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Preface to the Third Edition

Motivation for a Third Edition

Since the publication of the second edition over 15 years ago, the integrated circuit
(IC) industry has undergone a tremendous amount of change. The most significant
trend is the emergence of CMOS as the dominant IC technology. Other technolo-
gies such as NMOS, bipolar, and GaAs, have given way to CMOS due to considera-
tions such as power, level of integration, and cost. The tools, technologies, and
know-how in CMOS are so pervasive that it will continue to lead the industry for
the next decade.

A second important trend is that scaling is continuing its relentless pace accord-
ing to Moore’s Law. The industry reached the 1 um minimum line width around
the time of publication of the second edition. This was once considered to be a
physical and psychological limit of scaling. However, it was quickly realized that
transistors could be fabricated with minimum dimensions well below 1 wm and this
ushered in the submicron era. Since then, we have been witness to six generations
of technology scaling: 0.8 um, 0.5 wm, 0.35 um, 0.25 um, 0.18 wm, and 0.13 um.

At roughly the 0.35 wm technology node, we entered the deep submicron era
where a number of fundamental changes were encountered in behavior of transis-
tors and wires. Devices experienced a number of short-channel effects, perhaps the
most important of which is velocity saturation. Interconnect began to control many
of the electrical properties of the design such as delay, noise, power, and reliability.
Asa result, the transition from 0.18 wm to 0.13 pm also triggered a wholesale switch
from aluminum to copper to mitigate these new interconnect issues. With all of
these fundamental changes in the IC industry, there was a need to completely revise
this book.

What's in the New Edition?
o We have focused on CMOS technology and moved the bipolar material to
an Appendix.
o The content is based on 0.18 u.m and 0.13 pm CMOS technologies.

xiii

ONSEMI EXHIBIT 1038, Page 15



xiv PREFACE

e Most recent CMOS fabrication processes are described, including shallow-
trench isolation, copper interconnect, and low-k dielectrics.
Two important chapters have been added on deep submicron interconnect.
New material has been added on logical effort that is useful for back-of-the-
envelope calculations of optimal gates sizes in high-speed CMOS design.

e Advanced material has also been added on Flash memories, field-program-
mable gate arrays, and content-addressable memories.

e A chapter has been added on advanced power grid design, clock design, and
phase-locked loops.
A new section has been added on BSIM3 modeling and simulation.
This edition uses short-channel MOS device equations with velocity satura-
tion throughout the book. New equations have been derived for noise mar-
gins and switching thresholds.

e Junction capacitance modeling has been updated to include shallow-trench
isolation effects.

e A SPICE tutorial has been provided in Appendix A.

o Gallium arsenide has been removed from this edition.

With these changes, the new edition of the book will be valuable for many years to
come.

Why Buy This Book?

This book will teach you how to thinklike a designer. It is the product of the design
know-how of many of the leaders in the field. This edition also contains extremely
valuable information for practicing engineers in the semiconductor industry. The
real value of the book is that it starts with the fundamentals of semiconductor
devices and sequences in a step-by-step fashion to the key issues of digital IC design
in deep submicron technologies. Like the previous editions, it is intended to be used
as a fourth-year university textbook, with some of the latter material suitable for
first-year graduate courses.

This book retains the readability and accessibility of previous editions that led
to its widespread use. While the goal is to provide the reader with the key concepts
and equations for digital IC design, it provides much more detail than other books
in the field. Concepts are introduced in a logical sequence and then reinforced
throughout the book. Complex equations are reduced to simple design equations
that can be used to carry out rapid hand calculations.

There are many derivations, worked examples, exercises, and SPICE simula-
tions to allow the student and practicing engineer to build a solid understanding of
the material in each chapter. There are problems at the back of the chapter to gain
experience with the material and explore other topics not directly covered in the
chapter. The chapter summaries are in the form of useful equations and parameters
from each chapter. The inside front and back covers provide useful parameters, scale
factors, and conversion factors that are used throughout the book.

ONSEMI EXHIBIT 1038, Page 16



Website for the Book

A website for the textbook is available through McGraw-Hill. The website contains
solutions, supporting material, color diagrams, illustrations, design problems, and
errata. The website is valuable in constructing lecture material for a course based on
this book.

Advanced CMOS Technologies

The material in this book is built around the 0.18 wm and 0.13 um technology
nodes. Both technologies are covered in enough detail to select one or the other as
the primary technology for a course based on this book. Since SPICE is the simula-
tion tool used in this book, it is necessary to have access to device models for one of
these two technologies for the course. All of the SPICE examples are based on
0.18 tem, while the worked problems are based on both 0.18 tem and 0.13 pm tech-
nologies. The textbook is also suitable for technologies below 0.13 rem, with appro-
priate changes in the examples and problems at the back of the chapters.

Advanced Topics

Advanced topics are included for stuaents wishing to go beyond the basic materia.
of this text and gain insight into the issues in industry. They are designated with an
asterisk (*) and may be skipped without loss of continuity.

How to Use This Book

Chapters 1-3 comprise the foundational material upon which the rest of the book
is based. Chapters 4-7 are the main body of the text where all of the transistor-level
design issues are described in detail. Chapter 8 focuses on an application of all
material covered in the book, specifically in static memory design. Chapter 9
describes advanced topics in semiconductor memory design. The book continues
with a detailed treatment of deep submicron interconnect issues in Chapter 10 and
concludes with power grid and clock design in Chapter 11.

For a 15-week semester course, with 3 hours of lecture time each week, the
entire text may be covered at the rate of about one chapter each week. For a 12-week
course, there is sufficient time to cover Chapters 1-8, Chapter 10, and selected top-
ics in Chapters 9 and 11.

In a 10-week course, only Chapters 1-8 and Chapter 10 can be covered assum-
ing that much of the advanced topics are skipped. Depending on the background of
the students entering the course, instructors should use their own' discretion in
selecting the appropriate material and sequencing of this book.

A chapter-by-chapter outline of the topics follows.

PREFACE

Xv
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Chapter1

Deep Submicron Digital IC Design

In the first chapter, we provide a perspective on digital design in the deep submi-
cron era and motivate the topics in the rest of the book. We briefly review impor-
tant concepts of logic gates primarily to provide notational context for the book,
including the ideal logic element, static input-output characteristics, noise margin,
and propagation delay time. Then we elaborate on the key issues in deep submicron
such as power dissipation, velocity saturated transistors, interconnect resistance,
coupling capacitance, and inductance. The role of computer-aided design tools such
as SPICE is described. The chapter concludes with the challenges ahead as described
in the technology roadmap.

Chapter 2

MOS Transistors

The short-channel device models to be used in the rest of this book are described in
this chapter. To begin the treatment, rudimentary device physics concepts are cov-
ered to explain the threshold voltage equation and the transistor current equations.
Both long- and short-channel models are derived. Then the oxide and junction
capacitance models are described to complete the chapter.

Chapter 3

Fabrication, Layout, and Simulation

This chapter describes the relationship between fabrication, layout, and simulation
in the integrated circuit design process. The topics of fabrication and layout are
important to IC designers and should be well-understood. However, for this course,
it serves more as a background for the rest of the text. The more important subject
is simulation with SPICE. The model parameters for SPICE are detailed in this
chapter. A brief user manual is provided in Appendix A for those unfamiliar with
the basics of SPICE. We also provide some advanced material on MOS transistors
and fabrication technologies of the future.

Chapter 4

MOS Inverter Circuits

This is a core chapter on MOS digital inverters and introduces concepts of voltage
transfer characteristics, noise margins, inverter configurations, and simple timing
and power calculations. Analytical equations are derived for noise margin parame-
ters and switching thresholds of inverters for a number of MOS inverters.

Chapter 5

Static MOS Gate Circuits

This is another core chapter of the book. It examines the static design issues for
NANDs, NORs, and complex gates. It develops extensions to inverter design to size
the transistors in CMOS gates. Sequential elements, such as flip-flops and latches,
are described in this chapter. The chapter concludes with a detailed treatment of the
various components of power dissipation in logic gates.
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Chapter 6

High-Speed CMOS Logic Design

This chapter describes the issues involved in high-speed logic design. It develops
useful equations for switching delay calculation for step and ramp inputs. This
involves the use of the large-signal on-resistance of gates, and the calculation of the
loading capacitance, both of which are detailed. The total capacitance can be com-
puted using two key parameters for input and output capacitance. Gate sizing for
equal delay and minimal delay are described. The thrust of the latter half of this
chapter is high-speed logic optimization using logical effort.

Chapter 7

Transfer Gate and Dynamic Logic Design

In this chapter, we explore dynamic design techniques using transmission gates and
precharged logic. The important concepts of charge-sharing, bootstrapping,
feedthrough, and charge leakage are elaborated in this chapter. Domino logic is
described in detail as it is the most common form of dynamic logic in use today.
These concepts lay the groundwork for the operation of many of the memory cir-
cuits discussed in the next two chapters.

Chapter 8

Semiconductor Memory Design

This chapter addresses the analysis and design of VLSI memories, commonly
known as semiconductor memories. In this chapter, we classify the different types
of memory, examine the major subsystems, and then focus on the static RAM
(SRAM) design issues. This topic is particularly suitable for our study of CMOS dig-
ital design as it allows us to apply many of the basic concepts presented in earlier
chapters. The entire design process for static RAMs is described in detail.

Chapter 9

Additional Topics in Memory Design

This chapter explores a variety of other semiconductor memories, their architec-
tures, access mechanisms, and cell configurations. We begin by examining content-
addressable memories, since they are a derivative of the SRAM architecture. We also
cover an important application of SRAM cells in the growing market segment of
programmable logic called field-programmable gate-arrays (FPGAs). The chapter
sequences through dynamic RAMs, mask-programmable ROMs, erasable program-
mable ROMs, electrically-erasable ROMs and Flash memories, and concludes with
a look at memory cells based on ferroelectric materials called FRAMs.

Chapter 10

Interconnect Design

This chapter is devoted to the study of interconnect issues that the IC designer faces
when designing in deep submicron technologies. It addresses the issues associated
with RLC aspects of wires in detail. We begin by re-examining the RC delay calcu-
lation using the Elmore delay, and address the issue of buffer insertion in long wires.
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Then we examine the capacitances associated with 3D interconnect which leads to
adiscussion of the effect of coupling capacitance on delay and crosstalk in logic cir-
cuits. The chapter continues with a discussion of inductance effects, and concludes
with a look at antenna effects.

Chapter 11

Power Grid and Clock Design

In this chapter, we address two chip-level design issues that are dominated by inter-
connect: power system distribution and clock distribution. This chapter addresses
advanced issues such as power routing, IR drop, Ldi/dt, and the impact of voltage
drop on timing. The chapter highlights the interaction of the power system with the
clock design. It also addresses clock generation and phase-lock loop (PLL) circuits
to conclude the chapter.
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CHAPTER

1

Deep Submicron Digital IC Design

1.1 Introduction

Integrated circuits (ICs) are part of virtually every electronic component in the
world today, such as cell phones, personal digital assistants, pagers, personal
computers, printers, set-top boxes, automobiles, and so on. Most of these IC chips
are “digital” in nature, with an increasing presence of “analog” circuitry. This text-
book addresses the design of digital circuits in deep submicron (DSM) technolo-
gies. If you have taken a design course on very large-scale integration (VLSI), you
will recognize many of the circuit issues covered in this book. However, the main
objective of this book is to train you to “think like a circuit designer.” The goal is to
give you the intuition and models that you need to be able to analyze existing cir-
cuits and create interesting new circuits. We aim to provide some real-world expe-
rience in how circuits are designed in industry, and how to make design trade-offs
to achieve a good balance among speed, power consumption, and reliability. We
strive to provide the understanding needed to anticipate the likely improvements
and potential difficulties that may be encountered with future technologies.
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2 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS

Before we can talk about circuits, we need to understand the basic digital com-
ponents and tools that we use to analyze them. We need to look at technology trends
and what types of problems have been introduced due to technology scaling. This
will provide the motivation for the topics that are described in the rest of this book.

The design of modern digital systems requires contributions from several engi-
neering specialists. First, a system designer, or system architect, determines the
desired characteristics for the overall system and prepares a detailed specification
that defines all inputs, outputs, environmental conditions, operating speeds, etc.
The system is then implemented using a register-transfer level (RTL) language such
as VHDL or Verilog.! This RTL description is translated into a logic design that can
meet the functional requirements. The output of this step is referred to as the gate-
level design. Once the gate-level design is completed, it is converted to the circuit
level where transistors are used to implement each logic gate. Finally, the transistor
schematic is converted to an integrated circuit in the form of geometric layout usu-
ally represented in GDS-II stream format.?

Good system design requires that design decisions result in the appropriate bal-
ance among system characteristics, logic design, circuit design, layout design, and
fabrication technology. Since compromises must usually be made and alternatives
evaluated, it is important that the various specialists mentioned above have some
knowledge of the related fields.

The task of the circuit design engineer is to design transistor circuits that imple-
ment the required logic functions. Whenever many copies of the desired system are
to be manufactured, it is important to achieve high reliability of operation and a
proper balance among cost and performance characteristics, such as timing, power,
and area. The design must also operate properly in the presence of process varia-
tions, supply fluctuations, and changes in the environmental conditions. The chap-
ters that follow address in depth the issues of microelectronic design that determine
these characteristics. Of particular concern is the tradeoff between timing and
power in ICs since designs today are either high speed or low power.

Today, virtually all digital systems are based on integrated circuit technology.
Various design options and tradeoffs exist. Choices must be made among circuit
families, level of integration (the number of circuits on a chip), and programmable
versus fixed-function (“hard-wired”) circuits. A wide variety of IC technology is in
use today. The most prevalent technology is the metal-oxide-semiconductor (MOS)
process. Other technologies such as bipolar, GaAs, and SiGe are also available but
represent a smaller part of the total market. The various integrated circuit tech-
nologies have widely differing characteristics. In the bipolar category, transistor-
transistor logic (TTL) and emitter-coupled logic (ECL) have seen widespread use
in the past. In the last 20 years, a dramatic transition has been made to MOS
technology due to its high density of integration. In fact, integrated circuit process
and device engineers continue to make major improvements in these technologies
every 2 or 3 years. Through the 1970s, n-channel MOS (NMOS) technology was

' VHDL and Verilog are hardware description languages used to describe large digital systems.
2 GDS-IL is an industry standard format for describing the geometric objects in a layout.
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commonplace. Since 1980, complementary MOS (CMOS) has become the domi-
nant technology due to its low-power characteristics.

Some understanding of integrated circuit fabrication techniques is required to
compare the relative characteristics of different circuit families, such as NMOS and
CMOS. An appreciation for the direction and rate of change in fabrication technol-
ogy is important if product designs are to provide good possibilities for evolution-
ary improvements. Furthermore, the statistical variation in the process must be well
understood to design modern circuits. The fabrication process and transistor struc-
ture have changed over the last 10 years and we will examine these changes. While
it is not the purpose of this book to describe the details of IC fabrication, it is nec-
essary to describe the basic processing steps used today to understand both the lay-
out of MOS circuits and the origins of the important parameters for simulation
tools used for their analysis.

Computer-aided design (CAD) tools are essential in design and analysis of digi-
tal integrated circuits. We will examine the types of tools that are typically used in
industry, but focus on circuit simulation that is important for cell library charac-
terization and custom IC design. The primary workhorse tool for detailed circuit
analysis is SPICE.> We will spend time understanding MOS models for hand analy-
sis and comparing their results against circuit simulation to validate the hand analy-
sis. In effect, we want models that are suitable for hand analysis but accurate enough
to provide insight into the actual circuit operation. Detailed circuit simulation can
be used to examine the second-order issues, and address other first-order issues
such as process, temperature, and supply variations.

1.2 Brief History of IC Industry

The IC industry started in the late 1960s and early 1970s with a ten micron technol-
ogy. This technology node was identified by the minimum geometry that could be
printed on the chip. We refer to designs of that era as small-scale integration (SSI)
and medium-scale integration (MSI), meaning that only a few gates, or a few
hundred gates, could be integrated on a single chip. Every 3 years or so, technology
dimensions were scaled by a factor s, which has historically been found to be equal
to 0.7. This meant that a chip that was 1 mm X 1 mm = 1 mm? could be reduced
to 0.7 mm X 0.7 mm = 0.5 mm? in the next generation. Another way to look at it
is that twice the number of transistors could be integrated on the same 1 mm? chip
as compared to the previous technology node. Because of this, the cost per logic
function decreased with each new generation. This trend came to be known as
Moore’s law, perhaps the most important observation in the history of ICs. Many
have predicted the end of Moore’s Law several times in the past 30 years and have
been proved wrong to this day.

During the 1970s, the ability to integrate thousands of gates on a single chip
became feasible. This was the era of large-scale integration (LSI). Designers began

3 SPICE is an acronym for Simulation Program with Integrated Circuit Emphasis, originally developed at the
University of California—Berkeley in the 1970s.
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to develop microprocessors with significant processing capability, and memories
with large storage capacities. Integrated circuits began to show up in pocket calcu-
lators, computers, and television sets. By the end of this decade, the enormous
potential of integrated circuits was well understood. Around 1980, a revolution
began in the microelectronics industry with major advances in IC processing tech-
nology, microprocessor design, memory design, and computer-aided design (CAD).
This was driven by a whole host of consumer products including personal comput-
ers, printers, and VCRs. The name coined for this era was, of course, very large-scale
integration (VLSI). The term VLSI captured everyone’s imagination of the unlim-
ited possibilities of this technology. The ability to place 1 million (1M) transistors
on a single chip was within reach and the race began to develop chips that were
capable of using this level of integration.

Through the 1980s, available technologies were mostly in the 5 um to 1 wm
range. This dimension nominally refers to the channel length of the transistor. It also
refers to the minimum resolvable geometry on a given layer of metal in the inte-
grated circuit, specifically, the metal line widths or metal-to-metal spacing (metal
pitch). Advances in photolithography, the key process that defines the minimum
dimension in a technology, eventually led to line widths that were below 1 pm. This
was referred to as the submicron era, at one time thought unreachable. However,
scaling continued aggressively to the point where 0.5 um and 0.35 um line widths
were achieved by the mid-1990s. At the same time, the number of layers of metal
continued to increase. Metal layers composed of aluminum and tungsten were used
to connect transistors. The industry began with only one layer of metal for all con-
nections. As the number of transistors increased, there was a need to increase the
number of levels of metal so that all required connections could be made. Figure 1.1
shows a four-layer metal process in 0.35 um technology.

Many argued that 0.35 um technology would be a physical limit for photo-
lithography since the wavelength of light is approximately equal to this value. How-
ever, further advances allowed scaling below this barrier. At this point, the term deep
submicron (DSM) was coined to emphasize that we had gone beyond another scal-
ing limit, and well below the 1 um barrier. The device behavior was largely con-
trolled by a number of new short-channel effects. In addition, new problems began
to arise concerning the metal interconnect. The wires connecting the transistor
began to introduce additional RC delays in the circuit due to increased resistance.
Furthermore, coupling between lines caused delay variations and noise injection.
The increases in resistance in the power distribution system led to voltage drops in
the power grid, commonly referred to as IR drop. The reliability of the aluminum
metal lines began to degrade due to metal migration resulting from high current
levels. Collectively, these issues were referred to as signal integrity problems and
they characterize what we call the deep submicron era.

While these problems were not completely resolved, scaling continued its
relentless pace to 0.25 pm, 0.18 wm, 0.15 um, and by the year 2001, to 0.13 um. We
entered a new era where aluminum lines with tungsten vias gave way to a dual-
Damascene copper process, as shown in Figure 1.2, to mitigate the interconnect
issues mentioned above. New dielectric materials were introduced, the so-called
low-k dielectrics, to reduce coupling effects between wires. This period goes by many
names, for example, very deep submicron (VDSM) and ultra-deep submicron
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Table 1.1
A short list of major DSM device and interconnect issues

Short-channel effects on V; RC delays

Velocitywsgturation IRdrop
”Thin~oxidéW(tunnelir{g/breakdbwn) Ldi/dt
Subthreshold current Capacitive coupling
DIBL Inductive Coupiing
 Hot-carrier effects Flectromigration

Antenna effects

tungsten vias. ST is also used at 0.18 wm and below. Except for these differences, the
design and analysis methods described in this book apply equally well. At the time of
the writing of this book, 0.18 um is the dominant technology so coverage of this tech-
nology is appropriate. Furthermore, access to 0.18 um technology files is available
through a number of websites. Therefore, many examples from 0.18 pm are included
in this book.

1.3 Review of Digital Logic Gate Design
1.3.1 Basic Logic Functions

As we embark on the design of digital integrated circuits, we start by reviewing the
basic logic elements that are used in the design process* and elaborate on some of
the notation and symbols used in the book. Digital logic gates implement Boolean
functions such as the inverter (INV), NAND, and NOR. Any logic function can be
constructed from these basic gates. These combinational gates and their correspon-
ding truth tables are shown in Figure 1.3.

Logic functions are represented in one of two canonical forms: sum-of-
products or product-of-sums. For example, a sum-of-products representation takes
the form:

F=AC+ BC+ AD + BD

whereas a product-of-sum form for the same function would be
F= (A+ B)(C+ D)

The sum function is always represented using the “+” symbol. The product function
may be represented as “*” or “, or it may be left out altogether. Typically, we will
employ the sum-of-products form, but both are useful. Other useful combinational

gates such as the exclusive OR (XOR), exclusive NOR (XNOR), and multiplexers

* Although the treatment is brief, those familiar with this subject may choose to skip this section.

ONSEMI EXHIBIT 1038, Page 27



DEEP SUBMICRON DIGITAL IC DESIGN 7

Inverter (INV) NAND NOR
A F A F A F
B —j B
A F A|B|F A|B|F
01 01011 0] 0|1
110 01 1 o}l 110
1[0 1 110710
1 1 0 1 1 0

Figure 1.3
Basic logic gates.

(MUX) can be easily implemented using the basic gates of Figure 1.3. For example,
the XOR gate has the function:

F=A®B=AB+ AB

A bar over a literal indicates the complement of a variable. Assuming that only A
and B are available as inputs, the function can be implemented using two NAND
gates, one NOR gate, and five inverters. A more efficient version would use three
NAND:s and only two inverters.

Also important is the multiplexer which is a selection of a particular input, A
or Bin this case, based on the value of select input S:

F= AS + BS

Another common circuit function is the buffer, which is a gate that produces an
output that is the same as its input. Using the gates in Figure 1.3, we would imple-
ment this function using two inverter stages. There are two possible symbols for a
buffer, as shown in Figure 1.4. Since the intent of the gate is to perform a buffering
operation, we would like to reflect this in the logic circuit somehow. We can either
use a buffer symbol, or cascade two inverters and place a bubble in front of the
second gate, instead of a bubble at the end (as shown in Figure 1.4). Simply having
two inverters in series may lead to confusion later in the design process.

Similarly, NAND and NOR gates have two possible representations depending
on the placement of the bubbles, as shown in Figure 1.4. These two representations
can be constructed using DeMorgan’s Laws. Recall that DeMorgan’s Laws, in their
most basic form, can be stated as:

(a+b)
@b =

o) o

a-
+ (1.1)

=1 !
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D DD

Buffer

> =D

3-input NOR

1 =H>-

3-input NAND

Figure 1.4
Alternative representations of buffer, NOR, and NAND.

In general, DeMorgan states that the complement of a function can be obtained by
replacing each variable or element with its complement, and then exchanging the
AND and OR functions. It also tells us that we can represent NOR and NAND gates
in two ways, as illustrated in Figure 1.4. Both sets of gates function identically.

Which representation is preferred? It depends on the intended function of the
gate, If the intent of the function is to perform a logical “AND” operation, the
designer should use the AND function with bubbles on the input (rather than the
NOR function). If the intent of the function is to perform a logical “OR” operation,
the designer should use the OR function with bubbles on the input (rather than the
NAND function). Imagine the confusion when debugging if the intended logic
function and the actual logic implementation look different. To avoid this, we
always use the gate representation that captures design intent.

gic circuits for the following gates using only the gates of
AND, OR, XOR, XNOR, 2-input multiplexer.
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Clk D Q (old) | Q (new)
0 0 0
0 X 1 1
Data Data
in D Q out Q-1 0 X 0
Clk
01 1 X 1
1 X 0 0
Clock
o 1 X 1 1
DFF schematic
1 =0 X 0 0
1-»~0 X 1 1
Excitation table
Figure 1.5

Positive-edge triggered D-type flip-flop.

Sequential logic elements, such as flip-flops and latches, can be constructed
from the basic logic elements described above using feedback. A wide variety of flip-
flops exist: D-flip-flop, JK-flip-flop, T-flip-flop, SR-flip-flop, etc. These elements act
to store logic values until the input changes and a clock signal activates them to read
new data. Figure 1.5 shows a simple D-type flip-flop (DFF) and its corresponding
excitation table. When the clock switches from low to high, the value at the data
input is read into the DFF, and then propagated and held at the output. Under all
other conditions, the output value is held at its previous value. This is a so-called
positive-edge triggered flop, meaning that the input is sampled only on the positive
edge of the clock. The X state in the table refers to a “don’t care” state indicating that
the output is not dependent on the value of the corresponding input.

1.3.2 Implementation of Logic Circuits

Electronic circuits are used to implement these and more complex gates. Figure 1.6a
shows an ideal logic gate. It operates from a single power source, from which it
draws a minimum amount of power (ideally zero, of course).

The two binary output levels are at zero (logic 0) and at the supply voltage Vy,
(logic 1). The output impedance is low so that large currents may be driven into
external resistive or capacitive loads without altering the output voltage level.
The transition between states at the output occurs abruptly for an input level equal
to one-half the supply voltage, as in Figure 1.6b. There is negligible time delay
between the input and output transitions. Virtually any number of inputs are avail-
able; the input impedance is high so that the circuit imposes little loading on the driv-
ing signal. Of course, all practical logic elements fall short of the ideal performance
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Vpp = power supply

Inputs

Qutput

il

Figure 1.6
ldeal digital circuit.

defined here, but depending upon the application, some are better than others. Thus
there are opportunities for good engineers to make useful tradeoffs as a part of cir-
cuit design.

The first shortcoming to realize is that the signals associated with actual imple-
mentations are continuous whereas the truth table values are discrete. Therefore,
certain important characteristics are desired of electronic circuits for processing
digital information.

1. The binary output signal must be a prescribed function of the binary input
or inputs of the gate.

o

. Quantization of amplitudes within the normal range of operating voltage is
required, as illustrated in Figure 1.7a. This implies strong nonlinearities in
circuit operation. Amplitudes within the boxed regions in Figure 1.7a repre-
sent each of the two binary states. At the circuit input, the uncertain region
between the two boxed regions should be as small as possible.

3. Amplitude levels should be regenerated in passing from the input to the out-
put of a digital circuit, as illustrated in Figure 1.7b. This requirement dictates
a voltage transfer characteristic in the general shape shown in Figure 1.7c or
Figure 1.7d. Voltage gain should be greater than unity somewhere between
the logic states. The two nominal output levels are denoted V,;; and Vi, as
in Figure 1.7c or Figure 1.7d. The input voltages V; and V,,are defined by
the points at which the magnitude of the slope of the voltage transfer char-
acteristic is unity.

4. Directivity is required for a useful logic circuit. Changes in an output level
should not appear at any unchanging input of the same circuit; that is, there
must be an explicit, unilateral cause-effect relationship between input(s) and
output(s).

ONSEMI EXHIBIT 1038, Page 31




DEEP SUBMICRON DIGITAL IC DESIGN 11

Amplitude
A A A
N Uncertain T | []
region ||l Tl Vou
1 l Vie 1
il ""6"7" Ve o [[]
“““““ VoL
il o]l
Input Output
(@) (b)
QOutput V Output V
A [
Slope = 1
Vor |- Vor T Slope =—1
]
1
1
1
1
|
!
|
VOL : E VOL
i i
T e Input V ; » Input V
0 Vi Vg 0 Vi Vi P
Noninverting circuit Inverting circuit

(© (d)

Figure 1.7
Logic abstraction of continuous signals.

5. The output of one circuit must be capable of driving more than one input
of similar circuits. The number that can be driven is termed the fanout of the
circuit. Similarly, for general use, digital circuits must be capable of accept-
ing more than one input. The number of independent input nodes is termed
the fanin.

1.3.3 Definition of Noise Margin

The word noise, in the context of digital circuits and systems, means unwanted vari-
ations of voltages or currents at logic nodes. Today, there are a wide variety of noise
sources that may affect circuit performance. We want to define a metric that can be
used to assess the effect of noise on a circuit. If the magnitude of noise is too great,
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it will cause logic errors. However, if noise amplitude at the input of any logic cir-
cuit is smaller than a specified critical magnitude known as the noise margin of that
circuit, the noise will be attenuated as the desired signal passes from input to out-
put. In properly functioning digital systems, noise is attenuated in passing through
a circuit while the desired logic signals are restored to full amplitude without error.
Noise does not accumulate from one logic stage to the next as it does in analog sys-
tems. Digital systems have an important advantage in this respect and we depend on
this advantage when designing digital circuits.

In the past, noise was due primarily to external off-chip sources. Today, noise also
arises from internal on-chip sources, predominantly due to the nature of the inter-
connect structure of integrated circuits. The output levels may vary due to capacitive
or inductive coupling, circuit manufacturing tolerances, temperature changes, power
supply variations, and electrical loading at the output node. The worst combinations
of all these effects are used to define the worst-case output voltage range.

In general, noise margins are different in high and low logic states. They are
denoted, respectively, as NMy = Vo — Vyyand NM; = V; — V.. As long as the
input remains in these ranges, the circuit will work properly in the presence of
noise. Further discussion of these terms and concepts will be found in subsequent
chapters of this book.

1.3.4 Definition of Transient Characteristics

Digital logic implementations exhibit finite rise and fall delays, as well as finite
propagation times due to capacitances and resistances associated with the gates.
These delays limit the performance of logic circuits and we seek to minimize the
overall delays along critical paths in the circuit. Variations in gates delays along dif-
ferent paths to a gate may cause glitches in its output, that is, an unexpected short
pulse at the output due to differences in arrival times at the inputs. Specific defini-
tions of transition times and propagation delay times are needed for a description
of the switching characteristics of logic circuits. Once such definitions are estab-
lished, calculations of these times can be made.

Standard definitions of digital circuit delay times are illustrated in Figure 1.8.
Rise and fall times #, and f;are defined between the 10 and 90% points of the total
voltage transition at the input of an inverter or gate. The total voltage range at both
input and output is taken to be Vi, to Vi, because this is the nominal situation
when identical inverters or gates are cascaded. Input transition voltages V;; and V,
are not normally used in specification of transient performance.

High-low and low-high transition times at the output of a gate are defined as
ty and t;;, again between the 10 and 90% points, as seen in Figure 1.8a. Propaga-
tion delay times from input to output, denoted t,y; and tp,, are defined between
the 50% points of the input and output pulse waveforms. Cycle time 7, is the time
between identical points of successive cycles in the signal waveform as seen at any
single node, as in Figure 1.8a. Often cycle time is specified in terms of its reciprocal,
clock frequency f;. Practical digital systems operate with cycle times 20 to 50 times
the propagation delay of a single gate circuit.
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Definitions of transition and delay times, (a) Actual transient voltages. (b) Idealized transient
voltages for hand calculations.

In hand calculations, it is difficult to take into account the finite rise and fall
times of signals at inverter or gate inputs. Consequently, it is common to use an ideal
pulse input with zero rise and fall times, as in Figure 1.8b. This ideal input signal is
positioned with its edges at the 50% points of an actual input signal, as illustrated in
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Figure 1.8b. Propagation delay times are then approximated by the time from the
edge of the ideal input pulse to the 50% point of output voltage transitions. Tech-
niques are available to estimate the effects of finite input slopes and these will be
elaborated further in this book. Computer circuit simulation should be used to
obtain more accurate results.

1.3.5 Power Estimation

Many of the issues in logic design today concern power dissipation. Consider Fig-
ure 1.9 which shows the power dissipation levels of microprocessor designs over a
25-year period starting in 1980, based on published results at ISSCC.> Chips were
increasing in power by a factor of 4 every 3 years for the first decade. In fact, the
power level of some chips approached 100 W. High-speed logic typically implies
high power. As gates switch during their logic operations, they consume power. The
more gates that switch and the faster they switch, the more power they will con-
sume. Because of the demand for higher and higher speeds, the power dissipation
reached unacceptable levels that eventually exceeded 100 W. One of the key design
problems today is to minimize the overall power consumed per logic operation. As
a result, power is increasing at a rate of 1.4X every 3 years over the last decade.
One difficult problem is to determine the actual power dissipation of a chip
early in the design process. Power for a gate can be computed accurately, but power
for an entire “hip can only be estimated, since it der~nds in large part on the activ-
ity of the cnip. Also, power dissipation varies for iogic, memory, clock, analog
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Figure 1.9
Power dissipation of processors over a 20-year period. [After Sakurail

5 International Solid-State Circuits Conference held annually by the Solid-State Circuits Society.
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complexity of the diagram are the capacitive and inductive coupling between wires.
Given all of these issues, it is no wonder that many feel that interconnect is truly
more important than the devices in deep submicron technology.

1.5 Computer-Aided Design of Digital Circuits

Prior to 1970, electronic circuits were analyzed and designed almost exclusively by
hand, a situation that is reflected in the content of textbooks from that era. Rapid
growth in the feasible complexity of integrated circuits has made computer aids
essential to the design process today.

In the 1980s and early 1990s, CAD tools revolutionized the way that circuits
were designed. Broadly speaking, there are two categories of design tools: front-end
and back-end tools. The front-end tools take a high-level description of the design
and translate it to a gate-level design via logic synthesis. The back-end tools take the
gate-level design and carry out the physical design to produce a layout containing
the geometric artwork in GDS-II format. This flow which is intended for application-
specific integrated circuits (ASIC) is a highly automated process. While this flow
does not produce the highest performance ICs, it does allow designs to be imple-
mented in a short time frame,

The other extreme relative to the ASIC flow is the custom IC design flow. Here,
the designer is handcrafting almost every transistor, However, there is extensive use
of repetitive structures for memory and datapath designs. The custom design process
produces the highest performance designs, but it can be time-consuming since the
circuits are handcrafted rather than being automatically generated, The purpose of
this book is to describe the necessary details of circuit design to allow you to carry
out custom design where required, and ASIC design wherever possible.

Figure 1.20 illustrates the complexity of a deep submicron physical design flow.
Description of all the types of computer-aided design tools is beyond the scope of
this book, However, we provide this generalized flow so that the reader can refer
back to it when a particular tool is described in this book.

1.5.1 Circuit Simulation and Analysis

We will make extensive use of one type of software tool that is useful for cell library
characterization and custom IC design: the circuit simulator. The program used for
the examples in this book is SPICE, the most widely used circuit simulator. SPICE
can perform nonlinear de, large-signal time domain (transient), small-signal fre-
quency domain, and other types of simulations. The dc and transient analysis capa-
bilities are of greatest interest for digital circuit studies.

The internal numerical accuracy of programs such as SPICE is high; errors sel-
dom exceed 1%. The accuracy of SPICE simulation in predicting circuit perfor-
mance depends entirely upon how completely and correctly the input data describe
the real physical circuit, There are two aspects to this issue. First, we must have a
mathematical or numerical model that adequately represents each physical device.
Usually the model for a device is stated as equations that relate voltages and cur-
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Deep submicron physical design flow. Flow courtesy of Silicon Map, LLC.

rents. For instance, the model equation for a single linear resistor is i() = v(t)/R,
and for a single linear capacitor, i(t) = C dV/dt. Model equations for transistors are
much more complex, because these devices exhibit nonlinear resistive and capaci-
tive characteristics. Second, we must have practical means for determining numer-
ical values applying to each device, for instance, R and C for the examples just cited.

The next few chapters devote much attention to the models used to represent
integrated circuit devices, including the simplifications and approximations that are
a practical necessity in the development of these models. Also described are means
of measuring or calculating device parameters in forms suitable for hand analysis
and computer simulation. By working carefully, one can usually obtain simulation
results that are within & 20% of measurements for propagation delays and other
transient characteristics.

Shortly after learning how to use a computer circuit simulator, many students
develop the mistaken idea that skill in hand analysis is no longer necessary. Com-
puter simulation appears to be much quicker and more accurate than hand analysis,
especially for complex circuits with many nonlinearities. However, even when a
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fully defined circuit is under study, hand analysis before starting computer simula-
tion is mandatory. For instance, hand analysis is the best means for determining an
appropriate simulation time interval, as well as driving pulse duration and rise time,
before first simulation of a given circuit. It makes no sense to use a driving pulse
100 ns wide for simulation of a circuit that has a 100 ps rise time! Hand analysis also
helps focus attention on possible model limitations and parasitic elements that may
require special care in the parameter determination phase before circuit simulation.

Throughout this text, hand analysis will be used for a quick first-order approx-
imation in which allowable errors may occasionally be as much as = 50%. One
important aim is to develop some skill at making good engineering approximations.
These approximations can lead to results that have much more acceptable accuracy,
as will be seen in the chapters to follow. Choices of circuit configuration and initial
values of circuit parameters will be determined by hand. A scientific calculator is an
essential tool in the hand-analysis phase.

Simulation will be used to improve on the accuracy of hand analyses and to
refine the choice of device parameters in design work. Note that simulation should
not be used to design circuits but rather validate results and intuition. If hand analy-
sis and simulation are wildly different, then either the analysis is wrong or the input
to the simulator is wrong, or both. In order to guarantee the proper results from
the simulator, we will need to examine transistor models that are suitable for this
purpose. The emphasis in our study of simulation techniques is on developing
familiarity with commonly used device models and on determining the model
parameters needed for analysis and design of modern digital integrated circuits.

There is much emphasis in the circuit design literature on the creation of new
circuits that are “better” in some context than previous circuits. Many new design-
ers would like to invent a clever circuit that demonstrates their insight and abilities.
However, there is a lot to be said for using well-known and well-understood circuit
topologies because the CAD tools are readily available for mainstream design tech-
niques. Furthermore, getting a working chip to market quickly is perhaps the most
important design specification today. In industry, the focus is on getting circuits to
work reliably across large process variations, supply variations, temperature varia-
tions, in the presence of signal integrity issues, and over the lifetime of the chip.
Tools like SPICE prove to be extremely useful for this purpose.

*¥1.6 The Challenges Ahead

Many of the issues in deep submicron remain unresolved today. There are a num-
ber of significant challenges in the years ahead in process technology, design tech-
nology, and computer-aided design tools to continue scaling according to Moore’s
Law. This section describes some of the key issues to provide the reader with a per-
spective on what design challenges exist today, and what lies ahead. The issues are
quite advanced and many of the terms used will not be elaborated further in this
section. However, it is intended to familiarize the reader with the issues and to moti-
vate the topics in the rest of the book.
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We begin with the semiconductor technology roadmap shown in Table 1.2.
This is based on the International Technology Roadmap for Semiconductors (ITRS)
but has been simplified to convey the key messages.” In this table, the values for the
technology node, supply voltage, threshold voltage, oxide thickness, and expected
number of transistors on the chip are reported. Each technology node, representing
the minimum line width, is scaled by a factor of 0.7 relative to the previous node.
In order to maintain constant fields and low-power dissipation, the supply voltage
is also reduced. The threshold voltage is reduced but not at the same rate as the
other factors. The same is true for the oxide thickness. In the final column, the num-
ber of useful transistors that can be integrated on one chip are reported. According
to this projection, we will see a billion (1B) transistor chip before the decade is out!

Unfortunately, the path to 1B transistor chips is not straightforward. The first
major problem is to generate the fine line widths that are projected in the technol-
ogy node column. The limits of techniques such as optical proximity correction
(OPC) and phase-shift masks (PSM) may soon be reached. A new generation of
photolithographic equipment will be necessary. The table also reports that the oxide
thickness beyond 2010 is roughly 10 A, an extremely small value. The oxide is sup-
posed to act as an insulator, but current tunneling through oxide occurs at much
higher oxide thicknesses. This gives rise to a gate current that is not permitted in the
classical operation of the MOS transistor. High-k dielectrics are under development
to replace oxide as the gate insulator.

A second major issue facing the industry is the rapid increase in the subthresh-
old current. This is the current flowing through the transistor when it is nominally
off, often called the I current. In this context, the current when the transistor is on

is referred to as the I, current. Ideally, we would like to have a high I, and a very

7 Complete documentation on the ITRS may be found at the website http://public.itrs.net.
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low Ig. If Iy is large for a single transistor, then having a few hundred million
devices leaking current would produce an unacceptably large static power dissipa-
tion. There is a tradeoff between these two requirements, since both of these cur-
rents depend on (Vgg — Vo). If this value is large, both I and I 4 are large. How-
ever, if it is small, both currents are small. As we scale V}yp,, it is not possible to scale
V-as quickly since the I g current reaches unacceptable levels. On the other hand, a
larger V; makes I, smaller.

Further problems exist in terms of mobility degradation, dopant profile control
in the channel region, substrate currents, and device reliability, both short term and
long term. Another set of issues surround interconnect. The switch to copper and
low-k dielectrics is continuing to encounter problems. Achieving low-k dielectrics
in the range of 2 will be difficult. Reliability issues of copper vias, self-heating
effects, the thickness of the barrier layer versus the copper material, and antenna
effects are still under investigation. Technology advances are necessary with new
materials and device structures, such as high-k dielectrics, fin-fets (dual-gate fets),
vertical transistors, strained-silicon, and silicon-on-insulator (SOI) to address these
problems.

In the design arena, there are a number of thrust areas in the near future, As
supply voltages shrink, designing digital circuits and mixed analog/digital circuits
with very small values of Vi, presents a challenge. This is especially true in dynamic
circuits, where logic values are determined by the amount of charge on a capacitor.
As the supply voltage is reduced, the stored charge will be small. With larger sub-
threshold leakage currents, coupling noise, etc., it will be a challenge to get these cir-
cuits to operate properly. In addition, standard CMOS designs will continue to deal
with process variations, capacitive and inductive coupling issues, supply fluctua-
tions due to IR and Ldi/dt effects, and chip-wide timing synchronization.

As mentioned earlier, dynamic power is continuing to increase with each gen-
eration of technology. The reason for this is shown in Figure 1.21. The supply volt-
age is decreasing with each technology node. However, increases in performance
can only be achieved with a corresponding increase in current. This results in an
increase in the overall power. Furthermore, subthreshold current must be reduced
using circuit design techniques in the near term, such as source degeneration or
multi- V. CMOS. Note that the historical rate of power increase can not be followed
after 2005 due to economic, thermal, and packaging considerations. Today, per-
formance is still the most important design objective. Over the next few years, low-
power design methods will become more important than performance.

Another looming issue is the recurring problem of design productivity. While
the ITRS forecasts 1B transistors by 2010, the design of chips with this staggering
number of gates will take more time and more resources than in previous genera-
tions. A major productivity gap exists today due to the unprecedented levels of
integration possible, and continues to widen as technology shrinks. One view of this
productivity gap is shown in Figure 1.22 from ITRS. It shows the growth of logic
transistors on a chip in the upper graph (58%) and the increase in productivity in
the lower graph (21%). The difference between the two lines is known as the pro-
ductivity gap.
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Below the graph is a rough estimate of the cost to design a 50M transistor chip
in the year 2003. The total is roughly $10M~$15M U.S. If we are to make use of all
of the available transistors on a chip and deliver products within a given market
window, new design methodologies and tools are needed to carry out these large
designs. The semiconductor industry is promoting a new approach to design that is
dubbed “system-on-a-chip with intellectual property” (SOC/IP).

The key idea in SOC/IP design is that chips can be constructed rapidly by using
third-party and internal IP blocks. The term IP refers to predesigned, reusable
behavioral or physical descriptions of standard components. They are also referred
to as IP cores or virtual components, or simply cores. Productivity improvements are
accomplished through re-use methodologies. This is yet another paradigm shift
from logic-level design in the 1970s, VLSI design in the 1980s, and block-based
design of the 1990s. Figure 1.23 illustrates the SOC design process in a simplified
form. The SOC is constructed using a combination of existing IP and user-defined
logic (UDL). The user-defined logic can itself be comprised of newly designed
blocks and some reusable blocks, as well as memory. The memory is generated with
a memory compiler so it is considered to be a “reusable” block. Using this approach,
designs can be assembled hierarchically with a much greater productivity level than
before.

An example of an SOC design is shown in Figure 1.24. It contains a processor
core (MCU), a number of digital signal processing cores (DSP), user-defined logic
(UDL), some compiled memories (ROM, RAM), and an analog IP core. Since the
cores are predesigned blocks, and the logic and memory portions are synthesized
automatically, this design can be constructed with greater productivity than in pre-
vious generations.

Of course, any new methodology must have a new set of CAD tools, standards,
and design flows associated with it. Designers must adopt this new way of design-
ing chips. There are business issues of “make versus buy,” licensing, learning curves,
and costs, to name a few, that are barriers to the success of SOC design. These issues

LI
[ ]

User-defined logic block
Existing IP including memory

1 Newly designed portion
| Re-use portion including memory

Figure 1.23
System-on-chip design hierarchy
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Example of SOC design.

will require time to resolve, but this is the direction that the industry has aggres-
sively undertaken. In one form or another, this SOC design philosophy will emerge
to propel the semiconductor industry forward to fully utilize the billion transistors
available on a chip in the future.

1.7 Summary

Back in the 1970s, gate-level design techniques allowed the designer to start think-
ing of digital circuits at a higher level. In the VLSI era, the chip designer became a
system-level designer and made use of ASIC design flows to implement chips (typ-
ically using a third party). As technology continued to scale, the problems of deep
submicron emerged that required close interaction between the system-level design
and the physical design teams to produce working circuits. With the advent of system-
on-chip technologies, the chip designer continues to move to higher and higher lev-
els of abstraction. However, the issues of deep submicron that have been overviewed
in this chapter are forcing designers back to the silicon level. The designers of
tomorrow must be able to design working chips in the presence of all the issues
described above in a cost-effective and timely manner. A design gap exists today
because of the trend to move to higher and higher levels of abstraction, while the
problems actually lie at the lower levels. As such, this textbook serves to bridge
the design gap by going back to the fundamentals of circuit design. It is hoped that
the integrated circuit designers of tomorrow are well-equipped for the upcoming
challenges upon reading and studying this material.

REFERENCES

1. J. Rabaey, A. Chandrakasan, and B. Nikolic, Digital Integrated Circuits—A Design Per-
spective, 2nd ed., Prentice-Hall, New Jersey, 2003.

2. N.Weste and K. Eshraghian, Principles of CMOS VLSI Design, Addison-Wesley, Reading,
MA, 1993.

3. H.Veendrick, Deep-Subsmicron CMOS ICs, 2nd ed., Kluwer Academic Publishers, Boston,
2000.

4. M. Keating and P. Bricaud, Reuse Methodology Manual, 3rd ed., Kluwer Academic Pub-
lishers, Boston, 2002.

ONSEMI EXHIBIT 1038, Page 52



32 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS

5. H. Chang et al., Surviving the SOC Revolution, Kluwer Academic Publishers, Boston,
1999,

6. D.D. Gajski, Principles of Digital Design, Prentice-Hall, New Jersey, 1997.

7. S. Edwards, Languages for Digital Embedded Systems, Kluwer Academic Publishers,
Boston, 2000.

8. W. Wolf, Modern VLSI Design: System-on-Chip, 3rd ed., Prentice-Hall, New Jersey, 2002.
9. ITRS 2001 documents, http://public.itrs.net.

PROBLEMS

P1.1. Simplify the following functions and express each (a) as a sum of prod- -
ucts and (b) as a product of sums:

(i) F= CBA+ CBA+ CBA+ CBA
(ii) F=DCA + DCA + DCA + DCA

P1.2. Alight in a long hallway is to be controlled by three switches A, B, and
C. If the switch is up, its logic value is 1. If an odd number of switches
are up, the light is on; if an even number, the light is off. Design the logic

circuit for F (F = 1 for light on) from A, B, and C (a) as an all-NAND
circuit and (b) as an all-NOR circuit,

P1.3. Implement the following functions using only NAND, NOR, and INV:
(a) F= AB + BC
(b) F=A®BDC

P1.4. A “half adder” has the following truth table:

0
O
R
0

Table P1.4

(a) Using Karnaugh Map (K-Map) techniques, transform this table
into two Boolean expressions, one for Sum and one for Carry.

(b) Sketch the associated gate equivalent for (a).

P1.5. Design the “full adder” truth table and repeat steps (a) and (b) as in
Problem P1.4.

P1.6. Find the complement of the following functions by applying DeMor- -
gan’s Law:
(a) F= ABC+ ABC + ABC
(b) F= ABC+ ABC
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P1.7. An inverter has a measured delay of 2 ns.

(a) If five identical inverters are connected in series as shown in Figure
P1.7a, what is the delay from a to b?

a b

e

Figure P1.7a

(b) If the a and b are now connected as shown in Figure P1.7b, such
that the voltage at a will now oscillate like a clock,

a b

B

Figure P1.7b

(i) What is the period of oscillation?
(i) What is the frequency of oscillation?

P1.8. A step input from 0 V to 1.2 V is applied to the RC circuit as shown in
Figure P1.8. Calculate the time required for the voltage across the capac-
itor to: (a) reach 0.6 V, (b) reach 1.2V, (c) go from 10% to 90% of 1.2 V.

125 kQ

+
r 100 fF

Figure P1.8

P1.9. A switch is used to control a capacitor’s connection to either V,,,, or Gnd
through a resistor as shown in Figure P1.9. The resistor connected to
Vpp has a resistance of 30 k() while the resister connected to Gnd has a
resistance of 12.5 k().

(a) If the switch has been connected to R2 for a long time, so that the
capacitor’s voltage is 0 V, and the switch is then connected to R1 at
t = 0, calculate the time it takes for the capacitor’s voltage to reach
0.6 V (Vpp/2).

(b) If the switch has been connected to R1 for a long time, so that the
capacitor’s voltage is 1.2 V, and the switch is then connected to R2
at t = 0, calculate the time it takes for the capacitor’s voltage to
reach 0.6 V (Vpp/2).

(c) Calculate the ratio of delays between (a) and (b).
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VDD = 1‘2 V
+V

R1

30kQ
Switch
R2
12,5 kQ f ?ﬁ;d
Figure P1.9

P1.10.In a 0.18 um technology, a chip is designed with 1 cm by 1 cm dimen-
sions containing 50 million transistors. At 0.13 pm, how many transis-
tors can be integrated on the same chip according to Moore’s Law?

P1.11.1f the current high-speed desktop processors run at 2 GHz (10° Hz), and
if the processor speeds doubles every technology node, how many tech-
nology nodes will it take for processors speeds to reach 30 GHz? If the
time between each technology node is 3 years, how long will this take?

P1.12. A capacitor C with an initial voltage of 0 V is suddenly connected to a
current source I as shown in Figure P1.12. If the capacitor has a value of
25 fF, how large must the current source be so that the voltage across the
capacitor reaches 0.6 V in 30 ps? Express the answer in mA.

ic

Figure P1.12
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MOQOS Transistors

TCHAPTER-'OQTLEN

2.1 Introduction

This chapter focuses on the semiconductor devices used in mainstream integrated
circuits. MOS devices, pn junctions, and device capacitances are all covered here. We
will spend much of this chapter examining basic physics and modeling of MOS
transistors. It is an important chapter in that it lays the foundation for many of the
design equations to be used throughout the book, Of course, it is difficult to have
complete coverage of the background needed to grasp the device physics in one
chapter, Readers who are unfamiliar with the terms and concepts presented here
should consult the references for the prerequisite material. It is expected that many
students embarking upon a study of this text will have had a course in semicon-
ductor devices, including the MOS transistor. However, even these students should
study this subject matter because the emphasis is on the specific characteristics of
MOS devices that are important to VLSI digital circuit design.

35
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MOS TRANSISTORS 37

and the degree of approximation involved in each. If we know the detailed models,
and the approximations used to derive the simple models, we can safely use the sim-
plified models and gain a tremendous insight into the behavior of complex devices.
Keep this in mind as you work your way throngh the material in this chapter.

2.2 Structure and Operation of the MOS Transistor

A simplified view of an n-channel polysilicon-gate MOS transistor is shown in Fig-
ure 2.1. In simple terms, there are two operating modes for this transistor: on and
off. This is true of all transistors. We must use the terminals provided on the device
to place it in these two possible conditions. The four terminals are the gate, drain,
source, and bulk (or body, or substrate). The schematic symbol for the NMOS device
is shown with these four terminals labeled as G, D, §, and B, respectively. In the on
condition, electron current flows from source to drain. In the off condition, no
current flows in the device, To turn it on, a voltage is applied to the gate node to set
up an electric field that creates a conductive channel between heavily doped n-type
(n*) source and drain regions,’ and current flows when a potential difference exists
between these two nodes.

Poly gate

Source 'w/( Drain NMOS

G

L

p substrate

!

Bulk

Figure 2.1
NMOS transistor structure and symiol,

! The notation #* implies doping > 10'%cm?, n~ implies doping <<10%*/¢m?, and # is not specific. The same
convention applies for designations of p-type material.
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tors. ‘The main requirement on the field regions is that they should never permit
conduction between separate active regions. In NMOS, all conduction is via elec-
trons, so the field region fulfills its purpose if electrons can never pass through it. In
addition, a thick layer of silicon dioxide over the field regions is used to minimize
unwanted capacitance from interconnecting metal to the body.

The transistor regions in the body comprise n* source and »* drain regions
separated by p-type material in the channel region. Typical devices are symmetrical,
just as the one shown in Figure 2.1; source and drain are interchangeable. Strictly
speaking, the source and drain can be only identified after the polarities of applied volt-
ages are established. In NMOS, the more positive node is defined as the drain. With
no external voltages applied, the path from drain to source has two pn* junction
diodes in series, back to back, with the body as a p region common to them. These
junctions should never be forward-biased. In fact, the subtrate should be connected
to the lowest possible potential in the circuit, typically a ground potential, called Vi,
or Gnd. The only current that is permitted to flow across the junctions is diode
reverse leakage current.

Now consider the result when source, drain, and body are all tied to ground and
a positive voltage is applied to the gate. From simple concepts of electrostatics, a
positive gate voltage will tend to draw electrons from the substrate into the channel
region. The »* source and drain regions also provide nearby copious sources of
electrons. Once electrons are present in the channel region, a conducting path is
present between drain and source. Current will flow from drain to source if there is
a voltage difference between them. That is, electrons will flow from source to drain
in this condition.

To first-order, the conducting channel does not form for very small positive
gate voltages. The electrostatic potential at the surface of the p-type material in the
channel region must be made positive by application of a larger gate-source voltage.
The gate voltage needed to initiate formation of a conducting channel is termed
the threshold voltage V. This important device parameter is analyzed in the next
section.

Now consider the structure of the device in Figure 2.2, called the p-channel or
PMOS device. It has complementary characteristics to the NMOS device. While the
structure is the same as the NMOS device, the doping is opposite. The heavily doped
regions in the body comprise p* source and p* drain regions separated by lightly
doped n-type material in the channel region. Again, the source and drain are inter-
changeable and can be identified only after the polarities of applied voltages are estab-
lished. In PMOS, the more positive node is defined as the sourre This is represented in
the schematic of Figure 2.2 by reversing the positions of the source and drain.

The substrate is an n-type material that must be created in advance of placing
the source and drain regions. It is often referred to as an n-well or n-tub, especially
if it is created in a silicon wafer that is initially doped with a p-type background
material. In this case, it would be called an #n-well process. If both n-channel and
p-channel devices are created in their own wells, it is referred to as a double-well
or twin-tub process. Again, the path from drain to source has two p*# junction
diodes in series, back to back, with the body as an n region common to them. The
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Figure 2.3
CMOS transistars structure.

negative thresholds, but in CMOS designs, we rarely (if ever) use depletion-mode
devices today.

Figure 2.3 shows a cross-sectional view of a modern silicon-gate CMOS struc-
ture. While it is not drawn to scale, it represents the typical profile after fabrication
of a twin-tub CMOS process, the details of which are left to Chapter 3. We now
know that the PMOS devices are symmetrical but opposite to NMOS devices in
terms of doping and voltage polarities. In CMOS circnits, all devices are assumed to
ke enhancement-mode devices. They are separated by oxide regions using a method
called shallow-trench isolation (STI). The NMOS device has a positive threshold
voltage while the PMOS device has a negative threshold voltage. The equations to
be derived in the sections to follow are based on the NMOS device, but apply
equally to the PMOS device after the appropriate sign changes.

2.3 Threshold Voltage of the MOS Transistor

In order to fully understand the mechanisms behind the threshold voltage deriva-
tion, we must examine the energy-band diagram of a material as shown in Figure
2.4. This diagram is a representation of the allowable energy states for electrons,
Two distinct levels are defined: the conduction band, E, and the valence band, E,.
In order to have electrical conduction, an electron must move from the valence
band to the conduction band and, in doing so, must surmount the bandgap associ-
ated with the material. In metals, the two energy levels overlap making the bandgap
effectively zero; electrons can freely move from one band to another. In insulators,
the energy levels are very far apart and the barrier is insurmountable. In semicon-
ductors, the gap is relatively small, 1.1 eV for silicon. Since there are no allowed states
in the bandgap region, electrons must have enough energy to jump from the valence
band to the conduction band. However, since the gap is relatively small, energetic
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Figure 2.4
Energy-band diagram for doped p-type silicon,

electrons are able to surmount this barrier from time to time due to thermal exci-
tation.

In an undoped semiconductor, the total number of electrons that are able to
surmount this barrier is termed the intrinsic carrier concentration, n,. This depends
on the number of available states in the conduction band and the probability of
occupancy of these states, which depends on the temperature. For example, #, at
room temperature is

;= 1.45 X 10"/cm’ (2.1)

The relationship between the intrinsic carrier concentration and the holes and elec-
trons at equilibrium is given by the mass action law:
= 2

Bp = nj (2.2)
where 7 is the mobile electron concentration and p is the mobile hole concentra-
tion. This equation tells us that the mobile electrons and mobile holes must have
equal concentration in undoped silicon at equilibrium. To represent this on the
energy band diagram, we define the intrinsic Fermi level as a line where the proba-
bility of electron occupancy of an empty state is 50%. This is denoted E; in Figare
2.4 and is located roughly midway between the conduction band and the valence
band.

More generally, the probability of electron occupancy of an allowable state is
based on the doping level in the semiconductor. As we increase the doping level, N,
of silicon with p-type acceptor impurities such as boron, the probability of electrons
in the conduction band is reduced and the actual Fermi level (50% probability
point) shifts below the intrinsic Fermi level. This is because we are adding holes to
the semiconductor and reducing the likelihood that an electron will surmount the
barrier. The mass action law can be used to support this fact, If p = N, »> 5, then
the mobile electron concentration is reduced to
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which is much smaller than #;, Since there are fewer mobile electrons, the probabil-
ity that the empty states in the conduction band will be occupied decreases.

The amount of shift in the Fermi level due to the doping is called the electro-
static potential. Conventionally, the equilibrium electrostatic potential ¢ in a semni-
conductor is defined as the difference between the intrinsic Fermi level and the
actual Fermi level in the p-type or n-type doped semiconductor:?

kT H;
bpp = "'q— In E (2.3a)
or
kT n
Pry = “E‘ h'l';:: (2.3b)

where the equilibrium majority mobile carrier concentration is assumed to be equal
to the doping concentration p = N, for p-type material, or # = Np, for n-type
material.

The kT/q term is called the thermal voltage, V,,, which is'approximately 26 mV
at room temperature. (Do not confuse this with the threshold voltage, ¥, which is
a completely different quantity!) By convention, ¢ is negative for p-type semi-
conductor material and positive for n-type material. For example, in a p-type mate-
rial, we would have:

pp=—In— (2.4)

Since N, is the doping level in the p-substrate, and the value of Ny >> #,, the elec-
trostatic potential is negative.

Now that the energy band diagram has been reviewed, its application to the
threshold voltage derivation can be described. Recall that the MOS structure is
comprised of a metal material (polysilicon), a gate oxide, and the silicon body. The
gate and body of the MOS transistor form the plates of a capacitor with silicon diox-
ide, $i0,, as a dielectric. The gate-oxide capacitance per unit area is defined as:

i

Coe = — (2.5)
t{l\'
where &, is the permittivity of oxide and 1, is the oxide thickness.

The threshold voltage for a long-channel enhancement-mode NMOS device
can be derived using the transistor cross-section shown in Figure 2.5, Consider the
body, source, and drain connected to ground and a voltage Vi (initially zero)
applied to the gate, As V5 changes from zero to a positive value, positive charge
accumulates on top of the gate and negative charge accumulates as electrons in the
substrate under the gate. This actually happens gradually as the gate voltage moves

2 p.type silicon is obtained by adding acceptor impurities such as boron. a-type sificon is obtained by adding
donor impurities such as phosphorus or arsenie.
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from 0 V to the threshold voltage. Initially, the negative charge in the p-type body is
manifested by creation of a depletion region® in which mobile holes are pushed
down under the gate, leaving behind negatively charged immobile acceptor ions.

As the gate voltage continues to increase, the depletion-layer thickness increases
and eventually an initial laver of mobile electrons appears at the surface of the sili-
con in the so-called weak inversion condition, Further increases in the gate voltage
increases the concentration of the mobile carriers in the channel until the con-
centration of electrons at the surface equals the concentration of holes in the sub-
strate, a condition known as strong inversion.* For gate voliages above this point, the
depletion-layer thickness remains approximately constant while the additional
charge on the gate is matched by additional mobile carriers in the channel region
that are drawn from the source and drain regions—where an abundant supply of
such carriers exists,

The value of gate voltage Vg required to produce strong inversion is called the
threshold voltage, V.. We will present the main components of this voltage and then
go back and describe the origin of each component. There are three main terms:

1. A voltage term, ¢, represents the difference in work functions between the
gate (G) material and the silicon substrate on the channel (C) side. The work ;
function for a material is the amount of energy needed to move an electron

 This is the same type of depletion region that appears in a pr junction.
AThis is a sormewhat arbitrary but important definition of strong inversion. The surface is inverted relative to
the substrate since the carrier concentrations are egual and opposite.
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from the Fermi level to free space level E;, as shown in Figure 2.6. When two
materials with different Permi levels are brought together into one system,
the Fermi levels are aligned at equilibrium. The work function difference
tells us how “misaligned” they are to begin with. When equilibrium is
reached, the conduction and valence bands will bend to accommodate the
work function difference. Por silicon-gate devices

¢GC = (I)G(polysilican gnte) o @C(snbszmm)

2. There is always an undesired positive charge Q,, present in the oxide and at
the interface between the oxide and the bulk silicon. This charge is due to
impurities and/or imperfections such as sodium ions in the oxide, Q.+ and
dangling bonds at the interface, Qg We combine these two terms into one
term called (. and place the equivalent charge at the oxide-silicon interface
as in Figure 2.6. Since there is positive charge effectively on the bottom plate
of the MOS capacitor, the top plate must provide negative charge to com-
pensate for it. Therefore, it contributes a negative quantity to the threshold
voltage of — Q,,/C,,-

3. A gate voltage (—2¢p, — Qp/C,,) is needed to change the surface potential to
the strong inversion condition and to offset the induced depletion-layer
charge (O This is shown in Figure 2.7,

Now that the terms are defined, we explain the inversion process in detail. Consider
what happens when the MOS system is first brought together. At equilibrivm, there
is a certain amount of band-bending that occurs to make the Fermi levels constant
throughout the entire system, We need to know exactly how much band-bending has
taken place in order to provide a meaningful reference point for the strong inversion
condition. Therefore, the bands are first flattened by a flar-hand voltage, Vi, The
name comes from the fact that application of this voltage at the gate produces flat

M Q S
A &
g ; 9eb,
ox F
ERG s e s e — - C
+
quBT o [ et o e £,
K3
" O o o & —y p— — — M——— 1 v —— Efp
+ Ly
+
L
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Figure 2.6
Flat-banet condition ir the MOS system.
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Energy bands in the strong inversion condition.

energy bands in the metal-oxide-semiconductor system, as shown in Figure 2.6. This
figure shows the MOS energy band diagrams depicting the conduction band, E,
valence band, E,, the intrinsic Perini level, E;, and the actual Fermi level in the p-type
semiconductor, B, The work functions associated with the gate, g, and the semi-
conductor, g, are also shown here. The Ferrmi level in the gate material, Eg;,
depends on the doping level in the polysilicon gate material. If the gate is heavily
doped with n™ material, the position of By Is near Eo, However, if it is heavily doped
with p* material, B, is near Ey. For an NMOS device, usually an #* doping is used
in the poly gate whereas a p* doping is used for PMOS devices. This polarity of dop-
ing is consistent with the doping of the drain and source regions, so they can be
doped at the same time.

The amount of band “unbending” that is needed to reach this flat-band condi-
tion is given by

_ Qu

CO.I

That is, if we apply the difference between the work functions, and we compensate
for the oxide charges, we will achieve the flat-band condition shown in Figure 2.6.
‘We now have a known reference point from which to operate.

Next, we need to bend the bands in the channel region by 2|¢,| relative to the
substrate,” as shown in Figure 2.7. That is, the surface potential ¢ must be made
equal to . This will achieve the desired strong inversion condition. Then, we need
to compensate for the exposed depletion-layer charge, Qp, due to the band-bending
itself. The fact that we bent the bands means that the fixed charge is exposed in the
depletion layer of thickness, X,.

= Gge (2.6)

*We drop the electronic charge g for convenience in Figure 2.7,
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A simple analysis can be applied to find the depletion-layer charge by first
determining the thickness X, of the depletion region between the channel and the
substrate as a function of the electrostatic potential ¢ at the silicon surface. To cre-
ate the shaded depletion region shown in Figure 2.7, mobile holes must be pushed
back into the substrate. The thickness of the depletion layer in the p-type material
is given by

112
zesfl by & r-'i

Xy = Ww (2.7)

The doping density in the p-type substrate is denoted as Ny, and & is the permit-
tivity of silicon. The immobile charge per unit area due to acceptor ions that have
been stripped of their mobile holes is given by

Qp = gN, Xy = ““VZQNAEsilff’s - f/’{-“l for |ffbs - ¢r| 2 0 (2.8)

In order to invert the surface of the p-type semiconductor, the voltage Vi is
nsed to attract mobile electrons to the channel region. As Vi is increased in the
positive direction,’ the potential ¢ at the silicon surface increases from its original
(negative) equilibrium value of ¢, through zero, until ¢ = ~ ¢y, Under this con-
dition the density of mobile electrons at the surface is equal to the density of maobile
holes in the original substrate or body. The surface potential has changed by —2¢p,
relative to the substrate,

The value of Vi needed to cause this —2¢, change in surface potential is
defined as the threshold voltage V., for a MOS transistor. This condition is known as
strong inversion. In essence, the semiconductor surface that is normally p-type
becomes n-type. Further increases in gate voltage produce only slight changes in ¢
and the depletion-layer thickness. However, it increases the electric field across the
gate oxide and increases the electron concentration in the channel. The additional
electrons are drawn into the inversion layer from the strongly n-type source for
drain, with the positive surface potential as the attractive force.

B s e S A AN, S N R B :
Band-bending at Strong Inversion Example 2,1
Problem:

A 130 hm technolagy employs carrier concentrations in the p-well in the range of
3 X107 ¢m™3, Estimate the degree of band-bending required for strong inversion
at room ternperature, relative to the flat-band condition.

6 The positive direction for the gate voltage is actually pointing downward in the energy band diagram of Fig-
ure 2.7, It bends the bands downwards. The flat-band voltage is negative since it will "untiend™ the bands from
its equilibrium condition,
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Sofution’:

145 x 10"
3 x 107

& 0.BEY

As long as there is only a small voltage difference between drain and source, the
induced layer of electrons extends continuously from source to drain, producing a
continuous region with mobile electrons, The conductivity of the channel thus
formed can be increased or decreased (modulated) by increasing or decreasing the
gate voltage. In the presence of an inversion layer, and with no body bias (Vg = 0),
the depletion region contains a fixed negative charge that may be found by using
(2.8) together with the fact that ¢g = — oy

Qu = — V2N, | =20 | (2.99)

If there is a voltage Vi, between source and body (V. is normally positive for
n-channel and negative for p-channel devices), a slight modification is required.
The surface potential required to produce inversion becomes |~2¢; + Vgy| and the
charge stored in the depletion region in this case is

Qs = — V2N, | =24 ¢ + Vel (2.9b)

Example 2.2 Depletion Layer Fixed Charge Calculation
Problem:

A p-type well in a 130 nm technology has N, = 3 X107 em™3 Find the limiting

value of depletion-layer width and the total charge contained in the depleted :
region. |

Solution:
From Example 2.1, we already know that

2kT

2| ¢ gl = = 0.88

Inm{
p

= I‘bs - d)FI
From Equation (2.7),

_ \/2(11.7)8.85 X 107"(0.88)
TN 16(1071%) X 3(10")

w6 X 107%em = 60 nm

7 Note that ¢y, is negative for n-channel devices and ¢y, is positive for p-channel devices, This can be con-
fusing so we usually take the absolute value of this quantity,
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From Equation (2.9a),
Q= —(2 % 16 X 107'% X (3)107 X 1.0 X 107% x |~0.88])*?

= —3 X 1077 Cfem?

Q
Vi= Vg~ 2 — "éﬁ (2.10)
ox
Expanding Vg, and rearranging, we obtain
QB an
Vi= e = 2pp— —= — ==
r= Goc— 20k C. C,
Quy Qo Qy ~ Qg
= hop = Upp o 2.11
Go— 2y c T, c. (211)
= Vio + (VY T2 = Vizg )

where Equation (2.92) has been used to simplify the expression and Vy, is the
threshold voltage with Vi, = 0 called the zero-bias threshold voltage. The parameter
v (gamma) is termed the body~effect coefficient ox body factor. Comparing Equation
(2.9) to Equation (2.11), we see that y is given by

1
YEE V2qey N, (2.12)

Computation of C,, and y Example 2.3

Problem:
Determine values of C, and v, if t,, = 22 Aand N, = 3 X 1077 cm ™,
Solution:

To compute C,, we use Equation (2.5):

8o = 48,
£, (4)(88S X 107"
Gy = = = 1.6 X 107¢F/cm?
R 224 /

Apply this value to the equation for -y:

Y= \/zqsstA/Cox

y = V(2)(1.6 X 1079)(11.7)(8.85 X 1071)(3 x 107)/1.6 X 107
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Table 2.1
Signs in threshold voltage equation

Substrate
B l./TO

et
" polysilican gate - -
p¥ polysilicon gate + +
+

Q0@
Qe
X Cor
VSE

o+
|

It is easy to become confused about the signs of the various terms in the threshold
voltage equations (if not the terms themselves!), Equations (2.10-2.12) give correct
results for NMOS and PMOS if the signs shown in Table 2.1 are used.

Example 2.4 Threshold Voltage Calculation

Problem:

Calculate the zero-bias threshold voltage (i.e., Vg = 0) for an NMQS silicon-gate
transistor that has well doping N, = 3 X107 ¢m~3, gate doping N, = 10 ¢cm™3,
gate-oxide thickness to, = 22 A, and 2 ¢ 10% cm~2 singly charged positive ions per
unit area at the oxide-silicon interface. Assume that the gate doping is n* and
explain why it is appropriate,

Solution:

Qg Qox
Vroﬁ%c'zdfrp“”&:f"“”éf;
KT, 1.4 % 10"
o —— 2= ], B § vV
Den 2 !nNA 0.026 In 5% 107 0.44

boc = Prp = Pojgarg = = 044 = 0.55 = ~0.99 V
Eox = Ao = 3.5 X 1079 F/em

Coe = 1.6 X 107 F/em?

Qgo = 3 X 1077 Cfem?

Qu _ 3x107

= 0188V
Co 1.6 X107
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Qu _ 2X10" % 1.6 X 1077
C,y 16 X 107¢

= 0.002V
Vig = —0.99 — (—0.88)~ (~0.188)~ 0.002 = +0,08 V

In the above solution, we assumed that the n* gate doping is so high that the Fermi
level in the gate is coincident with the conduction band, which implies an electro-
static potential of dyggay = 0.55. If the gate doping were p*, the value for Vi,
would be 1.18 V which is well above the desired levels. Therefore, the doping of the
poly gate must be n* to keep it below the target value. For the same reason, the
poly gate for p-channel devices is doped with p* material. Of course, the value
computed above is not very satisfactory for an NMOS device. We require a value
closer to Vy, = (4 V.

The small positive value of threshold voltage calcutated above is not desirable for
use in digital circuits. Although in principal the threshold voltage may be set to any
value by proper choice of doping concentrations and oxide capacitance, considera-
tions such as breakdown voltage and junction capacitance frequently dictate the
desirable specifications for these variables. Therefore, the final value of Vi, is deter-
mined during circuit fabrication by ion implanting dopant atoms into the channel
region.

A p-type threshold implant, using boron for example, will make the threshold
voltage more positive. On the other hand, an n-type threshold implant, using phos-
phorus for example, makes the threshold voltage more negative. NMOS threshold
voltages are adjusted using a p-type implant until the desired positive value is
reached. The PMOS thresholds are all adjusted with n-type implants until they are
at the desired negative value.

Extra p-type impurities are implanted to make Vigy = +0.4 'V for n-channel
enhancement devices in our generic 130nm process. By implanting n-type
impurities in the channel region of a p-channel device, we try to achieve a Vigp =
~0.4 V. If Q, is the charge density per unit area in the channel region due to the
implant, then the threshold voltage, Vi, given by (2.10) and (2.11) is shifted by
Q,/C,. It is assumed that all implanted ions are electrically active,

Threshold Voltage Implant Dosage Calculation
Problem:

Continuing on with the previous example, since the NMOS threshald voltage is not
close to the desired value, calculate the ion-implant doses N, needed to achieve a
threshold voltage of 0.4V in unit of fons/crm?,

Example 2.5
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Solution:
We knaw that Vo will be shifted by Q,/C,, = gN,/ C,,.
Q _ GuAV _ Co(04 = (+008))

g g 16x 107 em?

The above calculations of threshold voltage do not give exact quantitative
results in practical cases, Reasons for this include the fact that body doping may
vary near the oxide interface, the oxide thickness and dielectric constant may vary
due to process variations, and oxide charge is not exactly controlled. Considerations
such as hot-electron effects, junction breakdown voltages, junction capacitances,
and punchthrough dictate the desirable specifications of the doping levels in the
channel region. For our purposes, calculations of threshold voltage are useful for
predicting how Vi, varies as a function of doping levels and dimensions, Further-
more, the values given above are for illustrative purposes only. As a practical matter
for circuit design, nominal values anc statistical variations of the threshold voltage
and body-effect coefficient must be determined by direct measurements of actual
devices.

2.4 First-Order Current-Voltage Characteristics

The next step is to derive the large-signal characteristics of long-channel MOS tran-
sistors for dc or slowly changing applied signals, We assume an NMOS device with
source grounded and bias voltages Vi, Vpg and Vi applied as shown in Figure 2.8.
If Vg is greater than Vi, a conducting channel is present and Vg causes a drift cur-
rent I to flow from drain to source. The voltage V), causes a larger reverse bias
from drain to body than that present from source to body, and thus a wider deple-
tion layer exists at the drain. However, for simplicity we assume that the voltage
drop along the channel is small so that the threshold voltage and depletion-layer
width are approximately constant along the channel.

At a distance yalong the channel, the voltage with respect to the source is V(y),
where 0 = V(y) = V), and the gate-to-channel voltage al that point is V5 — V(y).
In order to have any inversion-layer charge, the gate-to-channel voltage must be
higher than V. The amount of charge induced by a given voltage is Q = CV. We
assume that this voltage V,; — V(y) exceeds the threshold voltage Vr, and thus the
induced charge per unit area at the point y in the channel is the charge density:

Q.(») = Co [Ves — V() — V4] (2.13)

In basic terms, current is simply charge in motion. Since Equation (2.13) deter-
mines how rmuch charge exists in the channel, the drain-source current I is given
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Figure 2.8
NMOS device with bias voltages appliecd.

by the charge density times the carrier velocity, v, times the channel width, W, per-
pendicular to the plane of Figure 2.8.

Is=0Q, X uX W (2.14)

The carrier velocity in cm/s is determinéd by the horizontal electric field, E,
which is in units of V/em and is directed from drain to source. For the first-oxder
model, we assume that the velocity is linearly proportional to the magnitude of the
E field:

N _dV(y)
v = pE whereE = _dy (2.15)

and w4 s the carrier mobility which is the ratio of carrier (electron or hole) velocity
to electric field. Its dimensional units are cm/s over Viem, or cm®/V-s.

To continue with the analysis of MOS transistor conduction, we substitute
Equation (2.15) into (2.14):

IDS = Cax [(VGS - V(}’)) - VT} X ].L,,E X W
Further substitution and minor rearrangement produces:

IDS d)’ = Wf"‘ncox (VGS - V()f) - VT) av
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For simplicity, a process transconductance parameter k' is defined as:

liel}
ko= 0,y = ot (2.16)
’ fox
We assume that Vo does not vary significantly along the length of the channel. Inte-
grating the left side along the channel from y == 0 to L and the right side from V=
0 to Vpg and substituting:

L Vos
0 ]

{2.17a)
w Vi
Ips = k'““f [(Vcs - VT) Vs — "“‘2“D‘“‘5'}

The device transconductance parameter is defined as k = k'(W/L). Substituting this
in the above yields

k
Ipg [2(Vigs = Vi) Vs — Vi) (2.17b)

T2

for the so-called linear region of operation. This equation is an important one since
it describes the current-voltage (I-V) characteristics of the long channel MOS tran-
sistor, assuming a continuous channel is present from source to drain.

As the value of V) is increased, the induced conducting channel charge Q,
decreases near the drain. Bquation (2.13) indicates that Q, at the drain end
approaches zero as Vs approaches Vs — Vi When Viyg equals or exceeds Vg —
Vs the channel is said to be pinched off. Increases in Vo above this critical voltage
produce little change in I, and Equation (2.17a) no longer applies. In fact, if Equa-
tion (2.17b) is plotted as Ipg versus Vs with different values of Vi, the curves
would reach a peak and then “roll over” as V), is increased since it is a quadratic
equation., This characteristic, shown in Figure 2.9a, is nonphysical and inaccurate.
It is due to BEquation (2.13) reversing its polarity when V{y) is greater than Vi —
V. This produces positive charge in the channel after the pinch-off point, as shown
in Figure 2.9b, something that is quite impossible!

Since the current equation is only valid up to the pinch-off point, we will call
this the saturation voltage:

v’n.-i” e VGS h Vr (2.18)

Beyond this value, Ing is obtained by substituting Vg = Ve = V; in Equation
{2.17b), giving

k
Ips = Py (Vs — V)2 (2.19)
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Figure 2.9
Nenphysical region of the drain current equation beyond pinch-off.

for the MOS transistor operating in this so-called saturation region.® The word satura-
tion is used because I reaches a limit, or saturates, at the level given by Equation
(2.19). Figure 2.10 shows the currents in the linear and saturation regions of operation.

The drain current of an MOS trangistor in the saturation region in fact is
dependent on V), because the depletion layer at the drain widens as Vg increases,
shortening the electrically effective value of L. Also, there is significant electrostatic
coupling between the drain and the mobile charge in the channel, such that increas-
ing the drain voltage increases (, above the value given by Equation (2.13). Each of
these effects acts to increase the drain current as drain voltage increases, An empir-
ical approximation to the actual drain current can be used to model this increase as

k
IDS = "’i (VGS - VT):L(]. + AVDS) (2.20)

where the channel-length modulation parameter A {lambda) represents the influ-
ence of Vg on Ijg in saturation. To avoid discontinuities in the Ijyg — V), charac-
teristic, the 1 + AV, term may be included for both saturated and linear regions
with negligible error. Usually the value of A has little effect on the operating char-
acteristics of digital MOS circuits.

¥ The consequences of the earlier assumptinn of Vi constant along the channel may now be understood. In
fact, Viuincreases with V(y) due to body effect, The result is that saturated drain current [y, is 10 to 40% smaller
than the value given by Equation {2.19b). However, good accuracy is obtained in circuit design if the value
used for & is determined from data taken with the transistor pperating in saturation,
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Figure 2.10
NMOS device i —Vp characteristics,

We summarize the results thus far using the Ing versus Vyy plot for an NMOS
transistor shown in Figure 2.10. Below pinch-off the device behaves as a nonlinear
voltage-controlled resistor. This is termed the linear, resistance, triode, ox nonsatura-
tion region of operation. This book will refer to it as the linear region. Above pinch-
off, the device approximates a voltage-controlled current source. The channel-length
modulation parameter in the figure is much larger than usual, leading to a steeper
slope for Iy— Vgin saturation than is usually observed. The slopes of all the curves
in saturation converge at 1/X along the V) axis?

There is also a noticeable quadratic relationship between the current Ipg and
V¢ in the saturation region. This makes sense since there is a (Vs — Vi? term in
the current expression in saturation, so the current must increase quadratically with
Ve This is an important characteristic associated with long-channel devices in sat-
uration.

The separation between linear and saturation regions is also plotted in Figure
2.10. It is defined as the point where Vi is equal to Vg — Vi for all the curves.
Throughout the study of the material in this book, it will be important to quickly
ascertain the region of operation of a device. As a rule of thumb, if Vjgis large rel-
ative to Vg then it is probably in saturation. If Vi is large relative to Vpsthen it is
probably in the linear region. If the two are equal, then the device is definitely in sat-
uration. This intuitive approach to determining the region of operation is useful as
an initial guess, but it must be validated using Equation (2.18).

A similar set of plots can be generated for the PMOS device. As noted before,
for PMOS devices, all polarities of voltages and current are reversed. When check-

9 In bipolar transistors, this is referred to as the Early voltage.
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ing for the region of operation, it is important to use the proper magnitudes of the
voltages. Otherwise, incorrect results will be obtained.

MOS digital circuits are usually designed with MOS transistors as the only cir-
cuit elements. The values of Viyare usually given for the NMOS and PMOS devices
but can be adjusted with body-bias, Vs All of the other parameters are process-
dependent. As a consequence, the transistor width Wand length I are typically the
only design parameters available. Since L is usually selected as the minimum value
possible, the only practical degree of freedom is the selection of W, Therefore, it is
useful to relate most of the equations for the MOS transistor in terms of W. As we
praceed through this chapter and subsequent chapters, useful coefficients will be
computed relative to the W of the device.

2.5 Derivation of Velocity-Saturated Current Equations

The quadratic model derived above is valid for long-channel devices (typically >
1 pem) and has served the IC industry well for many years, especially for hand cal-
culations. However, it is not as suitable for today’s deep submicron (DSM) tech-
nologies. The primary reason is that, in modern devices, the transistor channel
lengths have been scaled to the point where the vertical and horizontal electric fields
are large and they interact with one another. Furthermore, the assumption that sat-
uration occurs at the pinch-off point is no longer cotrect. Saturation in DSM
devices occurs when the carriers reach velocity saturation—that is, when they reach
the speed limit of the carriers in silicon.

The effect on the current-voltage characteristics is fllustrated in Figure 2.11 for
a (.18 um device, for which Vg and Vi are swept from 0 to 1.8 V. Notice that the
relationship between I and Vi is more linear than quadratic. This can be seen by
visual inspection of the plot of Ipg versus Vi, or directly in the plot of I, versus
Vs This behavior is not predicted by the equations that we have derived thus far,
As a result, a more suitable model is necessary for hand calculations.

Another observation is that the saturation voltageis smaller than what is pre-
dicted by the first-order model. The plot of I versus Vi indicates that the thresh-
old voltage is around 0.5 V (x-intercept of plot). For the uppermost curve of I, ver-
sus Vpg, with Vo = 1.8V, the saturation condition of Equation (2.18) requires that
Vps= Vg — V= 1.8V ~ 0.5V = 1.3 V. However, the curve saturates well before
1.3 V. 1t is closer to 0.6 V by inspection. This early saturation is true for all three
curves in this plot and is due to velocity saturation. We now revisit the current der-
ivations taking into account the high fields and velocity saturation.

2.5.1 Effect of High Fields

Consider the following trends in the horizontal and vertical fields. The horizontal
field oceurs in the y-direction which is in the direction of the channel pointing
from drain to source. The vertical field occurs in the x-direction from the gate to
the channel. The horizontal field is given by E, = V,,;/L. Shown in the following
are estimates of the horizontal field for three different years. We can see that the
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Figure 2.11
Current-voltage characteristics of a 0.18 um process.

horizonta] field has increased over the years by an order of magnitude and has
remained approximately at 10° Vicm since 1995. The horizontal field acts to push
the carriers to their velocity limit and this causes early saturation, which in turn
degrades the mobility. The carrier velocity and the electric field no longer have a lin-
ear relationship as was assumed in the long-channel case.

5V 3.3V 1.2V

E, = —mme = 10%V/em E

= =94 X 10V E, =
¥ sum Y 035um 24 X 10°V/em 4

e == 1,2 X T0° V/em
pm
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The vertical field can be approximated as E, = V},5/¢,. Shown in the following
are estimates of the vertical field for three different years. We can see that the verti-
cal field has also increased by an order of magnitude and has remained approxi-
mately at 5 X 10° V/cm.

5V

- 3.3V
1000 A

= 50 X 10°V/em E, =200 = 4.4 % 10°V/em Eo=t® 55 x 10°V/em

75 A 22 A

For high gate voltages, a large number of mobile carriers are induced in the
inversion layer near the interface. The mobility of these carriers decreases due pri-
marily to electron scattering caused by dangling bonds at the 5i-8iQ, interface. The
effect of the vertical field on mobility can be modeled to first-order as follows:

Mo

MLy = 7
Vg — V.

1+( Gs T)
01,

(2.21)

Here, p, is the nominal mobility in the presence of low fields, typically 540 cm?¥
V-sec for NMOS devices, and @ and 7 are empirical values. The equation uses a term
based on the vertical electric field, (Vigg— Vi)/t,, to reduce the nominal mobility
value. As an example of mobility degradation, let @ = 3.6 X 10° V/cm and 7 = 1.85
in a 0.13 wm technology. Then, with £, = 22 A and Vo~ V= 12V — 04V =
0.8 V, we find that the mobility, u, = 270 cm?/ V-sec, is reduced by a factor of 2 rel-
ative to . This effective value of mobility can be used to account for the high ver-
tical field. The effective mobility for PMOS devices is 70 em? V-sec which is about
four times smaller than NMOS devices.

The horizontal field acts to reduce the mobility even further. We assumed that
as E, goes up, the carriers continue to increase in speed. Actually their velocity sat-
urates (or reaches a velocity limit) at approximately v,,, = 107 cm/s. Consider Fig-
ure 2.12, which shows the relationship between the carrier velocity and horizontal
electric field. Initially, as we increase the E, field, the carrier velocity also increases.
The linear proportionality constant between the velocity and the electric field is, of
course, the mobility. Note that as the field increases beyond a certain critical elec-
trical field, E,, the carrier velocity saturates at its limit in silicon. The fields are so
high in DSM devices that they tend to saturate very quickly as V), increases. This is
the basic difference between long- and short-channel devices.

Figure 2.13 shows the experimental results for drift velocities, of holes and elec-
trons in silicon. The saturation velocity for both electrons and holes is 8 X 108
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Blot of carrier drift velocity versus electric field at 400° K. (From Sze.)

cm/sec at T = 400° K, and is independent of the doping level. This value is used in
most of the analysis that follows. From the curves, we estimate the critical field val-
ues to be

v
B, = 6 X 10° — for electrons
cm

v (2.22)
E, = 24 X 10* — for holes
4 cm

S
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As the temperature decreases, the saturation velocity increases. For T = 300° K,
Vg, = 107 cm/s.

The next step is to somehow incorporate the effects of the high fields on mobil-
ity into a set of equations suitable for hand calculation. We first include the effect of
the vertical field by using Equation (2.21). To account for the horizontal field, we
can express the velocity as a piecewise continuous function of the horizontal elec-
tric field, E,, as follows:

£ y!
E
v = Meww’iwﬁww E, < F, (2.23a)
()
E,
V=V  LEE (2.23b)

That is, the relationship between the carrier velocity and the field is divided into two
segments with a boundary defined by E,, the critical field. Before the critical field is
reached, the value of v is given by Equation (2.23a). Beyond E,, the velocity satu-
rates at v, This captures the basic behavior of the curve but we should remeniber
that it is onlty a model of the true behavior.'® In order to ensure continuity at the
boundary, where E, = E,, we can plug in this condition (2.23a) and set v = v

i

v = E)’ = f'{'eEc
Mo (l . E{) a
E. (2.24)
K Z_vﬂ
Mo

This sets up the relationship between E, and v,,,. Note that this relationship is the
result of the modeling approach described above as opposed to a fundamental rela-
tionship between the critical field and the saturated velocity. It holds true only in
the context of Equation (2.23).

2,5.2 Current Equations for Velocity-Saturated Devices

To derive more suitable MOS current equations, we use Equation (2.14) and set v
based on the region of operation using the conditions specified in Equations (2.23a)
and (2.23b).

10 This mode! slightly underestimates the velacity below the critical field and slightly overestimates the veloe-
ity above the gritical field. But the model leads to simaple current equations that are accurate enough for hand
calculations.

T————_____—— "]
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In the linear region of operation,

IDS WX Q"X’U

= WX Cux(VGS - VT— V(}f))

Reorganizing the equation and applying the relationship between field and poten-
tial, we obtain

w
Ips = T E Cox(VGs - V=~ V(}"))F"eﬁy
1+ %—5

dV
where E, = _(}’_)

dy

Plugging in and re-arranging produces

Ipgdy = WMC[Cox(VGS - Vi) ~ ldV(J’)

ru'aEc
After integration, we obtain

W C v
s = = Ll T % (VGS Vi - 2”) Vins (2.25)
DS
EL

This expression for the linear region is very similar to the previously derived equa-
tion except for the extra multiplier in the denominator. This is very convenient since
we are only reqmred to remember one additional term to obtain a more accurate
current expression.

The next step is to determine the expression for the saturation region of oper-
ation. Saturation occurs when the carriers are moving at v,

IDS = WX Qn K Ve (226)

Since the current is the same throughout the channel we can set V() = Vp;and
write

I = WX cax (VGS VDS)vsm (2.27)

We can further simplify it by equating the expressions of Ipein linear (2.25) and sat-
uration (2.27) regions to obtain Vp,,:
(Vgs = Vi) E.L

Vo =
Pt (Vg — Vi) +E.L

{2.28)
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The difference between this expression and the first-order expression for Vp,, is the
extra multiplier (recall that V},,, = Vige— Vi in the first-order model). The new fac-
tor ELA Vs — Vi EL) < 1, so the value of the V), will always be lower than the
first-order model. This is the effect of velocity saturation—devices saturate faster
and deliver less current than the quadratic model would predict,

If we now substitute this new V), into our saturation current equation of
(2.27) we obtain

(Vs - VT)Z
(Ves = V) + EL
Again, this equation is similar to the first-order current equation and will be easy to
remember. It is different from Equation (2.19) but has a familiar quadratic form in
the numerator,

Consider the limiting cases for this equation. What happens if E.L>> Vo~ V;,
(i.e.; a long-channel device)? The equation reduces to our quadratic expression:

Ips = Wu,,C,

(2.29)

W
Ins = 5L 1 Cos (Vos — Vi)

Now consider what happens if E.L << Vi — Vi, that is, if we have a very short
channel. We obtain an equation where the current is linear in Vg — Vi, as we
would expect for very short-channel devices:

Ipg = valcox(VGS — Vi)

e e R B e O e
NMOS and PMQS Satura

Problem:

R R S T T e S

Example 2.6

tion Voltages for 0.18 pm Technology

Consider a 0,18 um technology. Compute the values of ¥, for the NMOS and
PMOS device assuming Vgs= 1.8V, Vpy = 0.5V, Vp, = —0.5V, Assume the channeal
length is 200 nm for convenience.

Solution:

Using (2.22), we find that E.L, = 6 X10% (0.2 um) = 1.2V and £,L, = 24 X 10°
{0.2 m} = 4.8 V. Using (2.28),

(1.8 ~ 0.5)(1.2)

NMOS: Visor = W = (6 V
1.8 - 0.5)(4.8
PMOS: Vg = ( )(48) m 1,0 V

(1.8 ~ 0.5 + 4.8)

The value computed for the NMOS device is consistent with the plot shown in Fig-
ure 2.11.

e e S P S

The results of Example 2.6 are important in device sizing. The fact that the
PMOS device saturates at a higher voltage implies that it will be able to supply a
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Figure 2.14
Effact of mobility and velocity saturation on device sizes.

higher than expected amount of current. To illustrate this, we plot the current for
both NMOS and PMOS devices with the minimum (W/L) ratio in Figure 2.14.
These two cases are labeled as 1X devices. In addition, we plot a 2X PMOS device
and a 3X PMOS device. The 1X NMOS device and the 3X PMOS device deliver the
same current in saturation even though mobility difference between the two 1X
devices is 4:1. The device ratio is only 3:1 since the PMOS device saturates at a
higher voliage.

To compare with hand analysis, consider the current ratio of the two 1X devices
using Equation (2.29):

Ipseny Wi Vs Cox (Vs = Van)/ (Vs = Vi + EenLy)
Incip Wo Ugay Cox (Vs = Vip)*/ (Vs — Ve + Egoly)

Plugging in our nominal values, we abtain

IDth .

2.4

IDmrP
Therefore, the required device ratio to deliver the same current in saturation is
about 2.4X rather than 4X due to the difference in V. Hand analysis underesti-
mates the current ratio in saturation.

Example 2.7 NMOS and PMOS Currents in Saturation for 0.13 um Technology
Problem:

Compute the saturation currents per micron of width for a 0.13 wm technology.
Assume a channel length of 100 nm, t, = 22 A, Vo = 04V, Vep = =04V, Vp, = 1.2
V. Use vy, = 8 X 10° cm/s.
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Solution:

Using (2.22), we find that £,L, = 6 X 10*V/cm (0.1 um) = 0.6 Vand £,,L, = 24 X
10*V/em (0.1 um) =24V,

Then, for the n-channel device:

(Vs — Vo)

Ie = Wu,, C,, =w—m————
R Vi) + £l
s £9£ =y (Vgs = VT)2
” W st o (VGS - VT) + ECL
(1.2 = 0.4)?
= (8 X 10%)(1.6 X 10"%) = 585 A
( I 264 06 585 A/ pum
For the p-channel device,
os o Wesm V)
. W satox (VGS - VT) + ECL
(1.2 =~ 04) '
= (8 X 10°)(1.6 X 107%) =
(B x105(16 N 0a) ¥ 34 = 200 #A/KM

To sumrmarize the equations for deep submicron devices, we should first decide
whether a device is in the linear region or saturation using the following inequalities:

(VGS m VT) EcL

if Vpg == = saturation

(VGS - VT) + E.L

(VGS - Vr) EL
(Vgs = Vy) + E.L

if Vpg < = linear

If we are in the saturation region, we should use the equation
(Vos = Vr)?
(Ves — Vi) + EL

Ips = Wu,, C,, saturation

Note that there is still a channel length modulation effect, which we can capture as
we did before. This involves the use of a parameter, A, as follows:

(Vcs o V'r)z
(Vos — Vg) + EL

Ins = W Cox (1 + AVpg) saturation

The use of this equation is perhaps too cumbersome for hand calculations. There-
fore, we will drop the last term and ensure that the I, is computed using the aver-
age value in saturation. For convenience, we set A=0,
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If we are in the linear region, we should use the equation

W C. V, ,
IDS = 'i" . ‘(‘““&e‘—)‘ (VGS - VT - “'“”2”{“15““) VD‘S linear

Example 2.8 Current Ratio for 0.13 um Process

Problem:

Consider a 0.13 um technology where the channel length is 100 nm, Using (2.22),

Eply = 06Vand E,L, = 2.4V,and assuming that Vs = 1.2V and Vi = 04V, Vp, =

—0.4 V, compute V,,,, and the current ratio of two 1X devices in saturation,
Solution:
Using (2.28) we find that

(1.2 = 0.4)(0.6)

NMOS: Vo = 0554 + 0.6)

=034V

(12 ~ 04)(24) _

PMOS: VDsar = (1 2 - 04+ 2.4)

06V

The current ratio of the two 1X devices is

losary _ Wiitsor Cox (Vs = Vin)/ (Vs — Vi + Ecyla)
Iae  Wotlo Co (Vs — Vip)?/ (Vs — Vip + Ecolp)

Piugging in our nominal values, we obtain

i
D3N w23
/ DsatP

¥2,6 Alpha-Power Law Model

Another approach for a hand-calculation model is to empirically fit the real data to
the following form of I in saturation:

W
Ips = Ky T (Vs — Va)® (2.30a)
In this formulation, we can set Kyand « based on measured data. Clearly, @ should

be set to a value that is closer to 1 than 2. Today, « is approximately 1.25 but it will
continue to approach 1 as technology scales.
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Ipg versus Vpe for NMOS
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Figure 2.15
Alpha-power law modeiing of MOS transistor.

Note that this model does not account for the behavior of the device in the lin-
ear region. Therefore, a simple model must be developed for the alpha-power law
that fits both the linear and saturation regions, without a mismatch at the boundary
between the two regions. An example of such a model for the linear region is to set

w
IDS = KL E’ (VG&' - VI) VDS (230]3)

Ve €N be obtained by equating (2.30a) to (2.30b):
K, -
Vou = “EES’ (Vgs — Vo)™ (231)
L

The current versus voltage plots based on alpha-power law modeling is shown
in Figure 2.15. The transistor characteristics in the saturation region are described
by (2.30a) while the linear region is given by (2.30b). The interface between the two
regions is obtained from (2.31). This model is suitable for hand calculations only
after curve fitting is performed with the data points in the figure. If a2 new technol-
ogy is developed, a new set of parameters must be extracted. The model derived ear-
lier based on velocity saturation is a more general model and will be the primary
model used in the rest of this book.

Parameters for Alpha-Power Law Example 2,9

Problem:

Find K and o based on Figure 2.15 for the NMOS device using the saturation
region alpha-power law model. Assume (W/L) = 1 and ¥y = 0.5V,
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Solution:

From the plot of Figure 2.15, we first estimate the saturation value of s at Vg =
1.35V to be 130 uA. Then we estimate the value of [, at Vo= 1.8V at the same value
of Vg to be 220 pA. We can write the current equation for each measurement as

w
Ips = Ks n (Vs — V)

and take their ratio, as follows:
220 ph K18 = 0.5)°
130 A K(1.35 — 0.5)

Solving for o, we obtain roughly 1.25, Applying this value back into the current
equation, we find that K; = 160 pA/V'%.1t is interesting to note that the exponent
is close to 1.This is expected since the long-channel device has an exponent of 2
and a very short-channel device would have an exponent of 1.

One way to check the results would be to compute the current for the case
when Vg = 0.9 V:

2.7 Subthreshold Conduction

So far, there has been an implicit assumption that the current I in the cutoff region
is zero, In actual fact, there is appreciable transistor current even if Vg < Vi, espe-
cially for deep submicron transistors. This section explores this previously negligible
component of current that is increasingly important as technology scales. The mag-
nitude of the current is small compared to the current when Vg > V. However, if
we have millions of such devices all leaking current, the standby power dissipation
will be large. This is becoming a big concern for deep submicron technologies, As we
will see in later chapters, this leakage current will prove to be problematic for
dynamic logic circuits and dynamic memories, as it will discharge capacitances that
store logic values. In technologies prior to 0.18 un, this current was considered a
second-order effect, but it is now a first-order concern and deserves some attention
in this book.

In the derivation of the threshold voltage expression, the strong inversion condi-
tion was defined (somewhat arbitrarily) as the point at which the surface potential is
2)¢p;| below the level in bulk silicon. However, in practice, surface inversion occurs
well before this point and there are mobile carriers in the channel region capable of
conducting current. The term subthreshold region is preferred to describe the case
where V5 < Vi, rather than cutoff; since there is current flow. As shown in Figure 2.16,
Ips is a continuous function of Vggand drops off in a logarithmic fashion in the sub-
threshold region as Vi is decreased. Figure 2.16 illustrates all three regions of opera-
tion and the associated current characteristics of the NMOS and PMOS devices.

o
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Figure 2,16
MOS current versus Ve

The mechanism for subthreshold current flow is due to the diffusion of minor-
ity carriers when the gate voltage is several thermal voltages less than Vi, In the sub-
threshold region, the MOS transistor behaves more like a (lateral) bipolar transistor
(see Appendix B). The substrate is the base region, while the source and drain act as
the emitter and collector, respectively. Therefore, modeling of the current can be car-
ried out using a derivation based on bipolar modeling. In particular, the current
equation in this region takes the form:

g (Vgs = Vo wifiet) Vs
Ly = Le kT (l g KT ) (2.32)

where I, represents a current coefficient, Vg, is the sum of a number of voltage
terms and lies in the range —0.1 to 0.1, and the factor n is a subthreshold swing
parameter, typically ranging from 1 to 2. We can determine the value of # by con-
sidering how much veltage change in Viooproduces an order of magnitude change in
the sabthreshold current:

aVon = V7 = Vige) Vo
(l — g )

10 Isub -

ISH’b - Q(VGS‘. - VT' - Vpl]’m -"qu
Le kT 1—e ¥

Ve = Vp— Viger?
e e (Vo Yog)
e k't

10 =

W(Vos — Vr— Vi
e kT
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Taking the natural logarithm of both sides and solving for AV, = Vg — Vg We
obtain a metric for the quality of the subthreshold region, called the slope factor:

which is specified in units of mV/decade. The thermal voltage at room temperature
is approximately 26 mV.

In the subthreshold region, it is desirable to have the current drop off signifi-
cantly as we reduce Vg This implies a small 1 in Equation (2.33). Ideally, n = 1
which leads to a slope factor of 60 mV/decade at room ternperature. However, 1 is
usually between 1.5 or 2 making the slope factor about 90-120 mV/decade. The
proper value of n must be determined from device measurements.

Example 2,70 Subthreshold Swing Parameter Calculation
Problem:

From the plot of log(/y,) versus Vg, in Figure 2.16 with Vg = 1.8V, find nn and the
slope factor in the subthrashold region for the PMOS device.

Solution:

By measuring the subthreshold current at 10 nA and 100 nA the values for V are

Vas (V)

10 nA 0.140
100 nA 0.212

From these points, n = 1.2 for PMOS. The slope factor is approximately § =
60 mV/decade x 1.2 = 72 mV/decade, which is close to the ideal value.

e S B e G G

2.8 Capacitances of the MOS Transistor

The switching speed of MOS digital circuits is limited by the time required to charge
and discharge the capacitances at internal nodes. Within VLSI circuits most of these
capacitances are so small that they are difficult to measure directly. For circuit analy-
sis, these capacitances must be calculated from device dimensions and dielectric
constants. The capacitance values are usually specified in femto-Farads per pm of
widih (i.e., fF/um). In the description to follow, the subscripts will be lowercase to
imply these units. Total capacitance values use uppercase subscripts.

Figure 2.17 shows the significant capacitances between nodes of an MOS tran-
sistor. There are two basic types of nonlinear or voltage-dependent capacitances in
the structure: thin-oxide capacitances and junction capacitances. The thin-oxide
capacitances comprised of Cy, G, and Cy are represented by C,. he juiction
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Figure 2,17
Capacitances of the MOS transistor.

capacitances are shown as Cy, and C,. In addition, there are two overlap capaci-
tances, ,, which are linear and voltage-independent. Finally, the depletion layer
capacitance under the channel, G, is associated with C, although a small part of
this capacitance is associated with the drain and source on either edge, These types
of capacitances are described in more detail in the sections below.

2.8.1 Thin-Oxide Capacitance

The thin-oxide capacitance is perhaps the most important capacitance in the MOS
system, The two plates of the capacitance are defined as the gate and the channel.
The dielectric material is the oxide sandwiched between these two plates. The total
capacitance of the thin-oxide is:

gox
Co = WIC,, = WL = WC, (2.34)

tnx
where C,, is the capacitance per unit area of the gate dielectric as defined in
Equation 2.5. It is interesting to examine the factor, C,. In a 5 wm technology, the
oxide thickness was approximately 1100 A, Therefore,

P (4)(8.85 X 107)
CS = Coxl’ o A

[N
f o 1100

(5 pm) = 1.6 fF/um

In a 0.35 um process, with ¢,. = 754,

e 4)(8.85 x 1074
Co=Cul = ?%L Ol s ) (0.35 um) = 1.6 fF/um
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In a0.13 wm process, with L = 0.1 wm and t,, = 224,

(4)(8.85 X 107)
22

Eox
t

C,=Cpl=—L~= (0.1 pm) = 1.6 fF/um

[th9

This factor has remained constant for over 25 years! The reason is that both L and
t,. are scaled at the same rate, and their effects cancel each other out.

The gate capacitance is decomposed into three capacitances: the gate-to-source
capacitance, C,; the gate-to-drain capacitance, C; and, the gate-to-bulk capaci-
tance, Gy, The diVlSlOIl of C, into its three eléments is fairly complex. The compo-
nents var}r depending on whether the device is in catoff, linear, saturation, or accu-
mulation, as shown in Flgure 2.18. This a plot of the three capamtances as a function
of Vg In the linear region, C, and C,, are approximately equa to (1/2)C, since the
channel extends from source o drain. In the saturation region, the channel extends
most of the way from source to drain {recall that the saturation condition is defined
by the carriers reaching velocity saturation), so most of the gate capacitance can be
attributed to the source node, and a negligible amount to the drain node, For this
region, a detailed analysis would show the capacitances to be C,, == (2/3)C, and
C ol = (),

When the device is in cutoff, then C,= Cgy = 0. All of the capacitance is attrib-
uted to Cy, the gate-to-bulk capacztance However, in this regime, there is a deple-
tion region under the gate and we have C, in series with Gy, which is the chanpel
Junctlon capacitance. As a result, the total capacitance is less than C, (since it is in
series with C,) until we reach the accumulation region. At this point, the channel is
positively chargeci while the gate is negatively charged producing a total capacitance

Vep 0 Vr Vps + Vr
Cutoff

Accumulation

Depletion ’ Saturation ‘ Linear

Figure 2,18
Capacitances based on region of operation.
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of C,. In normal operation, we are not usually concerned with the accumulation
region of operation, but it is included for completeness. Note that when Vg = 0,
the value of G, is about 1/2 C,. It does not reach C, until the gate voltage is equal
to the flat-band voltage.

o e Y

Thin-Oxide Capacitance Calculation Example 2.11
Problem:

Compute the gate capacitance in the cutoff, linear, and saturation regions for a
PMOS device with t,, = 22 A and device dimensions of W = 400 nm and L =
100 nm. Assume that Vi, = 0 in the cutoff region.

Solution:

The total capacitance is C,W = 1.6 fF/um X 0.4 wm = .64 fF.
In cutoff: Cge = 0, Cgp == 0, Cgy 5 0.64 fF/2 = 0,32 fF

In linear: Cyg = 0.32 fF, Cgp = 0.32F, Gy = 0

In saturation: Cgs = 043 fF, (5 =0, = 0

e R

2.8.2 pn Junction Capacitance

The source and drain regions and the substrate form pn junctions that give rise to
two additional capacitances. The capacitances C,, and Cy, are ntp source/drain
junction capacitances for NMOS devices and are readily calculated using layout
information. For PMOS devices, the capacitances are due to p*#n source/drain junc-
tions. In addition, there is a junction capacitance between the inverted channel and
the substrate, C,.. Since the pn junction is a diode, it is worth revisiting some of the
basic physics for this diode circuit element.
The current-voltage characteristic of a diode is given by

Iy = Ig(e"/Yo — 1) (2.35)

where Iy is the reverse saturation current of the diode, ¥, is the voltage drop across
the diode, and V, is the thermal voltage. In normal operation, the pn junctions are
all reverse-biased in a MOS transistor, When specifying the voltages at the source/
drain and bulk terminals, we must ensure that the bulk is connected to the lowest
voltage for NMOS devices. Similarly, for PMOS devices, the bulk voltage must be
the highest potential in the system. Otherwise, we risk forward-biasing the diode.

Since V; <0, the exponential term in Equation (2.35) is small. In essence, for
our MOS devices,

ID e """'"Is (2'36)

This represents the leakage current of the MOS transistor, which is unwanted cur-
rent flow from source/drain regions into the substrate, The actual value of leakage
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o

Region of interest
e

_./cm

_VDD 0 Pp VJ

Figure 2,19
Plot of junction capacitance versus applied voltage.

is relatively small and depends on the area and the doping levels on each side of the
junction,
The built-in junction potential for a diode is another important quantity in pn
junction theory. It is computed using the equation:
KT Ny Np
dp = — In —A5-E (2.37)
q ";
Now we return to the more important discussion of junction capacitance, The
depletion region of the diode has a capacitance effect associated with it since the
modulation of diode voltage V), changes the charge that is exposed or “covered up”
in this space-charge region. This is equivalent to the action of a capacitor. The basic
expression for junction capacitance is given by
Cip A
C = — (2.38)

J (1 B ﬁ )m
¢s
where C,, is the zero-bias junction capacitance, A is the area of the junction, ¢y is
the built-in junction potential, and m is the junction grading coefficient, which is
approximately 1/2 for abrupt junctions (p*n or n*p).This function is plotted in

Figure 2.19. The built-in junction potential defines the point where C; asymp-
totically approaches infinity."! We can see that Cj, is an important quantity since it

1 This wounld not occur in practice. The capacitance would reach some level and begin to “roll-over” as V;
increases. In any case, we are mostly interested in the reverse-biased region of operation where V; < 0,

el
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represents the value of junction capacitance when the external bias is 0 V. Its value
is computed using the equation

’Bsfq NNy
g = A 2.3
CIO 2qb8 NA + ND ( 9)

For a one-sided step junction, where one region has a much higher doping level
than the other region, we can simplify the expression. For an n*p junction of the

NMOS device, the equation is
- SsinA
Cio = A /W% (2.40}

Since the junctions in a MOS transistor are normally reverse-biased, the junc-
tion capacitances are usually less than Cy,. This quantity is in units of fF/um? and
therefore it must be multiplied by the area of the junction to obtain the actual
capacitance. The denominator of Equation (2,38} can be viewed as an adjustment
factor due to the applied voltage. In our case, this is Vg or Vi, which is either zero
or a negative quantity but never positive (otherwise we would have a forward-
biased source/drain junction). Note that we are operating in the range of V, = 0 to
= Vpp in normal mode for NMOS transistors, as indicated in Figure 2.19.

In order to compute the capacitance associated with the source and drain, we
need to examine the transistor layout, Shown in Figure 2.20 is a very simple layout

Poly gate

e DifTusion

W
e
Stdewail
capacitanee
B T
871 STl
Bottom
capacitance

Figure 2.20
Junction capacitances from layout data,
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of a MOS transistor in plan view and, below it, the corresponding cross-sectional
view, In the layout view, there is a shaded polysilicon gate on top of a diffusion
region. The intersection of polysilicon and diffusion forms a transistor. The gate
(G), drain (D), and source (S) terminals are shown, along with the W, L, and Y
dimensions of the transistor. The source/drain junction capacitances we seek ate
associated with the diffusion region, and so it is sometimes called the diffusion
capacitance.

There are two types of junction capacitances that need to be computed for the
NMOS device, namely the bottom capacitance and the sidewall capacitance. In the
case of the bottom capacitance, we need to compute the area of the bottom region
and the zero-bias value, C;, from the parameters for the n* p junction. Looking at
the layout, the area calculation for the bottom capacitance is as follows

Ay = WY

where W is the device width and Y is the diffusion extension from the poly gate
edge. The junction is an a* p junction so the numerator of Equation (2.38) would
be equal to Gy Ay

For the sidewall capacitance, we need to take each edge of the junction and then
multiply by the junction depth, x;, to obtain the sidewall areas, A total of four faces
need to be considered. Three edges are associated with the interface of the #* region
and the shallow trench isolation,'? and a fourth edge is due to an #n™p junction for
the sidewall facing the channel.

Since the three edges that abut the shallow trench isolation have a small capac-
itance in modern technologies, the channel-facing sidewall edge is the only one we
need to consider, as shown in Figure 2.20. Therefore, we compute the area for the
channel-facing sidewall as

Asw = Wx j

The numerator of Equation (2.38) would be Cy,A,,, where the zero-bias junction
capacitance for the channel sidewall is Cg,. Now, the detailed junction capacitance
equation can be stated

Cjb Ab C':isw Asw

( V} )mj + ( V] )r}:jsw
1 - ] -
¢Bb ¢Bsw

where mjswand ¢, are the capacitance terms for the channel-facing sidewall, This
equation reflects the model used in circuit simulators, but we need to simplify the
equation for use in hand calculations. First we would like to combine the two
terms together, We will see in the next chapter that the channel-facing edge (i.e.,
the second term) has a very complex doping profile. However, if we consider it to

G = (2.41)

© Shallow-trench isolation will be deseribed in mote detail in Chapter 3.
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be primarily an #*p junction, then we can combine the two terms together. In fact,
only a small error is made with this simplification

Cijb + Cijsw - cjb(Ab + A’“’) {2.42)

C} =i ( 1 Vj )mj ( . ‘f] )mj
¢a by

Next, we would like to remove the voltage dependence of the term in the
denominator of Equation (2.42) to produce a large-signal equivalent value. To do
this, we can look back at Figure 2,19 and realize that the only region of interest is
when V; £ 0, since the junctions are normally reverse-blased. If V; = 0, then the
denominator of Equation {2.42) is equal to one. If there is a reverse-bias of —Vpyp,
the denominator is between 1 and 2, One way to handle the voltage dependence is
to define a new parameter, K,,, which adjusts the zero-bias capacitance, Gy, based
on the expected bias voltage across the junction,

Since the voltage in digital circuits is expected to switch from low-to-high and
vice-versa, we can use this fact to compute K. To this end, we define an equivalent
voltage-independent capacitance C,, that requires the same change in charge as the
nonlinear capacitance for a transition between two voltages V), and ¥, applied to the
junction:

Q(Vy) — (W) _AQ

a7y, —v, AV
where
v, A VT
AQ = J C(V)dV = J Cﬂ,<l w—) av
v, v, ‘;bj}
Thus

o le?¢B ( _ Xg)l—m i ( _ ﬂ)lﬂm
Ca (V, — wv) (1 —m) : by : b

We are now able to define K, the dimensionless constant used to relate C, to G,
for specified values of V| and V,. In the case of an abrupt junction, m = 172, and
therefore
Cy 20
Ky = ot = = [y — V)2 = (y ~ V)V 243
Fortunately, this complicated equation is required in only one case. Once com-
puted, the simplified equation for hand calculations is as follows:

C} i Keq(Cﬁ,WY + Cﬂ,ij) ho Kﬂq(Cﬂ,Y“*‘ Cﬂ,x)) W= Kequb(Y”‘F ?C})W
(2.44)
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All the leading terms of the capacitance can be combined to produce a relatively
straightforward equation for hand calculations:

Cp; = chCjb(Y -+ xJ.)W == C}W (2.45)

Note that if the voltage switches from one level to the other, K, = 0.75. However, if
there is a fixed voltage across the junction then we do not need to use Equation
(2.43) to determine K. In NMOS devices, if a source or drain node is close to Gnd,

then Vigp = 0 so we can set K, = 1.0, If a node is close to Vy, we should use the
capacitance value at V)= -V, For this case, we should set K == 0.5 since there is
a large voltage drop across the junction. Similar considerations apply for PMOS
devices with similar capacitance values.

One final note on junction capacitance: the channel junction capacitance, G,
shown in Figure 2.18 uses the same formulation as given in Equation (2.38). This
term is associated mainly with the gate-to-bulk capacitance. There is a small portion
of it that is charged from the source and drain, but it is negligible and usually ignored.

Example 2,12 Junction Capacitance Calculations

Problem:
(a) Find ¢y and C, for an n*p junction diode with Ny = 10% cm™3 and N, =
3110V em~3,
Solution:

From Equation (2.37),

KT NaNp 3(107)(10)
=2 = 0,026 In | mmit | 1 Y
Vo= T S0l Gasiion
From Equation (2.39)

¢ _\/ id  Nalp _y\/sanNA

PN 2 Ny N 26
_\/1?.7*(8.85)(10’“)*1.6(10“‘9)(3)(10”) 6 fF
; 2(1.0) T

Problem:
(b) Fora 0.13 pm process, W = 400 nm, L = 100 nm, x; = 50 nm, and the dif-
fusion extension is ¥ = 300 nm, Using the layout of Figure 2.20,find C, in
units of fF forand ¥, = 0 and V, = ~1.2 V.
Solutien:
For V;= 0, the value is obtained by multiplying Cj, with (Y-x)W
G Cu(Y + %)W = 1.6 fF/um? X (03um + 0.05um) X 04um == 0.22 fF
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ForV,= —1.2,
Cp(Y -+ xpW
ST
18 fF/um X {03 pm + 005 wm) X 04 um

= (0,16 fF
(1 + 1.2/10)7
Problem:
() Find K, for ¥V, = —1.2V,V, = 0 and then compute the large-signal effec-
tive C,.
Solution:

From Equation {2.43),

- 12
Ko = % [(1 = 0)2 = (1= (=12))"] = 08

To compute Cj;, we use
5 G = KegC (Y = )W
= 0.8 X L&/ um® X (0.3um + 0.05um) X G4pum = 018 fF

2.8.3 Overlap Capacitance

The overlap capacitance, C,;, shown on both sides of the gate in Figure 2.17 is due
to lateral diffusion and fringing components. This voltage-independent capacitance
is connected from gate-to-drain and from gate-to-source. In the older technologies,
there was significant diffusion of the heavily doped source and drain regions under
the gate, This gave rise to the overlap capacitance, C,,. However, over the years, the
fringing capacitance, Cp, between the sidewall of the polysilicon and the surface of
the drain and source has increased and must also be taken into account. It is diffi-
cult to separate out the components due to lateral diffusion and fringing so the
combination of the two is referred to as C,,.

Cu.l = Cav + Cf (2.46)

The two components are shown in Figure 2,21. They should always be included
in the capacitance calculation to obtain accurate results. We can try to estimate this
overlap capacitance for hand calculations as follows. The fringing component can
be approximated by the formulation

2e,, Loty
Cp= %1 {1 + 2 (2.47)
T fon
where T, is the thickness of the polysilicon material that sits on the oxide.
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Figure 2,21
Overlap capacitance components.

The capacitance due to lateral diffusion is computed as
COV = Cax bt L{,}

where L, is a lateral diffusion term illustrated in Figure 2.21.

Example 2,13 Overlap Capacitance Calculations

Problem:

Compute the overlap capacitance, C, for a 0.13 um technology with T, /t,, = 100
and a lateral diffusion of 10 nrm. Specify the solution in units of fF/um of width.

Solution:
If we apply the ratio T, /t,, 10 {2.47), then

2(4)(8.85 X 107"

o=
f 3.4

In (1 + 100) = 0.1 fF/pm

If Lp= 10 nm, then C,, = C, Ly =0.15 fF/um. Therefore, for convenience we will use
Co = 0.1 fF/pm + 0.15 fF/um = 0.25 fF/um
This value is multiplied by the width of the device to obtain the total overlap

capacitance,

A
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2.9 Summary
Operating voltages for the NMOS and PMOS devices:

Vm?f:OV mez(}v or [Vl =0V

VDSZOV VUS<OV or IVDSI}OV
VasﬁOV oF Vg zOV Vis =0V

Fhe NMOS threshold voltage can be computed as follows (with appropriate
changes for PMOS device):

Vs Vg + v (V204 + Ves — V{24]}

Q QOX Q
Vi = oo — 2pp — cii””c_ox‘*'?;
hr = g In % (p-type substrate)

1
Y=o Ve,
X
For long-channel devices, the current equations are as follows:
Vg2V

k
if Vg 2 (Vgg = Vy)  saturation region I = 5 (Vs = Virf* (1 + AVpg)

k
if VDS < (VGS - V‘r) linear reglon IDS = [ (VGS Vr) VDS - V%)_g]

If Vg < Vo

subthreshold conduction region  Ips = 0

Por the velocity saturated short-channel devices, use

If Ve < Vo
(Vas — Vp)EL (Vs — Vo)?
if Vpg = : turati i Ips = Wi, Coy
if Vs (Vs — V) + EL saturation region DS Wt o (Ve — V) + EL
. (Ves — Vp)EL ) W owC V,
if Vg < (Ve V) + CECL linear region Ing = T B Vg — Vg~ 2 Vs

(H ZJJ)
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If Vos 2= Vi

Vo Vo= Vigge) — Vg
subthreshold conduction region Ip; = Le "7 (1 - g & )

Simple expressions for total MOS capacitances associated with thin oxide:

CG ¥ O "é‘ CO X WL O
Cas €, WL 0 0

Equations for junction capacitances:

(‘ s

Cjb (Ab + Asw)

) (1 -:W__‘_/_J_ )mj
Py

G = K,Cp(Y + %)W = CW

C =

where C; = K,Co(Y + x))

Complete table of MOS transistor capacitances (including C,and C,) in ff/um of

width:
¢ Ca C,+ %cg C + gwcg
Co  Co Cy %Cg Cy
= 1/&‘; ;1/C,-c< C';,b?i'cg B
C e Cnrat Cot B (o)
Co Con Gt G Gpa+ BoGy (o Bmall)
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D D
[w} Q
1
= + [
5 Cg ai‘/‘b\, Cipe *\’ ijﬂ
G B G B
szCS + Cﬂl&{k—) sty %Cg e C(,-.l &—‘») Cj&'ﬂ'
¢ Cutoff ‘5 Linear .CS‘) Saturation
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PROBLEMS
P2.1 Below is a table of process parameters for a generic 0.13 um technology.
Table P2.1

0.13 pm Process techriology parameters

_ Typical Technt

 Parameters " Symbol . NMOs P
Gate thickness t LAl 22 22
' Poly dopiﬁg level ND[Em‘a] 3% —
Poly doping level | ' N,; [em™] - 33X 100
Substrate doping level N, [em™] 3x07 -
vl doping level T Mtem™ T
Nmber of surface o .
state charges Ng [em™?) 6 % 10" 6 % 10"
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Using the data in Table P2.1, find the following threshold voltage values:

(a) Compute Vi, the unimplanted, zero-bias threshold voltages for
both NMOS and PMOS devices. Assume that there is no charge in
the oxide itself, but there does exist a sheet charge at the Si-SiO,
interface (computed as gNgo).

(b) Normally, NMOS gates are doped with donors (#*) while PMOS
gates are doped with acceptors (p*).

(i) How would Vy, be affected if we doped the PMOS poly gate
with donors rather than acceptors?

(ii) Calculate the new Vi,

(c) Wenow want to adjust the threshold voltages of both the NMOS and
PMOS devices so that we achieve the following threshold voltages:
Vi = 04 V and Vi = —0.4 V. Caleulate the threshold implant
levels for the two cases in parts (a) and (b).

(d) Why do modern technologies have an #" poly gate for NMOS and
a p* gate for PMOS devices?

P2.2  Find the effective mobility, (4,), of a PMOS transistor due to the verti-
cal field il ¢, = 22 A and Vg = V| = 0.8 V. Let @ = 4 X 10%V/cm and
7 = 1.851in a 0.13 wm technology. Assume that u; = 130 cm?/V-sec.

P2.3  This problem involves plotting several I-V characteristics of NMOS and
PMOS transistors in a 0.13 um technology. The 0.13 um technology
uses a 1.2 V power supply. The transistors are unit sized where W=
100 nm, L = 100 nm.

(a) Plot Ipgversus Viygas a function of Vo= 0, 0.4, 0.8, 1.2 V for both
NMOS and PMOS devices.

(b) Plot Ingversus Vi with Vg = 1.2V for the NMOS device, Does the
quadratic model hold for 0.13 wm devices, or is it closer to linear
with Vet

P2.4  Find the region of operation for each of the transistors in Figure P2.4.
Assume Vi = 0.4 V.

P2.5 In the circuits of Figure P2.5, determine the voltage across the capacitor
after the circuit reaches steady state, Assume the capacitor is initially dis-
charged (V, = 0 V) and V,,, = 0.4 V.

for 0 < V,

P2.6 In the circuits of Figure P2,6, draw V' versus V, m < L2,

i
P2.7  Calculate the gate and junction capacitance of the transistor shown in

Figure P2.7 if L= 100 nm, W = 400 nm, Y = 300 nm, K, = 0.8, C, =
1.6 fF/um?, €, = 1.6 X 107 F/enr?, and &= 65 nm,

ONSEMI EXHIBIT 1038, Page 105



MOS TRANSISTORS 85

(a) L2V {b) L2V

Ju e
il

08V

o]
0.ov v

(c) 02V (d) 12v
Figure P2,5
12V v

L M

o el
0.0V 0.2V
Figure P2.4
a7V
1v
i I X
+
Vin ) Vx K‘
{a)
Figure P2.6

Figure P2.7

P2.8 Calculate the NMOS transistor current in each of the cases in Figure
P2.8:

Use the following parameters if needed: Vi = 04V, E, = 6 V/um,
L= 100 nm, W = 400 nm, v,,, = 8+10% cm/sec, C,. = 1.6 X 107¢ F/em?,
o= 270 cm?V-sec, y = 0.2 (V2), 2|y = 0.88 V
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(a) 12V (b} 12V
o] o

02y 12V

L

@ o]
0.0V L1y
) 02V @ 2v
o] o}
L2V 1y

ML L

o] Q
0.0V 02V
Figure 2.8

P29 Compare [} versus Vi, for the NMOS transistor if Vg = 1.2V, Vo =
0, and 0 < Vo< 1.2V for the following two cases. What is the main dif-
ference between the two curves?

(a) L= 100 nm W= 200 nm
(b} L = 100 nm W = 400 nm
Use the following parameters if needed:

Vig = 04V, B, = 6 Vium, v, = 8 X 10° emfsec, G = 1.6 X
1078 Flem?, i, = 270 cm¥V-sec, ¥ = 0.2 (VV2), 2|¢p |= 0.88 V

P2.10 Compared to the velocity saturation model, the alpha-power law is a
more empirically based model where the I-V curves are fitted to the
data. The equation for the saturation region current in the alpha-power
law model is as follows:

Ips = K{WIL)( Vs — Vp)©
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{a) For the plots in Problem P2.3, compute the values for K and « for
the NMOS and PMOS devices.

{b) For the linear tegion, develop a model where the current is linearly
proportional to Ve until the saturation region is reached. Derive a
formula for V..
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a set of design rules that are based on the resolution limits of the manufacturing
equipment. The section on IC layout describes transistor layout considerations and
some of the basic guidelines for digital CMOS layout, including design rules and
their meaning. Full-chip layout issues are not addressed here.

Following the overview of layout, the simulation tool SPICE' is described along
with the device parameters associated with the LEVEL 1 and BSIM3v3 MOS mod-
els. SPICE is the most widely used simulation tool in the industry for detailed cix-
cuit analysis. When a circuit is described for SPICE simulation, each MOS transis-
tor requires two pieces of information: geometric and parametric. The geometric
information is obtained directly from the layout. This includes the length, width,
area, and perimeter information for each transistor. The parametric information is
captured in the device models that are extracted from the fabrication process. The
simplest device model is the LEVEL 1 model which is described in detail in this chap-
ter. However, the most popular model in use today is BSIM3v3. The key parameters
of this model are also described in this chapter. Advanced MOS transistor issues are
presented in the context of the BSIM3 model.

The chapter concludes with a brief look at an emerging technology known as
silicon-on-insulator (SOI).

For those who are relatively new to silicon integrated circuit technology and
device modeling, the contents of this chapter may not be fully appreciated or under-
stood until later chapters are covered. We recommend that this chapter and Chapter 2
be reviewed frequently as they contain the fundamental equations and concepts used
throughout the rest of the book.

3.2 ICFabrication Technology
3.2.1 Overview of IC Fabrication Process

Silicon transistors and integrated circuits are manufactured on wafers of single-
crystal silicon, 200 to 300 millimeters (mm) in diameter and about 0.35 mm to
1.25 mm thick. This thickness is determined by the need to provide enough mechan-
ical strength so that the wafer is not easily broken. The wafers are first polished to a
mirror finish by abrasive lapping with finer and finer gritty material, followed by a
chemical etch that leaves the surface virtually free of scratches and imperfections.
Any defects on the wafer may cause a particular chip to fail and render it useless.
This is very important in terms of the overall yield of the wafer. The chips that do
not work to specifications are thrown out or must be repaired in some way, and this
increases the per unit cost of the chips that actually work.

The fabrication process that forms the devices and circuits involves a sequence
of pattern definition steps interspersed with other processes such as oxidation,
etching, diffusion or ion implantation (doping), and material deposition. A variety
of chemical agents and materials are used in this process. There may be 20 to 30
major steps in the fabrication process, each one requiring five or more operations.
Approximately 100 to 200 distinct operations are required to produce complete

! For those readers not familiar with this simulation tool, a short tutorial on running SPICE is provided in
Appendix A.
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integrated circuits. After the processing is complete, each wafer is sawed into hun-
dreds or thousands of identical rectangular chips. Today, a complex IC chip may be
up to 30 mm on each edge and contain 100 million devices (transistors, resistors,
diodes, etc.) or more.

Brief descriptions of some of the nomenclature in processing are as follows:

Oxidation: High-temperature exposure of silicon to oxygen to form SiO,
(silicon dioxide).

Etching: Removal of undesired material from the surface with the use of a
liquid or ionized gas etchant.

Diffusion: Doping process to form n-type or p-type material by high-
temperature exposure to donor or acceptor impurities.

Ion Implantation: High-energy bombardment of silicon with donor or
acceptor jons from particle accelerators followed by an annealing step to
activate implants and repair any damage.

Chemical Vapor Deposition (CVD): Materials such as metal or oxide are
deposited out of a gaseous mixture. Metals can also be deposited using sput-
tering.

The basic flow in the IC fabrication process is shown in Figure 3.1. Designers
convert the circuit schematic into a layout consisting of geometric patterns that
implement the transistors and interconnections. This geometric information is
divided into layers such as n*, p*, p-well, n-well, poly, metal 1, metal 2, etc. Each

Masks

Oxidation

Etch

: Chips
Processed
’ . wafer
Wafers Ve C?:;ial
Ton deposition
Chemicals | implantation P
Fabrication

Figure 3.1
Overview of chip-making process.
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layer corresponds to a major step in the fabrication process. The patterns, which
convey precisely what designers want to build, are converted to a set of masks, one
for each major step in the fabrication process. The masks are glass plates with pat-
terns that specify the information that will be printed on the integrated circuit in a
given step. They have transparent and opaque areas that match the geometric lay-
out data for each separate layer.

The images on the masks are transferred to silicon wafers using an optical lith-
ography process to simultaneously produce a large number of chips. The masks are
aligned and exposed separately at each die site (or clusters of 2-8 die sites) across
the wafer. This is similar to the use of a negative in photography. Many pictures can
be produced from one negative. In chip fabrication, a 200 mm wafer may produce
1000 chips that are 5 mm X 5 mm in size. It is this parallel manufacturing of all
chips on a wafer that keeps the cost of an integrated circuit relatively low.?

3.2.2 ICPhotolithographic Process

The process of pattern transfer and pattern definition is repeated many times dur-
ing the fabrication of an IC wafer. Each of these masking steps requires that the wafer
be coated with a photosensitive emulsion known as photoresist, and then optically
exposed in desired geometric patterns using a mask: a previously prepared photo-
graphic plate. This glass plate with an image of the pattern etched in chrome is gen-
erated from the design database. The image is optically projected onto the wafer
using a projection aligner which is very much like an enlarger in photography. It
projects the image of the mask onto the photoresist on the silicon wafer to develop
. it, that is, make it soluble.

After developing the photoresist, a specific process such as etching or doping is
carried out in the exposed areas of the patterned wafer. This entire pattern transfer
process is known as photolithography, or optical lithography. Steady improvements
in optical lithography have made it possible to reduce the smallest surface dimen-
sions on an IC chip from about 5 m in 1980 to 130 nm and smaller today.” The
cost per logic gate or memory cell is reduced as more devices and circuits are
formed per unit chip area. Furthermore, smaller devices have smaller capacitances
and hence can switch faster, leading to better circuit performance.

Photolithography uses light to develop photosensitive material and create the
features required in an integrated circuit. The main steps of the processing sequence
for patterning are as follows:

1. Place the desired material to be patterned on the surface of the silicon (or on
top of the previous material that has already been processed):

Material to be patterned

Step 1: Apply material to water |~ Waer

* However, the masks themselves are becoming increasingly more expensive and couRNa,ﬂy run >$1M US
in advanced deep submicron technologies.
¥ As a reference point, a hair from your head is about 50 wm in diameter!
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2. Spin photoresistive material on top of the first material. Positive photoresist
is a material that is difficult to remove unless it is exposed to ultraviolet (UV)
light, and negative photoresist is difficult to remove unless it is not exposed
to ultraviolet light. Typically positive photoresist is in use today:

Photoresist
Step 2: Spinon a

L Material to be patterned
photoresistive material P

3. Place a glass mask over the wafer and expose the resist material to UV light
(positive photoresist assumed). The exposed areas are now soluble in a

chemical agent:
l ‘ l l l o UV light
Glass mask

hu**_w—“mié Chrome pattern

Step 3: Pattern photoresist with

UV light through glass mask Soluble photoresist

4. Using the appropriate solvent, remove the resist and expose areas of the
underlying material to be patterned. Etch away the underlying material to
form the desired pattern:

Etch away
Step 4: Apply specific processing unwanted material
step such as etch, implant,
oxidation, after removing

soluble photoresist

5. After the previous step is completed, remove the rest of the photoresist:

Patterned material

Step 5: Wash off resist

The steps just described are used repeatedly for every major processing step
whether it is oxidation, ion implantation, or deposition. However, due to the fine res-
olutions needed today, photolithography is reaching certain physical limits. Mini-
mum feature sizes Jess than 0.35 wm are feasible from the standpoint of device oper-
ation but cannot be achieved with standard optical lithography because the
wavelength of light is about 0.4 wm. To overcome this limitation of optical lithogra-
phy, optical proximity correction (OPC) and phase-shift masks (PSMs) are in com-
mon use. These operations either pre-correct the masks to provide the desired final
image on the chip, or use masks that phase shift the light to avoid unwanted inter-
ference patterns. Such advanced techniques have been used at 130 nm and below.

3.2,3 Making Transistors

Now that the basic photolithographic step has been illustrated, the manner in which
transistors are made can be described. Deep submicron transistors are fabricated
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using a number of complex steps. Since our objective here is to highlight the main
steps in the process, we will only present an overview of transistor fabrication. The
major steps of a CMOS process are as follows.

1. Define well areas and transistor regions. The first set of photolithographic
steps is used to specify the areas in which the transistors will be fabricated.
NMOS devices are diffused in a p-type well. PMOS devices are diffused into
an n-type well. In recent technologies, twin tubs are used, meaning that an
n-well and a p-well are separately diffused into a common substrate. The
transistor areas defined within the well areas are separated from one another
using shallow trench isolation (STI). The “trenches” are dug out of the sili-
con in regions between transistors, and oxide is deposited in these trenches
using a chemical vapor deposition process (CVD). The density of transistors
today requires the exclusive use of STIL.

Cross-sectional view Plan view
p-well n-well

2. Define gate region. The second set of lithographic steps defines the desired
patterns for gate electrodes. In a 0.13 wm process, a clean thermal oxide
about 22 A thick is grown in the transistor areas by exposure to oxygen in a
furnace. This is the gate oxide. This thin oxide is the insulator in the MOS
structure. Threshold adjustment implants are applied to the two gate regions
to achieve the desired Vy values for PMOS and NMOS devices, respectively.

Gate oxide Gate oxide

3. Define poly gate. Another CVD process deposits a layer of polycrystalline sil-
icon (poly) over the entire wafer. Undesired poly and the underlying thin
oxide are removed by chemical or plasma (reactive gas) etching thus pro-
ducing a self-aligned* gate node. The term “self-aligned” refers to the fact
that the source and drain regions will automatically align with the poly gate
if the gate is placed down first.

* When metal gates were first used, it was difficult to align the gate over the channel region precisely. The use
of polysilicon as the gate material eliminated this problem since it would be placed down first and the source
and drain regions created afterwards. The chip yields increased dramatically and led to the exclusive use of this
approach in MOS technology.
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Polysilicon gate Polysilicon gate

4. Form source/drain regions. A p*™ dopant (boron) is introduced into the »-
well to form the p-channel transistor source and drain. Ion implantation is
used for each doping step. Then an n* dopant (phosphorus or arsenic) is
introduced into the p-well that will become the n-channel transistor source
and drain. The poly gate requires a doping level that is #n™ for NMOS devices
and p* for PMOS devices. This can be performed at the same time as the
respective source/drain implants. During a subsequent annealing step, the
final junction depth and undesired lateral diffusion under the gate are estab-
lished.

at implant p* implant

HHH HHH

L

Deposit silicide material. The source, drain, and gate materials have relatively
high resistance that may slow down the operation of the transistor. To reduce
the resistance, a silicide material is deposited onto the source, drain, and poly
regions. The masking step also defines the areas in which contacts to the
transistors are to be made. Chemical or plasma etching selectively exposes
bare silicon or poly in the contact areas.

Polycide

Now that the basic processing sequence for transistors has been described, we
provide a few more details. Relative to early generations of MOS fabrication, the
major changes are shallow trench isolation (STT), extensive channel region engi-
neering, and the use of silicide materials to lower resistance. In Figure 3.2, the final
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Polycide Poly gate
Spacers

Shallow

Thin oxide trench isolation

STI STI

Source/drain
extensions

p-well n-well

Figure 3.2
Deep submicron CMOS transistor structure.,

structure of the NMOS and PMOS devices is shown. The #-channel and p-channel
devices are placed in separate wells that sit in heavily doped substrates to avoid
latch-up, as described later. The STI region is composed of oxide material that is
deposited in shallow trenches etched into the silicon. The channel region has a vari-
ety of implants to adjust the threshold voltage and to reduce short-channel effects.
The source and drain regions feature lightly doped extensions to reduce the possi-
bility of junction breakdown and hot-carrier effects.> For the NMOS device, ini-
tially phosphorus is implanted and self-aligned to the poly gate edge to form the
lightly doped region. Then, oxide is grown and etched to form the “spacers” An
arsenic implant follows to create the heavily doped regions. A similar process is used
for the PMOS device with boron.

In Figure 3.2, the self-aligned polysilicon gates and their thin oxide are directly
above the channel with spacers on either side. Today the dielectric constant, or k, of
a silicon dioxide gate, is roughly 4. As technology scales, the oxide is so thin that cur-
rent tunneling through the gate node is likely to occur. To avoid this, thicker mate-
rials with higher k values are being pursued, the so-called high-k gate dielectrics.
Target values of k for the gate material are expected to be in the vicinity of 1012
once the process quality issues have been resolved.

To reduce the resistance of the gate and source/drain regions, silicide materials
such as TiSiy, WSi,, PtSi,, CoSi,, or TaSi may be used. The silicide material can be
seen in Figure 3.2 on top of the polysilicon and the source/drain regions. For exam-
ple, if titanium is deposited on exposed source/drain and gate regions, it reacts with
the silicon surface (during a subsequent heating process) to produce the TiSi, sili-
cide, while the poly gate reacts with it to produce polycide.® The application of sili-
cides for both poly and diffusion are carried out in a self-aligned process using

% Hot carriers are electrons or holes created through impact ionization with enough energy to surmount the
energy barrier between silicon and silicon-dioxide. This topic is discussed in more detail in a later section in
this chapter.

 When a silicide is used on top of a polysilicon gate, it is referred to as polycide.
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spacers that are the materials shown on either side of the poly gate. Self-aligned sili-
cides are often called salicides. One thing to note in the diagram is that the poly
gates are tall and thin; they may be 2000 A high and 1000 A wide. This gives rise to
a fringing capacitance from the side of the poly gate to the surface of the silicon
source/ drain region. This contributes to the overlap capacitance which is a combi-
nation of fringing capacitance and lateral diffusion underneath the gate.

3.2.4 Making Wires

Now that the transistor fabrication has been described, the next step in the process
is to make the wires that connect the transistors. These connections, primarily done
using a metal such as Al or Cu, are commonly known as interconnect. In the early
generations of MOS technology, only one or two metal layers were available to wire
up the devices. Since there were only a few thousands devices to connect, the wiring
process was rather straightforward. With technology scaling, the transistor density
has increased tremendously following Moore’s Law. As the routing capacity of each
layer was exhausted, additional levels of interconnect were required to complete the
routing. The number of layers of interconnect has grown over the past 25 years from
one layer to over eight layers.

The fabrication of interconnect begins with the first metal layer that is used to
make contact with transistor source, drain, and gate terminals, and to connect them
to nearby V5, Gnd, and inputs/outputs of other transistors. The starting point for
wire fabrication is the structure after transistor fabrication.

1. Initially, a layer of insulating material is applied and then polished to a flat
surface.

Insulating material

2. Next, contact holes are etched into the insulator and filled with a conduct-
ing material such as tungsten.

Contact cuts filled with tungsten Contact cuts
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3. The metal material (either aluminum or copper) is then applied to the sur-
face and patterned to form the desired wires.

Deposited and patterned metal 1

SR 2 SR

4. Next, another passivation layer is applied and polished to a flat surface.
Another set of holes are cut into this layer for vias. This is the name used to
describe material that forms connections between adjacent layers. Then
another layer of metal is deposited and patterned. The final structure,
including the second layer of metal, is shown below.

Deposited and patterned metal 2

Similar steps are used to create the remaining metal layers that form a multi-
level metal structure.

Figure 3.3 shows a representative interconnect structure with six layers of metal
in a cross-sectional view. Notice that the dimensions of each layer are different since
each layer has a specific purpose. For example, the upper layers of metal are used for
global signals, clock, and power distribution, and must carry large amounts of cur-
rent. Their cross sections are made relatively large to keep the resistance levels low.
The lower levels are intended for block-level and cell-level routing and are kept
small for high density.

The different levels are connected to each other using contacts or vias. Gener-
ally speaking, contacts are used to connect wires to transistors, while vias are used
to connect one metal layer to another. In the past, aluminum (Al) was used for the
metal layers and tungsten (W) was used to implement vias. However, due to
increases in resistance and electromigration” problems, other materials have been
pursued to replace Al. The properties of copper (Cu) have been known to be supe-
rior to Al for a long time, but its incompatibility with Si and SiO, limited its use
until a solution to this problem could be developed. Unfortunately, copper diffuses

7 Electromigration is described in later chapters as the movement of metal material over time due to current
flow. Eventually, the metal may break and cause an open circuit (or a short circuit to a neighboring line) that
leads to failure of the circuit.
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Figure 3.3
Multilevel metal interconnect.

very rapidly in silicon, and so great care must be taken to prevent contamination.
Typically, a thin copper-cladding material such as TiN is used to surround it to pre-
vent Cu from diffusing into SiO,. This innovation has propelled copper into main-
stream usage. Recently, Cu has been used for both wires and vias using a dual Dam-
ascene process, as depicted in Figure 3.3. Contacts to the poly gate and the
source/drain regions are performed using tungsten since it has better adhesion
properties than Cu.

Note that vias have resistance associated with them and should be kept as short
as possible. This limits the vertical height between metal layers. Often, an array of
vias is used to reduce the resistance when connecting between the upper layers of
interconnect. Also, to connect from metal 2 to metal 5 requires a sequence of metal
2, via, metal 3, via, metal 4, via, and finally metal 5. Since a direct connect is not pos-
sible, the vias are often stacked on top of one another with metal in between. This
is referred to as a stacked via. Rules exist on the number of vias that can be stacked.

One problem in fabricating deep submicron interconnect is that, as layers are
placed on one another, the surface becomes uneven and this may create stresses and
strains on the materials in each subsequent layer. Before a new layer of metal is
placed on the chip, the surface must be planarized to assist in the photolithographic
process of subwavelength geometries, and to avoid problems in the upper layers due
to the unevenness of the previous layers. For this purpose, a procedure called chem-
ical mechanical polishing (CMP) is employed whereby a chemical agent and a pol-
ishing mechanism are used to remove unwanted material until the surface is highly
planar.

Chemical mechanical polishing is used in the front-end process for the pla-
narization of the oxide material in shallow trench isolation, and in the back-end, for
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two parallel plates

Figure 3.4
Capacitance and resistance of interconnect.

dielectric planarization and metal etch back. Unfortunately, the degree of planarity
is related to the materials below the polishing surface. If there are high- and low-
density areas of metal, the results in the two areas will not be uniform as dishing may
occur. Dishing refers to a sagging of the material in certain areas during the CMP
process. To enhance the performance of CMP, some amount of metal fill (or poly fill
for the polysilicon layer) must be specified by the chip designer in the vacant areas
to produce more planar surfaces. They are implemented as parallel metal lines dur-
ing chip layout but are not part of the actual circuit. The natural consequences of
introducing metal fill are to increase coupling capacitances of nearby signal lines on
the same layer, and on adjacent layers above and below the fills; so it must be used
carefully.

3.2.5 Wire Capacitance and Resistance

The two most important characteristics of the interconnect today are the capaci-
tance and resistance. We first examine the capacitance of the wires in the intercon-
nect structure. Consider a parallel plate capacitor shown in Figure 3.4a, with length
L, awidth W, and a separation of ¢ between the plates.?

The basic formulation for a parallel-plate capacitance is given by

k
C= —SﬂWL (3.1)

where g, is the permittivity of free space, k is the relative dielectric constant of the
insulator, and ¢ is the thickness of the insulating material. Although Equation (3.1)
is only suitable for an isolated parallel-plate capacitor, it can give us some insight
into the issues associated with deep submicron interconnect.

Consider the configuration of metal 1 and metal 2 wires shown in Figure 3.5.
Three metal 1 wires are running adjacent to each other and going into the page.
They are situated above a ground plane, which is the substrate. A metal 2 wire runs

3 Note that these dimensions are not the channel length, channel width, and thin-oxide thickness. We have
switched to the study of interconnect rather than devices.
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L2

TZl Metal 2

Ground plane

Figure 3.5
Wire dirmensions for capacitance calculations.

on top of these wires. All the dimensions in the vertical direction are established
during the fabrication process. That is, the height above the substrate and between
different layers, H, and the thickness of the wires, T, are fixed values that cannot be
modified by the designer. On the other hand, the horizontal dimensions are under
the designers’ control. Specifically, the width, W, spacing between wires, S, and the
wire length, L, are all design variables.

If we focus on the center wire on metal 1 for a moment, there are many sources
of capacitance. First, there are two area capacitances between it and the substrate
below and the metal 2 above that depend on H1 and H2, respectively. Second, there
is lateral capacitance between adjacent wires on the same level that is dependent on
the spacing, S1. Finally, there are fringing capacitances between the conductor side-
walls and the upper conductor and lower substrate. Extracting the value of all of
these capacitances would require three-dimensional analysis of the structure, and
the total capacitance on the middle wire would be the sum of all the capacitances.
Since capacitance controls the delay in our signals and determines the power dissi-
pation, we seek to minimize the total capacitance seen by any wire.

There are many ways we can reduce the capacitance from a design perspective.
The primary method is to space out the wires by making § as large as possible. From
a fabrication perspective, Equation (3.1) tells us that the thickness, ¢, should be
made as large as possible and the dielectric constant, k, should be made as small as
possible. Here, the thickness is the height of the insulator between two metal lines
on different layers, called the interlayer dielectric (ILD). It is important in deter-
mining the capacitive coupling between wires on adjacent layers. Of course, if H is
too large, the overall height of the vias would increase. This tends to increase resist-
ance and reduce reliability. The dielectric constant, k, of the insulating material is
also important in determining the degree of capacitive coupling. The material
between the metal lines is an insulator, typically silicon dioxide. The k for silicon
dioxide is approximately 4. Recently, process engineers have developed dielectrics
with lower values of k and these are referred to as low-k dielectrics. Values of k =~ 3
are in production use today. The goal is to reach a k of roughly 2 within the next few
years, if possible.
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The discussion of interconnect capacitance will continue in later chapters. We
now turn our attention to wire resistance. One of the main reasons for switching
from Al to Cu is due to the resistance associated with the two materials. In the past,
wire resistance was low and could be ignored. Wires were either too short to be of
concern or they were so wide that the resistance was negligible. In modern tech-
nologies, the line widths are very small and the resistance has gone up considerably.
This increase in resistance has led to a number of issues in design, namely, inter-
connect delay in signal lines and voltage drop in the power grid. These issues will be
elaborated in later chapters. Here, we examine the resistance calculations and their
implications for deep submicron wires.

The resistance of a material is given by

_PL_ L

R
A TW

where p is the resistivity of the material in {)-cm, L is the length of the wire, Tis the
thickness of the wire, and W is the wire width. This is illustrated in Figure 3.4b.
The leading term is an important one:

Ry =

~ o

where R, is termed the sheet resistance and has the units of ohms per square (Q/[]).
The sheet resistance of any metal layer can readily be computed from the resistivity
and the thickness, T. The two most common materials for metal are aluminum,
with p = 2.7 u€)-cm, and copper,® with p = 1.7 uQ-cm. As a point of comparison,
tungsten has a much higher resistivity of 5.5 u{)-cm.

The resistance of a segment of wire is

L
R= RS{‘W
The ratio of L/ Wis referred to as the number of squares of wire. It is the aspect ratio
of the wire in terms of length and width. Over the years, wires have been getting
longer and narrower which increases the resistance since the number of squares
increases. To keep resistance relatively low, the value of T has not been scaled at the
same rate as the minimum line width.

In Figure 3.6, the cross-sectional views of the wires are shown as we scale tech-
nology. In the 1970s, the line width was fairly large with 5 um being a typical value.
Today, minimum line widths are below 0.13 um and the resistance per square has
increased significantly. On the other hand, the thickness of the wire has not scaled
as quickly as compared to the width to keep sheet resistivity low. The more impor-
tant fact is that the number of squares is significantly larger, partially due to the nar-
rower widths but also due to the fact that wires are continuing to get longer.

? In practice, the p for copper is closer to 2.0 u{2-cm due to the cladding material needed to avoid diffusion
into any neighboring oxide.
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Figure 3.6
Interconnect cross-sections as technology scales.

Comparison of Al and Cu Wire Resistance Example 3.1
Problem:

Compute the resistance for an aluminum wire in a 1980s 5 um technology and a
0.18 um technology of the year 2000. Compare this with a copper wire in the year
2002. First assume that the aluminum wire is 35 um with a resistivity of 2.7 Q-cm
and thickness of 1 wm.Then switch to a copper wire with a resistivity of 1.7 2-cm
and thickness of 0.4 um that is also 35 um long.

Solution:

Each wire is shown in plan view below. To determine the number of squares of
resistance, we divide the length of the wire, L, by the width, W, for both cases. We
can use Figure 3.6 to estimate the thickness. In the first case, the wire is 5 um wide,
1 wm thick, and 35 um long. In the second case, the wire is 0.18 um wide and
0.5 um thick. From these values, we can compute the resistance. Note that even for
these short wires the ratio of the resistance values is 50X.

1980: =7 squares

2000:

= 194 squares

Rs umawire = 2.7 pQ-cm/1 pm X 7 =02 Q  (1980)
Ro1s e = 2.7 u2-cm/05 pm X 194 ~ 10 @ (2000)

For the same wire in a 0.13 um process, we have

Ro13 e = 1.7 n-cm/0.4 um X 269 ~ 11 O (2002)

Note that the resistance for the wire in a 0.13 um technology has been held to
roughly the same value as in the 0.18 um technology due to the switch to copper.
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3.3 Layout Basics

An important step in the design of any IC is the layout of the chip, which defines
the various layers associated with the masks used in fabrication. The handoff of the
final layout from the designer to the fabrication facility is called tapeout. Figure 3.7
shows the tapeout process that involves the flow of mask data from the design
house, which is the company designing the chip, to the foundry, which is the com-
pany that fabricates the chip. The chip design information is usually represented by
the designer in graphical form using a layout tool, and then converted into a binary
output format called GDS-II stream format.’® This format describes the polygons
and their (x,y) positions in the layout that comprise each of the layers in the design.
The geometric information must comply with a set of design rules that the foundry
has painstakingly developed for a specific technology, such as 0.13 wm. The foundry
also provides process parameters that are used for simulation purposes.

The goal of the layout process is to implement the design in a compact area
while satisfying the design rules set by the foundry. Layout design is as much an art
as it is a science, but there are some fundamental guidelines that must be adhered
to if a chip is to be fabricated successfully. These guidelines, when violated, are
flagged by modern CAD tools, called design rule checkers (DRCs), that can handle
the billions of geometries needed to represent complex layouts. The design rules are

“Tapeout”

Layout (mask set)

Design
house

Design rules
(layout)

Process parameters
(simulation)

Figure 3.7

The flow of data between the design house and the foundry.

19GDS is a layout specification format originally developed by the Calma Corporation in the 1980s and later
used as an industry standard,
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a set of tolerances based on the minimum feature size imposed by a given technol-
ogy. These tolerances are due to registration error in mask alignment going from
one pattern to another, process control due to variation in exposure and etching,
and overlap requirements to ensure low ohmic contact where necessary.

The minimum feature size for the layout varies according to the technology node
chosen by the design house. Today, new designs are being implemented in 0.13 wm
technology so the design rules are based on this minimum dimension. Since the min-
imum dimension may change from one technology to another, a technology-
independent term, A, was introduced in the 1980s. The minimum gate length was
taken as 2A and all design rules were based on this definition (note: this is not the
channel length modulation parameter). As an example, if the minimum gate length
is 200 nm, then A = 100 nm. Similarly, for L = 100 nm, we set A = 50 nm. While the
notion of a linear scaling factor A is not used in advanced technologies, it is still
instructive when describing design rules and it will be used frequently in this book.

In general there are two types of design rules. One set is associated with the res-
olution possible in a particular layer and the second set is used for alignment con-
straints between two different layers. These two types are illustrated in Figure 3.8.

In the case of rules concerning resolution, the minimum line width and spac-
ing are defined. In Figure 3.8a, the minimum line width is 3A and the minimum
spacing is 3A. This is a typical pair of rules for the upper layers of metal.

Resolution

Minimum spacing —___ 3 T~ Minimum width rule

A

(@)

.. Alignment
Mlmmpm Poly overlap
poly width 24 of field 2A
Minimum
contact Minimum contact spacing
size 24 X 2A to gate 22
Poly-to- Minimum contact overlap A
diffusion
spacing 2A
(b)
Figure 3.8

Two types of design rules: resolution and alignment.
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The alignment rules are associated with two different layers, as shown in Figure
3.8b. For example, the poly overlap of field is set to 2A. This rule is required so that
the gate will completely cover the diffusion region. Otherwise, the transistor would
become a resistor since the diffusion region would extend from source to drain.
Another set of alignment rules are associated with contacts. The contacts are used
to connect metal to diffusion or metal to poly. The minimum size contact is 2A X
2A. However, to ensure good contact, the two materials must overlap the contact by
a minimum amount and, at the same time, must be a safe distance from other lay-
ers. In this example, the overlap of the contact by diffusion and metal is set to A
while the poly-to-contact spacing is set to 2A. These rules ensure that good contact
is made between the two desired materials (diffusion and metal) but not between
two undesired materials (poly and diffusion). Similar rules hold for poly-to-metal
contacts.

More specific layout rules, including minimum (and sometimes maximum)
sizes of features on all mask layers, accompany every IC manufacturing process.
There are over one hundred such rules that must be followed to satisfy the fabrica-
tion requirements. These rules are checked by DRC programs and must pass cleanly
before a design is accepted by the foundry service. For actual chip layout, the pre-
cise information should be obtained from the foundry service. Typically, these rules
are specified in absolute dimensions rather than in terms of A. The details of new
fabrication technologies, including the layout rules, are generally proprietary and
are rarely disclosed by manufacturers, except to their customers.

The design rules have implications in terms of the minimum-size transistor
that can be fabricated. Consider Figure 3.9a where a minimum size NMOS transis-
tor has been laid out in a p-well, with a well contact shown. The minimum channel
length is 2A as expected. However, the minimum channel width is 4, not 2A as one

nt diffusion L pwell

A% 2L
* Polysilicon

pt diftusion
G

- Contact

wt diffusion

(&) (b)

Figure 3.9
Alternative layouts of a minimum-size transistor.
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might expect. This is due to the fact that the contact is 2A X 2A and the diffusion
must overlap it by 1A on all sides. This adds 2A to the width, which makes the min-
imum width equal to 4A. The diffusion regions must extend out a minimum of 5A
since the contact-to-diffusion edge is A, and the contact-to-poly spacing is 2A.
Therefore, the minimum diffusion area is 4A X 5A.

In order to create a transistor with W = 24, it will cost some extra area as
shown in Figure 3.9b. The contacts must be pushed out and a narrow diffusion
region created for the desired transistor width. The p-well edges (not shown) would
also have to be pushed out due to design rules, and this may affect the spacing rules
for nearby n-wells. While it is possible to create a minimum-size transistor when
needed, it is more convenient to create a device with W = 4. It also has twice as
much drive capability. The diffusion area is about the same in both cases.

The other interesting feature shown in Figure 3.9a is the well contact which is
composed of a p* diffusion contact that will eventually connect to a metal line (not
shown) that is attached to Gnd. This is the layout view of the bulk terminal of the
transistor. The metal line, if added, would run across the well contact and also con-
nect to the source of the NMOS transistor. This would ensure that the pn junctions
were properly reverse-biased. Of course, the PMOS device has similar minimum
size and well contact considerations that were just described for the NMOS device,
with the polarities and materials of the opposite type.

3.4 Modeling the MOS Transistor for Circuit Simulation

Computer circuit simulators are essential tools in the analysis and design of MOS
circuits. The computer program SPICE and its commercial derivatives, such as
HSPICE™ and SmartSPICE™, are widely used for such tasks and are used for
examples in this text. Other circuit simulators such as Spectre™ require similar
modeling considerations.!! One key point to stress is that a circuit simulator is not
a circuit design tool but rather a circuit analysis tool. Novice designers have been
known to use SPICE in a circuit design role, but it is not a replacement for thinking
about how a circuit should work or how to design a circuit. The role of SPICE is to
validate your design and its proper operation. It allows the designer to try various
optimization techniques and carry out simulations that include process variations.
In this mode, SPICE is one of the most useful tools in the integrated circuits
industry.

3.4.1 MOS Models in SPICE

The SPICE tool simulates a user-specified circuit description with built-in models
for each type of circuit element. The circuit description must include layout dimen-
sions for each device to produce accurate results. The MOS transistor models are
based on device physics and empirical equations derived from measurements of

1 HSPICE is a trademark of Synopsys. SmartSPICE is a trademark of Silvaco. Spectre is a trademark of
Cadence,
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fabricated devices. The device models are developed by a group whose main respon-
sibility is to accurately capture the behavior of semiconductor devices in the form
of equations such as those described in Chapter 2 for Vi, Iy, and capacitance. Once
the model developers complete the device models, they are coded into a program
such as SPICE and given a specific name. For example, LEVEL 1 (quadratic model),
LEVEL 2, LEVEL 3, LEVEL 4 or 13 (BSIM1), LEVEL 39 (BSIM2), LEVEL 28, and
LEVEL 49 (BSIM3) are well-recognized names within the industry for the different
built-in models incorporated into SPICE over the past 25 years. Only one such
model is invoked during any given run of SPICE.

Each of these models has a number of model parameters associated with them.
The number of parameters can vary depending on the complexity of the model.
Some of the parameters are related to the physical process technology, such as ,,, x;,
Ny, Np» pig» and so on. Other electrical parameters are associated with the transistor
current equations or capacitance equations such as V., y, A, and C,. Yet another set
are used to capture certain advanced features of the devices such as short-channel
effects, narrow-channel effects, and device resistances. Using these parameters,
SPICE computes the currents and capacitances of the devices during model evalu-
ation, using the device voltages Vi, Vg, and V. If some parameters are not spec-
ified, they are computed internally by the program. As an example, if -y is not spec-
ified, it will be computed using N,.

The actual values assigned to the SPICE model parameters are generated
through a process called parameter extraction. The group responsible for this activ-
ity is associated with the fabrication service, as shown in Figure 3.7, which in this
case is the foundry. In parameter extraction, actual devices are measured in a vari-
ety of configurations. The measured data is fed to software programs that produce
the parameter values. Some of the parameters have a physical meaning, so their val-
ues are known in advance, while others are empirical in nature and are only used to
fit the equations to the measured data.

Once these parameters are extracted, they are placed in a file called a model
library. There are many such MOS models in the mode] library. First, there are dif-
ferent sets of parameters for NMOS and PMOS devices. There are also different
parameter sets for ranges of Wand L values (called model binning) and for process
variations. To fully capture all possible realistic scenarios, there may be dozens of
different parameter sets in a model library.

After the models have been placed in the library, they are delivered to the design
house for use in chip design. These model libraries should be “checked-out” thor-
oughly for accuracy and consistency using the SPICE program. This is done by run-
ning SPICE on a variety of different device sizes and operating conditions. Once
they are approved for use, they are made available to the chip designers for actual
simulations.

3.4.2 Specifying MOS Transistors

In Figure 3.10, an NMOS transistor layout is shown along with its corresponding
symbol. The source and drain region extensions are specified by Y and Y, We will
assume that Yg = Y, = Y for our purposes, but they may differ from device to
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NMOS
wt diffusion D
Polysilicon
G G P——l B
B (not shown) S

nt diffusion

Figure 3.10
MQS layout and schematic for SPICE modeling.

device. There is a small poly gate overlap of the field given by Z X L, which is usu-
ally small.

In the SPICE program, the user may specify the transistors and their connec-
tion with the format given below:

MOSFET

Mxxx D G $B mname L=value W=value AD=value PD =value AS = value PS =value

Mxxx ’ The mstance name of the MOSFET
D " The dram node.
G The gate node.
S e souree node S
e S bulk node e
mname  The name of the model to be used. This is also where you dis'ti‘nguisﬂw o
between a PMOS and NMOS
L Thele length of the transistor.
w The width of the transistor.
AD The area of drain diffusion bottom region.
"PD The dram edges to be used for sidewall capacrtance
'AS  Thearea of the source diffusion bottom reglon
PS o he source edges to be used for sidewall c;apacutance R

The specification begins with an “M” and a sequence of letters to form the instance
name. This is followed by the drain, gate, source, and bulk connections. Next, the
model name is specified. After the model, the dimensions of the device are provided
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beginning with L and W. The areas of the source and drain are provided as AS and

AD, respectively, for the bottom junction capacitances. Typically, the area of the bot-

tom is specified as WX Y. This value is multiplied automatically by the junction

capacitance coefficient for the bottom edge. The periphery of the source and drain

is also provided to calculate the sidewall capacitance. The two parameters, PS and

PD, should be set to W since we are interested in the channel facing edge only.
Note that SPICE first precomputes effective values of L and W:

Wy=W— AW

(3.2)

The values of AL and AW are based on systematic length or width reductions and
process-related variations. We will use W, zand L, below to conform to these pre-
computed values.

Example 3.2 SPICE MOS Transistor Specification
To illustrate how a MOS transistor is specified to SPICE, we assume that L = 0.2 um,
W =04 um,and Y = 0.5 pm, Then, AS = AD = W XY = (0.4 um) (0.5 um) and
PS = PD = 0.4 um.|f the drain node is drainn,and the gate node is gaten, while
the source and bulk are grounded, we would specify the transistor instance as

R RS T R S

M1l drainn gaten Gnd Gnd NMOS1 1=0.2u w=0.4u ad=0.2p pd=0.4u as=0.2p ps=0.4u

Here, the model invoked from the library is called NMOS1. The length, width, areas,
and perimeters are all specified in absolute units of meters. Another alternative is to
define a scale factor A = 0.1 um (note this is not the channel length modulation
parameter). Then all the transistor dimensions can be scaled relative to this value.
This greatly improves the readability of the transistor description. It is specified using
the .opt directive. For the same specifications, the device could be re-written as

.opt scale=0.lu * Set scale factor=lambda
M1l drainn gaten Gnd Gnd NMOS1 1=2 w=4 ad=20 pd=4 as=20 ps=4

The model used by the simulator is given as NMOSI in the above input speci-
fication. This would be retrieved from the model library and invokes one of the
built-in device models. The LEVEL 1 and BSIM3 are the two device models consid-
ered in this book. The LEVEL 1 model employs the equations derived in Section 2.4.
Today, BSIM3v3 is the workhorse model in industry and is adequate for most deep
submicron MOS digital circuit analysis and design, provided parameters are extracted
from measured data. This model is based on the description in Section 2.5. We now
describe these two models in more detail.
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3.5 SPICE MOS LEVEL 1 Device Model

The dc characteristics of the MOS LEVEL 1 model are defined by the device elec-
trical parameters'? VTO, KP, LAMBDA, PHI, and GAMMA. These parameters are
directly associated with the model developed in Section 2.4. Ideally, the user should
specify these parameters after measuring actual devices and extracting the corre-
sponding values. However, these electrical parameters are computed by SPICE if
process parameters, such as NSUB, TOX, and UOQ, are given; user-specified values
always override internal calculation.

To illustrate one flow in SPICE, assume that VTO, NSUB, LAMBDA, TOX, and
UO are specified by the library model. The computation of the threshold voltage
begins with the calculation of the surface potential, PHI, based on the substrate

doping level, NSUB:
kT NSUB
PHI = 2 X 7 In( - ) (3.3)

The oxide capacitance is computed using TOX:

&
Cop = 34
ox TOX ( )

The body-effect parameter is then computed using NSUB and C,:

V2e4q X NSUB

GAMMA = (3.5)
Cox

Finally, the threshold voltage is computed using the following equation:
V¢ = VTO + GAMMA (VPHI — Vi — \VPHI) (3.6)

VTO is positive for enhancement-mode n-channel devices and negative for p-channel
devices.

Next, the current equations are computed using the threshold voltage. If KP is
specified, it is used directly in the current expression. If not, the mobility, UO, is
used to compute it:

KP = UO X C, (3.7)
For the linear region, the current expression is
Weﬁ Kp 2
Ips = ———=[2(Ves = Vi) Vs = Vis](1 + LAMBDA X Vi)
Ly 2 (3.8)

Vos= Vp Vpg= Ve — Vi

12 SPICE parameters will be indicated with capitalization of all text when referring to the parameter.
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For the saturation region, the current expression is

W,
eff KP 2
ps = “(V?S - VT) (1 + LAMBDA X VDS)
Ly 2" ¢ (3.9)

Vos= Vr Vpg= Vg — Vr

Note that the channel length modulation parameter, LAMBDA, is used in both lin-
ear and saturation expressions for continuity of the current. It is important in
SPICE that the equations be continuous from one region to another. Otherwise, the
numerical methods used in the program have some difficulty converging to a solu-
tion. For this reason, the linear and saturation regions both require a term,
(1 + LAMBDA X V), even though its effect is most prominent in the saturation
region. As mentioned before, if any of the values of GAMMA, KP, or PHI are spec-
ified in the model library it would override the calculations given above.

The capacitances of MOS devices, modeled in several parts, are defined so they
may be calculated easily from actual circuit layouts. Three constant capacitors,
CGSO, CGDO, and CGBO, represent gate-source, gate-drain, and gate-body over-
lap capacitances. The CGBO term is due to the gate extension into the field region,
defined by the region Z X L in Figure 3.10. The thin-oxide gate capacitance is cal-
culated by the program as a function of applied voltages and distributed among the
gate, source, drain, and body regions. The charge storage effects are included only
if TOX is specified in the input description. There are two built-in models of the
gate capacitances. LEVEL 1 uses the piecewise-linear voltage-dependent capaci-
tance model proposed by Meyer. This model does not necessarily conserve charge
and therefore must be used with care. It is not suitable for many circuits that rely
on charge conservation of the model for proper operation. A more advanced
model is available in higher-level MOS models such as BSIM3, as discussed in the
next section.

The junction capacitances, for both source-body and drain-body p#n junctions,
are divided into bottom and periphery components. The junction capacitances are
determined by the parameters CJ, CJSW, M], MJSW, and PB. Note that CJ is speci-
fied in F/m? and must be multiplied by the area of the source or drain, whereas
CJSW is specified in F/m and must be multiplied by the perimeter of the source or
drain. CJSW is premultiplied with the junction depth, XJ. The following equations
are used to compute the capacitances:

CJ] X AD CJSW X PD . .
Cp= VM AN drain junction
PB PB
C] X AS CJSW X PS
Ci= J J source junction (3.10)

VM + V, \MisW
1= = I ==
( PB) ( PB)

When specifying the information for a given transistor, it is important to include
AS, AD, PS, and PD so that the correct calculations for junction capacitance can be
performed.
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There is some overlap among the parameters describing the junction current;
for example, the reverse current can be input either as IS (in A) or as JS (in A/m?).
Whereas the first is an absolute value, the second is multiplied by AD and AS to give
the reverse current of the drain and source junctions, respectively. This flexibility has
been provided so that junction characteristics can either be entered as absolute val-
ues on model statements or related to areas AD and AS entered on device statements.

The MOS transistor has series resistances associated with the source and drain
regions. If needed, these parasitic resistances can be expressed as either RD and RS
(in ) or RSH (in Q per square), the latter being multiplied by the number of
squares NRD and NRS specified on the device instance line.

The reader should not be overwhelmed by the number of parameters and their
detailed meanings. This is intended to give you the background needed when using
SPICE. In fact, the LEVEL 1 device model has more parameters than the ones men-
tioned above. The complete list of SPICE parameters used in LEVEL 1 is given in
Table 3.1 at the end of this chapter together with the corresponding symbols used
in this text.

3.5.1 Extraction of Parameters for MOS LEVEL 1

To obtain satisfactory results for the LEVEL 1 model in circuit analysis and design,
measured data on samples of MOS transistors must be obtained. The parameters
may be extracted by fitting measured data to the device equations over the intended
operating range of voltages and currents. These are, of course, the first-order equa-
tions associated with long-channel devices, so their use should be restricted to these
types of devices. Similar steps for fitting parameters to measured data are used for
the short-channel devices.

Methods of taking and reducing data to determine VIO, GAMMA, KP, and
LAMBDA are illustrated in Figure 3.11. If the gate is connected to the drain, the
device will be in the saturation region of operation, since Vjg > Vo — Vi In this
condition, the long-channel saturation region equation can be rewritten as

W, KD
VoI, = | —L

(VGS - VT) (311)
off

By plotting V21, versus V4 as in Figure 3.11a, the x-intercept can be extracted as

, W KP

Vrand the slope of the line is . A number of measurements of the current
eff

can be made with Vg = 0. This will produce the zero-bias threshold voltage, VTO.

The value of KP can be extracted from the slope. By adjusting Vg, repeating the
measurements will produce additional values of the threshold voltage. Using these
V- values, the body-effect coefficient, GAMMA, can be obtained.

A second set of measurements is used to determine the channel-length modu-
lation parameter LAMBDA, if needed. As seen in Figure 3.11b, the device can be dis-
connected at the gate and drain and two separate voltages applied. Keeping the
device in saturation, two values of V¢ can be applied and the corresponding cur-
rents measured. From these two measurements, the value of LAMBDA can be
extracted.
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Figure 3.11

MOS transistor parameter extraction.

AR

Example 3.3  SPICE LEVEL 1 Model Specification
Assume that after parameter extraction, the following values are determined:

Vi = 05 V, k' = poCop = 300 wA/VZ |20 = 08V, y = 04 V7and A =0
Then the corresponding SPICE parameters are

VTO = 0.5 V,KP = 300(107%), PHI = 0.8, GAMMA = 0.4, and LAMBDA = 0,

The library model would be specified as follows:

.model NMOS1 nmos level=1l vto=0.5 kp=300u phi=0.8 gamma=0.4 lambda=0
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In a complete LEVEL 1 specification, many more parameters would be extracted
and specified in the model line, but this example is only intended to show the
process involved.

R e S S

After specifying the circuit description and connecting it to the appropriate
model library, the user provides a series of control statements to direct the analy-
sis, and plot or print results. The details of this aspect of SPICE are program-
specific. Tutorial information of this nature is provided in Appendix A. More comn-
plete user guides are available from the CAD vendors, and in the references listed at
the end of this chapter.

While these examples illustrate the extraction of specific model parameters for
LEVEL 1, the same basic concepts can be used to extract all of the needed parame-
ters for the advanced models in SPICE. These models are kept in library files that
are associated with a particular technology and invoked by the user when simulat-
ing a given circuit. Normally, the user should not modify the parameters in these
files, although the models should be validated using SPICE. Since the models will
not be generally viewed by users, those who are new to the field may choose to skip
the next section without any loss to continuity.

*3.6 BSIM3 Model

Over the past 30 years much effort has gone into modeling the MOS transistor. Scal-
ing has made what were previously second- and third-order effects into first-order
effects. Analytical equations much more sophisticated than those presented thus far
have been developed. More advanced SPICE models are available, such as LEVEL 2
and 3 models, and more recently, BSIM1, BSIM2, BSIM3, and BSIM4.

BSIM (Berkeley Short-channel IGFET Model) was developed at the University
of California at Berkeley in the 1980s and 1990s, and work on the latest model con-
tinues today. BSIM3v3 is currently the most popular model for deep submicron
devices. It is based on a quasi-two-dimensional model of the MOS device, with both
physics-based and empirically-based equations. There are over 300 parameters in
the complete model so the details of BSIM3v3 are beyond the scope of this book.
However, the parameters for the BSIM3v3 are listed in Table 3.2 together with the
corresponding symbols at the end of this chapter.

The goal of BSIM3 is to capture the key features of the dc and ac behavior of the
deep submicron MOS transistor. Conceptually, the equations of Section 2.5 with
velocity saturation form the basis of the model. The model in BSIM3v3 is much
more elaborate and considers detailed physical effects as well as measured perfor-
mance of fabricated devices in its implementation. We first describe the binning fea-
ture of BSIM3. Next, the threshold voltage equation, the mobility modeling, and cur-
rent voltage expressions are presented. Finally, the capacitance modeling is described.

3.6.1 Binning Process in BSIM3

One of the limitations of any device model is that it is only as good as the parame-
ter extraction that is carried out during the characterization process. Unfortunately,
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even careful parameter extraction for one device does not track across all the Wand
L sizes encountered in a design. As a result, a number of models are prepared for
one technology as illustrated in Figure 3.12. Minimum and maximum widths and
lengths are selected and a number of bins are defined. Typically, measured devices
lie at the center of the bins (roughly where the numbers are placed) and are used to
characterize the entire bin. A large number of parameters are dedicated to the bin-
ning process in BSIM, so it is important to understand this concept.

As an example, a total of nine bins are shown in the figure. The number and
ranges for the bins will vary from foundry to foundry. Fortunately, in digital design,
the minimum length is used for most devices, so the bins labeled 1, 4, and 7 are of
most interest. However, the user should realize that different models may be
invoked as the width is modified. Certain boundaries of the bins may have discon-
tinuities that produce “interesting” results in the circuit simulator. As a side effect of
this binning process, two devices near a boundary may have different drive capabil-
ity if the threshold voltage has a sharp discontinuity across the boundary. It is
worthwhile to plot, for example, Vi versus L and V. versus W in SPICE to identify
any possible issues in the models before using them in a design, especially when a
new set of models first arrives from the foundry. Otherwise, the fabricated design
may not match the expected performance from simulations.

3.6.2 Short-Channel Threshold Voltage
The threshold voltage expression was derived earlier in Section 2.3 as

Vr= Vg + 7(\/2|¢’F] + Vg \/2|¢F|)

There are a number of effects that change the threshold voltage relative to the first-
order equation, which we now explore. In BSIM3, the V.. formula starts with the
same equation:

Vy = VTHO + y(VPHI — V5 — VPHI) (3.12)

A
Wmax e
7 8 9
4 5 6
1 2 3
Wmin o
| |
Lmin Lmax

Figure 3.12
Model binning process.
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Here, the value of VTHO is usually specified or computed using the flat-band volt-
age, VFB. However, this formulation does not accurately capture the vertical doping
profile in the channel region. The y term is actually dependent on the different dop-
ing levels in the channel and substrate regions. The surface doping is due to the
threshold implant, NCH, while the doping in the substrate is NSUB, a much lower
value. This variation in the doping profile must be modeled for accuracy.

In BSIM3, the term 2|¢p] is called PHI and is given by

PHI = 2%ln<NCH> (3.13)

.

1

where NCH is the doping of the channel region.
To properly capture the effects of the two doping levels, the threshold voltage
equation is modified as follows. First, two y parameters are defined as

_ \/Zes,q X NCH
- Cux

V 2e,4q X NSUB (3.14)

Cox

Y1

Y2

The oxide capacitance is computed as usual using
8()3(

Cpo= =2
"~ TOX

(3.15)

Then, the two new parameters, K1 and K2, are defined using -y, and v,
K1 = f(')/b PHI)
K2 = f(yi, v, PHI)

Effectively, the K1 and K2 terms model the vertical profile in the channel region
as an abrupt transition from NCH to NSUB at some depth x,. Then, V. is deter-
mined by

(3.16)

Vy = VITHO + KI(VPHI — Vs — VPHI) — K2 X Vg (3.17)

There are two additional V.. effects that are worth noting. Both L sand W have an
impact on the threshold voltage. The effect of reducing L,;is to reduce the thresh-
old voltage. As the channel length decreases, the depletion regions of the source and
drain move closer together and actually aid in the depletion process of the channel
region. The effect of this charge sharing is shown in Figure 3.13a. This is referred to
as the classical short-channel effect (SCE). However, there is another effect that
tends to increase the threshold voltage as L g is reduced, as shown in Figure 3.13b.
Due to oxidation-enhanced diffusion, a process whereby impurities gather at point
defects at the two gate edges during oxidation, the surface doping levels in the chan-
nel region in short channels may be much higher than in long channels. This
so-called reverse short-channel effect (RSCE), or threshold voltage roll-up, causes
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(a) SCE (b) RSCE

Figure 3.13
SCE and RSCE characteristics.

V; to increase due to the lateral nonuniformity of the doping across the channel.
Since SCE and RSCE act in opposite directions, the precise doping profile deter-
mines the dominance of one effect over the other as the channel length is reduced.
Typically, the V. “rolls up” as L, is decreased due to RSCE and then drops off in
value as the classical SCE takes over. Both can be incorporated in a short-channel
effect (SCE) term AV It is useful to plot Vy versus Lys for a model to observe
these effects and also to examine any issues surrounding the binning process.

In some devices, the width can also play a role in determining the threshold
voltage. If the channel width is close to the minimum width, the threshold voltage
can actually increase in value. This is due to the fact that the poly gate overlap of the
field (in Figure 3.10, the area defined by Z X L) induces depletion-layer charge in
the field region and this must be compensated for by an additional gate voltage. Its
relative importance is reduced as the channel width increases, but it must be
accounted for in narrow devices to derive accurate thresholds. This is called the
narrow-channel effect (NCE). A term can be added to the threshold voltage, A Vycg,
to account for this effect. It is also useful to plot Vi versus W, to observe this effect
and also to examine any issues surrounding the binning process.

Yet another factor to be included in the V. calculation is the effect the drain-
source voltage has on lowering the barrier for current flow. Normally, the gate-
source voltage is responsible for inverting the surface by 2|¢,|. In short-channel
devices, the depletion region around the drain increases as Vg increases, and it
extends into the channel region. Conceptually, the drain-source voltage is assisting
the gate voltage in the depletion process. It is referred to as drain-induced barrier
lowering (DIBL). As the channel length is reduced, the potential barrier between the
source and drain is reduced even without the application of a drain-source voltage
due to the SCE described above. However, the potential barrier is reduced even fur-
ther by applying Vg because it enhances the depletion region in the channel.

Figure 3.14 illustrates this effect. At low values of V), the threshold voltage is
the same as the long-channel case. However, as V)¢ increases, a decrease in Vi, is
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Long-channel device

Short-channel device

Figure 3.14
Drain-induced barrier lowering (DIBL).

observed that is almost linear with V.. An adjustment of the threshold voltage can
accommodate the DIBL effect. We can subtract a term 1V from the threshold
voltage expression to account for the V¢ dependence.

The final form of the threshold voltage expression including all effects men-
tioned here is given by

V= VTHO + K1(VPHI — Vg — VPHI)
- K2 X VBS - nVDS - AVSCE -+ AVNCE (3.18)

3.6.3 Mobility Model

A variety of mobility models are available in BSIM3 to capture the vertical and hor-
izontal field effects. In all these models, the nominal mobility value is UO, and the
parameters that modify this nominal value are UA, UB, and UC. One particular
model for the vertical field effect is given in the equation below. It includes the effect
of the vertical field and the substrate bias voltage, Vg

Uo
Vs — Vi Ves — V)2
1 + (UA + UC + VBS)<-9§~;——-—’> + UB(M)

ax ox

= (3.19)

The horizontal field component is based on the piecewise-continuous modeling of
mobility as a function of the field, as described in Chapter 2. The parameter VSAT
is the saturation velocity that is provided to BSIM3 and is used to compute the crit-
ical field

_ 2VSAT

Moy

E, (3.20)

This relationship is used to guarantee continuity in the velocity versus electric field
characteristic.
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Example 3.4

3.6.4 Linear and Saturation Regions

With the threshold voltage and mobility values determined, BSIM3 can compute the
current through the device in the linear or saturation region using the operating volt-
ages of the device. These equations are similar in form to those derived in Section 2.5,
although much more complex to account for additional effects. The details of these
equations are not critical to our discussion here, but the interested reader may consult
any of the references listed at the end of this chapter for further information.

BSIM3 1-V Characteristics for 0.18 um CMOS
Problem:

Using a BSIM3 model for a 0.18 pum technology, plot /s versus V¢ for both PMOS
and NMOS by sweeping Vp,; from 0 to V,, = 1.8V at intervals of Vi = 1/2 V), 3/4
Vpp and Vi, For convenience, let W = 0.4 umand L = 0.2 um, and set A = 0.1 um.
What is the ratio of saturation currents between PMOS and NMOS at
WVessl=IVosl =Vpo?

*SPICE Input File

.param

.1ib

.opt

mp drainp
mn drainn
vdd vdd
Vgsp Vvdd
Vgsn gaten
Vdsp vad
Vdsn drainn
.de Vdsp
.dc vdsn
.plot dc
.plot dc
.end

Solution:
Supply=1.8 * Set value of vdd
‘beim3dv3.cmos.l8um’ * Set 0.18um library
scale=0.1lu * Set lambda

gatep Vdd vdd PMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4

gaten Gnd Gnd NMOS 1=2 w=4 ad=20 pd=4 ag=20 ps=4
0 ‘Supply’

gatep dc

0 de

drainp dc

0 dc

0 ‘Supply’ ‘Supply/20’vgsp 0 ‘Supply’ ‘Supply/4°’
0 ‘Supply’ ‘Supply/20'Vgsn 0 ‘Supply’ ‘Supply/4’
Il (mp)
Il (mn)

Ipg versus Vpg for NMOS

Drain current (UA)

0 ! | | l l
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Drain voltage (V)
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Ipg versus Ve for PMOS

&
<
¥

5
>

Ves=—135V

Drain current (LA)
1
h
IS
T

VGS =‘—1.8 v
(o

-19 ~-1.7 -15 -1.3 ~1.1 -0.9 0.7  -05 -0.3 ~0.1
Drain voltage (V)

The ratio of the currents in saturation is obtained by using the topmost curve in
each plot and computing the currents at Vs = 1.8 V.

Ips,w(Ves = VooVos = Vop) 220 pA
Ips,p(Ves = VppVps = Vop) 78 A

This is close to the ratio of 2.4 obtained in the previous chapter from the velocity
saturation model.
R S B S O R o ey

Ratio =

SPICE Plots to Compute /,,,

Problem:

Calculate the current per unit of width in wA/um in the saturation region for both
PMOS and NMOS at Vi = V), for a 2 X minimum width transistor and a 20 X min-
imum width transistor. Use the 0.18 um technology data of Example 3.4.

Solution:

*SPICE Input File

.param Supply=1.8 * Set value of vdd
.1lib ‘bgim3v3.cmosg. 18um’ * Set 0.18um library
.opt scale=0.lu * Set lambda

mp Gnd gatep Vdd vdd PMOS 1=2 w=40 ad=200 pd=40 as=200 ps=40
mr vdd gaten Gnd Gnd NMOS 1=2 w=40 ad=200 pd=40 as=200 ps=40
vdd vdd 0 ‘Supply’

Vgsp vdd gatep ‘Supply’

Vgsn gaten Gnd ‘Supply’

.dc Vgsp O ‘Supply”’ ‘Supply’
.de Vgsn 0 ‘Supply’ ‘Supply”’
.plot dc I1 (mp)

.plot dc I1 (mn)

.end
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Plots similar to those in Example 3.4 are produced. From these curves, the current
per unit width values are calculated by using the curve associated with Vg = 1.8V
and dividing by the width of the device:

2X 195 550
20X 225 570

The saturation currents can be quickly estimated using these values if we know the
device width.

We will use 550 pwA/um for the NMOS device and 200 wA/um for the PMOS
device, based on these results. Similar results can be obtained for 0.13 um technol-
ogy.These values are referred to as /.

. S ————— o s ors o ' e
TR s = e S e

3.6.5 Subthreshold Current

The subthreshold conduction region, where Vs < V7, is an important considera-
tion in a multi-million transistor deep submicron design. The key issue is that the
number of devices that are leaking current is so large that it consumes appreciable
power. Furthermore, any dynamic logic circuits!® are prone to charge leakage since
devices are not fully turned off. A number of models exist in BSIM3 to model this
region of operation. One such model is

Isu p = B sub Vthz e(Vcs” Ve Vogd/ 1V ( 1— e Vis/ Vm)

ge ;NCH
By = UO X CdWeﬁ/Leff Cy= _—Piﬁ_ (3.21)

This model is similar in form to that described in Chapter 2. Note that the low-field
mobility is used here since the gate voltage is rather small.

Example 3.6 SPICE Plots of BSIM3 Model in Subthreshold Region

Problem:

Plot logliye) versus Vs for both PMOS and NMOS by sweeping Vi from 0 to Vyp
with Vpe = V. Compute the current per unit width in the subthreshold region,
called /¢, for each device,

13 Dynamic circuits are the topic of Chapter 7.
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Solution:
*SPICE Input File
.param Supply=1.8 * Set value of vdd
.1lib ‘besim3v3.cmos. 18um’ * Set 0.18um library
.opt scale=0.1lu * Set lambda

np Gnd gatep vdd vdd PMOS 1=2 w=4 ad=20 d=4 ag=20 ps=4
mn vdd gaten Gnd Gnd NMOS 1=2 w=4 ad=20 pd=4 ag=20 ps=4
vdd vdad 0 ‘Supply’
Vgsp Vdd gatep ‘Supply’

Vgsn gaten Gnd ‘Supply’

.dc Vgsp O ‘Supply”’ ‘Supply/207
.de Vgsn 0 *Supply” ‘Supply /207
.plot dc Il (mp)

.plot dc I1 (mn)

.end

When Vg = 0.0V, the [, for the NMOS device is 0.01 nA/0.4 um = 25 pA/um. For
the PMOS device, /¢ = 0.008 nA/0.4 um = 20 pA/um. These levels are relatively
small compared to /..

Subthreshold drain current

1,000,000
100,000
10,000
1,000
100

10

NMOS

Current (LA)

0.001 I I | l I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Gate voltage (V)

3.6.6 Capacitance Models

Many of the comments made earlier about the capacitance models for LEVEL 1 also
apply to advanced models. However, in the advanced models, charge storage effects
are much more accurately represented. Internal to the SPICE program, the capaci-
tances are formulated using charge-conserving equations. From a user’s perspective,
the information provided to the program is essentially the same. The main differ-
ence between LEVEL 1 and BSIM3 is that SPICE will produce much more accurate
results, especially for circuits that rely on charge conservation for proper operation.
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The nonlinear thin-oxide capacitance due to TOX is calculated by the program
as a function of applied voltages and distributed among the gate, source, drain, and
body regions. The three capacitances, C,, C, and C,,, are computed based on the
region of operation. It is important to point out that charges associated with the
gate, drain, source, and bulk terminals are computed first, and then capacitances are
derived from these terms. In this manner, the total charge in the system can be con-
served, thereby producing much more accurate results than LEVEL 1. In addition,
three constant capacitors, CGSO, CGDO, and CGBO, represent gate-source, gate-
drain, and gate-body overlap capacitances. Today, CGSO and CGDO are due to a
combination of fringing capacitances from the edge of the poly to the surface of the
silicon and lateral diffusion. The CGBO term is due to the gate extension into the
field region and is relatively small.

The nonlinear depletion-layer capacitances, for both source-body and drain-
body pn junctions, is divided into bottom and periphery parameters, CJ and CJSWG,
which vary as the MJ and MJSWG power of junction voltage, respectively. The side-
wall capacitance is primarily due to the channel facing edge since the other three
edges interface to STI oxide and are therefore small. When specifying the informa-
tion for a given transistor, it is important to include AS, AD, PS, and PD so that the
correct calculations for junction capacitance can be performed. For deep submicron
devices, PS and PD should be set equal to W to capture the channel facing edge com-
ponent. The following equations are used to compute the capacitances:

C] X AD CJSWG X PD T
Cp = AN + AR drain junction
PB PB
(3.22)
CJ X AS CISWG X PS L
Ci = source junction

V‘]M]J‘— V”]MJSWG
1 - 1 - =
(-m) (%)

The descriptions of the pn junction parameters are otherwise similar to LEVEL 1.
Again, the reverse current can be input either as IS (in A) or as JS (in A/m?). Whereas
the first is an absolute value, the second is multiplied by AD and AS to give the
reverse current of the drain and source junctions, respectively. This flexibility has
been provided so that junction characteristics can either be entered as absolute val-
ues on model statement or related to areas AD and AS entered on device statements.

3.6.7 Source/Drain Resistance

The parasitic drain and source series resistance is expressed as either RD and RS (in
1) or RSH (in {) per square), the latter being multiplied by the number of squares,
NRD and NRS, input on the device instance line. In addition, an alternative method
is available in BSIM3v3 that allows the specification of RSDW, in units of -um,
and Rp+Rg is computed using the width. In its basic form,

RDSW
Wy

RDS = RD + RS = (3.23)
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#3,7 Additional Effects in MOS Transistors

In this section, we describe some of the additional features and certain limitations
on electrical characteristics of integrated circuit MOS devices.

3.7.1 Parameter Variations in Production

MOS transistors have always exhibited broad variations in major device parameters
among production lots. As a result, a wide range of devices are measured and param-
eters are extracted to characterize the statistical variations. Particularly notable are
variations in channel length, threshold voltage, and gate-oxide thickness. Additional
models are added to the model library based on the extremes of the key parameters.
These models are called process corners in that they capture parameters that would
make the circuit unusually fast or unusually slow. Each corner represents different
settings of the parameters that represent typical, fast, and slow situations. Designers
perform SPICE simulations at a number of process corners during design. While
these matters are progressively coming under better control, it is still quite common
to find circuits with a 2 to 1 (or larger) unit-to-unit variation in dc power consump-
tion and speed in a single production facility. A common response to this situation
in industry is to use testing to sort the circuits according to speed and/or power con-
sumption. Typically the fastest circuits are sold at a higher price.

3.7.2 Temperature Effects

MOS transistors display a temperature dependence that must be considered in cir-
cuit design. For example, an increase in temperature slows down the circuits and
increases the subthreshold current. Parameters such as mobility and threshold volt-
age are temperature-dependent. Testing circuits at high temperature is very costly,
so means are usually sought to predict high-temperature performance from room
temperature tests. The process corners for SPICE simulations mentioned above are
used to capture variations in operating temperature on the chip. In this mode, one
temperature is specified for the entire design being analyzed. The corners may be
defined as typical (room temperature), hot, and cold.

Mobility of carriers in the channel of a MOS transistor is an inverse function of
absolute temperature according to the following empirical expression:

T ~1.5
p(T) = Mo( 300°K> (3.24)

where p, is the low-field mobility, and the temperature T is in kelvins (absolute).
Thus, for a 100°K temperature increase, mobility may decrease by as much as 40%.
Consider the current when the transistor Vi is above the threshold voltage. In the
saturation or linear region, the drain-source current is controlled by the carrier
mobility. Therefore, the drive current will decrease as we increase the temperature.

The threshold voltage of both NMOS and PMOS enhancement-mode transis-
tors is also affected by temperature variations. The V. decreases in magnitude by 1.5
to 2 mV/°C with increasing temperature due to changes in ¢ and 2¢pp. Usually the
mobility variations are more significant for digital circuit performance.
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It is also interesting to observe the effects of temperature variations on the sub-
threshold current. In the subthreshold region, the current is controlled by the
minority carrier concentration which is dependent on #; as follows:

1.5
= 1.45 X 1010( ) 6(1.12/0.0516-Ex(7)/2\/,,,) (3.25)

300°K

where E, is the bandgap (1.12 eV for silicon). At room temperature, we know that
n; = 1.45 X 10'%cm?. Therefore, the subthreshold current will increase as the tem-
perature increases.

From the results above, it is clear that the temperature should be as low as pos-
sible for high drive current and low subthreshold current.

Example 3.7 SPICE Temperature Variations

Problem:

Plot /s versus temperature for both PMOS and NMOS transistors by sweeping tem-
perature from —40° C to 100° C with Vs = 0, Vpp, and Vs = V. Explain the results.
Use the values given in Example 3.4 for a 0.18 um technology.

Solution:

The following input is used to obtain subthreshold results (V,, = 0). A similar file
can be used to obtain saturation results (Vs = Vpp).

*SPICE Input File

.param Supply=1.8 * Set value of vdd
L1ib ‘cmos.18um’ * Set 0.18um library
.opt scale=0.1lu * Set lambda

mp Gnd gatep Vdd vdd PMOS 1=2 w=4 ad=8 pd=4 g=8 ps=4
an. vad gaten Gnd Gnd NMOS 1=2 w=4 ad=8 pd=4 as=8 ps=4
vdd vdd 0 ‘Supply’

Vgsp Vvdd gatep 0
Vgsn gaten Gnd 0
.dc TEMP O 100 5
.plot dc I1 (mp)

.plot dc I1(mn)

.end

The results are shown in the following figures. For the subthreshold region, the cur-
rent increases as temperature increases. This is due to an increase in the minority
carrier concentration, according to Equation (3.25), which controls current flow in
this region of operation. In the case of the saturation region, the majority carrier
current is controlled by the mobility. As temperature is increased, the mobility is
reduced as indicated by Equation (3.24), and therefore the current is reduced.
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3.7.3 Supply Variations

In addition to the process and temperature variations, there are also variations in
the supply voltage from one region of the chip to another, depending on the current
flow in the power grid. The voltage changes are due to resistance and inductance of
the metal lines that comprise the power grid. These voltage changes are referred to
as IR drops and Ldi/dt variations. If the voltage on the supply drops, the circuit
slows down. If the drop is significant, the circuit may not function properly. Typi-
cally, designers account for this variation using process corners. The supply is
reduced by 10% uniformly across the whole design during simulation. Even though
this is not accurate, the circuits that are simulated are rather small and the simula-
tions will provide useful results for these blocks.
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3.7.4 Voltage Limitations

One effect that is not generally considered as a major design issue today is the hot-
carrier effect (HCE). When Vi is large and V¢ is large, carriers achieve high energy
levels that can cause impact ionization near the drain end to generate hole-electron
pairs. In NMOS devices, the holes are swept into the bulk to create substrate current
while the “hot” electrons are injected into the oxide, thereby increasing the thresh-
old voltage and potentially damaging the device. The effect is also seen in PMOS
devices as “hot” holes. Device technology was augmented to introduce lightly doped
drain and source diffusions called LDD regions. The typical source/drain doping
levels are 5 X 10" to 10%/cm® whereas LDD regions are in the range of 5 X 10'7/cm?.
This reduces the field in these regions and reduces the generation of hot carriers. An
additional benefit is that the pn junction breakdown voltage increases. However, the
series resistance of the source and drain increases as a side effect. In devices today,
the supply voltage is being reduced as technology scales, and the carriers no longer
gain sufficient energy through collisions to surmount the potential barrier. As a
result, the likelihood of hot carriers or junction breakdown is diminishing. The
doping levels in these LDD regions are now in the range of 4 X 10 to 8 X 10'%/cm?,
effectively decreasing the series resistance.

Note that if we apply a very large V},; which continues to increase, eventually
the source and drain depletion regions will coalesce and punch-through will occur.
This is essentially the drain depletion region extending under the channel region to
the point where it reaches the source depletion region. In this situation, the current
will increase dramatically and possibly damage the device. To prevent this, the chan-
nel region is doped with additional p-type material to limit the extent of the deple-
tion regions. The presence of punch-through in a device reflects a problem in the
fabrication technology. It should not occur for normal operating voltages of the
MOS transistor.

3.7.5 CMOS Latch-up

All MOS transistor integrated circuits have undesired and potentially troublesome
parasitic bipolar transistors that will conduct if one or more pn junctions become
forward-biased. The potential consequences of bipolar transistor actions are much
more serious in CMOS circuits. Figure 3.15 illustrates that a pnp transistor is possi-
ble with the n-type body as its base, while an npn transistor is possible with an n™*
source or drain electrode as its emitter, the p-well as its base, and the n-body as a
collector.

In older technologies, the undesired parasitic circuit, shown schematically in
Figure 3.15a, was present. The bipolar transistors originate as just described. The
resistors R, and R, (also parasitic elements in the sense that they make no contri-
bution to the desired MOS circuit function) originate in the bulk semiconductor
material of the body and the p-type well. The other two resistors, R, and R, play a
minor role in this scenario. Consider the extracted circuit in Figure 3.15b. If any
appreciable current flows through R, raising the voltage at node A, the base-emitter
junction of the bipolar transistor Q, will become forward-biased and turn on. This
will reduce the voltage at node B, which will cause current to flow in R,. This, in
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Figure 3.15
Latch-up in CMOS circuits.

turn, will eventually turn on Q,, which acts to pull node A even higher. More cur-
rent will flow in Q, with the appropriate current gain, and this positive feedback
action will increase the currents around the loop until breakdown occurs. Clearly,
low values of resistance are desirable in order to make it more difficult to forward-
bias the junctions.

Another way to view the behavior of the circuit is to look at the two-terminal
current-voltage characteristics of this parasitic circuit, also depicted in Figure 3.15b.
This type of device is referred to as a thyristor or silicon-controlled rectifier (SCR). As
the voltage across the device increases, the current initially increases slowly. Above
some critical voltage, V}, both bipolar transistors begin to conduct and the current
rises sharply from leakage levels to a value limited by resistors R; and R, often many
milliamperes. This phenomenon is known as CMOS latch-up. In a sense, the high
current state is latched and will not change until the power is turned off or one of
the devices is permanently damaged. It can occur even at normal operating voltages
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if voltages applied to input or output pins cause forward-biasing of pn junctions
within the chip.

The solution to latch-up problems is to prevent junctions from ever becoming
forward-biased and to limit externally applied voltages at levels safely below V.
Practical solutions to the latch-up problem involve special care in device and circuit
design to reduce bipolar transistor current gain and reduce the values of R, and R,.
The resistance can be reduced by introducing more well contacts to create parallel
resistors that have a much smaller effective resistance. The extra contacts should be
placed close to the source terminal of the NMOS and PMOS devices since R, and
R, are shunt resistances across the bipolar base-emitter junctions, which correspond
to the source-bulk junctions of the MOS transistor.

Circuits connected to input and output pins are most critical with respect to
latch-up, especially during the chip-testing process. When power is switched on and
off, voltages applied to the pins of a chip frequently go outside the normal range
causing latch-up. Design rules have been defined to keep the wells separated. Another
approach is to use guard rings. If we surround the NMOS devices with a p* region
connected to Vg and surround the PMOS devices with an n* region connected to
Vo We can effectively isolate the devices to reduce the bipolar transistor gain, and
also reduce the effective resistance. Recently, the use of STI for isolation and twin-tub
CMOS in heavily doped substrates have reduced the need for additional guard rings,
and made latch-up a relatively minor issue in deep submicron design.

*3.8 Silicon-on-Insulator (SOI) Technology

A variety of special CMOS processes are under development to allow Moore’s Law
to continue well into the next decade. One of the more promising technologies is
silicon-on-insulator (SOI), which gained popularity in the mid-1990s at a number
of leading semiconductor companies.

Early attempts at SOI involved the use of silicon-on-sapphire (SOS) technology
in the 1970s. The technology was effective, although costly as its name implies.
Today, the insulating substrate is created by a high-energy ion-implantation of oxy-
gen atoms well below the surface of a lightly doped silicon wafer. Then the wafer is
annealed at a high temperature to produce a buried oxide layer. This process is
referred to as Separation by Implanted Oxygen (SIMOX). Next, the n-wells and
p-wells are formed in the substrate and separated by the STI process. Finally, the
NMOS and PMOS devices are formed in the wells.

The basic structure of the CMOS-SOI technology is shown in Figure 3.16. This
profile is the same as the standard bulk CMOS process except that a buried oxide
has been introduced in place of the substrate. The SiO, layer is between 300400 nm
thick, while the silicon surface region is 100200 nm thick. As a result of the insu-
lating layer, all sides of the diffusion region have a greatly reduced capacitance. In
fact, there is no longer a bottom edge junction capacitance; only a channel-edge
capacitance remains relative to standard CMOS. The advantage of this structure is
that the SOI circuits are much faster, dissipate less power, and are not susceptible to
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STI STI STI

Buried oxide Buried oxide

Silicon substrate

Figure 3.16
Structure of CMOS-SOI technology.

latch-up. This makes it a promising technology for high-speed and low-power
design. Furthermore, there is reduced concern about substrate currents or the inter-
action of mixed-signal designs through the substrate. When technology scales below
65 nm, the doping levels required in bulk CMOS may be too high to be practical. At
this point, SOI may be an attractive alternative.

Of course, like all technologies, there are a host of disadvantages or limitations.
In SO, the bulk is floating, which leads to a number of issues with the threshold
voltage. The body-bias shifts around depending on the switching characteristics of
the MOS device. As a result, the V. shifts dynamically and this changes the transient
characteristics of the circuit. The substrate region can be tied to the appropriate
supply to remove this “history-dependent” feature, but this requires additional area.
Another issue is related to a kink that exists in the I-V characteristics of the device
around Vp¢ = V,p/2. The V; reduces in value and the current increases relative to
the expected level and this has a noticeable effect on the transient operation. Self-
heating is yet another concern since the devices are encased in oxides in all direc-
tions and it is difficult to transfer the heat generated by the devices. There is also a
larger effect of DIBL on these types of devices. If these and other issues can be
resolved, SOI is a strong contender for next generation CMOS technology.

Two main forms of SOI exist. The first type is the partially depleted (PD) SOI in
which the depletion regions of the source/drain extend into the body but do not com-
pletely deplete all the charge in that region. In PD-SOI, the same bulk CMOS fabrica-
tion process can be used, with the addition of the SIMOX formation. It can be viewed
as an evolutionary step. In fully depleted (FD) SOI, a much thinner silicon surface
region and lower well doping levels are used, and the entire body of the transistor is
depleted. The thickness of the silicon layer controls the threshold voltage. The devel-
opment of the thinner silicon layer presents a processing challenge. However, this
technology may be important to limit subthreshold current levels in sub-90 nm
devices. As a result, many foundries are projecting that they will introduce PD-SOI at
the 90 nm technology node, and fully depleted (FD) SOI at the 65 nm node.
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¥3.9 SPICE Model Summary

Table 3.1

MOS LEVEL 1 parameters for SPICE

LEVEL Model Index 1
Vio ALY Zero-bias threshold voltage A 0.0 1.0
k' KP Transconductance parameter AN?  20E-5 3.1E-5
¥ GAMMA  Bulk threshold parameter ViZ2o 00 037
2| PHI Surface potentlal \% 0.6 0.65
A LAMBDA Channel- Iength modulatlon V- 0.0 0. 02
Iy RD  Drain ohmic resistance Q 0.0 1.0
r RS Source ohmic resxs‘cance Q 0.0 1.0
15 Bulk)unctron saturahon current A 1.0E-14  1.0E- 15
o PB Bulk;unctuon potentual \Y 0.8 087
CGSO Gate-source overlap capacutance F/m 0.0 4.0E-11
’ per meter channel wudth
CGDO Gate-drain overlap capamtance F/m 0.0 4.0E~11
per meter channel width
CGBO Gate-bulk overlap capacntance F/m 00 2.0E-10
per meter channel Iength
RSH Drain and source diffusion sheet )/ 0.0 10.0
resistance square
Go CJ Zero-bias bulk junction bottom  F/m? 0.0 2.0E-4
capacitance per square meter
of junction area
mj MJ Bulk junction bottorn grading 0.5 0.5
coefficient
CJsw Zero-bias bulk junction sidewall  F/m 0.0 1.0E-9
capacitance per meter of
Junctlon parameter
mjsw MJSW BulkJunctlon sidewall gradmg 0.33
coefF c1ent
) Bulkj Junctton saturation current  A/m? 1.0E-8
per square meter of junction
area
tox TOX Oxide thickness m 1.0E-7  1.0E-7
N,orN, NSUB Substrate doping an™® 0.0 4.0E15
(continued)
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Table 3.1
(Continued)

Parameter

Q./9 NSS Surface state density cm™?
k NFS Fast surface state density cm~?
TPG Type of gate material:

+ 1 opposite to substrate

-1 same as substrate

Olyy\yylmgate
, x] T Mefaliurgicaljunctidn depth' e ke
Ly LD Lateral diffusion m 0.0 0.8E-6
MO e Surfacemoblllty e e 00

LEVEL MOSFET model selector -

BINUNIT Binhing unit selector e

DWB Coefficient of the substrate bias’ dependence of the m/V2
width offset

DWG Coefficient of the gate-voltage dependence of the m/V
width offset

LINT Channel-length offset for dc I-V characteristics m
without bias

LL Coefficient of length dependence for channel-length m
offset in |-V calculations

LLN Power exponent of the length dependence in the —
calculation of the IV and C-V channel-length offsets

LMAX Maximum channel length m

LMIN Minimum channel length m

w Coefficient of width dependence in the calculation of m
the dc channel-length offset

LwL Coefficient of length and width dependence in the m
calculation of the dc channel-length offset

LWN Power exponent of the width dependence in the —

calculation of the I-V and C-V channel-length offsets
MOBMOD  Mobility

(continued)
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Table 3.2
(Continued)

General, W, L, TOX Parameters

NCH - Channel doping concentration

TNOM o kDevme temperature
TOX Gate-oxide thickness m
TOXM Gate-oxide thickness at which the parameter set m

was extracted
VERSION Establishes the version of the BSIM3 model to be —
used in simulation

WINT * Channel-width offset for dc -V characteristics o m

WL Coefficient of width dependence for channel-width m
offset in |-V calculation

WLN Power exponent of the length dependence in the —
calculation of the [V and C-V channeI*W|dth offsets

WMAX Maximum channel width m

WMIN Mmlmum channel Wldth m

Ww Coefficient of width dependence in the calculation of m
the C-V channel width offset

WWL Coefficient of length and width dependence in the m
calculation of the dc channel-width offset

VTHO Threshold voltage of long-channel device at zero \Y

wWo Channel-width offset to calcu!ate narrow width's m
effect on the threshold voltage

WK1 Wldth sensmwty

_ Mobility Parameters

A0 Bulk charge effect coefﬁcnent for channel length e

AT First nonsaturation factor v
A2 Second nonsaturation factor - v
AGS Gate-bias coefficient of the body-ycharge coefficient, v
] Abulk . i
BO Channel-width coefficient for the calculation of the m
body charge coefficient, Apuik
B1 Channel-width offset for the calculation of the body- M
charge coefficient, Ay,
KETA Body—blas coefficient of the bulk charge coefﬂaent v
wo Length sensﬂ:lwty ,umN S

(continued)
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Blnmng parameter for UA

LuB UO sensitivity to effective channel Iength ciﬁiﬁm/(VseC) V
LUC Blnnmg parameter for UC -
Binning parameter for VSAT
Body- eff@ct coefficient of RDSW V-2
e ; effect coefﬁuent of RDSW VA T
' 'Bmmng parameter for U0 N
Binning parameter for UB
Parasitic dram/source reS|stance per umt W|dth - Q—;Lm
uo Zero-field mobmty at TNOM - cm2N~sec
UA First-order moblhty degradatlon coefficient MV
uB Second-order mobility degradation coefficient m2/\?
uc ‘Body~effect of moblhty degradation coefficient v
VSAT Carrier saturation velocrcy atTNOM mis
WAOQ Binning parameter for A0
CWR Exponent of the effective device width for the e
calculation of RDSW
WUO Width sensitivity um/N
 WUA Bihning parameter for UA
_ Subthreshold, Substrate, DIBL Parameters ~ Units
CDSC Draln/Source to channel couplmg capacitance F/m?
 CDSCB 'Body-blas sensntmty of CDSC o E/m2V
CDSCD Drain-bias sensmwty of CDSC F/m?-V
ar Interface state capaatance F/m?
 DSUB ' Log— dependence exponent of the DIBL effects on —
the threshold voltage
ETAO Sub-threshold region drain-induced barrler—lowerlng -
(DIBL) coefficient for Vin
ETAB Bulk-bias coefficient of the DIBL effects V!
" LNFACTOR Bmmng parameter for NFACTOR
' WNFACTOR Subthreshold turn-on swmg factor ' ——
PETAO Binning parameter for ETAO
VOFF Offset voltage in sub-threshold region v
ALPHAO » First parameter of impact ionization current m
{continued)
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Table 3.2
(Continued)
lame  Subthreshold, Substrate, DIBL Parameters Unit
ALPHA1 Substrate current parameter V-1
BETAO The second parameter of the substrate currentdue V!
to impact ionization
~ DELTA Effective VDS smoothmg parameter v
DROUT Legr dependence exponent in the DIBL correction on e
the Early voltage
PCLM Channel-length modulation parameter for ld h —
PDIBLC1 First coefficient of DIBL's correction on the Early B —
voltage
PDIBLC2 Second coefficient of DIBL’ correction ontneEarly ' —
voltage
" PDIBLCB Body -effect coefficient to the DIBL's correction on .
the Early voltage
PSCBE1 Substrate current induced body effect exponent 1 V/m
PSCBE2 Substrate current induced body effect exponent 2 mv
_PVAG  Gate-bias dependence of Early voltage o ’, k -— ' , ,
" Name' - ':,Temperature Parameters 7 . - Umts
AT Temperature coefficient for saturatron velocrty m/sec
KT1 Temperature coefficient for Vt,, \
KT1L Channel-length coefficient of the threshold voltage’s vm
temperature dependence
Kr2 Body bias coefﬂcrent of Vi, temperature effect Vm
PKT1 Binning parameter for KT1 '
PRT Temperature coefﬂcrent of RDSW ’ ’ - Q,umWR o
CPUAT Binning parameter for UA1 -
UA1 Temperature coefficient for UA ' v
UB1 o 'Temperature coefficient for UB m2/v2
o “Temperature oo v Ry R
UTE Temperature coefﬂcrent for the zero-field universal -
mobrhty uo
WUA1 - kBlnnrng parameterfor UAT
. Name  CapacitanceParameters
CAPMOD Capacitance model selector —
o , 'Fringing-rield capacrtance perS|de T
(continued)
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Table 3.2
(Continued)
. Name Capacitance Parameters , :
Voltage-independent gate-drain overlap F/m
capacrtance per unit gate wrdth
CGSO Vo!tage mdependent gate- source overlap F/m
capacrtance per unit gate width
o] Source/Dram bottom Junctron capacrtance F/m?
CISWG Zero-bias gate edge sidewall bulkJunctron F/m

capacitance

CIsw Source/drain sidewall junction caypa'citance per unit N F/m
length at the isolation sidewall, when the device
temperature is equal to TNOM

CTA Junction capacrtance CJ temperature coeff' cient 1/°K

CTP Junction sidewall capacitance CISW temperature 1/°K
coefficient

DLC Effective channel-length offset for capacitance m
calculations

ELM Elmore constant of the channel used in BSIM3's —_—

non-quasi-static (NQS) model

s Source-bulk and drain-bUlkjunctioh saturation ' A/m?
current per unit area when the device temperature
(Tevice) is equal to TNOM

JSW Sidewall bulkjunctron saturation current A/m '
TR radmg o walljunctron i
capacitance
CMISWG Gyrading coefficient 'o'f'thegate—edge sidewall -
junction capaCItance
MJSW Grading coefficient of the isolation-side sidewall —

Junctron capacrtance
NQSMOD A flag for the non- quasi-static model o

PB Built-in potentlal of the bottom-wall junction \
capacitance

PTP Junction potentlal PHP temperature coefficient V/°K

PTA Junction potennal PB temperature coefﬁcrent V/°K

TLEVC Temperature equatron level selector for ;unctron —_
capacitances and potentials

XPART Charge partrtlon flag e

XTI Junction saturation current densities’ temperature —
exponent
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PROBLEMS

For the SPICE problems below, use either 0.18 um or 0.13 wm process technology
with BSIM3 model library files, depending on what is available at your site. For con-
venience, we use L = 200 nm for a 0.18 wm technology and L = 100 nm for a
0.13 wm process.
P3.1. Figure P3.1 shows a setup used to perform parameter extraction of
a LEVEL 1 model on a long-channel NMOS transistor at room tem-
perature.

+
Ves Vis C\Q Vs

Figure P3.1
Experimental setup to measure |-V characteristics of an NMOS transistor.

From this setup, the current is measured for a number of different oper-
ating conditions as listed in Table P3.1.
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Table P3.1

IV characteristics for a long-channel NMOS transistor

Vss [V] . Vs [V] VgV ’D[MA]
12 12 0 1000
o5 = e
08 0.8 0 ‘ 276
12 1.2 0.4 741

Using the data in Table P3.1, along with W/L = 4.75, t,. = 22 A and
2|¢b,| = 0.88 V find:

(a) the threshold voltage, Vo,

(b) the channel modulation parameter, A
(c) the electron mobility, u,,

(d) the body effect coefficient gamima, vy

P3.2. Consider the long-channel MOS device shown in Figure P3.2. At ¢ = 0,
the drain and source are at an initial voltage of 3.3 V. At t = 0%, the cur-
rent source turns on with a value of 10 nwA. On the graph, sketch the
voltage at the source and drain nodes as a function of time until a
steady-state behavior is reached. Estimate the voltages for the end points
of every region of operation on the graph. Also, calculate the slope in
every region. The key to this problem is to include the proper capaci-
tances in each region of operation.

For this problem, assume that k'= u,C,. = 180 pnA/VE Vi =
0.6V, V= 1.1V (Assume this is the correct threshold voltage when Vg
isnot0V),and W= 1.5 um, L = 1 wm (so the quadratic model can be
used here). Use t,, =100 A to compute the gate capacitances. Assume
Cgp = Cpp = 15 fF are fixed junction capacitances.

33V

33V

Figure P3.2
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Check your results in SPICE. You will need to initialize the source
and drain nodes to 3.3 V, and use a Level 1 MOS model to obtain the
results.

P3.3. Figure P3.3 shows a circuit used to measure V. First describe why gate
and drain are connected together for the purposes of this measurement.
Then using SPICE simulation, estimate Vy, for a transistor with L =
100 nm, W = 400 nm. You do not need to specify the capacitance infor-
mation for this measurement. Why? Where should the bulk terminal be
connected? Why?

.

Figure P3.3

P3.4. Figure P3.4 shows a circuit that can be used to investigate the degree of
channel-length modulation in short-channel transistors. Using SPICE
simulation, determine whether a transistor with L = 100 nm, W =
400 nm exhibits channel-length modulation. What is the range of volt-
age that should be applied to drain for the purposes of this measure-
ment? Estimate the value of A from the results of simulation.

[Y

il
i

Figure P3.4

P3.5. Figure P3.5 shows a circuit used to measure the effective value of the
body effect factor (), by measuring Vi at different source voltages.
Assuming that PHI = 0.88 V, use SPICE and a 0.13 um technology
library model to find VTO and the effective value of GAMMA for a
transistor with L = 100 nm W = 400 nm to be used in the simplified
threshold voltage equation:

Vy = VIO + GAMMA(VPHI — Vi — VPHI)
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Figure P3.5

P3.6. Using SPICE simulation find the value of y for a transistor with
L =100 nm and W = 400 nm. Use the circuit shown in Figure P3.6 to
measure the body effect. What is the range of the voltage that can be
applied to bulk (V)2 Compute the current (Ig) with V; = —1 V and
Vi = 0V when V= 1.2V. What is the effect on current as V. increases?

I
" DS

O)Z In
In

il
]

Figure P3.6

P3.7. Using SPICE and a 0.18 wm model, plot the subthreshold current ver-
sus Vpg, and saturation current versus Vpg for an NMOS device with
W = 400 nm and L = 200 nm. Specify the range for Vpsas 0 to —2.0 V.
Explain the results.

P3.8. Determine which of the following p-channel transistors have the high-
est and lowest magnitude of threshold voltage and describe why. Assume
a 0.13 um technology.

o A transistor with: L = 0.1 um, W= 0.8 um, Vg = 0.0V, Vo = —1.2V
o A transistor with: L = 0.1 um, W= 0.4 um, Voo = =05V, Vo= =1V
o A transistor with: L = 0.1 um, W= 0.1 um, Vg@u = =05V, Vo= -1V
e A transistor with: L = 0.2 um, W= 0.4 um, Vg = 0.0V, Vo = —1.2V
o A transistor with: L = 0.2 um, W= 0.8 um, Vz = 0.0V, V)3 = —1.2V
e A transistor with: L = 0.2 um, W= 0.1 um, Vg = —0.5V, Vo= =1V
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P3.9. Using SPICE simulation, plot log I versus Vi while varying Vg for
an NMOS device with L = 100 nm, W= 400 nm and PMOS with
L =100 nm, W= 1.0 um. Which device exhibits more DIBL? Why do
PMOS transistors typically have a higher V. than NMOS transistors?

P3.10. This problem concerns the use of SPICE to examine effect of tempera-
ture on the I, and I characteristics of NMOS and PMOS transistors
in 0.13 wm technology, which use a 1.2V power supply. The device sizes
are W, = 0.8 pum, L, = 0.1 um, W, = 1.6 um, L, = 0.1 um. Plot the
following: :

(a) Subthreshold region current for Vg from 0 to 0.4 V for tempera-
tures T = —60, 25, and 125°C.

(b) Above threshold region current for Vi from 0.4 to 1.2 V for tem-
peratures T = —60, 25, and 125°C.

(c) Explain the relationship between current and temperature for the
two regions, above threshold and subthreshold, and explain the
trends using equations involving temperature.

P3.11. What issues prompted the switch from Al to Cu? Why are low-k
dielectrics being developed for deep submicron processes? What is the
target value for k in future technologies? Why are high-k dielectrics
being developed?

P3.12. What is the difference between a self-aligned poly gate and self-aligned
silicide?

P3.13. Compute the length of an aluminum wire and a copper wire that has a
resistance of 100 ). You can assume that the wire thickness is 0.8 um
and the wire width is 1 wm in both cases.

P3.14. Assume that two metal conductors with thickness 1 wm and length
100 pm are spaced apart by a distance S by silicon dioxide. Assuming
that the k for SiO, is roughly 4, plot the capacitance as S is increased
from 0.5 pm to 5 wm. On the same graph, plot the capacitance for a
material with a k = 2. Explain both results.
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CHAPTER

Static MOS Gate Circuits

CHAPTER OUTLINE

5.1 Introduction

This chapter addresses the design of combinational and sequential CMOS static
logic gates. The material is built upon the foundations established in Chapter 4. In
this chapter, we will continue to view the transistor as a logic switch with series
resistanice. For a unit-sized NMOS device, the series resistance is approximately
12.5 k{}, whereas a unit-sized PMOS device is approximately 30 k{). These large-
signal resistance values represent the average on-resistances when switching from
high to low or low to high. Using the concepts of switch-based logic design, we can
construct combinational logic gates such as NANDs, NORs, XORs, and multiplex-
ers. We will examine the operation of these gates in detail and then study the volt-
age transfer characteristics (VTC), transistor sizing, first-order timing characteris-
tics, and power. Extensions of switch-based networks can be used to implement

195
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complex logic functions in a single CMOS stage through the application of the
duality principle and DeMorgan’s Laws.

Sequential logic elements have the ability to store information. The outputs of
a sequential block are functions of both input and output values. As such, they are
characterized by positive feedback loops between the outputs and inputs. In this
chapter, the definitions and distinctions between two types of sequential elements,
flip-flops and latches, are reviewed. Sequential circuits are constructed using con-
ventional CMOS or pseudo-NMOS logic. In later chapters, we use clever techniques
to reduce the number of transistors needed to implement these functions. The basic
operation, limitations, and timing constraints for a variety of sequential elements
are examined, including SR latches, JX flip-flops, D flip-flops, and D latches. We also
describe certain timing constraints, the so-called set-up and hold times, for D-type
flip-flops and latches.

Power and timing are the two main design specifications for digital integrated
circuits. In this chapter, we explore the relationships between these two factors. We
seek to minimize power and reduce delay as much as possible, but usually one is
traded off against the other. Circuit activity is a key factor in the total power dissi-
pation. Reducing the activity of a chip is the best way of reducing dynamic (or
switching) power in CMOS circuits. This can be accomplished most effectively by
choosing logic architectures that exhibit low activity. In addition, the arrival times
of signals at gate inputs should be made equal to minimize glitches that unneces-
sarily contribute to power consumption. Further, the rise and fall times of all signals
should be equalized, wherever possible, to limit power due to short-circuit current
flow during switching. Power consumption of most circuits can also be decreased
by reducing the operating voltage. This is the main reason why the supply voltage is
reduced in each technology generation.! However, the threshold voltage has not
been scaling as rapidly in order to control subthreshold leakage. When many mil-
lions of transistors are sitting idle but leaking current, it contributes significantly to
the static (or standby) power consumption.

Since power and timing are usually traded off when designing circuits, a met-
ric is needed to establish the goodness of a design relative to these two factors. To
improve a design, we should try to reduce both power and delay. Therefore, a use-
ful metric can be devised by multiplying the power by the delay to obtain a power-
delay product, which is a measure of the energy needed to perform a given logic
operation. This metric is most valuable when comparing single gate configurations
that use the same supply voltage and drive the same load. However, it suffers from
some limitations if used to compare the power of two different designs that perform
the same function. A more effective metric when comparing two designs is the
energy-delay product. This metric is obtained by multiplying the energy (ie.,
power-delay product) by delay.

! Roughly speaking, the power supply voltage (in volts) is 10 times the technology generation (given in
microns), For example, a 3.3 V supply is used in a 0.35 um technology, a 1.8 V supply in a 0.18 m technol-
ogy, and a 1.2 V supply in a 0.13 pum technology.
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In this chapter, basic static NAND and NOR gate circuits are described in Sec-
tion 5.2 with emphasis on gate sizing, voltage transfer characteristics, and fanin/
fanout considerations. Section 5.3 illustrates how complex functions can be imple-
mented in a single CMOS stage using duality and DeMorgan’s Law. The other use-
ful logic functions such as XOR, XNOR, and multiplexers are described in Sections
5.4 and 5.5, respectively. Basic sequential circuit elements are explored in Sections
5.6 and 5.7. To conclude the chapter, we examine the important components of
power dissipation in Section 5.8, and power-delay tradeoffs in Section 5.9.

5.2 CMOS Gate Circuits

To build NOR and NAND gates in CMOS is rather straightforward. We use the
switch-level concepts that two NMOS transistors in series perform a logical AND
function and two NMOS transistors in parallel perform a logical OR function. Sim-
ilarly, two PMOS transistors in parallel perform an AND function and two PMOS
transistors in series perform an OR function. The resulting circuits for the 2-input
NOR and 2-input NAND gates are illustrated in Figure 5.1. For the 2-input NOR
gate of Figure 5.1a, the output is pulled low if either A or B is high. This requires
two pull-down devices in parallel. However, both inputs must be low to produce a
high output. This requires two series p-channel devices connected from the output
to Vpp. All NMOS devices have their bulk terminals connected to Gnd, while the
PMOS devices have their bulk nodes connected to V.

For the 2-input NAND gate of Figure 5.1b, the output is low only if both A and
B are high. This implies two series-connected n-channel devices from the output to
ground. On the other hand, if either input is low, then the output will go high. This
can be implemented with two parallel p-channel devices connected from V,, to the
output. The extension to multiple input gates follows along the same lines. Specifi-
cally, for a multiple fanin NOR gate, we would have many paralle]l NMOS devices

VD D VDI)

F=AB

(a) 2-input NOR gate (b) 2-input NAND gate

Figure 5.1
CMOS NOR and NAND gates.
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and a stack of series-connected PMOS devices. For the NAND gate with multiple
inputs, we would have a stack of NMOS devices connected to the output, and an
equal number of parallel PMOS devices connected to the output.

Exercise 5.1 Draw 3-input and 4-input NOR and NAND gates. We often refer to these gates with
names such as NAND3, NOR3,NAND4, and NOR4 for convenience. Explain how they
each work. Do you see any problems arising as you increase the number of fanins
(inputs) to 107

5.2.1 Basic CMOS Gate Sizing

Now consider transistor sizing of CMOS logic gates, specifically NANDs and NORs.
As mentioned before, transistor sizing is the process of specifying the widths of the
transistors in the logic gates.? When we studied the inverter in the previous chapter,
it was clear that device sizes control the rise and fall propagation delays in static
CMOS. This is the primary reason why we specify the sizes of the transistors. To
obtain approximately equal rise/fall delays, we found that the PMOS device must be
roughly twice the size of the NMOS device. This is because its on-resistance for
PMOS is roughly double that of the NMOS device.? For the time being, we will use
the 2:1 ratio. Later, we will elaborate on the best ratio for the pull-up and pull-down
transistors.

Given the 2:1 device sizes for the inverter of Figure 5.2a, we can now determine
the transistor sizes in multifanin gates. Assume for the moment that all gates drive
a single load capacitance, C; and that we want to obtain the same delay as the
inverter for the rise/fall cases. First, consider the NAND gate in Figure 5.2b. There
are two parallel PMOS devices and two series NMOS devices. Sizing the four tran-
sistors is based on achieving the same delay as the inverter when driving the same
load capacitance under worst-case input combinations. Since the two PMOS
devices are in parallel, we assume that only one is on and the other is off during the
pull-up phase. If we assume that both pull-ups are on, then this is the best-case sit-
uation. In design, we always consider the worst case wherever possible to ensure that
our circuit works under all conditions. For this reason, each pull-up should be sized
to be equal to the inverter pull-up, meaning that both pull-ups will be 2W.

Next consider the two pull-down transistors that are in series for the NAND
gate. Since both transistors must be on to pull the output low, we will see roughly
twice the resistance if they are sized exactly the same as the inverter. Instead, we
want to cut the resistance in half and so we double the widths.* This requires a size

2 We assume that all devices have a minimum length, L, and so the width, W, is the only unknown.

3 More precisely, the ratio of the PMOS resistance to NMOS resistance is 30 k€2/12.5 k() = 2.4. To obtain equal
delays we should size the PMOS device to be 2.4X larger than the NMOS device. However, we will find that
there are a number of factors that make a 2:1 ratio a better choice. In fact, this 2:1 ratio was also the preferred
ratio in the past due to mobility considerations.

4 Recall that resistance is inversely proportional to the width.
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Voo Voo Vop

Figure 5.2
Device sizes for CMOS (a) inverter, (b) NAND, and (c) NOR gates.

of 2W for both pull-down devices.” As a result, all four devices in the NAND gate
are 2W devices.

Similar considerations apply to the NOR gate of Figure 5.2¢c. Here the PMOS
devices are in series and the NMOS devices are in parallel. Using the same argu-
ments, both NMOS devices should be set to W to match the pull-down delay of the
inverter in the worst case. The PMOS devices need to be doubled relative to the inverter
case since they are in series. This leads to two 4W devices in series for the pull-up
case to effectively cut the resistance in half for each device.

The same approach would be used to size multi-input pseudo-NMOS gates.
The pseudo-NMOS inverter was covered in Chapter 4 and is shown again in Figure
5.3a. The size of the pull-up device is set to W, and the pull-down device to W,. The
ratio of W,/W, depends primarily on the desired V. For pseudo-NMOS gates,
only the NMOS devices need to be sized since there is one PMOS pull-up and its
size would remain the same as in the pseudo-NMOS inverter® of Figure 5.3a.

Consider sizing 3-input pseudo-NMOS NAND and NOR gates. For the NAND
gate of Figure 5.3b, we would use devices with size 3W,; that is, use devices that are
three times larger than its inverter counterpart. The reason is that there are three
resistors in series and we must increase the size of the transistors by three to reduce
the effective resistance of the pull-down path to that of the inverter. For the NOR
gate of Figure 5.3, the pull-down devices would all be the same size as the pseudo-
NMOS inverter case since they are in parallel. Again, the worst-case condition has
only one transistor pulling down, not all three. Therefore, the size must be set with
this in mind.

The sizing of the NAND gate of Figure 5.3b can be understood from two other
perspectives. First, it can be viewed from a layout perspective, as shown in Figure 5.4.

> This is true for long channel devices. More accurate device sizes would include velocity saturation effects but
they are not considered until Chapter 6.
SThere is an assumption here that the only capacitance is a single output loading C;.
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Figure 5.3
Device sizing for pseudo-NMOS (a) inverter, (b) NAND, and (c) NOR gates.

Actual layout Equival‘l,{ent device
I 3 Wll l 3“/”

Diffusion

Figure 5.4
Layout and equivalent size of 3X device.

The layout of the NMOS series stack is given on the left, with three inputs, A, B, and
C, on the poly layer. One diffusion region is defined with a width of 3W,, and three
transistors with length L, are created. The output F is identified at the top of the
stack. When the inputs are connected together, the three devices in series can be
merged to produce one “super” device with a size of 3W,/3L,. This produces an
effective size of W, /L,, which is equivalent to the size for the pseudo-NMOS pull-
down of the inverter. Note that the sizing achieves the same delay characteristics as
the inverter but also produces the same V). In other words, we size pseudo-NMOS
gates for both V|;; and timing when we choose the W/L ratios for the individual
devices.

Another way to view the sizing of series stacks is to recall that the transistor on-
resistance is inversely proportional to W. Larger values of W decrease the series
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gates. Consider the fact that in a NAND gate, we have parallel PMOS devices and
series NMOS devices. These are duals of each other. Similarly, NOR gates have par-
allel NMOS devices and series PMOS devices. Again, these are duals of each other.

The dual of any logic function can be obtained by exchanging the AND and OR
operations. For example, the following functions are duals:

ab<a+ b
(a+ byesrab+c

We encountered a special case of DeMorgan’s Laws earlier in the chapter. In general,
DeMorgan states that the complement of a function can be obtained by replacing
each variable or element with its complement, and then exchanging the AND and
OR functions. This is one of the most valuable rules in Boolean algebra and it is
extremely useful in constructing the PMOS and NMOS configurations for complex
CMOS gates.

For the function given in Equation (5.4), we could apply DeMorgan as follows:

F=TA+B) - C=(A+B)+C=A-B+C (5.5)

The logic expressions for F in Equations (5.4) and (5.5} tell us how to implement
the CMOS circuit in one legic stage. If we first examine Equation (5.4}, it specifies
how the NMOS devices should be configured. Since the NMOS transistors act to
pull the output low, we should complement F to obtain its implementation. The
NMOS function is F = {A + B} - C. The NMOS implementation requires two par-
allel transistors with inputs A and Bin series with a third transistor with input C.

Equation (5.5} reveals how we should implement the PMOS function. Since the
PMOS function pulls the output high and the devices effectively complement each
term, we should implement the function after a term-by-term complement. That is,
we should implement F= AB + Cusing the PMOS devices. This requires two series
PMOS devices to implement AB and one parallel transistor with the input C. The
resuiting function is an OAI function, as shown in Figure 5.12.

To generalize the example shown above, we need to combine duality and
DeMorgan to produce a desired function in a single stage. In fact, we need to con-
struct two switch networks to implement a function in CMOS: a pull-down net-
work (n-complex) and a pull-up network (p-complex), as shown Figure 5.13. The
n-complex is defined as the complement of the function that sets the cutput to 0
due to an active path to Gnd. The p-complex is defined as the function of comple-
mented variables that sets the output to 1 creating a path to Vj,p. The two functions
should be duais of one another {after each literal is complemented).

Algorithmically, we should take the given function F and produce the comple-
ment to obtain the function that we implement in the n-complex. The dual network
should be used for the p-complex. This is obtained by exchanging AND and OR
operations. A visual inspection of the two networks for the duality property can be
carried out to check for correctness at the end of the process. Sizing the transistors
follows the same steps as described for the basic NAND and NOR gates.
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Figure 5.12
Comgplex CMOS gate implementation of (A + 8} - C.
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Figure 5.13
Generalized complex gate representation,

m
Complex CMOS Gate Circuits Example 5.3

Problem:

implement F = AB + (D as a single-stage complex CMGS gate and a pseudo-
NMOS gate, )

Solution:

For the CMOS gate: first complement F to obtain the n-complex function:
F = AB + CD.Thisimplies that we need two series NMOS paths in parallel with one
another, One series path implements AB while the other implements £D.
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Next, take the dual of the complement of F:
Flaw = (A + B)C + D)

This is the function implemented in the p-complex. The same expression would be
obtained if we applied DeMorgan’s Law to F and then complemented each literal.

This implies that we need a series connection of two parallel devices, one with A or
B and the otherwithCor B,

For the pseudo-NMOS gate, only the first part is needed to construct the n-complex.

The pull-up network is, of course, only a single PMOS device, Clearly, this is more
efficient than the ZMOS case in terms of area.

Voo

chl
A—§ ¢ —]
3 —] b —]

5.4 XOR and XNOR Gates

Two logic functions that are important in digital design are the XOR and the XNOR
functions:

F

fror = @b + ab = {XOR)
funor = a b+ ab = (XNOR)
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Figure 5.14
Static Implementation of (a) XOR and {b} XMOR gates,

There are a variety of ways to implement these functions. A number of static ver-
sions of these gates will be presented here, while versions based on the CMOS trans-
mission gate will be presented in later chapters.

_  Thestraightforward implementation assumes that we have access to , 3, b, and
b. In that case, the implernentations are simply based on the material in the above
sections. The corresponding circuits are shown in Figare 5.14. For the XOR gate, we
first complement the fi, function and use it to create the pull-down function,
Therefore, two branches are needed, one for ab and the other for 25. The transistor
configuration can be interpreted as follows: if both @ and b are high, or 2 and b are
low, the output is low. Otherwise, the output is high.

The pull-up branch implements the fy, function directly but replaces each
term with its complement. The result is shown in Figure 5.14a. Note that the addi-
tional connection between the p-channel devices is unnecessary in this case (shown
as a dotted line). '

A similar process is used to obtain the XNOR gate of Figure 5.14b. In this case,
the pull-down tree consists of the complement of fyop With each branch imple-
menting a & and a b, respectively. This implies that if 2 and b are different, the out-
put will be low. Otherwise it will be high. The pull-up network should implement
the dual, with parallel connections in place of the series connections of the puli-
down tree.
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f=as+bs

& ]

Figure 5.15
Muldiplexer (a} logic symbel and (b} CMOS implernentation.

5.5 Multiplexer Circuits

The multiplexer circuit produces an output by selecting one of Ninputs. There are
many ways to implement this type of circuit. We will examine transmission gate
versions in Chapter 7. Here we examine the simplest possible multiplexer to select
one out of two possible inputs. The function to be implemented is

f=as+ B (MUX)

where 5 is the selection signal and @ and & are the two inputs. This function is rem-
iniscent of the XOR and XNOR gates and can be implemented in a similar fashion
as shown in Figure 5.15. The multiplexer is often referred to in its short form as the
MUX.

5.6 Flip-Flops and Latches

In all logic circuits described so far, the output is directly related to the input by
some logic combination. Typically, there are no feedback loops in these circuits, so
the outputs are always a logical combination of the inputs. As a class, these circuits
are known as combinational logic circuits?

There is another class of circuits, known as sequential logic circuits, in which the
new outputs also are dependent on the inputs and the preceding values of outputs.
Examples are counters and data registers. A characteristic of static sequential cir-
cuits is that one or more output nodes are intentionally connected back to inputs to
give positive feedback, or regeneration. This is the same type of regenerative property

 Some have been koown to inadvertently use the term combinatorial circuits rather than the correct term:
combinaticnal circaits.
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! that was described for inverter chains, except that the signal propagates around
feedback loops in sequential circuits.

: Basic to sequential circuits is the bistable circuir. This type of circuit has two
stable operating points. Prominent examples of the bistable circuit found in digi-
tal ICs are

1. Latches
2. Hip-flops

These two terms have been used interchangeably in the literature, but there is a fun-
damental difference between them. We will explore this difference in more detail
throughout this section, but a brief explanation of the two types of elements is in
order here. Latches propagate values from input to output continuously when
enabled (typically by a clock signal) whereas flip-flops propagate values at discrete
points in time (typically on the rising or faliing edge of a clock). As such, latches are
: said to be level-sensitive or transparent, whereas flip-flops are said to be edge-
triggered. This section will elaborate these concepts and include analysis and design
of these circuits using CMOS technologies. The circuits can be implemented
P directly using the gates described above, although more efficient architectures are
available as seen in later chapters.

5.6.1 Basic Bistable Circuit

We begin with a simple bistable circuit and progress to the elements that are used
in mainstream chip design. Shown in Figure 5.16 are two cross-coupled logic invert-
: ers and a voltage transfer characteristic that is typical of such a circuit. The plotted
{ VTC for Inverter 1, V, versus V,, and Inverter 2, V,, versus V,, are shown on the
’ same graph. Note that there are three possible operating points for the circuit:
[ points A, B, and C. A and B are stable operating points, while C is an ynstable point
E (sometimes referred to as a mefastable point).
| At point 4, the low voltage level of V,, results in a high voltage level at V,

oug?

which causes a low level at V. Similarly, the high voltage level of V,, at point B

Vo &
A
Inverter |
Veu

i
H Inverter 2
?

Vi |
H
: -
Yor, Vg Vo Vi

{a) {b)

Figure 5.16
. Cross-coupled Inverters and corresponding VIC.

%
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causes a low level at V,, which in turn reinforces the high level of V, . Since these
two operating conditions are self-consistent, A and B are considered to be stable
points of operation. Alternatively, the gain of the two inverters at the two stable
points is less than unity which keeps their outputs stable.

At point C, the slope is positive and greater than unity (in magnitude). Both
Inverter 1 and 2 are conducting. As a result, point Cis unstable since any small volt-
age change introduced into the circuit at, say, V,, will be amplified and regenerated
around the circuit loop, causing the operating point to move to one of the two sta-
ble points. With V. made positive with respect to V,, due to noise, stability is
reached at point B. With the polarity of the noise source reversed, stability is real-
ized at point A. Note that the cross-over point is the switching threshold, V, a value
that was used to determine the single source noise margin. In essence, the cross-
coupling of two inverter circuits results in a bistable circuit with two stable states.
For stability it is necessary that the voltage gain around the loop be less than 1; oth-
erwise, the positive gain will amplify the change and eventually force the outputs to
switch to the opposite state due to the regenerative effect.

For a bistable circuit to change state it is necessary that the voltage gain of the
circuit be made greater than 1. This can be accomplished by intreducing a trigger
voltage pulse at V. With the input of Inverter 1 in the low state, a positive trigger
pulse is required at V. The voltage amplitude of the pulse should be sufficient to
raise the voltage past Vi where the gain of the circuit is greater than unity; then, due
to the cross-coupled circuit and resulting positive feedback, the trigger pulse will be
regenerated and a change to the opposite state will be initiated,

The width of the trigger pulse need be only a litile greater than the total prop-
agation delay time around the circuit loop. The average propagation delay for a sin-
gle gate is given by

6 = Lo + oy (5.6)
2
where tp, is the high-to-low propagation delay, and £, is the low-to-high propa-
gation delay. The delay around the inverter loop is tpy; + tpy,; that is, twice the
average propagation delay time of the logic inverters. So long as the trigger pulse is
greater than this value, the circuit will change state.

In summary, a bistable circuit may be triggered to move from one stable state
to the other by moving an input past V; for a duration of 21;. In the absence of 2
trigger, the circuit remains in that stable state indefinitely, provided that power
remains applied to the circuit. Another common name for the bistable circuit is 2
flip-flop. However, the name flip-flop is usually reserved for a more complex circuit
than a simple cross-coupling of two inverters.

5.6.2 SR Latch

The simplest form of the bistable circuit is the set-reset {SR) lafch. This circuit
Iatches, or remembers, the incoming trigger pulse. Two implementations of this cir-
cuit are described below. It is a useful circuit that forms the basis of the memory cir-
cuits, described in Chapter 8.
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Figure 5,17
SR latch composed of cross-coupled NOR gates.

SR Latch with NOR Gates. In Figure 5.172, the SR latch is implemented with two
NORZ2 gates. One of the inputs of sach NOR gate is used to cross-couple to the out-
put of the other NOR gate, while the second input provides a means of triggering
the latch from one stable state to the other. This circuit is considered to be a latch
since the output is a continuous function of the input values (i.e., it is transparent}.
The logic symbol for the latch is shown in Figure 5.17b. The two outputs Qand Q
are complementary and, by definition, the latch is in the sef state with a logic 1 at
the Q output and logic 0 at the @ output. Conversely, with a logic 0 at the Q out-
put and logic 1 at the Q output, the latch is in the reset state.

From Figure 5.17a, it can be seen that a logic 1 at the set (S} input will cause a
logic 0 at the Q output and, with the reset (R) input at logic 0, it will result in a logic
I at the Qoutput. That is, the latch is now set, and the S input can safely be returned
to the 0 state. The trigger pulse at the S input of sufficient duration causes the latch
to be set. Alternatively, a logic 1 at the R input will cause a logic 0 at the Q output
and, with the S input now at a logic 0, the result is a logic 1 at the Q output. Since
the latch responds to high voltage levels at the inputs, $ and R are referred to as
active high inputs. When the inputs are both returned to the 0 state, the flip-flop
behaves as a cross-coupled pair of inverters, as shown in Figure 5.16a, that hold the
value until further changes are experienced at the inputs.
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The input/output results are provided in the truth table for the SR latch in Fig-
ure 5.17¢. The truth table lists the output states for all the possible combinations of
the input states. The first entry in the table is the hold state since, with low voltage
Jevels at both § and R inputs, there is no change in the Q and Q outputs. The sec-
ond and third entries are the reset and set states, respectively. In the fourth entry
with high levels at both S and R inputs, the result is that both Qand Q are low. Since
the outputs are not complementary, a logic value of 1 at both Sand Rinputs is con-
sidered to be a forbidden, or not-allowed, condition. It is only considered forbidden
in the sense that the outputs are not complements of each other. Actually what hap-
pens is that when the input trigger pulses are returned to their quiescent levels, the
final state of the latch is due to whichever input is last to go low.

The delay from Sto Q can be estimated as two NOR gate delays, while the delay
from Sto ( is only one NOR delay. Similarly, R to Q is one gate delay while Rto Q
is two gate delays.

m
Bxample 5.4 SR Latch Design Using NOR Gates

Problem:

Design an SR latch in 0.13 um CMOS using NOR gates to deliver a delay c}f 400 ps
from § to Q and from R to 0. Assume that the total load to be driven by Q and Qs
100 fRand L = 100 nm.

Solution:

The following cress-coupled NOR configuration is used to implement the SR latch.

Vpp

—C{ WP _4 WP
A [o_ A |o_

¢

To obtain the desired propagation delfays, we use the relationship tpy =ty =
0.7R ;. There are two propagation delays from $ to Q and R to Q, so we divide the

o]

ONSEMI EXHIBIT 1038, Page 187



STATIC MOS GATE CIRCUITS 219

two delays equally between the two NOR gates. For the NMOS davices, we know
that R,,, = 12.5 kQ/]. Therefore,

L
ty. = 07 (12.5 k) -(100 fF) = 200 ps

Set W, = 440 nm for both NMOS devices.

For PMOS devices, we use our rule-of-thumb and simply quadruple the size of
the NMOS devices to obtain W, = 1.76 um.

SR Latch with NAND Gates. The SR latch can also be designed with NAND gates,
as in Figure 5.18a. Similar to the NOR circuit, the reset condition of the latch is with
Q=0and Q = 1. However, with the NAND circuit, the Sand R inputs are normally
at logic 1. The latch is set with § = 0, and reset with R = 0. Hence this latch responds
to active low inputs, as is indicated by the small circles at the $and R inputs of the

s
e
R I}_Hé
(a}
—ds o
—dr o

(b}

Figure 5.18
SR latch with NAND gates.
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logic symbol shown in Figure 5.18b. It is also reflected in the characteristic table of
Figure 5.18¢. For the NAND configuration of the SR latch, the forbidden condition
requires S= R = { since thisleads to Q@ = Q=1.

The delay from Sto Q can be estimated as one NAND gate delay, while the delay
from Sto Q is two NAND delays. Similarly, R to Q is two gate delays while Rto Q
is only one gate delay. The design of this circuit foilows the design of the NAND
gates described carlier. However, the problem of the forbidden state prevents this
type of memory element from frequent use, as in the case of the NOR latch.

Exercise 5.4 Draw the transistor schematics for NAND-based SR [atches using CMOS gates and
P pseudo-NMOS gates. Size the devices to deliver 400 ps propagation delays when -
: driving 100 fF loads in 0.13 um technology. Use the same solution process as !
z shown for the NOR gates in Example 54. : : :

5.6.3 JKFlip-Fiop

By the addition of two feedback lines the ambiguity at the output of the SR latch,
when both § and R inputs are activated at the same time, can be overcome. The
device is known as a JK flip-flop. The S and R inputs are renamed J and X, respec-
tively. An all-NAND version of this circuit is shown in Figure 5.19a. An important
addition is a clock {(CK) input, provided so that the change in the output logic states
of the flip-flop can be synchronized with a system clock. Hence, the J and K inputs
are termed the synchronous inputs; J is the clocked-set input and K the clocked-reset
input. Note from the logic symbol for this circuit given in Figure 5.19b that all three
inputs are activated by high voltage levels.

The JK flip-flop is set and reset in a similar manner to the SR latch, except for
the synchronizing with CK, by way of the two NAND gates at the input of the flip-
flop. With the flip-flop reset, Q=0 and Q = 1, and entry is only by way of the
Jinput. A value of ] = 1 would cause the flip-flop to set, making the Q output high
and Q low. This now enables the K input; if K= 1 and if CK is still high, the flip-
flop will again change state. This is the flip-flop action from which it derives its
name.'® Note that if the clock continues to stay high with ] = K= 1, the flip-flop
will oscillate. Hence for this version of the JK flip-flop there is a very definite restric-
tion on the pulse width of CK. It must be less than the propagation delay time
through the flip-flop.

The characteristic table of the JK flip-flop is given in Figure 5.1%c. Since the two
outputs are always complementary, only the state of the output following the
7+ 1st clock is given, indicated as Q,,,. With J= K =0, there is no change in the
state of the flip-flop after clocking, indicated as Q. But with J= K= 1, the flip-flop
changes state when clocked, indicated by G,. A characteristic of all JK flip-flops is
that with both Jand Kat a high level the unit will roggle when clocked; that is, it will

¥ Technically, the outputs are directly controlled by the inputs while the clock is high and therefore it should
be referred fo as a latch.
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Figure 5.19
JX fiip-fiop.

change state irrespective of its original state. Again, if the clock is high for a long
enough period, the flip-flop output will oscillate in this type of configuration. This
undesirable limitation can be eliminated with the master-slave principle, described
in the next section.

5.6.4 JK Master-Slave Flip-Flop

As shown in the logic diagram of Figure 5.20, the JK masz‘er—slave Hip-flop is sn‘nply
a cascade of two JK flip-flops, with the master driving the slave. An important point
to notice is that the master is activated by CK, but the slave is activated by an
inverted form of CK, namely, CK. The operation of the master-slave principle is as

Master Slave

J —DO—M‘ 0 _ jo—of § s} Q
_ NAND MNAND

CK _{: latch _ |- faich _ —

B Sl ne i S S B

Figure 5.20
Master-slave flip-flop using JK fip-flop.
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follows. As CK rises, CK goes down; at some point, CK has fallen sufficiently to dis-
able the input NAND gates of the slave. This isolates the slave from the master and
freezes the state of the slave latch. In the meantime, CK rises enough to enable the
input NAND gates of the master. Hence depending on the state of the Jand K feed-
back lines, the state of the Jor K input can be entered into the master. Now on the
falling edge of the clock pulse, CK goes down; the input NAND gates to the master
are disabled, freezing the state of the master latch. Then, the NAND gates to the
slave are enabled and the state of the master is transferred to the slave. The outputs
Qand Q are obtained from the slave latch. Due to this master-siave principle, there
is no limit to how wide CK can be since, when the output changes state, entry into
the master has been disabled. Only on the next clock pulse will the master input
gates be enabled, and then not until a time corresponding to the slave being dis-
abled. Note that there is a minimum limit to the width of CK. It must be wider than
the propagation delay time through the master flip-flop for proper functionality.

A problem with the master-slave flip-flop is that it is subject to what is known
as ones catching. That is, with CK high, suppose the slave is in the reset state, and the
Jinput gate is enabled for a short while and then returns to 0. This will inadvertently
set the first latch. Since this is a level sensitive circuit, the high value on J will prop-
agate into the master latch and lock in place. Thus, any “spike” or “glitch” on the J
input line will cause the master latch to be set. It is impossible to reset this latch,
since entry into the K input gates is disabled by the K feedback line. Thus, we say the
Jinput has caught a 1 that will subsequently be transferred to the slave when CK
goes down. One way to prevent ones catching is to keep the duration of the [ state
for CK as short as possible. Another way is to make use of JK edge-triggered flip-
flops, which is the preferred approach.

- - Draw a timing diagram that illustrates the 1’ catching drawback of the JK master- |
T slave’ flop: of -Figure 5.20. Start by placing the JK in the reset state and apply a
perzodlc clack signal.When the clock is high, introduce a short pulse on the input.

. .Draw. the correspondmg logic waveforms on the outputs of the NAND latches i
AT }When does the undesired 1 appear atthe Q output? - : o g

5.6.5 JKEdge-Triggered Flip-Flop

The logic diagram of a JK edge-triggered flip-flop is shown in Figure 5.21a. With CK
at a high level, entry into the input NAND gates is controlled by the JK feedback
lines in a similar manner as for the master-siave flip-flop. But entry into the NAND
latch is prevented until CK goes low.

When CK does go low, the input NAND gates are disabled; the output of the
flip-flop changes due to the state of the Jand/or Kinputs just prior to CK going low.
For proper functionality, the values on the Jand K inputs must be held stable for a
finite length of time before the clock edge. This is the set-up time of the flip-flop.
The circuit is forgiving of any spikes or glitches on the J or Klines prior to this time
as long as the set-up time is satisfied. Some flip-flop designs require the state of the
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K negative edge-triggered flip-flop.

Jand K input lines to remain stable for a time even after the clock edge arrives. This
is known as the hold time. Usually the minimum hold time is 0 ns.

As shown in Figure 5.21b, the logic symbol for an edge-triggered flip-flop is dif-
ferentiated from the master-slave by a small > sign at the CK input. The presence
i or absence of the inverting symbol is used to indicate whether the outputs Qand Q
change on the falling or rising edge of the clock pulse, The logic symbol indicates
a negative edge-triggered flip-flop. The corresponding truth table is shown in Fig-
ure 5.21c.

In summary of the JK flip-flops, we have noted that the device may be of the
master-slave or edge-triggered type. The outputs may change following or on the
rising or falling edge of the clock pulse. The device usually has additional inputs for
direct set and reset so that the outputs can be initialized to the desired settings.

5.7 D Flip-Flops and Latches

Another very useful flip-flop, most widely used in CMOS digital circuits and sys-
tems for the storage of data, is the D flip-flop. The truth table of a D-type flip-flop
is shown in Figure 5.22a. With clocking, the Q output simply foliows the D input.
The Q output is always complementary to the Q output,

The D-flop may be of two types. It may be transparent, as shown in the logic
diagram (Figure 5.22b). The CK input is really an enable input that, when high,
allows the Q output to follow the D input. The state of the element is frozen only
when CK goes low. Or, it may be edge-triggered, as in Figure 5.22¢, Similar to other
edge-triggered flops, with CK either high or low the D input has no effect on the
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Figure 5.22
{a} Truth table, (5] transparent S-latch, and () edge-triggered D-fiop,

output. Data are transferred from the D input to the output only on the rising edge
of the clock pulse.!! At this point, it should be emphasized that the working defini-
tion of a latch is an element that is level-sensitive and transparent, whereas a flip-
flop is edge-triggered and otherwise opaque.?

To further describe the difference between the two types of sequential elements,
it is useful to examine the outputs, given the same input and clock signal. Consider
Figure 5.23 where the D-latch is driven by IN and CLK. The output is a continuous
function of the input while the clock is high. That is, the D-latch allows the input to
propagate through the latch to the cutput when CLK is high and prevents its prop-
agation when low, Initially, the output is unknown. When the clock goes high, the
low input propagates to the cutput. When the input data goes high, it appears at the
output after a short delay. When the clock goes low, the last value of the input is
heid. Note that the falling edge of CLK is the important one since this is when the
data is latched at the output. Further changes in the input are not propagated to the
output. Therefore, the small negative pulse in the input of Figure 5.23 is not seen at
the output.

Now consider the D-flop in Figure 5.24. In this case, it is constructed using two
D-latches in 2 master-slave configuration driven by CLK. For the positive edge-
triggered D-flop, the important edge is the leading edge of the clock waveform. The
leading edge captures and propagates the last value at the input just prior to the
clock transition; the final state of the flip-flop is due to the state of the D input just
before clocking occurs. In the waveform shown, there are two points sampled: in
one case, the input is low and in the other case the input is high. As a result, we see
a transition at the output corresponding to the second rising clock edge. The actions

! Since there is no bubble on the CK input, this is 2 posilive edge-triggered flip-flop; a bubble would indicate
4 negative edge-iriggered flop,

2 Designers tend to use the terms flip-flop and latch interchangeably which is some cause for confusion, We
will strictly use latch and flip-flop definitions from this point onward ix this text to avoid such confusion,
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D-fatch operation.
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D-lop operation.

are equivalent to a sample-and-hold circuit, where the sampling is done when the
clock edge hits the flop.

There are a number of important timing characteristics associated with flops
and latches. The timing parameters for the flip-flop are illustrated in Figure 5.25.
The clock edge is the reference point for these timing parameters. The setup time,
T, cran 18 the time that the incoming data must be stable before the clock arrives. The
hold time, T, 4, is the length of time that the data remains stable after the cleck
arrives for proper operation. As shown in the figure, if the data is stable before the
setup time and continues to be stable after the hold time, the flop will properly cap-
ture the data. However, if it settles after the hold time it is gnaranteed to fail. A fail-
ure implies storage of the wrong data.

If the data arrives within the period designated by the setup and hold times, the
flop may or may not capture the correct value. This is the uncertainty interval.
However, the user of such 2 flop should not permit signals to stabilize in this range
since proper performance is not guaranteed. Another parameter of importance is
the clock-to-Q delay, T, . This is the delay from the time that the clock arrives to
the point at which the Q output stabilizes. In reality, the incoming data must arrive
at Ty, before the clock hits, and the output is valid at T, after the clock edge.
Viewed in this way, the “overhead” of the flop is Ty, -+ Ty .- When designing
flops, we should try to minimize Ty, Thger 204 Tg g
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Latch timing parameters.

A similar set of parameters applies to the D-latch as shown in Figure 5.26. The
interesting edge of the clock is the falling edge, so the corresponding setup and hold
times are associated with this edge. However, data begins to flow after the positive
going edge of the clock so the setup and hold times are not as critical, and are typ-
ically much smaller for the D-latch. The more important parameter is the “over-
head” associated with the latch, which is referred to as the D-to-Q delay, T, . This
is the amount by which the data is delayed by the presence of the latch. Since the
latch is transparent when the clock is high, we are more interested in reducing the
delay between input and output as opposed to the setup and hold times. However,
if there is 2 late arriving signal near the failling edge, it must satisfy the setup and
hold constraints or the circuit will fail.

‘We now illustrate how a D-latch can be constructed using conventional CMOS
logic. A logic diagram for the D-latch is given in Figure 5.27. This is suitable for
implementation using AOI gates as shown in Figure 5.28. An edge-triggered D-type
flip-flop may be constructed from two such transparent latches in cascade driven by
complementary clocks. The number of transistors needed to realize a D-flop in this
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Figure 5.28
AQl irnplementation of D-latch.

manner is large. More efficient circuits for D-latches and D-flip-flops will be pre-
sented in Chapter 7.

5.8 Power Dissipation in CMOS Gates

Power consumption in CMOS digital designs has been increasing at an alarming
rate over the past few technology generations. It has become perhaps the most
important design specification in recent years since it affects power grid design, chip
temperature, packaging decisions, and long-term reliability. If the trend for chip
power continues, it will begin to dictate the logic/memory composition of future
designs and force most of the chip to be dominated by memory, which consumes
less power than logic circuits. In this section, we examine the sources of power dis-
sipation in CMOS gates and describe circuit techniques to minimize power in
CMOS designs. As we describe these techniques, take note of the role of timing in
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controlling power. To minimize power, we often adjust the timing characteristics of
a design. In effect, the tradeoff between power and timing is a key issue in CMOS
digital design.

Power is due fo current flowing from the supply to ground. When computing
power, we must add up all the sources of current flow from Vp; to Gnd and multi-
ply it by the potential difference between the two supply rails. The general power
equation is given by

P=I1Vp (5.7)

where I is the current flowing from Vpp to Gnd.
In CMOS, the sources of power can be broadly categorized into two groups:

1. Dynamic Power
2. Static Power

Dynamic power arises from three sources: power due to capacitance switching,
short-circuit power due to “crowbar” current flowing from Vp, to Gnd during
switching, and power due to glitches in the output waveforms. Static power is due
to leakage currents (subthreshold current and source/drain junction reverse-bias
current) and de standby current {e.g., pseudo-NMOS circuits with low output). The
two most important sources of power dissipation today are capacitance switching
and subthreshold leakage. Static dc power dissipation is of primary concern only
when using pseudo-NMOS gates. We now describe these components in detail.

5.8.1 Dynamic {Switching) Power

Most of the chip power today is due to the charging and discharging of capacitances
in the circuit as a result of logic switching events. When switching events occur, the
supply current acts to charge the output load capacitance on one part of the cycle,
and discharge the capacitance on the other half of the cycle. Effectively, we have cur-
rent flowing from V; to Gnd (albeit on different parts of the cycle} and this leads
to power dissipation. The frequency of switching, £, determines the actual power
that is consumed.

To compute the average power dissipation due to switching, we need to deter-
mine I, and multiply it with V. The considerations are detailed for the CMOS
inverter of Figure 5.2%. When the input switches from high to low, the PMOS
device turns on, as shown in Figure 5.29b. It charges up the output to Vi, thereby
storing energy on the capacitor. When the input switches from low to high, the
NMOS device turns on and discharges the capacitor as illustrated in Figure 5.2%c.
The average charging carrent is

av _ cLé‘.szing

Ipag = CE Ar CLVop g (5.8)

Note that in the above equation, we assume that the average switching frequency of
the inverter is f,_ and the voltage swing is V.

avg
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Dynamic power dissipation considerations,

The combination of these two processes results in power dissipation. Since the
current is associated with a capacitor, we can write

Pyiching = Iavg Voo = C 1A Viging fuse Vop = C1Vhnfag (5.9)

This equation tells us exactly what our options are to reduce power: keep C; small,
reduce the swing, reduce Vp, or reduce the switching frequency, £,,,. The approach
used to reduce power will be dependent on the design style used, timing constraints,
area constraints, and other tradeoffs. Usually power reduction requires a combina-
tion of many methods.

One factor that we should examine more closely is the average switching fre-
quency of the inverter, .. The clock frequency is normally taken to be fy, and
clearly the clock switches on every cycle.!® If we refer to a transition from high to
low or low to high as a teggle, then it follows that we need two toggles to have power
dissipation. On the other hand, most logic gates do not switch on every cycle as
shown in Pigure 5.29d. The average frequency of operation can be specified using
an activity factor, a_,;, that is multiplied by the clock frequency, fy. The power
equation can be modified to include this activity factor as follows:

Pswitc%ziﬁg = Q%ICLVéDf;lk (5'10}

B in fact, the clock circuit may consume up to 40% of the chip power due to its large capacitanee and high
frequency.

ONSEMI EXHIBIT 1038, Page 198



230 ANALYSIS AND DESIGN OF DIGITAL INTEGRATES CIRCUITS

With this power equation and knowiedge of the activity factor for each gate, we can
accurately estimate the chip power. While & ,, should be computed for each gate
separately, we can also compute an average activity factor and capacitance for the
whole chip and use these values to estimate the average chip power due to switching.

Example 5.5 Activity Factor Calculation

Problem:

It Figure 5.29d, we have a total of four toggles of the cutput over the duration of
eight clock cycles. What is the activity factor for this node?

Sclution:

Number of clock cycles = 8
Number of toggles at output = 4, Two toggles are required for power dissipation.

#toggles/2
# clock cycles

472
gy = = activity factor (switching factor)} = % = 250

Exampla 5.6 Comparison of Hand Calculation of Power with SPICE
Compute the power due to switching for an inverter with W, = 800 nmand W, =
400 nim driving a total load of 58 fF with an average switching frequency of
250 MHz. Compare the results with a transient simulation in SPICE. Which value is
larger, the one obtained by hand calculation or by SPICE? Use 0.18 um technology
parameters for the analysis with ¥,; = 1.8 V. lgnore parasitic capacitances and set
input rise/ffall times to 300 ps in SPICE.

Solution:
The dynamic power can be computed by hand as
P = CV3¥ = {50 fF}{1.8)(250 MHz} = 40.5 pW

A SPICE simulation can be performed to confirm this result. A transient analysis is
required, followed by an average power measurement over a 4 ns period. Note that
the inverter must toggle high and low in order to create a “power event.”The input
file for SPICE is as follows:

*Power dissipated by inverter
*Set gupply and library

.param Supply=1.8 *for 0.18 technology
1lib ‘beim2v3.cmospld. ik’
.opt scale=0.1lu *Set lambda
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* Power Supply

.global vdd Grd

vad vdad Gnd *Supply’ *Supply iz get by .1ib eall
*Subcircult

.subckt inv in out

b1i79] out in vdd vdd PMOS1 1=2 w=8 ad=0 pd=0 as=0 ps=0
mn ocut in Gnd Gnd MHMOS1 1=2 w=4 ad=0 pd=0 as=0 ps=0
Cload out Gnd 54fF

.ends

* Top level simulation netlist

¥inw in 1 inv

Vin in &nd pulse 0 ‘Supgply’ lns 200ps 200ps 1.7ns 4ns
* gimulation

.tran 50ps Bus

.measurse tran avgpwr avg P{Xinv}) from=1ln to=G5n

.end

From this simulation, the average power dissipated by the inverter during the
interval is found to be 46.3 uW. This is approximately 149 higher than the hand
calculation.

S

As seen in the above example, if we run SPICE on a single inverter and measure
power, we will find that the measured value exceeds the hand-calculated value. That
is, Pspicg = CV5pf. Why would this be the case? The primary reason is due to short-
circuit current or crowbar current {although a very small percentage of it is due to
leakage current), The origin of the crowbar current, Iy, is illustrated in Figure 5.30.

Yoo
At

{2} (&}

L Vou

Lo

Figure 5.30
Short-circult current flow during switching precess,
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Crowbar current is the current that flows directly from V,; to Gnd during
switching events. The reason why short-circuit flows is that for a certain period of
time both transistors are on simultaneously; that is, | Vi, > | V,] for both devices. If
we apply a step input, only one device would be o# at any given point in time, and
we would not observe any short-circuit current. However, since all inputs have a
finite slope, both devices are on when Vo, < V,, < Vi, — |Vl Crowbar current
flows in both charging and discharging conditions. The time period that short-
circuit current flows depends on the rise/fall time of the input:

Af, = Ag, + Az

where Az, and érsgafe illustrated in Figure 5:30. When discharging, the sum of the

supply current and the discharging current flows through the pull-down device.
This is llustrated in Figure 5.30a. During the charging process, part of the supply
current flews to the capacitor while the remainder flows to Gnd as shown in Figure
5.30b. The average power associated with this current is

Por = I:Vpp

Since crowbar current flows during all switching events, it is possible to rewrite the
equation as follows. Taking I, as the average crowbar current during the two
switching intervals, then

_Ar,
Le = ?ISC,avg

This can be substituted into the previcus equation to obtain

_ A tscISC,wg

PSC - T VDD = Ats:ISC.angDBf:]k (SZE}

It is desirable to replace the first two terms by a term that is similar to the dynamic
power expression, as follows:

i= Cé—vzﬁ’&t =CAV
dr

"‘&tSt‘{SC,an = CchDD
Substituting into Equation {5.11}, we obtain
~Pyg = C .Vipfu

Finally, we introduce another switching activity factor and set C = o, C;. With this
adjustment, we have

Pse = o, C Vi fa (5.12)
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In effect, we are incorporating all the effects of the short-circuit current into a fac-
tor &, that depends on the device threshold voltages and input rise and fall times.
The total dynamic power can be written as

denamic = a@—blclvél};f:lk + ascCLV,?JD.f:lk = achng;lk (5'13}

The first term accounts for the power due to capacitance switching while the second
term accounts for the short-circuit power. The new « incorporates both the activity
factor and short-circuit current effects,

To reduce short-circuit power, we should set the rise and fall times, or edge rates,
to be as short as possible. This will minimize Az, the time that both devices are on.
However, this is a local optimization that may not be globally optimal. If we use large
drivers at the input to reduce the rise/fall times, this increases the capacitance,
thereby increasing the overall dynamic power. In effect, there is a tradeoff between
dynamic power of the previous gate and short-circuit power of the next gate. We
usually seek to minimize the total power due to the sum of these two components.
One solution that has been found to be effective is to make the input and output edge
rates sharp and about equal. This tends to minimize the overall power due to the two
components of dynamic power, This is one example where, in order to minimize
power, we must consider the timing characteristics of the signals. We will find many
instances where the timing is an important factor in reducing the overall chip power.

There is one other source of dynamic power due to differences in the arrival
times of signals at gate inputs. If a given input signal arrives first and forces the out-
put io switch, and later another input signal arrives and causes the output to switch
back to the original value, we have a glitch in the output. This type of undesired out-
put pulse causes unnecessary power dissipation, which can be modeled in terms of
switching power. It can be a major component of the total power if the designer is
not careful. Glitches tend to propagate through the fanout gates and cause unin-
tended transitions in subsequent stages, increasing the power dissipation even fur-
ther. Depending on the number of glitches in the chip, it can quickly add up to a
nonnegligible amount of power.

To reduce glitches, signals should be made to arrive at roughly the same time at
all gate inputs. This requires a balancing of the path delays and gate delays in a com-
binational logic block. Whenever possible, the designer should select logic circnits
that minimize the potential for glitches. This may also involve retiming a given cir-
cuit or selecting architectures that are glitch free, or exhibit fewer glitches than oth-
ers. The key, as will be clear in many design guidelines throughout this book, is ta
keep things as balanced as possible.

Glitch Example Using NOR Gate Example 5.7
Problem:

Using SPICE and a 0.18 um technology, adjust the inputs of a 2-input NOR gate
until a glitch appears at the output during a transient analysis. Under what condi-
tions does a glitch occur? How should such a glitch be prevented?
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Solution:

Create a SPICE file with a 2-input NOR gate. During the analysis, one input should
be switching from fow to high while the other is switching from high to low in thé
same interval to create a glitch. Te prevent such a glitch, all the inputs should arrive
at the same time.

*NOR Gate Glitching Example
*¥Set supply and library

.param Supply=1.,8 *for 0.18 technclogy

. temp 25 *Override temperature by setting it before
.1ib

.1ib *beim3v3.cmosplB.1ib’

.opt scale=0.1u *Set lambda

*Power supply
.glckal vad Gnd

vdad vad Gnd *Bupply’ * Supply is set by .1lik call

*Top level simulation netliist

mpa cut ina x vdd PHOS 1=2 w=1& ad=80 pd=16 a==80 ps=16
mph x inb vdd vdd PMCS 1=2 w=16 ad=80 pd=16 as=80 ps=16
mna out ina Gnd Gnd NMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4
mnb out ink and Gnd NMOS 1=2 w=4 ad=20 pd=4 as=20 ps=4
Va ina &nd pulse ‘Supply’ 0 ins 100ps 100ps 4.1ns 8ns

Vb ink Gnd pulse ‘Supply’ ¢ 1Ins 100ps 100ps 2ns ins
*Simalation

.tran 100ps 9ns
.plot tran Vi{out}
.end

Input A

ina(v)

SO
=)
([ B R B

.2 [ | ] H H : ] ]
o 1 2 3 4 5 LS 7 g 9 10
Time {ns)
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5.8.2 Static (Standby) Power

Standby power is an important design consideration for low-power battery-operated,
or portable, devices. There are three basic sources of static power: subthreshold
leakage, pn junction leakage, and dc current in the output low state. Today, leakage
currents are beginning to control design decisions even for high-performance non-
portable applications. As a result, this component of power is gaining more atten-
tion in the IC design industry from process engineers, circuit designers, and CAD
engineers,

The most important issue is the subthreshold leakage. In recent years, it has
grown significantly due to the close proximity of the source and drain. This results
in a bipolar transistor action, where the substrate is the base of the bipolar transis-
tor, and the source and drain act as the emitter and collector, respectively. Sub-
threshold current is due to diffusion current of minority carriers across the channel
region, From earlier discussions in Chapter 2, we found that the subthreshold cur-
rent equation has the form

Isuh = Le[Q{VGS_yT_VnE‘m};RkT] (} — e{_&’vosf-w))
When we examine this expression from a power perspective, we try to identify

the controlling parameters to keep I, as low as possible. Specifically, if V5= 0,
then V., controls the magnitude of the subthreshold current. As V. is reduced, the
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value of I, increases {see Figure 2,16). Since V- has been kept relatively constant
over the years, the subthreshold current has been kept in check. However, Vo, — Vo
controls the forward-active drive capability of the transistor; in effect, we limit the
performance of the devices by keeping V- constant while scaling Vpp, in each tech-
nelogy generation. Clearly, 2 tradeoff exists between I, and I ¢ when selecting Vr.

An alternative is to dynamically modify the threshold voltage during operation.
We can accomplish this by adjusting the substrate bias of the transistors in the sig-
nal path. However, when doing so, we must ensure that the Vi is reset to a higher
value when these devices are inactive. This is not a straightforward procedure for
complex, high-speed designs.

Another controlling parameter is Vpg. If we can reduce this value, when the
device is off, it will act to reduce the current. Recall that drain-induced barrier low-
ering causes increased drain current due to a reduction of V. Any approach that
can limit Vi will limit the subthreshold conduction. One methed is to add series
transistors to the pull-up and pull-down paths so that there is a smaller Vp across
each transistor. This is sometimes referred to as source degeneration.

A third parameter that can be controlled is temperature. If we can cool the tran-
sistors down to a very low operating temperature we abtain two benefits. First, since
the subthreshold current is due to minority carriers, reducing the temperature will
reduce the number of carriers and this will act to reduce the current. When the tran-
sistor is on, a reduction in temperature will actually increase the drive current since
the mobility of the majority carriers will be increased. Of course, the cooling of
chips requires a much more expensive package, which will increase the cost of the
design.

Another source of Jeakage is due to the reverse-bias of source and drain junc-
tions. The percentage of the overall power dissipation is rather small but we should
still understand its origin. The basic diode equation is given by

In= L (e9¥% — 1} where, = A-J;

In reverse-bias mode, the current is I, = —A ], where A is the area of the junction
and J, is the current density. The areas of interest are the bottom of the junction and
the channel-facing sidewall. Therefore, we need to keep these areas as small as pos-
sible by minimizing the source and drain areas. The currents are typically in the pA
to nA range and are negligible in most digital designs. The combination of sub-
threshold current and the pz junction current is referred to as leakage current:

f}eak = Isn% + Ip;f (5.14}

Since the NMOS and PMOS have different leakage currents, I, can be based on
the average leakage of the pull-up and pull-down paths. The total static power dis-
sipation due to these two components is

Psta&c = (Isub + IPH} Vi‘)ﬁ (S-ES)

One final form of static power is found in the pseudo-NMOS gates when the out-
put is low. In this case, the current, I, through the gate is computed by setting the
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output to V;; and determining the current flow through any device in the current
path. This current is multiplied by V,,;, to obtain the power

Prec = IncVop (5.18)

This power can be relatively large. If we design a circuit with exclusively pseudo-
NMOS gates, the power budget would be exceeded very quickly, much like the
NMOS technology on which it is based. Recall that NMOS technology gave way to
CMOS technology due to the dc standby power when the cutput of a gate was low.
Imagine that you have 2 million logic gates and half of them are dissipating power.
You quickly realize that you will exceed your power budget no matter what you do
since the mere existence of the gates implies power dissipation. Therefore, pseudo-
NMOS should be used sparingly.

5.8.3 Complete Power Equation
For a standard CMOS gate, the power equation is given by

P=aC Véﬁfdk - IfeakaD (5.1?}

where the short-circuit current effects are included in the o term.
For a pseudo-NMOS gate, the complete power equation is given by

IpcVop

P=a CV}%D}Q!I{ + IleakVDB + 2

(5.18)

where the last term considers the fact that the dc current is flowing only half the time.

E -~~~ """ .. -~
DC Power Dissipation for Pseudo-NMOS Inverter in 0.13 um Technology Example 5.8

Problem:

Compute the dc power dissipated by the pseudo-NMOS inverter when the output
is low, given that V,,, = 0.1 V, W, /L, = 9.Use 0,13 um technology parameters.

Solution:

The current flowing through the inverter can be computed using the current
through the pull-down transister that is in the linear region of operation:

W nu'ncsx (V )2
Ipc = —N—[ (Voo — Vi) (Vo) — ~——
Ly (1 N Vo ) 2
Ecslu
Using the parameter values for 0.13 um CMOS:

430 uA/V? [ {0.1)?]
fpre =9 X ——————| (1.2 — 04}{0.1) — = 250 pA
b 0+ 0.1/08) ¢ o) == J 2350 p

P =lpVop = 250 pA X 1.2V =300 uW
.- ]
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5.9 Power and Delay Tradeoffs

In most designs today, the primary tradeoff is between power and delay. We have
already seen that equalizing the input arrival times will reduce glitches and equaliz-
ing the edge rates will minimize short-circuit current. Clearly, it is not sufficient to
optimize one without considering the other. If we improve a design relative to
power but it slows down the circuit, the results may not be acceptable. Similarly, an
improvement in speed may only be achieved at the expense of power. Therefore, a
metric is needed that allows us to balance the two design objectives in a meaning-
ful way.

One such metric that has been popular for many years is the power-delay prod-
uct {PDP}. The rationale is that, if we are interested in reducing power and reduc-
ing delay, then why not take the product of the two and try to minimize them
together? At an intuitive level, this makes sense. If we follow this thought process to
establish a metric for gates, then:

PDP = Pt (5.19)

where P,,, is the average power and #; is the average propagation delay of a gate.
Considering only the dominant source of power for a gate, we have

P = CVipf

and the propagation delay is

oL

Y
assuming that the switching period is twice the propagation delay. Combining these
results, we obtain

1 CVi
PDP = CVipf o= —— 5.20
oo f of 5 (5200

This is an energy quantity and, as such, the PDP represents the energy required to
perform a specific operation. The reason why we view this as an energy quantity is
that energy is the time integral of power. If we compute the energy stored in the
capacitor after a charging operation, we obtain

o
Fg

= Voo T
Fo= [ imauir= [ C (@) = | Ol n = 3 OV
g o 4t ¢ 2

Tn this case, the operation is to switch from low to high. In a similar fashion, Equa-
tion {5.20) defines the PDP as the energy per toggle operation for a gate.

The PDP can be minimized by reducing the capacitance C, the voltage swing
AV, or the power supply voltage, Vp,. However, the metric has some limitations.
If the PDP of two designs performing the same operations are compared, it would
still be difficult to tell which one is better. For example, if one used a lower supply
voltage to reduce PDP, the metric would not capture the fact that the delay is also
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reduced. Also, using smaller transistors would reduce C, but may also slow down the
circuit. Because of the cancellation of the delay term when deriving the PDP, we
have lost valuable timing information.

A solution to this problem is to define another metric that multiplies the PDP
by the delay. This is termed the energy-delay product (EDP). It is given as follows:

EDP=FDP X i (5.21)
We already have the equation for PDP, but we need a new formulation for #:
av
I= CE
s At= %V (5.22)
= CAV - CVpp
Lot K (Vop — Vi)

where K, is a constant that depends on device sizes. Combining Equations (5.20)
and {5.22), we obtain:
C*V}
EDP = — 2 — (5.23)
2K2(VDD - VT)

Now, whenever power supply values or device sizes are altered, they are captured in
the EDP, This is a better metric for low-power design.

If the goal of the overall design is to reduce the EDP, then it is instructive to
examine how a number of designs would compare using this metric, For this pur-
pose, we plot the EDP of several designs (s, b, ¢, and d} on a qualitative graph of
energy vs. 1/delay in Figure 5.31. The lines shown in the graph have equal EDP and
are therefore equivalent in terms of this metric. Designs that lie closer to the x-axis

Lowsar
EDP

Energy

ifdelay

Figure 5.31
Energy versus 1/delay for four designs:a, b, ¢, .
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Energy
£
S Energy X delay
£
=
g
Z
BEelay
Voo

Figure 5.32
Energy-delay product versus supply volkage.

are better since their energy-delay product is Jower. Surprisingly, for the four cases
shown, design b is the best and design d is the worst in terms of EDE.

Another way to view this metric is to examine the energy, delay, and EDP on the
same normalized graph as a function of the supply voltage, V. This is shown in
Figure 5.32, As the power supply voltage decreases, delay increases, but the energy
per operation decreases. Therefore, an optimum EDP must exist and it can be
obtained by differentiating Equation (5.23} with respect to Vj and setting the
result to zero: :

GEDP _
. 3
“’VDD = EVT

This optimum value can be used to set the supply voltage for a given technology. It
is interesting to note that increasing the supply voltage beyond the optimum does
not affect EDP very much. Therefore, higher values of Vj;, are acceptable and may
be necessary for the target performance and noise margins of the design. A decrease
in Vpp from the optimum rapidly increases the EDP. Therefore, it is important to
keep the supply value higher than the optimal value, and perhaps this is the best way
to interpret the above results.

Example 5.9 Comparison of Two Designs
Probiem:

Compare the chip power for two cases, In one case, a chip has 19M gates, an activ-
#y factor of 10%, V,, = 1.8 V, a cdlock frequency of 560 MHz and an average capac-
itance per node of 20 fF.in the second case, a chip has 50M gates, an activity factor
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of 5%, Voo = 1.2 ¥, a clock frequency of 1 GHz and an average capacitance per node
of 10 fF.Which design is better and why?

Solution:
Case 1:10M gates, o = 0.1, C= 20 fF, Vp = 1.8V, 7y, = 500MHz — P =324 W
Case 2:50M gates, o =005, C= W0 fFVp =12V, fy=1GHz—>P=36W

The two power levels are about the same, 5o it appears that the two designs are
about equivalant. Now compute the energy-delay product.

Case 1:EDP = PtZ = 32.4 (2 ns)* = 130{107"%))s
Case 2:EDP = PtZ = 36 {1 ns)® = 36{107%))s

The second design has a smaller energy-delay product and therefore is superior.

5,10 Summary

For a series stack with three devices, the width of a single equivalent device is
o LA

T OWW, + WW, + WoW,

(series stack}

For a parallel set of devices, the equivalent width with all devices turned on is
Wo=W + W, + W, {parallel devices)

Average propagation delay
= tpen + tory
2

Dynamic and static power:

Piamic = ¢4, C 1 Vinf + a.C, Vipf = aC Vipf

Paic = (T T+ -‘{Bn) Voo
For a standard CMOS gate, the complete power equation is given by
P = & CVhpfa+ hewVop |

For a pseudo-NMOS gate, the complete power equation is given by

IncVop
2

P=aCVirfu+ Lk Vop +

Energy-delay product:

EDP=PDP X = PX £ X &
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PROBLEMS

P5.1. Design static CMOS gates that have the following outputs. You may
assume the availability of true and complement forms of each signal for
the input. Note that you should be able to design each function as a sin-
gle gate. Device sizing is not required for this problem.

{(a} Out = ABC + BD
{(b) Out = AB+ AC + BC
(cOut=A+B+CD+ A

P5.2. Implement the functions associated with a full adder in static CMOS
using the fact that these are majority functions. That is, if most of the
inputs are high, the output will be high, and if most of the inputs are
low, the output will be low. A useful property of majority functions is
that they are self-duals. The full adder has three inputs, A, B, and G,
and two outputs, Sum and C,,.. The expressions for the outputs are as
follows:

C,c = AB + C,{A + B)
Sum = Gy {4 + B+ C,) + ABG,

P5.3. Design a static CMOS gate that performs the Boolean function F=
{A® B)C + BC. You can use inverters to generate any complementary
inputs needed. Sizing is not required here.
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P5.4. Find the logic function for the circuit in Figure P5.4. What is the worst
case Vo and V2 (Note: this is a contrived circuit that would not be

used in a real design.)

Figure P5.4

A

P5.5. The circuits of Figure P5.5 are pseudo-NMOS and pseudo-PMOS gates.
What function is performed by each gate? Size the transistors so that the
pseudo-NMOS gate has V; = 0.1V, and the pseudo-PMOS gate has
Vour = 09Vpp. Can you suggest why pseudo-PMOS is not favorable
{compared to pseudo-NMOS}? All transistors have a length of 2A.

Figure P5.5

'||—||—‘€'
g

L wen

']}—"—‘:
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P5.6. The circuit of Figure P5.6 is a saturated-enhancement load NMOS NOR
gate, Calculate ¥y, and Vpy, and the de current and power when the
output is low. Assume that all the transistors are 2A/2A devices. Assume
0.13 pm technology parameters. ‘

Vpp

_.—]
HriH

J——a—

Figure P5.6

P3.7. Calculate V; of a 2-input NOR gate when one input is switching and
with both inputs tied together. The devices sizes are W, = 164 and W,
= 4A. Then use SPICE to find the VTC when switching only input A,
only input B, and then AB together. The results for the two inputs
switched separately vary slightly. Explain why. Use 0.18 um technology
parameters,

P5.8. What is the minimum value of V in the circuit of Figure P5.8 to
obtain Vg = Vj,=18V? Assume 0.18 um technology parameters,
with L =200 nm.

YeG
—uman

Figure P5.8

P5.9. In the Figure P5.9 circuit, size the transistors so that tp,; < 50 ps; Vo
= 1.2 Vand V,; = 0.1 V. {The length of all transistors is 2A.) Ignore par-
asitic capacitances of the devices. Use 0.13 um technology parameters.
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Voo

ngure P5.9

P5.10. Design a CMOS gate whose output is Out = AB + ABC. If the mini-
mum length of the transistors is 0.1 sm and the gate is connected to 75 fF
load, calculate the width of the transistors so that f; = #p,; < 50 ps.

P5.11. Calculate the dc static power and dynamic switching power in the cir-
cuit in Figure P5.11 if the average switching frequency is f,, = 100
MHz. What is the combined average power due to these two compo-
nents. Use the 0.13 um technology parameters with 2A =100 nm.
Ignore device parasitic capacitances.

Voo

Figure P5.11
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P5.12. Compute the static and dynamic power consumption of the two invert-
ers in Figure P5.12. Use the 0.13 sum technology parameters with 2A=
160 nm.

Yoo

[ w=a

In 4 ,
n—[ w [ w=2 ISMF )

Sketch the VTC of the inverters and show on the graph in which region
we have power due to dc current, subthreshold current, and short-
circuit current.

Figure P5.12

P5.13. In this question, the idea is to develop a simple equation for the total
switching power for 0.18 um technology that also incorporates the
short-circuit power. To do this, use HSPICE to compare the amount of
power due to CV2fversus power due to short-circuit current, Iy;Vpyin
a 4X inverter driving three different load capacitances: 20 fF, 40 fF, and
80 fF. For the same three load capacitances determine the two compo-
nents of power when input slopes are 0.01 ns, 0.1 ns, and 0.2 ns. Build a
table of ratios between C¥?fand IV, as a function of capacitive load
and input ramp. What factor e, would you multiply the CV*fpower by
to incorporate the short-czrcult power based on this table? {Assume that
F= 200 Mhz.)

P5.14. For the RC circuit of Figure P5.14, determine the total energy delivered
by the voltage source to the circuit when a step input from 0 to Vpp is
applied. Next compute the total energy that is stored by the capacitor.

Figure P5.14 1_-:
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What happened to the rest of the energy that was delivered by the volt-
age source?

P5.15. Do you expect the overall power consumption of a synchronous digital
system to increase or decrease when temperature increases (assume the
clock frequency does not change)? Explain.

P5.16. Design: an SR latch in 0.13 um CMOS using NAND gates to deliver a
delay of 400 ps from § to Qand from Rto Q. Assume that the total load
to be driven by Qand Q is 100 fE

P5.17. The voltage waveforms shown in Figure P5.17 are applied to the JK
master-slave flip-flop illustrated in Figure 5.20. With the flip-flop ini-
tially reset, show the resulting waveform at the Q output of the master
and slave latches.

- }‘Ll
ex I LT LT L 1
g— 11 M1
& 1 1

Figure P5.17

P5.18. Repeat the above problem for the JK edge-triggered flip-flop shown in
Figure 5.21. Assume the flip-flop is initially set.

P5.19. Implement a positive-edge triggered D flip-flop with set and reset inputs
using only NAND3 gates (i.e., no inverters). The inputs should be §, R,
D, and CK, while the outputs are Q and Q. Number the NAND gates 1
through 6. Then, answer the following questions:

{a) With CK <D=lowand S=R= high, determine the output state
of each gate (1 or 0). Assume the flip-flop is initially set.

{b} Repeat part {(a) after CK = high.
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7.1 Introduction

In previous chapters, we examined the characteristics of static logic gates. Two vari-
eties of static gates were presented: conventional CMOS and pseude-NMOS gates.
Standard CMOS gates dissipate far less power than their pseudo-NMOS counter-
parts but require more area due to the number of complementary PMOS transis-
tors needed, and their size requirements to achieve equal rise/fall delays. Usually the
PMOS device is twice the size of the NMOS device in a conventional CMOS
inverter, However, the pseudo-NMOS gates require ratioed devices to set the desired
value of Vi typically, the NMOS device is four times the size of the PMOS device
in a pseude-NMOS inverter. Unfortunately, this produces asymmetric rise and fall
times. If we increase the size of the PMOS device to try to equalize the delays, the
value of V; increases. In order to strike a balance between conventional CMOS and
pseudo-NMOS circuits in terms of area, timing, and power, we turn our attention
to dynamic logic techniques.

Earlier, we found that all nodes of a static gate have direct paths to Vj, or Gnd.
So long as the power remains on, the value of the output node is held indefinitely.

CHAPTER

7
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Dynamic gates, on the other hand, store their value on a capacitor. The storage
nodes are often isolated from the rest of the circuit for long periods of time. There-
fore, node values may decay over time if not refreshed or updated periodically. A
dynamic node is also more susceptible to noise events than static gates. It is in this
sense that the name dynamic is applied—the node voltage is held somewhat pre-
cariously by the charge stored at the node. This feature renders dynamic logic less
desirable than static circuits for most designers. However, if we are careful about
how we design this type of circuit, it can outperform static logic circuits. For this
reason, we explore dynamic design techniques in this chapter.

One form of dynamic logic uses transfer gates as switches to propagate infor-
mation through the circuit. When the switches are off, their outputs are held in 2
high-impedance (or high-Z) state implying that the gate is no longer driving the
output. In this condition, the previous value is stored as charge on the output capac-
itance. A second form of dynamic logic relies on additional clocking signals for
proper operation. On one part of the clock cycle, all logic gate outputs are
precharged to an initial value. On the other part of the cycle, the gates evaluate their
correct output values. We now discuss these two types of dynamic logic circuits in
detail.

7.2 Basic Concepts

We begin our study of dynamic circuits by considering the pass transistor or trans-
fer gate (sometimes referred to as a pass gate or transmission gate). These devices
will expose the advantages and limitations of using a single transistor as 2 switch.
There are three basic concepts that are important to dynamic circuits. These are
charge sharing, feedthrough, and charge leakage.

7.2.1 Pass Transistors

The role of a pass transistor is to transfer an input signal, unaltered, to the output
node when the gate is on. When the gate is turned off; the output enters the high-Z
state and holds its previous value. This type of logic gate has an input, an output,
and a third terminal that controls whether the device is on or off. In Figure 7.1, sin-
gle #-channel and p-channel implementations of the transfer gate are shown under
various input conditions. The source and drain nodes serve as inputs and outputs,
while the gate node serves as the control input.

Figure 7.1 illustrates the signal transmission capability of each type of transfer
gate in the o and off conditions. Figure 7.1a demonstrates that the n-channel device
can successfully pass 0 V when its control input is at V. Similarly, the PMOS
device propagates Vy, from input to output when its control input is 0V, as in Fig-
ure 7.1b. However, both NMOS and PMOS devices have problems passing the
opposite signal level. The NMOS device in Figure 7.1c has trouble passing Vpp,
since it shuts off when the output rises to Vpp — Vi, with full accounting for bedy
effect. The PMOS has a similar problem with low inputs, as shown in Figure 7.1d.
‘When the control input shuts the device off, the output enters the high-Z state, asin
Figure 7.le and Figure 7,11
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&) (i

Figure 7.1
NMOS and PMOS pass transistor configurations,

The reason for difference in transmission capability of the NMOS device can be
understood by comparing Figure 7.1a and Figure 7.1c. The drain {D}, gate (G), and
source (S} have been identified to clarify the description. For an NMOS device, the
drain is the higher of the two nodes. Since the MOS transistor is a symmetric device,
the determination of the drain and source can only be carried cut after the node
voltages have been assigned. In Figure 7.1c, the drain is connected to Vpp, since this
is guaranteed to be the highest node. If the source node starts at 0 V, the device is on
and in the saturation of operation. Current flows from drain to source to charge up
the output capacitance and the source node voltage begins to increase. It continues
to increase until Vigg = V. At this point, the output voltage is Vi, — Vi In Fig-
ure 7.1a, the drain and source terminals are reversed. The value of Vi is always Voo
As such, the device is always on and will pull the output node Jow until Vps = 0,at
which point the cutput s 0 V.

For the p-channel device, we can go through the same exercise for Figure 7.1b
and Figure 7.1d. This time the definition of the drain and source are reversed such
that the higher voltage is the source and the lower voltage is the drain. In Figure
7.1b, the drain node begins at 0 V and rises as the PMOS device charges it to V.
The output can reach Vi, since the value of Vi is constant at —V,;, implying that
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Voo Yoo

(2} &

Figure 7.2
NKOS pass gate configurations {ignoring body effect),

the PMOS device is always on In Figure 7.1d, the source node begins at V), and
drops in voltage as the output capacitance is discharged until the value of Vi =
| V7. At this point, the device shuts off. Therefore, the lowest voltage that the out-
put can reach is |Vl

Figure 7.2 shows three n-channel pass transistor configurations fo further clar-
ify the operation. Note that the two circuits of Figure 7.2a and Figure 7.2b produce
the same output, Vp, — V. At first glance, it would seem that Figure 7.2b with
three series transistors would produce an output of Vp, — 3V, but this is incor-
rect. Bach pass transistor is able to pass a value of Vi — Vo, from input te output
when the gate voltage is V},;,. Figure 7.3c illustrates the actual configuration that
would produce an output of Vj;, — 3V, In each successive pass transistor, the gate
voltage is V.o lower than the previous transistor. The output can only cimb within
a threshold voltage of the gate voltage before the device shuts off. Note that the more
accurate value of the outputisin fact Vi, — Vg — Vi — Vi due to the change
in the body effect term in each transistor. The reader should be aware that this
example is contrived since designers should avoid using the output of a pass tran-
sistor to drive the gate of another pass transistor.

For completeness, the p-channel equivalents for Figure 7.2 are given in Figure
7.3. The same arguments for the r-channel configurations can be applied to the
p-channe! devices, with the corresponding changes in output voltage levels.
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Figure 7.3
PMOS pass gate configurations (ignoring body effecs).

7.2.2 Capacitive Feedthrough }

The role of the control node of a pass transistor is to place the device in the on and
off states. As such, it is often driven by a clock signal. Ideally, this input should not
have any direct influence on the output, except to enable or disable the transfer gate.
However, there exists a capacitance, C,, between the gate and output nodes that
causes the clock signal to feed through to the output. This effect is illustrated in Fig-
ure 7.4. The control signal undergoes a voltage swing from V,, to 0V, thereby shut-
ting off the device. This places the output in the high-Z state since Vg < Vi, At
this point, the two capacitors, Crand Gy, are isolated from the rest of the circuit.
As the gate voltage decreases in value, the charges associated with the two capacitors

Figure 7.4
Clock feedthrough,
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&
¥ ¥
1 2 . 3
Cgﬁﬁ T and j‘:
{a) Positive feedthrough {b) Nesgative fesdihrough

Figure 7,5
Drynamic circuit effects of capacitive feedthrough.

redistribute to maintain equality. This redistribution, called displacement current,
forces the output node to drop in voltage by an amount determined by the relative
values of Crand C,;. The fact that a small replica of the clock appears at the out-
put led to the terminology of clock feedthirough for this effect. The same effect would
be observed at the drain node if it were isolated from the rest of the circuit. How-
ever, we have assumed that drain is driven by a static gate in this examiple.

The capacitive effects associated with feedthrough may occur in the positive or
negative direction. We can understand these effects by examining isclated capacitors
in series as shown in Figure 7.5. For a series combination of twe capacitors, positive
and negative feedthrough result in noise injection at an internal node when the
external node rises or falls. The change atf the external node | produces a replica
change at the internal node 2, which is a high-impedance node.

The exact voltage change at the internal node can be determined for the ideal-
ized cases of Figure 7.5. The charges associated with the two capacitors must be the
same at equilibrium:

CV, — W) = GV (7.1)
Therefore,
CiV,
V=t (7.2)
Cy+ Coa
If there is an abrupt change in voltage at node 1, there is a corresponding but
smaller change at node 2:
AV GAW
= 7.3
PGt G 7.3)

In Figure 7.5a, when there is a large positive change in V|, the internal node
voltage will change by an amount dictated by the ratio of Crto (Cy + Cyq). The
change at node 2 will be in the positive direction. This is sometimes referred to as
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bootstrapping.' In Figure 7.5b, we have a negative going step at node 1 that pro-
duces a replica negative going step at node 2. Consider the two extreme cases of
feedthrough. If C;is much larger than G, then AV, approaches AV,. On the other
hand, if C,, is much greater than & then AV, appzoaches 0. For the pass transis-
tor, the value of C;is determined by Cg while C_; is determined by the junction
capacitance, Cpg, plus the loading capacitance of the next gate. To reduce the
feedthrough effect, we should epsure that Cona > Cp.

V; Drop and Cleck Feedthrough Effects Example 7.1

Problem:

In the circuit below with the input at 1.2 V, what is the initial value of the output
when the clock is at 1.2 V. Estimate the final value after the clock goes low. Repeat
the problem for the case when the input is 0 V. Assume that the device is 4A/2A in
0.13 um technolagy.

12V

_\_w

Solution:

Initially, the output will be a threshold voltage below 1.2 v:

Vot = Vop — Vi = 12 — (04 + 0.2{0.88 + ¥, — /0.88))
Vo =073V

When the clock switches from high to low, the feedthrough effects will act to
reduce the value at the cutput:
Ce(1.2)

V..=073 — AV =073 —
out G+ Cong

in this example, & is due to the overlap capacitance since the transistor is in the
cutoff region. Therefore,

Cf COL = C{JIW {0.25 ﬂ:;g.i-m) X 0.2 Hm = .05 F

Boatstrapping is usually associated with increasing a node voltage above Vi, using active devices. We uge the
terimi here more generally o refer to any increase in the voltage due to series capacitor effects,
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The value of C,,4 is due to the junction capacitance. Therefore,

<

The resuiting value of ¥V, is

V., = 0.73 C1.2) =073 005(1.2) =073 - 024=~05V
out M G+ Coa 005 +02 e

For this particular case, the clock feedthrough effect is significant even though we
are only considering the overlap capacitance. The resulting veltage is below typical
switching thresholds and this would be 2 problem.1n a realistic situation, there is
always additicnal grounded capacitance at the output due to the fanout gates. This
would greatly reduce the degree of clock feedthrough.

Whaen the input is 0 V, the cutput is 0 V. However, in this case, the device is in
the linear region of operation, Therefore,

Cr=1/2 W+ W = (1/2}{(2 fF/ um}(0.2 um) + (0.25fF/m}{C.2 pm)

= 0.5 fF
Vom0 -2 _ o 02502 o _oerv
W G+ Gy 025+ 02 T

In this case, the voitage drop is substantially more than the first case since the
device is in the linear region. However, the device does not shut off until Vo < Vi,
Therefore, this result [s not as accurate as the previous case, but alsc not as impor-
tant. The feedthrough equation is intended for use at high-Z nodes only.

7.2.3 Charge Sharing

Another important issue in dynamic circuits is charge sharing which tends to
reduce the voltage levels even further. This phenomenon occurs when two isolated
nodes with different voltage levels are suddenly connected together when a pass
transistor turns on, as shown in Figure 7.6. The key requirement is that the two
nodes are in the high-impedance state and store different voltages. When the switch
turns on, the charge redistributes until the voltage levels at the two nodes are equal.
This reduces the voltage at one node while increasing the voltage at the other. If the
voltage is reduced at an output node, it is of concern to us. We can analyze charge
sharing by examining the total charge before and after the charge-sharing event.
In Figure 7.6a, the total charge in the closed system is

Qua = GV, + GV, ‘ (7.4)

When the gate node is switched from € toVpp,, as in Figure 7.6b, the transistor turns
on and a charge transfer occurs between the two nodes until an equilibrium voltage
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Figure 7.6
Dynamic charge sharing.

is reached. At equilibrium, the total charge in the system remains constant. If V¥ is
the final voltage after charge exchange is completed, the total charge is given by

Qe = (C; + C)V* {7.5)
Combining (7.4} and (7.5}, we obtain
VEe (CV) + G V3) (7.6)
C,+C

As an illustration of charge sharing, assume that V, = 0and V, = Vp,p, — V3 in Fig-
ure 7.6a. After the transistor turns on, the voltage at V, will drop in value and the
voltage at V| will increase. Equation (7.6} specifies the final voltage on the two
nodes. If ¥; drops below the switching threshold of the next gate, it will trigger the
gate to produce an incorrect output. This is a serious consequence of charge shar-
ing. To reduce charge sharing in this case, C, should be made much larger than C,.
There are additional techniques that can be employed to reduce the effects of charge
sharing that will be described later in this chapter.

Equation (7.6} should be used carefully in conjunction with Figure 7.6 since it
is only valid if V* does not exceed V,, — V. If the computed voltage goes beyond
this value, then V] should be set to this value and then V; re-calculated with the
remaining charge, Q... — C; (V5 — Vo). Inthis case, V| # V, after charge sharing.

D S
Charge Sharing Example Example 7.2

Problem:

In Figure 7.6a, compute the charge-sharing effects for the following cases assum-
ing 0.13 xm technology parameters:

@) G =100fFC,=20fFV, =0V, =12V
(b} C1=20fF,C2=2Gﬁ:,V?=O,VZ=1.2V
(@ C, =20 C=100V,=0,V,=12V
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Solution:
GV, + GV,) (100 fF X 0 + 20 fF X 1.2

o e = VTG | } ooy
G+ G (20 fF + 100 fF)
GV, +CV,)  (20F X0+ 20fF X 12

oy ves GG ) _osv
G+ G (20 fF + 20 fF)
Yy + GV,)  {(20fF X0+ 100 fF X 1.2

@ ve= EH TG0 _{ ) _1ov
G+G (20 fF + 100 fF)

This last solution is not possible since the voltage of node V, cannot rise above Vi,
— ¥y, Ignoring body effect, the maximum voltage at node V, is 0.8 V. The total
charge in the system is 120 fC.Node V, requires 0.8 X 20 fF = 16 fC of charge. That
leaves 120 — 16 = 104 fC of charge on noede V.. This implies that the voltage at
hode V,= 104 fC/100fF = 1.04 V.

s S T G O S

7.2.4 Other Sources of Charge Loss

When a pass transistor shuts off, the output node enters a high-Z state and retains
the value of the node as charge on a capacitance. Unfortunately, the charge tends to
leak away over time unless the value is updated or refreshed periodically. If a high
value is stored, there are two possible sources of charge leakage. One source is
reverse-bias leakage current from the drain junction. This current is rather small as
it depends on the area of the junction which continues to shrink as technology
scales. Of greater concern is the subthreshold current as described in Chapter 2.

A second source of charge loss is noise injection from neighboring wires. For
example, if a wire is routed too closely to a dynamic node, capacitive coupling
between the wire and the node could result in noise injection during switching
events. The mechanism is similar in nature to feedthrough and bootstrapping. This
form of noise injection can have serious consequences and must be considered care-
fully when designing dynamic circuits. Coupling noise is the subject of Chapter 10
on interconnect.

Another problem Is associated with a-particles which are also responsible for
data loss in memory circuits. These are high-energy particles that may be present in
device packaging materials, such as solder bumps, or due to cosmic rays arriving
from space. Particles of this nature can enter the silicon substrate and generate hole-
electron pairs that act to discharge the output. This occurs over a very short amount
of time and leads to unexpected functional failures in the circuit. The detailed
mechanisms are beyond the scope of this book, but the importance of a-particles as
a leading cause of so-called soft errors in both dynamic and static circuits should be
recognized.

7.3 CMOS Transmission Gate Logic ¢

In the previous section, we observed the limitations of using either a single NMOS
or a single PMOS device as a transfer gate. Each one is capable of transmitting one
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Figure 7.7
CHMOS transmission gate and logic symbogl,

of the levels accurately but neither device is capable of transmitting both high and
low voltages properly, as evidenced by Figure 7.1. A natural improvement can be
constructed by placing an NMOS device in paraliel with a PMOS device fo create a
CMOS transmission gate, as shown in Figure 7.7. The two devices in combination
can fully transmit any signal value between Vj,and Gnd. The cost of this feature is
not only an extra transistor, but also an extra inverter since each transistor requires
a complementary control input. Therefore, a total of four transistors are necessary
for the CMOS version. The correspending symbol for the transmission gate is also
shown in Figure 7.7. :

To understand the transmission capability of the CMOS transfer gate, consider
the two cases shown in Figure 7.8. The two transistors have been separated out to
clearly identify their role in transmitting 0 ¥ or V. In Figure 7.8a, a 0 V signal is
being transmitted through both devices with an initial output of V5. The NMOS
device has Vg = Vpp for the entire duration of the transition of the output from
Vpp to 0 V. Therefore, it can pull the output to 0 V by itself. The PMOS device can
only pull the output to |V since it shuts off at that point. Note the positions of the
gate and source terminals. The V¢ value of the PMOS device decreases in magnitude

¥on Vop
of o|
§ 1. b oV D 1. 8 Vpp—V¥m
IIn OQut | tIn Gu :
I i i :
oy__| i Vop —o0v Voo !  0Y—Vm
| i i i
] { P 4
| ! : z
1 D S 1 Vgl ¢ 8 D +Vy
in Out In Out
T :
(a) (b}
Figure 7.8

Transmitting low and high signais.
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as the output falls from Vi, to 0 V, and it gets progressively weaker. [n fact, the
NMOS device pulls the cutput from |V to 0V after the PMOS device shuts off
completely.

The roles of the two devices are reversed in Pigure 7.8b, where the transmission
gate is attempting to pass an input of Vp, to the output with an initial condition of
0 V. In this case, the NMOS device becomes progressively weaker as the output
increases since its Vg value is decreasing, The PMOS device has a V¢ value that is
constant at — Vp,;,. Therefore, it remains on during the entire output transition.
When the output reaches Vi, — Vi, the NMOS device shuts off and the PMOS
device pulls the output the rest of the way to V. By examining these two cases, it is
clear that the weakness of one device is overcome by the strength of the other device,
whether the output is transmitting a high or low vatue, This is a clear advantage of
the CMOS transfer gate over the single transistor counterpart.

Another advantage of the CMOS transfer gate is that the degree of capacitive
feedthrough is reduced. This is because it is clocked with the true and complement
values of the enable signal. Referring to Figure 7.7, when the signal Cfalls, there may
be feedthrough at node B, but it would be canceled by the transition to a high volt-
age at C. If the target voltage of B is low, feedthrough due to C would only make it
lower. So this case is not a problem. If the intended voltage at B was high, then
feedthrough would normally make the voltage lower. But since the p-channel device
rernains on for slightly longer than the n-channel device, it is able to pull the output
back to V5.

7.3.1 Multiplexers Using CMOS Transfer Gates

CMOS transmission gate logic can be used to reduce the number of transistors
needed to implement certain logic functions. They can be used in a variety of situ-
ations, but the most popular is in the role of a multiplexer as shown in Figure 7.9.
The control signal § turns the transfer gates on and off depending on its value.
Specifically, when § = 1, the upper transfer gate is o# and that allows A to flow to
the output. When S = 0, the lower transfer gate is o#, and that allows Bto flow from
input to output. Therefore, the function of this configuration is F = AS + BS. This

S|

§ —  F=AS+BS

Figure 7.9
Multiplexer configuration.
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A A
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A i AR

 F=AB+AB Ijq l— F=AB+

{a) XOR gate {b} XNOR gate

]
-]

Figure 7,10
XOR and XNOR gates using CMOS transmission gates.

is a multiplexer where.pne of two input signals is selected based on the value of a
control signal.

Assuming that certain rules are followed, it is a simple matter to construct other
useful circuits using the multiplexer of Figure 7.9. By specifying the inputs and con-
trol signals in a particular pattern, we can construct XOR and XNOR gates as shown
in Figure 7.10. A static CMOS gate version would require 16 transistors whereas the
transfer gate version requires only 8 transistors {including all necessary inverters).

Another example is shown in Figure 7.11. Here, two multiplexer configurations
that select one-of-four inputs are shown. In Figure 7.11a, a two-level strategy is
used, while in Figure 7.11b a single-level is used. The two-level approach requires

s s s sl A sB sC b
A A
B— B
— —0UT — OUT

€ c
D - %ﬁ

D

{a} o)
Figure 7.11

Two-level and single-level multiplexer configurations.
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Figure 7.12
Improper conditions for multiplexer style logic.

only two control signals, s0 and 51, and their complements. The single-level approach
looks more attractive but requires four control signals, sA, sB, sC, and sD, and their
complements. There are more inverters required and more significant signal routing
issues in this case. We will study the speed of the two approaches in a later section.
Eor this type of MUX function to work properly, the control and data inputs
must be carefully specified. First, the data inputs to the multiplexer must all be valid,
and second, the control signals must turn on only one path at a time. If these rules
are not followed, conflicts or charge sharing may occur and corrupt the value at the
output. For example, if there are multiple paths to the output, as in Figure 7.12a,a
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Figure 7.13
OR 2nd AND functions using CMOS transmission gates.

conflict would arise at the output if A and D had different values. If there is no path
to the output due to off devices in all paths, the output will assume a high-imped-
ance state as in Figure 7.12b. If intermediate gates are on, as in Pigure 7.12¢, then an
unknown may result at the output {(possibly due to charge sharing).

To build general logic functions using transmission gates, the first step is to
select the control signals and build a truth table for all the possible combinations.
Then, the truth table is converted to a multiplexer-style design by creating a signal
path in the circuit for each row of the truth table. Next, the desired output values
specified in the truth table are routed from the data inputs to the output. Any
needed OR and AND operations can be realized using parallel and series transmis-
sion gates as shown in Figure 7.13. Finally, optimization of the design may be car-
ried out to combine paths or remove unnecessary transistors.

Implement the function F = AB + ABC+AC using transmission gates. Example 7.3
Solution:

identify A and B as control signals and build a truth table.

A B F
a 1) c
0 1 c
1 o c
1 1 1
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This truth table can be directly implemented as shown below using F as data

input.
B
Voo
A
B
C
B A | — F=(AR+ABC) +(AC)
C
B |
c L
A
B

The first two lines of the truth table are associated with the lower part of the
multiplexer. They can be combined to simplify the implementation. In addition, the
transfer gate connected 16 Vp; does not need an n-channel device since it is only
passing a high value. With these two optimizations, the following circuit results:

B
VDB
T__;J—LL_ x
¢ F={(AB + ABO) + (A0
B
. X
>
A

CMOS transmission gates can also be used with combinational blocks to imple-
ment certain functions efficiently. The first circuit in Figure 7.14 is a six-transistor
XOR gate. The second circuit simply illustrates the use of transmission gate logic with
standard CMOS logic to implement a complex function. In order to quickly extract
the function Ffrom the given circuit, follow the NMOS side of the transmission gates.
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F=AB+AB F={AB + ABC) ¢ (AC)

;

Figure 7,14
Transmission gates and standard gate combinations.

In this case, the NAND operation is being performed on the two inputs. One input is
AC, while the other input is AB + ABC. The resulting function F is the NAND of

these two terms as shown in the diagram.

Describe the operation of the XOR gate of Figura 7.14, Discuss its advantages and
disadvantages relative to other XOR circults considered so far in this textbook,

7.3.2 CMOS Transmission Gate Delays

In order to evaluate the timing performance of circuits containing transmission
gates, an RC model of these gates must be developed. The model for a CMQS trans-
fer gate (TG) consists of an on-resistance, Ry, and two capacitances, C; and C,, as
shown in Figure 7.15. The on-resistance of the transfer gate is a parallel combina-
tion of the on-resistances of the NMOS and PMOS devices. The value of the resis-
tances will depend on whether a ¢ or a 1 is being propagated through the gate. The

L
T I "I
C

Figure 7.15
RC model for CMOS transmission gate,

ONSEMI EXHIBIT 1038, Page 234

AR

Exercise 7.1



326 ANALYSIS AND DESIGK OF DIGITAL INTEGRATED CIRCUITS

resulting RC model must be combined with the RC models for the driver and load
of the transfer gate. It should be noted here that transmission gates do not, by them-
selves, have any drive capability. Their role is to transmit signals from input to out-
put under gate control. Some type of gate must be connected at the input as the
driver for the signal in all circuits that use transfer gates.

A detailed analysis of the on-resistance can be performed by considering the
two cases shown previously in Figure 7.8. The large-signal resistance can be com-
puted using the equation:

Vs
Ren T
If we return to Figure 7.8a, the input is 0 V and the output undergoes a transi-
tion from Vpp to 0 V. The NMOS device begins in saturation and then switches
to the linear region as the output voltage drops to 0 V. When in saturation, the
on-resistance is

Vour

RN=

I&a!,n

When the device switches fo the linear region, the on-resistance is

R, = Veut
N7
Chin,nt

The PMOS device is biased in the saturation region uniil the output reaches [V
At this point, it enters cutoff and the resistance increases to infinity. In the satura-
tion region, the resistance is given by

R, = Yeu
[Dm,p

The on-resistances for unit size NMOS and PMOS devices, and their parallel com-
bination are plotted in Figure 7.16a. Note that the resistance of the PMOS device
increases dramatically as the output voltage switches from Vyp to |V, while the
NMOS resistance drops linearly over the same range. However, the parallel combi-
nation of the two resistances is relatively constant. It is convenient to model this
resistance by a constant value based on the average during the transition.

The same analysis can be carried out for the second case in Figure 7.8b where
the input is Vj;, and the output transitions from 0 V to V. The PMOS device
begins in saturation and then switches to the linear region as the output voltage
rises to V. When in saturation, the on-resistance is

_ VDD _ Vou%

Rp=—7"
Ipsarp

‘When the device switches to the linear region, the on-resistance is

Vop — Vou

RP =
Trgnyp
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8) Vi =0V, Vouu= Vpp—~ 0V {6} Vin = Voo, Vou =0V — Vo

Figure 7.16
NMOS and PMOS orrresistances for falling and rising cases.

The NMOS device stays in the saturation region until the output reaches Vpp —
V- At this point, it enters cutoff and the resistance increases to infinity. In the sat-
uration region, the resistance is given by
Ry = Ve = Vow

}Dsat,n
The on-resistance for unit size NMOS and PMOS devices, and their parallel com-
bination for the second case is shown in Figure 7.16b. Here, the resistance of the
NMOS device increases to infinity as the output voltage approaches Vpp — Vo
while the PMOS resistance decreases linearly over the same interval. Again, the par-
allel combination of the two resistances is relatively constant and of similar magni-
tude as the falling case.

A simplified analysis can be carried out to estimate the on-resistance of the
combined devices for the rising and falling cases. If we are propagating ¥, the
PMOS device behaves as a regular pullup with an en-resistance of approximately
R,,, = 30 kQ/O1. For a unit size device, the resistance is 3¢ k0. On the other hand,
the n-channel device is trying to pass a high value and its on-resistance will increase
as its source node voltage approaches V. Since the NMOS device is shutting off,
the resistance will eventually reach infinity. The average on-resistance will be
zoughly double its nominal value of R, = 12.5 k{/[]. For a unit device, this value
is 23 kf). The parallel combination of the two devices produces a value that is close
to the NMOS on resistance:

RTG = RN]!;RP = EReqnffReqp = 2R€qn[,f2'4Reqn = I.IR&?“ = RES;?}

Now consider the case when we are propagating 0 V through the transmission gate.
In this case, the #-channel device is on and has a resistance of R, The p-channel
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Figure 7.17
Transfer gate capacitances in OFF and ON states,

device is initially o7 and then begins to shut off as the voltage drops to 0'V. There-
fore, its resistance is roughly 2R,,, which is about five times R, The parallel com-
bination of the two values produces

RTG = RN/fRP = Rﬂq“//ZReqp = Reqn//4'8Reqn = 9.83Re£;n = R&}n

In effect, the on-resistance of the CMOS transfer gate is approximately R, regard-
less of the rising or falling conditions. Therefore, we will use this value for all resis-
tance calculations with suitable adjustment for different W/L values:

£
R?’G = quﬁ(ﬁ}) (?‘7}

We now turn our attention to the capacitance calculation. The transfer gate capac-
itance can be determined by examining the capacitances at the input and output for
the on and off cases. When the transfer gate is off; as in Figure 7.17a, the Cgzand Cgp
capacitances for both devices are zero, except for the overlap capacitances {not
shown). In this condition, the input and output capacitances are due to the junction
capacitances of the n-channel and p-channel devices.

Using C, 5, the input and output capacitances are

Cin = szt = C&f(wﬂ + mfp) (?'8)
Since the two devices are the same size this simplifies to
Cp = Coe = C2W (7.9)

Next, consider a transfer gate in the on state, as shown in Figure 7.17b. Here the
devices are assumed to be in the linear region (which is true for some part of the
transition for both devices). Therefore, the input and output nodes see half the gate
capacitance from each device along with the junction capacitances (and overlap
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Figure 7.18
Transmission gate with driver and load.

capacitances). The total input and output capacitances are equal and can be con-
puted as

1
Cia= Cou=Cg(W, + W) + > (C W, + C.W,) (7.10)
Note that both devices are the same size so this can be simplified to
Co = Cour = Cp2W + CW (7.11)

With the complete RC model defined as above, it is now possibie to compute the
path delay of circuits containing transmission gates. However, accurate delay calcu-
lation must involve the characteristics of the driver and load of the transmission
gate, This is illustrated in Figure 7.18a where an inverter is driving the transmission

329
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gate which is loaded by a second inverter. To compute the delay accurately, the RC
model shown in Figure 7.18b is required. Here the inverter RC model is connected
at the input of the transfer gate and the load capacitance is connected at the output
of the transfer gate. The resulting circuit is an RC ladder.

The Elmore delay equations for RC ladders and RC trees are described in Chap-
ter 10. For the purposes of our analysis here, we simply use the results derived in
that chapter. Specifically, the delay of the two-stage RCladder of Figure 7.18¢ using
the Elmore delay equation is

tomore = RiC1 + (R + R3)Cy
Therefore, for the RC network of Figure 7.18b, we would compute the delay as

FEimore — Rinv(cim' + C’i‘Gi) + {Rinv + RTG)(CTGZ + Clead)

W

Example 7.4

For the two multiplexers in Figure 7.11, which one is faster, assuming that there
exists a path from input to output? Assume that a 1X inverter drives each input and
the fanout of the multiplexer is f times the 1X inverter.

Solution:

in order to compute the delays, we need to make use of the Elmore delay calcula-
tion. For a three-stage RC ladder, the delay has the form

tamme = Ry + (B + R)G + (R + Ry + R3)G

Using this formulation, we can derive the RC circuits and delays for the two cases
as followes:
MUX1:

1X

ON ON

OFF

ourt

Lo =R By B0y (i + 2R1Cs
ON C; =3C€FW+ Cg.W“!‘ ZC@-W Rifw =R

C=CWX2+2C,WX3  Reg=R
Cs =2, W X2+ CyW + 3FC,W
OFF | OFF ty = R(29C, g + 8C, + W
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MUX2:

011614018

""""""" Ry Ryg oUT

;
:

_Do:*- = R,-m,C4 + (Rinv + R’I\'}}CS
ouT

* Ci=3CW+20 W +CW Ry =R
OFF Cs=2C W x4+ CW+3CW Ryg=R

el

<y T Cs

f= R(21C,5 + 3C, + 6CW

OFF

Comparing the two cases, MUX1 is stower than MUX2. If we have too many transfer
gates without any buffering, the delay increases very quickly. Alsc, we will eventu-
ally drive a large load, and transfer gates do not have the needed driving capabii-
ity. However, MUX2 requires more routing resources than MUX1.

7.3.3 Logical Effort with CMOS Transmission Gates

We now address the topic of logical effort {LE} and its application to CMOS trans-
mission gates. Consider the circuit of Figure 7.19 with a minimum size transmis-
sion gate. This is another type of tristate driver which performs a similar function
to the tristate inverter seen in Section 4.9 of Chapter 4. Here, we have three inputs:
A, sel, and sel, Since both sel and sel are related, we can compute the LE for the sel

sel

o L
7 W R

A r~ ouT
L)—r&{’ R

L T e

sel =
LE input A = % =2 Lg‘mputseg=%=y3

Figure 7.19
Logical effort computation for transmissicn gates.
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LEinputA = Swr - 4/3 LE inpet sel = =W 473
Figure 7.20

LE computation with & 3X transimission gate.

and A inputs. For input A, we apply the ratio of 7,,./7y,, as prescribed by the LE
method. This involves the product of G, with R,z as described in Chapter 6. The
expression for G, is 3WC, for the inverter. Ryzis 2R, given that the inverter and TG
each have a resistance of R. Therefore, LE, = 2. For input sel, the input capacitance
is WC, and the total path resistance is 2R (including the inverter). Therefore, LE,
= 2/3.

If we increase the size of the transmission gate fo three times the minimum size,
we see from Figure 7.20 that the LE of the A input decreases while the LE for the sl
input increases. This makes sense intuitively since input A experiences a smaller
output resistance without any change in its input capacitance, while input sel expe-
riences an increase of three times its input capacitance but not a reduction of three
times its output resistance.

Example 7.5 Logical Effort for NAND Driving CMOS TG
Problem:

For the two designs shown below, compute the logical effort for input A and input sef,

—d[ 2w —[ 2w _L —l 2w | 2w _2,_
A [ 2w Ti A I aw ::
B ——[%’iw o B ————[Ezw
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Solution:
LE i Tt A= 4W(2R) = 8/3 LEi tA= AW(SR/4) =
input A = SR / input A = e /
LEi tsef = Wi2R) = 2/3 LE t sef = AW(SR/4) =
inpu 55—3%”?— / Input sel = SR /

L e T R R, R ——

7.4 Dynamic D-Latches and D Flip-Flops

The operation and design considerations of latches and flip-flops were described in
Chapter 5. The D flip-flop and D-latch are perhaps the most widely used circuits in
CMOS design. In this section, we describe design improvements associated with
these types of sequential elements when implemented with transfer gates. The
major advantage in using transfer gates is that the circuits require many fewer tran-
sistors than the configurations shown in Chapter 5.

We begin with the simplest possible D-latch, shown in Figure 7.21a. Surpris-
ingly, a single NMOS pass transistor functions as a D-latch. It is transparent since
the value of D is propagated to Q while CLK is high. When the clock transitions
from high to low, the last value is stored on the capacitor C,. However, there are a
number of obvicus problems with this circuit based on material presented earlier in

CLK
{a) {b}
CLK
LA
D 2 2
L 51
ITI
CLK

Figure 7.21
Progression of simple D-latches.
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>c Qout

Figure 7,22
CMGS D-lalch using transfer gates.

this chapter. First, the voltage at the output can only rise to Vpp — Vir. Second, there
is clock feedthrough at Q when the clock goes low. The level of feedthrough is given
by Equation (7.3). Third, there is no Q output available. Finally, and perhaps most
importantly, the output is in a high-Z state after the clock goes low so it is suscepti-
ble to all of the charge loss mechanisms.

Most of these problems can easily be resolved. The circuit of Figure 7.21bis 2
CMOS transmission gate (TG) that resolves the V.. drop and clock feedthrough
issues, as we know by now. The generation of Q is simply a matter of adding an
inverter as shown in Figure 7.21c. While this “improved” D-latch will work as
required, its reliability is still questionable due to the dynamic storage at node Q.

To solve this problem, we need a feedback loop to statically hold the value when
the latch is off. This is llustrated in Figure 7.22. Here, we added another inverter to
generate Q,,, (since we cannot drive a load from the internal node Q}, and intro-
duced another CMOS TG to connect back to the initially generated Q. Note that the
clock on the new TG is reversed with respect to the first TG. With this clocking
scheme, TG1 is on when we are in transparent mode, while TG2 is on when we are
in hold mode. When the latch is in f0ld mode, TG2 acts to recirculate Q back to the
input of the first inverter, which takes advantage of the regenerative nature of the
inverters. When the circuit is in transparent mode, TG2 is off and the value of D
passes through to Q_, after a delay of TGI and two inverters.

While this circuit removes the problem of dynamic storage, it introduces
another small problem. When the CLK signal goes high, we note that there is a delay
before CLK goes low. In that situation, the n-channel device of TG2 is still o If D is
different from the previously stored Q, then there will be a conflict at node Q for a
short duration. TG1 is attempting to apply a new value at Q while TG2 is recirculat-
ing the old value through the loop. The problem can be resolved with proper sizing
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CLK

Figure 7.23
Typical D-latch implemertation in CMOS.

of the INV2, TG2, TG1, and the gate that is driving D. The basic idea is to ensure that
the forward path is “stronger” than the feedback path. Therefore, the driver and TG1
must be large enough such that the devices driving the forward path can swing the
voltage at Q past the switching threshold V, when competing with INV2 and TG2. If
they are not sized properly; the old vaine will remain latched nntil TG2 turns off.

A more popular version of the D-latch is shown in Figure 7.23. This circuit
employs the same principles as the one shown in Figure 7.22 but avoids any con-
flicts at internal nodes. The operation of this latch is as follows. When the CLK is
high, the latch operates in transparent mode. Any changes at the input D are
reflected at the output after a delay of TG + 2 INV. If the input data is high, then
the value of Q is low. Therefore, 34, is on and M, is off. When CLK goes low, then
M, is turned on while M, is turned off. The internal node X is pulled high through
M, and M,, Note that there is no conflict situation in this circuit, and node Xis not
a dynamic node. A similar analysis can be done with a low input data. This time M,
and M, would act to pull the internal node low after the clock goes low. Again, there
are no conflicts in this configuration.

The circuit for a master-slave D flip-flop can be constructed from two D-latches,
as shown in Figure 7.24. The flip-flop is simply a cascade of two D-latches. The con-
nection of the clock signals to the master and slave are important to note. The posi-
tive edge of the clock shuts off the first latch and enables the second latch. The oper-
ation of the flip-flop is as follows: when the clock is low, the first latch is transparent,
while the second latch is disabled, The data will flow up to TG2, but no further since
TG1 is on and TG2 is off. When CLK goes high, TGI shuts off and holds D at the
internal node Q. Either the pull-up or pull-down path for the internal Q is enabled
depending on the data value. Meanwhile, TG2 turns on and allows Q to flow to the
outputs. Since D is only transmitted to the output on the rising edge of CLK, this is
a positive edge-triggered flip-flop.

ONSEMI EXHIBIT 1038, Page 244



336 ANALYSIS AND DESIGN CF DIGITAL INTEGRATED CIRCUITS

Von Von

L = D

b S TG1 ibo_ D TG2 DO_“ .

T, T 1
i]i—— —
Figure 7.24 )

Positive edge-triggered D-type flig-flop.

7.5 Domino Logic

We have already seen the numerous difficulties that may arise with dynamic logic:
charge sharing, feedthrough, charge leakage, single-event upsets, etc. These problems
have limited the use of dynamic logic in industry. Purthermore, the CAD tool sup-
port needed to verify these types of designs are not readily available, Nevertheless, it
is worthwhile to understand this approach for two reasons. First, static gates require
numerous PMOS devices with relatively large sizes. Trying to implement a high fanin
gate (i.e., a gate with more than four inputs} is difficult because either the N-complex
or P-complex will require a large series stack. Pseudo-NMOS gates help to reduce the
high fanin problem at the expense of static power when the output is low. The
dynamic approach allows us to design circuits that are faster than static gates, with
lower power than pseudo-NMOS, so they are worth exploring. We limit the treat-
ment here to the most prominent dynamic configurations used in industry.

The structure of a dynamic logic gate can be derived from a static logic gate, as
shown in the diagram of Figure 7.25. The conversion from static CMOS to pseudo-
NMOS is straightforward, as shown in the first and second diagrams. We know that
the second gate suffers from excessive power dissipation when the output is low. We
need a way of shutting off the PMOS device when the output is low so as to reduce
the power. What if we turned on the PMOS device to precharge the output to a high
value, and then shut off the PMOS device during the period when the output would
go low? For this purpose, we could introduce a new clock signal, P echarges 10 TUIN
the PMOS device on and off as needed. However, if we tried to charge up ;ﬁe output
using the clocked PMOS device while a path to Gnd existed through the NMOS
devices, we would have contention between the pull-up and puil-down paths.
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Figure 7.25
Evelution from static gate to dynamic gate.

Therefore, we must add another NMOS transistor, called a foot transistor or evalu-
ation transistor, in the pull-down path. This transistor is turned on only after the
PMOS load is shut off using another clock signal, @ ...-

The configuration described above is depicted in the third circuit of Figure 7.25
where ® e 15 used to turn on the p-channel device and pull the output high
{precharge phase), while ®_, ... is used to turn on the n-channel device to poten-
tially pull the output node low (evaluation phase}. The precharge signal is active low
since it is connected to the PMOS device, The evaluate signal is active high since it
turns on the NMOS device, Since the precharge and evaluate clocks are in phase, we
can simply use one signal called CLK to drive the precharge and foot transistors.
This is shown in the fourth circuit for the dynamic 2-input NAND gate.

The operation of the 2-input dynamic NAND gate is as follows. Initially, the
precharged signal goes low and the output is precharged high. It is as if we are pos-
tulating a “1” at the output of all nodes during this phase. The precharge phase is
intended to be a small portion of the clock cycle. Then, the CLK goes high and we
enter the evaluation phase when the dynamic gates either remain high or are pulled
low. For this NAND gate, if both A and B are high, then a path exists to Gnd. Other-
wise, the output remains high and we preserve the value on the capacitance at the
output node. This charge storage at the output node makes it a dynamic gate.

Dynamic Gate implementations Example 7.6

Problem:

Implement a 3-input NOR gate in dynamic logic and explain fts operation. Size the
transistors to deliver the same delays as a conventional CMOS inverter (PMOS
8A:24, NMOS 44:24).
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Solution:

The dynamic 3-input NOR gate reqjuires three parallel NMOS transistors, plus two
transistors connected to the CLK input: one PMOS puil-up and one NMOS foot tran-
sistor. When CLK is low, the precharge transistor pulls the output to Vyp. When the
clock goes high, the evaluate transistor turns on. If A or 8 or C'is high, the cutput will
be discharged to Gnd. If all three Inputs are low, the output will remain high.

The pull-up requires a width of 84 to deliver the same fise delay 25 the CMO5S
inverter. This is somewhat irrelevant since all gates are precharged simultaneously.
The pull-down tree should also be sized with 8A transistors to produce the equiva-
lent 4 device to deliver the same fall delay as the CMOS inverter. The final sizes are
shown below:

e 2w [w

in reality, the CLK signal arrives first so A, B, and C can be considered as late
armiving signals. In that case, the transistors can be reduced to half the size to
deliver the same delay as the inverter.

o

Most logic functions can be implemented as dynamic circuits using the struc-
ture shown in Figure 7.26. The desired function is implemented in the NMOS com-
plex. Transistors Myand M, are the precharge and evaluate transistors, respectively.
The foot transistor is the only extra device relative to pseudo-NMOS gates. Note
that all dynamic gates require a clock signal for proper operation. Furthermore, the
clock must be routed to all dynamic gates, as opposed to static gates which do not
require a clock. This places an additional burden on the physical layout tools.

There is a notable complication when one dynamic gate feeds another, as
shown in Figure 7.27a. Since all output nodes are precharged high, all inputs to sub-
sequent gates are high, implying that there will be an active path to Gnd from each
output node as soon as the foot transistor is turned on. Once an output node has
been discharged, it cannot go high until the next precharge phase. Therefore, a
direct connection is not suitable.

A simple solution exists for this problem: add a static inverter to the output of
all dynamic gates. Then define a “stage” as the dynamic gate plus the inverter. The
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Figure 7.27
Connecting dynamic gates.
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Figure 7.28
Domino cascaded gates.

output of each stage is now low during precharge. Therefore, all NMOS transistors
are off during precharge and can only be turned on during the evaluate phase as
shown in Figure 7.27b. The combination of a dynamic stage and an inverter is
referred to as a domino siage, and circuits using this form of dynamic logic are
referred to as domino logic circuits,

A cascade of three domino logic stages is shown in Figure 7.28. All three stages
are precharged high when @ is low. The clock, @, need not be low for very long since
all stages are precharged simultaneously. In fact, the clock should only be low until
all inverter outputs are low. When @ goes high, we enter the evaluation phase where
the internal nodes {labeled Y,,Y,, Y;) will fall like dominos in order from left to right,
assuming there is a path to the Gnd through their respective n-complexes. This is
why the name domino is used to describe logic circuits implemented in this fashion.

Meanwhile, the true outputs, F, F,, and F;, would rise to Vy,p,, depending on the
logic in the #-complexes. The clock must remain high long enough for logic to prep-
agate through the entire chain. Therefore, an asymmetric clock with a relatively high
duty cycle (percentage of time that the clock is high} is used for domino logic. The
propagation delay is the sum of each dynamic block and inverter. However, we care
most about the falling edge of the dynamic block and the rising edge of the inverter
output. When we optimize the speed of this type of logic, we try to speed up these
transitions because they are the only ones that control the cycle time.

In fact, we should design a domino stage with a stronger pull-down in the
dynamic gate and a stronger pull-up in the static inverter. For the dynamic gate, we
should increase the sizes of the NMOS devices in the n-complex. Since we are only
interested in the rising output of the inverter, we could increase the size of its PMOS
device, This type of inverter is a skewed inverter since its switching threshoid is
skewed relative 1o the conventional inverter. As a side-effect of the sizing operations,
the Vj is higher for the static inverter. Furthermore, there is no pull-up fighting the
pull-down in the first gate so its V is-actually lower than expected (roughly equal
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to the Vi, of the NMOS device). Therefore, a domino stage will actually switch ear-
lier than a regular gate.

There is also 2 power savings in domino logic. Only those gates that discharge to
Gnd will dissipate power. There will be no power dissipation due to crowbar current
since a direct path between Vj,, and Gnd is not ailowed in this type of logic. In addi-
tion, glitches can be effectively removed since all inputs switch from low to high.

One disadvantage of domino logic is that it can only be used to create nonin-
verting functions. This may not seem to be a problem at first glance, but one quickly
realizes that an fzverter cannot be implemented in domino logic. This is not a seri-
ous problem since we can push the inversions around the circuit as required until
they appear at a primary input or output. We can also generate the true and com-
plement values if necessary using two precharged gates. In the worst case, we will
require twice as many gates but the overall speed will still be faster.

]
Adder Function in Domino Logic Example 7.7
Problem:

implement the function sum = a@ b @ ¢ in domino logic. Assume that the fiterals
@, a, b, b are available as stable inputs to the gates.

Solution:

We need 1o create the XOR and XNOR of g and & using domino gates and then
apply them to a third XOR gate, Note that we need the true and complement of X
to implement the function.

¢ Sum
)

X=aeb=ab+ab
X=a@b=ab+ab
Sum=ceX=eX+cX

Voo

Sum
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Figure 7.29
Comparison of static and dynamic logical effort.

7.5.1 Logical Effort for Domino Gates

One question to pose at this stage is whether or not domino logic is actually faster
than the static CMOS gates, and by how much. One way to evaluate its timing per-
formance is to use logical effort. For comparison, consider a static NOR gate and a
dynamic NOR gate as shown in Rigure 7.29. The pull-down strengths of both gates
have been made equal and we assume that they are driving the same output load to
conduct a fair comparison. The length of all devices is 24,

For the static gate, we already determined its logical effort to be 5/3. This can be
derived by comparing the input capacitance of the static NOR to a corresponding
inverter. The inverter size of 8A for the pull-up and 4A for the pull-down produces
a ratio of

(NORinputcap.)  16A + 4A _
(Inverter input cap.)  8A + 44

5/3

LExor =

For the domino circuit, the input capacitance is simply 8 since it is only connected
to NMOS devices. Then,

LE - (Dynamicinput cap.} 8
dyn NOR ™ (Inverter input cap.) 124

=2/3

Since the extra inverter in domino logic has an LE = 1, the average LE for each of
the two gates is the geometric mean of the product of their logical efforts {i.e., LE,,

V(2/3) (1) = 0.8). Therefore, the domino stage is better in terms of its overaﬁ
drive capability and input capacitive loading.

The results above may seem counterintuitive at first since there are two stages
in the domino circuit and only one in the static NOR gate. However, the fact that
only one NMOS device is driven in the domino case gives it a decided advantage in
terms of input capacitance. This advantage translates into a faster overall circuit.
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Figure 7,30
Charge-sharing example in domino logic.

Furthermore, the pull-down transistors in the domino case do not fight with the
pull-up device as in the case of the static NOR gate (albeit, only for a brief pericd
during switching). This makes the switching threshold V; smeller for domino
inputs than for static gates.

7.5.2 Limitations of Domino Logic

While the previous sections highlighted the merits of dynamic logic, there are
notable disadvantages that have prevented its widespread use in industry. The main
problem is the potential for logic upset due to charge loss on a capacitor, and that
is not acceptable to most designers. Charge may be lost via charge sharing, noise
injection due to capacitive coupling, charge leakage, or a-particle hits, Once lost, it
cannot be recovered and the circuit ceases to function correctly. We address each of
these issues below.

Charge sharing was described earlier in this chapter. We now apply it to the
domino stage shown in Figure 7.30. Initially, CLK is low so the circuit is in the
precharge phase. The OUT signal is unknown until the precharge is complete. We
assume that signal X is low initially. When CLK goes high, we enter the evaluation
phase. At some point, IN goes high and turns on one of the transistors connected to
the output, while the other transistor in the stack remains off. As a result, we have
charge sharing between the output node and the internal node X . The degree of

charge sharing depends on the two capacitances C,, and C,:
C
V;I,; — out V
Cx + Cnut e

If they are equal, then the output value will be reduced to half its original value (ie.,
1/2 Vpp). Since this value is being fed to an inverter, the implications of this degree
of charge sharing is that the inverter may flip its value and produce an erroneous
result. Furthermore, the fact that the inverter is skewed for timing reasons means
that a smaller drop in the output voltage will cause the inverter to switch. There is
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Figure 7.31
Minimizing the effects of charge sharing using keepers.

obviously a design tradecff between timing and noise tolerance when sizing the
inverter.

There are a number of ways to minimize charge sharing in these types of cir-
cuits. One way is to increase the cutput capacitance so that the final output will not
vary significantly from its initial value. The input capacitance of the static inverter
helps in this regard. Another approach is to precharge the internal node X to V5
during the precharge phase with an additional transistor. This will require addi-
tional power and area. It will also increase the delay since there will be additional
charge to remove from the internal nodes.

A third approach is to introduce “keepers” or “baby-sitters” to hold the output
value high in the presence of charge sharing. In Figure 7.31a, a weak PMOS device
is placed in a feedback path from the output to the internal node. After precharge,
the PMOS device is on and it continues to pull up the node even after the precharge
is complete. If there is any charge sharing, the output is pulled back up to V5 by
this device. On the other hand, if there is a path to Gnd from the output of the
dynarmnic stage, the NMOS path must overpower the PMOS device so that the out-
put actually switches. For this reason, we need to make the PMOS device very weak.
That is, the length L of the device is made large which makes the W/L small.

The problem with this requirement is that it places a larger drive requirement
on the output inverter. To circurnvent this issue, two transistors can be used in the
feedback path: one transistor is driven by the inverter output but it is a minimum
size device so it does not place a significant load on the inverter. The second one is
always on but it is a very long {and hence weak) device. The effective pull-up
strength is controlled by the long device, but the capacitance seen by the inverter
oufput is due to the small device. There is additional power dissipation, some ratio-
ing that is required and some additional delay. Clearly; as you begin to make the
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dynamic circuit more tolerant to noise, it begins to take on the characteristics of a
static device.

A second issue in dynamic circuits is leakage, Both subthreshold current and
reverse-bias diode leakage act to remove stored charge from any high-impedance
nodes. However, every output node is precharged on every cycle. Perhaps a more
serious issue is that of e-particle hits on dynamic nodes. These are cosmic particles
that may enter the substrate and discharge capacitive nodes. Depending on the size
of the capacitance, and hence the total charge on a dynamic node, it could reduce
the value to a point where the stored information is lost. One way to overcome this
issue is to increase the size of the capacitances, but this increases the area and power
of the circuits. The keeper circuit is also useful in mitigating the effects of leakage
and a-particles.

A third area of concern is noise injection from the clock or capacitive coupling
to neighboring nodes. Clock feedthrough was described earlier in this chapter and
this effect can be observed at the dynamic output node through the Cgj, capacitance
of the PMOS precharge device, The example below illustrates that this effect does
not pose a problem. The issue of capacitive coupling to other nodes is described in
more detail in the chapter on interconnect. The design approach to reducing this
problem is to minimize the coupling between any dynamic node and its neighber
using either spacing or shielding techniques that are described in Chapter 10.

Charge Sharing and Feedthrough in Domino Logic Example 7.8
Problem:

For the domino function below, assume 0.13 pm technology parameters and
answer the following questions;
(aj What function does the gate perform at the output /77

{b) How much dack feedthrough do we observe st the internal node X 2 Is this
a potential problem?

{c} What is the worst-case charge sharing voltage that we observe at node X 7

ClX
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Solution:
fa) The function at the output is F = AB + C [a noninverting function).

{b} Clock feedthrough is due to the clock going from low o high. The PMOS
device is in the linear region after precharge The feedthrough capacitance is

C, ¥, 2 fFf pm3{16)(0.05
C= Cop = 929={ / }{2)( *um)=0.8f§:

The grounded capacitance at node X, assuming no source/drain sharing, is
Cyna = Cr{16A + 16A + 8A) + C,{8A + 4A)

= (1 fF/um}(40)(0.05 pum) + (2 fFF/um)(12}{0.05 pm)

=51{F
The feedthrough voltage is

AV = GAVy 08 fF(1.2V)
G+ Cpa OBFF+SF

=017V

Therefore the output voltage due te feedthrough is 1.2 + 017V = 137 V.
Since the value [s above Yy, it is not a problem.

(¢} The worst-case charge sharing assumes that the output is sitting at 1.2V,
A =1,B = C = 0.We have already determined that C, = 5 fR. The capadi-
tance at the infermediate node between transistors Aand B is

Ce= (1 fF/um)(161) = 16(0.05) = 0.8 fF
Therefore, the worst-case charge sharing is given by
G2 V) 3 s(12v)
G+ G 08+5

v#

=10V

This level is not possible at node Y. SetV, = Vi — Vi = 0.73 V.The rest of
the charge remains at node X. The remaining charge is {5 fF}{1.2V)— 0.8fF
{0.73 V) = 5.42 {C. This translates to a voltage of 1,08V at node X.

7.5.3 Dual-Rail (Differential) Domino Logic

A popular form of domino logic is called dual-rail or differential domino logic. It is
also known as differential cascode voltage switch (DCVS) logic. Since standard dom-
inc can only implement noninverting logic functions, the dual-rail approach has
been adopted by many microprecessor designers to overcome this limitation. The
basic structure is shown in Figure 7.32. Rather than having only one cutput node,
a complementary pair of logic outputs are generated. There are two precharge tran-
sistors that force the outputs low when CLK is low. When CLK goes high, either
OUT or OUT will go high, depending on the logic blocks, F and F, respectively. Of
course, both outputs cannot go high during the evaluate phase.
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Figure 7.32
Structure of dual-rail domino logic.

An example of a dual-rail AND/NAND gate is shown in Figure 7.33. One side
of the gate implements the AND function while the opposite side implements the
NAND function.

This configuration has a number of problems similar to the standard domine
gate. The internal nodes are susceptible to charge sharing. Therefore, a pair of kegper
devices are needed to maintain high levels if the clock is high for a long period of
time. The keeper devices are shown in Figure 7.34. It is clear that the number of
devices needed to implement the gate has increased significantly from the modest
levels that we expected when first considering dynamic logic. Furthermore, the
power dissipation of these gates is much higher than the conventional CMOS gate
or the standard domino gate since one side will always be precharged high and then

Figure 7.33
Dual-rall domino AND/NAND funcdon.
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Figure 7.34
Duat-rall domino with keeper devices.

go low. This is a significant price to pay for the extra output. However, we should
note that not every logic gate requires a complement function. Only those functions
that explicitly require a complementary term would require the use of dual-rail
gates. The rest can be implemented as standard domino gates.

Example 7.9 Dual-Rail XOR/XNOR Domino Gate
Problem:

Design a dual-rail XOR/XNGR domino gate and share as many transistors as possi-
ble between the true and complement logic blocks.

Selution:

Voo

. gy
XNOR :] [:  XOR

sl
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Precharge logic Posicharge logic

VDD
-

a—HL e
Ny

b

L4

il

r|}-~

Figure 7.35
Pracharge and postcharge clrcuits.

7.5.4 Self-Resetting Circuits

The routing of the clock to domino gates presents a problem to CAD tools and
introduces issues of delay and skew into the circuit design process. There are situa-
tions that permit the use of circuits that can automatically precharge themselves
(i.e., reset themselves) after a prescribed delay. These are called postcharge or self-
resetting logic circuits. They find applications where a small percentage of gates
switch in each cycle, such as memory decoders (described in Chapter 10). Here we
will examine the basic operation of these circuits.

Figure 7.35 shows the standard precharge configuration and the postcharge
configuration. In the domino case, the clock is used to operate the circuit. In the
self-resetting case, the output is fed back to the precharge control input and, after a
specified time delay, the pull-up is reactivated. The delay line is implemented as a
series of inverters. The signals that propagate through these circuits are pulses. The
width of the pulses must be controlled carefully or eise there may be contention
between NMOS and PMOS devices, or even worse, oscillations may occur. For &
example, if A is high for more than twice the delay around the loop, the circuit will
oscillate. Therefore, special care must be taken to ensure correct timing.

7.6 Summary
Capacitive feedthrough and bootstrapping equation:

av, = 20
27 Cr Cou ’

ONSEMI EXHIBIT 1038, Page 258



350 ANALYSIS AND DESIGN CF DIGITAL INTEGRATED CIRCUTS

Charge-sharing eguation:
_ (G + CoW)

V*
C,+ C,
Large-signal resistance for CMOS transmission gate:
Vos
Ry = }_
DS

L
Riz = Ry//Rp= R ,{_%,
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PROBLEMS

P7.1. Compute all the voltages at all the nodes for the pass transistor circuit of
Figure P7.1 including the body effect. Use 0.13 pum technology parame-
ters. Assume that all nodes are initially at 0 V.

L2V

T T L

12v /M M

1

il
B M

L
1

Figure P7.1
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P7.2. Provide a truth table that describes the functionality of each circuit in
Figure P7.2. (Note: In some cases, the output of the circuit may be high-
Z.) The symbol A’ refers to the complement of A.

Yoo
A
L
Voo
i j IA OuT
T T T
A B’ A
{a) )
A B 5
€L 1 L
J iE
) p ouT .
L 1
-
__?_ T i: A s—oUT
= A C 1
{c}
C
= i
L
A
5
c
{d
Figure P7.2
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P7.3. (a) For the dynamic D-latch shown in Figure P7.3a, estimate the output
voltages for Q and Q given that the input is at Vp, when CLK goes
high (Vpp). Assume that W = 200 nm and Vg, = 1.8 V. Then, re-
compute the values when the CLK goes low. Include the effects of
clock feedthrough.

Voo
CLK W
D =Vpp ;—-:_L 0 -
W Q
5_&?

Figure P7.3a

(b) Repeat part (a) for Figure P7.3b. Then, compute the worst-case
delay through the D-latch when the clock input goes high. Include
all capcitance. Assume W = 200 am.

Yop
CLK
1 2w
W
Vop
w
T 4
TLE

Figure P7.3b

P7.4. Using transmission gates, design a circuit whose output is
{a} Out= A + BC
(b) Qut = AB+ BC+C 7
() Out=(A+ B+ C) + AB |

W) Out=((A+B+C)+AB)

Then remove the transistors and switches that are not necessary.
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P7.5. What is the output of each of the circuits in Figure P7.5¢

—dy —d
—

Figure P7.5 (a) )

CLK —

e

P7.6. Design a domino circuit whose output is
{a) Cut=A + BC
(b) Out=AB+ BC+C

() Out=(A+ B+ C) + AB
(d) out= ((A + B + C) + AB)

P7.7. What is the LE (logic effort) of each input signal of the circuits of Fig-
ure P7.77 {All transistors are minimum size, L = 2A and W = 24, unless

specified.}
Voo 4
1
Yoo 4 B
1l 1 T
ouT i o —— OUT
< Y wei 1 1
A B 34{;
, A A
Figure P7.7 ) = A c
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P7.8. For the circnit shown in Figure P7.8, assume that the transmission gates
are all 4A:2A and that the inverters driving the transmission gates have
PMOS transistors that are 8A:2A, and NMOS transistors that are 4A:24,
where A = 0.1 gemn. The output inverter is to drive a 50 fF load. The out-
put inverter is f times larger than the input inverters.

sel
1
A ;
selB —C—Dfo— oUT

iy
T

sel

Figure P7.8

{a) Write the expression for the output function in terms of A, B, sel,
and selB.

(b} Draw an equivalent RC circuit model for the path from A to C
assuming that the sef signal is high. Write down the individual con-
tributions for each resistance and capacitance and place the total
values at the appropriate nodes.

{c) Whatis the expression for the delay from A to C? Use Elmore delay
here.

{d) Write down the expression for the delay through the output
inverter knowing that it is ftimes larger than the input inverters.
Use an RC delay here,

{e) Determine the optimal size of the output inverter to minimize the
total delay from A to QUT. That is, write the complete expression
for the delay and then derive the best value of fthat would produce
the smallest delay.

P7.9. What is the logical effort of the circuits of Figure P7.9 (W, = 84, W, =
12A)? Consider the fall transition in each case.

ONSEMI EXHIBIT 1038, Page 263



TRANSFER GATE ANG DYNAMIC LOGIC DESIGN 355

—

—
OuT ouT
e s
CLK —¢ CLK —e
. AL
—

(@) {b)

Figure P7.9

P7.10. In the circuit of Figure P7.10, determine the capacitance of each node
and calculate the minimum and maximum delay. {All transistors are
minimum size, L = 24 and W = 2), unless otherwise specified.)

= A +—oOoUT

Figure P7.10
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P7.11. The precharged circuit of Figure P7.11 is a 2-input AND gate, Draw the
waveforms at nodes F, X, and Y as a function of time. You can assume
short rise and fall times (i.e., you do not need to calculate them), but the
final value in each phase must be correct. Only the capacitances shown
here need to be considered. All devices are minimum size. Both Fand Y
start out unknown. Use (.13 pm parameters.

1.2¥
12

—_"Hil— Phi [ O.O_l_L2 | oo

] L i
b 1

X—00

Figure P7.11

P7.12. What is the effect of temperature on static and dynamic logic circuits in
terms of speed, power, and leakage current?

P7.13. Shown in Figure P7.13 is a dynamic logic gate in which the precharge
device has a WYL of 5, the n-channel devices are all 3, and the inverter is
a skewed inverter with a pull-up of 4 and a pull-down of 1 to reduce the
delay.

CLK

Figure P7.13
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(a) What input settings give you the worst-case charge sharing?
{(b) What is the amount of charge sharing in the worst-case?

{c) Does this circuit fail in the worst-case charge sharing situation?
Explain.

P7.14. The two CMOS circuits in Figure P7.14 are intended to be sirnple
latches. Do these gates work as latches? Are there any problems with
using them as latches? Is one better than the other? Explain.

Voo Voo
— =
5

v —|
m— EN —]

Figure P7.14 - {a {b}

OUT IN ouUTr

P7.15. The circuit shown in Figure P7.15 is a bootstrapped inverter, It uses 2
linear enhancement load, M,, with an addition transistor, M,, to provide
gate drive to M,. A bootstrapping capacitor, C,, is used to pull node X
up when the output is being pulled up. Answer the following questions
in terms of the quantities Vy,,, ¥y, Vop, Gy, Copo and G,

(a) When the input is V5, what is the output voltage and the voltage at
node X?

(b} When the input switches to a low voltage, what is the required value
of C, that allows the output to reach Vp,?

Figure P7.15
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8.1 Introduction

Modern digital systems require the capability of storing and retrieving large
amounts of information at high speeds. Memories are circuits or systems that store
digital information in large quantity. This chapter addresses the analysis and design
of VLSI memories, commonly known as semiconductor mesmories. Today, memory
circuits come in different forms including SRAM, DRAM, ROM, EPROM,
E?PROM, Flash, and FRAM. While each form has a different cell design, the basic
structure, organization, and access mechanisms are largely the same. In this chap-
ter, we classify the different types of memory, examine the major subsystems, and
focus on the static RAM design issues. This topic is particularly suitable for our
study of CMOS digital design as it allows us to apply many of the concepts pre-
sented in earlier chapters.

Recent surveys indicate that roughly 30% of the worldwide semiconductor busi-
ness is due to memory chips. Over the years, technology advances have been driven
by memory designs of higher and higher density. Electronic memory capacity in
digital systems ranges from fewer than 100 bits for a simple function to standalone
chips containing 256 Mb (1 Mb = 2!° bits) or more.! Circuit designers usually

! Recently, a memory chip with 1 Gbit of data storage capacity has been announced.

CGOO

CHAPTER

8

359
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speak of memory capacities in terms of bits, since a separate flip-flop or other sim-~
ilar circuit is used to store each bit. On the other hand, system designers usually state
memory capacities in terms of bytes {8 bits); each byte represents a single alphanu-
meric character. Very large scientific computing systems often have memeory capac-
ity stated in terms of words (32 to 128 bits). Each byte or word is stored in a partic-
ular location that is identified by a unique numeric address. Memory storage
capacity is nsually stated in units of kilobytes (K bytes) or megabytes (M bytes}.
Because memory addressing is based on binary codes, capacities that are integral
powers of 2 are most common. Thus the convention is that, for example, 1K byte =
1,024 bytes and 64K bytes = 65,536 bytes. In most memory systems, only a single
byte or word at a single address is stored or retrieved during each cycle of memory
operation. Dual-port memories are also available that have the ability to read/write
two words in one cycle,

8.1.1 Memory Organization

The preferred organization for most large memories is shown in Figure 8.1, This
organization is a random-access architecture. The name is derived from the fact that
memory locations {addresses) can be accessed in random order at a fixed rate, inde-
pendent of physical location, for reading or writing. The storage atray, or core, is
made up of simple cell circuits arranged to share connections in horizontal rows
and vertical columns. The horizontal lines, which are driven only from outside the
storage array, are called wordlines, while the vertical lines, along which data flow into
and out of cells, are called bitlines.

A cell is accessed for reading or writing by selecting its row and column. Each
cell can store 0 or 1. Memories may simultaneously select 4, 8, 16, 32, or 64 columns

LCell array “CORE"

! 2% 2™ -
o
e
L] 1 "
& — % P Wordlines
= 2
- B cenl
2 v |2
& 2 - |~ Biilines
—e * “nw /
2 .
n i il

Colums decoder/MUX /H

. 1 >

1 "
Column address

Figure 8.1
Organization of memory systems.
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in one row depending on the application. The row and column {or group of
columns) to be selected are determined by decoding binary address information.
For example, an n-bit decoder for row selection, as shown in Figure 8.1, has 2" out-
put lines, a different one of which is enabled for each different »-bit input code. The
column decoder takes m inputs and produces 2™ bitline access signals, of which
1,4, 8,16, 32, or 64 may be enabled at one time. The bit selection is done using a
multiplexer circuit to direct the corresponding cell outputs to data registers, In
total, 2" X 2" cells are stored in the core array.

An overall architecture of a 64 Xb random-access memory is shown in Figure
8.2. For this example, #n = m = 8. Therefore, the core array has 2 total of 65,536
cells. The memory uses a 16-bit address to produce a single bit output.

Memory cell circuits can be implemented in a wide variety of ways. In princi-
ple, the cells can be based eon the flip-flop designs listed in Chapter 5 since their
intended function is to store bits of data. However, these flip-flops require a sub-
stantial amount of area and are not appropriate when millions of cells are needed.

l 2 =256 |
Row decoder ’ S N N I
’ "‘":! l]?‘ '{ _-1:1'1_- Column pull-ups
D D Wordline m ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
AN
Bitline ™

2= 256
,I
4
t/’,

Address _ e

input o
- —4[:]}— 4{:];— —q[:ﬁ— —4[;}_“— Column MUX
m=3 ' 7

Column
decoder

2
i Sense amplifier
|— Senseen
Read/write —m-

= Writc en

Readfwrite Write driver
control

Data in Data cut

Figure 8.2
Overall architecture of mermory design.
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In fact, most memory cell circuits are greatly simplified compared to register and
flip-flop circuits. While the data storage function is preserved, other properties
including quantization of amplitudes, regeneration of logic levels, input-output iso-
lation, and fanout drive capability may be sacrificed for cell simplicity. In this way,
the number of devices in a single cell can be reduced to one to six transistors. Fig-
ure 8.2 illustrates a six-transistor memory cell.

At the level of a memory chip shown in Figure 8.2, the desired logic properties
are recovered through use of properly designed peripheral circusts, Circuits in this
category are the decoders, sense amplifiers, column precharge, data buffers, etc.
These circuits are designed so that they may be shared among many memory cells.
Read-write (R/W) circuits determine whether data are being retrieved or stored,
and they perform any necessary amplification, buffering, and translation of voltage
levels. Specific examples are presented in the following sections.

8.1.2 Types of Memory

Read-write random-access memories (RAM) may store information in flip-flop
style circuits, or simply as charge on capacitors. Approximately equal delays are
encountered in reading or writing data. Because read-write memories storedata in
active circuits, they are volatile; that is, stored information is lost if the power sup-
ply is interrupted. The natural abbreviation for read-write memory would be
RWM. However, pronunciation of this acronym is difficult. Instead, the term RAM
is commonly used to refer to read-write random-access memories. If the terms were
consistent, both read-only (see below) and read-write memories would be called
RAMs.

The two most commen types of RAMs are the static RAM (SRAM]) and the
dynamic RAM (DRAM), The static and dynamic definitions are based on the same
concepts as those introduced in earlier chapters. Static RAMs hold the stored value
in flip-flop circuits as long as the power is on. SRAMs tend to be high-speed mem-
ories with clock cycles in the range of 5 to 50 ns. Dynamic RAMs store values on
capacitors. They are prone to noise and leakage problems, and are slower than
SRAMSs, clocking at 50 ns to 200 ns. However, DRAMS are much more dense than
SRAMs—up to four times more dense in a given generation of technology.

Read-only memories {ROMs) store information according to the presence or
absence of transistors joining rows to columns, ROMs also employ the organization
shown in Figure 8.1 and have read speeds comparable to those for read-write mem-
ories. All ROMs are nonvolatile, but they vary in the method used to enter {write)
stored data. The simplest form of ROM is programmed when it is manufactured by
formation of physical patterns on the chip; subsequent changes of stored data are
impossible. These are termed mask-programmed ROMs. In contrast, programmable
read-only memories (PROMs) have a data path present between every row and col-
umn when manufactured, corresponding to a stored 1 in every data position. Stor-
age cells are selectively switched to the 0 state once after manufacture by applying
appropriate electrical pulses to selectively open {blow out) row-column data paths.
Once programmed, or blows, a 0 cannot be changed back to a 1.
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Erasable programmable read-only memories (EPROMSs) alse have all bits ini-
tially in one binary state. They are programmed electrically (similar to the PROM],
but all bits may be erased (returned to the initial state} by exposure {0 ultraviclet
(UV} light. The packages for these components have transparent windows over the
chip to permit the UV irradiation. Electrically erasable programmable read-only
memories (EEPROMs, E?PROM, or E-squared PROMs) may be written and erased
by electrical means. These are the most advanced and most expensive form of
PROM. Unlike EPROMs, which must be totally erased and rewritten to change even
a single bit, EPROMSs may be selectively erased. Writing and erasing operations for
all PROMs require times ranging from microseconds to milliseconds. However, all
PROMs retain stored data when power is turned off; thus they are termed non-
volatile,

A recent form of EPROM and E2PROM is termed Flash memory, a name derived
from the fact that blocks of memory may be erased simultaneously. Flash memory
of the EPROM form is written using the hot-electron effect? whereas E2PROM
Plash is written using Fowler-Nordheim (FN) tunneling.’ Both types are erased
using FN tunneling. Their large storage capacity has made this an emerging mass
storage medium, In addition, these types of memories are beginning to replace the
role of ROMSs on many chips, although additional processing is required to manu-
facture Flash memories in a standard CMOS technology.

Memeries based on ferroelectric materials, so-called FRAMs or FeRAMs, can
also be designed to retain stored information when power is off. The Perovskite crys-
tal material used in the memory cells of this type of RAM can be polarized in one
direction or the other to store the desired value. The polarization is retained even
when the power supply is removed, thereby creating a nonvolatile memory. How-
ever, semiconductor memories are preferred over ferroelectric memories for most
applications because of their advantages in cost, operating speed, and physical size.
Recently, FRAMs have been shown to be useful nonvolatile memory in certain
appiications such as smart cards and may be more attractive in the future due to
their extremely high storage density.

8.1.3 Memory Timing Parameters

The timing signals of random-access memories are illustrated in Figure 8.3. At a
high level, the main inputs are the (# + »1)-bit address, the k-bit input data, and the
read/write signal (write operations are active low in this example}. The output is the
k-bit value that was stored in the memory location associated with the (1 -+ m)-bit
address. The read access time, t,0, is the delay from presentation of an address until
data stored at that address are available at the output. Maximum read access time is
an important parameter, and it should not exceed the memory cycle time since

?Hot electrons are created by applying a high field in the channel region. These electrons enter the oxide and
raise the threshold voltage of a device. Devices with this higher threshold veltage are viewed as = stored “17
Devices with the lower threshold voltage reprasent a stored “0.°

% Powler-Nordheim tunneling occurs through thin insufating material such as thin-oxide associated with the
gate. Current flows through the oxide by tunneling through the energy barrier,
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Figure 8.3
Random access mermnory timing parameters.

there are write setup operations needed before each memory operation, indicated
bY 7, /serap- The memory clock cycle time, £, 15 the minimum time needed to com-
plete successive read or write operations.

The cycle time is essentially the reciprocal of the time rate at which address
information is changed while reading or writing at random locatiens. Minimum
access times for reading and writing are not necessarily the same, but for simplicity
of design, most systems specify a single time for both reading and writing. For semi-
conductor read-write memories, the read access time is typically 50 to 80% of cycle

time.

8.2 MOS Decoders

The row and column decoders identified in Figure 8.1 are essential elements in all
random-access memories, Access time and power consumption of memories may
be largely determined by decoder design. Similar designs are used in read-only and
read-write applications. Row decoders take an n-bit address and produce 2" out-
puts, one of which is activated. Obviously, the one that is activated depends directly
on the address applied to the memory. Figure 8.4 shows two forms of decoders:
AND and NOR decoders. The decoder can be implemented using AND gates or
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Figure 8.4
AND and ROR decoders.,

NOR gates that take every possible combination of the inputs. There are two
address bits in this example and we require both the true and complement of each
address bit. The output line activated by each input combination is shown in the
figure. Note that all outputs are normally low except one.

An #-bit decoder requires 2% logic gates, each with » inputs. For example, with
n = 6, we need 64 NANDG gates driving 64 inverters to implement the decoder.
From previous chapters, it is clear that gates with more than 3 or 4 inputs create
large series resistances and long delays. Rather than using n-input gates, it is prefer-
able to use a cascade of gates. Typically two stages are used: a predecode stage and a
final decode stage. The predecode stage generates intermediate signals that are used
by multiple gates in the final decode stage. In Figure 8.5, schematics are shown for
two possible alternatives to implement a é-input AND gate. We could choose three
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Decode stage

B

Predecode stage
! Decode stage
Predecode siage

Figure 8.5
Predecoder configurations.

NAND?2 gates and one NAND3 gate to implement each ANDG gate, as shown in
Figure 8.5a. Alternatively, two NAND?3 gates and one NAND2 gate of Figure 8.5b
may be used. The better of the two can be determined using logical effort.

The main advantage of two-level decoding is that a large number of intermedi-
ate signals can be generated by the predecode stage and then reused by the final
decoding stage. The result is a reduction in the number of inputs for each gate. Since
this aspect is not clearly depicted in Figure 8.5, a more complete example for 6
address bits is shown in Figure 8.6. In the predecoder, a total of 12 intermediate sig-
nals are generated from the address bits and their complements. The signals that are
generated in the predecoder are as follows: 434, AgA;, ApA|s AgAr AxAs A4, €1C.
These signals may now be used by the final decoding stage to generate the 64
required outputs using NAND3/inverter combinations. This corresponds to the
configuration shown in Figure 8.5a. Each predecoder output drives 16 NAND gates
(i.e., 64 NAND3 gates X 3 inputs each / 12 intermediate outputs}. Therefore, the
branching effort BE = 16. The delay through the NAND2-inverter-NAND3-
inverter stages can be minimized by sizing the gates using logical effort. A similar
kind of two-level decoder can be constructed using the configuration of Figure 8.5b.
Again, the better of the two approaches can be determined using logical effort. It is
important to minimize the delay through the decoder as it may constitute up to
40% of the clock cycle.
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Figure 8.6
Structure of two-level decoder for 6-bit address.

Decoder Sizing Using Logical Effort Techniques Example 8.1

Problem:

Size the decoder of Figure 8.6 using FO4 rules assuming that the normalized out-
put loading is 1. FO4 rules imply that the optimal stage effort is equal to 4.

LE X BE X Cop

For each stage, G, = 2

Solution;

work backwards from the output to the input, taking into account logical effort
and branching effort of each stage. First, the normalized output has a size of 1.
Therefore, the inverter input capacitance is 1/4 using FO4 sizing rules.The LE of the
NAND3Z gate is 5/3. Therefore, its Input capacitance is {5/3)/42. The branching effort
at the output of the predecode stage is 16. Therefore, the input capacitance of the
verter is (1635/3)/4%, Finally, the NAND2 gate has an input capacitence of
{16)(4/3)(5/31/4%.
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8.3 Static RAM Cell Design

Memories are said to be static if no periodic clock signals are required to retain
stored data indefinitely. Memory cells in these circuits have a direct path to Vpyor
Gnd or both. Read-write memory cell arrays based on flip-flop circuits are com-
moanly referred to as static RAMs or SRAMSs. The design issues for static memory
cells are described in this section.

8.3.1 Static Memory Operation

The basic static RAM cell is shown in Figure 8.7a. It consists of two cross-coupled
inverters and two access transistors. The access transistors are connected to the
wordline at their respective gate terminals, and the bitlines at their source/drain ter-
minals. The wordline is used to select the cell while the bitlines are used to perform
read or write operations on the cell. Internally, the cell holds the stored value on one
side and its complement on the other side. For reference purposes, assume that
node g holds the stored value while node 7 holds its complement. The two comple-
mentary bitlines are used to improve speed and noise rejection properties, as
described later in this chapter.

The VTC of cross-coupled inverters is shown in Figure 8.7b. This type of VIC
was already described in Chapter 4 on single source noise margins, and in Chapter 5
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Figure 8.7
Basic SRAM cell and V1T,

on flip-flops. The VTC conveys the key cell design considerations for read and write
operations. In the cross-coupled configuration, the stored values are represented by
the two stable states in the VTC, The cell will retain its current state until one of the
internal nodes crosses the switching threshold, V. When this occurs, the cell will
flip its internal state. Therefore, during a read operation, we must not disturb its
current state, while during the write operation we must force the internal voltage to
swing past V; to change the state.

The six transistor (6T) static memory cell in CMOS technology is illustrated
schematically in Figure 8.8. The cross-coupled inverters, M), M; and M,, M, act as
the storage element. Major design effort is directed at minimizing the cell area and
power consumption so that millions of cells can be placed on a chip. The steady-
state power consumption of the cell is controlled by subthreshold leakage currents,
s0 a larger threshold voltage is often used in memory circuits. To reduce area, the
cell layout is highly optimized to eliminate all wasted area. In fact, some designs
replace the load devices, M; and M, with resistors formed in undoped polysilicon.

Wordlipe

Figure 8.8
&1 SRAM cell.
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Figure 8.9
Wordline and doubie bitline configuration.

This is called a 4T cell since there are now only four transistors in the cell. To min-
imize power, the current through the resistors can be made extremely small by using
very large pull-up resistances. Sheet resistance of these resistors is 10 M{} per square
or higher and the area is minimal. Standby currents are kept in the nanoampere
range. Thus, power and area may be reduced at the expense of extra processing
complexity to form the undoped polysilicon resistors. However, the majority of the
designs today use the conventional 6T configuration of Figure 8.8.

The operation of an array of these cells is illustrated in Figure 8.9. The row
select lines, or wordlines, run horizontally. All cells connected to a given wordline
are accessed for reading or writing. The cells are connected vertically to the bitlines
using the pair of access devices to provide a switchable path for data into and out of
the cell. Two column lines, b and b, provide a differential data path. In principal, it
should be possible to achieve all memory functions using only one column line and
one access device. Attempts have been made in this direction, but due to normal
variations in device parameters and operating conditions, it is difficult to obtain
reliable operation at full speed using a single access line. Therefore, the symmetri-
cal data paths band b as shown in Figure 8.9 are almost aiways used.

Row selection in CMOS memory is accomplished using the decoders described
in the previous section. For synchronous memories, a clock signal is used in con-
junction with the decoder to activate a row only when read-write operations are
being perforimed. At other times, all wordlines are kept low. When one wordline goes
high, say wi3 in Figure 8.9, all the cells in that row are selected. The access transistors
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are all turned on and a read or write operation is performed. Cells in other rows are
effectively disconnected from their respective wordlines.

The wordline has a large capacitance, C_, that must be driven by the deceder.
It is comprised of two gate capacitances per cell and the wire capacitance per cell:

Cuord = {2 X gate cap + wire cap) X no. of cells in row (8.1)

Once the cells along the wordline are enabled, read or write operations are carried
out. For a read operation, only one side of the cell draws current. As a result, a small
differential voltage develops between & and & on 2ll column lines. The column
address decoder and multiplexer select the column lines to be accessed. The bitlines
will experience a voltage difference as the selected cells discharge one of the two bit-
Iines. This difference is amplified and sent to output buffers.

It should be noted that the bitlines also have a very large capacitance due to the
large number of cells connected to them. This is primarily due to source/drain
capacitance, but also has components due to wire capacitance and drain/source
contacts. Typically, a contact is shared between two cells. The total bitline capaci-
tance, G, can be computed as foilows:

Cyy, = (source/drain cap + wire cap + contact cap) X no. of cells in column
(8.2)

During a write operation, one of the bitlines is pulled low if we want to store 0,
while the other one is pulled low if we want to store 1. The requirement for a suc-
cessful write operation is to swing the internal voltage of the cell past the switching
threshold of the corresponding inverter. Once the cell has flipped to the other state,
the wordline can be reset back to its low value.

The design of the cell involves the selection of transistor sizes for all six transis-
tors of Figure 8.8 to guarantee proper read and write operations. Since the cell is
symmetric, only three transistor sizes need to be specified, either M,, M,, and M; or
M,, M, and M,. The goal is to select the sizes that minimize the area, deliver the
required performance, obtain good read and write stability, provide good cell read
current, and have good soft error immunity {especially due to a-particles).

8.2.2 Read Qperation

We now describe the design details of the 6T RAM cell for the read operation using
Figure 8.10. Assume that a “0” is stored on the left side of the cell, and a “1” on the
right side. Therefore, M, is on and M, is off. Initially, b and b are precharged to a
high voltage around Vpp, by a pair of column pull-up transistors (not shown), The
row selection line, held low in the standby state, is raised to Vj; which turns on
access transistors M, and M,. Current begins to flow through M, and M, to ground,
as shown in Figure 8 10a. The resuiting cell current slowly d1scharges the capacz-
tance G;,. Meanwhile, on the other side of the cell, the voltage on b remains high since
there is no path to ground through M,. The difference between b and b is fed to a
sense amplifier to generate a valid low output, which is then stored in a data buffer.
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Figure 8.10
Design of transistor sizes for read operation.

Upon completion of the read cycle, the wordline is returned to zero and the column
lines can be precharged back to a high value. .

‘When designing the transistor sizes for read stability, we must ensure that the
stored values are not disturbed during the read cycle. The problem is that, as cur-
rent flows through M, and M,, it raises the output voltage at node g which could
turn on M, and bring down the voltage at node g, as shown in Figure 8.10b. The
voltage at node g may drop a little but it should not fall below V. To avoid altering
the state of the cell when reading, we must control the voltage at node g by sizing
M, and M, appropriately. We can accomplish this by making the conductance of M,
about 3 to 4 times that of M, so that the drain voltage of M, does not rise above V..
In theory, the voltage should not exceed V, but this design must be carried out with
due consideration of process variations and noise. In effect, the read stability
requirement establishes the ratio between the two devices.

The other consideration in the read cycle design is to provide enough cell cur-
rent to discharge the bitline sufficiently within 20 to 30% of the cycle time. Since the
cell current, I, is very small and the bitline capacitance is large, the voltage will
drop very slowly at b, as shown in Figure 8.10b. The rate of change of the bitline can
be approximated as follows:
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dv
Icel] Cbitg
AV _ L
dr Gy

Clearly, I;, controls the rate at which the bitline discharges. If we want a rapid full-
swing discharge, we can make I, large. However, the transistors 3, and M, would
have to be larger. Since we have millions of such cells, the area and power of the
mernory would be correspondingly larger. Instead, we choose a different approach.
We attach a sense amplifier to the bitlines to detect the small difference, AV,
between band b and produce a full-swing logic high or low value at the output. The
trigger point relative to the rising edge of the wordline, Ar, for the enabling of the
sense amplifier can be chosen by the designer based on the response characteristics
of the amplifier. If the voltage swing AV and a target delay Ar are specified accord-
ing to Figure 8.10b, then

C&itA Vv
Iceli = ﬁT

This leads to the cell current value which, in turn, determines the final transistor
sizes for M, and M, Alternatively, if the transistor sizes are determined to optimize
the cell area, then the corresponding delay is computed as

_ GuAV
Icell

Ar

We now establish a rule of thumb for transistor sizes for the read cycle using an
example.

Read Cycle Design Guidelines
Problem:

Compute the widths of M, and A4, in Figure 8.10 given that the circuit can only tol-
erate a rise in voltage of 6.1 V at node g during the read operation. Assume that
G = 2 pF and that the specification calls for a 200 mV transition of the bitline in
2ns, Use 0.13 um technology parameters,

Solution:

When the wordline, wi, goes high, M; is a saturated enhancement load for the M,
driver. The driver transistor is expected to be in the linear region of operation.
Therefore, we can write the following equation:

% p,.,,Cax [{V _v }V _ ig _ bqfl-‘ﬁ"sal:ct:«x‘(VDD - }'fq - Vﬁ}z
Ly ( Y ) e TTte g (Voo — Vg — Vi) + Equls

14—
Epls
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We first eliminate C,, from both sides of the equation. Now, setting ¥, = 0.1 V and
ignoring body effect, we obtain

(2.70 e’ )
W, V—sec/| 0.1

12 — 04301 — —
0.1 um ( 0,1) A )
14+ =
0.6

2

_ W5(8 X 10° em/s) (1.2 — 0.1 — 04)°
- (12 - 01— 04) + 06

W

= 17
Y,

This ratic would be smafler if body effect were taken into account. The actual val-
ues of the widths depend an the desired rate of change of the bitline voltage, the
delay specification, and cell current. If we require a bitline transition of 200 mV in
2 ns, with a total bitline capacitance of 2 pF, then the cell current is

AV 200 mv
;cs§!=cbix><g=2p}:x > 1

= 200 pA

This is the average cell current through M, and M. As a rough estimate, we could
simply use the current through the access transistor when it turns om:

W8 X 10%)(1.6pF/cm?) (1.2 — 0.1 — 04)°
el (12— 0.1 — 04) + 06

= 200 uA

LW, =04 um

This implies that W,=0.7 am. These two sizes are larger than we would desire if we
were trying to create a 1 Mbit SRAM. However, this example is intended to show
the steps in the design process.

m
In practice, the device sizes are controiled by the RAM cell area constraints. As a rule
of thumb, we typically use

W,
W, L5 (8.3)

and then optimize the sizes to provide the proper noise margin characteristics.

8.3.3 Write Operation

The operation of writing ¢ or 1 is accomplished by forcing one bitline, either bor b,
low while the other bitline remains at about Vpp. In Figure 8.11, to write 1, b is
forced low, and to write 0, b is forced low. The conditions when writing 1 are illus-
trated in Figure 8.11a. The cell must be designed such that the conductance of M,
is several times larger than 34, so that the drain of M, is pulled below V. This ini-
tiates a regenerative effect between the two inverters. Eventually, M, turns off and
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{b2

Figure 8.11
Write operation and waveforms for 6T SRAM,

its drain voltage rises to V},, due to the pull-up action of M, and M,. At the same
time, M, turns on and assists M, in pulling output 7 to its intended low value. When
the cell finally flips to the new state, the row line can be returned to its low standby
level.

The design of the SRAM cell for a proper write operation involves the transis-
tor pair M,-M,. As shown in Figure 8.11a, when the cell is first turned on for the
write operation, they form a pseudo-NMOS inverter. Current flows through the two
devices and lowers the voltage at node 7 from its starting value of Vp,. The design
of device sizes is based on pulling node g below Vi to force the cell to switch via the
regenerative action. This switching process is shown in Figure 8.11b. Note that the
bitline b is pulled low before the wordline goes up. This is to reduce the overall delay
since the bitline will take some time to discharge due to its high capacitance.

The pull-up to pull-down ratio for the pseudo-NMOS inverter can be deter-
mined by writing the current equation for the two devices and setting the output to
Vs To be conservative, a value much lower than Vshould be used to ensure proper
operation in the presence of noise and process variations. Based on this analysis, a
rule of thumb is established for MM, sizing:

"

" = 1.5 (8.4)
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The two ratios provided in Equations {8.3) and (8.4) are only estimates. One should
remember that the actual values will depend on a number of factors such as area,
speed, and power considerations. However, these two rules of thumb can be used to
validate the solution, once obtained.

s Exercise 8.1 Compute the ratio of M to M, for the circuit In Figure 8.11 assuming that the
P node § is to be pulled down to Vi, which is well below the switching threshold.

8.3.4 SRAM Cell Layout

Onge the cell transistors are designed, the next step Is to construct a cell layout. A
typical layout for a CMOS static cell is shown in Figure 8.12. Every effort is made to
minimize the area of the memory cell. Extensive use is made of symmetry to allow
the core array to be generated by simply “tiling” the cells together vertically and hor-
izontally. Two levels of metal and one layer of poly are used to realize this memory
cell. If we examine the layout carefully, we should be able to identify a total of six
transistors.

Starting at the top, we have the two p-channel devices, M; and Mj, laid out hor-
izontally. In the middle of the cell, we have M; and M, which are the two pull-down
transistors laid out horizontally. Finally, near the bottom of the cell are the two
access transistors, M, and M,, laid out vertically. The bitlines, b and b, are routed in
Metal2 vertically, while the wordline is horizontally routed in both poly and Metall

Figure 8.12
SRAM cell fayout.

ONSEMI EXHIBIT 1038, Page 285



-

SEMICONDUCTOR MEMORY DESIGN 377

near the bottom of the cell. ¥V, is routed in Metall dt the top of the cell while Gnd
is routed in Metall near the middle of the cell. The source/drain contacts are shared
between pairs of neighboring celis by mirroring the cell vertically. The capacitance
of the contacts per cell is therefore half the actnal value due to sharing. The cell indi-
cated by the center bounding box is replicated to create the core array. This cell is
approximately 4GA by 30A. Note that the substrate and well contacts are contained
inside the cell. Removal of substrate and well plugs from the cell would resultin a
smaller ceil. ’

The large number of devices connected to the wordline and bitlines gives rise
to large capacitance {and resistance) values as described earlier. The row lines are
routed in both Metall and poly to reduce resistance, while the bitlines are routed in
Metal2. Calculations of total capacitance may be carried out using Equations (8.1)
and {8.2).

Capacitance Calculations for the Wordline and Bitlines
Problem:

What is the capacitance of the wordline and the bitlines for a 64K SRAM that uses
the cell layout of Figure 8.12 with access transistors that are 0.5 um/0.1 um in size?
The contacts on the bitiines are shared between pairs of cells and have a capaci-
tance of 0.5 fF each. Wire capacitance is 0.2 fF/um. Assume 0.13 um technology
parameters. The cell layout is 404 by 30A. Note that Tum = 204,

Solution:

If we were to design a 64K SRAM, it would contain a core area of 256 X 256.
Ighoring the resistance for the moment, the row capacitance would be due to the
gate capacitance of 512 access transistors and the wire capacitance of 256 cells:

C

WOl

o = 512 X 2fFfem X 6.5 uwm + 256 X 304 X 0.2 FF/pm X 1 um/20A
= 589fF

The bitline capacitance per cell due to the source/drain capacitance of the access
transistors is lower than usual since the voltage drop across the junction is dose to
Vop- In addition, there is wire capaditance and a half contact capacitance per cell.
The total is

Gy =256 X 0.5 fF/m X 0.5 gm + 256 X 40A X 0.2 fF/um X 0.1 pm/2A
+ 128 X 0.5 fF = 230 F

Example 8.3

8.4 SRAM Column I/O Circuitry

In this section, we examine the column input/output {I/O} circuitry, which includes
bitline precharge circuits, column multiplexers, write circuits, and read circuits. The
column IO must be designed with due consideration of the cell design and the tim-
ing specifications of the memory.
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8.4.1 Column Pull-Ups

In both read and write operations, the bitlines are initially pulled up to a high volt-
age near V. The circuits used to precharge the bitlines depend on the type of sens-
ing that is used in the read operation. Figure 8.13 illustrates three possible precharge
configurations. In Figure 8.13a, the precharge is similar to the dynamic logic
precharge described earlier in Chapter 7. A precharge signal, PC, is applied to the
two pull-ups and to a third transistor, called the balance transistor, connected between
the two bitlines to equalize their voltage levels. When the wordline {wi) signal goes
high, one bitline remains high and the other falls at a linear rate until wi goes low.
The difference between the bitlines is fed into a voltage-sensing latch-based ampli-
fier that is triggered when the differential voltage exceeds a certain threshold.

The precharge circuit of Figure 8.13b is reminiscent of the pseudo-NMOS cir-
cuits. Two static loads and a balance transistor form the precharge circuit. When PC
is applied to the balance transistor, it simply equalizes the two voltage levels. Once
the bitlines are precharged, the PC signal is turned off (raised to Vpp) and, at this
point, the wordline can be activated. Of course, the pull-ups are still on so current
will flow through one of them and into the cell side with the stored “0.” Eventually,
a steady-state output level will be reached by the bitline, as shown in the figure. This
type of puli-up is suitable for current-sensing amplifiers since there is continuous

wi

I equalize bitline r_]j

bl Wl

a
-

s I

Faportant to .
reads
|
f

b b b & b b
5 b B b -
_U\ b !_I—t— Voo
FC PC Van— ¥
wl PO [ . Do~ Yw
(@ {b} {c}
Figure 8.13

Column pulk-up configurations.
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current flow, or latch-based voltage-sensing amplifiers since the bitlines will estab-
fish a differential voltage, Av,

Figure 8.13c is based on the NMOS saturated enhancement load. Therefore, the
maximum possible voltage on the bitline is V5 — V. When PC is applied to the
balance transistor, it equalizes the two voltage levels. Once the lines are precharged
high, the PC signal is turned off (raised to V) and then wigoes high. At this point,
the pull-ups are still active so current will flow through one of them into the cell
side with the stored “0.” Again, a steady-state output level will be reached by the cor-
responding bitline, as shown in the figure, although this value will be lower than the
psetdo-NMOS case. This type of pull-up is suitable for differential voltage sensing
amplifiers since the bitline voltages initially start at Vj,, — Vi This lower voltage
is needed for a proper biasing and output swing of the differential amplifier, as will
be described later.

The PC signal may be generated in a variety of ways, but typically it is produced
by an address transition detection {(ATD) circuit. One form of this circuit is shown in
Figure 8.14. The ATD signal is triggered by any transition on the address inputs. The
basic circuit is comprised of a set of XOR gates, each with a delay element on one of
the inputs. When an address line changes, it causes the XOR gate to generate a short
pulse since the inputs differ in value for a short time. Circuits that generate a short
pulse of this nature are called one-shots, which are part of the monostable famnily of cir-
cuits. The duration of the pulse, 7, is determined by the delay element. The delay line
may be constructed from a simple inverter chain with an even number of inverters. In
the figure, N is an even number and 7, is the inverter propagation delay.

[

o s>

B/ e

0 O B N o Y

Tp Tp = Nipigy
Figure 8.14

Address transition detection {ATD} circuit.
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Once the pulse is generated, it turns on one of the pull-down transistors of the
pseudo-NMOS NOR gate. A negative going pulse is generated at its output. This is
passed through another inverter to generate the actual ATD signal. Many of the tim-
ing signals in SRAMSs are derived from this basic circuit so it is required to drive a
very high capacitance. Therefore, the signal should be properly buffered using logi-
cal effort or any other optimization methed. Once generated, it can be inverted and
applied to the bitline precharge elements as the PC signal. The address transitions
usually take place before the beginning of a clock cycle and, as a result, the precharge
operation typically occurs at the end of a previous memory cycle,

8.4.2 Column Selection

Once all the columns have been pulled up to a high voltage, the next step is to select
the column(s) that will be involved in the read or write operation. This colurn
selection is performed using a decoder/muitiplexer combination. The m-bit column
address is used to select one or more of the 2™ columns. This can be performed
using a decoder, similar to the row decoder, driving a number of CMOS pass tran-
sistors as shown in Figure 8.15. The pass transistors require complementary signals.
Of course, if an 8-bit output is desired, then the decoder outputs would each drive
eight CMOS transmission gates, and fewer column address bits would be needed.

| i I i
— Cell H =1 Celi H — Cell = Ceall H
I H I i
— Cell - Celt H — Cell - - Celt 5
U R
:'IELF‘ I =Iu-‘ ] s e n
2 Iy
m_ | Colums
decoder |3 | 1
i = S
B | -
o [ 4
Figure 8.15

Colurnn decoding and multiplexing.
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Column selection.

The optimal design of the column decoder proceeds in the same way as described
earlier for the row decoder. The transmission gates driven by the decoder are also
sized for optimal speed. They are connected 1o the sense amplifier for read opera-
tions and the write driver for write operations. This is shown in Figure 8.16a. Note
that the use of the CMOS transmission gate presents a routing problem since each
of the signals driving the pass transistors must be complementary {(we are driving
both PMOS and NMOS devices).

The routing can be simplified by realizing that the PMOS device is better at
transmitting high signals while the NMOS device is better at transmitting low signals.
Since the bitlines are near V;, during a read, we should turn on the PMOS device
during a read operation and leave the NMOS device off. During a write, one bitline is
pulled to a Iow voltage. Therefore, we leave the PMOS device off and only turn on the
NMOS device, It is possible to separate the NMOS and PMOS devices and only turn
them on when needed. This is shown in Figure 8.16b. The NMOS devices are only
connected to the write drivers while the PMOS devices are only connected to the sense
amptifiers since they would be turned on during a read operation.

Now that the lines have been separated, there is one other improvement we can
consider. Rather than a single level of multiplexing, it is possible to reduce the over-
ali transistor count by using a tree decoding structure as shown in Figure 8.17. In
this example, we have a 4-bit column address which would normally translate to 16
enable lines. Instead, we use two 2-to-4 decoders that select 1-out-of-4 pass transis-
tors at each level. As we add more levels in the tree, the signal path is slower but the
decoder size is reduced. For this example, we have shown two-level tree decoding
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Figure 8.17
Twso-level tree decoder for & 4-bit colurnn address.

with exclusively NMOS pass transistors. We would need a corresponding set of
PMOS transistors in a similar tree configuration. The tree decoding strategy requires
less power but may be slower as more and more levels are added. These circuits
should be designed based on the timing and power specifications for the memory.

8.4.3 Write Circuitry

Simplified write circuitry for the SRAM is shown in Figure 8.18. The operation is as
foliows. First, the columns are precharged to Vjp, using M, and M. Next, the
address and data signals are set up and held stable for a required amount of time
before the clock is applied. The address signals are converted into column select and
wordline activation signals. Before the wordline is enabled, the data and write sig-
nals are applied to pull one column to ground while leaving the other side at V.
This is done by ANDing the input data with the write signal. The pull-down tran-
sistors, M3, M,, and M, in this case, are sized to discharge the column iine in a
specified amount of time. When the wordline goes high, current flows out of the cell
and flips the sense of the cell. As described earlier, the internal cell voltage must be
pulled below the switching threshold to enable the cell to flip state. Once it has
switched, the wordline and column select lines may be returned to their standby
values.

8.4.4 Read Circuitry

The read circuitry is activated when the wordline goes high. The cell transistors
draw current from the highly capacitive column during a read operation. Therefore,
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Figure 8.18
Write driver circuic

the bitlines slowly drop in voltage and could potentially cause long access times. To
reduce read access time, the memory is designed so that only a small voltage change
on one column line or the other is needed to detect the stored value. Two or more
amplifying stages are used to generate a valid logic output when the voltage differ-
ence between b and & is about 150-200 mV. Thus the column delay is only due to
the time needed to achieve this small voltage change.

Figure 8.19 shows a simplified version of the read circuitry for a CMOS static
memory. One of the precharge circuits of Figure 8.13 is used to pull the column
lines high. In this case, the columns are biased at Vi, by transistors M, M;. Then,
the address, data (not used during read}, and clock signals are applied. Again, the
address signals translate into column enable and wordline activation signals. Usu-
ally the column selection and sense enable are activated at the same time. The sense
arnplifier depicted in Figure 8,19 is used to provide valid high and low outputs using
the small voltage difference between inputs b and &. The precharge circuit must be
consistent with the sense amplifier circuit. Otherwise, the sense amplifier may not
operate properly.
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Figure 8.19
Basic read circuitry.

Figure 8.20 provides an example of a sense amplifier in the form of a conven-
tional CMOS differential amplifier.* Typically, SRAMs may use eight identical sense
amplifiers to provide simultaneous output of eight data bits. When using these
types of sense amplifiers, the column pull-up transistors must be saturated
enhancement loads {shown at the top of Figure 8.13c). Otherwise, the inputs would
startat Vj, which would make it difficult to bias M and M, properly for the desired
output swing at node out.

The main reason for using this type of sense amplifier is to improve the noise
immunity and speed of the read circuit. Since the voltage swing on the bitlines is
limited due to the large capacitances, any noise on these lines may cause an errox in
the reading process. In fact, any neise that is common to b and b should not be
amplified. We are only interested in the differential signal changes between the two
bitlines. The sense amplifier shown in Figure 8.20 attenuates comnmon-mode noise
and amplifies differential-mode signals. The detailed operation of this circuit
involves the concepts of analog circuit design. However, since we are using it for

4 These are called sense amplifiers when used in memory applications; their sole is to sense which bitline is
dropping in voltage, Normally, such a circuit is used for small-signal voltage gain rather than large-signal sens-
ing applications,
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Figure 8.20
Cifferential voltage sense amplifier,

large-signal applications, we can study its properties from a more digital point of
view.

The circuit can be divided into three components: the current mirror, common-
source amplifier, and the biasing current source. All transistors are initially placed
in the saturation region of operation so that the gain is large. They also use large val-
ues of channel length, I, to improve linearity.

The two transistors, M; and M, act to provide the same current to the two
branches of the circuit. That is, the current flowing through M, is mirrored in M

L=1

Any difference in the two currents is due to differences in their V¢ values. The tran-
sistor M sets the bias current, I, which depends on the bias voltage V. At steady-
state, the current flowing through the two branches of the amplifier should be equal
to Ig/2.

The two input transistors, M, and M,, form a source-coupled differential pair.
The two input voltages, V; and V,,, are connected to the column lines. The biasing
of the circuit must be done carefully to allow the output node to have alarge enough
swing. Specifically, the transistors must be on and in the saturation region of oper-
ation for high gain, In order to accomplish this, the inputs to M, and M, must be
set to approximately Vj, — Vi, rather than V. To understand this, consider the
case when the inputs are precharged to V. To keep the input devices in saturation,
their two drain nodes, N1 and out, would be biased at the saturation voltage:

(Vop — Vin)EcnEy
(VDD - VTN) + ECN'LN

Ve = Your = = {:VDD - Vo)

'The above simplification is possible since the channel lengths are large.
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A problem arises if the two nodes, N1 and ous, ave biased at this value: both p-
channel devices would be at the edge of cutoff. In practice, the PMOS threshold
voltage is higher in magnitude than the NMOS threshold voltage. Therefore, both
M, and M, would be completely off in the steady-state condition. Instead, if we
biased the inputs of M, and M, at Vpp — Vi, then

Vit = Vou = (Vop — V) — Viw = Vpp — 2V

Now there is enough headroom for the two PMOS devices to be comfortably on and
in saturation. This input bias condition requires the use of the column pull-up cir-
cuits of Figure 8.13c,

With the biasing established, the sense amplifier operates as follows. Initially,
the bias currents in the two branches are equal and the two inputs are at Vy,, — Vi
When the voltage at one input decreases, it decreases the current in that branch. At
the same time, the current in the other branch increases in value to maintain a total
of I through M.

We examine the discharging and charging cases in Figure 8.21. Assume that M,
is the input that has dropped below Vj,, — Vi, by the prescribed amount to turn it
off, as in Figure 8.21a. This implies that the currents in M, and M, are both zero.
However, since the current in M, is Iy it follows that this current must be dis-
charging the output capacitance through M,. Therefore, the cutput voltage is
quickly forced to ground. In the other scenario depicted in Figure 8.21b, if the input
V;, drops by the prescribed amount, M, is turned off. Then ail the current flows
through M,, M;, and M.. The current of M, is mirrored in M,. Since the current in
M, is zero, this current must flow to the output to charge it to Viy;.

Q
"

out

il
s}

{z} Discharging output {) Charging cutput

Figure 8.21
Detacting *0"and *1" using a differential sense amplifier.
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This type of differential amplifier is used in high-speed applications. The required
differential voltage for proper operation is of the order of 100 mV to 200 mV, Its speed
can be adjusted depending on how much power dissipation can be tolerated. Con-
sider modeling the output transition as a current source driving a capacitor. The rate
of change of the output, whether switching high or low, is given by

v _ I
dt Cou

This is called the slew rate (i.e., dV/dtat the output). Rearranging, the delay through
the sense amplifier is

— C{}%}t A VOU{

Iss

At

To reduce the delay, a large Iy can be selected. However, the power dissipation in
steady-state is given by

pP= IssvDD

Therefore, a tradeoff exists between the speed and the power dissipation; both are
controlled by the choice of Iy Once a suitable value of Iy is selected, the W/L of
the devices can be determined. For the input devices, the W/L determines the
Vs — Vo value. This value is the gate overdrive term that establishes the desired
bitline swing value. As the input transistor sizes increase, the gate overdrive term
decreases. Since we require a small gate overdrive, the input devices are required to
be rather large. The sizes of the other transistors are based on the bias voltages
needed at the internal nodes. The complete design of such amplifier circuits falls
into the realm of analog circuit design. Further details can be obtained by consult-
ing the references at the end of the chapter.

A second option for the sense amplifier is the latch-based circuit shown in Fig-
ure 8.22. The circuit is effectively a cross-coupled pair of inverters with an enabling
transistor, ;. This circuit relies on the {slower} regenerative effect of inverters to
generate a valid high or low voltage. It is a lower power option since the circuit is
not activated until the required potential difference has developed across the bit-
iines. However, it is slower since it requires a large input voltage difference and is not
as reliable in the presence of noise as the previous sense amplifier.

The initial sequence of operations is similar to the differential sense amplifier
described above. The bitlines are precharged to Vi, with either Pigure 8.132 or Fig-
ure 8.13b. Then the wordline is enabled and one of the bitlines drops in voltage. As
the bitline differential voltage reaches the prescribed amount, the sense enable is acti-
vated. The timing of the sense enable is critical as described later. For now, assume
that it arrives at the proper time. At this point, the bitline difference is fed into the
cross-coupled inverters. One side drops in voltage faster than the other side, since

.one side will always have more gate overdrive than the other. When the voltage drops

below V., 0n one side, it turns off the pull-down transistor of the opposite side, and

387
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Figure 8,22
Latch-based sense amnpilifier,

the pull-up transistor acts to raise the voltage to Vp;,. This regenerative process is
shown in the timing diagram of Figure 8.22. The device sizing follows previously dis-
cussed methods for flip-flops.

The more important issue is the timing of the SenseEnable signal. If the latch is
enabled too early, the latch may not flip in the proper direction due to noise. If it is
enabled too late, then it will add unnecessary delay to the access time. In addition,
process variations will control the actual timing of the signal. In order to guarantee
that the signal will arrive at the proper time in the presence of process variations,
one needs to introduce a replica circuit that mimics the delay of the actual signal
path, shown in Pigure 8.23, Here, the upper path emanating from the clock is the
actual signal path to the bitlines. The SenseEnable should arrive as soon as the bit-
line swing reaches the desired value. By creating a second path (the lower path) that
exhibits the same delay characteristics, we can ensure that the SenseEnable arrives
at the correct time.
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Repiica circuit for sense amplifier clock enable,

The criticai path for the read cycle starts from the cdlock and the address inputs
and terminates at the sense amplifier inputs. The signal flows through the decoder and
generates the wordline, which activates the memory cell that drives the bitlines. The
swing on the bitlines is presented to the sense amplifier. This is the point at which we
wish to enable the sense amplifier. The purpose of a replica circuit is to duplicate the
delays along this path with circuits that correspond to each delay element. Essentially,
we want to have a decoder replica that tracks the gate delays in the real decoder, and
a cell replica that tracks the bitline discharge delay of the actual bit cell.

Note that we have placed the memory cell replica before the decoder in Figure
8.23. It is not appropriate to place the memory cell after the decoders in the replica
path since it would have to drive all the sense amplifiers at the bottom of the mem-
ory. Since a small memory cell does not have the needed drive capability, we place
the replica cell ahead of the decoder. We can keep the memory small and still deliver
a full-swing signal as needed by the input to the decoder replica. The buffers of the
decoder replica can be used to drive the sense amplifiers.

One issue for the replica memory cell in this configuration is that we require
the full-swing output to have the same delay as the small swing on the actual bit-
lines. For example, if the actual cell requires 500 ps to transition by 180 mV, then the
replica memory cell would require approximately 5 ns to transition by 1.8 V. This is
not an acceptable delay in the replica path.

The replica cell should, in fact, be a replica column line with only enough cells
to match the timing of the actual column. This is shown in Figure 8.24. For example,

389
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Replica cell design.

if we have 256 bits in the true bitline with a swing of 180 mV, then we only require
roughly 26 cells in the replica circuit to produce a full swing of 1.8 V in the same time
interval. The slight round off error in the number of cells used is not an issue since
we will ensure that the replica path is slightly longer than the actual path delay. With
the full swing from the replica path cells, we can drive the decoder replica gates. The
needed 26 bits can be cut from a section of additional columns that are always fab-
ricated alongside the main memory array to avoid “edge effects” on each end.

To ensure that the SenseEnable does not arrive too early for any reason, we
should add an extra gate delay or two to the decoder replica. Designed in this man-
ner, the SenseEnable will arrive at the proper time in the presence of process and
environmental variations.

8.5 Memory Architecture

The overall memery architecture can now be described. In Figure 8.25, we illustrate
a high-level layout of the memory array. The core array containing the cells is the
largest block. The bitline precharge circuits are positioned above the core, The row
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Basic memory architecture.

decoder is placed on the right side and the column multiplexer and bit I/O are
located below the core array. If we zoom in on a corner region of the memory, as
shown in the right-hand side of Figure 8.25, we see that the row decoder is comprised
of a predecoder and a final decoder. The decoder drives the wordlines horizontally
across the array. Each pair of bitlines feeds a 2:1 column decoder (in this case} which
is connected to the bitline I/O circuits such as sense amplifier and write drivers. Each
memory cell is mirrored vertically and horizentally to form the array, as indicated in

the figure.

Several factors contribute to a imit on the maximum speed of operation. Delays
in address buffers and decoders naturally increase as the number of inputs and out-
puts increase. Row lines are typically formed in polysilicon and may have substantial
delays due to distributed RC parameters. A metal line may be placed in parallel and
contacted to the poly line to reduce the delay (cf., Figure 8.12). Column lines are usu-
ally formed in metal, so resistance is not as significant, but the combined capacitance
of the line and many parallel access transistors connected to them results in a large
equivalent lumped capacitance on each of these lines. The large capacitances on the
wordline and bitlines also contribute to excess power dissipation.

In order to reduce delay and power, a number of different partitioning
approaches have been used. One technique is the divided wordline {DWL) strategy
shown in Figure 8.26 for a 64K bit SRAM, Part of the 8 row address bits (6 in this
case) are used to define global wordlines. A total of 64 global wordlines are created.
These lines do not drive memory cells (i.¢., the two access transistors within each
cell} and therefore have far less capacitance than the regular wordlines. The remain-
ing 2 bits of the address are used to generate local wordlines that actually drive the
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Divided wordline strategy 1o reduce power and delay.

cell access transistors. In this example, four blocks are created and accessed using the
local wordlines. The total <ell capacitance is reduced by up to a factor of 4, Therefore,
the power will be reduced greatly. In addition, the delay along the wordlines is also
reduced.

A similar partitioning strategy can be applied to the bitlines, as shown in Fig-
ure 8.27. An architecture without partitioning is shown in Figure 8.27a. For this
case, neighboring pairs of bitlines are multiplexed to produce 128 outputs (i.e,
there are 128 sense amplifiers in this example). If the bitlines are partitioned into
twa sections, the bitline capacitance is reduced by a factor of 2. The proper cell must
be selected using a two-level multiplexing scheme of Figure 8.27b. To achieve the
same bithine swing as in Figure 8.27a would only require roughly half the time. Fur-
ther partitioning can be carried out with a corresponding increase in the complex-
ity of multiplexing.
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8.6 Summary

This chapter has focused on the application of material in previous chapters to the
design of an SRAM. Modern memories are, of course, much more complicated but
most of them can be understood with the basic concepts that have been presented
in this chapter. Since memory is very regular in nature, the design process has
reached a point where it can be implemented in software, Today, there are CAD
tools called memory compilers that can generate a memory design within minutes.
While the sizes of the memories that can be generated are still limited to some
degree, the automatic synthesis approach for memories will be used more fre-
quently in the future. This concludes the discussion on SRAM circuits, Other types
of memory circuits are described in Chapter 9.
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PROBLEMS

P8.1. What are the main differences between the ROM, SRAM, DRAM,
EPROM, E2PROM, and Flash? Which is the most popular memory for
embedded applications (i.e., on the same chip as the processor logic
blocks)? Describe suitable applications for each one.

P8.2. Draw the circuit equivalent for the 6T SRAM of Figure 8.12. Estimate
the height and width of the cell. Assume that contacts are 4A by 4A.

P8.3. Implement an 8-bit decoder using NAND2, NAND?3, and NANDA4 logic
gates and inverters, following a two-level decoding scheme. You do not
have to design the sizes of the transistors. Why is a two-level scheme pre-
ferred over a multilevel scheme? What is the branching effort of the
decoder from input to output {see Chapter 6 for the definition of this
term}?

P8.4. Consider the SRAM cell of Figuire 8.8 with a stored 0 on the left side and
a stored 1 on the right side. Design the transistors of the SRAM such that
node g does not exceed Vo, during a réad operation and node g drops
below V; during a write operation. The desired cell current during a
read operation is 300 1A, Use 0.18 pum technology parameters.

P8.5. Redesign the SRAM cell of the previous problem by assuming worst-
case conditions for a read operation as follows: the threshold voltage of
M, is reduced by 10%, the width M, is increased by 10%, the threshold
voltage of M, is decreased by 10%, and the width of M, is increased by
10%. Explain why this is considered to be worst case for a read opera-
tion. Sirrulate the circuit in SPICE to demonstrate its operation under
warst-case conditions.

P8.6. Redesign the SRAM cell of the previous problem by assurning worst-
case conditions for a write operation as follows: the threshold voltage of
M, is increased by 10%, the width M, is decreased by 10%, the thresh-
old voltage of M, is decreased by 10%, and the width of A, is increased
by 10%. Explain why this is considered to be worst-case for the write
operation. Simulate the circuit in SPICE to demonstrate its operation
under worst-case conditions.

P8.7. Consider the 6T SRAM cell of Figure 8.8. Replace M; and M; by poly
resistors that are 100 M{) in value. Explain how this new 4T cell works
for read and write operations. How does the internal node get pulled to
a high value? Is the new cell static or dynamic?
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P8.8. For the sense amplifier shown in Figure 8.20, answer the following ques-
tions using 0.18 pm technology parameters:

{a) If the sense amplifier is driving a load of 50 {F in 500 ps, what is the
required value of I?

(b) In order to turn off the input transistors with a bitline swing of
100 mV, what values of W/L are needed?

{c) Which of the three column pull-up configurations of Figure 8.13
would be used with this sense amplifier? What is the initial voltage
at the inputs to the sense amp?

{d) Given the size of the input transistors, what is the steady-state volt-
age at the gate node and the resulting size of M?

{e) Choose the sizes of M, and M, to establish a suitable steady-state
oufput voltage,

DESIGN PROBLEM 1: Decoder Design
in 0.18 um Technology

Your task is to create a decoder for a small memory shown in Figure D8.1. The
memory consists of 1K words, each containing 64 bits, arranged as a 256 X 256
array of 6T SRAM cells. A word is selected for reading by the row and column
decoders. The row decoder asserts one of the 256 wordlines. Each Metal2 wordline
selects a row of four 64-bit words. Four selected words feed the input of the 4:1
MUX controlled by the outputs of the column decoder.

The SRAM receives a 10-bit address. The inputs to the row decoder are the
upper 8 bits of the address, while the lowest 2 bits of the address feed the column
decoder. Each access transistor in the memory cell is 4A in width, Each SRAM cell
is 404 X 40A. The diagram in Figure D8.1 illustrates the SRAM array, with a blow-
up of one of the SRAM cells in the forty-second word.

The spec aliows a maximum of 5 fF of gate capacitance on any address input.
You can assume that the clock period is 24F04 delays. Your task is to minimize the
delay from the address becoming stable to the wordline rising, The general topol-
ogy for the decoder is provided in Figure D8.2. Your design goal is to implement an
optimal row decoder that converts 8 address bits into 256 wordlines using logical
effort.

{a) What is the total load on one wordline? Include both the loading of the
SRAM cells and the capacitance of a2 Metal2 wordline. Assume a wire capac-
itance of 0.2 fF/pm. You can assume that gate capacitance is 2 fF/um.

{b) Find the total path effort in the address decode path by estimating the
fanout from input (address bit) to output {wordline), the branching factor,
and the logical effort. Estimate the number of stages needed in the optimal
design.
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SRAM layout and timing information.

{c) You can implement the predecoder in either 2 or 4 stages as shown in Pig-
ure D8.2. Which of the two approaches is better? Using logical effort,
decide which architecture you are going to use. For both cases, the final
decode stage is a NAND2-INV combination. Ignore any sideload capaci-
tances.

{d) Next choose the correct design for the decoder, and size the gates to opti-
mize performance. What is your estimate of the delay of the decoder in
terms of FO4 delay (include the delay from the parasitics of the gates in
your estimate)?

{e) Now include the sideload af the outputs of the predecoder stage, The side-
load is due to the wire running vertically in Figure D8.2. Compute the
actual sizes when the sideload is included.

{f) Compare the hand-calculated delay against SPICE.
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Decoder topolagy, branching, and wire loads,

DESIGN PROBLEM 2: Design of SRAM Cell and Read/Write
Circuitry in 0.18 um Technology

The problem explores cell and I/0 design issues for a 64K SRAM based on the pre-
vious problem. Since there are 256 columns in the SRAM and 64 bits/word, it
requires 64 sense amplifiers {1 per bit of output} and each one is driven by 1 of 4
possible columns {one column from each interleaved 64-bit word).

{a} First consider the cell design. Recall that in Design Problem 1, the access
transistor of the SRAM cell was given as 4A. Size the rest of the transistors
to satisfy the following requirements: (1) During a read, the internal volt-
age should not rise above Vi, (2} During a write, the access transistor
must be able to pull the internal node to at least 0.8 V (i.e., well below Vs
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of the inverter), and (3) Make the transistors as small as possible. One
assumption you could make is that the bitline is around 0 V during the
write operation. For the read operation, assume that the bitline acts like a
supply voltage at V.. Rules of thumb are available for the design but you
may need to adjust these values to make the cell work properly. All transis-
tors should be specified in integer units of A. The minimum channel
length/width is 2A.

{b) Estimate V, of the inverters used in the cell. Why is this number important
in the cell design? Use SPICE to verify the dc parameters you calculated.
Provide both V, for the read operation and V; as measured in HSPICE.
Adjust any device sizes as necessary to achieve the design specifications.

() Using hand calculations, estimate the current that the cell can draw from
the bitline when the wordline goes high, Use an average between the initial
value and the steady-state value to estimate this current.

(d) Next, calculate the capacitance of the bitline. There are 256 rows of cells
and, from Design Problem 1, each cell is 40A X 40A.The column pull-up
transistors are each 50A. Assume that each contact has a capacitance of 1 {R

(e) Next compute the time required to discharge one of the bitlines by 180 mV.

(f) The last part of the read cycle involves the sense amplifier. The design of
the sense amp has been provided in P8.8 using Figure 8.20. Compute the
discharge time assuming that the bias current is 300 A and the output
capacitance is 50 fE. Assume a voltage swing at the output of the sense amp
of 0.9V

(g) The next step of the design is the write circuit of Figure 8.18. To write the
cell, the bitline has to be driven low enough so that the cell switches. Ide-
ally, the write time should be about the same speed as the read time. If we
work to make it faster, we are wasting our effort because the read will be the
limiting factor. If it is slower than the read, then the write is in the critical
path and that is not desirable either. Using a simple RC model, determine
the effective resistance needed to get the bitlines to swing down to V,p/5
in the same amount of time it takes to do the read., Size My, M,,, and M5
so that they have this effective resistance.

{h) As a last step, we need to set the values of the column pull-up transistors of
Figure 8.18. They need to pull the bitlines up after a write but before the
end of the precharge phase. How big do they need to be? The final differ-
ence of the bitlines shouid be less than 10% of the desired read swings to
avoid confusing the sense amp. Typically, we make them twice the size of
the pull-down devices for a fast precharge. Size these transistors accord-

ingly.
(i) Check your results using SPICE.
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0.18 um 5-layer Al metal process 0.13 um 8-layer Cu metal process

t-— Aluminum Copper
% conductors conductors
(5 levels) (8 levels)

> Oxide

dielectric

The device

Figure 10.1
Cross sections of aluminum and copper processes.

While device sizes were shrinking with each technology generation, multilevel metal
structures rose higher and higher above the surface of the silicon and soon began
to dominate the landscape of the integrated circuit. This is illustrated in the cross-
sectional views of 0.18 um aluminum and 0.13 wm copper technologies in Figure
10.1. The number of layers of metal has increased from a few layers in the 1980s, to
four or five layers in the 1990s, to eight or more layers today. The fabrication of
these superstructures required significant advances in integrated circuit processing.
However, the impact on design was even more significant. Suddenly, interconnect
controlled timing, power, noise, design functionality, and reliability. It controlled all
of these important electrical characteristics on the chip, even though the tiny
devices (buried under a multilevel structure of wires and vias) defined the actual
logic functions. Today interconnect still controls the design process in advanced
technologies and will continue to do so for the foreseeable future.

The dimensions associated with a cross section of interconnect are shown in
Figure 10.2, The rectangular wires are W wide and T thick, as shown. The separa-
tion between layers is a distance H (insulator thickness), and from other conductors
is a distance S. The length of the wire, L, is shown only for Metal 2. The Metal 1 wires
run into the page and so their lengths are not shown. It is important to realize that
the vertical dimensions H1, T1, H2, and T2 are determined during the fabrication
process. The designer has no control over these quantities. On the other hand, the
horizontal dimensions W1, S1, L1, L2, etc. are all under the control of the designer.

There are a number of reasons to emphasize the importance of interconnect.
First, as the width W of wires is decreased, the resistance increases. This increase in
wire resistance causes an RC delay phenomenon that had not been experienced before
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L2

' Metal 2 J ITZ

Metal 1

Ground plane
Figure 10.2
Wire dimensions for resistance and capacitance calculations.

1990. By the mid-1990s, a noticeable increase in wire delay led to widespread concern
that it would soon be greater than gate delay. Second, the spacing S between wires has
been decreasing to the point where the coupling between wires is significant. The
resulting capacitive coupling introduces additional delay and noise effects that can
cause failures in the design, requiring respins of silicon! in order to fix the problem.
The overall term for all these problems is signal integrity. Recent issues of inductance
in wires have been included in the growing list of signal integrity problems.

Other problems have surfaced due to the scaling of interconnect. The increase
in resistance in the power supply lines due to scaling causes voltage drop along
interconnect, referred to as IR drop. This affects the timing and functionality of
gates connected to the power lines if the drop becomes too significant. A similar
issue concerns the Ldi/dt drop in the power grid due to inductance. Still other
effects such as charge storage on metal lines during manufacture, called antenna
effects, lead to gate oxide breakdown or a threshold voltage shift. Further reliability
problems exist due to the migration of the aluminum or copper material in the
wires as high levels of current flow through them. Eventually, cracks and other
imperfections in the metal cause material erosion until opens or shorts occur. This
phenomenon is called electromigration, a long-term reliability issue.

Indeed, interconnect is more important than devices in many respects. This
chapter and the next should be studied carefully as they contain valuable informa-
tion pertaining to interconnect design issues. The material on interconnect in the
open literature is rather extensive. Our purpose here is to convey the major issues
and provide useful insight into the design methods to circumvent these issues. This
chapter considers resistance, coupling capacitance, and inductance effects on delay
and noise. Antenna effects are also described. The next chapter considers power grid

! A spin of silicon is the process of designing a chip and then having it fabricated. When errors are found in the
design after fabrication, the whole process must be repeated. This is a very expensive and time-consuming
exercise. Often several “spins of silicon” are needed to produce a working design for large complex chips.

e
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and clock tree design in the context of interconnect issues. For further information,
the reader is encouraged to consult the references at the end of the chapter.

10.2 Interconnect RC Delays
10.2.1 Wire Resistance

The delay due to interconnect has changed considerably due to deep submicron
effects. It is our objective to develop models that can be used for accurate delay cal-
culation when interconnect effects must be taken into account. So far, we have used
a simple lumped capacitance to model the wire as shown in Figure 10.3a. We now
consider the effect of wire resistance on delay. As the width dimension of the wires
is reduced, the increased resistance has a pronounced effect on the delay. This was
first observed at the 0.8 wm technology node at a number of semiconductor com-
panies, but became a widespread issue at the 0.35 wm technology node. The inter-
connect model shown in Figure 10.3b is required when interconnect resistance is

important.
The resistance of a material is given by
pL pL
R="—"=-—"— 10.1
A W (10.1)

where p is the resistivity of the material in {}-cm, L is the length of the wire, T is the
thickness of the wire, and W is the wire width. The leading term in Equation (10.1)
is an important one:

p
R, = —,1: (10.2)

1
i
1

Figure 10.3
(a) Lump capacitance model. (b) RC interconnect model.
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where R, is the sheet resistance of the material and has the units of ohms per square
(€1/0). The sheet resistance of any metal layer can readily be computed from the
resistivity and the thickness, T. To keep resistance relatively low in each technology
generation, the thickness has not been scaled at the same rate as the minimum line
width. However, the thickness of the metal lines will vary, depending on the metal
layer. To simplify our description, we assume that two different thicknesses are used,
one for the lower layers and one for the upper layers. Because the upper layers carry
much larger currents over longer distances, they require a lower resistance, and
therefore a higher thickness.

The two most common materials for interconnect are aluminum, with p =
2.7 wQ)-cm, and copper, with p = 1.7 u{)-cm.? The metal hierarchies for a 0.18 um
aluminum process and a 0.13 wm copper process were shown in Figure 10.1. The
approximate sheet resistances for a 0.18 uwm, 5-layer aluminum process assuming
that metals 1 to 4 have a thickness of 0.5 wm and metal 5 has a thickness of 1.0 um
are as follows:

2.7 ull-
Ry = p_ s piem 54 mQ/0 Al metals 1-4
T 0.5 wm
10.3
_p_ 27pld-cm (10.3)
Ry = T= _—IO—/Lm_ =27 mQ/[0 Al metal5

The approximate sheet resistances for a 0.13 uwm, 8-layer copper process assuming
that metals 1-6 have a thickness of 0.4 um and metals 7-8 have a thickness of
0.8 wm are as follows:

p  1.7uQ)-cm
Ry="—-=— =42 m)/] Cu metals 1-6

T 04 pm

p L7uQ-cm (10.4)
R,=—=—————=21mQ/00 Cu metals7-8

1T 0.8 um

Given these parameters, the actual resistance of a segment of wire is:

R= qu(%) (105)

The ratio of L/ W is referred to as the number of squares of wire. It is the aspect ratio
of the wire in terms of length and width. Designers count squares of interconnect
as a way of obtaining a relative resistance value for a wire since Ry, is fixed for a given
technology. As we know by now, the number of squares of resistance has continued
to increase over the years since L is increasing and Wis decreasing for the longest
wires on the chip. Therefore, these are the wires that cause significant RC delay
problems.

2 As a point of comparison, tungsten plugs have a much higher resistivity of 5.5 pQ-cm.

e
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10.2.2 Elmore Delay Calculation

In long wires, the increased resistance presents a distributed RC load to a driving
gate, as shown in Figure 10.4. For simplicity, the driver is represented as an ideal volt-
age source. The distributed RCline has been converted to a lumped RCladder struc-
ture with #n segments. The total resistance for the line is the sum of all the individual
resistances, R,;,. = #R,. The same holds for the total capacitance, C,;,. = nCy.

The wire capacitance in the delay calculation is computed using the capacitance
per unit length of interconnect, C . In modern technologies, there are multiple lev-
els of metal and each one has a different C,,. In fact, as we shall see later, intercon-
nect capacitance is distributed in nature and highly dependent on the layout. Today,
there is more coupling capacitance between lines than there is capacitance to
ground. For the moment, we use an average capacitance value and assume that all
layers have the same C_, for hand calculations. The effective wire capacitance for
metal interconnect is G, = 0.2 fF/um for densely packed lines (3—4A apart) and of
the order of C,, = 0.1 fF/um for loosely packed lines (30-40A apart). We will often
use G, = 0.2 fF/um for the capacitance for an interconnect line to be somewhat
pessimistic.

To determine the delay of an RCladder, consider an aluminum wire in 0.18 uwm

technology. Assume a wire width of W= 04 um, and C,, = 02 fF/um and R, =
0.054 )/C]. Then for a length of wire 1 mm, the total resistance is R, = 0.054 (/O]
X 1000/0.4 = 125 €} and the total capacitance is C,;, = 02 fF/um X 1000 um =
200 fF. It is tempting to compute the total RC delay as 0.7 R,;,.C,.;e = (0.7)125 £) X
200 fF = 17.5 ps. However, the actual delay is closer to 10 ps. Clearly, we need an
accurate way to compute the delay of such RCladders.
By multiplying R,;. and C,;. together, we assumed that the response was
exponential in nature, as shown in Figure 10.5a. In actual fact, the response of a dis-
tributed RCline is given in the graph of Figure 10.5b. The key to developing a con-
venient way of computing the delay for a ladder network is to examine the area
under the two graphs and establish a relationship between the two responses.

The area underneath the curve in Figure 10.5a is called the first moment of the
impulse response and is given by

Area = [ e”"RCdt = R ;. .Coie
0

Figure 10.4
Distributed RC line as a lumped RC ladder.
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(a) Lumped RC waveform (b) Distributed RC waveform

Figure 10.5 :
Lumped RC versus distributed RC output waveforms.

This gives us exactly the time constant for a lumped RC circuit. Apparently the area
under the curve provides first-order delay information. If we apply this observation
to the waveform for the distributed RC given by Figure 10.5b, we find that the area
under this curve is some value which we call 7 given by

Area = f v(r)dt =1
0

This quantity is also the first moment of the impulse response but is more com-
monly referred to as the Elmore delay by circuit designers. It can be shown that this
is the dominant time constant of the network and is a good estimate of the delay.
While this value is difficult to compute in general, it is fairly straightforward for RC
networks. The Elmore delay for an RC ladder involves visiting each node in the cir-
cuit and multiplying the capacitance at that node by the sum of all the resistances
from the source node to the node being visited.

To further illustrate this procedure, consider the circuit in Figure 10.6. It has an
Elmore delay of

=R, + (R, +R,)C, + (R; + R, + R;)C;

We can examine two extreme cases of this delay value to see if the Elmore delay
is consistent. Specifically, if C; = C, =0, then the Elmore delay and the RC time
constant are equal to (R, + R, + R;)C,. Similarly if R, = R; =0, then the Elmore
delay and the RC time constant are both R,(C, + C, + C;). Since both cases are

- ]
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Ry Ry R;

Source W Output
T

Figure 10.6
RC ladder for Elmore delay calculation.

correct, we have some confidence the Elmore delay is a reasonable delay estimator.
In fact, it is the most popular form of delay calculation for RC ladder and tree cir-
cuits.

For a general network, we can compute the Elmore delay as

T; = 2 (Ck X Rik) (10.6)
k

where the node of interest is node 7, C, is the capacitance at node k, and R;; is the
sum of all the resistances in common from the source to node i and the source to
node k. In other words, we visit each node and multiply the capacitance at that node
by a resistance value that is the sum of the resistances that are common when we
draw two paths: one from the source to node i and another from the source to node
k. The process is best illustrated with an example.

Example 10.1 Elmore Delay of a Simple RC Tree

Problem:

Compute the Elmore delay from the input to nodes 1,2, and 3 in the following RC
tree. The Elmore delay is not accurate for internal nodes such as node 1. However,
we are not usually interested in the delay from the input to an internal node in RC

trees. In any case, write the expression for the time constant due to Elmore for each
node.

@ AVIiVSAv ﬁ)
Ry Ry @ IC3
+ ~=c I c -
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Solution:

7, = R + RG + RG
7, =GR, + GR, + G(R, + Ry)
73 = GRy + GR, + G(R, + R;)

10.2.3 RC Delay in Long Wires

For a long wire, we can compute the RC delay in terms of the total resistance and
total capacitance. Consider Figure 10.4 once again. If the total wire length is L, and
each segment is AL in length, then L = nAL. For convenience, set the wire resistance
per unit length to R, , = r and the wire capac1tance unit length to C, = c. The total
resistance is R;,. = 7L and the total capacitance is C;,, = cL. Using the Elmore delay
calculation assuming 7 segments, we obtain

Thimore = (TAL)(cAL) + 2(rAL)(cAL) + -+ + n(rAL)(cAL)

i (

= (AL)*rc(1+2+ - + n)
= (AL)’re(n)(n + 1)/2 (10.7)
=~ (

ALY*ren?/2 = L*re/2 = Ry Coire/ 2

The actual propagation delay value is closer to 0.38R;.C, ;.. which is slightly less
than what Elmore predicts, so Elmore can be viewed as being somewhat pessimistic.
Note that, according to Equation (10.7), the delay increases as the square of the
length. This alerts us to the fact that long wires will create significant delays.

In practice, there must be a buffer or inverter driving the interconnect as shown
in Figure 10.7. The driver can be represented as a source voltage and a source resist-
ance. The source voltage is either Gnd or V},;, depending on the direction of the
switching event. The source resistance is the on-resistance of the buffer.

We should always compute the total delay with the buffer attached to the inter-
connect. In addition, we must include all fanout loading capacitances on the inter-
connect for accurate delay estimation. To simplify the calculation, we replace the |
distributed RCline with a lumped RC model after computing R,;. and C,;, of the I
line. There are three forms of RC models as shown in Figure 10.8. While they all

Figure 10.7
Driver and interconnect.

o
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Rwire Rwirc 2 2

c.. Cuire "L Cire ] C.
I~ %1 1% 1

L-model II-model T-model

Figure 10.8
Three possible lumped RC modeils.

appear to be similar in form, they are not all suitable for the purpéses of delay cal-
culation. We can evaluate each one by computing its corresponding time constant.

First, the L-model produces a time constant of R;.C,;... We already know from
Equation (10.7) that the delay should be R;.C,;./2 so this model should not be
used. The second model is the 7m-model where the capacitance has been divided in
half and assigned to the input and output. The time constant is R, ,C,;./2. The
third model is a T-model where the resistance has been divided in half and assigned
to the input and output. Here, the time constant is also R;.C,;./2. Therefore, the
L-model is not an accurate model for long distributed RC lines, whereas the 7r-model
and the T-model produce the correct answer, so they are both suitable for the delay
calculation. The T-model has an extra node that may increase the number of calcu-
lations. As a result, the 77-model is the most popular lumped model for a distributed
RCline.

Example 10.2 Delay with and without Resistance Effects for Short Wires

Problem:

What is the propagation delay through the first inverter shown below, ignoring the
wire resistance? Assume all inverters are equal in size.Include all capacitances and
use 0.18 wm technology parameters. Recompute the delay including interconnect
resistance. Assume that the metal is Al and that the width of the wire is 0.2 um. Is
wire resistance significant?

Parameters: Cy¢ = 1 fF/um, G = 0.2 fF/um, Gy = 2 fF/um.

0.8 um/0.2 pm
20 um 15 pm b
In

0.4 pm/0.2 um
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Solution:
Fanout capacitance: inverter is driving four identical inverters.
Chanout = 4 X Cg(WN + Wp) = 4(2 fF/,LLm)(Og pm + 0.4 p,m) =96fF
Self-capacitance:
Coerr = Cet(Wy + Wp) = (1fF/um) (0.8 um + 0.4 um) = 1.2fF
Wire capacitance:
Cwire = Cinthire = (02 fF/p,m) (20 p,m) = 4fF
Total capacitance:
Coad = Cranour + Coerr + Caire = 9.6 + 1.2 + 4 = 14.8fF

Based on this total capacitance, the delay assuming a ramp input is given by

| L
4 Tdriver = Reffclgad = (12.5/() (V_V> (14,8 fF)

1
= (12.5k)<5>(14.8 fF) = 6.25k(14.8fF) = 925 ps

To include wire resistance, we first compute the resistance for the 20 wm wire:

L 20 pm

Ruire = R, (W) =54mQ/ X <~ ) ~540

0.2 um
Next, use r-model for the wire:

6.25kQ 54Q

1.2 fF __LI 21F II 2fFIE i9.60f;t

Use Elmore delay calculation:
Taiver = (6.25kQ) (3.2 fF) + (6.25kQ + 5.4 Q) (11.6 fF)
= 92.6 ps

Conclusion: the inclusion of wire resistance made no appreciable difference to the
solution.

The above example illustrates that short wires can (and should) be handled as a
lumped capacitance with little or no error in the calculations. The definition of a
short wire depends on the technology but typically wires that are a few microns long
or as high as 20 um should be handled as a lumped capacitance. Over 90% of the
wires in a chip are short wires and, therefore, can be computed in this way.

While the analysis above is appropriate when the length of interconnect is rel-
atively short, it is not appropriate when the interconnect line is long. In this case,
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Example 10.3

the wire should be treated as a distributed RC line rather than a simple lumped
capacitance. Consider the example below that illustrates the impact of a long wire.

Delay for Inverter Driving a Long Wire

Problem:

Consider an isolated metal 5 Al wire that is 20 mm long and driven by a 100X
inverter (i.e., 100 times larger than the minimum size inverter).Since the wire is iso-
lated, its capacitance is 0.1 fF/um. Estimate the total line resistance and the total
line capacitance assuming that the width of the wire is 0.5 wm.What is the propa-
gation delay as calculated by Elmore for the 7r-model from the input of the inverter
to the end of the wire?

Solution:

The wire resistance is

0.027 Q/01

o5 o >(2o,ooo pm) = 1080 Q

Rwire = RintL = (
The wire capacitance is
Cuwire = Gl = (0.1 fF/um) (20,000 wm) = 2 pF
The inverter on-resistance is

Reff = Reqn/1 00

12.5 k€2/100 = 125 Q)
The inverter output capacitance is
Cself = Ceff(ZW + W)100

(1 fF/wm) (0.6 wm)100 = 60 fF

We can ignore the junction capacitance since it is rather small. Using the r-model,
the wire capacitance is split in half while the full wire resistance is used in the
model.

125Q 1080 Q@
In HMT‘\M'TO Out

The resulting Elmore delay is

Temore = (125Q)(1pF) + (125Q + 1080 Q) (1pf) =~ 1.3 ns

In order to appreciate the large delays associated with long wires, we plot the FO4
gate delay and the wire delay for a number of different wire lengths as technology
scales in Figure 10.9. As reference points, the FO4 delay for 350 nm is approximately
150 ps; for 130 nm, the FO4 delay is reduced to approximately 40 ps; for 65 nm, the
value reduces to about 25 ps. On the other hand, for L =1 mm the interconnect
delay increases from 3 ps, to 27 ps, to 116 ps, respectively. For L = 2 mm the delay
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Figure 10.9
Gate delay versus interconnect delay.

values are 12 ps, 110 ps, and 460 ps, respectively. For L = 3 mm the delay values are
30 ps, 240 ps, and 1035 ps, respectively. The wire delay doubles with each technol-
ogy node and increases quadratically as a function of wire length. Clearly, when a
single buffer drives a long wire, the interconnect delay will eventually dominate the
FO4 delay as technology scales or as the length increases.

We can define a rule of thumb for long wires by setting the FO4 delay equal to
the interconnect delay in each technology. A critical wire length can be derived as
follows:

FO4 = 038R, Gl 2

FO4
L cit =
0.38 R, Cins

For example, in a 0.18 wm technology, the value of L_;, can be computed using this
equation or estimated from the graph in Figure 10.9 to be approximately 2.5 mm. Of
course, this value will vary depending on the values of R,, and C,, for a given wire.

10.3 Buffer Insertion for Very Long Wires

For very long wires, the quadratic delay characteristics described above cannot be tol-
erated in any design. The interconnect delay would be so long that it would dominate
the gate delay. In ICs, global wires tend to be very long since they must be distributed

-
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all over the chip. These wires are associated with clocks, busses, and other major sig-
nals in the design. Since the delay for a long wire is quadratic with respect to L, the
standard solution is to insert repeaters or buffers periodically along the wire. This
effectively shortens the wire into smaller segments. The buffers act to convert the
quadratic delay to a more linear delay. Of course, if we insert too many buffers, the
delay increases due to the buffers themselves. But with too few buffers, we are prone
to the quadratic effect. Finding the optimum number of equal-sized buffers needed
to minimize the overall delay is referred to as the buffer insertion problem.
Consider a wire of length L that has an unacceptably long delay without any
buffers driving it. If the per unit length resistance and capacitance are given by R;,
and G, respectively, the total resistance and capacitance of the wire is given by

p L L
Rwire = ?W = quW = RintL
Cwire = CintL

To reduce the delay we seek to insert a number of buffers that produce the mini-
mum delay. Let N be the number of such buffers (including the first buffer) and L/N
be the corresponding wire lengths between buffers as shown in Figure 10.10a. Each
segment consists of a buffer driving a wire load and a downstream gate load. A -
model may be used for the interconnect in one segment as shown in Figure 10.10b.

D L/N D L/N D(}L_ﬂ

~ One stage 7

(a) Wire of length L with N buffers inserted

Ry L/N

YV
Yyy
C,

LcaL ul L L
; 5N I_V_; ; load

(b) One segment of buffer and interconnected

o0

Rogn /M Ry L/N

eqn

c,M(1+[3)I IC Cin I ICGM(1+|3)

e L L
I 1w ov L L

(c) RC model for one segment

Figure 10.10
Buffer insertion for very long wires.
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Assuming that a minimum size buffer is 1X, the corresponding input and output
capacitances are as follows:

Cout = Ceffw(l + B) = C/(l + B) (ln fF)
Cin = CgW(l + B) = Cq(l + B) (infF)

Here, B is the ratio of the PMOS to NMOS device size. The value of Cis Ceﬁr X W,
where Wis the size of the NMOS device for a 1X inverter. Similarly, Csis C, X W.

Let the multiplier M represent the optimal buffer size for the buffer insertion
problem. Then, for a buffer which is M times larger than a 1X buffer:

Rqﬁ' = Reqn/M
Cou = CgW(1 + BM = G(1 + B)M

In Figure 10.10c, we illustrate the RC model used for each stage during delay calcu-
lation. Using the Elmore delay, the delay for each segment is given by

Regn Cinl
tsegment = ﬁ(C}M(l + ﬁ) + _t_>

2N
+ (Req" + R‘“‘L><Ci’“L + CoM( + ))
M N 2N ¢ B

The total delay is N times the segment delay. After some rearrangement, we find that
it produces a quadratic equation with respect to L.

Liotal = N X tsegment = N(CG + CI)Reqn(l + B)

Cin Rin
#>L2 (10.8)
2N

‘ CintReqn
+ (CG(I + B)Ry, M + —)L + (
M

When we examine each delay term, we find that the first term is due solely to the
buffer while the last term is due solely to the interconnect. The middle term has two
components: one is due to the wire resistance driving the input capacitance of the
next buffer, and a second RC term is due to the buffer driving the wire capacitance.
To find the optimal values for N and M, we apply the derivative with respect to

each of the variables, as follows. The number of wire segments is

atl tal o RintCintL2
ﬁ =0= Reqn(C/ + CG)(]' + B) - 2—]\]2
. N = \/ RintcintL2/2 - \/ Evire (10 9)
N Reqn(C] + CG)(l + B) FOI1 .
——
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The buffer size, assuming all buffers are equal, is

0% total ReqncintL
ﬁ‘ =0=RplCc(l + B) =~ —7—

Re Cin
M= H— —nt (10.10)
CG(I + B) Rint

Using these values of N and M, we can obtain the optimal delay through the inter-
connect. We can further understand these values by examining the total delay equa-
tion provided in Equation (10.8). The variable N exists in the first and last term of
top the terms are due to the buffer and interconnect, respectively, each one acting
as if the other did not exist. If we set these two terms to be equal to one another, we
arrive at the equation for the optimal N. The expression under the square-root sign
in Equation (10.9) can be viewed as the interconnect delay (t,;, according to
Elmore) divided by the inverter delay when driving an identical inverter (FO1 delay).

The middle term of the total delay expression in Equation (10.8) is dependent
on M. If we set the two expressions in the middle term to be equal to one another,
we arrive at the optimal M. This value does not depend on the length of the wire but
rather the physical characteristics of the transistors and wires. In fact, this quantity
depends only on technology parameters of the wire and the minimum-size inverter.
Therefore, we can compute this value once the process parameters have been deter-
mined. Note that precise values of the terms in the expressions are needed to pro-
duce accurate results.

It is useful to compare and contrast the buffer insertion problem to the logical
(LE) effort problem described in Chapter 6. For buffer insertion, we are concerned
with driving a long wire so we break up the wire into segments and insert very large
equal-sized buffers between the wire segments. For logical effort, the objective is to
drive a very large output capacitance starting from a small input capacitance. The
solution is obtained by determining the number of buffers and then sizing up the
buffers by a given factor, typically by 4X. In LE, the delay through each buffer stage
is the same at the optimal solution. In the case of buffer insertion, the delay due to
the buffer and the wire are the same at the optimal point.

Example 10.4 Buffer Insertion Example

Problem:

From Example 10.3, consider the 20 mm Al metal 5 wire again, but this time reduce
the delay using optimal buffer insertion. What is the new delay through the wire
after buffer insertion?

Solution:
Using the following values:
R = 54mQ/um Gy, = 0.1fF/um L = 20,000 um
Run = 125kQ/00 C, = 2fF/pm Cyr=1fF/um W=02um B =2
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The number of segments in the wire is
RiniCirel?/2
N=\/ nt nt/ =69 ~7
Reqn(CG + CJ)(1 + B)
The buffer size, assuming all equal buffers, is

M= \/ Regncint__ ~ 140
CG(’I + B)Rint

Then, the buffer resistance is

Res = 121'54’;0 ~90Q)
The buffer output capacitance is:
Coerf = Co(2W + W)140 = (1 fF/ um) (0.6 wm)140 = 84 fF
The buffer input capacitance is
Cranout = C,(2W + W)140 = (2fF/um) (0.6 um)140 = 168 fF
Each segment produces this RC delay model.
90 Q 154 Q

84 fF 143fF 143 fF

II II

The total EImore delay is
Temore = 7 X [(90 Q) (84 fF + 143fF) + (90 Q + 154Q) (143 fF + 168 fF)]
= 0.67 ns '

The total delay has been cut in half using buffer insertion.

10.4 Interconnect Coupling Capacitance

In this section, the issues associated with coupling capacitance are described. The
goal is to understand the various components of wire capacitance and to develop
formulas for hand calculation. In reality, IC interconnect structure is three-dimen-
sional in nature as seen in Figures 1.1 and 1.2 of Chapter 1. However, for hand cal-
culations, we can develop simple formulae that work well in practice. Thus far, we
have been using 0.2 fF/um for wire capacitance without really knowing its origin or
range of validity. This section attempts to clarify its origin and justify the use of this
value from a modeling perspective.

10.4.1 Components of Coupling Capacitance

In modern integrated circuits, interconnect capacitance modeling is a complex task.
The capacitance of such wires is dependent on their topology, on the distances from
other wires above or below, and on the separation between wires. To acquire a basic

S
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Lateral
Fringing

Area

Figure 10.11
Area, lateral, and fringing components.

understanding of the problem, we can use simple first-order models to describe
interconnect capacitances and derive useful constants for design purposes.

Before beginning the analysis, we describe the different components of capaci-
tance. These components are all shown in Figure 10.11. The first capacitance worth
noting is between a line and the substrate, called the grounded capacitance. This was
the dominant capacitance in the past, but its value has been diminishing due to scal-
ing effects. The next capacitance to note is between metal lines on the same layer.
This is called the lateral capacitance. This is the main coupling capacitance that is
the source of delay and noise issues. This capacitance has been increasing over the
years. There are two other capacitances that may give rise to coupling between lines.
One is referred to as the fringing capacitance which occurs between various edges
and surfaces between two crossing lines. One of many such fringing capacitances is
shown in the figure.? The other type of coupling capacitance occurs when two wires
on different metal layers overlap. It is called the area capacitance.

Over the years, coupling capacitance has been increasing while the grounded
capacitance has been decreasing. The general trend is depicted in Figure 10.12,
where the coupling capacitance due to area, lateral, and fringing components is
overtaking the grounded component as the line widths shrink. In a typical 0.13 wm
design, over 70% of the wire capacitance at a node may be due to coupling between
wires. This is usually the case for long nets, although short nets may also have sig-
nificant coupling to their neighbors. Most nets have significant junction and gate
capacitances due to the logic gates that increase the overall grounded capacitance.
However, the coupling to other nodes is still significant.

To obtain a quantitative view of coupling capacitance, consider the intercon-
nect structure shown in Figure 10.13. We would like to determine the capacitance
of the center wire on a component by component basis so that it can be used for
delay and noise calculations. The capacitances associated with the middle conduc-
tor are given in Figure 10.13. The dimensions of the wires were shown earlier in Fig-
ure 10.2. The total values of area, lateral, and fringing capacitances are all indicated
in the figure. The grounded capacitance is treated as an area capacitance since the

3 Actually, there are many other fringe capacitances that are not shown in the figure to keep it simple.
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Capacitance

Line width (jm)

Figure 10.12
Coupling capacitance, grounded capacitance, and total capacitance.

Metal 2

Metal 1

Ground plane

Figure 10.13
Capacitances associated with middle conductor.

calculation will be the same for both. While the capacitance cannot be exactly par-
titioned as shown, we model it this way for convenience. Once computed, we sum
them together to compute the total wire capacitance. We now compute each one in
units of capacitance per unit length.

The easiest component to compute is the area capacitance per unit length.
There are two such capacitances, one from the conductor to ground and the other
from the conductor to Metal 2 above it. This is illustrated separately in Figure 10.14.
Assuming silicon dioxide with a dielectric constant of 4 is used as the insulating
material, each of these capacitances is computed as

w
Cuea = Eox == 10.11
T (10.11)
The numerical value of this capacitance is
_ o w_ W _ w w
Corea = Sopy = 480E = 4(88.5 X 10 4fF/Mm)E = 0.03SE fF/um
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Metal 2

Metal 1

Ground plane

Figure 10.14
Modeling area capacitance.

As Whrinks in value with technology scaling, the area capacitance reduces linearly.
In 0.18 wm technology, the upper layer of metal would have W= 0.4 um and H=
0.5 wm. Therefore, C,,., is approximately 0.03 fF/um.

Next, we examine the lateral capacitance. This value can be complicated to com-
pute but there are two limiting situations that lend themselves to a straightforward

formula. These two situations are shown in Figure 10.15. When the conductors are

Metal 2
Clateral i Clateral
Metal 1 T—l-
o |[—
S=4\ S=4r
| 7. a
Ground plane
(a)
Metal 2

Metal 1

<—>‘ 4—»{
| S =40M | S=40\

Ground plane

(b)

Figure 10.15
Modeling lateral capacitance.
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very closely spaced by 4A, as shown in Figure 10.15a, the capacitance can be com-
puted using the parallel-plate formula:

T
Clateral = Eox o (1012)
S
The capacitance is inversely proportional to the spacing, S. Applying the dielectric
constant value to the equation:

Clateral = soxz = 4SOI = 4(88.5 X 10*fF/um) I = 0.035 I fF/ um
S S S S
In our generic 0.18 um technology, the upper layer metal has T= 0.8 um and S =
0.4 wm. Therefore, G, is 0.070 fF/um. When the conductors are spaced out by
40A as in Figure 10.15b, then G, is 0.007 fF/um and can effectively be ignored.
The last capacitance to consider is the fringing capacitance. Again, its complex-
ity prohibits any sort of simplified analysis. However, for hand calculations, it is suf-
ficient to consider two cases as shown in Figure 10.16. The first case in Figure 10.16a
consists of densely packed wires where the lateral capacitance dominates. For this
case, G is approximately zero. However, if the conductors are widely spaced, as
in Figure 10.16b, there is a fringe capacitance on each edge of approximately

T
Chinge = 80x1n<1 + —) - (10.13)
H
Metal 2 ‘
%
Metal 1
e 2]
Ground plane
(@)
Metal 2

o % d

Metal 1 TT

I il

Ground plane -

(b) |

Figure 10.16
Modeling fringing capacitance.
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Since T and H are fixed by the technology, this capacitance is almost independent
of the topology. While this is not strictly true, it is sufficient for our modeling pur-
poses here. We can compute the value of the fringing component as follows:

T _ 0.5
Clringe = soxln<1 + E) = 4(88.5 X 10 4fP/y,m)ln<l + ag)
= 0.025 fF/ um

Now that each of the components has been derived, we are ready to compute the
quantity C,

nt*

The total capacitance for the middle wire depends on whether the wires are
closely spaced or widely spaced. The case for the closely spaced wires on the upper
layers is given by

Cint = 2Csea T 2Caterat + 2 Ghiinge
= 2(0.03) + 2(0.070) + 2(0.0) fF/pm
= 0.2 fF/pm
If the wires are widely spaced, we can use the following formulation:
Cint = 2Caea T 2Chiinge T 2Clateral
= 2(0.03) + 2(0.025) + 2(0.0) fF/um
~ 0.1 fF/ um

Now consider the closely spaced and widely spaced cases for the lower level metal
lines. The case for the closely spaced wires is given by

Cint = 2Cea T 2C1teral + 2Cringe
=2(0.015) + 2(0.035) + 2(0.0) fF/um
= 0.1 fF/um
If the wires are widely spaced, we can use the following formulation:
Cint = 2Cea t 2Cinge T 2Chaeral
= 2(0.015) + 2(0.025) + 2(0.0) fF/ um
= 008 fF/um = 0.1 fF/um

To summarize, we have considered the 3D capacitances of deep submicron inter-
connect and found that upper layers of metal typically exhibit total capacitance of
about 0.2 fF/um for closely spaced lines and 0.1 fF/um for widely spaced lines. The
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capacitance of wires that are spaced between the two extremes would lie between
0.1 fF/um and 0.2 fF/um but the calculations are much more complex. However,
capacitance extraction tools are available to obtain these components accurately.
The lower levels Of metal exhibit wire capacitances of about 0.1 fF/um in both sit-
uations. Individual values of the coupling capacitances may be estimated using
Equations (10.11), (10.12), and (10.13). These first-order equations provide valu-
able insight into the origin and nature of the 3D effects. Worst-case capacitances lie
in the range of 0.2 — 0.3 fF/um. We now consider the effect of coupling capacitance
on delay and noise.

10.4.2 Coupling Effects on Delay

The RC equations given in Section 10.3 using the Elmore delay did not properly
take the coupling effects into account. A more realistic situation for delay calcula-
tion is shown in Figure 10.17 where neighboring lines are coupled together. The
grounded capacitances shown include self-capacitance, fanout capacitance, and
wire capacitance (to substrate). The coupling capacitances due to area, lateral, and
fringing effects are actually distributed along the nets. The fact that the coupling
capacitors exist between all neighboring lines implies that delay is a function of not
only what is happening on the line of interest, but also what is happening on the
neighboring lines.

To understand this effect, consider the case of two adjacent buffers driving their
respective lines with a single coupling capacitance, as shown in Figure 10.18. To
simplify the problem, we ignore the wire resistance and concentrate on the effects
of coupling capacitance on delay. The line of interest is called the victim net while
the neighboring line is called the aggressor for reasons that will become clear in
the descriptions that follow. Consider the delay associated with the switching of net
2. It is coupled to net 1 with a large capacitor C_.. How should the coupling capaci-
tance be handled? One is tempted to connect the other side of the capacitance to
ground while computing the delay for net 2. However, this may not be correct
depending on what is happening at net 1. The actual delay depends on whether net

Figure 10.17
Coupling capacitance between lines.
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PR )o——I——— Aggressor

Figure 10.18
Circuit for analysis of coupling delay and noise effects.

1 is switching from high to low or low to high, or perhaps not switching at all. If it
is not switching at all, then it is appropriate to ground the other side of the capaci-
tance. This would make the total capacitance at net 2 equal to G, 4+ C.. That covers
only one of the three possible cases that may occur.

To complete the story, we examine the total loading capacitance, C;, of net 2 for
a number of different cases. Again, if the neighboring net is stationary, then

Cp = Cgq + C, aggressor not switching (10.14)

since the adjacent net is not switching and the coupling capacitor behaves like a
grounded capacitor. If the two nets are switching in the same direction, then

C.=C

and  DOth switching together (10.15)

since net 2 does not have to charge the coupling capacitance. However, if net 1 is
switching in the opposite direction to net 2, then we should include the so-called
Miller effect. Since net 2 must supply twice the charge on the coupling capacitor to
compensate for the switching process:

Cp = Gy + 2C.  both switching opposite (10.16)

Even more combinations are possible if there are more neighboring nets. For exam-
ple, in Figure 10.17, net 3 is coupled to net 2 and net 4. Obviously, there are many
combinations of switching that result in different values of its C;. In this example,
the proper value of C; must be determined after considering 3% possible cases. For n
coupled nets, there are 3" possible combinations. The result is that the delay for a
net is unpredictable as it may vary from one switching event to another. This is one
of the reasons why timing is so difficult to characterize accurately in deep submi-
cron technologies. ,

A number of layout-based approaches have been developed to cope with this
unpredictable delay, as shown in Figure 10.19. One approach is to space out the
wires so that the lateral capacitance term decreases. Equation (10.12) tells us that
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(a) Spacing —lower capacitance/larger area

(b) Shielding — higher fixed capacitance/smaller area

Figure 10.19
Spacing versus shielding to reduce coupling effects.

there is a 1/S relation between lateral capacitance and spacing, so we can reduce the
amount of coupling by spacing signals apart from one another as in Figure 10.19a.
Of course this will cost area, but it is effective when applied to a subset of the sig-
nals. Another approach is to interleave switching signals with nonswitching signals
(such as power and ground) wherever possible. This is referred to as shielding as in
Figure 10.19b. We can place well-behaved signals on either side of a signal so that its
delay may be more predictable. However, in this case the total capacitance increases
since there will always be a fixed capacitance to ground due to the shields.

Process engineers are also working to reduce the effects of coupling. Typically
SiO, is used as the insulator in most CMOS processes. It has a relative dielectric con-
stant of approximately 4. If the relative dielectric constant of the insulating material
could be reduced from 4 to 2, the coupling capacitance would be cut in half. The
pursuit of these so-called low-k dielectrics has been ongoing for years. Currently, the
relative constant is roughly 3 but there are many issues to resolve to reach the target
value of 2.

Timing verification tools can be used to obtain more accurate delay informa-
tion since they have some notion of when signals switch. These tools require input
from capacitance extraction tools that provide detailed coupling information. One
way to characterize the effective load capacitance for these tools is to create a pre-
multiplier for the coupling capacitance called a k-factor.* Each coupling capacitor
can be multiplied by this factor to adjust its value according to switching activity.
This k-factor is nominally in the range 0 to 2.

To handle coupling effects, the timing verifier would ground all coupling capac-
itances after taking the k-factors into account. While this is a simplistic solution, it
is one of the more practical approaches to coupling analysis. Figure 10.20 shows this ;
process for a pair of adjacent nets. The load capacitance for net 2 is adjusted by the
k-factor depending on the switching of net 1. One complication is that the k-factors
may vary over time due to the switching conditions associated with adjacent nets.
Fortunately the designer is primarily interested in the worst-case values of k since it

4 This is not the same as the k used in low-k dielectrics. This one is used to adjust capacitance values taking
into account the switching behavior. To distinguish them, we will use the terms low-k and k-factor when ref-
erencing them.

H
;
¢ |
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k=0 switching in same direction
k=1 aggressor not switching
k= 2 switching in opposite directions

Figure 10.20
Handling coupling using k-factors.

will produce the worst-case delay values. This also simplifies the analysis signifi-
cantly because it would be impractical to analyze the circuit exhaustively with case-
dependent k-factors. For example, setup and hold time checks are important for the
timing verification of flip-flops. When checking setup time, the designer uses the
maximum k-factor on signal nets and the minimum on the clock net. The opposite
settings are applied for hold time violations.

If this were not complicated enough, it turns out that the exact timing of the
aggressor and victim signals also plays a role in the observed delay. Figure 10.21
illustrates the effect of signal timing in the presence of wire coupling in a SPICE
transient analysis. The uncoupled waveforms of the victim (net 2) and aggressor
nets (net 1) are shown along with a second plot of the victim waveform when many
aggressors switch against it. Because of the early timing of the aggressors, the cou-
pling actually causes capacitive feedthrough in the wrong direction before the
proper transition begins. The resulting propagation delay in this example doubles

Victim net without

coupling ——uT
\ 7 o° -
Net 1 . ya S
~ / e Net 2
= 7/
% /
s ’
S /" Victim net with
/ coupling delay

Agressor nets

AN T N WY SN Y N N N TN O AN SO SO N
250 - 500

Time (ps)

Figure 10.21
Transient analysis of coupled nets.
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when compared to the case without any signal coupling. It is clear that the k-factor
can lie outside of the range of 0 to 2 due to feedthrough. For the designer, the use
of structurgd layout to avoid coupling wherever possible, and careful timing verifi- !
cation using k-factors are the two main approaches to cope with this signal integrity !
problem. |

10.4.3 Capacitive Noise or Crosstalk

The second type of problem is noise injection due to capacitive coupling. This prob-
lem arises when there is a nonswitching net, again the victim net, surrounded by
aggressor nets that are switching. When the aggressor nets switch, noise is injected
into the victim line due to capacitive feedthrough effects. We have already observed
this effect during a transition in Figure 10.21. Here, we consider the case where the
victim line is quiet while aggressor lines are switching and injecting unwanted noise.
Depending on the size and duration of the noise, it may act to upset the function-
ality of a design—that is, a “soft” error may occur. Coupling noise at latch or flip-
flop inputs and in dynamic logic circuits is particularly troublesome. Specifically,
incorrect values can be captured in flip-flops, or voltage levels at dynamic nodes
may be upset due to noise injection. Noise may also propagate through logic gates,
assuming that the noise level is high enough. This can cause problems for down-
stream logic circuits, particularly for dynamic logic. Tracking down this type of
problem in a multimillion transistor chip has consumed many engineers for
months, often without success. It can also increase the power consumption unnec-
essarily.

To understand coupling noise, consider Figure 10.22 which depicts our aggres-
sor and victim nets connected only by a coupling capacitance, C_. The feedthrough
equation for the noise injected from net 1 into net 2 is

CAV,

AV, = ——1_
? (and + Cc)

(10.17)

Net 1
Aggressor ADO-CT-—
i Net 2 .
Victim ADO Do_
J_ C
gnd

(a) (b)

Figure 10.22
Coupling noise analysis.

5The k-factor actually lies in the range of —1 to 3 when feedthrough is taken into account.

L
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where AV, is the voltage transition at net 1 during a switching event. This equation
was described in Chapter 7 on dynamic logic. If the change on the aggressor net is
Vpp» then the injected noise is

C CVDD

AV, =
2 (and + CC)

This first-order analysis is useful in obtaining an idea of the relative magnitude of
noise due to coupling capacitance. To compute the noise level more accurately, a
number of other factors must be taken into account such as the driver resistances,
wire resistance, switching times of the aggressor signals, the switching direction of
the signals, the slew rates of the signals, resistive shielding of driver, etc. Of course,
once the noise is injected, the victim acts to restore the original level as quickly as
possible. Complex situations that include these factors require detailed transient
simulation in SPICE to obtain accurate results. Linear RC simulators are also useful
for this purpose.

In practice, designers try to minimize coupling to neighboring signals to reduce
noise. This can be accomplished by spacing the signals apart to reduce the C, term,
or by shielding signals with V},;, or Gnd, thereby eliminating the C_term. These two
approaches were illustrated in Figure 10.19.

To summarize, the delay and noise effects are difficult to analyze by hand,
except for the smallest circuits. Designers must use structured design methodolo-
gies to avoid coupling effects as much as possible, especially when critical nets are
involved. CAD tools must be used extensively to identify problem areas and apply
the spacing and shielding approaches to resolve the problems. Process engineers
must continue to develop low-k dielectric material to further reduce the effect of
coupling capacitance. Ultimately, signal integrity-aware CAD tools, good design
practices, and improved dielectrics are all needed to cope with these problems.

*¥10.5 InterconnectInductance

A relatively new and even more complex issue of inductance is lurking around the
corner as we scale technology and increase the clock frequency. Unfortunately, it
may become a problem soon if not addressed properly from a design perspective. It
is interesting to note the order in which we encountered DSM interconnect issues:
first we experienced the increase in resistance; then, coupling capacitance; and now
inductance. This order of appearance was quite fortunate since each one is progres-
sively more difficult to understand, extract, or analyze than the previous one. Inter-
connect resistance is easy to understand and is confined to the metal conductor
experiencing the current flow. Coupling capacitance is an electrostatic phenome-
non between wires in a localized region around the wire of interest. It is clearly more
complex to analyze than resistance, but still a tractable problem. Inductance, on the
other hand, is an electromagnetic phenomenon and its effect is not necessarily con-
fined to alocalized region. It is more complicated to understand and almost impos-
sible to extract and analyze, except for small sections. Nevertheless, we must under-
stand its effects and explore options to avoid its impact.
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The first step is to review inductance from an electromagnetic point of view.
When current flows through a conductor, it sets up an electromagnetic field around
it with a flux that stores energy. This flux is linearly related to the current, as follows:

¢ =Li (10.18)

The proportionality constant is obviously the inductance, L, which is measured in
Henrys (H). As the current changes, the magnetic flux acts on the wire itself and
induces a voltage drop. For a linear inductor, we can take the time derivative of
Equation (10.18) to obtain

di

AV = [— A
It (10.19)

This equation implies that the voltage drop is zero for a dc current. That is, the
inductor can be treated as a short circuit for low-frequency operation. As the cur-
rent demand of a chip increases, the voltage drop associated with the inductor
increases. In high-speed designs, the rate of change of current with respect to time
is increasing rapidly. Therefore, inductance effects are especially important at the
package pins and in the power distribution system. We will examine this issue in
more detail in Chapter 11.

Signal lines are also beginning to exhibit increased effects of inductance. It is
important to realize that interconnect is really a distributed RLC line, not simply a
distributed RC line. As such, it behaves like a transmission line under certain cir-
cumstances. We now elaborate these circumstances and describe how the induc-
tance effects modify the delay equation. We will use R, ,, C,,,, and L, , to represent
the resistance, capacitance, and inductance per unit length, respectively. An estimate
of the inductance per unit length can be obtained from a well-known relationship
in electromagnetic theory

CintLint = EoxMox (1020)

where the insulating material is assumed to be oxide with permittivity, &,,, and per-
meability, w.,. This equation only applies to a conductor that is completely sur-
rounded by a uniform dielectric, but it is useful in obtaining first-order inductance
values. Assuming that C, = 0.1 fF/um, &, = (4)(8.85 X 107!* F/cm) and u,, =

1nt
12.6 X 1077 Wb/amp, thf;ln L, = 0.45 pH/um. This is a very crude estimate but !
does provide the correct order of magnitude for inductance. i

In Figure 10.23, a lumped model of the RLCline is shown. We can analyze this
simple circuit to develop some intuition before proceeding on to the distributed
line. First, consider the complex impedance associated with the resistance and

inductance of the signal line }
Zw = R+ joL - (10.21)

where w = 27rf is the signal frequency in radians/second. If R >> jwL, then Equa-
tion (10.21) tells us that inductance is not important. If R< jwL, then inductance
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—W— T
I

Figure 10.23
Lumped model of RLC interconnect.

effects will be observed in the signal line. In the past, the resistance was larger than
the reactive component so that RC effects were dominant. In recent years w has been
increasing significantly in very high-speed designs to the point where the reactance
term is important. At the same time, process engineers and designers have been
working to reduce wire resistance. First, the resistance of the metal lines has been
reduced with the introduction of copper as a replacement for aluminum. Second,
certain signals use very wide wires to lower the resistance significantly. This reduc-
tion in resistance combined with an increase in the operating frequency has made
the reactive term non-negligible in certain signals. Interestingly, while inductance
values have not increased over the years, the increase in frequency and decrease in
resistance have combined to raise concerns about inductance.

The above analysis is somewhat localized to the interconnect itself. When con-
sidering the significance of inductance, it is important to consider both wire resist-
ance and the on-resistance of the buffer driving the wire. In most cases, the buffer
resistance is very large (on the order of kilo-ohms) and will dominate. That is,

Rbuffer + Rwire > ]COL

Therefore, we should be able to ignore self-inductance for most signals on the chip.
Of course, if the buffer is large and the wire is wide, we would have

Roufrer + Ryiee < jwL (10.22)

and inductance would be noticeable. This is most prominent in clock lines. There-
fore, the delay should be computed using RLC delay equations.

Next, we include capacitance in the analysis. The lossless transmission line of
Figure 10.24 has inductance and capacitance but no resistance. It is driven by a volt-
age source V; with a source resistance of R;. Since the interconnect has no resis-
tance, it can be represented by a characteristic impedance of Z, given by

Lint

C int

When we apply a step input to the interconnect, the response depends on the rela-
tive values of Rgand Z,. When the resistance is much greater than the characteristic
impedance, i.e., R; >> Z;, the RC effect will dominate the transient response. We
expect an exponential response given by

‘/out (t) = 1 - e—t/RC
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Overshoot
Undershoot
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Figure 10.24
Responses of RLC interconnect.

form given by
Vou(t) = 1 — re" 7o

where 1, a, b, and ¢ depend on the RLC values.
the response. Note that ¢, and ¢, are much short

As shown in the figure, the propagation delay, t,, and rise time, ¢,, are rather large.
However, if Ry < Z, inductance effects will be important and we obtain an
oscillatory response within an exponential envelope. The response has a general

s(bt + ¢)

The figure illustrates the nature of
er in this case, but the tradeoff is a

relatively large overshoot and undershoot of the waveform, and a longer settling
time, t,. These delay values can be computed from the response equation above.
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Finally, we consider a lossy transmission line where distributed effects are taken
into account. For this case, the length, [, of a distributed RLC line plays a role in
whether it exhibits the effects of inductance. In particular, as a signal propagates
down the wire, it experiences a certain degree of attenuation due to wire resistance.
When it reaches the end of the wire, it reflects off the load impedance and propa-
gates back toward the source. This reflected signal is also attenuated as it travels back
down the wire. The interaction of the forward and backward propagating signals
leads to the ringing effects observed in Figure 10.24. If the wire is very long, then
inductance effects will not be observed due to signal attenuation. A standard deri-
vation can be used to find the maximum length at which inductance effects occur

2 [ Lin
R int Cint

Inaxe < (10.23)

Qualitatively, this tells us that as the resistance per unit length increases, the length
over which inductance is important decreases.

The transition time of the signal at the output of the buffer also controls the
transmission line effect. If the round-trip of the signal down the line and back to the
buffer is short relative to the rise time, it does not have a significant transmission
line effect. The round-trip time is given by

tround—trip = 2T() = 2Z v Lintcint (1024)

The quantity Tj, is referred to as the time-of-flight. If the rise time (or fall time) is
shorter than twice the time-of-flight, we will observe the transmission line effects.
Therefore, we require that

t, < 2IVIL,C; (10.25)

int

In terms of ], this translates to a minimum length of

L

N> 10.26
lml 2 LintCint ( )
Combining the results of Equations (10.23) and (10.26), we find that -
t Lint
N <] < — (10.27)
2 Lmt int mt Cil‘lt

This result tells us that the wire must be larger than the length specified by
t,/2V Lin,C,, but smaller than the value specified by (2/Ry,;) VLy/Cip for induc-
tance to be important in delay calculation. We should view these results as being
more qualitative than quantitative since the terms in the equations are difficult to
compute with great precision. Furthermore, the effect of buffer resistance must also
be considered to obtain accurate results.

What makes the inductance problem particularly difficult is that, fundamen-
tally, inductance can only be defined for a closed current loop, not simply for a seg-
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ment of wire. The inductance of the loop is proportional to the area of the loop.
Knowing the forward path of the current is not sufficient; the return path must also
be identified. This is not easy to determine for most signals. In the past, the return
path was assumed to be in the substrate. For high-speed designs, the return path
often occurs in the power and ground distribution systems, and even in other sig-
nal lines. Worse yet, there may be multiple return paths, some through
power/ground rails, and others through signal lines that are not close to the signal
of interest. The extraction of inductance values is difficult since the effect of induc-
tance is not confined to a localized region around the conductor.

More problematic is mutual inductance since it causes noise and delay effects on
unsuspecting neighboringlines in unexpected ways. This type of problem is a grow-
ing concern for most integrated circuit designers, as it is difficult to extract and ana-
lyze. Mutual inductance refers to time-varying current in one line giving rise to a
voltage drop in a second line. Two RLC lines are coupled via mutual inductance, as
follows

| d 1028
g |
EM T T

where L, and L,are the self-inductances of the two wires and M is the mutual induc-
tance between the two wires. When a current flows in one line, it induces a return
current in the other line due to its mutual inductance. The voltage drop on each line
is the sum of the drop due to its self-inductance and its mutual inductance with the
other line. This effect can occur over distances of 100 wm or more and create func-
tional failures that are intermittent in nature. The details of mutual inductance
effects, while important in future technologies, are beyond the scope of this book.
The interested reader is encouraged to consult the references at the end of this chap-
ter for further information.

To summarize, self and mutual inductance effects have been observed most fre-
quently in clocks and busses. Clocks are prone to self-inductance effects whereas
busses are more likely to experience mutual inductive effects. To limit the effects of
self-inductance, wire lengths can be kept within the boundaries suggested by Equa-
tion (10.27). For mutual inductance, shielding techniques of the form shown in Fig-
ure 10.19 can be used to limit its effects.

¥10.6 Antenna Effects

Another important issue associated with interconnect is the antenna effect. This is a
reliability issue that may destroy the thin-oxide of transistors during fabrication or
modify the threshold voltage of devices. During the fabrication process, charge builds
up on each metal layer during plasma etching, sputtering, or chemical-mechanical
polishing (CMP). This phenomenon is referred to as an antenna effect since charge is
attracted to each metal layer like an antenna. Since Q = CV, the accumulated charge
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creates a potential difference across the gate oxide of a MOS transistor. When too
much charge accumulates on the gate, the voltage drop across the oxide damages the
transistor by shorting the gate to the substrate. A less dramatic, but still undesirable,
effect is a shift in the Vi due to injection of mobile carriers into the oxide through
Fowler-Nordheim tunneling.

The antenna effect manifests itself as an interconnect design issue since the
metal layer selection and routing determine the impact of this phenomenon. When
Metal 1 is processed, its charge buildup is rather small since the lengths of the wires
associated with Metal 1 tend to be short. As we add more and more layers, the area
tends to increase since the wires are longer and thicker. Higher levels of metal have
more surface area and therefore accumulate more charge, so they tend to be more
troublesome with respect to the antenna effect. If a transistor survives the process
on a given layer, that layer does not play as significant a role in the antenna effect
during subsequent processing operations. Therefore, we usually assess antenna
problems for each metal segment in each layer separately.

The antenna rules specify maximum allowable ratios of metal (or poly) area to
gate area for each layer. ‘

Areametal

Antenna Ratio = (10.29)

Areag,,

For example, if the antenna ratio is set to 100, the area of a metal line would have to
be 100 times larger than the gate area for an antenna rule violation to occur. There
is a different ratio for each metal line. The design-rule checking (DRC) tools can
check to see if each wire segment on each layer causes a violation, and flag those that
are potential problems. For threshold voltage shifting, all metal layers connected to
a gate need to be combined to obtain Area,, in Equation (10.29).

An example of the antenna effect is shown in Figure 10.25. Relative to the indi-
cated device, poly, Metal 1, or Metal 2 may act to damage the gate region. For exam-
ple, when Metal 1 is deposited and polished, charge develops on it and builds up a
potential difference that could damage the oxide of the indicated transistor. If it tol-
erates the voltage level, then the corresponding Metal 1 segment is not considered
to be a problem in the rest of the processing sequence. However, when the next layer
of metal is applied, the corresponding charge on this second layer alone is checked
against its antenna ratio. A more conservative approach recognizes that process
induced damage is a cumulative effect. In that case, the total area of poly + Metal 1
+ Metal 2 is divided by the gate area for the antenna check.

A number of different approaches have been used to avoid antenna effects. First,
the insertion of diodes along the wire can be used to discharge the metal lines dur-
ing the processing sequence. This approach is illustrated in Figure 10.26 where a pn
junction has been connected to Metal 1. The job of this diode is to discharge each
layer of metal as it is deposited so that the transistor does not see any significant volt-
age drop. It is reverse-biased and harmlessly removes charge as it accumulates.

The use of antenna diodes is very effective but presents some practical prob-
lems. Diodes cost area and their location must be decided based on the metal struc-
ture. Ideally, the diode should be near the transistor gate as shown in Figure 10.27.
There is already a reverse-biased junction at the output of the inverter, but the
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Figure 10.25
Antenna effects during IC processing.
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Figure 10.26
Antenna diodes to discharge metal lines.
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Figure 10.27
Proper placement of antenna diodes.

antenna diode is needed near the transistor gate as shown. Note that as each layer
in the example is deposited, the far-end transistor must be able to handle all the
charge accumulation on each successive layer in this configuration. Therefore, the
far-end metal lines must be kept short or we must place diodes near the transistor.
However, it would be too expensive in terms of area to place diodes near all transis-
tor gate inputs, or embed the antenna diodes inside cell libraries. It should only be
used where absolutely necessary. This involves a complete DRC verification of the
entire layout to identify the locations that are appropriate. The second issue is to
define the area of the diode. This depends on the area of the metal segments that it
supports. If large diodes are used unnecessarily, area may be compromised.

A second approach is to break up long wires with buffer insertion. This will
reduce the total area available for charge accumulation and increase the transistor
gate area, thereby reducing the total charge on each metal line. Of course, such a
process is already carried out as part of reducing the RC delay, but we obtain a side
benefit of a reduction of antenna effects. We must still verify that no segment cre-
ates a problem, but we will definitely reduce the number of violations after buffer
insertion,

A third approach is to create metal jumpers from one level to the next to break
up the lines near the far-end of a wire. This is illustrated in Figure 10.28. In this case,
we show a Metal 1 wire that violates the antenna ratio. A seemingly unnecessary jog
to Metal 2 is introduced near the gate of the transistor to avoid the total charge of
Metal 1. Recall that, when the processing steps are applied to introduce the vias, the
charge of Metal 1 is removed. Therefore, the transistor will only experience the
small charge from the Metal 2 segment. The additional resistance and capacitance
of the vias and Metal 2 segment are usually negligible.

In summary, the proper solution to the antenna problem depends on the phys-
ical design methodology, tools, and engineering tradeoffs associated with the :
design. All of the above solutions are viable if carried out with careful considera-
tions of the tradeoffs. In advanced processes, diode and buffer insertion appear to 3
be most helpful. Hopefully, tools of the future will automatically take care of this
issue on behalf of the designer.
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Figure 10.28

Metal line jogs to avoid antenna effects.

10.7 Summary
Interconnect data:
(@) 0.18 um 5-layer aluminum process: p = 2.7 u{)d-cm; Metals 1-4, T=

0.5um, H=0.5 um, W, = 0.3 um; and Metal 5, T=1 um, H= 0.5 um,
Wiin = 0.4 um

(b) 0.13 pm, 8-layer copper process: p = 1.7 u{)-cm; Metals 1-6, T= 0.4 um,
H=05 um, W,;, =0.2 um; and Metals 7-8, T= 08 um, H= 0.5 um,
Wi = 0.4 um

Wire resistance calculations:

pL pL p < L )
A ™W Rsy T N\ w
2.7 w-cm
Ry, = T~ 05 pm 54 m{}/0 Al Metals 1-4
p 2.7 ufd-cm
Ry, T 0 27 mQ/O Metal 5
1.7 uQ-cm '
Ry, = PR _p m{)/[0 Cu Metals 1-6

ONSEMI EXHIBIT 1038, Page 344



478 ANALYSIS AND DESIGN OF DIGITAL INTEGRATED CIRCUITS

Optimal buffer insertion:

N b f t N \/ Rintcinth/ 2
umber orf stages =
8 Reqn(CI + CG)(I + B)

S £ buff \/ Reqncint
ize of buffers M= .,/————
CG(l + B)Rint

Coupling capacitance:

Clateral = &ox

T
Chinge = Eox 1n<1 + E)

Coupling capacitances in delay calculation:

Cp= Cga + C,  aggressor not switching
Cr= Cgu both switching together

C. = Cpq T 2C.  both switching opposite

Crosstalk noise:
CAV,

AV, = ——TL
g (and + CC)

Self-inductance:
di

AV=L—
v dt

Mutual inductance:
di di,

= LGt MY

mm MGt Ly

Conditions where inductance should be considered in delay calculation:

Rbuffer + Rwire < ]wL

s <I< 3\/Z
2VIC RN C
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Antenna rule:

Area .,
Antenna Ratio = ————

Area,,
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PROBLEMS

P10.1. Compare the resistance of a 20 mm Metal 5 wire in 0.18 um technol-
ogy with a 20 mm Metal 8 wire in 0.13 wm technology (a non-scaled
wire). Use the information provided in the Summary section. Com-
pute the delay for each wire assuming an ideal source and a wire capac-
itance of C_, = 0.1 fF/um.

int

P10.2. Compare the resistance of a 20 mm Metal 5 wire in 0.18 wm technol-
ogy with a 14 mm Metal 8 wire in 0.13 um technology (a scaled wire).
Use the information provided in the Summary section. Compute the
delay for each wire assuming that the wire capacitance is G, = 0.1
fF/pum.

P10.3. Two adjacent Metal 5 wires in 0.18 wm technology are spaced out from
4A to 40A in 4\ increments. Plot the capacitance per unit length of
these wires as a function of spacing, assuming that they are shielded
above and below. Use minimum width dimensions for the wire.

P10.4. Simulate a distributed RCline as an RC ladder circuit in SPICE with
1 stage, 3 stages (as shown in Figure P10.4), and 20 stages. You can
choose your own sizes but ensure that the total resistance and total
capacitance are the same in all three cases. Measure the propagation
delay for the three cases when a step input is applied at the source.
Derive a delay formula of the form:

T= CtRwireCwire

and compute « for the three cases. Comment on the results.
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Ry R, Ry

Source O—MWW—T Output
T

Figure P10.4

P10.5. Repeat the same experiment as described in Problem P10.4 but this
time use each of the following three models shown in Figure P10.5 in
place of the RC ladder. Which model produces accurate results?

L-model TT-model T-model

Figure P10.5

P10.6. Simulate the RC circuit shown in Figure P10.6 using SPICE. Set R, =
R, =R; and C, = C, = C,. Compare the Elmore delay with the delay
derived from SPICE. How accurate are the results for each node using
Elmore? Explain why any particular result is not accurate.

B @
R R, @ lq

= II o

Figure P10.6

P10.7. Wires can be placed into short, medium, long, and very long cate-
gories. Establish rules of thumb for a Metal 5 wire in 0.18 um tech-
nology that quantify each of these categories based on the following
definitions:

k-
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(a) Short wires do not require any resistance or capacitance calcula-
tions if they contribute less than 5% to the delay. What is the max-
imum short wire length?

(b) Medium wires must include capacitance in the delay calculation,
but do not require any resistance information. What is the maxi-
mum medium wire length?

(c) Long wires require both resistance and capacitance information
but do not require buffer insertion. What length of wire can
remain unbuffered?

(d) Very long wires require buffer insertion.

P10.8. Figure P10.8 shows a circuit that has two interconnect lines with a
large coupling capacitance between them.

(a) Estimate the peak value of noise on the victim line when the
aggressor line switches by 1.8V.

(b) What is the effective capacitance loading on the victim for delay
calculation if the aggressor switches in the opposite direction of

the victim?
Net 1
— ——1—— Aggressor
SOfF
; =|= 100fF
Net2
— —— Victim
60fF I

Figure P10.8

P10.9. For a 0.13 um technology, estimate the range over which inductance is
important assuming a Metal 8 wire. You can assume typical numbers
in the given technology. How does this range compare against the crit-
ical length in the same technology? (See Section 10.2.3.)

P10.10. The amount of noise injected on a wire depends on the strength of the
driver, rise time of the aggressor, as well as the percent of the total
capacitance that is due to coupling. Create a simple RC model based
on Figure P10.8 that you can use to help you estimate the size of noise
caused by the coupling.

P10.11. Compare the number of repeaters reqﬁired in a 0.18 um technology
versus a 0.13 um technology for a 10 mm wire. Use the top layer of
metal and the standard technology parameters to compute the numbers.
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P10.12. Consider an 18 mm Metal 7 wire in a 0.13 um technology. Assume the
wire is 0.4 um wide and 0.8 um thick with a spacing to adjacent wires
of 2 um. The height above and below to Metal 8 and Metal 6 is 0.5 wm.
Assume Cu for interconnect (p = 0.017 {}-um) and a low-k dielectric
material (e, = 3.0). Assume a worst-case coverage of Metal 6 below,
Metal 8 above, and Metal 7 for adjacent lines that are shielding the wire
of interest.

(a) Compute the resistance per unit length and capacitance per unit
length for this wire.

(b) Estimate the delay of the distributed RC wire, assuming that the

driver is a perfect voltage source and that the load capacitance is
50 fE.

(c) Assume that the wire is being driven by a 25X inverter. What is the
new delay?

(d) Now, assume that the inductance is 0.5 pH/um. Will the induc-
tance be a factor in the delay calculation for this buffer size? Com-
pare hand analysis with results in SPICE.

(e) Now remove the 25X buffer and perform buffer insertion on this
wire using the standard formulas. Should inductance be a factor
for the new wire lengths? Compare your hand analysis with results
from SPICE.
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CHAPTER CUTLINE
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11.3 Clocking and Timing fssues :
R Fhaséiockecé Loops/Delay-Locked Loops
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I - . . Prohlems

11.1  Introduction

In this chapter, we address two chip-level design chailenges that are dominated by
interconnect issues: power and clock distribution. Here, the word power is intended
to mean the power and ground distribution systems, which include Vj,; and Gnd
{or V). The power supply, up to this point in the book, has been assumed tobe a
constant value that is available everywhere on the chip. However, it must actually be
routed from the power pads to the gates, memory circuits, and all other functions
on the chip. Furthermore, its value fluctuates over time, depending on the switch-
ing activity on the chip. These variations in the voltage must be tolerated by the
gates on the chip. The same applies to the clock signal. It has been assumed to be
availableat all required points on the chip with a well-defined clock period. How-
ever, it too must be routed from the clock source or root node to the appropriate
destinations inside the chip. It also has some variability in its period and arrival
tirnes across the chip that must be tolerated by the logic circuits.

Power distribution and clock design are now complex tasks that must be done
with great care in deep submicron technology. Gone are the days of simply laying
out metal tracks for the power supply or running a clock signal to all the flip-flops
in the design. Today, many issues come into play and affect the integrity of the
power grid or the clock network. This chapter addresses many of these issues,
although it is difficult to completely describe all of the issues and their interactions
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in a single chapter. The chapter wili highlight the interaction of the power system
with the clock design. Many design groups work on power system and clock design
together so that the complete problem is properly addressed. We will also address
clock generation and phase-lock loop (PLL) circuits as part of this chapter.

11.2 Power Distribution Design

Power distribution, when considered in its entirety, actually involves on-chip and
off-chip issues starting from off-chip de-dc converters, printed circuit boards
(PCBs), power planes, packages, sockets, power pins or solder bumps, and finally
the connection to the gates. Proper power grid design requires interaction of system
designers, thermal designers, system architects, board designers, and chip designers.
The problem demands global optimization rather than localized chip-level opti-
mization. This section will focus on the chip-level issues, but the reader should keep
in mind that this is only one part of the complete design problem.

Much of the complexity of power distribution systems arises due to the large
number of transistors on a chip, the RLC nature of interconnect, the frequency of
operation, and the current demand of high-speed circuits today. The highest fre-
quency of operation is well over 1 GHz, while power has exceeded 100 W and cur-
rent levels have reached 100 A in state-of-the-art designs. Meanwhile, supply volt-
age scaling to reduce power has led to V,;, values of 1.2 V and below. Fluctuations
in the power system at these levels lead to timing variations and, eventually, design
failure. Allowable voltage noise in the supply is budgeted at £10% X (Vpp, — Gnd)
as a rule of thumb.

In order to manage fluctuations, the total impedance seen from the Vpppads to
the gate connection must be controlled based on the needed current. The target
impedance of the power grid as seen from the pads is given by

. Vpp X (fractional noise budget)

11.1)

i DD

For a supply voltage of Vi, = 1.2V and a supply current of I, = 100 4, Z =
1.2V X (10%)/100 A = 1.2 m{). This is an incredibly small number to achieve over
the gigahertz frequency range and makes power distribution design very challenging.
The noise on the supply is primarily due to IR drop and Ldi/dt as will be
explained later. At this stage, it is sufficient to realize that voltage drops occur on the
power grid due to the resistance and inductance along the current path. These volt-
age drops affect clock skew, gate performance, and clock and PLL timing jitter.
There are also issues of power grid electromigration that affect long-term reli-
ability. The metal migrates due to the eroding effects of large currents and eventu-
ally breaks. Ultimately, the power system design will limit the system performance
and may lead to failures in the field. Therefore, it must be designed carefully to avoid
such potential problems that are collectively called power integrity issues.
»  One approach that has been used in the past is to overdesign the system to avoid
any potential failures. Overdesign is a term used often by designers when design risks
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are removed by going well beyond the needed safeguards and recommended guide-
lines. One example of this is the use of decoupling capacitance on the chip to con-
trol IR and Ldi/dt. In the case of overdesign, most of the available area would be
committed to decoupling capacitance rather than to devices. However, there is a
large area penalty associated with this overdesign {and an even larger one for under-
design—nonworking chips!) so it is important to understand the key issues and
make the proper tradeoffs wherever possible. With this brief overview, we now
describe the main issues in power system design and then examine a few basic struc-
tures of the power distribution system.

11.2,1 {R Drop and Ldi/dt

The conditions contributing to the complexity of power distribution systems are
primarily due to interconnect and its impact on chip performance. IR drop due to
resistance on Vi, lines impacts overall timing and functionality. These effects are
made worse by the presence of Ldi/dt voltage variations at package pins due to the
increased rate of change of current in high-speed designs. Together, the total volt-
age drop at any point in the power grid is given by

di
V—IR-?-LE; (11.2)

We consider each of these effects separately starting with IR drop. The basic concept
of IR drop is illustrated in Figure 11.1, which depicts two large buffers connected to
a resistive power supply. [nitially, all voltage levels in the power grid are at V. As
the large driver, inv2, begins to switch, the demand for current reduces the voltage
int the power grid. Specifically, the wire resistance creates voltage drops that increase
as the current moves from the external supply toward inv2. The voltage remains rel-
atively high near the Vp,, connection at the periphery of the chip, and drops by AV
at the connection to inv2. In practice, IR drop is caused by simultaneous switching
of clock buffers, bus drivers, memory decoder drivers, etc. These simultaneous

f, suppiy

ﬂéﬁ 17
L 1l

Figure 11.1
I drop in power distribution system.

~

; Vpp— AV
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inv2
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switching events can occur anywhere on the chip and, therefore, all regions are sus-
ceptible to IR drop violations. The ground grid is subject to the same type of prob-
lem when the outputs switch low, except that the value will increase in voltage. This
is sometimes referred to as ground bounce.

Voltage drops on the power grid primarily affect timing, The effect of IR drop
on performance can be significant. IR drop reduces the drive capability of the gates
and increases the overall delay. Typically, a 5% drop in supply voltage can affect
delay by 10-15%, or more. Such an increase becomes serious when managing clock
skews in the range of 100 picoseconds. In the previous chapter, we found that path
delays are no longer predictable due to interconnect issues. This problem is exacer-
bated by IR drop. Ideally, timing calculations should account for worst-case IR drop
to ensure a working design. The analysis can be carried out using process corner
simulation, as described in Chapter 3.

IR drop also compromises the noise margins of logic gates, due not only to volt-
age drop in the power grid, but also to the increase in voltage in the ground grid.
Once the noise margins drop below the budgeted amount, typically 10%, the design
is not guaranteed to operate properly. Over the years, supply voltage has been
shrinking to avoid iransistor punch-through conditions, hot-electron effects, and
device breakdown. More recently, Vi, scaling has been driven by the need to reduce
power dissipation rather than the other issues. Either way, this has resulted in
smaller and smaller noise margins. With IR drop, the margins are reduced even fur-
ther which makes it more difficult to manage the effects of interconnect coupling
noise in a multimillion-transistor design.

Now consider the Ldi/dt term of Equation (11.2). This is another source of voit-
age drop in the power supply due to package pin inductance—typically around
1-2 nH. The inductance arises from the bonding wire used to connect the chip /O
pads to the lead frame in & traditional dual-inline package (DIP), as in Figure 11.2a.
While the inductance L has not changed significantly over the years, the value of
di/dt has continued to increase and the supply voltage has been decreasing from 5V
to 3.3V, 2.5V, 1.8 V, and recently 1.2 V and below. These trends have reached a point
where the Ldi/dt drop can contribute significantly to an overall voltage drop in the
power grid, especially in peak demand situations.

Today, many companies have moved to a ceramic ball-grid array (BGA) pack-
aging due to the high number of chip J/O and power and ground connections
needed. In this packaging technology, solder balls or bumps replace the pins of the
DIP as shown in Figure 11.2b. The bumps can be placed anywhere in the chip area
and allow 300 to 500 I/O connections. This is a more expensive solution but must
be used whenever the [/O count exceeds the capacity of the previous packaging
technologies. The inductance of each solder bump is of the order of 0.1 nH.

Consider the example of Ldi/dt on the BGA package option shown in Figure
11.3. Here, the power supply is driving a few large inverters and we assume that the
resistance of the line is zero, The inductances of interest are the ones due to the sol-
der bump and via connecting from the bump and the package plane (providing
clean power). A current level of 25 mA is supplied by V,,p, and flows into the circuit
over a 100 ps time interval. At this same time, some of the buffers are discharging
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{a) Dual-inline packaging
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{b) Ball grid array packaging
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Chip packaging options,

Figure11.3
Effect of off-chip inductance.

through Vi with roughly the same level of current in the same time period. If the
bump and via generate 0.2 nH of inductance, then the total voltage drop due to the
inductance on both rails is

di

i 25 mA
=2 ¥ 02nH X = 100 mV
dt 160 ps

VLZZXL

This is a significant drop considering that the supply voltage may oniy be 1.2 V, Far-
thermore, this is only one of the voltage drops to consider. If the inductance of the
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Figure 114
Combsined resistive and inductive effects of power/ground system.

power system is included, we will begin to observe Ldi/dt effects due to the power
grid itself, in addition to the pin inductance. We also neglected the resistance of the
power grid, and the fact that many other buffers may be switching at the same time.

The overall voltage drop due to both Ldi/dr and IR, which are both dynamic
phenomena, requires the modeling approach shown in Figure 11.4. The packaging
inductances, power grid inductances, and power grid resistances must all be con-
sidered together with an RLC medel of interconnect. Of particular concern are sit-
uations that give rise to simultanecus switching noise {SSN} where many buffers
switch together producing large IR drops and ground bounce.

11.22 Electromigration

The high currents experienced in the power grid also induce electromigration {EM)
effects where metal lines begin to migrate and eventually break during the opera-
tion of the chip. The process involves the migration of metal molecules due to the
high current densities and narrow line widths leading to 2 short or open in the metal
line. Once this occurs, the chip may not function as expected or may no longer meet
the timing specifications. Existing cracks or other imperfections in the metal lines
are particularly prone to this problem since they are already weak links in the power
system. Failures due to EM can be catastrophic because they occur in the field when
the chip is in a system and in a customer’s hands.

An example of an electromigration failure is shown in Figure 11.5. In the past,
low current densities and wide metal lines, combined with special processing,
reduced the likelihood of EM. As we exceeded speeds of 100 MHz, and reached
geometries below 0.8 um, the potential for EM problems increased in aluminum.
One of the reasons for switching to copper was its superior performance with
respect to electromigration. Cu is approximately 10 times better in terms of EM
than Al, but Cu diffuses quickly through oxide and it was not used in ICs because
of this problem. However, advances in processing technology to solve this problem
led to the eventual switch from Al to Cu. Initial EM results of Cu indicate that it is
slightly better than Al, but large improvements are expected as the technology
matures. Unfortunately, today the copper vias experience a greater degree of EM
failures compared to the tungsten vias used with aluminum.
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Figure11.5
Electromigration failure in power bus,

Electromigration in the power grid is a function of the average current flow in
metal lines and vias. Current flows primarily in one direction in each power bus,
since it is delivering current from the power pad to the gate in the case of V), {see
Figure 11.1). Therefore, it is called a dc phenomenon. To assess the EM tolerance of
a piece of metal, we can examine its average dc current density, J, and compare it to
some allowable level, J_., when EM failure occurs. Since metal lines vary in height
and material properties at different levels in the design, each metal layer may have a
different failure criteria. ,

It is useful to characterize the lifetime of a chip due to long-term reliability
problemns through a metric called the mean time to failure (MTTE). If the value of
MTTF is 5-10 times greater than the expected lifetime of the product in which the
chip is embedded, then we can safely ship the design to customers. However, if the
chip lifetime is less than the product lifetime, improvements to the design must be
made. Black’s law is used to estimate MTTF of 2 metal line using the average cur-
rent density, J, and the activation energy' of the failure, AH:

MTTE = %exp(AijcT) (11.3)

! Blectremigration is madeled as a diffusion process that is thermally zctivated at a given energy level, The acti-
vation energy depends oa the diffusion mechanism, gither through the lattice (AH = 1.4 V) or across the
grain boundaries {AH = 0.4 V).
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Here, MTTF is the median time to failure in an ensemble of samples and A is an
empirical fitting coefficient, The MTTF is inversely proportional to F and is very
sensitive to temperature. For a target MTTE, the value of ] can be determined
from the equation in units of amperes/cm?. A typical value of . is approximately
105 Afem?, or 10 mA/um?. This value is compared with the actual current density
in each segment to evaluate the potential for eleciromigration.

Exampie 11.1 Use of MTTF to Establish Maximum Allowable Current Density

Problem:

A design has a required lifetime of 10 years. Measurements for Al electromigration
using an accelerated testing method indicates that A = 2 X 10¢ hr-cn®/ampere
and AH = 0.85 V. What is the maximum allowable current density in Al intercon-
nectat 125°C7 -

Solution:

The MTTF is the time at which 50% of the parts will fail, that is, t5;. For a desired life-
time of 10 years, the MTTF should be 5-10 times larger than this value, We will use
a factor of 10 to be on the safe side:

ts = MTTF = 10 X 10years X 365 days X 24 hours = 8.8 X 10° hours

Using Equation (11.3), we can solve for /.

4 —\/iﬁ_ex (ﬁ) = ;2{]07} ex ( 0.85eY )
o Vo P\ TT ) T VBe(105) TP\ 562 X 107eV/K(398°K)

= 8.95(10°)A/em’

This value can be used as the maximum tolerable current density for electro-
migration.

The current density in each wire segment is computed using the wire dimensions

Iﬂ’v‘g

WXT

Fog = (11.4)

where Wis the wire width and T is the wire thickness. The criterion for electromi-
gration failure is

g = Jronx (11.5)

This comparison must be performed for every segment and via in the power grid to
identify those nets that are prone to EM failure in the prescribed lifetime. Failing
metal segments and vias must be modified, typically by adjusting the wire width
according to Equation (11.4), until conditien (11.5) is no longer violated. Not all
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EM failures must be fixed since a break in the metal line does not necessarily mean
that the part will fail. However, it may increase the likelihood of failure in other
branches since there are usually many different current paths to each gate. The fail-
ures should be ordered in some manner, and then fixed in that order, until the prob-
ability of failure is below some predetermined threshold.

11.2.3 Power Routing Considerations

Integrated circuit power distribution systems are designed to provide the needed
voltages and currents to the transistors that perform the logic functions of a chip.
IC designers must design power systems with Equations (11.2) and {(11.3} in mind
for reliable operation. A complete picture of power grid integrity can only be
obtained when effects such as IR drop, ground bounce, Ldi/df, and electromigration
are considered together. These are fuli-chip issues that must be addressed by inter-
connect verification tools that have the capacity and performance required to ana-
lyze detailed representations of the chip in a reasonable time. We will leave these
higher-level issues to CAD tools and vendors. Instead we will focus on the methods
needed to avoid these types of issues.

Initially, one can make estimates of the iR drop and Ldi/dt from R, C, and L cal-
culations. Designers typically compute resistance along a conductor by counting the
number of squares along the line and multiplying by the sheet resistivity. Similarly,
the capacitance along the line is computed by multiplying the length of the line
times the capacitance per unit length. Inductance can be estimated for the bonding
wire or solder bumps, and crude estimates can be obtained for the power lines.
Using this information and the expected current levels and rates of change, the
anticipated voltage drops can be computed, along with electromigration lifetimes.
Carrying out this type of analysis for a whole chip is difficult so rules of thumb have
emerged to help guide the power grid design. These rules are associated with the
metal width needed to keep the resistance low enough for the expected current lev-
els and current densities.

A simplified method of power distribution is illustrated in Figure 11.6. The
outer ring is Vp;, and the inner ring is Vg, The power and ground straps are routed

Yoo

N
AN
g

Figure 11.6
Large Block ievel power distribution.
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Figure 11.7
Poweer routing options.

vertically and interleaved so that at the lowest level they can be connected to the
gates at the appropriate contact points. Of course, this type of routing does not fully
account for the different types of blocks at the lower level, such as memory, logic,
clock, and bus drivers, that may be connecting to the supply. However, the general
idea of distributing power routes around the chip is conveyed in this diagram.

The power distribution system should be designed to route current to the gates,
taking into account IR and EM. This requires a more careful consideration of the
routing methodology. For example, consider the two blocks in Figure 11.7a. If power
is routed through Block A to Block B, a larger IR drop will occur in Block B since
power is also being consumed by Block A before it reaches Block B. As more and more
blocks are added, the complex interactions between blocks determine the actual volt-
age drops. The placement of these blocks is typically based on the timing require-
ments of the system or the size and shape of blocks at the floor-planning stage. There-
fore, sizing the power buses properly to minimize IR drop, while satisfying the
required timing and area constraints, is a key design challenge.

The power busses could be widened to lower the resistance of the lines as in Fig-
ure 11.7b. The large metal trunks of power have to be sized to handle all the current
for each block. Although routing power in this way makes it easier to manage /R
drop, it also requires more area to implement, This forces designers to set aside large
areas for power busing that takes away from the available global signal routing area,
Since the same routing tracks are used for clocks, busses, and other global signals,
the tradeoff between power and signal routing must be carefully managed.

Other zalternatives are shown in Figure 11.8, In Figure 11.8a, current is delivered
from both ends of the block thereby minimizing IR drop in the middle. Since the
total IR drop is based on the resistance seen from the pin to the block, one could
route around the block and feed power to each block separately as shown in Figure
11.8b. Ideally, the main trunks should be wide enough to handle all the current
flowing through separate branches. However, the T-junctions have a high current
density as current crowding occurs around the bends. It is important in this type of
grid to examine the current density at all junctions, especially the corners, to ensure
that EM problems do not exist.

Another approach to minimizing IR dmp, depicted in Figure 11.9,is to have a
grid of two metal layers. In the figure, assuming a five-layer metal process, Metal 4
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Figure 11.8
Simple techniques to reduce 18 drop.

Figure 11.5
Vias in a mesh array methodology,

and Metal 5 use a via array to connect the two layers, effectively tying the whole grid
to Vpp,. However, part of the grid may have to be removed to route some signals. If
you arbitrarily remove a strap that is conducting a large amount of current, the
excess current must flow in adjacent straps that may push the current density in
them beyond acceptable levels for electromigration. These examples all illustrate
that design tradeoffs must be made with both EM and IR in mind.

11.2.4 Decoupling Capacitance Design

On-chip decoupling capacitances {decaps} are commonly used to keep the power
supply within the noise budget, especially during peak demand periods in high-
frequency switching applications, The decoupling capacitors are large-valued capac-
itances that hold a reservoir of charge located near the power pins and any large driv-
ers, as shown in Figure 11.10. When large buffers switch from low to high, these
decaps are the first line of defense for IR drop and Ld#/dt effects. The needed current
for the switching process is obtained from the local decap. Later, current flows from
the ¥, pad to refill the reservoir of charge for the next switching operation.
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Figure 11.11
Cn-chip decap using MOS capaditance,

The on-chip decoupling capacitance is usually implemented using an NMOS
transistor with the gate connected to Vi, and the source/drain connected to V.
The device is therefore in the linear region of operation. This is illustrated in Figure
11.11 where the parailel-plate capacitor is formed by the poly on one side and the
channel inversion layer on the other. A first-order calculation of the capacitance is
given by

Cdecap = CaxWL

and therefore the required decoupling value can be obtained with the proper choice
of Wand L.

A more accurate moedel would include the fringing and overlap capacitances of
the poly edge to the source/drain regions:

Clecnp = Co WL + C W

The two main design issues are to decide how much decoupling capacitance to
include and where to place them. Assuming that we somehow know the amount of
decap needed, we must select the proper values of W and L to optimize the decap
while achieving a target capacitance value. The selection of the proper value of W
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Figure 11.12
Simulation of patch area of chip.

and L can be based on 2 large number of simulations of inverter circuits with decaps
as in Figure 11.19. The location of the decaps should be based on the location of the
large buffers that are switching during the peak demand periods. Simulations can
be carried out on a representative patch of the power grid between power bumps,
shown in Figure 11.12. The power bumps are essentially the solder bumps con-
nected to Vpp. Any circuitry connected to the grid should represent the types of
buffers and drivers that will typically be found in the design.

There are many factors to consider when deciding how much capacitance to
employ and where to place them. First, there is a certain amount of decoupling that
is already present in the circuit due to the devices that do not switch. This includes
gate and source/drain capacitances, as well as wire capacitances, for all nodes that
are charged up to Vp;,. This value may be subtracted off the target decoupling
capacitance needed in the circuit. We alse need to know the noise budget, the
switching activity of the circuit, the current provided by the power grid and the rate
of change of current with respect to time. Since the actual location and amount of
decoupling capacitance are difficult to determine in an optimal way, some rules of
thumb are used to ensure proper performance. Typically, the decap amount should
be 10 times the switching capacitance, and decaps shouid be placed in as many open
areas of the chip as possible. In addition, decaps should be located near the power
pins to offset any effects of inductance due to solder bumps or bonding wires.

11.2.5 Power Distribution Design Example

To reinforce many of the concepts described in the previous sections, we sequence
through a power distribution design example, Figure 11.13 shows an actual power
distribution system for a large digital chip. Only the metal lines associated with the
power grid are shown here. There are large blocks that are clearly distinguishable in
this design. Each block was designed by a separate group. The horizontal and verti-
cal patterns of the power grid are quite evident in each block. The memory block in
the lower middle portion has a high-density grid as would be expected by the den-
sity of memory circuits. This chip example will be used several times in this chapter.

To illustrate a possible tradeoff between IR drop and electromigration, we first
plot a contour map of the IR drop for the chip, as shown in Figure 11.14. The two
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Figure 11.13
Exampie of a chip power distribution system.

plots show the voltage drop in the power grid with different shading levels to indicate
the severity of the drop. This type of plot is generated by extracting all the resistorsin
the physical power grid and assembling a large resistive mesh; the logic circuits and
memory blocks are then represented as ideal current sources and attached to the resis-
tive grid. Each current source is assigned the average current level of the correspond-
ing gate. A simulation is performed to compute the voltage drop at every point in the
grid, and this voltage is assigned a grayscale value and plotted in the figure.
Consider the IR drop plot on the left side of Figure 11.14. The large oval region
near the center of the chip is a region of excessive IR drop. In fact, it violates the 10%
noise budget assigned to the power grid. The reason for the viclation is that the
lower part of the grid is not connected to the upper part of the grid. This was inad-
vertent since the chip was assembled simply by connecting the separately designed
blocks together. Unfortunately, the upper portion of the grid must derive all needed
current from the six or seven Vpp pads around the periphery of the top portion of
the chip. To remedy this problem, the designer simply connected the lower portion
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Figure 11.14
1R drop plots before and after repairs.

of the chip to the upper portion with a number of power straps (i.e., metal connec-
tions). The resuiting IR drop plot is shown in the right-hand side figure. The power
grid now satisfies the noise budget,

The side effect of the changes made to the grid is llustrated in Figure 11.15.
Here, the electromigration failures have been plotted as dots on the power grid.

Figure 11,15
Electromigration plots before and after repairs.
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Each failure is based on whether or not a given section of metal satisfies the EM cri-
terion based on Equation (11.5). The equation requires a calculation of the current
density, J,,. This value is simply the dc current in the metal line divided by its cross-
sectional area. Once computed, if the J,, of the segment is less than a specified level,
J.o0 then the metal segment is flagged as a violation. Since large currents flow at the
boundaries of the chip, we would expect more violations in these regions. This is
confirmed by the locations of the dots in the two figures.

The left-hand side figure shows the violations before the straps were added to
fix the IR drop problem. The right-hand side figure is the picture for EM violations
after adding straps. Notice that the lower portion of the grid experiences more EM
violations than in the other diagram. This is due to the fact that the lower porticn
of the grid is now supplying more of the current to the upper portion and the metal
segments have a higher current density. Some of the densities are high enough to
violate the EM criteria. Clearly, the power system must be redesigned by consider-
ing both IR and EM together.

Electromigration failures can be reduced in several ways. The basic idea in all
approaches is to reduce the average current density experienced by any metal seg-
ment, The simplest approach is to widen the metal lines. However, increasing the
width beyond a certain point leads to overdesign, which costs area and can reduce
yields. Another approach is to change the current flow in the power grid itself by
adding jumpers and straps between different points in the grid. This would reroute
current from the affected areas, but such changes would require another verification
pass to confirm that the problem has not simply been moved to another part of the
design. Switching to copper is perhaps the most significant step toward reduction or
elimination of these types of failures in metal segments. However, electromigration
in vias and the local heating of neighboring lines may be limiting factors in the ulti-
mate improvement that can be achieved using Cu.

Reducing the impact of IR drop in a power distribution system can b¢ accom-
plished in several ways. The simplest approach is to widen the lines that experience
the largest voltage drops since increasing the width decreases the resistance (and the
IR drop). However, this may not always be possible due to constraints in the rout-

. ing area. Another approach is to add/remove metal straps as mentioned above. Since
IR drop is due primarily to simultaneous switching events, another approach is to
stagger the gates that are switching together such that they switch at slightly differ-
ent times—at least enough to keep the problem within the noise budget. Alterna-
tively, buffer sizes can be reduced, but this may not be possible if the design fails to
meet performance requirements with smaller devices.

The most effective approach is to use decoupling capacitors between power and
ground, which can deliver the additional current needed by the power distribution
systern. As described earlier, a decoupling capacitor is a large capacitance that is con-
nected from V, to Gnd typicaily using a large MOS transistor. The charge stored
in the decoupling capacitors is used to initially provide current to the gates, thereby
reducing the IR drop and Ldi/dt effects. These decoupling caps are usually scattered
throughout the design in any available space, using transistors with their gates tied
to Vpp and their source-drain regions tied to Gnd. All empty regions of the chip are
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filled with decoupling caps using the philosophy that you can never have enough
(ie., overdesign}. However, the large area overhead may act to reduce yield. Typi-
cally designers add a total decoupling capacitance that is 10 times the amount of
capacitance switched on every cycle, as a rule of thumb. Package and pin Ldi/ds
effects can: be mitigated by placing large capacitances near the pins.

The number of pins assigned to Vj,;, and Grd can also be increased to reduce
IR drop. By providing more supply pins, the current requirements for a given sec-
tion can be satisfied from a number of sources. Of course, this limits the number of
pins available for I/0. A more aggressive sclution is to use a ball-grid array where
the power supply connections can be placed at various points within the chip. The
key design issue is proper placement of the bumps around the chip. Note that sol-
der bumps cannot be used in sensitive areas such as memories and dynamic logic
because the bumps generate a-particles that may cause logic value upsets on the
sensitive nodes, Nevertheless, when used appropriately, solder bump technelogy can
reduce IR drop significantly.

11.3 Clocking and Timing Issues
11.3.1 Clock Definitions and Metrics

In modern VLSI systems, the clock is perhaps the most important signal because it
conirols the rate of data processing and communication. It provides a structured
framework for dealing with high-complexity digital systems. A clock network dis-
tributes the clock signal from the clock generator, or source, to the clock inputs of
the synchronizing components, We typically build the FSMs (finite state machines}
from combinational logic (for next state logic) and flip-flops (for storage elements).
The logic elements have differing delays and, as a result, the path delays through the
logic blocks will differ. We control the storage elements with a clock to keep every-
thing synchronized. Unfortunately, we can have fast or slow signals in the combina-
tional logic, and fast or slow clocks that make timing synchronization more difficult.

‘There are a pumber of important definitions and figures of merit associated with
the clock as shown in Figure 11.16. Ideally, the clock should arrive at all flip-flops at
the same time, have a fixed period, T, and near zero rise/fall times. Actual clocks
fall short of this ideal model. First, the arrival times of the clock to the flip-flop (FF)

Clock
Source

Rise —|

Figure 11.16
Clock latency and skew definitions.
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Definiticns for clock fikter.

inputs around the chip are different. The clock skew is defined as the maximum dif-
ference of the clock arrival times to the inputs of FFs, Another important parame-
ter is clock latency, as shown in Figure 11.16. The latency is defined as the maximum
delay from the clock source to any FF clock input. This is important since it deter-
mines whether the external system clock is properly synchronized with the intérnal
clock. Idezlly, we would like the internal and external clock edges to be positioned
at the same point in time. Otherwise, the chip [/O will require large setup and hold
times to account for latency. The clock rise/fall times should be small and kept about
equal, but this requires the use of large buffers. Unfortunately, clock networks with
large buffers can consume a large portion of the total power of synchronous VLSI
systems (up to 40%). The clock design objectives must be attained while minimiz-
ing the use of system resources such as power and area.

Another important metric for the quality of a clock is the clock jitter. This is the
variation of the clock period from one cycle to another, as seen in Figure 11.17. Nor-
mally, we expect the clock edge, either rising or falling, to be at the same point in
time, spaced by a period T_,. However, a variety of factors move the clock edge
around from cycle to cycle. This may be viewed as an error or uncertainty in the
clock edge or an uncertainty in the clock period. If we superimposed the clock
waveform over each period, we would notice it drifting back and forth over time.
This is the effect of jitter. The difference between skew and jitter is that skew is the
difference between the same clock edge at two different locations on the chip; jitter
is the difference between the expected time of the clock edge and the actual time at
the same point in the chip.

There are a couple of ways to measure jitter as shown in Figure 11.17. One
approach is to use a clock signal without jitter as a reference, such as the first clock
that is evenly spaced by a given period T .. The second clock has jitter and its clock
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Jitter measurements,

edges are measured against the absolute points in time where the jitter-free clock edges
occur. That is, T, is compared to T yaes and T is compared to 2T, ,,, and so on. This
is an absolute jitter measurement: T, 1T e

Another approach is to ignore errors in the edge locations up to the last cycle
and measure jitter relative to the last clock edge. This is indicated using the third
clock waveform which has the same error as the second clock. In this case, we sim-
ply compare the current period of the clock with the expected period. This is cycle-
to-cycle jitter: (T,—T,,..;) — Tyt For on-chip applications, we are mainly interested
in cycle-to-cycle jitter since we care only if the logic functions can be completed
within the carrent clock cycle and not on any absolute time reference. Absolute jit-
ter is more important for off-chip timing synchronization between two chips,

Cycle-to-cycle jitter is typically smaller than absolute jitter since it is always
measured relative to the last clock edge. If we measured the jitter over thousands of
cycles, we would produce a histogram with a distribution of the form shown in Fig-
ure 11.18. Here, the normalized probability of the clock edge is plotted against its
arrival time. The expected arrival time is at the point marked “0” on the x-axis.
Some edges will arrive earlier than this time, while others will arrive later. The x-axis
is labeled in terms of the standard deviation, or ¢, of the distribution. Jitter mea-
surements are usually provided as peak-to-peak values (4 ) or RMS values (one
o), as shown. The goal in clock design is to minimize jitter, especially within the
clock generation circuits,

11.3.2 Clock Skew

Mauch of the effort in clock design centers on minimizing the clock skew, An exam-
ple of the clock skew problem is shown in Figure 11.19. The clock driver is located
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Figure 11.19
Clack skew example,

in one corner of the chip while the target flops are scattered around the chip. The
arrival times of the clock to each of the FFs will be slightly different; some will
receive the clock early while others receive the clock late, relative to each other. The
delay differences are due to differences in the length of the global wire from clock
to FF, gate delays along the different paths, and the fanout driven by the signal. If we
examine the FFs in each corner, the two near-end FFs will have a smaller skew rela-
tive to each other {early clock), whereas the one that is diagonally opposite to the
clock will have a large skew (late clock).

At first, this skew appears to be more an annoyance than a problem. In reality,
it can greatly affect the performance and proper functionality of the overall system.
To Hlustrate this, consider the situation shown in Figure 11.20. In the upper part of
the figure, a sequential system is shown with positive-edge triggered flip-flops at
each end and a combinational “clond” representing the logic gates between the
flops. There are multiple paths through the logic that can be characterized by two
parameters: the worst-case path with delay T;),.x, and best-case path with delay,
Tonmy-

Now, consider the effect of skew on cycle time. In Figure 11.20, assume that the
clock arrives early at the far-end flop and late at the near-end flop. When the clock
arrives at the near-end flop, it launches new data into the combinational cloud (i.e.,
into the logic block) after a delay of T, , which is a property of the flop, as dis-
cussed in Chapter 3, This is followed by 2 maximum delay of T« through the
logic. Upen arriving at the far-end flop, 2 setup time for the flop, T, must be sat-
isfied. The three components, Ty o+ Tyyax T Tiereyr Would normally comprise the
cycle time, T .

However, if the clock arrives early at the far-end flop due to skew, we may have
a problem as shown in the waveforms of Figure 11.20. The early clock of the next
cycle would arrive and latch data that are not vet stable from the current cycle,
according to the setup time. This would cause a functional errer in the circuit.
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Effect of skew on cycle fime,

When circuits do not meet the requirements of the cycle time, it is usually referred
to as a sefup time violation, even though it is due to skew. There is a simple solution
to this problem. If we increase the clock period by T, we can guarantee that the
circuit always works. However, the penalty is that the cycle time is longer by the
skew value. The new cycle time is given by

T(:}‘de = Tclk—g + Toax + Tsetu;: + Tew (11.6)

Next, consider Figure 11.21. Here the arrival times of the clock at the flip-flops are
reversed. This time we are concerned about the shortest path through the logic
block. When the early clock arrives at the first flop, the logic propagates through the
combinational cloud and the fastest signal path reaches the second flop in a time
Tyt T If this is too fast, there is a problem. When the late clock arrives at the
second flop in the same cycle, it fatches the incoming data regardless of whether
they are the correct data or not. It may inadvertently capture the new (incorrect)
data. The skew is working against the goal of latching the right data. Why? Because
if the new data arrives before the hold time of the previous data is satisfied, the sec-
ond FF incorrectly samples the new data instead of the correct data. This is referred
to as a hold time violation as shown in Figure 11.21. Note that this problem cannot
be solved by slowing down the clock. The criterion for proper operation is that

Tyew + Tiot < Tak—gq + Taumn (1.7

To overcome hold time problems, the designer must increase the delay of the short-
est paths that violate Equation (11.7). This can be accomplished by adding buffers
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Effect of clock skew on funclicnality.

or reducing the size of some of the existing gates, Care must be taken so as not to
inadvertently increase the delay of the longest paths. Ultimately, the clock circuit
must be designed with minimum skew to reduce the number of potential setup and
hold problems.

11.3.3 Effect of Noise on Clocks and FFs

At this stage, it is useful to point out some of the serious consequences of noise due
to crosstalk, as described in Chapter 10, especially zelating to clocks and flip-flops.
Consider the positive edge-triggered D-flop of Figure 11.22a. Normally, when the
clock goes from high to low, the D-flop continues to hold the output signal at its
previous value. However, if a capacitive or inductive noise event couples to the clock
node and is fed to the FR it may inadvertently capture a random value at the D
input. Here, the clock has a short positive-going edge during a fall transition. It is
positioned at the switching threshold of the flop and triggers a capture event at the
input. It is critical that noise events due to interconnect be eliminated when design-
ing the clock distribution network.

A second case is shown in Figure 11.22b where the clock is free of any glitches,
but the date input experiences a coupling noise event. Again, it occurs exactly when
it cannot be tolerated (according to Murphy's Law)—on the positive-edge of the
clock—and therefore the wrong value is captured. The noise does not satisfy the
setup and hold requirements of the FE, but it still produces an unwanted change at
the output. Therefore, a significant amount of noise cannot be tolerated at the data
input to the FE
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Layout solutions to coupling problems.

To limit noise events around FFs, one can employ the spacing and shielding
techniques described earlier. For example, in Figure 11.23, signal B and the Clk sig-
nal are situated very close to one another. There is a potential for noise events
between these signals due to coupling capacitance. The possible layout solutions are
to separate B and Clic by a sufficient spacing or to shield the Clk with V,;, and Gad.
The spacing approach has a lower capacitance and therefore reduces power to some
degree. However, the shielding is beneficial for both capacitive coupling and induc-
tive coupling. Typically, clocks are shielded to protect them from unwanted noise,
but also to protect other sensitive signals from unexpected mutual coupling to the
clock. The price of shielding is increased capacitance and power dissipation.
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11.3.4 Power Dissipation in Clocks

The total power dissipation in a clock circuit can be significant. As mentioned ear-
lier, it may constitute 30—40% of the total power in high-performance designs. The
most dominant component of the power is due to dynamic switching:

P= CVip fu

Note that the a term is not present in this expression since the clock switches on

every cycle. Effectively, & = 1. Since the frequency £, and the supply voltage Vi are

" known, the only term left to compute is the capacitance value, C. The capacitance

due to the clock is very high in large digital circuits, possibly in the nano-Farad
range.

As an example, consider a 0.18 um technology with V,, = 1.8 V. If a circuit

operates at 500 MHz and has a clock capacitance of 1 nFE the total power of the clock

circuit alone is
P = {1 nF)(1.8)*(500){(10%) = 16 W

The capacitance of the clock arises from many sources. First, the interconnect
capacitance of the metal lines is a major source of capacitance. Second, there are
large buffers used in the clock distribution network that give rise to large fanout and
self-capacitance terms. Third, there are capacitances associated with the inputs of
the flip-flops driven by the clock. Finally, there is another source of power dissipa-
tion whenever the FFs are triggered. That is, the flops themselves consume power
each time the clock signal switches. When designing the clock distribution network,
it is important to minimize all of these capacitances since they contribute directly
to the power.

One popular technique is clock gating. It is a relatively simple concept, as shown
in Figure 11.24. If a functional unit is not required for an extended period of time,
the clock feeding the module is turned off by means of an Enable signal that is
ANDed with the clock. Most functional units are inactive a majority of the time. For
example, a floating-point unit may be inactive while 2 number of integer operations
are being performed. If the clock continues to toggle the D-flops associated with

p gl— —p o}— —p of—

Cik Cik Clk

Clk __\\_
./

Enabie —§

Figure 11.24
Gated clock {o reduce power.
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this unit, power is being dissipated unnecessarily. Clock gating can disable the unit
to save the power that would be consumed by the flops.

There are a number of issues associated with clock gating. First, it is important
to decide whether gating is appropriate for a given block. Clearly, a gated clock at
the input of all flops does not save much power. Therefore, the location of such
gates around the chip should be determined carefully. Second, the gate may add
skew to the clock, so it must be inserted in a balanced way. That is, even if certain
blocks do not require it, a gate should be added to maintain balance. But this runs
counter to the first issue. Third, a certain amount of logic circuitry is needed for the
Enable signal that may affect performance or consume power. Depending on the
complexity of the clock gating, this tradeoff should be monitored to ensure that a
gain here is not offset by a loss elsewhere, And finally, timing verification complex-
ity and reusability of a block are additional considerations for this approach, Nev-
ertheless, this technique is very popular as it saves unnecessary clock activities inside
the gated module.

11.3.53 Clock Generation

With the basic definitions and design considerations completed, we now turn our
attention to the design of the clock circuit itself. A simple technique for on-chip
generation of a primary clock signal is to use a ring oscillator as shown in Figare
11.25. A ring oscillator has an odd number of inverter stages and produces an oscil-
lating signal at each node. The period of oscillation is determined by the delay of
each stage and the number of stages. This type of clock circuit has been used in low-
end microprocessor chips. However, the generated clock signal cen be quite process-
dependent and unstable. Consequently, separate clock chips that use crystal oscilla-
tors have been used for high-performance VLSI circuits.

Usually, a VLSI circuit receives one or more primary clock signals from the
external clock source and then generates necessary derivates for its internal use.
Typically, we must generate both true and complementary clock signals for internal
use. Figure 11.26 shows a CMOS generator/driver that uses a transmission gate
(TG) delay element. The first driver of the chain is an inverter with transistors Mp1

Figure 11.25
A simple on-chip clock generator using a ring oscillator,
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A clock generator with a ransmission aate delay,

and Mnl. The top branch of the chain consists of two cascaded inverters and gen-
erates a signal ¢ = CLK, whereas the bottom branch consists only of a single
inverter and a transmission gate and provides ¢ = CLK. The TG is used as a delay
element to minimize the clock skew between the two generated signals.

Another simple approach uses an SR latch to generate two-phase clock signals
{see Figure 11.27). This circuit has two weaknesses that should be checked and prop-
erly designed. Pirst, the input CLK signal propagates through an additional inverter
to generate ¢ The second problem is related to the first one. The NOR gates should
not be designed to be equal in size, but rather their output signals should have an
identical response. The design should also take into account the total capacitance of
the interconnect that is dependent on the layout topology.

CLX

\%

Figure 11.27
Latch-based clock generator.
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11.3.6 Clock Distribution for High-Performance Designs

Once the clock signal is generated, it is necessary to distribute it around the chip.
This is a complicated task due to the issues of skew, noise, and power, Since clock
signals are required almost uniformly over the chip area, it is desirable that all clock
signals be distributed with a uniform delay. Ideal distribution networks are the H-
tree and X-tree structures shown in Figure 11.28. In an H-tree structure, the dis-
tances from the center to all branch points are the same and, hence, the signal delays
are expected to be the same. The limitation of this structure is a difficult imple-
mentation due to routing constraints and nonuniform fanout requirements. Another
configuration that vields equal-length interconnections is the X-clock tree. Com-
pared to an H-tree, it suffers from the following:

o The clock line produces sharper corners than 90°; inductive discontinuities
are significant and, as a result, reflections are larger.

e The fanout at the branching points is always 4 as opposed to a fanout of 2 in
the H-tree. An increased fanout degrades matching the line impedance and
increases the reflections.

¢ Two clock lines are in a close proximity (farther apart in an H-tree} which
increases the crosstalk,

To avoid reflections at the branching points, the line separates into two branches
with characteristic impedances twice the impedance of the incoming line. In paral-
Iel, they act like a single line and have the same impedance as the incoming line. In
order to obtain such a perfect impedance matching, wiring-criented approaches
have to be applied. The designer has to narrow the line width at the branching
points because the line impedance is inversely proportional to its capacitance. This
type of layout construction is shown in Figure 11.29a. Other alternative approaches
are a wide-bus technique and a fat clock bus. The wide-bus technique increases the
capacitance and decreases the resistance on source-to-sink paths (Figure 11.29b),

H-tree X-tree
{a) {b)

Figure 11.28
Symmetric clock trees.
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(a) Clock tree with tapered wire widths. {b) Clock tree using a wide-bus. {¢) Fat bus clock tree
implementation.

The construction of a fat clock bus {Figure 11.29¢) requires a very large clock driver,
thus the driver and the interconnect will consume large amounts of power. How-
ever, since delays of the clock tree are dominated by the capacitance of the wide-bus,
the bus-to-clock interconnection can be done simply and efficiently.

Because of the significant delays associated with long wires in clocks, the
designer must insert buffers at various points along the clock wire, In essence,
buffer-oriented solutions partition the large clock network into small segments. The
main challenge of any buffered clock architecture is to maintain balance in the
delays. Several examples of buffered clock distributions are shown in Figure 11.30
and Figure 11.31. Figure 11.30 shows three conventional clock-tree networks. The

1r e
S>> RS
E N > |

(@) (b} {c}

VY VY

Figure 11.30
{a} Buffer chain with tapered sizes driving clock tree (b} Clock power-up tree with uniform buffer
size. () Clock power-up tree with tapered buffer sizes,
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Clock tree sxamples,

first one uses a super buffer technique to drive the clock tree. The second approach
inserts equal-sized buffers in the clock tree. The third approach increases the buffer
sizes as they get closer to the Joads.

Figure 11.31 shows two clock networks with additional characteristics. In the
top picture, the tree generates an inverted clock in addition to a standard clock sig-
nal, and in the bottom picture, the tree generates a gated clock signal and a standard
clock signal. Gated clocks are useful when we want to prevent the clock from trig-
gering a flip-flop to reduce power.

11.3.7 Example of a Clock Distribution Network

Figure 11.32 illustrates a clock network extracted from an industrial chip. It is the
same example used in Section 11.2.5. The interconnect associated with the entire
clock is shown in the figure. The clock tree starts at a root node and splits off into a
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Figure 11.32
Clack tree routing for industrial chip.

number of major spines, from which local clocks emanate. The two empty regions
are the memory and data path areas. The clock drives the decoders in the memory
cireuit {just below the main spine label) and the data path is driven by the clock
spine on the right side. The rest of the blocks obtain their local clocks from internal
spines that run through them.

The buffers in this clock tree are of the form shown in Figure 11.30b with uni-
form sizes. These buffers draw a significant amount of current when switching. In
fact, the section labeled local clock distribution has such a large number of buffers
that, when they switch simultaneously, it creates significant IR drop in the power
grid. Recall frorh Figure 11.14 that the IR drop was most significant in this region
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Figure 11.33
Electromigration effects in signal lines due to ac and dc current flow.

and violated the 10% noise budget. This IR drop translates into additional delay,
resulting in additional clock skew. Ironically, the clock itself is causing the problem
of IR drop. This is why the clock and power distribution systems are often designed
together. _

Recently, electromigration (EM} problems have been encountered on clock sig-
nal lines as a result of large currents that flow back and forth on these lines. EM on
signal lines is therefore an ac phenomenon. As a result, we must compute the root-
niean-square (RMS) value of the current rather than the average current {which
tends to be close to zero for the ac case). The RMS current density, ., is compared
to another EM limit, fy¢ ... that is based on ac Joule heating as current moves back
and forth in the wire. A typical value of J,¢, .., is 20 mA/um?, The failure criterion is

}rms > jAC,max (11’8:1

If the actual RMS current density is below the tolerable amount, the signal line is
expected to have a lifetime well beyond the life of the corresponding product.

Consider Figure 11.33 which illustrates the EM problem areas for the clock. The
metal segments at the output of the gate experience both unidirectional {(dc) and
bidirectional (ac} current flow mechanisms. Most of the wire encounters bidirec-
tional current due to charging and discharging of capacitances. Therefore, the cur-
rent density criteria would be based on Equation {11.8) for EM failure. However, a
short unidirectional segment of metal connects the PMOS devices to the NMOS
devices. It would be evaluated using the criteria in Bquation (11.5} for EM failure.
In the figure, the criteria to pass the EM checks are shown for each of the two seg-
ments.

Figure 11.34 shows the results of an EM analysis on a portion of the clock tree
of Figure 11.32. The areas that are highlighted with squares have violated the EM cri-
teria, either {11.5} or {11.8}. All signal EM failures must be fixed since any break in
the wire is catastrophic. Again, wire widening is the typical solution to this problem.
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$ EM failures

Figure 11.34
Signal EM failures in clock tree,

¥11.4 Phase-Locked Loops/Delay-Locked Loops

In this section, we examine the problem of synchronizing the externally supplied
master clock with the internal clock of the chip. In digital VLSI systems with multi-
ple chips on a printed circuit board (PCB) or in system-on-chip (SOC} applications,
severe problems may arise due to Jatency between the master reference clock and
locally generated stave clocks. The value of the on-chip clock latency may differ from
chip to chip or from module to module. Since the data transfers are synchionized
with the slave clocks, timing hazards may occur and/or data errors may be generated
{data may be sampled at a wrong time). These problems can be rectified using phase-
focked loop (PLL) and delay-locked loop (DLL) circuits.

On-chip PLLs can be used to synchronize the internal clock of a chip with the
external dockand data, and to generate the internal clock signal running at a higher
rate of operation than the external clock input. Consider the timing diagram of

-~
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Figure 11.35a, The external system clock of the PCB is the off-chip clock. This clock
is fed into a chip to be used as the internal cdlock as shown in the top portion of Fig-
ure 11.35b. The on-chip clock is buffered to drive the flops or latches of the logic
blocks. However, the delay through the clock buffers and wires (ie., clock latency)
creates a difference between the internal and external clocks as seen in clkl of Fig-
ure 11.35a. This leads to additional setup and hold requirements at the I/O pins of
the chip. Ideally, we would like the two edges to line up so that the internal clock is
synchronized with the external clock, as in the clk2 waveform of Figure 11.35a. To
do this, we could use a delay-locked loop or phase-locked loop, as shown for clk2 in
Figure 11.35b.

The PLL and DLL circuits are closely related.? Both use feedback control to lock
the cutput clock to the incoming clock. PLLs must lock on to the frequency and
phase of the reference clock, whereas DLLs simply lock to a constant phase of the
reference clock. Therefore, the locking process in a PLL requires more time (since it
must first lock on to the frequency and then the phase) than a DLL {since it must
only lock on to the phase). If we simply want synchronization, we ¢ould use a DLL.
However, if we needed the internal clock to run at a multiple of the external clock
frequency, we must use a PLL.

The PLL and DLL feedback control systems have very similfar architectures, as
will be seen shortly. The main difference is the use of a voltage-controlled oscillator
(VCO) in the PLL and a voltage-controlled delay line (VCDL) in the DLL. There are
also differences in the stability properties of the two types of loops, and their abil-
ity or inability to perform frequency synthesis. Many books on analog design cover
these types of circuits and their properties in great detail due to their widespread
use in other applications.

As digital designers, it seems that PLLs/DLLs are beyond the scope of this book
due to their analog nature. This is essentially a true statement. However, it is impor-
tant to understand the basic operation of a PLL circnit, as well as DLL, due to their

¢ Even their names imply that they are related. That is, the term delzy in the time domain has the same mean-
ing as phase in the frequency domain.
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increased use for skew management, clock synthesis, and data and clock recovery.
We therefore present the operation and design considerations from a digital
designer’s point of view using a basic PLL block diagram as a guideline. The reader
is encouraged to consult the references at the end of the chapter for further infor-
mation.

11.4.1 PLL Design Considerations

Figure 11.36 shows a block diagram of a charge pump PLL for clock synchreniza-
tion and clock synthesis. It comnsists of a phase/frequency detector {PFD), a charge
pump {CP}, a loop filter {LPF), and a voltage-controlled oscillator {VCO}. The
phase detector detects the phase difference between the reference clock and the
VCO output and applies charge-up or charge-down pulses to the charge pump.
These pulses are used to switch voltage or current sources, which charge or dis-
charge its output. The pulses are filtered by the loop filter and applied as the con-
tro] voltage of the VGO, The VCO changes its oscillation frequency according to the
control voltage. If the VCO oscillates at a multiple of the input frequency, it must be
divided down before a comparison is performed in the PFD.

The phase/frequency detector (PED) is a circuit that detects the difference
between the edges of the reference clock (Ref) and the feedback clock (FB). A sim-
ple version is shown in Figure 11.37a consisting of two D-flops and an AND gate.
The D-inputs are tied to 1. The role of this circuit is to control the VCO by moving
its frequency up or down depending on the edges of the incoming clocks.

The truth table for the PFD is given in Figure 11.37b. If the up and down sig-
nals are both 0, then the desired frequency and phase have been obtained and the
PLL is in the locked condition. However, if the reference clock switches ahead of the
feedback clock, the up signal is raised to indicate that the frequency of the VCO
should be increased. Similarly, if the feedback clock switches ahead of the reference
clock, a down signal is generated to slow down the VCO. If both the up and down
signals are high, it is viewed as a reset condition, so the AND gate acts to reset the
flops to 0. -

To understand its operation further, consider the timing diagram of Figure
11,37<. Initially Ref Clk switches high ahead of FB Clk, This is a phase error in the
two signals. The initial rise of Ref Clk sets its flop output to 1 while the rising edge

Input Up
| Charge N o Output
o PR g [ LPF ] VO -
Down
-
Figure 11.36
A basic PLL block dizgram.
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Figure 11.37
Phase-frequency detector,

of FB Clk sets its flop output to 1. The combination of the two high outputs forces
a reset. The pulse width on the up signal is proportional to the phase delay of the
two signals. The down signal produces a short pulse that can easily be removed by
the next stage, as will be seen. Since the VCO receives a “speedup” signal, the next
set of edges of the two clocks will have a smaller phase difference. This shortens the
up pulse. This continues until the phase difference switches signs, at which point the
down signal is enabled. Eventually, the system stabilizes and there is a negligible dif-
ference between the two clocks. :

Once the up/down signals have been generated, they are applied to a charge-
pump which is illustrated in Figure 11.38 zlong with the output filter. Assume that
the filter is a capacitor for the time being, The up signal will switch on the upper
current source, I, and raise the output voltage at V... Similarly, the down signal will
discharge the output capacitance and lower the control voltage, V.. There are situ-
ations when both switches turn on simultaneously. However, as long as I, = I, the
overlapping pulses for the up and down signals do not create a problem since both
switches are on and the current flows harmlessly from V5, to Gnd.?

? In practice, it s difficalt to get these two carrents to match over supply and process variations, and temper-
ature changes. This leads to a de offset in the outpat that must be removed in some way {typically witha Ursity-
gain amplifier and some additional switches).
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Figure 11.38
Charge-pump and loop filter £(s}.

The filter F(s) determines the order and stability of the overall PLL system. Its
role is to filter out the high-frequency switching components in the up/down signals
and deliver a slowly changing control voltage to the VCO. Therefore, it must be
designed in the context of the overall feedback control system and not in isolation.
Even though the PLL is a highly nonlinear system, it can be analyzed as a linear sys-
tem when it is in the locked or nearly locked condition. The control system repre-
sentation is given in Figure 11.39, which we now analyze using linear system theory.
The phase is the loop variable in this case, and the phase difference is determined
and amplified by K, in the PFD:

Va = KPD(Gin - 30:.1:}

This is passed through the low-pass filter with a transfer function of F(s). Then the
signal passes through the VCO to create the output phase. The relationship between
frequency and phase is that phase is the integral of frequency, and the frequency is
determined by the control voltage:

g = det= {Kmd:

Bin + Bom
—>O——>D—> Fis) Ky's -

Y

Figure 11.39
Linear feedback contro! system for PLL,
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Therefore, the VCO can be viewed as an integrator that converts the control voltage
into a phase. Its transfer function is given by Ki/s. The meaning of this transform is
that the VCO introduces a pole into the system transfer function at s = 0. Any addi-
tional poles in the transfer function of F(s} may lead to instability of the overall sys-
tem, depending on their exact placement. This is why the loop filter plays such a
strong role in the overall stability of the PLL.

‘We can now determine the two important transfer functions of the system: the
open loop gain and the closed loop gain, The open loop gain is obtained by exam-
ining the direct path from the input to the output:

B9 = Kbl 72 = 6

The closed loop gain is obtained by going around the loop once and can be written
in terms of the open loop gain:

K
KPD(aiﬁ(s) - goui(s) }P{S) Tﬁ = Bout(s)
X {11.9)
B, KpF(s) To
= {s) =

S L K

_ Gl
T 1+ G(s)

The classical study of the stability properties of such a system is carried out by ana-
lyzing the frequency response of the open loop system. This can be understood by
examining Equation (11.9) above. If G(s) in the denominator is equal to —1, the
closed loop gain goes to infinity. The condition G(s} = —1 cccurs when the magni-
tude of G(s) is 1 and its phase is —180°, In practical terms, the system is said to be
unstable in this condition. By examining Equation {11.9), the term that determines
the stability of the system is the loop filter Ffs}.

In Figure 11.40, three options are presented for the loop filter. We had assumed
that the loop filter could be implemented as a grounded capacitance. This is a first-
order filter {(with one pole} and it produces a second-order PLL (since the PLL
already has one pole due to the integrator). However, the use of a simple capacitor
as the loop filter renders the PLL unstable since it introduces two poles at s = 0,
which immediately sets the phase to —180°.

If a resistor is placed in series with the capacitor as in the second diagram, it
inserts a zero into the transfer function and this allows the overall frequency
response to be stabilized for the PLL. This is also a second-order PLL since the fil-
ter is of first-order. When a time-domain simulation is performed with this filter,
we would notice that the charge-pump introduces small step discontinuities in the
value of V as it switches, due to capacitive feedthrough. These discontinuities can
be damped by adding a shunt capacitance as in the third diagram. While this is a
more complicated filter, it can be shown that the PLL can be stabilized by the proper
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Figure 11.40
Flieer options for PLL low-pass filter.

selection of R, C,, and C,. Typically C, = (1/10}C,. The second-order filter makes
the PLL a third-order system. Most on-chip PLLs use this type of filter.

The next block to consider is the VCO which acts as an integrator and gener-
ates a periodic output based on a control voltage input. A typical VCO for digital
applications is presented in Figure 11.41a. This is a ring oscillator as we have seen
before except that we have a controllable delay, 7. The frequency of oscillation is f=
1/2N7, where N is an odd number. The 7 of each stage can be adjusted by the con-
trol voltage V. In Figure 11.41b, we show a “current-starved” inverter where the
control voltage adjusts the amount of current delivered to the inverter to charge and
discharge the next stage. As the current varies, the delay through the inverter varies
as well. By connecting an odd number of stages in series, the oscillator can be
designed to generate the required clock signal. As the control voltage is adjusted, the
oscillation frequency changes over a prescribed range. Obviously, this figure is over-
simplified compared to the actual VCOs but the basic principle is the same.

Since the output of the VCO generates the internal clock signal, it will have to
be buffered so that it can drive the large loads associated with the clock tree. The
appropriate buffer sizing methods are required so that the output of the VCO does
not directly drive a large load. The last step of the PLL loop is the divider circuit,
shown in Figure 11.36. The purpose of this digital block is to reduce the frequency
of the VCO output to that of the incoming reference clock so that a proper phase
comparison can be carried out.

=)
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Figure 11.41
{2} Typical VCO (b} Current-starved inverter,

This completes our brief look at the PLL. Clearly this is a challenging analog
circuit design, especially in the presence of temperature and process variations. A
critical design block is the VCO since it generates the clock used by the chip and is
prone to jitfer problems due to supply noise and other factors. As described earlier,
jitter is the drift of the clock edge relative to the desired position. Note that the jit-
ter at the PLL input is not propagated to the output since the VCO generates a new
clock signal, Therefore, the input jitter is effectively filtered out by PLL. One layout
problem is that the PLL is sensitive to the switching noise of other circuits. The
interaction with other blocks must be minimized for proper operation. In addition,
simulations of such circuits have been known to take a long time to complete, The
use of this type of circuit will increase as chips get larger and there are more issues
of clock synchronization on chips.

The other useful circuit in digital VLSI designs is a DLL block that synchronizes
the data with the dlock signal. The PLL can be modified to implement a DLL by a
substitution of the VCO with a voltage-controlled delay line (VCDL) (shown in
Figure 11.42). The same type of analysis described for the PLL can be applied to the
DLL. The circuit utilizes the control signal, V¢, to vary the delay of each inverter.
The VCDL circuit can be designed with multiple cascaded stages to construct a
delay line. This circuit is popular since it has better stability properties than the PLL
and is much easier to design. It can be stabilized using a simple capacitor as the loop
filter. However, it transfers input jitter directly to the output. This circuit has been
widely used in clock and data recovery applications,
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11.4.2 Clock Distribution Summary

To summarize, the key to proper clock design is to balance as much of the design as
possible. First, the clock skew should be minimized by using architectures suchasa
buffered H-tree. It should be controlled by limiting the maximum and minimum
interconnect length, using symmetric tree architectures with equal-sized buffers,
and using an afl-or-none strategy for gated clocks. The last stage of buffering to drive
the local flip-flops may not be identical since the fanouts are not necessarily the
same. However, the delay through the final buffers should be made the same. The
clock edges should be kept as sharp as possible. The proper tradeoffs should be
made to shield clock Jines with Vj, and Gnd to limit crosstalk. The power should
be minimized through the careful-control of capacitance, and the use of gated
clocks. The supply voltage should be regulated through the use of decoupling capac-
itors, especially in the area of the large clock buffers that switch simultaneously. PLL
or DLL circuits should be used to synchronize external and internal clock signals.
Alpha 21264 is a good example of integrating clock hierarchy in its clocking
network design, as illustrated in Figure 11.43. The global clock {GCLK) is generated
by an on-chip, low-jitter phase-locked loop (PLL). The GCLK signal is routed along
a trunk to the center of the die and is distributed by X-trees and H-trees to 16 dis-
tributed GCLK drivers located in a windowpane pattern across the chip. Figure
11.44 shows the clock hierarchy of the microprocessor. Local clocks and local con-
ditional clocks (gated clocks) are driven several stages past GCLK. The novelty of
this approach is the use of a clock grid structure, much like the power grid structure
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described earlier in this chapter to reduce clock skew. State elements and clocking

points exist from zero to eight gates past GCLK. There are six other global clocks,

referred to as box clocks, that drive large grids over their respective execution units:

a floating point, a bus interface, a load/store, integer pads, and an instruction issue.

Smaller local clocks are generated as needed from any clocks without strict limits on

the number, size, or logic function of the local buffers or on the reqmremeni:s onthe:
duty cycle of the generated clocks.
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PROBLEMS

P11.1 List several known methods to address IR drop problems. Which of
these methods are also effective for Ldi/di and EM issues?

P11.2 {(a) A 0.4 pm wide wire running 400 pm is used for a power busin a
0.18 um technology. It is connected to a pin with an inductance of
L =2 nH. There are 32 inverters with W= 1 um connected to the
power line, half of which are switching high simultaneously in a
100 ps time period, What is the worst-case voltage drop at the far
end of the power bus (near inv32)? Parameters: Metal 5 resistivity
= 54m{}/], thickness = 0.8 pum.

400 pm

A~ — A A

Vo _‘_ﬂ —I_ﬂ

= L1 L1

imvl inviz

Figure P11.2

{b) Assuming that [, = 10% A/cm, does the wire pass the electromi-
gration check?

(¢) If not, what width of wire is needed to pass the electromigration
check?
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P11.3 In the simultaneous switching case shown in Figure P11.3, 31 of the 32
output drivers switch from high to low while the one:on the far right
remains “stable” Assuming that the bonding wire inductance is 10 nH,
how much ground bounce is experienced when each inverter dis-
charges 50 pF over 1.8 ns through the chip ground? V,,, = 1.8 V.

Chip
ground
Bending
wires
iH 1= =

50 pF 50 pF 50 pF

Board
grousnd

Figure P11.3

P11.4 In the 2-phase non-overlapping clock system shown in Figure P11.4,
what is the minimum delay needed between Phi2 falling and Phil ris-
ing for the system to work properly? Assume that the maximum skew
between any of the clocks is 1 ns, and that the delay through the latches
is 0. Explain your answer. (Hint: Note that the answer could be positive
or negative.)

Combinational Combinational
lozic logic
L | Latch | Latch 1
timex = 10 D8 fdomax = 15 08
idmén=lns Idmiﬂ=2ﬁs
Phil Phi2

Figure P11.4

P11.5 In the above problem, redo the analysis assuming flip-flops in place of
latches and a single clock.
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P11.6 In the system shown in Figure P11.6 which uses two edge-triggered
flip-flops, find the minimum clock cycle time. Assume that the setup
time of the flop is 0.4 ns, the clk-to-q delay is 0.3 ns, and the hold time
is 0.1 ns. The worst-case clock skew is 0.6 ns. The dotted lines in the
combinational logic {CL} block indicate the longest delay along the
path from input to output, Highlight the critical path, and label which
clock is skewed early and which is skewed late for your calculation of
the clock cycle. (Hint: think about the time to go from the output of
one flop to the input of the next and take into account all the time
components to make this trip.)

b ol b s
\ f
3 #
x\ i
£y 7
"\ £
CLK N/
(>(
6ns 7\ 5ns
I! Y,
!’1( 4 \\
»|D O — - 1_____n_s____3
C
CLK -

Figure P11.6

P11.7 The circuit shown in Figure P11.7 is to be used to design a decoupling
capacitor and, in particular, to select the proper channel length. Simu-
late this circuit in SPICE by applying 2n initial condition to the supply
node of 1.8 V (do not use a voltage source here). Plot the voliage at the
supply node when the inverter output is switched from low to high.
Generate a family of curves by changing the Wand L of the decoupling
capacitor, but maintain a constant value of gate area for the decap.

Plot node

Figure P11.7 Decap Inverter
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What is the optimal value of L according to vour results? Assume
0.18 pm technology parameters. You will have to use.a nonquasistatic
mode] in SPICE.

P11.8 For the circuit in Figure 11,27, plot the incoming clock signal and the
output clock signals. Design the circuit so that it has equal delays from
the Clk to both outputs.

P11.9 For the circuit in Figure 11.41b, use SPICE to plot 7 versus Vif W=
0.5 pm for all devices. Assume that the inverter drives another identi-
cal inverter. Given the results from SPICE, what is the frequency range
of the VCO in Figure 11.41a if there are 25 stages?

P11.10 You are required to drive a 10 mm wire with minimum delay. However,
your input capacitance must be 124 (i.e., due to the input capacitance
of a 2X inverter}. Answer the following questions using rapid “back-of-
the-envelope” calculations, and then redo the problem using detailed
analysis. Finally, compare the results with SPICE.

(a) First draw a schematic of the circuit involving only inverters and
wires that will produce the minimum delay, Your circuit-should
have inverters that start at 2X and increase in size until they reach
the buffers that are inserted to drive the wire segments. Show the
entire delay path from end to end.

{(b) Size the inverters to produce the minimum delay.

(¢) Compute the delay value from the 2X inverter to the end of the
wire,
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