
is the rate of flow of electric charges, represented by I or i. The SI unit of current
is the ampere. Instantaneous power, therefore, is the product of instantaneous voltage and instantaneous current, or:

Pi = v i i

(1-9)

Instantaneous power Pi is often averaged over a representative time duration
to yield average power. In alternating current systems with sinusoidally varying
potentials, instantaneous voltages and currents are often vectors with a phase
angle difference, leading to:
Pi,ac = V sin(w t ) i I sin(w t − f )

(1-10)

where V and I are amplitudes or peak absolute values for voltage and current, w is
the vector angular velocity, and j is the phase difference between voltage and current vectors. Solving further using known trigonometric relationships [3], we find:

Pi,ac =

VI
(cos(f ) − cos(2w t − f ))
2

(1-11)

which, when averaged over one or more cycles, given that the average of any sinusoidal function over its period is zero, yields:

Pac,avg =

VI
cos(f )
2

(1-12)

which may also be written as:
Pac,avg = Vrms i I rms i cos(f )
Vrms =

V
2

, I rms =

I
2

(1-13)
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where Vrms and Irms are the root-mean-square or “effective” values of voltage and
current, respectively. The cosine of the phase angle between the alternating voltage and alternating current is also called the power factor, or the factor by which
the product of effective voltage and current must be multiplied to yield true alternating current (AC) power. For current flow that is 90 degrees or one-quarter cycle
out of phase with voltage, the power factor is 0.
Multiplication of the current vector with the power factor yields the component of the current vector in phase with the voltage vector: It is only this component that results in power delivered or consumed. Orthogonal relationships
between voltage and current vectors, which exist in purely reactive components
such as ideal capacitors and inductors, therefore do not result in power consumed,
though large currents may flow through such components in response to applied
alternating or otherwise varying voltages.
1.2.1

Physical Analogy for Power

Electrical power is the product of voltage and current, where the latter is charge
transferred over time. Following the force-voltage analogy in our earlier discussion in this chapter, power should be equivalent to force applied for a distance
over time, or a velocity (rate) at which force is applied and work done. This provides an intuitive definition for power as the rate at which energy is absorbed or
produced. The greater the power, the greater the capacity to provide energy, and
the greater the rate at which energy is absorbed or consumed.
The SI unit of power is the watt, with the symbol W. If 1 joule of work is
done in 1 second, the power consumed is 1 watt. Following this definition, and
from the earlier relationship between voltage, work, and charge:

Power ( watts) =

Q
W ( joules ) V (volts ) i Q(coulombs )
=
=V i
= V i I (amperes )
t
t (seconds )
t (seconds)

(1-14)

By the same definition, energy, or work done, is the product of power and
time. Higher power consumption therefore leads to higher energy absorption in a
unit of time. This is demonstrated physically in the heating of materials. Higher
power directly translates to faster increases in temperature and greater heat buildup.
1.2.2

Sources of Electrical Power

Electrical energy and power can be generated in numerous ways. Natural electrical energy is generated through static electricity, or the physical separation and
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transport of charges, resulting in lightning and the commonly observed crackles in
everyday objects that rub against each other. Static electricity has been employed
in Van de Graaf generators [2] to produce more than a million volts.
The most common method of electricity generation is electromagnetic
induction, where mechanical energy is employed to turn an electrical generator.
Sources of mechanical energy include nuclear energy, solar thermal energy, the
flow of water, wind, ocean tides, and even ocean waves. The other common
method of electrical energy generation is through electrochemistry, or a direct
conversion of chemical energy into electrical energy, as seen in electric batteries
and fuel cells. Photovoltaic conversion, the transformation of energy in sunlight
directly into electrical energy, is now widely employed as well. Supercapacitors,
with extremely high energy storage density, often replace or augment electric batteries. Other forms of electricity generation are thermo-electricity, a direct transformation of heat into emf in thermocouples, and piezo-electricity, a
transformation of mechanical strain in crystals into electricity. These energy conversion devices are employed primarily as sensors, though some are used in
energy harvesting, a process in which energy is extracted from the ambient environment to provide electrical power to small, autonomous devices. Radio frequency (RF) fields are also now used to harvest small amounts of energy.
1.2.3

Powering Electrical and Electronic Circuits and Systems

All electrical and electronic systems function using electrical energy. These systems now exist in tremendous variety, assisting human activity in every manner
imaginable. They employ electrical energy to perform useful work, transforming
energy into other forms, such as motion (kinetic energy), light (visible electromagnetic energy), and heat (thermodynamic energy). They may also alter quantities of electrical energy, producing higher or lower potential differences and
periodically varying potential differences.
Different systems are designed to employ different forms of electrical
energy. Most large machines are designed to function using the alternating current
(AC) form of electrical energy. Due primarily to its ease of transformation and
transmission, AC was deemed most suitable for the transmission of electrical
energy from generating stations to distributing stations and end users. Traditional
lighting systems, such as incandescent lamps and fluorescent lamps, are designed
to operate using AC electrical power. Many household machines are also designed
to run using AC voltages reduced to a relatively safe level. Such AC electrical
power employs a frequency of 50, 60, or 440 cycles per second, and an amplitude
from 110 V to 240 V or higher. AC power is often provided with multiple phases,
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or alternating voltages shifted in phase angle from each other, typically in three
phases 120 degrees apart. Systems employing AC power are generally called
“electrical” systems.
Electronic systems typically operate with direct current (DC, previously
called galvanic current) electrical power. DC electrical power is characterized by
a constant voltage (or potential difference supplied) and a unidirectional flow of
electric charge. Most such systems operate at low voltage values that are one to
two orders of magnitude below amplitudes common in AC electrical power.
AC electrical power is readily convertible into DC through rectifiers, DC-to-DC
converters, and filters. Nowadays, DC can also be readily converted into AC
through electronic systems called inverters. High-voltage direct current is sometimes employed to transmit large amounts of power from remote generation sites
or to interconnect AC power grids. DC power is also finding greater use in
energy-efficient solid-state lighting.2
Our discussion in succeeding sections and chapters will focus on direct current electrical power as the predominant form of electrical power energizing electronic systems, with specific reference to integrated circuits and systems.
1.3 Power Delivery
Electrical power is delivered in two distinct ways, through conductive coupling
and through electromagnetic coupling. In conductive coupling, power is transferred through electric conduction or physical transfer of charges from one body
to another through a conductive medium. In the electromagnetic coupling method,
power is transferred through electromagnetic induction or communication, where
charges are induced to move in the presence of electromagnetic energy.
This distinction is useful in differentiating DC power from AC power; all
direct current power is delivered through conductive coupling, while AC power
may be delivered through either method. Examples of AC power delivered electromagnetically include Nikola Tesla’s 1893 demonstration of wireless energy
transfer used to illuminate vacuum bulbs, and William C. Brown’s demonstrations
of power transmission using microwaves from 1961 to 1964. Ordinary transformers are everyday examples of AC power delivery through electromagnetic coupling. Electrochemical batteries and wires connecting to a circuit are
demonstrations of conductively coupled DC power.

2. Light generation using electronic components such as light emitting diodes (LEDs) instead of the more
common incandescent or fluorescent lamps.
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9

Central DC Power Delivery Module

Figure 1-1 shows a power supply module integrated in a personal computer system. Most such power supply modules in stand-alone electronic systems convert
available AC power into a number of distinct DC voltages that serve other modules in the system. In the illustrated module, for example, DC voltages of +12 V,
–12 V, and 5 V are generated from AC power entering through the chassismounted socket seen above the switch. These voltages power subsystems such as
a hard disk drive or a microprocessor motherboard. Such a power delivery system
is central, developing necessary DC voltages at a dedicated location and distributing them within the system through wires seen leaving the central module.
Figure 1-2 shows a motherboard seating a microprocessor, memory, and
peripheral cards in a typical personal computer system that integrates the power
supply module seen in Figure 1-1. An output connector from the power supply
plugs into a connector seen near the middle of the left side of the board. Just below
this connector, the board seats a microprocessor on an approximately square
socket. To the right of this socket, there are electronic components—transistors,

Figure 1-1 Example of a power supply module in a personal computer
conversion. Source: Author mboverload, Wikimedia Commons. [4]
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Figure 1-2 Personal computer motherboard housing a microprocessor
and including adjacent DC-to-DC conversion. Source: Gary Houston,
Wikimedia Commons. [4]

magnetic-core inductors, and electrolytic capacitors—that perform a further conversion of the DC power supply into a voltage that the microprocessor can use.
Such power conversion at or very near the receiving component is called point-ofload (POL) power conversion.
This concept originates in the days of the “War of Currents” between Tesla
and Edison, when Tesla showed that transporting remotely generated AC power at
high voltages, converted to lower voltages where necessary, rendered the distribution of power over large geographic areas very feasible. Tesla solved the problem
of energy loss due to high currents in the transmission pathways; a similar problem is solved in electronic systems by the use of POL power conversion. Microprocessors, operating at voltages approaching 1 volt, consume large amounts of
current, of the order of 100 amperes or more. If transmitted through the wires of
the power supply module, this would lead to unacceptably large voltage and
energy loss among other difficulties. In the subsystem of Figure 1-2, power conversion takes place adjacent to the microprocessor, ensuring that high currents
only flow across a very short distance of board interconnect.
Microprocessor POL power delivery is commonly performed through voltage regulator modules (VRMs [2]) that communicate with voltage-level control
logic within the chip. A VRM is essentially a voltage down-converter, also called
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a buck regulator, that obtains a DC voltage of 12 or 5 volts and converts it to the
voltage required by the microprocessor. This conversion is accomplished through
high-efficiency switched voltage regulation, as discussed in Chapter 3, Section
3.1.2. VRMs may be replaceable or may be soldered to the motherboard, and are
often optimized to work with a specific microprocessor.
1.3.2

Integrated Power Delivery

Integrated power delivery is a method whereby power conversion and delivery are
integrated with load circuits. Methods of integration vary; examples include inpackage voltage regulation,3 monolithic integrated power conversion,4 and threedimensional integration of power delivery circuits with load integrated circuits.
Advantages of integrated power delivery include extremely short lengths of
interconnect between power conversion and load components, resulting in
reduced energy losses, as well as the potential for faster, symbiotic functionality
of the power conversion system and the load device. In recent years, integrated
power conversion and delivery has enabled substantial energy savings for integrated circuits through techniques such as dynamic voltage scaling and adaptive
voltage scaling. Integrated power delivery assists in improving power integrity.
1.3.3

Power Distribution Networks

A power distribution network is formed by the interconnection of electrical
devices that transfer power from a source to a load. Its principal function is to
effectively transfer electrical power from the source to the load, doing so with
minimal energy loss and minimal degradation of the power delivered.
As discussed in Section 1.1.1, energy loss in its simplest form is encountered
in overcoming opposition to the flow of charge in conducting materials. For a simple direct current source and load, the power distribution network is designed to
minimize resistance in the connecting electrical pathways. Depending on the
nature of the source and load, more complex power distribution networks are often
required. For example, the DC energy source may be derived from an AC input,
through rectifiers that make current flow unidirectional. Voltage varies substantially in such a DC energy source, due to the sinusoidal variation of AC voltage
waveforms from 0 to peak amplitudes. Such variation may well be unacceptable to
the load, and the rectifier’s DC output may require further conditioning. This

3. The Intel 486 DX4, which required a 3.3 V operating supply, employed an on-package voltage regulator (OPVR).
4. Intel 80296SB and 80196NV employed monolithic integrated voltage conversion from 5 V to 3.3 V. [5]
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conditioning is performed by filters and supply decoupling devices. These devices
block or bypass variations in energy transmission and smooth out power supplied
to the load. Filters and decoupling devices are comprised of capacitors and inductors; capacitors, most commonly employed as supply filtering or decoupling
devices, are discussed in later chapters.
1.3.4

Power Delivery Regulation

A key aspect of power delivery is providing electrical power in a controlled or regulated manner. Electrical circuits perform predictably when the supplied voltage
and current are regulated according to their needs. Voltage regulation is most common in DC electrical systems, permitting load devices to extract as much current
and power as changing conditions may require. Some applications, such as the
charging of electrical batteries, require regulated current flow.
A voltage regulator is in many ways similar to a voltage source, such as a
voltaic pile, that provides a fixed potential difference. The regulation function
keeps the output voltage constant while load currents change, whereas the output
of a typical voltage source drops by the product of the drawn current and a finite
impedance intrinsic to the source. As drawn load currents increase, a regulated
voltage also drops in value but to a much smaller extent. This characteristic is represented in the definition of load regulation, which is the ratio of the variation in
output voltage, from minimum to maximum drawn load current, to the nominal
voltage. Load regulation is an indication of the load-bearing quality of the voltage
regulator. It is improved through feedback of the load voltage.
Voltage regulation, particularly in DC systems, is accomplished either by
switched conversion or linear regulation. In a previous section discussing central
and POL voltage regulation, we noted that power conversion near the load minimizes the distance over which high currents flow, thereby minimizing energy loss.
This is an important aspect of voltage regulation as accomplished through
switched DC-DC power converters. Load requirements of high currents at
low-supply voltages are translated into much lower currents drawn from highvoltage supplies. This permits the connection of varied load devices to any given
DC voltage source, as long as the power output capacity of the DC source is not
exceeded. Switched DC-DC converters are also capable of “boosting” output
voltage, providing high voltages at low currents, while drawing power from low
voltages at high currents. Additionally, since switched converters employ active
devices as switches, energy losses are typically very small as compared with linear regulators, where energy loss is directly related to the product of load current
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and the difference between input (higher) and output voltages. Hence, switched
power converters and voltage regulators are very efficient, approaching 95%
efficiency in commercial designs. Due to these advantages, switched power regulation is the most common method employed today, while linear regulation
powers systems that demand high bandwidth and an absence of the output ripple
inherent in switched converters.
Voltage regulation is the most common example of regulated power delivery,
and it assists in maintaining the required voltage across a load. Practical loads
will, however, impose significant challenges to any regulated power supply system. A resistive load applied to a DC-regulated power source, in the instant of
application, will demand a near-instantaneous rise in current supplied by the
power source. This “transient” or fleeting operational requirement may well
exceed the capabilities of the power source, whose output voltage may not remain
steady during such an event. Such considerations of the reliability and robustness
of supplied power are generally categorized under power integrity.
1.4 Power Integrity (PI)
In its most common use, power integrity refers to the closeness of a power supply
to its ideal, or a constant voltage supply, despite changes in power input or load
power consumption.
In DC systems, an ideal power supply will maintain a constant output potential difference regardless of load conditions. Practical power supply characteristics—such as load regulation, bandwidth limitations, maximum output capability,
delivery network impedance, etc.—result in significant deviations of the output
voltage from the ideal.
Figure 1-3 displays some manifestations of a nonideal power supply in a
field programmable gate array (FPGA), a common integrated circuit implementation. An FPGA is a very versatile and useful integrated circuit that can be programmed to modify functionality and performance in various ways, such as to
address changing operational requirements, to correct for bugs (errors in function), or for experimentation.
In the waveform plot on the left in Figure 1-3, a droop or transient reduction
is seen in the operating supply, presumably due to an increase in loading, after
which the voltage recovers to a nominal value. When the load is released, an overshoot, or transient rise, bigger than the dip is seen, followed by damped oscillations of the supply voltage, before a return to the nominal voltage level. This plot
is of a value measured with respect to a ground, and what is observed is a potential
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Figure 1-3 Power supply compression without package capacitors (left)
and with package capacitors (right) measured with a 10:1 attenuation
probe. Source: Larry Smith and Hong Shi, “Design for Signal & Power
Integrity,” DesignCon 2007. [6]

difference between power supply nodes. These variations in the power supply
potential—the dip, overshoot, and oscillation—are all undesirable in a DC source,
and are various forms of power integrity degradation. What is not seen here is the
drop in the potential difference with respect to the supplied emf, or the static drop,
another aspect of loss of power integrity.
The waveform on the right in Figure 1-3 displays reduction in droop, overshoot, and supply oscillation or ringing, indicating an improvement in power
integrity. Whereas signal integrity is often quantified by signal-to-noise ratio
(SNR), particularly for analog signals, we know of no equivalent measure of PI.
Load and line regulation, which are measures of static variability of supply voltage, are inadequate in describing droops, overshoots, and ringing, all of which
contribute to system malfunctions, and are therefore important to quantify. Further
chapters will describe efforts made by the industry in this regard.
1.4.1

Contributors to PI Degradation

A well-known aspect of PI degradation is the drop in voltage with load current,
commonly referred to as IR drop in the integrated circuit industry. This is related
to a source resistance definition for regulated DC power supplies:

Source Resistance =

VNo Load − VFull Load
I Full Load

(1-15)
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Source resistance (as its name suggests) relates voltage difference to current
and therefore has units of resistance, which relates well to unregulated voltage
sources with finite source resistance. The lower this source resistance, the higher
the ability of the source to provide power to a load. The lower the source impedance of a regulated power supply, the better the quality of the supply in general.
Source resistance is a property of a power source that contributes to voltage
reduction, and is controlled in the design of voltage regulators. Resistance to current flow in the power delivery path (or, more aptly, potential difference transfer
path) leads to a reduction in the potential difference as determined by Ohm’s Law.
This reduction is a dominant component of overall voltage drop and is thoroughly
investigated during IC design.
Another key contributor to PI degradation is electromagnetic induction—emf induced in any conductor with changing magnetic flux around it—discovered by Michael Faraday, and independently by Joseph Henry, in 1931:

v=L i

di
dt

(1-16)

where L is termed inductance. The SI unit of inductance is the henry, defined as a
weber per ampere, where the weber is the unit for magnetic flux. An emf thus
develops across an inductor when the current flowing through it changes in time.
This emf essentially opposes the change in current, just as there is opposition to a
change of state in any system (Newton’s third law of motion, “To every action,
there is an equal and opposite reaction”).
It is instructive to revisit the force-voltage analogy to gain an intuitive understanding of inductance and the emf developed across it as given by equation (1-16).
Newton’s second law of motion is quantified as:
F=m ia
dv
F=m i
dt

(1-17)

where F is force applied, m is the mass of the object, and a is acceleration, dv/dt,
or the rate of change of physical velocity.
One can appreciate the close congruence between Equations (1-16) and
(1-17) in a force-voltage analogy, where force in mechanical dynamics is
equated with voltage or emf in electrodynamics. As with Equations (1-3) and
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(1-4), electric current (or the rate of flow of charge) is equivalent to physical
velocity. Inductance L is equivalent to mass m, a property that determines inertia. True to this understanding, inductance L is found to be a property that
determines electrical inertia. Electrical inertia is the tendency of a conductor to
maintain a flow of charge through it unchanged, or to oppose any change in the
rate of flow of charge.
As current flow changes through any power delivery path, by load application or release, substantial transient voltage changes are observed proportional to
inductance in the path of charge flow. These voltage changes last at least for durations of change of current. Such voltage variations, or L i di/dt noise, can degrade
PI. L i di/dt noise may manifest visually as electric sparks that jump across
switches in circuits with large inductive loads or conducting large currents.
A third aspect of PI degradation relates to interactions between inductance
and capacitance in power delivery pathways. Capacitors, as charge storage elements, are capable of maintaining required potential difference during transient
events such as changes in charge flow. They are extensively employed in power
delivery to maintain PI. Nevertheless, in combination with path and parasitic
inductors, capacitors form what are called “tank” circuits, which create an oscillatory flow of charges when stimulated:
f =

1
2p LC

(1-18)

where L is inductance, C is capacitance, and f is called the resonant frequency of
the tank circuit formed.
Resonance is a phenomenon where energy is transferred back and forth from
potential to kinetic form. In electrical circuits, capacitors and inductors interact in
this manner at their resonant frequencies. As discussed in later chapters, resonances are unavoidable in most power delivery systems, often leading to excessive
“ringing” of supply voltage. This is seen in Figure 1-3, where package inductance
and die capacitance resonate on stimulation by load currents. Resonant behavior
degrades PI and consequently signal integrity (SI). In large integrated circuits, or
in printed circuit board power delivery planes, two-dimensional voltage resonances and standing wave patterns may also manifest, leading to spatially distributed noise maxima and minima.
These contributors to PI and SI degradation have been referred to by the
authors, for easier recollection, as the 3 Rs of interconnect: resistance, reactance,
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and resonance. Subsequent chapters deal in greater detail with each of these
aspects of PI and their combined effects on functionality, performance, and power
integrity. We will also discuss methods of analysis, and management through good
design practices and advanced techniques.
1.5 Exercises

Exercise 1-1

The complement to voltage developed across an inductor due to the flow of electric current is the voltage developed across a capacitor, given as:
V=

1 t
i(t ) i dt
C ∫0

Describe a mechanical (fluid-based) analogy for this electrical phenomenon.

Exercise 1-2

What is the electrical equivalent to Newton’s second law of motion,
F=m ia
dv
,
F=m i
dt

in the force-current analogy?

Exercise 1-3

An ideal capacitor of value 2 farads is charged to a voltage of 1V. An ideal inductor of value 2 henry is then instantaneously shorted across the capacitor terminals
to form an LC tank circuit.
a. Describe variations in voltage and current in the circuit formed.
b. Calculate the peak current value that will flow through this ideal circuit.
It was stated in Section 1.4.1 that resonance leads to supply voltage “ringing,”
or periodic variation in the power supply differential voltage. Why does supply
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voltage drop below the nominal value despite the fact that no power is consumed in
the reactive components that cause this ringing?

Exercise 1-4

At nanoscale levels, current in a conductor is the flow of electrons propelled by an
electric field that is created by the potential difference across the ends of the conductor. Each electron experiences a force corresponding to its charge, q, and the
applied electric field in the conductor material.
What can be a principal phenomenon within the conductor structure at nanoscale levels that limits flow of electric current? What is the physical by-product of
this phenomenon in the conductor? Why is this by-product quadratically related to
the number of electrons passing through in a unit duration of time?
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V
Validating PI, 295–297
Van de Graaf generators, 7
Variability allocation, PI analysis, 112–115
Velocity saturation, 29
Verification
bus models, 245–248
power supply noise, 233–239
Via first process, 363
Via last process, 363
Virtual currents, 263
VLSI (very-large-scale integration), 19
Volta, Alessandro, 1
Voltage
dependency, decoupling capacitance,
326–330

Index

domains, chip abstraction, 120
drop across edges, modeling, 172–173
dynamic scaling, 114–115
references, power supply efficiency,
65–68
regulation, in personal computers, 12–13
regulators, electrical power delivery,
12–13
Voltage droop
determining, 117
vs. ground bounce, 125
noise, 75–76, 78
power integrity degradation, 13–14
system-level noise effects, 78
Voltage islands, 305
Voltage positioning, 317
Voltage supply. See Power supply voltage.
Voltage-drop checker, 295–297
Volts, definition, 1–2
von Jacobi, Hermann, 54–55
VRMs (voltage regulator modules), 10–11
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W
Wafer-level integration. See Integration,
wafer-level.
Warpage issues, 362
Watts, 6
Weber, 15
Wire area, noise, 94–97
Wire inductance, noise, 94–97
Wire resistance, noise, 94–97
Work done
expression for, 2
Hooke’s Law, 3
unit of measure, 2

Z
Zener, Clarence, 58
zener breakdown voltage, 58
Zener diodes, 65
Zero potential, zero impedance termination, 69
Zero-voltage switching, 64
Zin impedance, 147–150

