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PREFACE

The objective of the second edition of this book continues to be to teach the design of CMOS
analog circuits. The teaching of design reaches far beyond giving examples of circuits and
showing analysis methods. It includes the necessary fundamentals and background but must
apply them in a hierarchical manner that the novice can understand. Probably of most impor-
tance is to teach the concepts of designing analog integrated circuits in the context of CMOS
technology. These concepts enable the reader to understand the operation of an analog CMOS
circuit and to know how to change its performance. With today's computer-oriented thinking,
it is vital to maintain personal control of a design, to know what to expect, and to discern
when simulation results may be misleading. As integrated circuits become more complex, it is
crucial to know “how the circuit works.” Simulating a circuit without the understanding of
how it works can lead o disastrous results,

How does the reader acquire the knowledge of how a circuit works? The answer to this
question has been the driving motivation of the second edition of this text. There are several
important steps in this proceas. The first is to learn to analyze the circuit. This analysis should
produce simple results that can be understood and reapplied in different circumstances. The
second is to view analog integrated circuit design from a hierarchical viewpoint. This means
that the designer is able to visualize how subcircuits are used to form circuits, how simple cir-
cuils are used to build complex circuits, and so forth, The third step is to set forth procedures
that will help the new designer come up with working designs. This has resulted in the inclu-
sion of many “‘design recipes,” which became popular with the first edition and have been ex-
panded in the second edition. It is imporiant that the designer realize that there are simply
three outputs of the electrical desigr of CMOS analog circuits. They are (1) a schematic of the
circuit, (2) dc currents, and {3) W/L ratios. Most design flows or “recipes” can be organized
around these three outputs very easily,

Fifteen years ago, it was not clear what importance CMOS technology would have on
analog circuits. However, it has become very clear that CMOS technology has become the
technology of choice for analog circuit design in a mixed-signal environment. This “choice™
is not necessarily that of the designer but of industry trends that want to use standard tech-
nelogies to implement analog circuits along with digital circuits. As a result, the first edition
of CMOS Analog Circuit Design fulfilled a need for a text in this area before there were any
other texts on this subject. It has found extensive use in industry and has been used in class-
rooms all over the world. Like the ficst edition, the second edition has also chosen not to in-
clude BIT technology. The wisdom of this choice will be seen as the years progress. The sec-
ond edition has been developed with the goal of extending the strengths of the first edition,
pamely in the area of analog circuit design insight and concepts.

xil}
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PREFACE

The second edition has been a long time in coming but has resulted in a unique blending
of industry and academia. This blending has occurred over the past 15 years in short courses
taught by the first author. Qver 5C short courses have been taught from the first edition to over
1500 engineers all over the world. [n these short courses, the ergineers demanded to under-
stand the concepts and insight to designing analog CMOS circuits, and much of the response
to these demands has been included in the second edition. In addition to the industrial input to
the second edition, the authors have taught this material at Georgia Institute of Technology
and the University of Texas at Austin over the past 1015 years. This experience has provided
insight that has been included in the second edition from the viewpoint of students and their
questions, Also. the academic application of this material has resulted in a large body of prob-
lems that have been given as tests and have now been tncluded in the second edition. The first
edition had 335 problems. The second edition has over 500 problems, and most of those are
new to the second edition,

The audience for the second edition is essentially the same as for the first edition, The
first edition was very useful to those beginning a career in CMOS analog design—many of
whom have communicated to the authors that the text has been a ready reference in their daily
work. The second edition should continue to be of value to both new and experienced engi-
neers in industry. The principles and concepts discussed should never become outdated even
though technology changes.

The second andience is the classroom. The output of gualified students to enter the field
of analog CMOS design has not met the demand from industry. Our hope is that the second
edition will provide both instructors and students with a too] that will help fulfill this de-
mand. In order to help facilitate this objective, both authors maintain websites that permit the
downloading of short course lecture slides, short course schedules and dates, class notes, and
problems and solutions in pdf format. More information can be found at www.aicdesign.org
(P.E. Allen) and www.holberg.org (D.R. Holberg). These sites are continually updated, and
the reader or instructor is invited to make use of the information and teaching aides contained
on these sites.

The second edition has received extensive changes. These changes include the moving
of Chapter 4 of the first edition to Appendix B of the second edition. The comparator chap-
ter of the first edition was before the op amp chapters and has been moved to afier the op
amp chapters. In the 15 years since the first edition, the comparator has become more like 8
sense amplifier and less like an op amp without compensation. A major change has been the
incorporation of Chapter 9 on switched capacitor circuits. There are two reasons for this.
Switched capacitors are very important in analog circuits and systems design, and this infor-
mation is needed for many of the analog-digital and digital-anatog conventers of Chapter 10.
Chapter 11 of the first edition has been dropped. There were plans to replace it with a chapter
on analog systems including phase-locked loops and VCOs, but time did not allow this to be
realized. The problems of the second edition are organized into sections and have been de-
signed to reinforce and extend the concepts and principles associated with a particular topic.

The hierachical organization of the second edition is illustrated ia Table 1.1-2. Chapter |
presents the material necessary to introduce CMOS analog ¢ircuit design. This chapier gives
an overview of the subject of CMOS analog circuit design, defines notation and convention,
makes a brief survey of analog signal processing, and gives an example of analog CMOS de-
sign with emphasis on the hierarchial aspect of the design. Chapters 2 and 3 form the basis for
analog CMOS design by covering the subjects of CMOS technology and modeling, Chapter 2
reviews CMOS technology as applied to MOS devices, pn junctions. passive components
compatible with CMOS technology, and other componeats such as the lateral and substrate
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BJT and latchup. This chapter also includes a section on the impact of integrated circuit
layout. This portion of the text shows that the physical design of the integrated circuit is as
important as the electrical design, and many good electrical designs can be ruined by poor
physical design or layout. Chapter 3 introduces the key subject of modeiing, which is used
throughout the remainder of the text to predict the performance of CMOS circuits. The focus
of this chapter is to introduce a model that is good enough to predict the performance of a
CMOS circuit to within +10% to +20% and will allow the designer insight and understand-
ing. Computer simulation can be used to more exactly model the circuits but will not give any
direct insight or understanding of the circuit. The models in this chapter include the MOSFET
large-signal and small-signal models, including frequency dependence. In addition, how to
model the noise and temperature dependence of MOSFETs and compatible passive elements
is shown. This chapter also discusses computer simulation models. This topic is far too com-
plex for the scope of this book, but some of the basic ideas are presented so that the reader can
appreciate computer simulation models. Other models for the subthreshold operation are pre-
sented along with how to use SPICE for computer simulation of MOSFET circuits.

Chapters 4 and 5 represent the topics of subcircuits and amplifiers that will be used o
design more complex analog circuits, such as an op amp. Chapter 4 covers the use of the
MOSFET as a switch followed by the MOS diode or active resistor. The key subcircuits of cur-

* rent sinks/sources and current mirrors are presented next. These subcircuits permit the illus-

tration of important design concepts such as negative feedback, design tradeoffs, and match-
ing principles. Finally, this chapter presents independent voltage and current references and
the bandgap voltage reference. These references attempt to provide a voltage or current that is
independent of power supply and temperature. Chapter 5 develops various types of amplifiers.
These amplifiers are characterized from their large-signal and small-signal performance, in-
cluding noise and bandwidth where appropriate. The categories of amplifiers include the
inverter, differential, cascode, current, and output amplifiers. The last section discusses how
high-gain amplifiers could be implemented from the amplifier blocks of this chapter.

Chapters 6, 7, and 8 represent examples of complex analog circuits. Chapter 6 introduces
the design of a simple two-stage op amp. This op amp is used to develop the principles of
compensation necessary for the op amp to be useful. The two-stage op amp is used to for-
mally present methods of designing this type of analog circuit. This chapter also examines the
design of the cascode op amps, particulurly the folded-cascode op amp. This chapter con-
cludes with a discussion of techniques to measure and/or simulate op amps and macromodels.
Macromodels can be used to more efficiently simulate op amps at higher levels of abstraction.
Chapter 7 presents the subject of high-performance op amps, In this chapter various perfor-
mances of the simple op amp are optimized, quite often at the expense of other performance
aspects. The topics include buffered output op amps, high-frequency op amps, differential-
output op amps, low-power op amps, low-noise op amps, and low-voltage op amps. Chapter 8
presents the open-loop comparator, which is an op amp without compensation. This is
followed by methods of designing this type of comparator for linear or slewing responses.
Methods of improving the performance of open-loop comparators, including autozeroing and
hysteresis, are presented. Finaily, this chapter describes regenerative comparators and how
they can be combined with low-gain, high-speed amplifiers to achieve comparators with a
very short propagation time delay.

Chapters 9 and 10 focus on analog systems. Chapter 9 is completely new and presents
the topic of switched capacitor circuits. The concepts of a switched capacitor are presented
aleng with such circuits as the switched capacitor amplifier and integrator. Methods of ana-
lyzing and simulating switched capacitor circuits are given, and first-order and second-order

Page 9 of 195 REED EX1015
IPR2024-01158



xvi

PREFACE

switched capacitor circuits are used to design various filters using cascade and ladder ap-
proaches. Chapter 9 concludes with anti-aliasing filters, which are required by all switched
capacitor circuits. Chapter 10 covers the topics of CMOS digital-anatog and analog-digital
converters. Digital-analog converters are preseated according to their means of scaling the
reference and include veliage, current, and charge digital-analog converters. Next, methods
of extending the resolution of digital-analog converters are given. The analog-digital con-
verters are divided into Nyquist and oversampling coaverters. The Nyquist converters are pre-
sented according to their speed of operation—slow, mediurn and fast. Finally, the subject of
oversampled analog-digital and digital-analog converters is prescnted. These converiers
allow high resolution and are very compatible with CMOS technology.

Three appendices cover the topics of circuit analysis methods for CMOS analog circuits,
CMOS device characterization (this is essentially chapter 4 of the first edition), and time and
frequency domain relationships for second-order systems.

The material of the second edition is more than sufficient for a 15-week course. Depending
upon the background of the students, a 3-hour-per-week, 15-week-semester course could in-
clude parts of Chapters 2 and 3, Chapters 4 through 6, parts of Chapter 7, and Chapter 8. Chap-
ter 9 and 10 could be used as part of the material for a course on analog systems. At Georgia
Tech, this text is used along with the fourth edition of Analysis and Design of Analeg Integrated
Circuits in a two-semester course that covers both BJT and CMOS analog IC design. Chapters
9 and 10 are used for about 70% of a semester course on analog IC systems design.

The background necessary for this text is a good understanding of basic electronics,
Topics of importance include: large-signal models, biasing, small-signal models, frequency
response, feedback, and op amps, It would also be helpful to have a good background in
semiconductor devices and how they operate, integrated circuit processing, simulation using
SPICE, and modeling of MOSFETs. With this background, the reader could start at Chapier 4
with little problem. )

The authors would like to express their appreciation and gratitude to the many individu-
als who have contributed to the development of the second edition. These include both un-
dergraduate and graduate students who have used the first edition and offered comments,
suggestions, and corrections. It also includes the over 1500 industrial participants who, over
the last 15 years, have artended a one-week course on this topic, We thank them for their
encouragement, patience, and suggestions. We also appreciate the feedback and corrections
from many individuals in industry and academia worldwide. The input from those who have
read and used the preliminary edition is greatly appreciated. In particular, the authors would
like to thank Tom DiGiacomo, Babak Amini, and Michaal Hackner for providing usefu! feed-
back on the new edition. The authors gratefully acknowledge the patience and encouragement
of Peter Gordon, Executive Editor of Engineering, Science and Computer Science of Oxford
University Press during the develocpment of the second editicn and the firm but gentle shep-
herding of the second edition through the production phase by the project editor, Justin
Collins. Lastly, the assistance of Marge Boehme in helping with detail work associated with
the preparation and teaching of the second edition is greatly appreciated.

Phillip E. Allen
Atlanta, GA

Douglas R. Holberg
Austin, TX
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Chapter | .

e —

ntroduction and Bachground

The evolution of very large-scale integration (VLSI) technology has developed to the point
where millions of transistors can be integrated on a single die or “chip.” Where integrated cir-
cuits once filled the role of subsystem components, partitioned at analog-digital boundaries,
they now integraie complete systems on a chip by combining both analog and digital func-
tions [ 1]. Complementary metal-oxide semiconductor (CMOS) technology has been the main-
stay in mixed-signal* implementations because it provides density and power savings on the
digital side, and a good mix of components for analog design. By reason of its widespread
use, CMOS technology is the subject of this text.

Due in part to the regularity and granularity of digital circuits, computer-aided design
(CAD) methodologies have been very successful in automating the design of digital systems
given a behavioral description of the function desired. Such is not the case for analog circuit
design. Analog design still requires a “hands on” design approach in general. Moreover, many
of the design techniques used for discrete analog circuits are not applicable to the design of
analog/mixed-signal VLSI circuits. [t is necessary to examine closely the design process of
analog circuits and to identify those principles that will increase design productivity and the
designer’s chances for success. Thus, this book provides a hierarchical organization of the
subject of analog integrated-circuit design and identification of its general principles.

The objective of this chapter is to introduce the subject of analog integrated-circuit de-
sign and to lay the groundwork for the material that follows. It deals with the general subject
of analog integrated-circuit design followed by a description of the notation, symbology, and
terminology used in this book. The next section covers the general considerations for an ana-
log signal-processing system, and the last section gives an example of analog CMOS circuit
design. The reader may wish to review other topics pertinent to this study before continuing to
Chapter 2. Such topics include modeling of electronic components, computer simulation
techniques, Laplace and z-transform theory, and semiconductor device theory.

11 ANALOG INTEGRATED-CIRCUIT DESIGN

[ntegrated-circuit design is separated into two major categories: analog and digital. To char-
acterize these two desipn methods we must first define analog and digital signals. A signal
will be considered to be any detectable value of voltage, current, or charge. A signal should

*The term “mixed-signal” is a widely accepted term describing circuits with both analog and digital
circuitry on the same silicon substrate.
1
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2 INTRODUCTION AND BACKGROUND

convey information about the state or behavior of a physical system. An analog signal is a sig-
nal that is defined over a continuous cange of time and a continuons range of amplitudes. An
analog signal is illustrated in Fig. 1.1-1(a). A digital signal is a signal that is defined only at
discrete values of amplitude, or said another way, a digital signal is quantized to discrete val-
ues. Typically, the digital signal is a binary-weighted sum of signals having only two defined
values of amplitude as illustrated in Fig. 1.1-1(b) and shown in Eq. (1.1-1). Figure 1.1-1(b}is
a three-bit representation of the analog signal shown in Fig. 1.1-1(a).

N
D=by 127" 4+ by a2+ by 3273+ o +527 "= 3 by 27! (L.1-1)

=1

The individual binary numbers, b, have a value of either zero or one. Consequently, it is
possible to implement digital circuits using components that operate with only two stable
states. This leads to a great deal of regularity and to an algebra that can be used to describe the
function of the circuit, As a result, digital circuit designers have been able to adapt readily to
the design of more complex integrated circuits.

Another type of signal encountered in analog integrated-circuit design is an analog
sampled-data signal. An analog sampled-data signal is a signal that is defined cver a continu-
ous range of amplitudes but only at discrete points in time. Cften the sampled analog signal is
held at the value present at the end of the sample period, resulting in a sampled-and-held sig-
ral. An analog sampled-and-held signal is illustrated in Fig. 1.1-1(c).
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Figure 1.1-1 Signals. (a) Analog or continuous time. (b) Digital. (c) Analop sampled data or discrete
time. T is the pericd of the digital or sampled signals,
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1.1  Analog Integrated-Circuit Design 3

Circuit design is the creative process of developing a circuit that solves a particular prob-
lem. Design can be better understood by comparing it to analysis. The analysis of a circuit,
iltustrated in Fig. 1.1-2(a), is the process by which one starts with the circuit and finds its prop-
erties. An important characteristic of the analysis process is that the solution or properties are
unique. On the other hand, the synthesis or design of a circuit is the process by which one
starts with a desired set of properties and finds a circuit that satisfies them. In a design prob-
lem the solution is not unique, thus giviag opportunity for the designer to be creative. Con-
sider the design of a 1.5 (2 resistance as a simple example. This resistance could be realized
as the series connection of three 0.5 {1 resistors, the combination of a 1 {} resistor in series
with two | £ resistors in parallei, and so forth. Al would satisfy the requirement of 1.5 {1 re-
sistance although some might exhibit other properties that would favor their use. Figure 1.1-2
illustrates the difference between synthesis (design) and analysis.

The differences between integrated and discrete analog circuit design are important, Un-
like integrated circuits, discrete circuits use active and passive components that are not on
the same substrate. A major benefit of components sharing the same substrate in close prox-
imity is that component matching can be used as a tool for design. Another difference be-
tween the two design methods is that the geometry of active devices and passive components
in integrated-circuit design are under the coatrol of the designer. This control over geometry
gives the designer a new degree of freedom in the design process, A second difference is due
to the fact that it is impractical to breadboard the integrated-circuit design. Consequently, the
designer must turm to computer simulation methods to confirm the design’s performance.
Another difference between integrated and discrete analog design is that the integrated-
circuit designer is restricted to a more limited class of components that are compatible with
the technology being used.

The task of designing an analog integrated circuit includes many steps. Figure 1.1-3
illustrates the general approach to the design of an integrated circuit. The major steps in the
design process are:

1. Definition

2. Synthesis or implementation

3. Simulation or modeling

4. Geometrical description

5. Simulation including the geometrical parasitics
6. Fabrication

7. Testing and verification

s

@

Circult
Solution 1

Circuit
Solution 2

‘Circeuit
Solution 3

|,_ ., I Design

Figure 1.1-2 (a) Analysis process. (b) Design process.
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Flgure 1.1-3 Design process for analog integrated circuits.
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The designer is responsible for all of these steps except fabrication. The first steps are to de-
fine and synthesize the function, These steps are crucial since they determine the performance
capability of the design. When these steps are completed. the designer must be able to confirm
the design before it is fubricated. The next step is to simulate the circuit to predict the perfor-
mance of the circuit. The designer makes approximations aboul the physical definitien of the
circuit initially. Later, once the Jayout is complete, simulations are checked using parasitic in-
formation derived from the layour. At this point, the designes may iterate using the simulation
results to improve the circuit's performance. Once satisfied with this performance, the de-
signer can address the next step—the geometrical descripticn (layout) of the circuit. This geo-
metrical description typically consists of 4 computer database of variously shaped rectangles
or polygons (in the x-y plane) at different levels (in the z direction); it is intimately connected
with the electrical performance of the circuit. As stated earlier, once the layout is finished. it is
necessary to include the geometrical effects in additional simulations, If results are satisfac-
tory, the circuit is ready for fabrication. After fabrication, the designer is faced with the last
step—determining whether the fabricated circuit meets the design specifications, If the de-
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1.1 Analog Integrated-Circuit Design 5

signer has not carefully considered this step in the overall design process, it may be difficult
o test the circuit and determine whether or not specifications have been met,

As mentioned earlier, one distinction between discreie and integrated analog circuit de-
sign is that it may be impractical to breadboard the integrated circuit. Computer simulation
techniques have been developed that have several advantages, provided the models are ade-
quate. These advantages include:

* Elimination of the need for breadboards

* Ability to monitor signals at any point in the circuit

= Ability to open a feedback loop

s Ability to easily modify the circuit

* Ability to analyze the circuit at different processes and temperatures
Disadvantages of computer simulation include:

» Accurecy of models

* Failure of the simulation program to converge to a solution
s Time required to perform simulations of large circuits

« Use of the computer as a substitute for thinking

Because simulation is closely associated with the design process, it will be included in the text
where appropriate.

In accomplishing the design steps described above, the designer works with three differ-
ent types of description formarts: the design description, the physical description, and the
model /simulation description. The format of the design description is the way in which the
circuit is specified; the physical description format is the geometrical definition of the circuit;
the model/simulation format is the means by which the circuit can be simulated. The designer
must be able to describe the design in each of these formats, For example, the first steps of
analog integrated-circuit design could be carried out in the design description format. The
geometrical description obviously uses the geometrical format, The simulation steps would
nse the model/simulation format.

Analog integrated-circuit design can also be characterized from the viewpoint of hierar-
chy. Table 1.1-1 shows a vertical hierarchy consisting of devices, circuits, and systems, and
horizontal description formats consisting of design, physical, and model. The device leve! is
the lowest level of design. It is expressed in terms of device specifications, geomeitry, or model
parameters for the design, physical, and model description formats, respectively. The circuit
level is the next higher level of design and can be expressed in terms of devices. The design,
physical, and model description formats typically used for the circuit level include voltage
and current relationships, parameterized layouts, and macromodels. The highest level of

TABLE 1.1-1 Hierarchy and Description of the Analog Integrated-Circuit Design Process

Hierarchy Design Physical Model

Systems System specifications Floor plan Behavioral model

Circuits Circuit specifications Parameterized blacks/cells Macromoidels

Devices Device specifications Geometrical description Device models
Page 15 of 195 REED EX1015
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6 INTRODUCTION AND BACKGROUND

TABLE 1.1-2 Relationship of the Book Chapters to Analog Circuit Design

Design Level CMOS Technology
Sysiems Chapter % Chaptes 10
Switched Capacitor Circuits DiA and A/D Converters
Complex circuits Chapier & Chapter 7 Chapter
CMOS Operational Amplifiers High-Performance Comparators
CMOS Op Amps
Simple circuits Chapter 4 Chapter 5
Analog CMOS Subcircuits CMOS Amplifiers
Devices Chapuer 2 Chapter 3 Appendix B
CMOS Technology CMOS Device Modeling CMOS Device Characterization

design is the systems level—expressed in terms of circuits. The design, physical, and model
descripticn formats for the systems level include mathematical or graphical descriptions, a
chip fAoor plan, and a behavioral model,

This book has been organized to emphasize the hierarchical viewpoint of integrated-
circuit design, as illustrated in Table 1.]1-2. At the device level, Chapters 2 and 3 deal with
CMOS technology and models. In order to design CMOS analog integrated circuits the de-
signer must understand the technology, so Chapter 2 gives an averview of CMOS technology,
along with the design rules that result from technological considerations. This information is
important for the designer’s appreciation of the constraints and limits of the technology. Be-
fore starting a design, one must have access 1o the process and electrical parameters of the de-
vice rodel. Modeling is a key aspect of both the synthesis and simulation steps and is covered
in Chapter 3. The designer must also be able to characterize the actual model parameters in
order to confirm the assomed mode] parameters. [deally, the designer has access to a test chip
from: which these parameters can be measured. Finally, the measurement of the model para-
meters after fabrication can be used in testing the completed circuit. Device characterization
methods are covered in Appendix B.

Chapters 4 and 5 cover circuits consisting of two or more devices that are classified as
simple circuits. These simple circuits are used to design more complex circuits, which are
covered in Chapters 6 through 8. Finally. the circuits presented in Chapters 6 through 8 are
used in Chapters 9 and 10 to implement analog systems. Some of the dividing lines between
the various levels will at times be unclear. However. the general relationship is valid and
should leave the reader with an organized viewpoint of analog integrated-circuit design.

1.2 NOTATION, SYMBOLOGY, AND TERMINDLODGY

To help the reader have a clear understanding of the material presented in this book, this sec-
tion dealing with notation, symbology, and terminology is included. The conventions chosen
are consistent with those used in undergraduate electronic texts and with the standards pro-
posed by technical societies. The International System of Units has been used throughout.
Every effort has been made in the remainder of this book to use the conventions here described.

The first item of importance js the notation (the symbols) for currents and voltages. Sig-
nals will generally be designated as a quantity with a subscript. The quantity and the subscript
will be either uppercase or lowercase according to the convention illustrated in Table 1.2-1.
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1.2 Notation, Symbology, and Terminology 7

TABLE 1.2-1 Definition of the Symbols for Various Signals

Signal Definition - Quantity Subscript Example
Total instantanerus value of the signal Lowercass Uppercase da
dc Value of the signal Uppercase Uppercase Qs
ac Value of ihe signal Lowercase Lowercase G
Complex variable, phasor, or rms value Uppercase Lowercass Qs

of the signal

Figure 1.2-] shows how the definitions in Table 1.2-1 would be applied {0 a periodic signal
superimposed upon a dc value.

This notation will be of help when modeling the devices. For example, consider the por-
tion of the MOS model that relates the drain—source current to the various terminal veltages,
This model will be developed in terms of the total instantaneous variables (ip). For biasing
purposes, the dc variables (Z;;) will be used; for small-signal analysis, the ac variables (/) will
be used; and finally, the small-signal frequency discussion will use the complex variable (/).

The second item to be discussed here is what symbols are used for the various compo-
nenis. (Most of these symbols will already be familiar to the reader. However, inconsistencies
exist about the MOS symbel shown in Fig. 1.2-2.) The symbols shown in Figs. 1.2-2(a) and
1.2-2(b) are used for enhancement-mode MOS transistors when the substrate or bulk (B) is
connected to the appropriate supply. Most often, the appropriate supply is the most positive
one for p-channel transistors and the most negative one for n-channe! transistors.-Although the
transistor operation will be explained later, the terminals are called drain (D), gate (G), and
source (S). If the bulk is not connected to the appropriate supply, then the symbols shown in
Figs. 1.2-2(c) and 1.2-2(d) are used for the enhancement-mode MOS transistors. It will be im-
portant to know where the bulk of the MOS transistor is connected when it is used in circuits.

Figure 1.2-3 shows another set of symbols that should be defined. Figure 1.2-3(a) repre-
sents a differential-input operational amgplifier or, in some instances, a comparator, which may
have a gain approaching that of the operational amplifier. Figures 1.2-3(b) and 1.2-3(c) repre-
sent an independent voltage and current source, respectively. Sometimes, the battery symbol
is used instead of Fig. 1.2-3(b). Finally, Figs. 1.2-3(d) through 1.2-3(g) represent the four
types of ideal controlled sources. Figure 1.2-3(d) is a voltage-controlled voltage source
(VCVS), Fig. 1.2-3(e) is a voltage-controlled cursent source (VCCS), Fig. 1.2-3(f) is a cur-
rent-controlled voltage source {(CCVS), and Fig. 1.2-3(g) is a curreni-controlled current
source {CCCS). The gains of each of these controlled sources are given by the symbols A,,
G R, and A, (for the VCVS, VCCS, CCVS, and CCCS, respectively).

Figure 1.2-1 Notation for signals.
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D D Figure 1.2-2 MOS device symbols. () Enhance-
ment n-channel transistor with bulk connected to
most negative supply. (b} Enhancement p-channel

GO—I GO—I transistor with bulk connected to most positive sup-
ply. (¢), (d) Same as (a) and (b) except butk con-
nection is not constrained to respective supply.

@® S 5
D D
Go—| B Go—| B
@ S @ $
Q) +
1’4 I
o— |-
{a) b (c)

|
|

AV, G,

(&) (e).

Ady

/
-
—0
I
R.n’1
—0

by
|

0 ®

Figure 1.2-3 (a) Symbol for an operational amplifier. (b) Indepen-
dent voltage source. (c) Independent cucrent source. (d) Voltage-
controlled voltage source (VCVS). (e) Voltage-controlled cuprent
source (VCCS), (f) Cument-controlled voltage source (CCVS).
(2) Current-controlled current source (CCCS).
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1.3 Analog Signal Processing 9

1.3 ANALOG SIGNAL PROCESSING

Before beginning an in-depth study of analog circuit design, it is worthwhile to consider the
application of such circuits. The general subject of analog signal processing includes most of
the circuits and systems that will be presented in this text. Figure 1.3-1 shows a simple block
diagram of a typical signal-processing system. In the past, such a signal-processing system
required multiple integrated circuits with considerable additional passive components. How-
ever, the advent of analog sampled-data techniques and MOS technology has made viable the
design of a general signal processor using both analog and digital techniqies on a single inte-
grated circuit [2],

The first step in the design of an analog signal-processing system is 10 examine the spec-
ifications and decide what part of the system should be analog and what part should be digital.
In most cases, the input signal is analog. It could be a speech signal, a sensor output, & radar
return, and so forth. The first block of Fig. 1.3-1 is a preprocessing block. Typically, this block
will consist of filters, an automatic-gain-control circuit, and an analog-to-digital converter
(ADC or A/D). Often, very strict speed and accuracy requirements are placed on the compo-
nents in this block. The next block of the analog signal processor is a digital signal processor.
The advantages of performing signal processing in the digital domain are numerous, One ad-
vantage is due to the fact that digital circuitry is easily implemented in the smallest geometry
processes evailable, providing a cost and speed advantage. Another advantage relates to the
additional degrees of freedom aveilable in digital signal processing {e.g., linear-phase filters).
Additonal advantages lie in the ability to easily program digital devices. Finally, it may be
necessary to have an analog output. In this case, a postprocessing block is necessary. It will
typically contain a digital-to-analog converter (DAC or D/A). amplification, and filtering.

In a signal-processing system, one important system consideration is the bandwidth of
the signal to be processed. A graph of the operating frequency of a variety of signals is given
in Fig. 1.3-2. At the low end are seismic signals, which do not extend much below 1 Hz be-
cause of the absorption characteristics of the earth. At the other extreme are microwave sig-
nals. These are not used much above 30 GHz because of the difficulties in performing even
the simplest forms of signal processing at higher frequencies.

To address any particular application area illustrated in Fig 1.3-2 a technology that can
support the required signal bandwidth must be used. Figure 1.3-3 illustrates the speed capa-
bilities of the various process technologies available today. Bandwidth requirements and
speed are not the only considerations when deciding which technology to use for an inte-
grated circuit (IC) addressing an application area. Other considerations are cost and integra-
tion. The clear trend today is to use CMOS digital combined with CMOS analog (as needed)
whenever possible because significant integration can be achieved, thus providing highly reli-
able compact system solutions.

| I
| )
Preprocessing | ! L I | Postpracessing
ﬁ:;::ﬁg—b {fillering and : D;ﬂ:;ﬁ:ﬂ —:+ (D/A conversion —Dﬁﬂ:;ﬂf
A/D conversion) | | y | god filtering)
I 1
Analog ] Digital ] Analog
Figure 1.3-1 A 1ypical signal-processing system block diagram.
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1.4 EXAMPLE OF ANALOG VLS| MIXED-SIGNAL CIRCUIT DESIGN

Analog circuis design methodology is best illustrated by example. Figure 1.4-1 shows the
block diagram of a fully integrated digital read/write channel for disk-drive recording appli-
cations. The device employs partial response maximum likelihood (PRML) sequence detec-
tion when reading data to enhance bit-error-rate versus signal-to-noise ratio performance. The
device supports data rates up to 64 Mbits/s and is fabricated in a 0.8 pm double-metal CMOS
process,

In a typical application, this IC receives a fully differential analog signal from an external
preamplifier, which senses magnetic transitions on a spinning disk-drive platter. This differ-
ential read pulse is first amplified by a variable gain amplifier (VGA) under control of a real-
time digital gain-control loop. After amplification, the signal is passed to a seven-pole two-
zero equiripple-phase low-pass filter. The zeros of the filter are real and symmetrical about the
imaginary axis. The locations of the zeros relative to the locations of the poles are program-
mable and are designed to boost filter gain at high frequencies and thus narrow the width of
the read pulse,

Figure 1.3-3 Frequencies thal
. 1 can be processed by present-day
. HiCMO, . technologies.
Bipolar anjlo
. Bipolgr digitdl logic
urfacd acoustje
WavEY
MQS digithl logic
MOS Tog
rticar .
OuA s

1 10 100 1k Ik 100k M (OM 100M IG 10G 100G
Signa! Frequency (Hz)
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s v 1k LT kb e

Figure 1.4-1 Read/Write channel integrated circuit block diagram.

The low-pass filter is constructed from transconductance stages (g, stages) and capaci-
tors. A one-pole prototype illustrating the principles embodied in the low-pass filter design is
shown in Fig. 1.4-2. While the relative pole arrangement is fixed, two mechanisms are avail-
able for scaling the low-pass filter’s frequency response. The first is via a control voltage
(labeled “VCON™), which is common to all of the transconductance stages in the filter. This
control voltage is applied to the gate of an n-channel transistor in each of the transconduc-
tance stages. The conductance of each of these trunsistors determines the overall conductance
of its associated slage and can be vanied continuously by the control voltage. The second fre-
quency response control mechanism is via the digital control of the value of the capacitors in
the low-pass filter. All capacitors in the low-pass filter are constructed identically, and each
consists of a programmable array of binarily weighted capacitors.

The continuous control capability via VCON designed into the transconductance stage
provides for a means to compensate for variations in the Jow-pass filter's frequency response
due to process, temperature, and supply voltage changes [3]. The control voltage, VCON, is
derived from the “Master PLL™ composed of a replica of the filter configured as a voltage-
controlled oscillator in a phase-locked-loop configuration as illustrated in Fig. 1.4-3. The

VCON VCON Figure 1.4-2 Single-pole low-pass
filter.

i
R =TT

Digitally cormrolled
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1k
Figure 1.4-3 Master flter phase-locked loop.

kit it

frequency of oscillation is inversely proportional to the characteristic time constant, C/g,, of
the replica filter’s stages. By forcing the oscillator to be phase and frequency locked to an ex-
ternal frequency reference through variation of the VCON terminal voltage, the characteristic
time constant is held fixed. To the extent that the circuit elements in the low-pass filter match
those in the master filter, the characteristic time constants of the low-pass filter (and thus the
frequency response) are also fixed.

The normal output of the low-pass filter is passed through a buffer to a 6-bit one-step-
flash sampling A/D converter. The A/D converter is ¢locked by a voltage-controlled oscil-
lator (VCO) whose frequency is controlled by a digital timing-recovery loop. Each of the
63 comparators in the flash A/D converter contains capacitors to sample the buffered analog
signal from the low-pass filter, While sampling the signal each capacitor is also absorbing the
comparator’s offset voltage to correct for the distortion errors these offsets would otherwise
cause [4]. The outputs from the comparators are passed through a block of logic that checks
for invalid patterns, which could cause severe conversion errors if left unchecked [5]. The out-
Pputs of this block are then encoded into a 6-bit word.

As illustrated in Fig. 1.4-1, after being digitized, the 6-bit output of the A /D converter is
filtered by a finite-impulse-response (FIR) filter. The digital gain- and timing-control loops
mentioned above monitor the raw digitized signal or the FIR filter output for gain and timing
errors. Because these errors can only be measured when signal pulses occur, a digital tran-
sition detector is provided to detect pulses and activate the gain and timing error detectors.
The gain and timing error signals are then passed through digital low-pass filters and subse-
quently to D/A converters in the analeg circuitry to adjust the VGA gain and A/D VCO fre-
quency, respectively.

The heart of the read channel IC is the sequence detector. The detector’s operation is
based on the Viterbi algorithm, which is generally used to implement maximum likelihood
detection. The detector anticipates linear intersymbol interference and after processing the re-
ceived sequence of values deduces the most likely transmitted sequence (i.e., the daa read
from the media). The bit stream from the sequence detector is passed to the run-length-limited
(RLL) decoder block, where it is decoded. If the data written to the disk were randomized be-
fore being encoded, the inverse process is applied before the bit stream appears on the read
channel output pins.

The write path is illustrated in detail in Fig. 1.4-4, In write mode, data is first encoded by
an RLL encoder block. The data can optionally be randomized before being sent to the
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Figure 1.4-4 Frequency synthesizer and write-data path,

encoder. When enabled, a linear feedback shift register is used to generate a pseudorandom
patiern that is XOR’d with the input data. Using the randomizer ensures thal bit patterns that
may be difficult to read occur no more frequently than would be expected from random
input data.

A write clock is synthesized to set the data rate by a VCO placed in a phase-locked loop.
The VCO clock is divided by a programmable value “M,” and the divided clock is phase-
locked to an external reference clock divided by two and a programmable value “N.” The re-
sult is a write clock at a frequency M/2N times the reference clock frequency. The values for
M and N can each range from 2 to 256, and write clock frequencies can be synthesized to sup-
port zope-bit-recording designs, wherein zones on the media having different data rates are
defined.

Encoded data are passed to the write precompensation circuitry. While linear bit-shift ef-
fects caused by intersymbol interference need not be compensated in a PRML channel, non-
linear effects can cause a shift in the location of a magnetic transition caused by writing a one
in the presence of other nearby transitions. Although the particular RLL code implemented
prohibits two consecutive “ones” (and therefore twe transitions in close proximity) from
being written, a “one/zero/one™ pattern can still create 2 measurable shift in the second transi-
tion. The write precompensation circuitry delays the writing of the second “one” to counter
the shift. The synthesized write clock is input to two delay lines, each constructed from stages
similar to those found in the VCO. Normally the signal from one delay line is used to clock
the channel data to the output drivers. However, when a “one/zero/one” pattern is detecied,
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the second “one” is clocked to the output drivers by the signal from the other delay line, This
second delay line is current-starved, thus exhibiting a longer delay than the first, and the sec-
ond “one” in the pattern is thereby delayed. The amount of delay is programmable.

The servo channel circuitry, shown in Fig. 1.4-5, is used for detecting embedded head
positioning information. There are three main functional blocks in the servo section:

+ Automatic gain-control (AGC) loop
+ Bit detector
* Burst demodulator

Time constants and charge rates in the servo section are programmable and controlled by the
master filter to avoid variation due to supply voliage, process, and iemperature. All blocks are
powered down between servo fields to conserve power.

The AGC loop feedback around the VGA forces the output of the high-pass filter to a
constant level during the servo preamble. The preamble consists of an alternating bit pattern
and defines the 100% full-scale level. To avoid the need for timing scquisition. the servo AGC
loop is implemented in the analog domain. The peak amplitude at the output of the high-pass
filter is detected with 4 rectifying peak detector. The peak detector either charges or dis-
charges a capacitor, depending on whether the input signal is above or below the held value on
the capacitor. The output of the peak detector is compared to a full-scale reference and inte-
grated to contral the VGA gain. The relationship between gain and control voltage for the
VGA is an exponential one, thus the loop dynamics are independent of gain. The burst detec-
tor is designed to detect and hold the peak ampiitude of up to four servo positioning bursts, in-
dicating the position of the heud relative to track center.

An asynchronous bit detector is included to detect the servo data information and address
mark. Input pulses are qualified with a programmable threshold comparator such that a pulse is
detected only for those pulses whose peak amplitude exceeds the threshold. The servo bit detec-
tor provides outputs indicating both zero-crossing events and the polarity of the detected event.

Figure 1.4-6 shows a photomicrograph of the read-channel chip described, The circuit
was fabricated in a single-polysilicon, double-metal. 0.8 gm CMQOS process.

e e
*
YCON

Figure 1.4-5 Servo channe! block diagram.
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15 SUMMARY

This chapter has presented an introduction to the design of CMOS analog integrated circuits.
Section 1.1 gave a definition of signals in analog circuits and defined analog, digital, and ana-
log sampled-data signals. The difference between analysis and design was discussed. The de-
sign differences between discrete and integrated analog circuits are primarily due to the de-
signer’s control over circuit geometry and the need to computer-simulate rather than build a
breadboard. The first section also presented an overview of the text and showed in Table 1,1-2
how the various chapters are tied together. Tt is strongly recommended that the reader refer to
Table 1.1-2 at the beginning of each chapter.

Section 1.2 discussed notation, symbology, and terminclogy. Understanding these topics
is impontant to avoid confusion in the presentation of the varicus subjects, The choice of sym-
bols and terminology has been made to correspond with standard practices and definitions.
Additional topics concerning the subject in this section will be given in the text at the appro-
priate place.
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PROBLENS

An overview of analog signal processing was presented in Section 1.3. The objective of
most analog circuits was seen to be the implementation of some sort of analog signal process-
ing. The important concepis of circuit application, circuit technology, and system bandwidth
were introduced and interrelated, and it was pointed out that analog circuits rarely stand alone
but are usually combined with digital circuits to accomplish some form of signal processing.
The boundaries between the analog and digital parts of the circuit depend on the application,
the performance, and the area.

Section 1.4 gave an example of the design of a fully integrated disk-drive read-channel cir-
cuit. The example emphasized the hierarchical structure of the design and showed how the sub-
jects to be presented in the following chapters could be used to implement a complex design.

Before beginning the study of the following chapters, the reader may wish to study Ap-
pendix A, which presents material that should be mastered before going further. It covers the
subject of circuit analysis for analog circuit design, and some of the problems at the end of
this chapter refer to this material. The reader may also wish to review other subjects, such as
electronic modeling, computer simulation technriques, Laplace and z-transform theory, and
semiconductor device theory.

1.1-1. Using Eq. (1.1-1), give the base-10 value for the The following problems refer to material in Appendix A.

5-bit binary sumber 11010 (bsbyb,b by ordering). 1.1-4, Use the nodal equation method 10 find vow/vi, OF
1.1-2. Process the sinusoid in Fig. P1.1-2. through an ana- Fig. P1.14.
iog sample and hold. The sample points are given at
each integer value of /7 VYW YW <
R, + R *
+
Fia \ By 2w Entt L Voul
15 - - -
1 >
y ﬁ AN Figure P1.14
£ 19" \\ 1.3-5. Use the mesh cquation method to find vo./vi, of
€ N Fig. P1.1-4.
¢ A /7 1.1-6. Use the source rearrangement and substitution con-
i N cepls to simplify the circuit shown in Fig. P1.1-6
H / and solve for i,/i,, by making chain-type caicula-
1 i ticns only.
0 4 6 1 92 N i
spevms § 4 4 4 4t 4}t "y
£ VW
T - Ry
Figure PL.1-2 i
BT ¥ R, v Fond Ry 3 l fom
1.1-3. Digitize the sinusoid given in Fig. P1.1-2 according
to Eg. (L.1-1) using a 4-bit digitizer. Figure P1,1-6
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1.1-7. Find vo/vy and v/ of Fig. P1.1-7. 1.1-9. Use the Miller simplification concept ta solve for

Vou/Vin 0f Fig. A.1-3 (see Appendix A).
Emivi— V) 1.1-10, Find v, /i, of Fig. A.1-12 and compare with the
‘l_. results of Example A.1-1.

i < ° 1.1-11. Use the Miller simplification technique described
+ + . . .

in Appendix A to solve for the output resistance,

v " v,li,, of Fig. P1.1-4. Calculate the output resis-

it £ "2 tance nct using the Miller simplification and com-

- - pare your results.
< d 1.1-12. Consider an ideal voltage amplifier with 4 voltage
Figare P1.1-7 gain of A, = 0.99. A resistance R = 50 k{1 is con-

nected from the output back to the input. Find the

1.1-8. Use the circuit-reduction technique w solve for input resistance of this circuit by applying the

Your/¥pn Of Fig. P.1.1-B

Miller simplification concepl
A v{' vill -F [)
o @ o
+ + +
LN fy Vour
o o

Figure P1.1-8
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CM0G Technology

The two most prevalent integrated-circuit technologies are bipolar and MOS. Within each of
these families are various subgroups as illostrated in Fig. 2.0-1, which shows a family tree of
some of the more widely used silicon integrated-circuit technologies. For many years the
dominant silicon integrated-circuit technology was bipolar, asg evidenced by the ubiquitous
monolithic operational amplifier and the TTL (transistor—transistor logic) family. In the early
1970s MOS technology was demonstrated to be viable in the area of dynamic random-access
memories (DRAMSs), microprocessors, and the 4000-series logic family. By the end of the
1970s, driven by the need for density, it was clear that MOS technology would be the vehicle
for growth in the digital VLSI area. At this same time, several organizations were attempting
analog circuit designs using MOS [1-4}. NMOS (n-channel MOS) technology was the early
technology of choice for the majority of both digital and analog MOS designs. The early
19805 saw the movement of the VLSI world toward silicon-gate CMOS, which has been the
dominant technology for V1.S1 digital and mixed-signal designs ever since |5.6). Recently,
processes that combine both CMOS and bipolar (BiCMOS) have proved themselves to be
both a technological and market success, where the primary market force has been improved
speed for digital circuits (primarily in static random-access memories, SRAMs). BiCMOS
has potential as well in analog design due to the enhanced performance that a bipolar transis-
tor provides in the context of CMOS technology. This book focuses on the use of CMOS for
analog and mixed-signal circuit design.

There are numerous references that develop the details of the physics of MOS device op-
eration [7,8). Therefore, this book covers only the aspects of this theory that are pertinent to
the viewpoint of the circuit designer. The objective is to be able to appreciate the limits of the
MOS circuit models developed in the next chapter and to understand the physical constraints
on electrical performance.

This chapter covers various aspects of the CMOS process from a physical point of view,
In order to understand CMOS technology, a brief review of the basic semiconductor fabrica-
tion processes is presented, followed by a description of the fabrication steps required to build
the basic CMOS process. Next, the pn junciion is presented and characterized, This discus-
sion is followed by a description of how active and passive components compatible with the
CMOS technology are built. Next, important limitations on the performance of CMOS tech-
nology including latch-up, temperature dependence, and noise are covered. Finally, this chap-
ter deals with the topological rules employed when physically defining the integrated circuit
for subsequent fabrication,
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Figure 2.0-1 Categories of silicon technology.

a.] BASIC MOS SEMICONDUCTOR FABRICATION PROCESSES

Semiconductor technology is based on a number of well-established process steps, which are
the means of fabricating semiconductor components. In order to understand the fabrication
process, it is necessary to understand these steps. The process steps described here include
oxidation, diffusion, ion implantation, deposition, and etching. The means of defining the area
of the semiconductor subject to processing is called photolithography.

All processing starts with single-crystal silicon material. There are two methods of grow-
ing such crystals [9]. Most of the material is grown by a method based on that developed by
Crochralski in 1917. A second method, called the float zone technique, produces crystals of
high purity and is often used for power devices, The crystals are normally growr in either a
{100} or (111} crystal orientation. The resulting crystals are cylindrical and have a diameter of
75-300 mm and a length of 1 m. The cylindrical crystals are sliced into wafers that are ap-
proximately 0.5-0.7 mm thick for wafers of size 100~150 mm. respectively [10]. This thick-
ness is determined primarily by the physical strength requirements. When the crystals are
grown, they are doped with either an n-type or p-lype impurity to form an n or p substrate. The
substrate is the stanting material in wafer form for the fabrication process. The doping level of
most substrates is approximately 10'* impurity atoms/cra’, which roughly corresponds to a
resigtivity of 3-5 {1-cm for an n substrate and 14-16 (l-cm for a p substrate [11].

An alternative to starting with a lightly doped silicon wafer is to use a heavily doped
wafer that has a lightly doped epitaxial on top of it, where subsequent devices are formed. Al-
though epi wafers are more expensive, they can provide some benefits by reducing sensitivity
to latch-up (discussed later) and reduce interference between analog and digital circuits on
mixed-signal integrated circuits.

The five basic processing steps that are applied to the doped silicon wafer to fabricate
semiconductor components (oxidation, diffusion, ion implantation, deposition, and etching)
will be described in the following paragraphs.

Oxidation

The first basic processing step is oxide growth or oxidaiion [12]. Oxidation is the process by
which a layer of silicon dioxide (Si0;) is formed on the surface of the silicon wafer. The oxide
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Osiginal silicon surface

1w Figure 2.1-1 Silicon dioxide growth a1 the
| surface of a silicon wafer.

grows both into as well as on the silicon surface as indicated in Fig. 2.1-1. Typically about
56% of the oxide thickness is above the original surface while about 44% is below the origi-
nal surface. The oxide thickness, designated 1., can be grown using either dry or wex tech-
nigues, with the former achieving lower defect densities. Typicaily, oxide thickness varies
from less than 150 A for gate oxides to more than 10,000 A for field oxides. Oxidation takes
place at temperatures ranging from 700 to 1100 °C with the resulting oxide thickness being
pruportional to the temperature at which it is grown (for a fixed amount of time).

Diffusion

The second basic processing step is diffusion [13]. Diffusion in semiconductor material is the
movement of impurity atoms at the surface of the material into the bulk of the material. Dif-
fusion takes place at temperatures in the range of 8001400 °C in the same way as a gas dif-
fuses in air. The concentration profile of the impurity in the semiconductor is a function of the
concentration of the impurity at the surface and the time in which the semiconductor is placed
in & high-temperature environment. There are two basic types of diffusion mechanisms, which
are distinguished by the concentration of the impurnity at the surface of the semiconductor.
One type of diffusion assumes that there is an infinite source of impurities at the surface
(N em™3) during the entire time the impurity is allowed to diffuse. The impurity profile for an
infinite-source impurity as a function of diffusion time is given in Fig. 2.1-2(a). The second
type of diffusion assumes that there is a finite source of impurities at the surface of the material
initially. At r = O this value is given by Ny. However, as timne increases, the impurity concentra-
tion at the surface decreases as shown in Fig. 2.1-2(b). In both cases, Mg is the prediffusion
impurity concentration of the semiconductor.

l] <f1<l‘3

Depth (x) Depth (x)
{a) M)

Figure 2.1.2 Diffusion profiles as 4 function of timie for {a) an infinite source of impurities at the sur-
face, and (b) a finite source of impurities a1 the surface.
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The infinite-source and finite-source diffusions are typical of predeposition and drive-in
diffusions, respectively. The object of a predeposition diffusion is 10 place a large concentra-
tion of impurities near the surface of the material. There is 2 maximum impurity concentration
that can be diffused into silicon depending on the type of impurity. This maximum concentra-
tion is due to the solid solubility limit, which is in the range of 5 X 10%°t0 2 X 10*' atoms/cm’.
The drive-in diffusion follows the deposition diffusion and is used to drive the impurities
deeper into the semiconductor. The crossover between the prediffusion impurity level and the
diffused impurities of the opposite type defines the semiconducter junction. This junction is
betweer a p-type and n-type material and is simply called a gn junction. The distance between
the surface of the semiconductor and the junction is called the junction deprh. Typical junc-
tion depths for diffusion can range from 0.1 pm for predeposition type diffusions to greater
than 10 pm for drive-in type diffusions,

lon Implantation

The next basic processing step is ion implantation and is widely used in the fabrication of
MCS components [14,15]. Ion implantation is the process by which ions of a particular dopant
(impurity) are accelerated by an electric field to a high velocity and physically lodge within the
semiconductor material. The average depth of penctration vanes from 0.1 to 0.6 um depend-
ing on the velocity and angle at which the ions strike the silicon wafer. The path of each ion de-
pends on the collisions it experiences. Therefore, ions are typically implanted off-axis from
the wafer so that they will experience collisions with lattice atoms, thus avoiding undesirable
channeling of ions deep into the silicon. An alternative methed to address channeling is to im-
plant through silicon dioxide, which randomizes the implant direction before the ions enter the
silicon. The ion-implantation process causes damage to the semiconductor crystal lattice, leav-
ing many of the implanted ijons electrically inactive, This damage can be repaired by an an-
nealing process in which the temperature of the semiconductor after implantation is raised to
around 800 °C to allow the ions to move to electrically active locations in the semiconductor
crystal lattice.

Ion implantation can be used in place of diffusion since in both cases the objective is to
insert impurities into the semiconductor material. Ion implantation has several advantages
over thermal diffusion. One advantage is the accurate control of doping—to within +5%. Re-
producibility is very good, making it possible to adjust the thresholds of MOS devices or to
create precise resistors. A second advantage is that jon implantation is a room-temperature
process, although annealing at higher temperatures is required to remove the crystal damage.
A third advantage is that it is possible to implant through 2 thin layer. Consequently, the ma-
terial to be implanted does not have to be exposed to contaminants during and after the im-
plantation process. Unlike ion implantation, diffusion requires that the surface be free of sili-
con dioxide or silicon nitride layers. Finally, ion implantation allows control over the profile
of the implanted impurities. For example, a concentration peak can be placed below the sur-
face of the silicon if desired.

Deposition

The fourth basic semiconductor process is deposition. Deposition is the means by which films
of various materials may be deposited on the silicon wafer. These films may be deposited
using several techniques that include deposition by evaporation [16], sputtering (17], and
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chemical-vapor deposition (CVD) [18,19]. In evaporation deposition, a solid material is
placed in a vacuum and heated until it evaporates. The evaporant molecules strike the cooler
wafer and condense into a solid film on the wafer surface. Thickness of the deposited materiel
is determined by the temperature and the amount of time evaporation is allowed to take place
(a thickness of 1 wm is typical). The sputtering technique uses positive ions to bombard the
cathode, which is coated with the material to be deposited. The bombarded or target material
is dislodged by direct momentum transfer and deposited on wafers that are placed on the
anode. The types of sputtering systems used for depositions in integrated circuits include de,
radio frequency (RF}. or magnetron {magnetic field). Sputtering is usually done in a vacuum,
Chemical-vapor deposition uses a process in which a film is deposited by a chemical reaction
or pyrolytic decompeosition in the gas phase, which occurs in the vicinity of the silicon wafer.
'This deposition process is generally used to deposit polysilicon, silicon dioxide (Si0,), or sil-
icon nitride (5i,N,). While the chemical-vapor deposition is usually performed at atmospheric
pressure, it can also be done at low pressures where the diffusivity increases significantly.
This technique is called low-pressure chemical-vapor deposition (LPCVD).

Etching

The final basic semiconductor fabrication process considered here is etching. Etching is the
process of removing exposed (unprotected) material. The means by which some material is
exposed and some is not will be considered next in discussing the subject of photolithography.
For the moment, we will assume that the situation illustrated in Fig, 2.1-3(a) exists. Here we
see a top layer called a film and an underlying layer. A protective layer, called a mask,* cov-
ers the film except in the area that is to be etched. The objective of etching is to remove just
the section of the exposed film. To achieve this, the etching process must have two important
properties: selectivity and anisotropy. Selecrivity is the characteristic of the etch whereby only
the desired layer is etched with no effect on either the protective layer (masking layer) or the
underlying layer. Selectivity can be quantified as the ratio of the desired layer etch rate to the
undesired layer etch rate as given below.

Desired layer etch rate (A}
Undesired layer ewch rate (B)

Sp-m= (2.1-1)

Anisotropy is the property of the etch to manifest itself in one direction; that is, a perfectly
anisotropic etchant will etch in one direction only. The degree of anisotropy can be quantified
by the relation given below.

_ Lateral etch rate

A=1 -
Vertical etch rate

(2.1-2)

Reality is such that neither perfect selectivity nor perfect anisotropy can be achieved in
practice, resulting in undercutting effects and partial removal of the underlying layer as illus-
trated in Fig. 2.1-3(b). As illustrated, the lack of selectivity with respect to the mask is given

*A distinction is made hetween a deposited masking layer referred to as a “mask”™ and the photographic
plate used in exposing the pholoresist, which is called a “photomask "
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Figure 2.1-3 (8) Portion of the top

e o Rt o oai sl layer ready for etching. (b) Result of
eiching, indicating harizomtal erching

ST E g O UrrrT g Ay

L)

Underlying layer

(b}

by dimension “a.” Lack of selectivity with respect to the underlying layer iz given by dimen-

* sion b Dimension “¢”* shows the degree of anisotropy. There are preferential etching tech-
niques that achieve high degrees of anisotropy and thus minimize undercutting effects, as well
as maintain high selectivity. Materials that are normally etched include polysilicon, silicon
dioxide, silicon nitride, and aluminum.

There are two basic types of etching techniques, Wer etching uses chemicals to remove
the material to be etched. Hydrofluoric acid (HF) is used to etch silicon dioxide; phosphoric
acid (H;PO,) is used to remove silicon nitride; nitric acid, acetic acid, or hydrofluoric acid is
used to remove polysilicon; potassium hydroxide is used to etch silicon; and a phosphoric
acid mixture is used to remove metal. The wet-etching technique is strongly dependent
on time and temperature, and care must be taken with the acids used in wet etching as they
represent & potential hazard. Dry eiching ot plasma eiching uses ionized gases that are ren-
dered chemically active by an RF-generated plasma. This process requires significant charac-
terization to optimize pressure, gas flow rate, gas mixture, and RF power, Dry etching is very
similar to sputtering and in fact the same equipment can be used. Reactive ion etching (RIE)
induces plasma etching accompanied by ionic bombardment. Dry etching is used for submi-
cron technologies since it achieves anisotropic profiles (no undercutting).

Photolithography

Bach of the basic semiconductor fabrication processes discussed thus far is only applied to
selected parts of the silicon wafer with the exception of oxidation and deposition. The selec-
tion of these parts is accomplished by a process called photolithography [12,20,21]. Pho-
tolithography refers to the complete process of transferring an image from a photemask or
computer database to a wafer. The basic components of photolithography are the photoresist
material and the photomask used to expose some areas of the photoresist to ultraviolet (UV)
light while shielding the remainder. All integrated circuits consist of various layers that over-
lay to form the device or component. Each distinct layer must be physically defined as a col-
lection of geometries. This can be done by physically drawing the layer on a large scale and
optically reducing it to the desired size. However, the usual technique is to draw the layer
using a computer-aided design (CAD) system and store the layer description in electronic
data format,
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Phoenmask

The photoresist is an organic polymer whose characteristics can be altered when exposed
to ultraviolet light. Photoresist is classified into positive and negative photoresist. Positive
photoresist is used to create a mask where patterns exist (where the photomask is opague to UV
light). Negative photoresisi creates a mask where patterns do not exist (where the photomask is
transparent to UV light). The first step in the photolithographic process is to apply the photore-
sist to the surface to be patterned. The photoresist is applied to the wafer and the wafer spun at
several thonsand revolutions per minute in order 1o disperse the photoresist evenly over the sur-
face of the wafer. The thickness of the photaresist depends only on the angular velocity of the
spinning wafer, The second step is to *soft bake” the wafer to drive off solvents in the photore-
sist. The next step selectively exposes the wafer to UV light. Using positive photoresist, those
areas exposed to UV light can be removed with solvents, leaving only those areas that were not
exposed. Conversely, if negative photoresist is used, those areas exposed to UV light will be
made impervious to solvents while the unexposed areas will be removed. This process of ex-
posing and then selectively removing the photoresist is called developing. The developed wafer
is then *hard baked” at a higher temperature to achieve maximum adhesion of the remaining
photoresist. The hardened photoresist protects selected areas from the etch plasma or acids
used in the etching process. When its protective function is complete, the photoresist is re-
moved with solvents or plasma ashing that will not harm underlying layers. This process must
be repeated for each layer of the integrated circuit. Figure 2.1-4 shows, by way of example, the
basic photolithographic steps in defining a polysilicon geometry using positive photoresist.

/ ﬂ' #}m;

I'haluu{ | Pol\r\'ﬂliﬂm “

Figure 2.14 Basic photolithographic steps to define a polysilicon geometry: (a) expose, (b} develop,
(c} etch, (d) remove photoresist.
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The process of exposing selective areas of a wafer to light through a photomask is called
printing. There are three basic types of printing systems used:

+ Contact printing
» Proximity printing
» Projection printing

The simplest and most accurate method is conract printing. This method uses a glass
plate a little larger than the size of the actual wafer with the image of the desired pattern on the
side of the glass that comes in physical contact with the wafer. This glass plate is commonly
called a photomask. The system results in high resolution, high throughput, and low cost. Un-
fortunately, because of the direct contact, the photomask wears out and has (o be replaced
after 10-25 exposures. This method also introduces impurities and defects, because of the
physical contact. For these reasons, contact printing is not used in modern VLSL

A second exposure system is called proximity printing. In this system, the photomask and
wafer are placed very clese to one another but not in intimate contact. As the gap between the
photomask and the wafer increases, resolution decreases. In general, this method of pattern-
ing is not useful where minimum feature size is below 2 pm. Therefore, proximity printing is
not used in present-day VLSI.

The projection printing method separates the wafer from the photomask by a relatively
large distance. Lenses or mirrors are used to Focus the photomask image on the surface of the
wafer, There are two approaches used for projection printing: scanning and step-and-repeat.
The scanning methoed passes light through the photomask, which follows a complex optical
path reflecting off multiple mirrors imaging the wafer with an arc of illumination optimized
for minimum distortion. The photomask and wafer scan the illuminated arc. Minimum feature
size for this method is ~2-3 pm,

The projection printing system most used today is step-and-repeat. This methed is ap-
plied in two ways: reduction and nonreduction. Reduction projection printing uses a scaled
image, typically 5X, on the photomask. One benefit of this method is that defects are reduced
by the scale amount. Nonreduction systems do not have this benefit and thus greater burden
for low defect densities is placed on the manufacture of the photomask itself.

Electron beam exposure systems are oftent used to generate the photomasks for projection
printing systems because of their high resolution (less than I um). However, the electron
beam can be used to directly pattern photoresist without using a photomask. The advantages
of using the electron beam as an exposure system are accuracy and the ability to make soft-
ware changes. The disadvantages are high cost and low throughput.

n-Well CMOS Fabrication Steps

It is important For a circuit designer to understand some of the basic steps involved in fabri-
cating a CMOS circuit. The fabrication steps of one of the more popular CMOS silicon-gate
processes will be described in detail. The first step in the n-well silicon-gate CMOS process is
to grow a thin silicon dioxide region on a p~ substrate (wafer), Subsequent to this, the regions
where n-wells are to exist are defined in a masking step by depositing a photoresist material
on top of the oxide. After exposing and developing the photoresist, n-type impurities are
implanted into the wafer as illusirated in Fig. 2.1-5(a). Next, photoresist is removed and a
high-temperature oxidation/drive-in step is performed, causing the implanted ions to diffuse
into the p~ substrate. This is foilowed by oxide removal and subsequent growth of a thin
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Figure 2.1-8 The major CMOS process steps.

pad oxide layer. (The purpose of the pad oxide is to protect the substrate from stress due to the
difference in the thermal expansion of silicon and silicon nitride.) Then a layer of silicon ni-
wide is deposited over the entire wafer as illusirated in Fig. 2.1-5(b). Photoresist is deposited,
patterned, and developed as before, and the silicon niiride is removed from the areas where it
has been patterned. The silicon nitride and photoresist remain in the areas where active de-
vices will reside. These regions where silicon nitride remain are called active area or moat.
Next, a global n-type field {channel stop) implant is performed as iflustrated in Fig. 2.1-
5(c). The purpose of this is to ensure that parasitic p-channel transistors do not turn on under
various interconnect lines. Photoresist is removed, redeposited, and patterned using the p-type
field (channel stop) implant mask followed by ap™~ field implant step as shown in Fig. 2.1-5(d).
This is to ensure that paresitic n-channel transistors do not turn on under varipus interconnect
lines. Next, to achieve isolation berween active regions, a thick silicon dioxide layer is grown
over the entire wafer except where silicon nitride exists (silicon nitride impedes oxide growth),
This particular way of building isolation between devices is called LOCOS isolation. One of
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Figure 2.1-8 (Continued)

the ronideal aspects of LOCOS isolation is due to the oxide growth encroaching under the
edges of the silicon nitride, resulting in a reduced active-area region (the well-known “bird’s
beak™), Figure 2.1-5(¢) shows the results of this step. Once the thick field oxide (FOX) is
grown, the remaining silicon nitride is removed and 4 thin oxide, which will be the gate oxide,
is grown followed by a polysilicon deposition step [Fig. 2.1-5(f)]. Polysilicon is then patterned
and etched, leaving only what is required to make transistor gates and interconnect lines.

At this point, the drain and source areas have not been diffused into the substrate. Modern
processes employ lightly doped drain/source (LDD) diffusions to minimize impact jonization,.
The LDD structure is built by depositing a spacer oxide over the patterned polysilicon followed
by an anisotropic oxide etch leaving spacers on each side of the polysilicon gate as shown in
Fig. 2.1-5(g). To make n* sources and drains, photoresist is applied and patterned everywhere
n-channel transistors are required: n* is also required where metal connections are to be made
to n” material such as the n-well. After developing, the n” areas are implanted as illustrated in
Fig. 2.1-5(h). The photoresist acts as a barrier to the implant as does the polysilicon and spacer.
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Consequently, the n* regions that result are properly aligned with the spacer oxide. The spacer
is eiched neat, followed by a lighter n~ implant [Fig. 2.1-5(i)], producing the higher resis-
tivity source/drain regions aligned with the polysilicon gate. These steps are repeated for the
p-channel transistors, resulting in the cross section illustrated in Fig. 2.1-5(j). Annealing is per-
formed in order 1o activate the implanted ions. At this point, as shown in Fig. 2.1-5{k), n- and
p-channel LDD transistors are complete except for the necessary terminal connections.

In preparation for the contact step, a2 new, thick oxide layer is deposited over the entire
wafer [Fig. 2.1-5(1)]. This layer is typically borophosphosilicate glass (BPSG), which has a
low reflow temperature (and thus provides 2 more planar surface for subsequent layers)[22].
Contacts are formed by first defining their location using the photolithographic process ap-
plied in previous steps. Next, the oxide areas where contacts are to be made are etched down
to the surface of the silicon. The remaining photoresist is removed and metal (aluminum) is
deposited on the wafer. First metal (Metal 1) interconpect is then defined photolithographi-
cally and subsequently etched so that all unnecessary metal is removed. To prepare for a sec-
ond metal, another interlayer dielectric is deposited [Fig. 2.1-5(m)]. This is usually a sand-
wich of CVD 8i0,, spun-on glass (SOG), and CVD $i0, to achieve planarity, Intermetal
connections (vias) are defined through the photolithographic process followed by an etch and
the second metal {Metal 2) is then deposited [Fig, 2.1-5(n}]. A photolithographi¢ step is ap- .
plied to pattern the second layer metal, followed by a metal etch step.

In order to protect the wafer from chemical intrusion or scratching, a passivation layer of
$i0, or SiN, is applied covering the entire wafer. Pad regions are then defined (areas where
wires will be bonded between the integrated circuit and the package containing the circuit)
and the passivation layer is removed only in these areas. Figure 2.1-5(0) shows a cToss section
of the final circuit.

In order to illustrate the process steps in sufficient detail, actual relative dimensions are
not given (i.e., the side-view drawings are not 1o scale). it is valuable to gain an appreciation
of actual scale, thus Fig. 2.1-6 is provided to illustrate relative dimensions.

Thus far, the basic n-well CMOS process has been described. There are a variety of en-
hancements that can be applied to this process (o improve circuit performance. These will be
covered in the following paragraphs.

r8um Figure2.1-6 Side view of CMOS
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Polysilicide

(8} )
Figure 2.1-7 (a) Polycide structure and (b} salicide structure.

Silicide technology was born out of the need to reduce interconnect resistivity. For with
it, a low-resistance siticide such as TiSiy, WSis, TaSi,, or several other candidate silicides is
placed on top of polysilicon so that the overall polysilicon resistance is greatly reduced with-
out compromising the other salient benefits of using polysilicon as a transistor gate (well-
known work-function and polysilicon-Si interface properties).

Salicide technology (self-aligned silicide)* goes one step further by providing low-
resistance source/drain connections as well as low-resistance polysilicon. Examples of silicide
and salicide transistor cross sections are illustrated in Fig. 2.1-7 [23]. For analog designs, it is
important to have available polysilicon and diffusion resistors that are not salicided, so & good
mixed-signal process should provide a salicide block.

There are many other details associated with CMOS processes that have not yet been
described here. Furthermore, there are different vanaticns on the basic CMOS process just
described. Some of these provide multiple levels of polysilicon as well as additional Jayers of
metal interconnect. Others provide good capacitors using either two layers of polysilicor, twe
layers of metal (MOM capacitors), or polysilicon on top of a heavily implanted (on the same
order as a source or drain) diffusion. Still other processes start with an n~ substrate and im-
plant p-wells (rather than n-wells in a p~ substrate}. The latest processes also use shallow
trench isolation (STT) instead of LOCOS to eliminate the problem of oxide encroachment into
the width of a transistor. Newer processes also employ chemical mechanical polishing (CMP)
to achieve maximum surface planarity,

¢.2 THE PN JUNCTION

The pn junction plays an important role in all semiconductor devices. The objective of this sec-
tion is to develop the concepts of the pn junction that will be useful to us later in our study. These
include the depletion-region width, the depletion capacitance, reverse-bias or breakdown volt-
age, and the diode equation. Further information can be found in the references [24,25].

*The terms silicide and salicide are often interchanged. Moreover, pelycide is used to refer te polysilicon
with silicide.
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Figure 2.2-1(8) shows the physical model of a pn junction. In this model it is assumed that
the impurity concentration changes abruptly from Np donors in the n-type semiconductor to N,
acceptors in the p-type semiconductor. This situation is called a step junction and is illustrated
in Fig. 2.2-1(b). The distance x is measured to the right from the metallurgical junction at
x = 0, When two different types of semiconductor materials are fortned in this manner, the free
carriers in each type move across the junction by the principle of diffusion. As these free carri-
ers cross the junction, they leave behind fixed atoms that have a charge oppesite to the carrier.
For example, as the electrons near the junction of the n-type material diffuse across the junc-
tion they leave fixed donor atoms of opposite charge (+) near the junction of the n-type mate-
rial. This is represented in Fig. 2.2-1(c) by the rectangle with a height of gNp. Similarly,
the holes that diffuse across the junction from the p-type material to the n-type material leave
behind fixed acceptor atoms that are negatively charged, The electrons and holes that diffuse
across the junction quickly recombine with the free majorily carriers across the junction. As
positive and negative fixed charges are uncovered near the junctipn by the diffusion of the free
carriers, an electric field develops that creates an opposing carrier movement. When the current
due to the free carrier diffusion equals the current caused by the electric field, the pn junction
reaches equilibrinm. In equilibrium, both vy, and ip of Fig. 2.2-1(a) are zero.

The distance over which the donor atoms have a positive charge (because they have
lost their free electron) is designated as x, in Fig. 2.2-1(¢). Similarly, the distance over which
the acceptor atoms have a negative charge (because they have lost their free hole) is x,,. In this
diagram, x, is a negative number. The depletion region is defined as the region about the met-
allurgical junction which is depleted of free carriers. The depletion region is defined as

Xd = Xy = Xp 2-1)

Note that x, <0,
Due to electrical neutrality, the charge on either side of the junction must be equal,

{c)

]
(d) =
Tmpurity concentration (sm3) Ey
No Potential (V}
0 ¥ ‘
-
(e) %0 -0
—Ny X
—_—
Depletion charge concentration (cm™) e

Figure 2.2-1 pn Junction: (a) physical structure, (b) impurity concentration, (c) depletion charge con-
centration, (d) electric field, and (e) electrostatic potential.
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Thus,

aNpxy = —qNax, (22-2)

where g is the charge of an electron (1.60 X 107'% C). The electric field distribution in the
depletion region can be calculated using the point form of Gauss's law:

dE(x) _ ﬂ
& em (2.2-3)

By integrating either side of the junction, the maximum electric field that occurs at the junc-
tion, £y, can be found. This is illustrated in Fig. 2.2-1(d). Therefore, the expression for Ep is

E = = Q2-4)

Es;i Es; Esj

IE‘dE= r -qNAd.x - gNax,  — gNpx,
0 £

where &g, is the dielectric constant of silticon and is 11.75, (g is 8.85 X 107" F/cm).
The voltage drop across the depletion region is shown in Fig. 2.2-1(e). The voltage is
found by integrating the negative electric field, resulting in

—Eylx, — x,)

> (2.2-5)

¢p— vp =

where vp, is an applied extemal voltage and @, is called the barrier porential and is given as

bo=Tin (N‘—T’) =V,In (N“f") (2.2-6)
9 h; n

Here, k is Boltzmann's constant (1.38 X 10~ J/K) and n, is the intrinsic concentration of sil-
icon, which is 1.45 X 10'%cm? at 300 K. At room temperature, the value of ¥, is 25.9 mV. It
is important to note that the notation for k7/g is V, rather than the conventional Vy. The reason
for this is to avoid confusion with Vy, which will be used to designate the thresheld veltage of
the MOS transistor (see Section 2.3). Although the barrier voltage exists with v, = 0, it is not
available externally at the terminals of the diode, When metal leads are attached to the ends of
the diode a metal-semiconductor junction is formed. The barrier potentials of the metal-semi-
conductor contacts are exactly equal to ¢ so that the open circuit voltage of the diode is zero,

Equations (2.2-2), {2.2-4), and (2.2-5) can be solved simultaneously to find the width of
the depletion region in the n-type and p-type semiconductors. These widths are found as

_ 255i{Po — VD)NA]m
= [ NN, + No) @27
and
__[2esi(#o - VD)ND]Iﬂ
= [ GNAN, + Np) @28
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The width of the depletion region, x,, is found from Eqgs. (2.2-1), (2.2-7) and (2.2-8) and is

) 1n
xa= [——2”“'(”‘ A 229)
gNaNp

It can be seen from Eq. (2.2-9) that the depletion width for the pn junction of Fig. 2.2-1 is pro-
portional to the square root of the difference between the barrier potential and the externally
applied voltage. It can also be shown that x, is approximately equal to x,, or x, for Ny 23 Np or
Np >3 N,, respectively. Consequently, the depletion region will extend further into a lightly
doped semiconductor than it will into a heavily doped semiconductor.

It is also of interest to characterize the depletion charge (), which is equal to the magni-
tude of the fixed charge on either side of the junction. The depletion charge can be expressed
from the gbove relationships as

2eqigNsNp |2

Q) = AgNux,| = AgNpx, =A[ N, + N,,] (@o — vp)'? (2:2-10)

where A is the cross-sectional area of the pn junction.
The magnitude of the electric field at the junction E, can be found from Eqgs. {2.2-4) and
{2.2-7) or (2.2-8). This quantity is expressed as

12
E= [M (@0 ~ vo)'? 22-1D)

a5i(Ny + Np}

Equations (2.2-9), (2.2-10), and (2.2-11) are key relationships in understanding the pn junction.

The depletion region of a pn juaction forms a capacitance called the depletion-laver ca-
pacitance. Tt results from the dipole formed by uncovered fixed charges near the junction and
will vary with the applied voltage. The depletion-layer capacitance C; can be found from Eq.
(2.2-10) uzsing the following definition of capacitance:

q:

a0, _ [ 25qNaNp 1 Cx 2.2-12)

dvp L2, + Nﬂ)} (#¢ =~ vo)'? - 1= (vp/opa”

Cp is the dcpleuon-laycr capacitance when vy = 0 and m is called a grading coefficient,
The coefficient m is 1 for the case of Fig. 2.2-1, which is called a step junction. If the junction
is fabricated using diffusion techniques described in Section 2.1, Fig. 2.2-1(b) will become
more like the profile of Fig. 2.2-2. It can be shown for this case that m is 1. The range of val-
ues of the grading coefficient will fall between § and L. Figure 2.2-3 shows a plot of the de-
pletion-layer capacitance for a pn junction. It is seen that when vy, is positive and approaches
&y, the depletion-layer capacitance approaches infinity. At this value of voltage, the assump-
tions made in deriving the above equations are no longer valid. [n particular, the assumption
that the depletion region is free of charged carriers is not true. Consequently, the actual curve
bends over and C; decreases as vy, approaches ¢ [26].
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Figure 2.2-2 Impurity concentration profile for
Np diffused pn junction.
[} x
'T"N‘
¢ Figure 2.2-3 Depletion capacitance as a function of exiernally
appiied junction voltage.
Cn
P

CHARACTERISTICS OF A PN JUNCTION

Find 5, xp x4 %0 Cjo and C, for an applied voltage of —4 V for a pn diode with 4 step junc-
tion, Ny = 5 X 10'%em®, Np = 10®cm’, and an area of 10 pm by 10 pm.

At room temperature, Eq. (2.2-6) gives the bamrier potential as 0.917 V. Equations (2.2-7)
and (2.2-8) give x, = 0 and x, = 1.128 wm. Thus, the depletion width is approximately X, 0r
1.128 pm. Using these values in Eq, (2.2-12) we find that Cpy is 20.3 fF and at a voltage of
-4V, Cis9.18 fF.

The voltage breakdown of a reverse-biased (v, < 0) pn junction is determined by the max-
imum electric field E,.,, that can exist actoss the depletion region. For silicon, this maximum
electric field is approximately 3 X 10° V/cm. If we assume that lvpl > ¢y, then substituting
E . into Eq. (2.2-11) allows us to express the maximum reverse-bias voltage or breakdown
voltage (BV) as

esilNa + Np)

=
BY NN, o

(2.2-13)

Substituting the values of Example 2.2-1 in Eq. (2.2-13) and using a value of 3 X 10° V/cm
for Enuy gives a breakdown voltage of 58.2 V. However, as the reverse-bias voltage starts 1o
approach this value, the reverse current in the pn junction starts to increase. This increase is
due to two conduction mechanisms that can take place in a reverse-biased junction between
two heavily doped semiconductors, The first conduction mechanism is called avalanche mul-
tiplication and is caused by the high electric fields present in the pn junction; the second is
called Zener breakdowa, Zener breakdown is a direct disruption of valence bonds in high
electric fields. However, the Zener mechanism does not require the presence of an energetic
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ionizing carrier. The current in most breakdown diodes will be a combination of these two:
conduction mechanisms.

If i is the reverse current in the pn junction and v is the reverse-bias voltage across the
pn junction, then the actual reverse current ig4 can be expressed as ‘

7 — S l ; _
ga = Mlg = (——l _ (VR/BV)")‘R (2.2 I‘*)

M is the avalanche multiplication factor and n is an exponent that adjusts the sharpness of the
“knee” of the curve shown in Fig, 2.2-4. Typically, n varies between 3 and 6. If both sides of
the pn junction are heavily doped, the breakdown will take place by tunneling, leading to the
Zener breakdown, which generally occurs at voltages less than 6 V, Zener diodes can be fab-
ricated where an n” diffusion overlaps with a p* diffusion. Note that the Zener diode is com-
patible with the basic CMOS process although one terminal of the Zener must be either on the
lowest power supply, Vg, or the highest power supply, Vpp.

The diode voltage—current relationship can be derived by examining the minority-carrier
concentrations in the pn junction. Figure 2.2-5 shows the minority-carrier concentration forg
forward-biased pn junction. The majority-carricr concentrations are much larger and are not
shown on this figure. The forward bias causes minority carriers to move across the junction,
where they recombine with majority carriers on the opposite side. The excess of minority-
carrier concentration on each side of the junction is shown by the shaded regions. We note that
this excess concentration starts al 2 maximum value at x = 0 (x' = 0} and decreases to the equi-
librium value as x (x') becomes large. The value of the excess concentration at x = {, designated
as p, (D), or x’ = 0), designated as n, (0}, is expressed in terms of the forward-bias voltage v, 25

P0) = pyexp (%) (2.2-15)
1
and
2,0) = n0exp (‘;/—D) (2.2-16)

where p.o and n,q are the equilibrium concentrations of the minority carriers in the n-type and
p-type semiconductors, respectively. We note that these values are essentially equal to the
intrinsic concentration squared divided by the denor or acceptor impurity atom congentration,
as shown on Fig. 2.2-5, As vy, is increased, the excess minority concentrations are increased.

Figure 2.2-4 Reverse-bias voltage-current characteris-

in
tics of the pn junciion, illustrating voltage breakdown.

0 BY Vr
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msen{f)

n a‘*%““

o M ™ Excess concentration
of electrons

x' x'=0 x=(} x

Figure 2.2.8 Impurity concentration profile for diffused pn junction.

Excess concentration of holes

If v is zero, there is no excess minority concentration. If v, is negative (reverse-biased) the
- minority-carrier concentration is depleted below its equilibrium value,

The current that flows in the pn junction is proportional to the slope of the excess minority-
carrier concentration at x = 0 (x" = 0). This relationship is given by the diffusion equation
expressed below for holes in the n-type material.

dp,(x)

Jp(x) = —qDP d‘, 0

(2.2-17)

where D, is the diffusion constant of holes in n-type semiconductor. The excess holes in the
n-type material can be defined as

Pa(x) = puix) = Puo (2.2-18)

The decrease of excess minority carriers away from the junction is exponential and can be
expressed as

) = [pu(0} — puol exp (—L—x) (2.2-19)
'p

pLx) = pi0) exp (;—‘
(d

where L, is the diffusion length for holes in an n-type semiconductor. Substituting Eq. (2.2-15)
into Eq. (2.2-19) gives

oy o lv.) _ 1] (‘_") 2220
PiT) Pno[EXP (V‘ exp L ( )

The current density due to the excess-hole corcertration in the r-type semiconductor is found
by substituting Eq. (2.2-20) into Eq. (2.2-17), resulting in

J0) = QDZP"" [ew (:,—") - 1] (.2:21)
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Similarly, for the excess electrons in the p-type semicenductor we have

- e (32) -]
Lo == exp (3] -1 (2.2-22)

Assuming negligible recombination in the depletion region leads to an expression for the total
cumrent density of the pn junction, given as

D, Pno Dnnpﬂ Yo
H)=J0) + 1 (0) =g [ P+ ——] [exp (—) - 1] (2.2-23)
F L, L, v,

Multipiying Eq. (2.2-23) by the pn junction area A gives the total current as

Dan '
:,,—qA[ 2’:"°+ L:)][exp(%j)-]]=l [exp(v')-— |] (2.2-24)

Iy is aconstant called the saturatior current. Equation (2.2-24) is the familiar voltage—current
relationship that characterizes the pi jusction diode.

CALCULATION OF THE SATURATION CURRENT

Calculate the saturation current of a pn junction diode with N, = 5 X 10"/cm?, Np = 10%%em’,
D, = 20 cm®s, D, = 10 cm®/s, L, = 10 pm, L, = 5 pm, and A = 1000 pm?,

From Eq, (2.2-24), the saturation current is defined as

D Pn0 D,,ﬂpo]
L=gA|o—+
E qA [ Lp Ln

P,,o is ca.lculaxed from n/N, to get 2. [03/cm n,,o is calculated from n7/N, to get 4.205 X
10*/cm”. Changing the units of area from pm? to cm? results in a saturation current magnitude
of 1,346 X 107 ° A or 1.346 fA.

This section has developed the depletion-region width, depletion capacitance, breakdown
voltage, and the voltage—current characteristics of the pn junction. These concepts will be
very important in determining the charactentstics and performance of MOS active and passive
componeats.

6.3 THE NS TRANSISTON

The structure of an n-channel and p-channel MOS transistor using an n-well echaology is
shown in Fig. 2.3-1. The p-channel device is formed with two heavily doped p* regions dif-
fused into a lightly doped n~ material called the well. The two p* regions are called drain
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pehannel trangisior n-channe transistor
Polysilicon :

L Si0, L

P substrate

Figure 2.3-1 Physical structure of an n-channel and p-channel transistor in an n-well
technology.

and source and are separated by a distance L (referred to as the device Jength). At the surface
between the drain and source lies a gate electrode that is separated from the silicon by a thin
diclectric material (silicon dioxide). Similarly, the n-channel transistor is formed by two
heavily doped n* regions within a lightly doped p~ substrate. It, too, has a gate on the sur-
face between the drain and source separated from the silicon by a thin dielectric material
(silicon dioxide). Essentially, both types of transistors are four-tesminal devices as shown in
Fig. 1.2-2(c.d). The B terminal is the bulk, or substrate, which contains the drain and source
diffusions. For an n-well process, the p-bulk connection is common throughout the inte-
grated circuit and is connected to Vs (the most negative supply). Multiple n-wells can be
fabricated on a single circuit, and they can be connected to different potentials in various
ways depending on the application,

Figure 2.3-2 shows an n-channel transistor with all four terminals connected to ground.
At equilibrium, the p~ substrate and the n* source and drain form a pn junction. Therefore, a
depletion region exists between the n* source and drain and the p~ substrate. Since the source
and drain are separated by back-to-back pn junctions, the resistance between the source and
drain is very high (=10 {)). The gate and the substrate of the MOS transistor form the par-
allel plates of a capacitor with the SiO, as the dielectric. This capacitance divided by the area

Depletion regions B

p- substrate “—%

Figure 2.3-2 Cross section of an n-chanmel transistor with all tersni-
nals grounded. '

Page 47 of 195 REED EX1015
IPR2024-01158



CMOS TECHNOLOGY

of the gate is designated as C,,.* When a positive potential is applied to the gate with respect
to the source a depletion region is formed under the pate resulting from holes being pushed
away from the silicon-silicon dioxide interface. The depletion region consists of fixed ions
that have a negative charge. Using one-dimensional analysis, the charge density, p, of the
depletion region is given by

= g(=N,) 2.3

Applying the point form of Gauss’s law, the electric field resulting from this charge is

Ex) = I dr = f LAY N“x+c 232

where C is the constant of integration. The constant, C, is determined by evaluating E(x) at the
edges of the depletion region (x = D at the 5i-510, interface; x = xy at the boundary of the de-

pletion region in the bulk).
EQ) = Ey= s 0 +C=C (2.33)
Ea)=0=—24,+C (2.34)
Si
N,
c=1, (2.3-5)
Esi
This gives an expression for E(x):
N,
E(o) = ‘78 A (e~ 2) 2.3-6)

Applying the relationship between potential and electric field yields

N,
qu; = - J E() dx = —j? (rg — X) dx @37
Si
Integrating both sides of Eq. (2.3-7) with appropriate limits of integration gives
*r L] N N 2
X
[d¢='jqu(I¢_X)d¥= "qz.:d =¢r— ¢ (2.3-8)
*, o 5

*The symbo] C normally has units of farads; however, in the ficld of MOS devices it often has upits-of
farads per unit area (e.g., F/m*).
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Nl
Lt g, ~ 4 239)
85
where ¢ is the equilibrium electrostatic potential (Fermi potential) in the semiconductor, ¢,
is the surface potential of the semiconductor, and x, is the thickness of the depletion region.
For a p-type semiconductor, ¢r is given as

& = —V,In(N./n) (2.3-10)
and for an n-type semiconductor ¢ is given as

or = V,In(Np/n)) 2.3-11)
Eguation (2.3-9) can be solved for x, assuming that I, — ¢ == 0 to get

285 |¢: — & ]m
=|— 2.3-1
The immobile charge due to acceptor ions that have been stripped of their mobile holes is

given by

@ = —gNyxy (2.3-13)

Substituting Eq. (2.3-12) into Eq. (2.3-13) gives

265ild; — ” 2/
Q= ‘QNA[M:[ = —V2gNagsilds — &5l (2319

gy

When the gate voltage reaches a value called the threshold voitage, designated as Vr, the
substrate undemeath the gate becomes inverted; that is, it changes from a p-type to an n-type
semiconductor, Consequently, an n-type channel exists between the source and drain that al-
lows carriers to flow. In order to achieve this inversion, the surface potential must increase from
its original negative value (¢, = ¢ ), to zero {¢, = 0), and then to a positive value (¢, = —5).
The velue of gate—source voltage necessary to cause this change in surface potential is defined
as the rhreshold voliage. V. This condition is known es strong inversion. The nchannel tran-
sistor in this condition is illustrated in Fig. 2.3-3. With the substrate at ground potential, the
charge stored in the depletion region between the channel under the gate and the substrate is
given by Eq. {2.3-14), where ¢, has been replaced by —¢ 10 account for the fact that vgg = Vi
This charge Q, is written as

Q0 &= —V/2gN,2q]= 207] 23-15)

If a reverse-bias voltage vy is applied across the pn junction, Eq. (2.3-15) becomes

Qs ™ V2qNu8g| —2¢F + vsg 2.3-16)
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Inverted channel "1

y=b y=L A
7~ substrate ? yrdy = !IlT;I,
'8
Figure 2.3-3 Cross section of an n-channe! transistor with small v, and
vgs > Vp

An expression for the threshold vollage can be developed by breaking it down into sev-
c¢ral components. First, the term* ¢, must be included to represent the difference in the work
functions between the gate material and bulk silicon in the channel region, The term ¢ys is
given by

¢MS = ¢F(SubsuﬂtC) - ¢f‘ (gme) (2‘3‘17)‘

where ¢,(metal) = 0.6 V. Second, a gate voltage of [—2¢r — (Q,/C,,)] is required to change
the surface potential and offset the depletion-layer charge Q. Lastly, there is always &n un-
desired positive charge (., present in the interface between the oxide and the bulk silicon,
This charge is due 1o impurities and imperfections at the interface and must be compensated
by a gate voltage of — Q. /C,.. Thus, the threshold voltage for the MOS wansistor can be
expressed as

Vr=¢ys + (“2¢F —%) + (:C_QE)

e 0s Q8 _0s_ 00w _
dus — 2¢F G, Co Con {2.3-18)

The threshold voltage can be rewritten as

Vip=Vp+ ‘r(‘/l-zfﬁr + vl - V| ‘2¢.r|) (2.3-19)
where
Q.lr
Vio = s — 295 = f."“ - 2320

*Historically, this term has been referred to as the metal-to-silicon work function. We will continue the
tradition even when the gate terminal is something other than metal (8.g., polysilicon),
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TABLE 2.3-1 Signs for the Quantities in the Threshold
Voltage Equation

n-Channel p-Channe!
Parameter (p-Type Substrate) (n-Type Substrate)

[
Metal —
nt Sigate
p" Si gate

b

Poon @

Qu

Vsp

Y

I+
I+ 4+ +

+oF b

and the body factor, body-effect coefficient, or bulk-threshold parameter v is defined as

y= —?sw‘ (2.3-21)

The signs of the above analysis can become very confusing. Table 2.3-1 attempts to clarify
any confusion that might arise [25].

CALCULATION OF THE THRESHOLD VOLTAGE
Find the threshold voltage and body factor ~ for an n-chanrel transistor with an n* silicon

gate if 4, = 200 A, N, = 3 X 10'* cm™, gate doping, Ny = 4 X 10" cm ™, and if the num-
ber of positively charged ions at the oxide—silicon interface per area is 10' cm™2,

From Egq. (2.3-10), ¢x(substrate) is given as

3 x 10'® )
bstrate) = —0.0259 In [ ————— ) = —0377V
¢r(substraic) 0258 1n (1.45 X 10%

The equilibrium electrostatic potential for the n* polysilicon gate is found from Eq. (2.3-11) as

4 % 10" )
ate) = 0.0259 In | —————— ) = 0.563 V
Pr{gate) (1.45 X 10"

Equation (2.3-17) gives ¢ 5 a8

¢ (substrate) — ¢r(gate) = —0.940V
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The oxide capacitance is given ag

_39x38saxI10™

Cux = Boillox = = 1.727 X 107" Ffem®
ox = Fo 200 x 10°° em

The fixed charge in the depletion region, Q. is given by Eq. (2.3-15) as

Ow= —@X16X10""x 1.7 X885 x 107! % 2 X 0377 X 3 X 10'%”
= —866 X 107% Clem®

Dividing @, by Cyy gives —0.501 V. Finally, Q../C,, is given as

10 % 1. ve — 19
2, 10" X160 l? -93x 107V
Cox 1.727 X 10
Substitnting these values into Eq. {2.3-18) gives
V= —0940 + 0.754 + 0501 — 9.3 X 1072 = 0306 V

The body factor is found from Eq. (2.3-21) as

y = BXLEX 107 X 11.7 % 8.851 X 107 x 3 x 10'9'"

- = 0.577 V12
L727 % 10

The above example shows how the value of impurity concentrations can influence the
threshold voltage. In fact, the threshold voltage can be set to any value by proper choice of
the variables in Eq. (2.3-18). Standard practice is to implant the proper type of iens into the
substrate in the channel region to adjust the threshold voltage to the desired value. If the
opposite impurities are implanted in the channel region of the substrate, the threshold for
an n-channel transistor can be made negative. This type of transistor is called a deplerion
transistor and can have current flow between the drain and source for zero values of the
gate~scurce voltage.

When the channel is formed between the drain and source as illustrated in Fig. 2.3-3, a
drain current ip can flow if a voltage vpg exists across the channel. The dependence of this
dratn current on the terminal voltages of the MOS transistor can be developed by considering
the characteristics of an incremental length of the channel designated as dy in Fig. 2.3-3. It is
assumed that the width of the MOS transistor {into the page) is W and that vpg is small. The
charge per unit area in the channel, @,{ y), can be expressed as

2:(y) = Calves — v(y) — V7] (23-22)

The resistance in the channel per unit of length dy can be written as

R=—2 2.3-23)

F‘nQI(y)W
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where u, is the averape mobility of the electrons in the channel. The voltage drop, referenced
to the source, along the channel in the y direction is

ip dy
dv(y) =ipdR = ———— 2.3-24
VO = i dR = 0 W @324
or
ipdy = WuaQ; (3} dv(y) (2.3-25)
Integrating along the channel from y = Q to y = L gives
L vor Yos
f!‘,,dy = f WO () dv(y) = f WitnCos[Ves — v() — V] dv()  (23-26)
0 [ o
Performing the integration results in the desired expression for ip as
IICDI‘. 2
ip = I:(vas - Vv — —(2)— 2327
#Cor W Vi

This equation is sometimes called the Sah equation [27] and has been used by Shichman and
Hodges |28] as a model for computer simulation. Equation (2.3-27) is valid only when

Vg5 = Vr and Vps = (Vas - Vr) (2.3'28)

and for values of L greater than the minimum L. The factor p,Cy is often defined as the
device-transconductance parameter, given as

K' = p, Cox = (2.3-29)

Equation (2.3-28) will be examined in more detail in the next chapter, concerning the
modeling of MOS transistors. The operation of the p-channel transistor is essentially the
same as that of the n-channel transistor, except that all voltage and current polarities are
reversed. :

e4 PASSIVE COMPORENTS

This section examines the passive components that are compatible with fabrication steps
used to build the MOS device. These passive components include the capacitor and the
resistor.
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p* substrite

Capacitors

A good capacitor is often required when designing analog integrated circuits. They are used
as compensation capacitors in amplifier designs, gain-determining components in charge
amplifiers, bandwidth-determining components in gm/C filters, charge storage devices in
switched-capacitor filters and digital-to-analog converters, and other places as well. The
desired characteristics for capacitors used in these applications are:

* Good matching accuracy

» Low vohage coefficient

* High ratio of desired capacitance to parasitic capacitance
+ High capacitance per unit area

* Low temperature dependence

Analog CMOS processes differentiate themselves from purely digital ones by providing
capacitors that meet the above criteria. For such analog processes, there are basically three
types of capacitors made available. One type of capacitor, called 8 MOS capacitor, is formed
using one of the available interconnect layers (metal or polysilicon) on top of crystalline sili-
con separated by a dielectric (silicon dioxide layer). Figure 2.4-1(a) shows en example of this
capacitor using polysilicon as the top conducting plate. In order to achieve a low-voltage-
coefticient capacitor, the bottom plate must be heavily doped diffusion (similar to that of the
source and drain). As the process was described in Section 2.3, such heavily doped diffusion
is normally not availabie underneath polysilicon because the source/drain implant step occurs
after polysilicon is deposited and defined, To solve this problem, an extra implant step must

Polysiicon top plate
Folysilicon boreom plate
Polysilicon twp plae

) !
nt bottom.-plate implasit Inicr-poly 5i0;
P~ substoate.

(a) ()

Metal

Polysilicon top plate

p~ substrate ot diffusion

<)
Figore 24-1 MOS capacitors. {a} Pelysilicon-oxide channel. (b) Polysilicon—oxide—polysilicon.
(c} Accumulation MOS capacitor.
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be included prior to deposition of the polysilicon Jayer. The mask-defined implanted region
becomes the bottom plate of the capacitor. The capacitance achieved using this technique is
inversely proportional to gate oxide thickness. Typical values for a (.8 um process are given
in Table 2.4-1. This capacitor achieves a high capacitance per unit area and good matching
performance but has a significant voltape-dependent parasitic capacitance to the substrate.

The second type of capacitor available in analog-tailored processes is that formed by pro-
viding an additional polysilicon layer on top of gate polysilicon (separated by a dielectric). An
example of & double polysilicon capacitor is illustrated in Fig. 2.4-1(b). The dielectric is
formed by a thin silicon dioxide layer, which can only be produced by using several steps be-
yond the usual single polysilicon process. This capacitor does an excellent job of meeting the
criteria set forth above. In fact, it iz the best of all possible cheices for high-performance ca-
pacitors. Typical values for a 0.8 pwm process are given in Table 2.4-1.

A third type of capacitor is illustrated in Fig. 2.4-1(c). This capacitor is constructed by
putting an n-well underneath an n-channel transistor. It is similar to the capacitor in Fig. 2.4-
1(a) except that its bottom plate (the n-well) has a much higher resistivity. Because of this
fact, it is not used in circuits where a low voltage coefficient is important. 1t is often used,
however, when one terminal of the capacitor is connected to ground (or V). It offers a very
high capacitance per unit area, it can be matched well, and it is available in all CMOS
processes because no unique steps or masks are required.

Quite often, the processing performance required by the digital component of a mixed-
signal integrated circuit necessitates the use of a process targeted for digital applications. Such
processes do not provide tailored capacitors for analog applications, Therefore, when a capac-
itor is needed, it must be derived from two or more of the interconnect layers. Figure 2.4-2 il-
lustrates symbeolically various schemes for making capacitors in one-, two-, and three-layer
metal digital processes. In Fig. 2.4-2(a) capacitors are constructed vertically using the inter-
layer oxide as the capacitor dielectric. The four-layer example achieves the highest ratio of de-
sired capacitance to parasitic capacitance, whereas the two-layer capacitor achieves the low-
est. As processes migrate toward finer linewidths and higher speed performance. the oxide
between metals increases while the allowed space between metals decreases. For such
processes, same-layer horizontal capacitors can be more efficient than different-layer vertical -
capacitors, This is due to the fact that the allowed space between two M1 lines, for example, is
less than the vertical space between Mi and M2 (see Fig. 2.1-6). An example of a same-layer

TABLE 2.4-1 Approximate Performance Summary of Passive Components in a 0.8 um
CMOS Process

Component Range of Matching Temperature Voltage
Type Values Accuracy Coefficient Coefficient
MOS capacitor 2.2-2.7 FFlpm? 0.05% 50 ppms°C 50 ppm/V
Poly/poly capacitor 0.8-1.0 fF/pm? 0.05% 50 ppm/°C 50 ppmy'V
M I-Poly capacitor 0.021-0.025 fF/pm® 1.5% — -
M2-ML capacitor 0.021-0.025 fF/um? 1.5% — —
M3-M2 capacitor 0.021-0.025 (F/pm? 1.5% — —

p* Diffused resistor 80-150 813 0.4% 1500 ppm/°C 200 ppm/V
n* Diffused resistor 50-80 N0 04% 1500 ppmC 200 ppm/V
Poly resistor 20-40 /) 0.4% 1500 ppm/~C 100 ppm/V
n-Well resistor 1-2x/0 — 3000 ppm/~C 10k ppm/V
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Figure 2.4-2 Various ways to
I implement capacitors using avail-
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horizontal capacitor is illustrated in Fig. 2.4-2(b). Compared to polysilicon—oxide—polysilcon
capacitors, these capacitors typically suffer from lower per-unit-area capacitance and lower
ratio of desired capacitance to parasitic capacitance. Matching accuracy of capacitors imple-
mented like those in Fig 2.4-2 is on the order of 1-2% and voltage coefficient is low. Typical
values for vertical capacitors in a 0.8 jum process are given in Table 2.4-1,

The voltage coefficient of integrated capacitors generally falls within the range of 0 to
—200 ppm/V depending on the structure of the capacitor and, if applicable, the doping concen-
tration of the capaciter plates [29]. The temperature coefficient of integrated capacitors is found
to be in the range of 20~-50 ppm/°C. When considering the ratio of two capacitors on the same
substrate, note that the variations on the absolute value of the capacitor du¢ to temperature tend
to cancel, Therefore, temperature variations have little effect on the matching accuracy of ca-
pacitors. When capacitors are switched te different voltages, as in the case of sampled-data cir-
cuits, the voltage coefficient can have a deleterious effect if it is not kept to a minimum.

The parasitic capacitors agsociated with the capacitors of Figs, 2.4-1 and 2.4-2 can give
rise to a significant source of error in analog sampled-data circuits. The capacitor plate with
the smallest parasitic associated with it is referred to as the rop plare. It is not necessarily
physically the top plate although quite often it is. In contrast, the bortom plate is the plate
having the larger parasitic capacitance associated with jt. Schematically, the top plate is rep-
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Figure 2.4-3 A model for the integrated capacitors
showing top and bottom plate parasitics.

------

¥
E aae Bottom plate
! parasitic

resented by the flat plate in the capacitor symbol while the curved plate represents the bottom
plate. For the capacitors illustrated in Fig. 2.4-1 the parasitic capacitor associated with the top
plate of the capacitor itself is due primarily to interconnect lines leading to the capacitor and
the bottomn plate parasitic capacitance is primariiy due to the capacitance between the bottom
plate and the substrate. The capacitors available in a digital process shown in Fig. 2.4-2 have
parasitics that are not so easily generalized. The parasitics are very dependent on the layout of
the device (layout is discussed in Section 2.6).

Figure 2.4-3 shows a general capacitor with its top and bottom plate parasitics. These para-
sitic capacitances depend on the capacitor size, layout, and technology and are unavoidable,

Resistors

The other passive component compatible with MOS technology is the resistor. Even though
we shall use circuits consisting of primarily MOS active devices and capacitors, some appli-
cations, such as digital-to-analog conversion, use the resistor. Resistors compatible with the
MOS technology of this section include diffused, polysilicon, and n-well (or p-well) resistors.
Though not as common, metal can be used as a resistor as well,

A diffused resistor is formed using source/drain diffusion and is shown in Fig. 2.4-4(a).
The sheet resistance of such resistors in a nonsalicided process is usually in the range of
50-150 (] (ohms per square are explained in Section 2.6). For a salicide process, these
resistors are in the range of 5-15 (V. The fact that the source/drain diffusion is needed as a
conductor in integrated circuits conflicts with its use as a resistor, Clearly, the goal of a sali-
cide process is to achieve “conductor-like™ performance from source/drain diffusion. In these
processes, a salicide block can be used to mask the silicide film, thus allowing for a high-
resistance source/drain diffusion where desired. The diffused resistor is found to have a volt-
age cocfficient of resistance in the 100-500 ppm/V range. The parasitic capacitance to ground
is also voltage dependent in this type of resistor.

A polysilicon resistor is shown in Fig. 2.4-4(b). This resistor is surrounded by thick oxide
and has a sheet resistance in the range of 30-200 {V/L], depending on doping levels. For a
polysilicide process, the effective resistance of the polysilicon is about 10 (M.

An n-well resistor shown in Fig. 2.4-4(c) is made up of a strip of n-wells contacted at
both ends with n* source/drain diffusion. This type of resistor has a resistance of 1-10 k(/[]
and & high value for its voltage coefficient. In cases where accuracy is not required, such as
pull-up resistors or protection resistoss, this structure is very useful.

Other types of resistors are possible if the process is altered. The three categories above
represent those most commonly applied with staddard MOS technology. Table 2.4-1 summa-
rizes the characteristics of the passive componenis hitherto discussed.
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(€
Figure 2.4-4 Resistors: (2) diffused, (b) polysilicon, and (¢} n-well.

2.5 OTHEA CONSIOERATIONS OF CMOS TECHNOLOGY

In the previous two sections, the active and passive components of the basic CMOS process
have been presented. In this section we wish to consider some other components that are also
available from the basic CMOS process but that are not used as extensively as the previous
components. We will further consider some of the limitations of CMOS technology, including
latch-ap, temperature, and aoise. This information will become useful later, when the perfor-
mance of CMOS circuits is characterized.

So far we have seen that it is possible to make resistors, capacitors, and pn diodes that are
compatible with the basic single-well CMOS fabrication process illustrated in Fig. 2.3-1. Itis
also possible to implement a bipolar junction transistor (BJT) that is compatible with this
process, even though the collector termina! is constrained to Vpp (or Vgs). Figure 2.5-1 shows
how the BIT is implemnented for an n-well process. The emitter is the source or drain diffusion
of a p-channel device, the base is the n-well (with a base widih of wg), and the p™ substrate is the
collector. Because the pn junction between the n-well and the p~ substrate must be reverse bi-
ased. the collector must always be connected to the most negative power-supply voltage, Vsq.
The BIJT will still find many useful applications even though the collector is constrained. The
BIT illustrated in Fig, 2.5-1 is often called a substrate BJT. The substrate BIT functions like the
BIT fabricated in a process designed for BJTs. The only difference is that the collector is con-
strained and the base width is not well controlled, resulting in a wide variation of current gains,

Figure 2.5-2 shows the minority-carrier concentrations in the BJT. Nommally, the
base—emitter (BE) pn junction is forward biased and the collector-base (CB) pn junction is re-
verse biased. The forward-biased BE junction causes free holes to be injected into the base
region. If the base width wy is small, most of these holes reach the CB junction and are swept

Page 58 of 195 REED EX1015
IPR2024-01158



2.5 Other Considerations of CMOS Technology 49

Figure 2.5-1 Substrate BJT available
from a bulk CMOS process.

n-well

M Collector (p- substrate)

into the collector by the raverse-bias voltage. If the minority-carrier concentrations are much
less than the majority-carrier concentrations, then the collector current can be found by solv-
ing for the current in the base region. In terms of current densities, the collector current
density is

dp.x) {0)
Jo= —Jolam = —qn,% = qu,,% @25-)

From Eq. (2.2-16) we can write

Pu0} = puaexp (”7"”) @52)
1

Combining Eqs. (2.5-1) and (2.5-2) and multiplying by the area of the BE junction A gives the
collector current as

AD
o Alg= 2 (35—") = I, exp "E) (2.5-3)
Wp v,

Depletion regions

=0 I=wy *
Figure 2.5-2 Minority-camrier concentrations for 8 bipolar junction tran-
sistor.”
Page 59 of 195 REED EX1015

IPR2024-01158



CMOS TECHNOLOGY

where I, is defined as

AD,
I = 47 pPm (2.5-4)
Wg

As the holes travel through the base, a small fraction will recombine with electrons, which
are the majority carriers in the base. As this occurs, an equal aumber of electrons must enter
the base from the external base circuit in order to maintain electrical neutrality in the base re-
gion. Also, there will be injection of the electrons from the base to the emitter due to the
forward-biased BE junction. This injection is much smaller than the hole injection from the
emitter because the emitter is more heavily doped than the base. The injection of electrons into
the eminter and the recombination of electrons with holes in the base both constitute the exter-
nal base current ig that lows out of the base, The ratio of collector current to base current, ifig,
is defined &s A or the common-emitter cucrent gain. Thus, the base current is expressed as

L ”ﬂ) ]
ig B, ~ B, exp( v, (2.5-5)

The emitter current can be found from the base current and the collector current because the
sum Of all three currents must equal zero. Although @r has besn assumed constant it varies
with i, having 2 maximum for moderate currents and falling off from this value for large or
small currents.

In addition to the substrate BJT, it is also possible to have a lateral BIT. Figure 2.3-1 can be
used to show how the lateral BJT can be implemented. The emitter could be the n* source of the
n~chenne] device, the base the p~ substrate, and the collector the n-well. Although the base is
constrained to the substrate potential of the chip, the emitter and collector can have arbitrary
voltages. Unfortunately, the latera]l BJT is not very useful because of the large base width. In
fact, the lateral BIT is considered more as a parasitic transistor. However, this lateral BJT
‘becomes important in the problem of latch-up of CMOS circuits, which is discussed next [30].

Latch-up in integrated circuits may be defined as & high current stute accompanied by a
collapsing or low-voltage condition. Upon application of a radiation transient or certain elec-
tricai excitations, the latched or high current state can be triggered. Latch-up can be initiated
by at least three regenerative mechanisms: (1) the four-layer, silicon-controlled rectifier
(SCR), regenerative switching action; {2) secondary breakdown; and (3) sustaining voltage
breakdown. Because of the muldple p and n diffusions present in CMOS, they are susceptible
to SCR latch-up.

Figure 2.5-3(a) shows a cross section of Fig. 2.3-1 and how the PNPN SCR is formed. The
schematic equivalent of Fig, 2.5-3(a} is given in Fig. 2.5-3(b). Here the SCR action is clearly
illustrated. The resistor Ry, - is the n-wel] resistance from the base of the vertical PNP (Q2) to
Vop. The resistor R is the substrate resistance from the base of the lateral NPN (Q2) to Vss.

Regeneration occurs when three conditions are satisfied. The first condition is that the
loop gain must exceed unity, This condition is stated as

BrenBenp = 1 (2.5-6)

where Bypy and Gpnp are the common-emitter, current-gain ratios of Q2 and Q1, respectively.
The secord condition is that both of the base-emitter junctions must become forward biased,
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@) ()

Flgure 2.5-3 (a) Parasitic lateral NPN and vertical PNP bipolar transistor in CMOS integrated circuits.
(b) Equivalent circuit of the SCR formed from the paresitic bipolar transistors,

The third condition is that the circuits connected to the emitter must be capable of sinking and
sourcing a current greater than the holding current of the PNPN device.

To prevent latch-up, several standard precautions are taken, One approach is to keep the
source/drain of the n-channe] device as far away from the n-well as possible, This reduces the
value of Bnpw and helps to prevent latch-up. Unfortunately, this is very costly in terms of area.
A second approach is to reduce the values of Ry- and Rp-. Smaller resistor values are helpful
because more current must Aow through them in order to forward bias the base—emitter
regions of Q1 and Q2. These resistances can be reduced by surrounding the p-channel devices
with an n* guard ring connected to Vpy, and by surrounding n-channel transistors with p*
guard rings tied to Vg as shown in Fig. 2.5-4.

Latch-up can also be prevented by keeping the potential of the source/drain of the pchannel
device [A in Fig. 2.5-3(b)] from being higher than Vp, or the potential of the source/drain of
the nchannel device [B in Fig. 2.5-3(b)] from going below V5. By careful design and layout,
latch-up can be avoided in most cases. In the design of various circuits, particularly those that
have high currents, cne must use care to avoid circuit conditions that will initiate latch-up.

p-channel transistor n-chunnel transistor
o+ guard bary \ pt guard bars

p~ substraie
Figure 2.5+ Preventing latch-up using guard bars in an n-well technology.
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p* - o~well diods

Another important consideration of CMOS technology is the electrostatic discharge pro-
tection of the gates of transistors that are externally accessible. To prevent accidental destruc-
tion of the pate oxide, a resistance and two reverse-biased pn junction diodes are employed to
form an input protection circuit. One of the diodes is connected with the n side to the highest
circuit potential {Vpp) and the p side to the gate to be protected. The other diode is connected
with the n side to the gate to be protected and the p side to the lowest circnit potential (Vs).
This is illustrated in Fig. 2.5-5. For an n-well process, the first diode is usually made by a p”
diffusion into the n-well. The second diode is made by an n* diffusion into the substrate. The
resistor is connected between the external contact and the junction between the diodes and the
gate to be protected. If a large voltage is applied to the input, one of the diodes will break
down depending on the polarity of the voliage. If the resistor is large enough, it will limit the
breakdown current so that the diode is not destroyed. This circuit should be used whenever the
gates of a transistor (or Lransistors) are taken to extemnal circuits.

The temperature dependence of MOS components is an important performance charac-
teristic in analog circuit design. The temperature behavior of passive components is usually
expressed in terms of a fractional iemperature coefficient TC - defined as

TCe= -2 @.5-7)

where X can be the resistance or capacitance of the passive component. Generally, the frac-
tional temperature coefficient is multiplied by 10° and expressed in units of parts per million
per °C or ppm/°C. The fractional temperature coefficient of various CMOS passive compo-
nents has been given in Table 2.4-1,

The temperature dependence of the MOS device can be found from the expression for
drain current given in Eq, (2.3-27), The primary temperature-dependent parameters are the
mobility g and the threshold voltage V. The temperature dependence of the carrier mobility
& is given as [31]

=K, T3 @58

The temperature dependence of the threshold voltage can be approximated by the following
expression [32]:

Vi) = Vi (Ty) — a(T ~ Ty} (2.5-9)

Vop

To intarnal gates

nt - substrate diode

| ¥ o+ resd Pad
p:substrate

Vs
(a) (b

Figure 2.5-8 Electrostatic discharge protection circuitry, (a} Electrical equivalent circuit. (b) Imple-
mentation in CMOS technology.
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where a is approximately 2.3 mV/°C. This expression is valid over the range of 200-400 K,
with & depending on the substrate doping level and the implant dose used during fabrication,
These expressions for the temperature dependence of mobility and threshold voltage will be
used later to determine the temperature performance of MOS circuits and are valid only for
limited ranges of temperature variation about room temperatare, Other modifications are
necessary for extreme temperature ranges.

The temperature dependence of the pn junction is also important in this study. For exam-
ple, the pn-junction diode can be used to create a reference voltage whose temperature stabil-
ity will depend on the temperature characteristics of the pn-junction diode. We shall consider
the reverse-biased pn-junction diode first. Equation (2.2-24) shows that, when vp < 0, the
dicde current is given as

Dypwo Dﬂ"nﬂ] _9AD ni

-Vaa
L L. v ) (2.5-10)

!

—ip=l= ‘IA[

where it has been assumed that one of the terms in the brackets is dormninant and that L and ¥
correspond to the diffusion length and impurity concentration of the dominant term. Also T is
the absolute temperature in kelvin units and Vg is the bandgap voltage of silicon at 300 K
(1.205 V). Differentiating Eq. {2.5-10) with respect to 7 results ia

dl, _ 3KT? ( —VG.,) KT Ve (—Vm) 3, I Ve
— = -+ =t =— b
o T X v, XT? exp v, rtTy, 2.5-1)
The TC for the reverse diode current can be expressed as
141, 1V,
1d 3, 1% (2.5-12)

LdT T TV,

The reverse diode current is seen to double approximately every 5 °C increase as illustrated in
the following example.

CALCULATION OF THE REVERSE DIODE CURRENT
TEMPERATURE DEPENDENCE AND TC;

Assume that the temperature is 300 K (rcom temperalure) and calculate the reverse diode cur-
rent change and the TCy, for a 5 °C increase.

The TCr can be calculated from Eq. (2.5-12) as
TCr=0.01 + 0.155 = 0.165

Since the TC, is change per unit of temperature the reverse current will increase by a factor
of 1.165 for every kelvin (or °C) change in temperature. Multiplying by 1.165 five times
gives an increase of approximately 2. This implies that the reverse saturation current will
approximately double for every 5 °C temperature increase. Experimentally, the reverse cur-
rent doubles for every 8 °C increase in temperature because the reverse current is in part leak-
age current.
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The forward-biased pr-junction diode current is given by

v
ip=1exp (—”) (2.5-13)
v,
Differentiating this expression with respect to temperature and assuming that the diode volt-
age is a constant (vp = Vj) gives

2.2 2. —ip (2.5-14)
The fractional temperature coefficient for ip results from Eq. (2.5-14) as
(2.5-15)

Ly 1dl_ Vo 3, [Yeo=¥ol
v,

If V, is assumed to be 0.6 V, then the fractional temperature coefficient is equal to 0.01 +
(0.155 — 0.077) = 0.0879. 1t can be seen that the forward diode current will double for ap-
proximately a 10 °C increase in temperature.

The above analysis for the forward-biased pn-junction diode assumed that the diode volt-
age v, was held constant. If the forward current is held constant (i, = Ip), then the fractional
temperature cocfficient of the forward diode voltage can be found. From Eq, (2.5-13) we can
solve for v, to get

vp = V,In G’—’-) (2.5-16)

Differentiating Eq. (2.5-16) with respect 10 temperature gives

.‘W_D_Tﬁ_“(.ll.f_;):v_p_ﬂ{_."'ﬂ: _(L;“’)_%,i (2.5-17)

Assuming that v, = Vp = 0.6 V, the temperature dependence of the forward diode voltage at
room temperature is approximately —2.3 mV/°C.

Another limitation of CMOS components iz noise. Noise is a phenomenon caused by
small fluctuations of the analog signal within the components themselves. Noise results from
the fact that electrical charge is not continuous but the result of quantized behavior and is as-
sociated with the fundamental processes in a semiconductor component. In essence, noise
acts like a random variable and is often treated as one. Our objective is to introduce the basic
concepts concerning noise in CMOS gomponents. More detail can be found in several excel-
lent references [24.33].

Several sources of noise are important in CMOS components, Shot noise is associated
with the dc current flow across a pn junction. It typically has the form

i2 = 21, Af (amperes?) (2.5-18)
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Noise power Flgure 2.5-6 1/fnoise spectrum.
spectral density

lf

log(f)

where 2 is the mean-square value of the noise current, g is the charge of an electron, 7 is
the average dc current of the pn junction, and Afis the bandwidth in hertz. Noise-current spec-
tral density can be found by dividing i by Af The noise-current spectral density is denoted
as iJAf.

Another source of noise, called thermal noise, is due to random thermal motion of the elec-
tron and is independent of the dc current flowing in the component. It generally has the form

€2 = 4kTR Af (2.5-19)

where k is Boltzmann's constant and R is the resistor or equivalent resistor in which the ther-
mal noise is occurring.

An important source of noise for MQOS components is the flicker noise or the 1{f noise.
This noise is associated with carrier traps in semiconductors, which capture and release carri-
ers in a random manner. The time constants associated with this process give rise to a noise
signal with energy concentrated at low freguency. The typical form of the 1/f noise is given es

t=K [;7,—,] Af (2.5-20)

where K is a constant, g is a constant (0.5-2), and & is a constant {~1). The noise-current
spectral density for typical 1/f noise is shown in Fig. 2.5-6. Other sources of noise exist, such
as burst noise and avalanche noise, but are not important in CMOS components and are not
discussed here.

o.b INTEGRATED CIACUIT LAYOUT

The final subject in this chapter concerns the geometrical issues involved in the design of in-
tegrated circuits. A unique aspect of integrated-circuit design is that it requires understanding
of the circuit beyond the schematic. A circuit defined and functioning properly at the
schematic level can fail if it is not correctly designed physicaily, Physical design, it the con-
text of integrated circuits, is referred to as layout.
As a designer works through the process of designing a circuit, hefshe must consider
_all implications that the physical layout might have on a circuit’s operation, Effects due to
matching of components or parasitic components must be kept in mind. If, for example, two

Page 65 of 195 REED EX1015
IPR2024-01158




56

CMOS TECHNOLOGY

transistors are intended to exhibit identical performance, their layout must be identical. A
wide-bandwidth amplifier design will not function properly if parasitic capacitances at critical
nodes are not minimized through careful layout. To appreciate these finer issues dealing with
physical design, it is important to first develop a basic understanding of integrated-circuit lay-
out and the rules that govern it.

As described in Secticn 2.1, an integrated circuit is made up of multiple layers, each de-
fined by a photomask using a photolithographic process. Each photomask is built from a com-
puter database, which describes it geometrically. This database is derived from the physical
layout drawn by a mask designer or by computer (at present, most analog layoot is still per-
formed manually). The layout consists of topological descriptions of all electrical compo-
nents that will ultimately be fabricated on the integrated circuit. The most common compo-
nents that have been discussed thus far are transistors, resistors, and capacitors.

Matching Concepts

As will be seen in later chapters, matching the performance of two or more components is
very important to overall circuit operation. Since matching is dependent on layout topelogy, it
is appropriate to discuss it here.

The rule for making two compenents electrically equivalent is simply to draw them as
identical units. This is the unir-matching principle. To say that two components are identical
means that both they and their surroundings must be identical. This concept can be explained
in nonelectrical terms.

Consider the two square components, A and B, illustrated in Fig. 2.6-1(a). In this exam-
ple, these objects could be pieces of metal that are desired after deposition and etching. They
have identical shape in area and perimeter as drmwn. However, the surroundings seen by A and
B are different due to the presence of abject C. The presence of object C nearer to object B
may cause that object to change in some way different than A, The solution to this is to force
the surroundings of both geometries A and B to be the same. This can never be achieved per-
fectly! However, matching performance can normally be improved by at least making the im-
mediate surroundings identical, as illustrated in Fig, 2.6-1(b). This general principle will be
applied repeatedly to components of various types. When it is desired to match components of

" different sizes, optimal matching is achieved when both geometries are made from integer

numbers of units with all units being designed applying the unit-marching principle.

Figure 2.6-1 (a) lllustration of how matching of A
C and B is disturbed by the presence of C. (b) Improved
A B malching achieved by matching surroundings of A
and B.
C
A B
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When multiple units are being matched using the unit-matching principle, another issue
can arise. Suppose that there is some gradient that causes objects to grow smaller along some
path, as illustrated in Fig. 2.6-2(a). By design, component A composed of units A, and A,
should be twice the size of unit component B. However, due to the gradient, component A is
less than twice the size of component B, If the gradient is linear, this situation can be re-
solved by applying the principle of cormmon-centroid layout. As illustrated in Fig. 2.6-2(b),
compenent B is placed in the center (the centroid) between the units A; and A,. Now, any lin-
car gradient will cause A, to change by an amount equal and opposite to A; such that their
average value remains constant with respect to B. This is easily shown analytically in the
following way.

If the linear gradient is described as

y=mx+b (2.6-1)

then for Fig. 2.6-2(a) we have

Aj=mx, + b (2.6-2)
Ay =m;+ b (2.6-3)
B=mx;+ b (2.6-4)
A| + Ai . mix, +Iz)+2b
B ~ mn+b @55
This ratio cannot be equal to two because
+ x5
x o S 2.66)
| i Figure 2.6-2 Componems placed in the presence of & gradient,
(1) without common-centroid layout and (b) with common-
centroid layout.
(&) Al Az B
o) At B Az
Wi .
/
' ‘//
ol n T3
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However, for the case illustrated in Fig. 2.6-2(b) it is easy to show that

ux1+13

) (2.6-7

if x; — x; and x; — x, are equal,

The matching principles described thus far should be applied to capacitors when it is de-
sired to match them. [n addition, there are other rules that should be applied when dealing with
capacitors. When laying out a capacitor, the capacitor’s value should be determined by only
one plate to reduce its variability. Consider the dual-plate capacitors shown in Fig. 2.6-3. In
this figure, the electric field lines are illustrated to indicate that the capacitance between the
plates is due to both an area field and fringe field. In Fig. 2.6-3(a) the total capacitance between
the two plates will vary if the edges of the top plate indicated by points A and A’ move, or if the
edges of the bottom plate indicated by points B and B* move. On the other hand, the value of
the capacitor illustrated in Fig. 2.6-3(b) is sensitive only to the edge variations of the top plate.
Even if the top plate shifts to the left or to the right by a small amcunt, the capacitance changes
very little. The capacitor in Fig. 2.6-3(a) is sensitive to movement of both plates and thus will
have greater variability due to process variations than the capacitor in Fig. 2.6-3(b).

The field iines illustrated in Fig. 2.6-3 are helpful to appreciate the fact that the total ca-
pacitance between two plates is due to an area component (the classic parallel plate capacitor)
and a perimeter component (the fringe capacitance). With this in mind, consider a case where
it is desired 1o ratio two capacitors, Cy and C;, by a precise amount {e.g., 2:1 ratio).

Let C; be defined as

CG=Ca+Cn {2.6-8)
and C; be defined as
Cz = CM + Czp (2.6'9)

where
Cxa is the area capacitance {parallel plate capacitance)
Cxp is the peripheral capacitance (the fringe capacitance)
The ratio of C, to C, can be expressed as

G Gt Cp C:A[] + Czﬁ’cz.v.]
& _ =L 2.6-10
Ci Ca+Cpe CGall +C/Cia ( )
A A A Al
((H_LL‘V#‘!’E) ﬁ'/‘fvvilvi"r”‘?\
B B ' B B
(a} b)

Figure 2.6-3 Side view of a capecitor made from two plates. The capacitor shown in
(a) will vary in value do 10 edge variations at points A,A’ and B B’. The capacitor
shown in (b) is not sensitive to edge variations at B,B". It is only sensitive to edge
variations at points A A’,
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Figure 2.6-4 lllustration of a capacitor
using an octagon to approximate a circle
to minimize the ratio of perimeter to
area,

Botlom plate
of capacitor

If C1¢/Cy 5 equals Cop/Cap then C/C is determined by the ratios of capacitor areas only.
Thus, the equations show that maintaining a constant area-to-perimeter ratio eliminates
matching sensitivity due to the perimeter. It should not be a surprise that & constant area-to-
perimeter ratio is achieved when the unit-matching principle is applied! At this peint it is
worthwhile to ask what geomelry is best at maintaining constant area-to-perimeter ratio—a
square, rectangle, circle, or something else. Referring again to Eq. (2.6-10) it is clear that min-
imizing the perimeter-to-area ratio is a benefit. It is easy to show (see Problem 2.6-4) that a
circle achieves the least perimeter for a given area and thus it is the best choice for minimiz-
ing perimeter effects. Moreover, & circle has no comers and corners experience more etch
variation than do sides, For a variety of reasons unrelated to the technology, circles may be
undesirable. A reasonable compromise between a square and a circle is a square with cham-
fered corners (an octagon) as illustrated in Fig. 2.6-4.

Another nseful capacitor layout technique uses the Yiannoulos parh.* This method uses a
serpentine structure that car maintain a constant area-to- perimeter ratio. The beauty of the tech-
nique is that you are not limited to integer ratios as is the case when using the unit-matching
principle. An example of this layout technique is given in Fig. 2.6-5. It can easily be shown
that this structure maintains a constant area-to-perimeter ratio (see Problem 2.6-5).

MOS Transistor Layout

Figure 2.6-6 illustrates the layout of a single MOS transistor and its associated side view.
Transistors that are used for analog applications are drawn as linear stripes as opposed to a
transistor drawn with a bend in the gate. The dimensions that will be important later on are the
width and length of the transistor as well as the area and periphery of the drain and source. It
is the W/L ratio that is the dominant dimensional component governing transistor conduction,
and the area and periphery of the drain and source that determine drain and source capaci-
tance on a per-device basis.

When it is desired to match transistors, the unpit-matching principle and the commen-
centroid method should be applied. Once applied, the question arises as to whether the
drain/source orientation of the transistors should be mirror symmetric or have the same orien-
tation. In Fig. 2.6-7(a) transistors exhibit mirror symmetry while in Fig. 2.6-7(b) transistors
exhibit identical orientation, or phorolithographic invariance (PLI).t It is not uncommon for

*This idea was developed by Aristedes A. Yiannoulos.
*The term “photolithographic invariance™ was coined by Eric J. Swanson while at Crystal Semiconductor.
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Figure 2.6-5 The Y-path technique
for achieving noninteger capacitor
ratios while maintaining constant
area-to-perimeter ratio,

One unit

Esch compensation

/

Total area is
12.5 units

i

Totel area s
18 units

the drainfsource implant to be applied at an angle. Because of its height (its thickness), poly-
silicon can shadow the implant on one side or the other, causing the gate—source capacitance
to differ from the gate—drain capacitance. By applying the PLI layout method, the effect of the
implant angle is matched so that the two Cgs are matched and the two Cgp, are matched. In
order to achieve both common-centroid and PLI layouts, matched transistors must be broken
into four units each and laid out in accordance with Fig. 2.6-7(c).

Resistor Layout

Figure 2.6-8(a) shows the layout of a resistor. The top view is general in that the resistive com-
ponent can represent either diffusion (active area) or polysilicon, The side view is particular to

Metal Figure 2.6-6 Example layout of an

: — MOS transistor showing top view and

—
FOX / / : FOX side view at the cut line indicated.
Active area b
- Polysilicon
drain/source gate ff
Contact

R = == —— - = - -

Active area
drain/source

Mezal |
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{) (d)

Figure 2.6-7 Example layout of MOS transistors using (a) mirror symmetry, (b) photolithographic
jnvariance, and (c) two transistors sharing a common source and laid out to achieve both photolitho-
graphic invariunce and common centroid. (d) Compact layout of (c).

the diffusion case. A well resistor is llustrated in Fig. 2.6-8(b). To understand the dimensions
that are important in accessing the performance of a resistor, it is necessary to review the
relationship for the resistance of a conductive bar.

For a conductive bar of material as shown in Fig. 2.6-9, the resistance R is given as

(10) (2.6-11)

Mot

FOX
Subsirale Active e (diffusion) Well diffusion
Avtive ares (diffusion)

Actve ated Weil diffusi w
el Lile
Conanct Active mrea or palysilicon ™ W

(8) Diffuzbon or polysilicon resistor

Flgure 2.6-8 Example layout of (a) diffusion or pelysilicon resistor and (b) well resistor along with
their respective side vicws al the cut line indicated.
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Direction of curremt flow Figure 2.6-9 Current flow in conductive bar.
——

i/ /
‘H‘——L——4 Area, A

where p is resistivity in {}-cm, and A is a plane perpendicular to the direction of current flow.
In terms of the dimensions given in Fig. 2.6-9, Eq. (2.6-11) can be rewritten as

- oL
T WT

R o) C 612)

Since the nominal values for g and T are generally fixed for a given process and material type,
they are grouped together to form a new term p, called sheet resistivity. This is clarified by the
following expression;

=(°P\L_ L
Rh(T)W Py @ (2.6-13)

Tt is conventional to give p, the units of (MU (read okms per sguare). From the layout point of
view, a resistor has the value determined by the number of squares of resistance muliplied
by . -

RESISTANCE CALCULATION

Given a polysilicon resistor like that drawn in Fig. 2,6-8(8) with W= 0.8 pm and L = 20 pm,
calculate p, (in £/0J), the number of squares of resistance, and the resistance value. Assume
that p for polysilicon is 9 X 107* {)-cm and the polysilicon is 3000 A thick. Ignore any con-
tact resistance.

Solution

First calculate p,.

w 1074
p,=£=9 10 £_1H°m=30ﬂ4:|
T 3000x 10 %cm

The number of squares of resistance, N, is

giving the total resistance as
R=p, XN-30X25=750101
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Returning to Fig. 2.6-8, the resistance of each resistor shown is determined by the L/W
ratio and its respective sheet resistance. One should wonder what the true values of L and W
are since, in reality, the current flow is neither uniform por unidirectional. It is convenient to
measure L and W as shown and then characterize the total resistance in twe components:
the body component of the resistor (the portion along the length, L) and the contact compo-
nent. One could choose a different approach as long as devices are characterized consistently
with the measurement technique (this is covered in more detail in Appendix B on device
characterization),

Capacitor Layout

Capacitors can be constructed in a variety of ways depending on the process as well as the
particular application. Only two detailed capacitor layouts will be shown here.

The double-polysilicon capacitor layout is illustrated in Fig. 2.6-10(a). Note that the sec-
ond polysilicon layer boundary falls completely within the boundaries of the first polysilicon
layer (gate) and the top-plate contact is made at the center of the second polysilicon geometry.
This technique minimizes top-plate parasitic capacitance that would have been worsened if
the top polysilicon had, instead, followed a path outside the boundary of the polysilicon gate
and made contact to metal elsewhere.

Purely digital processes do not generally provide double-polynhcon capacitors. There-
fore, precision capacitors are generally made using multiple layers of metal. If only one layer

Mezal 3 Metal 2 Metal 1
h\—

Polysilicen gate

Cut

(b)

Figure 2.6-10 Example layout (a) double-polysilicon capacitor and (b} triple-level metal capacitor
along with their respective side views at the cut line indicated.
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of metal exists, a metal-polysilicon capacitor can be constructed. For muldlayer metal
processes, polysilicon can still be used as one of the capacitor layers. The problem with using
polysilicon as a capacitor layer in this case is that the polysilicon-to-substrate capacitance can
represent a substantial parasitic capacitance compared to the desired capacitor. If the addi-
tional parasitic capacitance resulting from the use of polysilicon is not a problem, greater per-
unit-area capacitance can be achieved with this type of capacitor.

An example of a triple-metal capacitor is illustrated in Fig. 2.6-10(b}. In this layout, the
top plate of the capacitor is the metal 2 layer. The bottom plate is made from metsls 1 and 3,

The value of integrated-circuit capacitors is approximately*

= B“A

lox

c

= Cpehh (2.6-14)

where. e, is the dieleciric constant of the silicon dioxide (approximately 3.45 X 107*
pF/p.m), 1o, is the thickness of the oxide, and A is the area of the capacitor. The value of the ca-
pacitor is seen to depend on the area A and the oxide thickness ¢,,. There is, in addition, a
fringe capacitance that is a function of the periphery of the capacitor. Therefore, errors in the
ratio accuracy of two capeacitors result from an error in either the ratio of the areas or the oxide
thickness. If the error is caused by a uniform linear variation in the oxide thickness, then a
common-centroid geometry ¢an be used to eliminate its effects [34]. Area-related errors result
from the inability o precisely define the dimensions of the capacitor on the integrated circuit
This is due to the ervor tolerance associated with making the mask, the noauniform etching of
the materjal defining the capacitor plates, and other limitations [35].

The performance of analog sampled-data circuits can directly be related to the capacitors
used in the implementation. From the standpoint of analog sampled-data applications, one of
the most important characteristics of the capacitor is ratio accuracy {36].

Layout Rules

As the layout of an integrated circuit is being drawn, there are layout rules that must be ob-
served in order to ensure that the integrated circuit is manufacturable. Layount rules governing
manufacturability arise, in part, from the fact that at each mask step in the process, features of
the next photomask must be aligned to features previously defined on the integrated circuit.
Even when using precision automatic alignment tools, there is still some efror in alignment.
In some cases, alignment of two layers is critical to circuit operation. As a result, alignment
tolerances impose a limitation of feature size and orientation with respect o other layers on
the circuit.

Electrical performance requirements also dictate feature size and orientation with respect
to other layers, A good example of this is the allowable distance between diffusions support-
ing a given voltage difference. Understanding the rules associated with electrical performance
is most imponant to the designer if circuits are to be designed that challenge the limits of the

*“This is the infinite parallel plate equation. This expression loses its accuracy as the plate dimensions ap-
proach the dimension separating the plates.
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technolegy. The limits for these rules are constrained by the process (doping concentration,
junction depth, etc.) characterized under a specific set of conditions.

The following set of design rules are based on the minimum dimension resolution A
(lambda, not to be confused with the channel length modulation parameter A, which will be
introduced in Chapter 3). The minimum dimension resolution X is typically one-half the min-
imum geometry allowed by the process technology.

The basic layout levels needed to define a double-metal, bulk, silicon gate CMOS circuit
include well (p~ or n"), active area (AA), polysilicon-gate (poly), second polysilicon (capac-
itor top plate), contact, metal-1, via, metal-2, and pad opening. The symbols for these levels
are shown in Fig. 2.6-11(c). Table 2.6-1 gives the simplified design rules for a polysilicon-
gate, bulk CMOS process. Figure 2.6-11 illustrates these rules.

In most cases design rules are unique to each wafer manufacturer. The design rules for
the particular wafer manufacturer should be obtained before the design is begun and con-
sulted during the design. This is especially important in the design of state-of-the-art analog
CMOS. However, the principles developed here should remain unaltered while trunslated to

specific processes.

Figure 2.6-11{a) Nlustration of design rules 1~3 of Table 2.6-1. (b) Ilustration of design rules 4 and 5
of Table 2.6-1.
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2.7 SUNMARY

This chapter has intraduced CMOS technalogy from the viewpoint of its use to implement
analog circuits. The basic semiconductor fabrication processes were described in order to un-
derstand the fundamental elements of this technology. The basic fabrication steps include dif-
fusion, implantation, deposition, etching, and oxide growth. These steps are implemented by
the use of photolithographic methods, which limit the processing steps to certain physical
areas of the silicon wafer. The basic processing steps needed to implement a typical silicon-
gate CMOS process were described next,

The pn junction was reviewed following the introduction to CMOS technology because it
plays an important role in all semiconductor devices. This review examined a step pn junction
and developed the physical dimensiens, the depletion capacitance, and the voltage—current
characteristics of the pn junction. Next, the MOS transistor was introduced and characterized
with respect to its behavior. It was shown how the channel between the source and drain is
formed, and the influence of the gate voltage on this channel was discussed. The MOS tran-
sistor is physically a very simple component. Finally, the steps necessary to fabricate the tran-
sistor were presented.

A discussion of possible passive components that can be achieved in CMOS technology
followed. These components include only resisters and capacitors. The absolute accuracy

- = o
B'l_ R vvel AL [ R
r=r—e——r gB
g : POLYSILICON POLYSILICON ——
oo 4 W e cror D] e METALL
e i T TUTU{METALZ [ ] PASSIVATION g CONTACT [ VIA

Figure 2.6-11{(c) [lustration of design rules 6~9 of Table 2.6-1.
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TABLE 2.6-1 Design Rules for a Double-Metal, Double-Polysilicon, n-Well, Bulk CMOS Process

Minimum Dimension Resolution A
L o-Well
1A, Width 6
IB. Spacing {sume potential) B
1C. Spacing (different potential) bs)

2 Active Area (AA)
2A. Width R
Spacing to Well
2B. AA-n contained in n-well
2C. AA-n extemal to n-well
2D. AA-p contained in n-well
2E. AA-p external 1o n-well
Spacing to Other AA (Inside or Outside Well)
2P AAwAA(porn) 3
3, Polysilicon Gate (Capacitor Bottom Plaie)
3A. Width
1B. Specing
3C. Specing of polysilicon to AA (over field)
3D. Extension of gate beyond AA (transistor width direction)
3E. Spacing of gate to edge of AA (transistor length direction)
4. Polysilicon Capacitor Top Plate
4A. Width
4B. Spacing
4C. Spacing to inside of polysilicon gate (bottom plate)
5. Contacts
5A. Bize I %
$B. Specing
5C. Spacing to polysilicon gate
3D, Spacing polysilicon contact to AA
5E. Metal overlap of contact
5F. AA overlap of contuct
3G. Paolysilicon overlap of contact
5H. Capacitor wop plawe overlap of contact
6. Metal-1
6A. Width
6B. Spacing.
1 Via
TA. Size Ix
T8. Spacing,
C. Enclosure by Meial- 1
1D. Enclosure by Metal-2
& Metal-2
8A. Widih
BB. Spacing
Bonding Pad
BC. Spacing to AA 24
8D. Spacing 1o metal circuitry 24
8E. Spucing to polysilicon gate 24
§. Passivation Opening (Pad)
SA. Bonding-pad opening...... 100 pam % 100 jum
9B. Bonding-pad opening enclosed by Metal-2 3
9C. Bouding-pud opening to pad opening spuace 40

—
Qo

P N X ]

=1

=7

[~ ]

b B3 B = B 3 P

=]

w

MR W

L

Note: For a p-well process, exchange p and n in all instances,
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of these components depends on their edge uncertainties and improves as the components
are made physically larger. The relative accuracy of passive components depens on type
and layout.

The next section discussed further considerations of CMOS technology. These consider-
ations included: the substrate and lateral BJTs compatible with the CMOS process; laich-up,
which occurs under certain high-current conditions; the temperature dependence of CMOS
components; and the noise sources in these components.

The last section covered the geometrical definition of CMOS devices. This focused on
the physical constraints that ensure that the devices will work correctly after fabrication. This
material will lead naturally to the next chapter where circuit models are developed to be used

in analyzing and designing circuits,

PROBLENS

211,

212,

213,

2.14.

2.1-5.

2.21.

222,

223,

2.2-5.

2.24,

List the five basic MOS fabrication processing
steps and give the purpose or function of each step.
What is the difference between positive and nega-
tive photoresist and how is photoresist used?
[Nustrate the impact on source and drain diffusions
of a 7° angle off-perpendicular ion implunt. Assume
that the thickness of polysilicon is 8000 A and that
outdiffusion from point of ion impact is 0.07 um.
What is the function of silicon nitride in the CMOS
fabrication process described in Section 2.17

Give typical thicknesses for the field oxide (FOX),
thin oxide (TOX), n™ or p”, p-well, and metal 1 in
upits of jum.

Repeat Example 2.2-1 if the applied voltage is ~2'V.
Develop Eq. (2.2-9) using Egs. (2.2-1), (2.2-7), and
{2.2-8).

Redevelop Eqs. (2,2-7) and (2.2-8) if the impurity
concentration of a pa junction is given by Fig. 2.2-
2 rather than the step junction of Fig, 2.2-1(b).

. Piot the normalized reverse current, igy/ip versus

the reverse voltage vy of a silicon pn diode that has
BY=12Vandn==5,

What is the breakdown voliage of a pn junction
with Ny = Np = 10"fcm??

What change in vy, of a silicon pn diode will cause
an increase of 10 (an order of magnitude) in the

~ forward diode currem?

23-1,

Explain in your own words why the magnitude of
the threshold voltage in Eq. (2.3-19) increases as the
magnitude of the source-bulk voltage increases
(The source-bulk pn diode remains reverse biased.)
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232,

23-3.

2.3-4.

235,

236.

2413,

If Vg5 = 2V, find the value of Vy for the n-channel
transistor of Example 2.3-1.

Rederive Eq. (2.3-27) given that V. is not constant
in Eq. (2.3-22) but rather varies linearly with v(y)
according to the following equation:

Vr= Vg + | Vsl

If the mobility of an electron is 500 cm*/(V-5) and
the mobility of a hole is 200 em*/(V-s}, comnpare
the performance of an n-channel with a p-channel
transistor. In particular. consider the value of the
transcondugctance parameter and speed of the MOS
transistor.

Using Example 2.3-1 a4 a starting point. calculate
the difference in threshold voltage berween two
devices whose gate oxide is differemt by 5% (i.e.,
t = 210 A).

Repeat Example 2.3-1 using N, = 7 X 10" em™,
gate doping, and Np = 1 X 10™ cm™.

Given the component tolerances in Table 2.4-1, de-
sign the simple low-pass filter illustrated in Fig
P2.4-1 to minimize the variation in pole frequency

R

© AN °

in ¢ T Yout
o— i o]
Figure P2.4-1
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over all process variations. Pole frequency should
be designed to a nominal value of 1 MHz. You must
choose the appropriate capacitor and resistor type.
Explain your reasoning. Calculate the variation of
pole frequency over process using the design you
have chosen.

242 List rwo sources of error that can make the actual

capacitor, fabricated vsing 8 CMOS process, differ
from its designed value.

243. What is the purpose of the n* implantation in the

capacitor of Fig. 2.4-1(a)?

244. Consider the circuit in Fig. P2.4-4, Resistor Ry is an

a-well resistor with a nominal value of 10 k() when
the voltage at both terminals is 3 V, The input volt-
4ge. ¥y, 15 8 sinc wave with an amplilude of 2 Vi,
and a de component of 3 V. Under these conditions,
the value of R, is given as

o]

where R, is 10K and the cocfficient K is the
voltage coefficient of an n-well resistor and has a
value of 10K ppm/V. Resistor R; is an ideal resis-
lor with & value of 10 k). Derivc a time-domain
cxpression for v, Assume that there are no fre-
quency dependencies.

R
° MY —o
v.lll R1 vBlll
O <

WaV} 4

Figure P2.4-4

2.4-5. Repeal Problem 2.4-4 using a p* diffused resistor

for R,. Assume that a p* resistor’s voltuge coeffi-
cient is 200 ppm/V, The n-well in which Ry lies is
tied to a 5'V supply.
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2.4-6.

2.5-1.

252

26-1.

Problems 69

Consider Problem 2.4-5 again but assume thai the
a-well in which R, lies is not connected toa 5V
supply. but rather is connecled as shown in Fig.
P2.4-5,

R’

[+ 4"| VV v :I 0
¥ R Vout

" Ry wels 2
o ]

DN
psubstratz  pewell pt diffusion
Figure P24-6

Assume vy = 0.7V and find the fractional temper-
ature coefficient of /, and vp.

Plat the noise voltage as a function of the frequency
if the thermal noise is 100 nV/V'Hz and the junc-
tion of the 1/f noise and thermal noise (the 1/ noise
carner) is 10,000 Hz.

Given the polysilicon resistor in Fig. P2.6-1 with a
Tesistivity of p = § X 10™° 2~m, calculate the re-
sistance of the structure, Consider only the resis-
tance between contact edges. p, = 50 U0,

Side view

2.6-2.

e

FOX
Subsmae

Diffusion o polysilicon resisior

Figure P2.6-1

Given that you wish to maich two transistors having
a W/L of 100 pm/0.8 pum each, sketch the layout of
these two transistors o achieve the best possible
matching.
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26-3, Assume that the edge variation of the top plate of 4

2.6-4. Show that a circular geometry minimizes peri-

2.6-5. Show analytically how the Yiannoulos-path tech-

2.6-6. Design an optimal Jayout of a maiched pair of tran-

2.6-7. Figure P2.6-7 illostrates various ways to implement

CMOS TECHNOLOGY

capacitor is 0.05 um and that capacitor top plates
are 1o be laid out as squares. It is desired to match
two equal capacitors to an accuracy of 0.1%. As-
sume that there is no variation in oxide thickness,
How large would the capacitors have to be to
achieve this matching accuracy?

meler-i0-area ratio for a given area requitement. In

your proof, compare against a rectangle and a
Square.

nigue illustrated in Fig. 2.6-5 mainteins a constant
atrea-1o-perimeter ratio with noninteger ratios.

sistors having a W/L of B pm/1 wm. The matching
should be photolithographic invariant as well as
common centroid.

the layout of a resistor divider. Choose the layout
that hesr achicves the goal of a 2:1 ratio. Explain

why the other choices are not optimal. Figure P2.6-7
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Chapter 3

CMOS Device Modeling

Before one can design a circuit to be integrated in CMOS techrology, one must first have &
model describing the behavior of all the components available for use in the design. A model
can take the form of mathematical equations, circuit representations, or tables. Most of the
modeling used in ks 1ext will focus on the active and passive devices discussed in the previous
chapter as opposed to higher-level modeling such as macromodeling or behavioral modeling,

Tt should be stressed at the outset that a mode) is just that and no more-—it is not the veal
thing! In an ideal world, we would have a model that accurately describes the behavior of a
device under all possible conditions. Realistically, we are happy to have a model that predicts
simulated performance 1o within a few percent of measured performance. There is no clear
agreement as to which model comes closest to meeting this “ideal” model [1]. This lack of
agreement is illustrated by the fact that, at this writing, HSPICE [2] offers the user 43 differ-
ent MOS transistor models from which to choose!

This text will concentrate on only three of these models. The simplest model, which is
appropriate for hand calcelations, was described in Section 2.3 and will be further developed
here to include capacitance, noise, and ohmic resistance. [n SPICE terminology, this simple
model is called the LEVEL 1 model. Next, a smalf-signal model is derived from the LEVEL |
large-signal model and is presented in Section 3.3.

A far more complex model, the SPICE LEVEL 3 model, is presented in Section 3.4. This
mode! includes many effects that are more evident in modem short-channel technologies as
wel} as subthreshold conduction. [t is adequate for device geometries down to about 0.8 km,
Finally. the BSIM3v3 model is presented. This modei is the closest to becoming a standard
for computer simulation. '

Notation

SPICE was originally implemented in FORTR AN where all input was required to be uppercase
ASCII characters. Lowercase, greek, and super/subscripting were not allowed. Modem SPICE
implementations generally accept (but do not distinguish between) uppercase and lowercase
but the tradition of psing uppercase ASCII still lives on. This is particularly evident in the
device model parameters. Since greek characters are not available, these were simply spetled
out, for example, - entered as GAMMA. Superscripts and subscripts were simply not used.

It is inconvenient to adopt the SPICE naming conventinn throughout the book because
equaticns would appear unruly and would not be familiar to what is commonly seen in the
literature. On the other hand, it is necessary to provide the correct notation where application
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1o SPICE is intended. To address this dilemma, we have decided to use SPICE uppercase
{nonitalic) notation for all model parameters except those applied to the simple model (SPICE
LEVEL 1).

3. SINPLE HOS LARGE-SIGNAL MODEL [SPICE LEVEL 1)

All large-signal models will be developed for the n-channel MOS device with the positive po-
larities of voltages and currents shown in Fig. 3.1-1(2). The same models can be used for the
p-channel MOS device if all voltages and currents are multiplied by —1 and the absolute
value of the p-channel threshold is used. This is equivalent to using the voltages and currents
defined by Fig. 3.1-1(b), which are all positive quantities. As mentioned in Chapter 1, lower-
case variables with capital subscripts will be used for the variables of large-signal models and
lowercase variables with lowercase subscripts will be used for the variables of small-signal
models. When the voltage or current is a model parameter, such as threshold voltage, it will be
designated by an uppercase variable and an uppercase subscript.

When the length and width of the MOS device is greater than about 10 wm, the substrate
doping is low, and when a simple model is desired, the model suggested by Sah {3] and used
in SPICE by Shichman and Hodges [4] is very appropriate. This model was developed in
Eq. (2.3-27) and is given below,

Cox W
ip= al L [(Vos - V- (V%)]vm (3.1-1)

The terminal voltages and currents have been defined in the previous chapter. The various pa-
rameters of Bq. (3.1-1) are defined as

o = surface mobility of the channel for the n-channel
or p-channel device (c mle-s)

Ca = _:a,._, = capacitance per unit area of the gate oxide (Flem?)
ax

W = effective channel width

L = effective channel length

Figure 3.1-1 Posilive sign convention

D
‘ * for {a) nchannel and (b) p-channel
v 1 MOS transistor.
L)

D
i,,l
GOTI + B DS GO—_| —08
|
F

Ysn
5

{® )
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The threshold voltage V7 is given by Eq. (2.3-19) for an n-channe! transistos:
Vr=Vye + T( V20¢s| + vy — V 2|¢F|)
V' 2q5,Nyus 2] ¢+

Cox

V 285, Nsum

Co

Vro = VT(VSB =0)= Vpg + 2|¢FI +

¥ = bulk threshold parameter (V) =
N,

¢y = strong inversion surface potential (V) = kT In (—SUE)

q n

Vg = flathand voltage (V) = dps — Lo
Cox

bus = Pr(substrate) — ¢o(gate) [Eq. (2.3-17)]

' T (N,
$s(substrate) = —% in (—iﬂ) [n-channel with p-substrate]
]
dplgate) = ATy (Nosre [n-channel with n* polysilicen gate]
p 7, poly

Q. = oxide-charge = gN,,

k = Boltzmann's constant
T = temperature (K)
n; = intrinsic carrier concentration

Table 3.1-1 gives some of the pertinent constants for silicon.

3G.1-2)

(3.1-3)

(3.1-4)

(3.1-5)

(3.1-6)
(3.1-7

(3.1-8)

(3.1-9)

(3.1410)

A unique aspect of the MOS device is its dependence on the voltage from the source to
bulk as shown by Eq. (3.1-2). This dependence means that the MOS device must be treated as
a four-terminal element. It will be shown later how this bebavior can influence both the large-

and small-signal performance of MOS circuits.

TABLE 3.1-1 Constants for Silicon

Constant Symbol Constant Description Value Units
Voo Silicon bandgap (27 °C) 1.205 v
k Boltzmann's constant 1381 x 1077 b11'4
n; Intrinstc carrier concentration (27 °C) 1.45 x 10" cm™
8 Permittivity of free space 8.854 x 107" Flem
ag Permitdvity of silicon 11,7 8¢ Flem
- Permittivity of S5i0, 39g Flem
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TABLE 3.1.2 Model Parameters for a Typical CMOS Bulk Process Suitabte for Hand Calculations
Using the Simple Model with Values Based on a 0.8 pm Silicon-Gate Bulk CMOS n-Well
Process

Typical Parameter Value

Parameter
Symbol Parameter Description n-Channel p-Channel Units

Vo Threshold voluage (Vs = ) 0.7x0.15 =07 =015 v

K Transconductance parameter 1100 = (0% 500 * 0% pASV?
{in saluration)

v Bulk threshold parameter 04 0.57 va

X\ Chanrel length modulation 0.04 (L = | pm) QOS5 (L= ] um) v!
parameter 0.01 (L =2 um) 0.01 (L =2 um)

2[4 Surface potential at strong 0.7 08 A4
inversion

In the realm of circuit design, it is more desirable to express the model equations in terms
of electrical rather than physical parameters. For this reason, the drain current is often
expressed as

ip= 5[(“6&' - V- V_lzwg]vw 3.1-11)
or
= W v,
ip= 'I[(Vas -V - 'S—S]Vps (3.1-12)

where the transconductance parameter 3 is given in terms of physical parameters as

'E-‘_- E 2 -
B=K L = pgCon L (A/Y7) (3.1-13)

When devices are characterized in the nonsaturatien region with low gate and drain voltages
the value for K’ is approximately equal to u,C,, in the simple model. This is not the case
when devices are characterized with larger voltages introducing effects such as mobility
degradation. For these latter cases, K' is usually smaller. Typical values for the model param-
eters of Eq. (3.1-12) are given in Table 3.1-2.

There are various regions of operation of the MOS transistor based on the model of
Eq. (3.1-1). These regions of operation depend on the value of vgs — Vi If vgs — Vris zero or
negative, then the MOS device is in the cutoff * region and Eq. (3.1-1) becomes

iD =0 Yos — VT =0 (3.["]4)

In this region, the channel acts like an open circuit.

*We will learn Jater that MOS transistors can operate in the subthreshold region where the gate—source
voltage is less than the threshold voltage.
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Vos=Voz— Vr Figure 3,1-2 Graphical illustration of the modi-
, fied Sah equation.

A plot of Eq. (3.1-1) with A = 0 as a function of vy is shown in Fig. 3.1-2 for various val-
ues of vge — V. At the maximum of these curves the MOS transisior is said to saturate. The
value of vps at which this occurs is called the saturation voltage and is given as

vpg{sat) = vge — V¢ (3.1-15)

Thus, vps(sat) defines the boundary between the remuining two regions of operation. If vy
is less than vpg(sat), then the MOS transistor is in the nonsaturated region and Eq. {3.1-1)
becomes

l‘n =K' %’[(VGS - VT - v?.s]vlns‘, 0 < Vps = (Vcs - Vr) (3.1'16)

In Fig, 3.1-2, the nonsaturated region lies between the vertical axis (vpg = 0) and the vps =
Ygs — V;.- curve,

The third region occurs when vy is greater than vyg(sat) or vgs — Vi At this point the
current ip becomes independent of vpg. Therefore, vpg in Eq. (3.1-1} is replaced by vpy(sat) of
Eq. (3.1-11} to get

w
ip=K' E(Vas - v 0<(vgs— Vp) = vy a.1-17)

Equatior (3.1-17) indicates that drain current remains constant once v is greater than vgs —
V5 In reality, this is not true. As drain voltage increases, the channel length is reduced,
resulting in increased cwrent. This phenomenon is called channel length modulution and
is accounted for in the saturation model with the addition of the factor (1 + Avpg), where vpg
18 the actual drain-source voltage and not vps(sat). The saturation region model modified to
include channel length modulation is given i Eq. (3.1-18):

W
f‘p = K’ 'Z—L' (sz - Vr)l(l + AVN), 0 < (VGS - VT) = Vps (3‘1‘18)
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'n”m s =Vexm VT
100 | SPETT L L YesTTT a0

a7s L
¢ modulation effects
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02 | - LURSEPIY S L1 ldehdutsiiniai Vo5~ Ve =0.50
- Vow~Vr

. Culoff region Yos~ Vr =000
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05 1.0 2.0 25 Vos/ (Vg = V)
Figure 3.1.3 Output characteristics of the MOS device.

-

The output characteristics of the MOS transistor can be developed from Egs. (3.1-14),
(3.1-16), and (3.1-18). Figure 3.1-3 shows these characteristics plotied on a normalized basis.
These curves have been normalized to the upper curve, where Vy, is defined as the value of
vgs that causes a drain current of Ing in the saturation region. The entire characteristic is
developed by extending the solid curves of Fig, 3.1-2 horizontally to the right from the maxi-
mum points. The solid curves of Fig. 3.1-3 correspond to A = 0. If A + 0, then the curves are
the dashed lines.

Another important characteristic of the MOS transistor can be obtained by plotting i;, ver-
sus vge using Eq. (3.1-18). Figure 3.1-4 shows this result. This characteristic of the MOS tran-
sistor is called the transconductance characteristic. We note that the transconductance charac-
teristic in the saturation region can be cbtained from Fig. 3.1-3 by drawing a vertical line to
the right of the parabolic dashed line and plotting values of i, versus vgy. Figure 3.1-4 is also
useful for illustrating the effect of the source—bulk voltage, vgz. As the value of v, increases,

Figure 3.1-4 Transconductance charae-
teristic of the MOS transistor as a func-
tion of the source-bulk voltage, vgp.

vpr =0 v Vasz Ve
: Yos2var— Yr

v v
s> Vem > Vem > 0

0 Yoy -
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the value of Vy increases for the enhancement, n-channel devices (for a p-channel device, |V
increases as vgy increases). V- also increases positively for the n-channel depletion device, but
since V7 is negative, the value of V- approaches zero from the negative side. If vgg is large
enough, Vy will actually become positive and the depletion device becomes an enhancement
device,

Since the MOS transistor is a bidirectional device, determining which physical node is the
drain and which the source may seem arbitrary. This is not really the case. For an n-channel
transistor, the source is always at the lower potential of the two nodes. For the p-channel tran-
sistor, the source is always at the higher potential. It is obvious that the drain and source
designations are not constrained to a given node of a transistor but can switch back and forth
depending on the terminal voltages applied to the transistor.

A circuit version of the large-signal model of the MOS transistor consists of a current
source connected between the drain and source terminals, that depends on the drain, source,
gate, and bulk termina! voltages defined by the simple model described in this section.
This simple model has five electrical and process parameters that completely define it, These
parameters are K’, Vi, v, A and 2¢. The subscript n or p will be used when the parameter
refers to an n-channel or p-channel device, respectively. They constitute the LEVEL 1
mode] parameters of SPICE [5]. Typical values for these model parameters are given in
Table 3.1-2.

The Function of the large-signal model is to solve for the drain current given the terminal
voltages of the MOS device. An example will help to illustrate this as well as show how the
model is applied io the p-channel device.

APPLICATION OF THE SIMPLE MOS LARGE-SIGNAL MODEL

Assume that the transistors in Fig. 3.1-1 have a W/L ratio of 5 pm/1 jum and that the large-
signal model parameters are those given in Table 3.1-2. If the drain, gate, source, and bulk
voltages of the n-channel transistor are 3V, 2 V, 0 V, and 0 V, respectively, find the drain cus-
rent. Repeat for the p-channel transistor if the drain, gate, source, and bulk voltages are —3 V,
—2V,0V, and 0V, respectively.

We must first determine in which region the transistor is operating. Equation (3.1-15) gives
vps(sat} as 2V — 0.7V = L3 V. Since vy is 3V, the n-channe] transistor is in the saturation
region. Using Eq. (3.1-18) and the values from Table 3.1-2, we have

KW ;
ip= %wﬂ = Vi1 + Ay vpg)

_ 110 X 107%S5 pm)

- 0.7*(1 + 0. =
A 207U+ 004X 3) = 520pA

Evaluation of Eq. {3.1-15) for the pchannel transistor is given as

VSD(SaI) = VY56 |V1'p| =2V-07V=13V
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Since vsp is 3 V, the pchannel transistor is also in the saturation region, and Eq. (3.1-17) is
applicable. The drain current of Fig. 3.1-1(b) can be found using the values from Table 3.1-2 as

KW
in = S (vsg = Vel (1 + Mpvp)

_ Sox 10755 pm)

2 — 0.N%1 + 005X 3) = 243 pA
20 pm) ( ) ( ) 18

It is often usefut to describe v in terms of ip in saturation as shown below:
Vs = Ve+ 'V Ziplﬂ (3.1"9)

Thig expression illustrates that there are two components t6 vge—an amount to invert the
channel plus an additional amount to support the desired drain current. This second compo-
nent is often referred to in the literature as Voy. Thus Vpy can be defined as

VDN =V 2ip/ﬁ (3.1-20)

The term Vg should be recognized as the term for saturation voltage Vg (sat). They can be
used interchangeably.

1.2 OTHER MOS LARGE-SIGNAL MOUEL PARRMETERS

The large-signal model also includes several other characteristics such as the source/drain
bulk junctions, source/drain ohmic resistances, various capacitors, and noise. The complete
version of the large-signal model is given in Fig. 3.2-1.

The diodes of Fig, 3.2-1 represent the pn junctions between the source and substrate and
the drain and substrate. For proper transistor operation, these diodes must always be reverse
biased. Their purpose in the dc model is primarily to model leakage currents. These currents
are expressed as

fap = l,[exp(%) —1 ] 3.2-1)
and
ips = l.[ﬂp(%) - 1] (3.22)

where I, is the reverse saturation current of a pa junction, g is the charge of an electron, & is
Boltzmann’s constant, and T is temperature in kelvin units.

The resistors rp and rgrepresent the ohmic resistance of the drain and source, respectively,
Typically, these resistors may be 50—100 2* and can often be ignored at low drain currents.

*For silicide process, these resistances will be much less—on the order of 5-10 ().
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o Figure 3.2-1 Complete larpe-signal model for the

MOS rransistor,

__,,
-‘"‘-g
=

6 o] "<‘> g I

—h.ﬂn
-
2

Coa <

The capacitors of Fig. 3.2-1 can be separated into three types. The first type includes
capacitors Cgp, and Cgy, which are associated with the back-biased depletion region between
the drain and substrate and the source and substrate. The second type includes capacitors Cg;p,
Cgs. and Cgp, which are all cominan to the gate and are dependent on the operating condition
of the transistor. The third type includes parasitic capacitors, which are independent of the

operating conditions.

The depletion capacitors are a function of the voltage across the pn junction. The expres-
sion of this junction-depletion capacitance is divided into two regions to account for the high

injection effects. The first is given as
MJ

Cax = (C) (AX)[I —‘;%g . vex = (FC)(PB)

where

X=DfarCypor X = S for Cgg
AX = area of the source (X = S) ordrain (X = D)
CJ = zero-bias (vgy = 0) junction capacitance (per unit area)

qesiVsun
2PB

PR = bulk junction potential [same as ¢y given in Eq. (2.2-6)]

Cl=

FC = forward-bias nonideal junction-capacitance coefficient (=0.5)
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MJ = bulk-junction grading coefficient (} for step junctions and { for

graded junctions)
The second region is given as
Cox = —AX) [ b MIYEC + M ﬂ] vax > (FCXPB)  (3.24)
(- FC)""M" PB |’

Figure 3.2-2 illustrates how the junction-depletion capacitances of Eqgs. (3.2-3) and (3,2-4) are
combined to model the large-signal capacitances Cgp and Cgg. It is seen that Eq. (3.2-4) pre-
vents Cgy from approaching infinity as v,y approaches PB.

A closer examination of the depletion capacitors in Fig. 3.2-3 shows that this capacitor is
like a tub. It has a bottom with an area equal to the area of the drain or source. However, there
are the sides that are also part of the depletion region. This area is called the sidewall. AX in
Eqs. (3.2-3) and (3.2-4) should include both the bottom and sidewall assuming the zero-bias
capacitances of the two regions are similar. To more closely model the depletion capacitance,
it is separated into the bottom and sidewall components, given as follows:

Cpom CHAN | (CISWIEX) e )
(-Gl [-Ga)]

PB PB
and
__(CAX) [ _ m]
Cax a- FC)I+M.| 1—{1 +MDFC + MJPB
(CISW)PX) v
0 — FO)I "MW [1 ~ (1 + MISW)FC + %(MJSW)],
vax = (FCXPB) (3.2-6)

. Figure 3.2-2 Example of the method of
modeling the vollage dependence of the
bulk junction capacitances.

Bq. (3.24)

- 0 (FCKFB) PB Vax
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Polyuilivon gate Figure 3.2-3 Nlusoration showing the
bottom (ABCD) and sidewall (ABFE +
BCGF + DCGH + ADHEY)} components
of the bulk junction capacitors.

where

AX = area of the source (X = S) or drain (X = D)

PX = perimeter of the source (X = 8) or drain (X = D)
CISW = zero-bias, bulk-source/drain sidewall capacitance
MISW = bulk—source/drain sidewall grading coefficient

Table 3.2-1 gives the values for CJ, CISW, MI, and MJISW for an MOS device that has an
oxide thickness of 140 A resulting in a C,, = 24.7 X 107* F/m?, It can be scen that the deple-
tion capacitors cannot be accurately modeled until the geometry of the device is known, for ex-
ample, the area and perimeter of the source and drair. However, values can be assumed for
the purpose of design. For example, one could consider a typical source or drain to be 1.8 um
by 5 pm. Thus, a value for Cgy of 12.1 F and 9.8 F results for n-channel and p-channel devices,
respectively, for Vgx = 0.

The large-signal, charge-storage capaciters of the MOS device consist of the gate-to-source
(Cgs), gate-to-drain (Cgp), and gate-to-bulk (Cgg) capacitances, Figure 3,2-4 shows a cross
section of the various capacitances that constitute the charge-storage capacitors of the MOS

TABLE 3.2-1 Capacitance Values and Coefficients for the MOS Model

Type p-Channel n-Channel Units
CGSO 220 x 1077 220 % 10772 Fim

CGDO 220 x 10712 20 %1077 Fim

CGBO 700 x 10712 700 x 10~ F/m

a S60 % 1078 770 % 107° Fim®
CIsW 350 X 10" 380 % 10712 Fim

M) 05 0.5

MISW 0.35 0.38

Based on an oxide thickness of 140 A or G, = 24.7 X 197 Frm’.
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Figure 3.24 Large-signal,
charge-storage capacitors of the
MOS device.

device. Cgg and Cpp are the bulk-to-source and bulk-to-drain capacitors discussed above. The
following discussion represents a heuristic development of a model for the large-signal
charge-storage capacitors.

€, and C; are overlap capacitances and are due to an overlap of two conducting surfaces
separated by a dielectric. The overlapping capacitors are shown in more detail in Fig. 3.2-5.
The amount of overlap is designated as LD. This overlap is due to the lateral diffusion of the
source and drain underneath the polysilicon gate. For example, a 0.8 wm CMOS process
might have a lateral diffusion compenent, LD, of approximately 16 nm. The overlap capaci-
tances can be approximated as

C, = Gy = (LDXW.0)C,, = (COXO)W,yr 32D

where W g is the effective channel width and CGXO (X = § or D) is the overlap capacitance in
F/m for the gate—source or gate—drain overlap. The difference between the mask W and actual
W is due to the encroachment of the field oxide under the silicon nitride. Table 3.2-1 gives a
value for CGSO and CGDO based on a device with an oxide thickness of 140 A. A third overlap
capacitance that can be significant is the overlap between the gate and the bulk. Figure 3.2-6
shows this overlap ¢apacitor (Cs) in more detail. This is the capacitance that occurs between
the gate and bulk at the edges of the channel and is a function of the effective length of the

L= Onide encroachment
' | Actual _'i f oot
;  —
) : Ly Mask : Actual Gale-source overlap Gate—drain overlap
b | ! w ! W(W_ capacitunce Cpe(C)) capacitance C o, (C)
i —_— p—— + 1 |
i i L] |
A H ) IR IR N

Cate
Bulk
(a) (b)

Figure 3.2-5 Overlap capacitances of an MOS transistor. () Top view showing the overlap between the
source or drain and the gate. (b) Side view,
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, Overlap Overlap | Figure 3.2-6 Gate—bulk overlap
r— v capacitances.

Bulk

channel, L . Table 3.2-1 gives a typical value for CGBO for a device based on an oxide thick-
ness of 140 A.

If the device illustrated in Fig. 3.2-4 was in the saturated state, the channel would extend
almost to the drain and would extend completely to the drain if the MOS deviee were in the
nonsaturated state. C; is the gate-to-channel capacitance and is given as

C; = Wer(L = 2LDYCo, = Wen(Lea)Cox (3.2-9)

The term Ly is the effective channel length resulting from the mask-defined length being
reduced by the amount of lateral diffusion (note that up until now, the symbels L and W were
used to refer to “effective” dimensions whereas now these have been changed for added clar-
ification). C, is the channel-to-bulk capacitance, which is a depletion capacitance that will
vary with voltage like Cgy Or Cap.

It is of interest 10 examine Cgp, Cgs, and Cqp as vy5 is held constant and v is increased
from zero. To understand the results, one can imagine following a vertical line on Fig. 3.1-3 at,
say, vps = 0.5(Vge — Vi), 88 vgs increases from zero. The MOS device will first be off until
vgs reaches Vi, Next, it will be in the saturated region until vgs becomes equal to vy(sat) +
V. Finally, the MOS device will be in the nonsaturated region. The approximate variation of
Cep Cos and Cgp under these conditions is shown in Fig, 3.2-7. In cutoff, there is no channel

Capacitance
Cy+2C
2
C+3G
| C.C,
C1+ iCz g5 _~GD
; Vpg = constant
vyg =0
C.Cy
20,
4]
. Noe- Yas
—_—. | {
-+—— Off -+— Satration — 4—-5 tio n—*
V.l. Vpg *V.r

Figure 3.2-7 Voltage dependence of Cgyy Cop, and Cep 88 a function of
Vs with Vpg constant and Vs = 0,
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and Cgy is approximately equal to C; + 2Cs. As vy approaches Vi from the off region, a thin
depletion layer is formed, creating a large value of €, Since C; is in series with C,, little ef-
fect is abserved. As vy increases, this depletion region widens, causing C, to decrease and re-
ducing Cp. Whenvgs = Vi, an inversion layer is formed that prevents further decreases of Cy
(and thus C;p).

C, G, and Cy constitute Cge and Cgp. The problem is how to allocate € to Cgs
and Cgp. The approach used is to assume in saturation that approximately two-thirds of C;
belongs to Cgs and none to Cgp. This is, of course, an approximation. However, it has been
found te give reasonably good results. Figure 3.2-7 shows how Cgs and Cgp change values in
going from the off to the saturation region. Finally, when vge is preater than vpg + Vi
the MOS device enters the nonsaturated region. In this case, the channel extends from
the drain to the source and C; is simply divided evenly between Cgp, and Cgs as shown in
Fig. 3.2-7.

As a consequence of the above considerations, we shall use the following formulas for
the charge-storage capacitances of the MOS device in the indicated regions.

off
Cus = C3 + 2C5 = Cou(Werd(Leqr) + CGBO(L,p) (3.2-9a)
Cos = C1 = Co{LDY W) = CGSO(W,p) {3.2-9b)
Cop = C3 2 Con(LD)(W ) = CGDO(Wepy) (3.2-9¢)
Soturation
Cus = 2C5s = CGBO (L) (3.2-10a)
Cos = C1 + 36, = CoulLD + 0.67L g} Wer)
= CGSO(W.yp) + 0.6TC(W.rd Lo (3.2-10b)
Con = C3 = Coy(LD)W,g) = CGDO(W,q) (3:2-10c)
Nonsaturated
Cgs = 2Cs = CGBO (L) (3.2-11a)

Cas = C; + 0.5C; = Cop(LD + 0.5LegrX Wep)

= (CGSO + 0.5C, L) Werr {3.2-11b)
Cop = C3 + 0.5C; = Cou(LD + 0.5LeXWeri)

= (CGDO + 0.5CoLor)Warr (3.2-11¢)
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Equations that provide a smooth transition between the three regions can be found in che
literature [6].

Other capacitor parasitics associated with transistors are due to interconnect to the tran-
sistor, for example, polysilicon over field (substrate). This type of capacitance typically con-
stitutes the major portion of Cgp in the nonsaturated and satursted regions and thus is very
important and should be considered in the design of CMOS circuits,

Another important aspect of modeling the CMOS device is noise. The existence of noise
is due to the fact that electrical charge is not contipucus but is carried in discrete amounts
equal to the charge of an electron. In electronic circuits, noise manifests itself by representing
a lower limit below which electrical signals cannot be amplified without significant deteriore-
tion in the quality of the signal. Noise can be modeled by a current source connected in paral-
lel with ip of Fig. 3.2-1. This current source represents two sources of noise, called thermal
poise and flicker noise [7.8]. These sources of noise were discussed in Section 2.5. The mean-
square current-noise source is defined as

o [ 3Tenl + » . (KP),
" 3 fCul’

]Af A% (3.2-12)

where

Af = a small bandwidth (typically | Hz) at a frequency f

T = &ms'8m [see Eq. (3.3-8)]

k = Boltzmann's constant

T = temperature (K)

2w = small-signal mansconductance from gate to channel [see Eq. (3.3-6)}
KF = flicker noise coefficient (F-A)

J = frequency (Hz)
KF has a typical value of 1072 F-A. Both sources of noise are process dependent and the val-
ues are usually different for enhancement and depletion mode field effect transistors (FETg).

The mean-square curmrent noise can be reflected to the gate of the MOS device by dividing
Eq. (3.2-12) by g2, giving

2 da  [SKTU + ) KF ] 2

€ 8:‘:.— [ 32, 2 C.. WK Af (V9 (3.2-13)
The equivalent input-mean-square voltage-noise form of Eq. (3.2-13) will be useful for
analyzing the noise performance of CMOS circuits in later chapters.

The experimental noise characteristics of n-channel and p-channel devices are shown
in Fig. 3.2-8(a) and 3.2-8(b). These devices were fabricated using a submicron, silicon-gate,
n-well, CMOS process. The data in Figs. 3.2-8(a) and 3.2-8(b) are typical for MOS devices
and show that the 1/f noise is the dominant source of noise for frequencies below 100 kHz
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leis 4 le-16 4
..g 18 | Ip=6mA § en ip=2mA
~ T a1 L e | N
~ ".‘.5
'len 1e-22 [

le-24 3 } ' 4 } 3 le-24 + 4 + + 4
' 10100 1k 10k 00k IM 1 1o 100 1k 10k 106k IM

Frequency (Hz) Frequency (Hz)
(a) (&)

Figure 3.2-8 Drain-current noise for (a) an n-channel and (b) a p-channel MOSFET measured on a
silicon-gate submicron process.

(at the given bias conditions).* Consequently, in many practical cases, the equivalent input-
mean-square voltage noise of Eq. (3.2-13) is simplified to

2=[ KF

€4 m {3.2-14)

]Af (v

or in terms of the input-voltage-noise spectral density we can rewrite Eq. (3.2-14) as

e KF B

2 =
“a T AF T 2fC, WIK'  FWL

(V’Hz) (3.2-15)

where B is a constant for an n-channel or a p-channel device of a given process.** The right-
hand expression of Eg, (3.2-15) will be important in optimizing the design with respect to
noise performance.

1.3 SMALL-SIGNAL MODEL FOR THE MOS TRANSISTOR

Up to this point, we have been considering the large-signal model of the MOS transistor
shown in Fig. 3.2-1. However, after the large-signal mode] has been used to find the dc condi-
tions, the small-signal model becomes important. The small-signal mede! is a linear model
that helps to simplify calculations. It is only valid over voltage or current regions where the
large-signal voltage and currents can adequately be represented by a straight line.

Figure 3.3-1 shows a linearized small-signal model for the MOS transistor. The param-
eters of the small-signal model will be designated by lowercase subscripts. The various
parameters of this small-signal model are all related to the large-signal model parameters and

*If the bias current is reduced, the thermal noise floor increases, thus moving the 1/f noise comer to a
lower frequency. Therefore, the 1/fnoise corner is a function of the thermal noise floor.

**Since the same symbol is used for voltage (current) noise and voltage (current) spectral density. the
units are generally used to distinguish the difference if it is not clear in the text.
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b Figure 3.3-1 Small-signal model
— of the MOS wansistor.
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dc variables. The normal relationship between these two models assumes that the small-signal
parameters are defined in terms of the ratio of small perturbations of the large-signal variables
or as the partia] differentiation of one larpe-signal variable with respect to another,

The conductances g, and g, are the equivalent conductances of the bulk-to-drain and
bulk-to-source junctions. Since these junctions are normally reverse biased, the conductances
are very small. They are defined as

ai
Bha = B:’D (evaluated at the quiescent point) & 0 (3.3-1)
Bp
and
Bigg . .
8o = v (evaluated at the quiescent point) =: 0 (3.3-2;
88

The channel conductances g, gy, and g, are defined as

Em = Bip (evaluated at the quiescent point) (3.3-3)

avgs
Emis = :% (evaluated at the quiescent point) (3.3-4)

BS

and

B = Slp, (evaluated at the quiescent point) (3.3-5)

dvps
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3.3 Smail-Signal Model for the MOS Transistor 89

The values of these small-signal parameters depend on which region the quiescent point
eccurs in. For example, in the saturated region g,, can be fouad from Eq. (3.1-18) as

g = VK'WIL)|Ip|(1 + A Vpg) = VK WIL)|Ip| (3.3-6)

which emphasizes the dependence of the small-signal parameters on the large-signal operat-
ing conditions. The small-signal channel transconductance due to vgg is found by rewriting
Eq.(3.3-4)as

_—dip _ {3 (av,)
Bmba = - (avr) dvgs 637

Using Eq. (3.1-2) and noting that dip/0V; = —aigldvgs we get*

Bubs = Bm u N8m (3.3-8)

221¢6) + Ve

This transconductance will become important in our small-signal analysis of the MOS tran-
sistor when the ac value of the source—bulk potential vy, is not zero.
The small-signal channel conductance, g4 (2q), i given as

IpA

Bn =3 = T+ MNos =/pA (3.3-9)

The channel conductance will be dependent on L through A, which is inversely proportional to
L. We have assumed the MOS transistor is in saturation for the results given by Eqs. (3.3-6),
(3.3-8), and (3.3-9).

The important dependence of the sinall-signal parameters on the large-signal model
parameters and dc voltages and currents is illustrated in Table 3.3-1. In this 1able we see that
the three small-signal model parameters of g,, 2. and g4, have several alternate forms. An
example of the typical values of the small-signal model parameters follows.

TYPICAL VALUES OF SMALL-SIGNAL MODEL PARAMETERS

Find the values of g,,, £, and g, using the large-signal model parameters in Table 3.1-2 for
both an n-channel and a p-channel device if the dc value of the magnitude of the drain current
is 50 p.A and the magnitude of the dc value of the source-bulk voltage is 2 V. Assume that the
W/L ratiois 1 pm/l pum.

*Note that absolute signs are used for Vg in order lo prevent g, from becoming infinite. However, ina
few rare cases the source~bulk junction is forward biased and in this case the absolute signs must be re-
moved and V¢g becomes negative (for n-channel transistor).
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TABLE 3.3-1 Dependence of the Small-Signal Model Parameters on the dc Values of Voltage
and Current in the Saturation Region

Smail-Signal dc Current and
Model Parameters dc Current Voltage dc Voltage
'3 = (K W) - o %" (Vas — Vo)
_ ¥2)'? ¥{8(Ves = VoI
. e + [VaaIE 220e4] + V™
2% =0\, - —

Using the values of Table 3.1-2 and Egs. (3.3-6). (3.3-8), and (3.3-9) gives g,, = 105 pA/V,
Bmss = 12.8 pA/V, and g, = 2.0 pAJV for the n-channel device and g, = 70.7 pAIV, g, =
12.0 pA/V, and g, = 2.5 pA/Y for the p-chanpel device.

Although MOS devices are not often used in the nonsaturation region in analog circuit
design, the relationships of the small-signal model parameters in the nonsamration region are
given as

8m = 'a"g = fVps (3.3-10)
dip BrVps
= = (3.3-11)
Smbe ™ vas U2/l + Vg™
and
8o =B(Vgs — Ve — Vpg) (3.3-12)

Table 3.3-2 summarizes the dependence of the small-signal model parameters on the larges
signal model parameters and dc voitages and currents for the nonsaturated region. The typical
values of the small-signal model parameters for the nonsamrated region are illustrated in the
following example.

TYPICAL VALUES OF THE SMALL-SIGNAL MODEL
PARAMETERS IN THE NONSATURATED REGION

Find the values of the small-signal model parameters in the nonsaturation region for an
n-channel and a p-channel transistor if Vge =5V, Vpg = L V, and Vgt = 2 V. Assume that the
WIL ratio for both transistors is 1 pm/1 pum, Also assume that the value for X” in the nonsatura-
tion region is the same as that for the saturation (generally a poor assumption).
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TABLE 3.3-2 Dependence of the Small-Signal
Model Parameters on the dc Values of Voltage
and Current in the Neonsaturation Region

Small-Signal dc Voltage and/or Current
Model Parameters Dependence
8m Bﬂ Vm
ByVos
Bne 2298} + Va3
v = f(Vas— Vr— Vo)

First, it is necessary to calculate the threshold voltage of each transistor using Eq. (3.1-2). The
results are a Vi of 1.02 V for the p-channel and —1.14 V for the p-channel. This gives a dc
current of 383 pA and 168 pA, respectively. Using Egs. (3.3-10), (3.3-11), and (3.3-12), we
get g = 110 pA/V, gope = 134 pA/Y, and ry, = 3.05 kQQ for the nchannel transistor and
8m = 50 A/Y, gni = 8.52 PA/V, and ry = 6.99 ki for the p-channel transistor.

The values of r; and r, are assumed 1o be the same as rp and rg of Fig. 3.2-1, Likewise,
for small-signal conditions C,, Cyy, Cyy, Cig, and C, are evaluated for C,,, Cpy, and C,p, by
knowing the region of operation (cutoff, saturation or nonsataration) and for C,4 and C,, by
knowing the value of Vy;, and Vs With this information, Cy,, Cga. Cgpy Cpay and C, can be
found from Ca's, CGD- CGB! Cﬂf), and Cgs. respectively.

If the noise of the MOS transistor is to be modeled, then three additional current sources
are added to Fig. 3.3-1 as indicated by the dashed lines. The values of the mean-square noise-
current sources are given as

k
o= (%)Af (AY (3.3-13)
fas = (%)Af (A3 (3.3-14)

and

2 _ [BkTga(l +9) (KF)Mp ] 2
2, [ 3 + o AF (A (3.3-15)
The various parameters for these equations have previously been defined. With the noise mod-
eling capability, the small-signal mode] of Fig. 3.3-1 is a very general model.

It will be important to be familiar with the small-signal model for the saturation region
developed in this section. This model, along with the circuit simplification techniques given in
Appendix A, will be the key element in analyzing the circuits in the following chapters.
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3.4 COMPUTER SIMULATION MDDELS

The large-signal model of the MOS device previously discussed is simple to use for hand cal-
culations but neglects many important second-order effects. While a simple model for hand
calculation and design intuition is critical, a more accurate model is required for computer
simulation. There are many model choices available for the designer when choosing a device
model to use for computer simulation. At one time, HSPICE* supported 43 different MOSFET
models [2] (many of which were company proprietary) while SmartSpice publishes support
for 14 [9]. Which model is the right one to use? In the fabless semiconductor environment, the
user must use the mode] provided by the wafer foundry. Tn companies where the foundry is
captive (i.e., the company owns its own wafer fabrication facility) a modeling group provides
the model to circuit designers. [i is seldom that a designer chooses a model and performs
parameter extraction to get the terms for the model chosen,

The SPICE LEVEL 3 dc model will be covered in some detail because it is a relatively
straightforward extension of the LEVEL 2 model. The BSIM3v3 model will be introduced
but the detailed equations will not be presented because of the velume of equations required
to describe it—there are other good texts that deal with the subject of modeling exclusively
[10,11], and there is little additional design inwition derived from covering the details.

Models developed for computer simulation have improved over the years but no model
has yet been developed that, with a single set of parameters, covers device operation for afl
possible geometries, Therefere, many SPICE simulators offer a feature called “model bin-
ning.” Parameters are derived for transistors of differem geometry (W's and L's) and the sim-
ulator determines which set of parameters to use based on the particular Wand L called out in
the device instantiation line in the circuit description. The circuit designer need only be aware
of this since the binning is done by the model provider.

SPICE LEVEL 3 Madel

The large-signal model of the MOS device previously discussed is simple to use for hand cal-
culations but neglects many important second-order effects. Most of these second-order ef-
fects are due 1o narrow or short channel dimensions (less than about 3 pm). In this section, we
will consider a more complex model that is suitable for computer-based analysis (circuit sim-
ulation, i.e., SPICE simulation). In particular, the SPICE LEVEL 3 model will be coverzed (see
Table 3.4-1). This model is typically good for MOS technoiogies down to about 0.8 pm. We
will also consider the effects of temperature on the parameters of the MOS large-signal model

We first consider second-order effects due to small geometries (Fig. 3.4-1). When vgg is
greater than Vy, the drain current for a small device can be given as [2] follows:

Drain Current

. L+
tps = BETA [VGS - VT - ( 2 )vDE] Voe (34-1)
Werr Weﬂ‘
BETA = KP = COX 342
[ Hert I ( )

*HSPICE is now owned by Avant! Inc. and has been renamed Star-Hspice.
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TABLE 3.4-1 Typical Model Parameters Suitable for SPICE Simulations Using LEVEL-3 Model
(Extended Model)*

Typlcal Parameter Value
Parameter
Symbol Parameter Oescription n-Chanmel p-Civarmre? Lt
vTO Threshold 0.7 %015 -0.T£0.15 v
Uo Mability 660 210 amifV-s
DELTA Narrow-width threshald 24 1.25 -
adjustment factor
ETA Static-feedback threshold 0,1 0.1 —
adjustment factor
KAPPA Saturation field factor in 0.15 2.5 w
channel length modulation
THETA ‘Mobility degradation factor 0.1 0.t 1w
NSUB Substrate doping 3Ix e 6% 10" cn?
TOX Onxide thickness 140 140 A
X! Merallurgical junction depth 02 0.2 pm
wD Delia width pm
LD Laterat diffusion 0016 0.015 pm
NFS Parameter for weak 7% 107 6 % 10t cm™?
inversion modeling
CGSO 220 x 1077 220 x 10~ Fim
CGDO 220 % 1077 220 % 10~ Fim
CGBO 700 % 10712 700 % 1~ " Frm
a 770 % 10™* 540 x (o7t Fim®
cIsw 380 x 107" 350 % 10”12 F/m
M 0.5 05
MISW 0.38 0.35

*These values arc based on a 0.8 pm silicon-gate butk CMOS n-well pracess and include capacitance parameters
from Table 3.2-1.

Leg =L — 2(LD) (3.4-3)
Wer = W — 2(WD) (3.4-4
Vpe = mi.n(lr'mw, VN(Sﬂ.t)) (3.4'5)

fi=hht OAMMA 1, (3.4-6)

4(PHI + vgp)'?

Figure 3.4-1 1lluswration of the short-
channel effects in the MOS transistor.

Bulk
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Note that PHI is the SPICE model term for the quantity 2¢5. Also be aware that PHI is always
positive in SPICE regardless of the transistor type (p- or n-channel). In this text, the term PHI
will always be positive while the term 2@, will have a polarity determined by the transistor

type as shown in Table 2.3-1.

- DELTA 7ag

A=W, 2-C,

_ _XI[LD+we[ _ _2_’]"‘
A=l Lerr{ XJ [l (X1+wp)

wp = xd(PHI + vgg)'?

sl 42

k, = 00631353, &, = 0.08013292,

Threshold Voitage
ETA - 814X 107%
Conlan

VT=V,,—(

Vi = V!b + PHI
or

vy = YTO — GAMMA - VPHI

Saturation Voltage

V',"'Vr
Vaur = 1+fb

12
Vps(5aD) = v + Vo — (v}u + vé)

- VMAX * [1“’

Ve s

H VMAX is not given, then vpg(sat) = V.
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Effective Mobility

uo

= A =0
1+ THETA (v, = vy 0 VMAX

Hs

when VMAX > 0; otherwise g = p,
Vo

Channel Length Modulation

AL = xd [KAPPA (vp5 — vps(sa))]'?, when VMAX =0

- xd? v xd?\? 1z
AL = ”’2 + [(’"2 ) + KAPPA - xd? (vps — vDs(sat))] .

when VMAX >0
where
vg (v + vpg (sat))
Lo vps (sat)

i = ips
25T 1 - AL

{3.4-18)

(3.4-19)

(3.4-20)

(3.4-21)

(3.422)

(3.4-23)

The temperature-dependent variables in the models developed so far include the Fermi
potential, PHL, EG, bulk junction potential of the source-bulk and drain-bulk junctions, PB,
the reverse currents of the pn junctions, f;, and the dependence of mobifity on temperature,
The temperature dependence of most of these variables is found in the equations given previ-
ously or from weill-known expressions. The dependence of mobility on temperature is given as

T BEX
UXT) = UKTy) (Fu-)

_ where BEX is the temperature exponent for mobility and is typically —1.5.

kT
Viberm (T) = T

7’
= -— . - s
EG(T) =116 ~1702-10 [T 1108.0]

= NEAM T\, EGTY _ EBG(T)
PHI(T) = PHI(T) (Ta) ""“""(T)[“"(TD)* i Vm(T)]

PHIT) ~ PHI(Ty) | EG(To) — EG(T)
2 2
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VTUT) = vu {T) + GAMMA[ V' PHI( T)] (3.4-29)

NSUB)

PHIT) = 2Viperm In( nT)

nAT) = 145 - 10 (l)m exp[EG : (1 - l) (—'—*) (3439
T, To 2 Ve (To)

For drain and source junction diodes, the following relationships apply:

(3.4-30)

T T EG(Ty) EG(T') ]
PEB(T)=PB-:|—}— T 3In{ =] + - 3.4-32
n (Tc) Viberm { ’[ (To) o (T}~ veem (D) O
and
_ko [EG(TO) _ _EG(M) ( 1)]
Iy () = N ex ; T Vous (1) + 3In T {3.4-33)

where N is the diode emission coefficient. The nominal temperature, Ty, is 300 K.
Ar slternate form of the temperature dependence of the MQS model can be found
elsewhere [12].

BSIM 3v3 Model

MOS transistor models introduced thus far in this chapter have been used successfully when
applied to 0.8 jum technologies and above. As geometries shrink below 0.8 pm, better models
are required. Researchers in the Electrical Engineering and Computer Sciences Department af
The University of California at Berkeley have been leaders in the developement of SPICE and
the models used in it. In 1984 they introduced the BSIM [ model [13] to address the need for a
better submicron MOS transistor model. The BSIM1 model approached the modeling prob-
lem as a multiparameter curve-fitting exercise, The model contained 60 parameters covering
the de performance of the MOS transistor. There was some relationship to device physics, but
in a large part, it was & nonphysical model. Later, in 1991, UC Berkeley released the BSIM2
model that improved performance related 10 the modeling of output resistance changes due to
hot-electron effects, source/drain parasitic resistance, and inversion-layer capacitance. This
mode! contained 99 de parameters, making it more unwieldy than the 60-parameter {dc pararm-
eters) BSIM1 model. In 1994, UC Berkeley introduced the BSIM3 model (version 2), which,
unlike the earlier BSIM models, returned to a more device-physics-based modeling approach.
The model is simpler to use and has only 40 dc parameters. Moreover, the BSIM3 model pro-
vides good performance when applied to analog as well as digital circuit simulation. In its
third version, BSIM3v3 [14], it has become the industry standard MOS transistor model.

The BSIM3 model addresses the following important effects seen in deep-submicron
MOSFET operation: :

* Threshold voltage reducticn
* Mobility degradation due to a vertical field
» Velocity saturation effects
* Drain-induced barrier lowering (DIBL)
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¢ BSTM3v3
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VYpgrvolts)

Flgure 3.4-2 Simulation of MOSFET transconductance character-
istic using LEVEL = 1, LEVEL = 3 and the BSIM3v3 models.

» Channel length modulation

# Subthreshold (weak inversion) conduction

= Parasitic resistance in the source and drain

* Hot-electron effects on output resistance

The plot shown in Fig, 3.4-2 shows a comparison of a 20/0.8 device using the LEVEL 1,
LEVEL 3, and BSIM3v3 models. The model parameters were adjusted to provide similar
characteristics (given the limitations of each model). Assuming that the BSIM3v3 model
closely approximates actual transistor performance, this figure indicates that the LEVEL 1

model is grossly in error, while the LEVEL 3 model shows a significant difference in model-
ing the transition from the nonsaturation to linear region.

1.5 SUBTHAESHOLD MOS MODEL

The models discussed in previous sections predict that no current will flow in a device when
the gate—source voltage is at or below the threshold voltage. In reality, this is not the case. As
vgs approaches Vg, the ip — vgg characteristics change from square-law to exponential.
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Whereas the region where v is above the threshold is called the strung inversion region, the
region below (actually, the transition between the two regions is not well defined as will be
explained laler) is called the subthreshald, or weak inversion region, This is illustrated in
Fig. 3.5-1 where the mansconductance characteristic of a MOSFET in saturation is shown
with the square root of current plotted as a function of the gate—source voltage. When the
gate—source voltage reaches the value designated as ¥ (this relates to the SPICE model for-
mulation), the current changes from square-law to an exponential-law behavior. 1t is the ob-
jective of this section to present two models suitable for the subthreshold region. The first is
the SPICE LEVEL 3 [2) model for computer simulation while the second is useful for hand
calculations.

In the SPICE LEVEL. 3 model, the transition point from the region of strong inversion to
the weak inversion characteristic of the MOS device is designated as Vj,, and is greater than
Vr. Voy is given by

Vow = Vr + fast (3.5-1)
where
T g'NFS GAMMA - f, (PHI + vgp)"™ + f, (PHI + vﬂ)}
Jast = [l T oox T 2PHT + vgg) @52)

NFS is a parameter used in the evaluation of Vg and can be extracted from measurements.
The drain current in the weak inversion region, vgs < Vo, is given as

Vo5 = Vcw) 353)

ips = ipg (Vom Vpe, Vsp) €XP ( Tast

where ipg is given as [from Eq. (3.4.1), with v replaced with V)

. (15
Ips = BE'TA , VON - Vr - 2 Ype|* Vor (3.5‘4)

100.0 inversion
region

100 |

0 V, Yoy v Y v Ve Yos
Figure 3.5-1 Weak inversion characteristics of the MOS transistor as modeled by Eq. (3.5-4).
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Modcrate Figure 3,5-2 The three regions of operation of an
inversion region MOS transistor.
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For hand calculations, a simple model describing weak inversion operation is given as

s | d Yas
ip= LIm exp (n( p qu)) (3.5-5)

where the term £ is the subthreshold slope factor, and I is a process-dependent parameter
. that is dependent also on vsy and V. These two terms are best extracted from experimental
data. Typically » is greater than 1 and less than 3 (1 < # < 3). The point &t which & transistor
enters the weak inversion region can be approximated as
T kT

. ve<Vi+n " (3.5-6)

Unfortunately, the model equations given here do not properly model the transistor as it
mekes the transition from strong to weak inversion. In reality, there is a transition region of
operation between strong and weak inversion called the “moderate inversion” region [15].
This is illnstrated in Fig. 3.5-2. A complete treatment of the operation of the transistor through
this region is given in the literature [15,16).

It is important to consider the temperature behavior of the MOS device operating in the
subthreshold region. As is the case for strong inversion, the temperature coefficient of the
threshold voltage is negative in the subthreshold region. The variation of current due to
temperature of a device operating in weak inversion is dominated by the negative temperature
coefficient of the threshold voltage. Therefore, for a given gate-source voltage, subthreshold
current increases as the temperature increases. This is illustrated in Fig. 3.5-3 [17].

Operation of the MOS device in the subthresheld region is very important when low-
power circuits are desired. A whole class of CMOS circuits have been developed based on the
weak inversion operation characterized by the above model [18-21). We will consider some
of these circuits in later chapters.

3.5 SPICE SIMULATION DF MDS CIRCUITS

The objective of this section is to show how to use SPICE to verify the performance of an
MOS circuit. It is assumed that the reader already has experience using SPICE to simulate cir-
cuits containing resistors, capacitors, sources, and so on. This section will extend the reader's
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Figure 3.5-3 Transfer characteristics of
w0t i a longchannel device as a function of
temperature, (Copyright © 1977).
g ¥
ipth) Weak inversion
we b W/L=97
V=01
o F VBS =0
101 ! L

knowledge to include the application of MOS transistors into SPICE simulations. The models
used in this section ere the LEVEL 1 and LEVEL 3 models.

In order to simulate MOS circuits in SPICE, two components of the SPICE simulation file
are needed, They are instance declarations and model descriptions, Tnstance declarations are
simply descriptions of MOS devices appearing in the circuit along with characteristics unique
to each instance. A simple example that shows the minimum required terms for a transistor
instance follows:

M1 3 6§ 7 0 NCH W=1000U L=1U

Here, 1he first letter in the instance declaration, M, tells SPICE that the instance is an MOS
transistor (just like R tells SPICE that an instance is a resistor). The 1 makes this instance
unique (different from M2, M99, etc.) The four numbers following M1 specify the nets (or
nades) to which the drain, gate, source, and substrate (bulk) are connected. These nets have a
specific order as indicated below:

M<number> <DRAIN> <GATE> <SOURCE> <BULK> . . .

Following the net numbers, is the model name governing the character of the particular
instance. In the example given above, the model name is NCH. There must be a model de-
scription somewhere in the simualation file that describes the model NCH. The transistor width
and length are specified for the instance by thew = 100uandL = 10U expressions. The
default units for width and length are meters so the U following the nurnber 100 is a multiplier
of 10"®. (Recall that the following multipliers can be used in SPICE: ¥, U, N, P, F,
for 103, 105, 10°, 1072, 10", respectively.)

Additional information can be specified for each instance. Some of these are:

Drain area and periphery (AD and PD)
Source area and periphery (a5 and Ps)
Drain and source resistance in squares (NRD and NRS)
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Multiplier designating how many devices are in parallel (M)
Initial conditions (for initial transient analysis)

Drain and source area and periphery terms are used in calculating depletion capacitance and
diode currents (remember, the drain and source are pn diodes to the bulk or well). The num-
bers of squares of resistance in the drain and source (NRD and NR§) are used to calcuiate the
drain and source resistances for the transistor. The multiplier designator is very important and
thus deserves extended discussion here,

In Section 2.6 layout matching techniques were developed. One of the fundamental prin-
ciples described was the “unit-matching” principle. This principle prescribes that when one
device needs to be M times larger than another device, then the larger device should be made
from M units of the smaller device, In the layoul, the larger device would be drawn using ¥
copies of the smaller device—all of them in parallel (i.e., all of the gates tied together, all of
the drains tied together, and all of the sources tied together), In SPICE, one must account for
the multiple components tied in parallel. One way to do this would be to instantiate the farger
device by instantiating M of the smaller devices. A more convenient way to handle this is to
use the multiplier parameter when the larger device is instantiated. Figure 3.6-1 illustrates two
methods for implementing a 2X device (unit device implied). Tn Fig. 3.6-1(z) the correct way
10 instantiate the device in SPICE is

M1 3 2 1 0 NCH w=20U L=1U

wheress in Fig. 3.6-1(b) the correct SPICE instantiation is

M1 3 2 1 0 NCH W=10U L=1U M=2

Figure3.6-1 (2)M1 3 2 1
0 NCH W = 200 L =
1U.(b)M1 3 2 1 0 RCH

W= 100L =1UM= 2,

S
S

(® (b
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Clearly, from the point of view of matching {again, it is iroplied that an attempt is made to
achieve a 2:1 ratio), case (b) is the better choice and thus the instantiation with the muoltiplier
Is required. For the sake of completeness. it should be noted thart the following pair of instan-
tiations are equivalent to the use of the multiplier:

MIA 3 2 1 0 NCH W=10U L=1U
M1B 3 2 1 0 NCH W=100 L=1U

Some SPICE simulators offer additional terms further describing an instance of a2 MOS
tranuistor.

A SPICE simulation file for an MOS circuit is incomplete without a description of the
model te be used to characterize the MOS transistors used in the circuit. A model is described
by placing a line in the simuiation file using the following format:

-MODEL <MODEL NAME» <MODEL TYPE> <MODEL PARAMETERS>

The model line must always begin with . MODEL and be followed by a model name soach as
WCH in our example, Following the model name is the mode] type, The appropriate choices for
model type in MOS circuils is either PMOS or NMOS. The final group of entries is model
parameters. If no entries are provided, SPICE uses a defaolt set of model parameters. Except
for the crudest of simulations, you will always want to avoid the default parameters. Most of
the time you should expect to get a model from the foundry where the wafers will be fabricated,
of from the modeling group within your company, For times where it is desired to check hand
calculations that were performed using the simple mode! (LEVEL 1 model) it is useful 1o know
the details of entering model information. An example model description line follows.

.MODEL NCH NMOS LEVEL=1 VT{0=1 XP=50U0 GAMMA=0.5
+LAMBDA=0.01

In this example, the model name is NCH and the model type is NM0S. The model parametery
dictate that the LEVEL | mode! is used with vP0, XP, GAMMA, and LAMBODA specified.
Note that the + is SPICE syntax for a continuvation line.

The information on the mode] line is much more extensive and will be covered in this and
the following paragraphs. The model line is preceded by a period to flag the program that this
line is not a component. The model line identifies the mode] LEVEL (e.g., LEVEL=1) and
provides the electrical and process parameters. If the user does not input the various parame-
ters, default valoes are used. These defanlt values are indicated in the user’s guide for the
version of SPICE being used (e.g.. SmartSpice). The LEVEL 1 model parameters were cov-
ered in Section 3.1 and are the zero-bias threshold voltage, VTO (Vyy), in volts extrapolated to
ip = 0 for large devices; the intrinsic transconductance parameter, KP (K'). in amperes/volt;
the bulk threshold parameter, GAMMA (v) in volt'~: the surface potential at strong inversion,
PHI (26F), in volts; and the channel length modulation parameter, LAMBDA (), in volt ™.
Values for these parameters can be found in Table 3.1-2.
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Sometimes, one would rather let SPICE calculate the zbove parameters from the appropri-
ate process parameters, This can be done by entering the surface state density in cm™> (NSS),
the oxide thickness in meters (TOX), the surface mobility, UQ (), in cm?/ V-3, and the sub-
strate doping in cm ™ (NSUB). The equations used to calculate the electrical parameters are

gNSS) (29 &5 - NSUB- PHD'?

VTO = ¢hprs — +PHI (3.6l
5~ eod TOX) (5o TOX) G.6-h
KP = U0 2 (3.6-2)

TOX !

GAMMA = 3485 NSUB)T (.6-3)

T (endTOX) -

and

PHL = | 2¢f] = %h (NS:SB) (3.6-4)

LAMBDA is not calculated from the process parameters for the LEVEL | model. The con-
stants for silicon, given in Table 3.1-1, are contained within the SPICE program and do not
have to be entered.

The next model parameters considered are those that were considered in Section 3.2, The
first parameters considered were associated with the bulk—drain and bulk—source pn junctions.
These parameters include the reverse current of the drain—bulk or source—bulk junctions in A
(1S) or the reverse-current density of the drain—bulk or source—bulk junctions in A/m® (JS). JS
requires the specification of AS and AD on the model line. If IS is specified, it overrides JS.
The default value of IS is usually 10" A, The next parameters considered in Section 3.2 were
the drain ohmic resistance in ohms (RD), the source ohmic resistance in ohms (RS), and the
sheet resistance of the source and drain in ohms/square (RSH). RSH is overridden if RD or RS
is entered, To use RSH, the values of NRD and NRS must be eatered on the model line.

The drain-bulk and source=bulk depletion capacitors can be specified by the zero-bias
bulk junction bottom capacitance in farads per m? of junction area (CJ). CJ requires NSUB and
assumes a step junction using a formula similar to Eq. (2.2-12). Alternately, the drain—bulk and
source—bulk depletion capacitances can be specified using Egs. (3.2-5) and (3.2-6). The neces-
sary parameters include the zero-bias bulk—drain junction capacitance (CBD) in farads, the
zero-bias bulk—source junction capacitance (CBS) in farads, the bulk junction potential (PB) in
volts, the coefficient for forward-bias depletion capacitance (FC), the zero-bias bulk junction
sidewall capacitance (CJSW) in farads per meter of junction perimeter, and the bulk junction
sidewall capacitance grading coefficient (MISW). If CBD or CBS is specified, then CJ is over-
ridden. The values of AS, AD, PS, and PD must be given on the device line to use the above
parameters. Typical values of these parameters are given in Table 3.2-1.

The next parameters discussed in Section 3.2 were the gate overlap capacitances. These
capaciters are specified by the gate—source overlap capacitance (CGSO) in farads/meter, the
gate—drain overlap capacitance (CGDQ) in farads/meter, and the gate-bulk overlap capaci-
tance (CGBO) in farads/meter. Typical values of these overlap capacitances can be found in
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Table 3.2-1. Finally, the noise parameters include the flicker noise coefficient (KF) and the
fiicker noise exponent (AF). Typical values of these parameters are 10” % and 1, respectively.

Additional parameters not discussed in Section 3.4 include the type of gate malerial
(TPG), the thin oxide capacitance model fiag, and the coefficient of channe! charge allocated
to the drain (XQC). The cheices for TPG are +1 if the gate material is opposite to the sub-
strate, —1 if the gate material is the same as the substrate, and 0 if the gate material is alu.
minum. A charge-controlled model is used in the SPICE simulator if the value of the parame-
ter XQC has a value smaller than or equal to 0.5. This model attempts to keep the sun of
charge associated with each node equal to zero, If XQC is larger than (.5, charge conservation
is not guaranteed. ‘

In order to illustrate its use and to provide examples for the novice user 1o follow, severa] !
examples will be given showing how to use SPICE to perform various simulations.

USE OF SPICE TO SIMULATE MOS
OUTPUT CHARACTERISTICS

Use SPICE to obtain the output characteristics of the n-channel transistor shown in Fig. 3.6:2
using the LEVEL 1 model and the parameter values of Table 3.1-2. The outptit curves are to
be plotted for drain—source voltages from 0 to 5 V and for gate-source voltages of 1, 2, 3,4,
and § V. Assume that the bulk voltage is zero.

@ Figure 3.6-2 Circuit for Example 3.6-1.

JLCH b vos

Table 3.6-1 shows the input file for SPICE ta solve this problem. The first line is a title for the
simulation file and must be present. The lines not preceded by “." define the interconnection of
the circuit. The secend line describes how the transistor is connected, defines the model to be

TABLE 3.6-1 SPICE Input File for Example 3.6-1

Ex. 3.6-1 Use of SPICE to Simulate MOS OQutput

Ml 2 1 0 0 MOS1 W=5U L=1.0U

VDS 2 0 5

¥Gs 1 0 1 '

.MODEL MQOS1 NMOS VTO=0.7 XPsll0U GAMMA=0.4 LAMBDA=0.04 PHI=0.7
,DC UyDS 8 5 0.2 vGs 1 5 1

PRINT DC ¥{2) I(VDS}

. END
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used, and gives the w and L. values. Note that because the units are meters, the suffix U is used
to convert to wm. The third and forth lines describe the independent voltages. VDS and vGaSs
are used to bias the MOSFET. The fifth line is the model description for M1. The remaining
lines instruct SPICE to perform a dc sweep and print desired results. . DC asks for a dc sweep.
In this particular case, a nested dc sweep is specified in order to avoid seven consecutive
analyses. The . DC. . . line will set vG S to a value of 1 V and then sweep vDs from0to 5V
in increments of 0.2 V. Next, it will increment VG S to 2'V and repeat the vDs sweep. This is
continued until five yDS sweeps have been made with the desired values of vGs. The
.PRINT. . . line directs the program to print the values of the dc sweeps. The last line of
every SPICE input file must be .END 11. Figure 3.6-3 shows the output plot of this analysis,

70 Figure 3.6-3 Cutput from Example
36-1.

0 T T T T T T T 7
0 035 10 15 20 25 M0 38 40 45 M0

¥Ds (v
DC ANALYSIS OF FIG. 3.6-4

Use the SPICE simulator to obtain a plot of the value of vy as a function of vy of Fig. 3.6-4.
Identify the dc value of vy that gives vour =0V.

Vpp=3V ;‘ ig_l;re 3.6-4 A simple MOS amplifier for Example
5
o e
Your
@

R10100 ki2 vm°£| Mi
v
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The input file for SPICE is shown in Table 3.6-2. It follows the same format as the previous
example except that two types of transistors are used. These models are designated by ¥0SX
and MOSP. A dc sweep is requested starting from vpy = 0 V and going to +5 V, Figure 3.6-3
shows the resulting output of the dc sweep.

TABLE 3.6-2 SPICE Input File for Example 3.6-2

Ex. 3.6-2 DC Analysis of Fig. 31.6-4

M1 21 0 0 MOSN W=5U L=1U
M2 2 3 4 4 MOSPF W=5U L=10
M3 3 3 4 4 MOSF WsiU L=1lU
R1 3 0 100X

VDD 4 0 DC 5.0

VIN 1 0 DC 5.0

.MODEL MOSN NMOS VTO=0.7 KP=1100U GAMMA=0.4 LAMBDA=0.04 PHI=O0.7
.MCDEL MQSP PMCS VTO=—0.7 KP=50U GAMMA=0.57 LAMBDA=0.05 PHI=0.8
.DC VIN 0 § 0.1

+PRINT DC V({2}

.END

50 ~ Figore 3.6-85 Output of Example 3.6-2.

40 -

00 L
L) ¥ 1 1 T ¥ 1 1 1

0 05 10 1% 20 25 30 35 40 43 10
L™ )

AC ANALYSIS OF FIG, 3.64

Use SPICE 1o obtain a small-signal frequency response of V,,(w)/Vi,(w) when the amplifier is
biased in the transition region. Assume that a 5 pF capacitor is attached to the output of Fig. 3.6-4
and find the magnitude and phase response over the frequency range of 100Hz te 100 MHz.

The SPICE irnput file for this example is shown in Table 3.6-3. It is importaat to note that VIN
has been defined as both an ac and a dc voltage source with a dc value of 1.07 V, If the dc
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TABLE 3.6-3 SPICE Input File for Example 3.6-3

Ex. 3.6-3 AC Analysle of Fig. 3.6-4

Ml 2 1 0 0 MOSN wW=5U L=1y
M2 21 4 4 MOSP Ws5U L=10U
M3 2 3 4 4 MOSP W=5U L=1T
CL 2 0 5P

Rl 3 0 100K

VDD 4 0 DC 5.0

VIN1l 0 DC 1.07 A 1.0

.MODEL MOSN NMOS VTO = 0.7 KP = 110U GAMMA = 0.4 LAMBDA = 0.04 PHI = 0.7
.MODEL MOSP PMOS VIO = —0.7 KP = 50U GAMMA = 0,57 LAMBDA = 0.05 PHI = 0.8
JAC DEC 20 100 100MEG

-oP

.PRINT AC VM(2) VDBI(2) VP{Z)

+END

voltage were nct included, SPICE would find the dc solution for VIN = 0V, which is not in
the transition region. Therefare, the small-signal solution wouid not be evaluated in the transi-
tion region, Once the dc solution has been evaluated, the amplitude of the signal applied as the
ac input has no influence on the simulation. Thus, it is convenient te use ac inputs of unity in
order 1o treat the output as a gain quantity. Here, we have assumed an ac input of 1.0V peak.

The simulation desired is defined by the . Ac DEC 20 100 100MEG line, This line
directs SPICE to make an ac analysis over a log frequency with 20 points per decade from
100 Hz to 100 MHz. The . 0 P option has been added to print out the dc voltages of all circuit
nodes in order to verify that the ac solution is in the desired region. The program will calcu-
late the linear magnitude, dB magnitude, and phase of the output voltage. Figures 3.6-6{a) and
3.6-6{b) show the magnitude (dB) and the phase of this simulation.

30 15
% >
20 4 ]
1307
10 -1 ]
VDAZ) ] 3
(dorzbela) k VRl ]
ll-i -
10-] o
» i
] E
-30 M SRR T o T m o Sy LML B L e ae ) e AL U B A
WiHz  ikHz JDKHx  1ookHa  IMHh  10MEz Io0MH: 100Hz 1xHr |0kHz 100kHz |MHr (OMMz 100 MHzy
Frequency . Froqueney
(a) (b}

Figure 3.6-6 (a) Magnitude response and (b) phase response of Example 3.6-3,
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TRANSIENT ANALYSIS OF FIG. 3.6-4

The last simulation to be made with Fig. 3.6-4 is the transient response to an input pulse. This
simulation will include the 3 pF output capacitor of the previous example and will be made
fromtimeQtod ps.

Tabie 3.6-4 shows the SPICE input file. The input pulse is described using the piecewise lin-
ear capability (PWL) of SPICE. The output desired is defined by .TRAN D.01U U
which asks for a transient analysis from 0 to 4 us at points spaced every 0.01 ps. The cutput
will consist of both vin(f) and v () and is shown in Fig. 3.6-7. The use of an asterisk at the
beginning of a line causes that line to be ignored.

Table 3.6-4 SPICE Output for Example 3.6-4

Ex. J.6-4 Transient Analysis of Fig. 3.6-4

M1 2 1 0 0 MOSN W=5U L=1U
M2 2 3 4 4 MOSP W=50 L=1U
3 3 3 4 4 MOSP W=5U L=1lV
CL 2 0 SP

R1 3 0 100K

VoD 4 @ DC 5.0
VIN 1 0 PWL{(Q 0V 1V OV 1.05U 3V 3U 31V 3,05V OV §U 0V}
*VIN 1 0 DC =1.07 AC 1.0

MODEL MOSN NMOS VTO = 0.7 KP = 110U GAMMA = 0,4 LAMEDA = 0.04
PEI = 0.7

.MODEL MOSP PMOS ¥TO = —-0.7 KP = 50U GAMMA = 0.57 LAMBDA = 0.05
PHI = 0.8

.TRAR 0.010 49
.PRINT TRAN Vi{2} V(1)
.END

Flgure 3.6-7 Transient response of Example
" 3.64.

v

|
1

L I I
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The above examples will serve to introduce the reader to the basic ideas and concepts of
using the SPICE program. In addition to what the reader has distilled from these examples, a
useful set of guidelines is offered, which has resulted from extensive experience in using
SPICE:

1. Never use a simulator unless you know the range of answers beforehand,

2. Never simulate more of the circuit than is necessary.

3. Always use the simplest model that will do the job.

4. Always start a dc solution from the point at which the majority of the devices are on.

5. Use a stmulator in the same manner as you would make the measurement on the
bench.

6. Never change more than one parameter at a time when using the simulator for design.

7. Learn the basic operating principles of the simulator so that you can enhance its
capability, Know how to use its options.

8. Watch out for syntax problems like O and 0.
9. Use the correct multipliers for quantities.
10. Use common sense.

Most problems with simulators can be traced back to a violation of one or more of these
guidelines.

There are many SPICE simulators in use today. The discussion here focused on the more
general versions of SPICE and should apply in most cases. However, there is nothing funda-
mental about the syntax or use of a circuit simulator, so it is prudent to carefully study the
manuel of the SPICE simulator you are using.

3.7 SUMMAAY

This chapter has tried to give the reader the background necessary to be able to simulate
CMOS circuits. The approach used has been based on the SPICE simulation program. This
program normally has three levels of MOS models that are available to the user. The function
of models is to solve for the dc operating conditions and then use this information to develop
a linear small-signa! model. Section 3.1 described the LEVEL | model used by SPICE to
solve for the dc operating point. This model also uses the additional model parameters pre-
sented in Section 3.2, These parameters include bulk resistance, capacitance, and noise. A
small-signal model that wae developed from the large-signal model was described in Section
3.3. These three sections represent the basic modeling concepts for MOS transistors,

Models for computer simulation were presented. The SPICE LEVEL 3 model, which is
effective for device lengths of 0.8 pm and greater, was covered. The BSIM3v3 mode!, which
is effective for deep-submicron devices, was introduced. Large-signal models suitable for
weak inversion were also described. Further details of these models and other models are
found in the references for this chapter. A brief background of simulation methods was pre-
sented in Section 3.6, Simulation of MOS circuits using SPICE was discussed. After studying
this chapter, the reader should be able to use the model information presented along with a
SPICE simulater to analyze MOS circuits. This ability will be very important in the remainder
of this fext. It will be used to verify intuitive design approaches and to perform analyses
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beyond the scope of the techniques presented. One of the important aspects of medeling is w
determine the model paremeters that best fit the MOS process being used. Appendix B will be

devoted to this subject.

PAOBLENS

3.3-1. Sketch to scale the output characteristics of an

enhancement n-channel device if ¥ = 0.7 V and
Ip = 500 pA when Vg = 5V in samration. Choose
values of Vge = 1,2, 3, 4, and 5 V. Assume that the
channel modulation parameter is zero. ‘

3.1.2. Sketch to scale the output characierisiics of an

enhancement p-channel device if Vy = —0.7 V and
Ip = —500 A when Vgs = —5 V in sataration.
Choose vatues of Vs = —1, —2, =3, —4,and -6 V.
Assume that the channel modulation parameter is
2er0,

3.1-3, In Table 3.1-2, why is vy, greater than v, for a

o-well, CMOS technology?

3.1-4, A large-signal model for the MOSFET that features

symmetry for the drain and source js given as

W
ip=K “E 1i{vgs — Vn):"(\?as ~ V3l
= Uvep — veou (vap = vip)]

where u(x) is 1 if x is greater than or equal to zero
and 0 if x is less than zero (step function) and Viy is
the threshold voltage evaluated from the gate 10 X,
where X js either § (source) or D (drain), Skeich this
model in the form of ip versus vpg for a constant
value of vis (vgs = Vi) and identify the sawrated
and nonsaturated regions, Be sure to extend this
sketch for both positive and negarive values of v,
Repeat the sketch of i versus vy for a constant
vadue of vgp {¥gp > Vip). Assume that both Vyy and
Vrp are positive,

3.1-5. Equations {3.1-12) and (3.1-18) describe the MOS

model in the nonsaturation and saturation region,
respectively. These equations do not agree at Lhe
point of transition between saturation and nonsatu-
retion regions. For hand calculations, this is pot an
issue, but for computer analysis, it is. How would
you change Eg. (3.1-18) so that it would agree with
Eq. (3.1-12) at vpe = vpy (581)?7

3.2-1. Using the values of Tables 3.1-1 and 3.2-1, calculate

the valves of CGB, CGS, and CGD for a MOS de-
vice that has 8 W of 5 wm and an L of | pm for all
three regions of operation.
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3.2-2

3.23.

331.

Find Cay al Vg = 0V and 0.75 V of Fig. P3.2-2 the
values of Table 3.2-1 apply to the MOS device,
where BFC = 0.5 and PB = 1 V. Assume the device
is n-channel and repeat for a p-charne! device.

20um

r_lbpm
12

~ T

] Palysilicon
Figore P3.2-2

Calculate the values of Cgy, Cgs. and Cgp for an
n-channel device with a length of 1 pm and a width
of 5 pm. Assume Vp =2V, ¥e= 24 V,and Vg =
0.5V and let V3 = 0 V. Use model parameters from
Tables 3.1-1, 3.1-2, and 3.2-1.

Calculate the transfer function vou{$)via(s) for the
circuit shown in Fig. P3.3-1, The W/L of MI i
2 pm/0.8 um and the W/L of M2 is 4 pm/4pm.

sy
WA=208
M

¥ L

_L WL = 44

o r_‘—[_] -
<

=2V, + bmV,,
Figure P3.3-1
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Note that this is a small-signal analysis and the
input voltage has a dc value of 2 V.

3.3-2. Design a low-pass flter pattemed after the circuit
in Fig. P3.3-| that achieves a =3 dB frequency of
100 kHz.

3.3-3. Repeat Examples 3.3-1 and 3.3-2 if the W/L ratio is
100 pm/10 wm.

3.3.4. Find the complete small-signal model for an n-
channel transistor with the drainat 4 V, gate at 4 V,
sowce at 2'V, and the bulk at 0 V. Assume the model
parameters from Tables 3.1-1, 3.1-2, and 3.2-1, and
WL =10 pmv/1 pum.

3.3-5, Consider the circuit in Fig P3.3-5. Itis a parallel con-
nection of n MOSFET transistors. Each transistor
has the same length, L, but each transistor can have a
different width, W. Derive an expression for Wand L
for asingle transistor that replaces, and is equivalent
to, the multiple paralle] transistors.

3.3-6. Consider the circuit in Fig 3.3-6. It is a series con-
nection of n MOSFET transistors. Each transistor
has the seme width, W but each transistor can have
adifferent length, L. Derive an expression for W and
L for a single mansisior thar replaces, and is equiva-
lent to, the multiple parallel transistors. When using
the simple model, you must ignore body effect.

el
P
M2
Ml
-
Figure P3.3-6
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Problems 1

3.5-1, Calculate the value for Vi, for an NMOS transistor
in weak inversion assuming that fs and f can be ap-
proximated to be unity (1.0}

3.5-2. Develop an expression for the sroall signal transcon-
ductance of a MOS device operating in weak inver-
sion using the large signal expression of Eq. (3.5-5).

3.5-3. Another way lo approximate the transition from
strong inversion to weak inversion is to find the cur-
rent at which the weak inversion transconductance
and the strong inversion transconductance are
equal. Using this method and the approximation for
drain current in weak inversion (Eq. (3.5-5)). derive
&n expression for drain current at the transition be-
tween strong and weak inversion.

3.6-1. Consider the circuit illustrated in Fig. P3.6-1.
(a) Write a SPICE netlist that describes this circuit,
{b) Repeat part (a) with M2 being 2 um/1 pum and
M3 and M2 are ratio matched, 1:2.

Vpp=5V

WA =1 vl pm |——@—| WA= uml um

M M2

R =50k

Figure P3.6-1

362 Use SPICE w perform the following analyses
on the circuit shown in Fig. P3.6-1: (a) Plot voyr
versus vy for the nominal parameter set shown.
(b) Separately, vary K* and Vi by +10% and repeat

part (a}—four simulations,
Parameter n-Channel p-Channel Unlts
Vr Q0.1 -0.7 v
X 110 50 pASVe
1 0.04 0.05 y!

3.6-3. Use SPICE to plot i; as a function of v; when i
has values of 10, 20, 30, 40, 50, &0, and 70 pA
for Fig. P3.6-3, The mzximum value of v, is
5 V. Use the model parameters of Vr = 0.7 V and
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112 CMOS DEVICE MODELING

WL =10 4m?2 gm

K' = 110 pA/V? and = 001 V™. Repen with
A=004V7

3.6-4. Usc SPICE to plot ip as a function of vpg for
values of vgs = 1, 2, 3, 4 and 5 V for an n-channe]

W= 10 2 pra transistor with Ve = 1 V, &' = 110 pA/V?, and A =
0.04 V™', Show how SPICE can be used to generate
and plot these curves simultancously as itlustrated
by Fig. 3.1-3,

3.6-5. Repeat Example 3.6-1 if the transistor of Fig, 3.6-2
is a PMQS having the model parameters given in
Teble 3.1-2.

3.6-6. Repeat Examples 3.6-2 through 3.6-4 for the circuit
of Fig. 3.6-4 it RI = 200 k(L.

+

¥
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Chapter 4

Analog CMOS Subcircuits

From the viewpoint of Table 1.1-2, the previous two chapters have provided the back-
ground for understanding the technology and modeling of CMOS devices and components
compatible with the CMOS process. The aext step toward our objective—methodically de-
veloping the subject of CMOS analog circuit design—is to develop subcircuits. These sim-
ple circuits consist of one or more wansistors and generally perform only one function, A
subcircuit is typically combined with other simple circuits to generate a2 more complex cir-
cuit function. Consequently, the circuits of this and the next chapter can be considered as
building blocks.

The operational amplifier, or op amp, to be covered in Chapters 6 and 7, is a good exam-
ple of how simple circuits are combined to perform a complex function, Figure 4.0-1 presents
a hierarchy showing how an operational amplifier—a complex circuit—might be related to
various simple circuits. Working our way backward, we note that one of the stages of an op
amp is the differential amplifier. The differential amplifier consists of simple circuits that
might include a current sink, a current-mirror load, and a source-coupled pair. Another stage
of the op amp is a second gain stage, which might consist of an inverter and a current-sink
load. If the op amp is to be able to drive a low-impedance load, an output stage is necessary.
The output stage might consist of a source follower and a current-sink load. It is also neces-
sary to provide a stabilized bias for each of the previous stages. The biasing stage could con-
sist of a current sink and current mirrors to distribute the bias carrents to the other stages.

The subject of basic CMOS analog circuits has been divided into two chapters to avoid
one lengthy chapter and yet provide sufficient detail. Chapter 4 covers the simpler subcircuits,
including the MOS switch, active loads, current sinks/sources, current mirrors and current
amplifiers, and voltage and current references. Chapter 5 will examine more complex circuits
like CMOS amplifiers. That chapter represents a natural extension of the material presented in
Chapter 4. Taken together, these two chapters are fundamental for the aralog CMOS de-
signer’s understanding and capability, as most designs will start at this level and progress up-
ward t¢ synthesize the more complex circuits and systems of Table §,1-2.

41 HOS SWITCH

The switch finds many applications in integrated-circuit design. In analog circuits, the switch
is used to implement such useful functions as the switched simulation of a resistor [1]. The
switch is also useful for multiplexing, modulation, and a number of other applications. The

113
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opemkmll Anplifier
| | | I
Blusing Tnpun) Second Quiput
Clrcuits Differental QCain Stngs
Amplificr Singe
r_l_l —r |
, I I | I

Current Curert  Curront Source- Current. Inverter ~ Cumrest-  Source Cum
Sourcs Mirmrors Sink Coupled Pair  Mirror Load -Sink Load Follower  Sink Lo

Figure 4.0-1 Nlustration of the hievarchy of analog circuits for an operational amplif

switch is used as a transmission gate in digital ¢ircuits and adds a dimension of flexibility v
found in standard logic circuits. The objective of this section is to study the characteristics
switches that are compatible with CMOS integrated circuits. .

We begin with the characteristics of a voltage-controlled switch. Figure 4.1-1 shows
model for such a device. The voltage v controls the state of the switch—ON or OFF. T!
voltage-controlled switch is a three-terminal network with terminals A and B comprising t
switch and terminal C providing the means of applying the contro] voltage v The most it
portant characteristics of a switch are its ON resistance, ron, and its OFF resistance, fope. I
ally, rqy is zero and rygg is infinite. Reality is such that rgy is never zero and rgpp is nev
infinite. Moreover, these values are never constant with respect to terminal conditions. In ge
eral, switches can have some form of voltage offset. which is modeled by Vo4 of Fig. 4.1-
Vg represents the small voltage that may exist between terminals A and B when the switch
in the ON state and the current is zero. Jopp represents the leakage current that may flow int
OFF state of the switch. Currents /, and , represent leakage currents from the switch tern
nals to ground (or some other supply potential). The polarities of the offset sotrces and les
age currents are not known and have arbitrarily been assigned the directions indicated in B
4.1-1, The parasitic capacitors are an important consideration in the application of anal
sampled-data circuits. Capacitors C, and Cp are the parasitic capacitors between the swit

dorp Figure 4.1-1 Model for a non-
@ ideal switch,
W
Poni L 5
A + o~
e — O
[}
T
- ' It
: c,
i GD M’:( ic ;( o GD 1
=y v, G
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4.1 MOS Switch 115

terminals A and B and ground. Capacitor C,p is the parasitic capacitor between the switch ter-
minals A and B. Capacitors C,¢ and Cy, are perasitic capacitors that may exist between the
voltage-control terminal C and the switch terminals A and B. Capacitors Cyc and Cye con-
tribute to the effect called charge feedthrough—where a portion of the control voltage appears
at the switch terminals A and B.

One advantage of MOS technology is that it provides a good switch. Figuze 4.1-2 shows a
MOS transistor that is to be used as a switch. Its performance can be determined by comparing
Fig. 4.1-1 with the large-signal mode] for the MOS transistor. We sec that either terminal, A or
B, can be the drain or the source of the MOS transistor depending on the terminal voltages
{e.g.. for an n-channel transistor, if terminal A is at & higher potential than B, then terminal A is
the drain and terminal B is the source). The ON resistance consists of the series combination of
rp. rs. and whatever channel resistance exists. Typically, by design, the contribution from r
and 7y is small such that the primary consideration is the channel resistance. An expression for
the channel resistance can be found as follows. In the ON state of the switch, the voltage across
the switch should be small and v should be large. Therefore, the MOS device is assumed to
be in the nonsaturation region. Equation (3.1-1), repeated below, is used to model this state:

K'w v
ip= I {(Vas - Vp)vps — —

2 (4.1-1)

where vpyis less than vgs — Vi but greater than zero. (v becomes vgp if vpg is negative.) The
small-signal channel resistance is given as

! L
ToN = Binlavs & K W(Ves — Vi — Vi)

(4.1-2)

where Q in Eq. (4.1-2) designates the quiesent point of the transistor, Figure 4.1-3 illustrates
the drain cumrent of an n-channel transistor as a function of the voltage across the drain and
source terminals, plotted for equal increasing steps of Vg for W/L = 5/1. This figure illus-
trates sdme very important principies about MOS wransistor operation. Note that the curves
are pot symmetrical about V, = 0. This is because the trensistor terminals (drain and source}
switch roles as V| crosses Q V, For example, when V), is positive, node 8 is the drain and node
A is the source and Vg is fixed at —2.5 V and Vi is fixed as well (for a given V), When ¥,
is negative, node B is the source and node A is the drain and as V) continues to decrease, Vgg
decreases and ;s increases resulting in an increase in current.

A plot of roy as a function of Vg is shown in Fig. 4.1-4 for Vg = 0.1 V and for W/L =
1, 2,5, and 10. It is seen that a lower value of ray is achieved for larger values of W/L. When
Vs approaches Vi (Vy = 0.7 V in this case), rgy approaches infinity because the switch is
turning off,

Cc Figure 4.1-2 An n-channel transistor used as a switch,
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n
I

Figure 4,1-3 1=V characieristic of
an n-channel transistor operating a:
a swiich,
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When Vi is tess than of equal to Vi, the switch it OFF and rgpy i ideally infinite. OF
course, it is never infinite, but because it is so large, the performance in the OFF state s dom-
inated by the drain-bulk and source-bulk leakage current as well as subthreshold leakage
from drain to source. The leakage from drain and source to bulk is primarily due to the pa.
Jjunction leakage current and is modeled in Fig. 4.1-1 as I, and 1. Typically, this leakage cur-
rent is on the order of | fA/um? at room temperature and doubtes for every 8 °C increase (see
Example 2.5-1).

The offset voltage modeled in Fig. 4.1-1 does not exist in MOS switches and thus is nota
consideration in MOS switch performance. The capacitors Cy, Cy, Capy 8nd Cye of Fig. 4.1-1

Figure 4.1-4 Tlustration of ON resistance for
an n-channel transistor.
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0V-QFF Figure 4.1-5 Application of an n-channel tran-
5V-ON G sistor as a switch with typical terminal voltages
indicated.

Circuit Niw2v) T‘r (0102V) Circult
1 S D 2

- <

correspond directly to the capacitors Cag Cap. Cgs. and Cgyp of the MOS transistor (see Fig.
3.2-1). C,5 is small for the MOS transistor and is usually negligible.

One important aspect of the switch is the range of voltages on the switch terminals com-
pared to the controf voltage. For the n-channel MOS tansistor we see that the gate voltage
must be considerably larger than either the drain or source voltage in order to ensure that the
MOS transistor is ON. {For the p-channel transistor, the gate voltage must be considerably
less than either the drain or source voltage.) Typically, the bulk is taken to the most negative
potential for the n-channel switch (positive for the p-channel switch), This requirement can be
illustrated as follows for the n-channel switch. Suppose that the ON voltage of the gate is the
positive power supply V,;,. With the bulk lo ground this should keep the n-channel switch ON
until the signal on the swilch terminals (which should be approximately identical at the source
and drain) approaches V,,;, ~ Vy. As the signal approaches Vp, — ¥y the switch begins to turn
OFF. Typical voltages used for an n-channel switch are shown in Fig. 4.1-5, where the switch
is connected between the two networks shown,

Consider the use of a switch to charge a capacitor as shown in Fig. 4.1-6. An n-channel
transistor is used as a switch and V,, is the control voltage (clock) applied to the gate. The ON
resistance of the switch is impertant during the charge transfer phase of this circuit. For ex-
ample, when V, goes high (V, > v, + Vp), M1 connects C to the voltage source v, The
equivalent circuit at this ime is shown in Fig. 4.1-7. [t can be seen that C will charge to v;,
with the time constant of ronC. For successful operation ronC << T, where T is the time V,
- is high. Clearly, roy varies greatly with vg as illustrated in Fig. 4.1-4. The worst-case value
for ron (the highest value), during the charging of C, is when vps = 0 and vgs = V, — vy, This
value should be used when sizing the transistor to achieve the desired charging time.

Consider a case where the time V,, is high is T = 0.1 ps and C = (.2 pF: then roy must
be less than 100 k{) if sufficient charge transfer occurs in five time constants. For a SV clock

1 Figure 4.1-6 An application of a MOS swilch.

i C = 'c
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Fom Figure 4.1-7 Model for the ON state of the switth in
Fig. 4.1-6.

swing and v, of 2.5V, the MOS device of Fig. 4.1-4 with W = L gives rgy of approximately
6.4 k(}, which is sufficiently small to transfer the charge in the desired time. 11 is desirable 10
keep the switch size as small as possible (minimize W X L) to minimize charge feedthrough
from the gate,

The OFF state of the switch has little influence on the performance of the circuit in Fig.
4.|-6 except for the leakage current. Figure 4.1-8 shows a sample-and-hold circuit where the
leakage current can create serious problems. If Cy is not large enough, then in the hold mode
where the MOS switch is OFF the leakage current can charge or discharge Cy a significant
ameunt,

One of the mosi serious limitations of monolithic switches is the clock feedthrough
effect. Clock feedthrough (also called charge injection and charge feedthrough) is due to the
coupling capacitance from the gate to both source and drain. This coupling allows charge to
be transferred from the gate signal (which is generally a clock) to the drain and source
nodes—an undesirable but unavoidable effect. Charge injection involves a complex process
whose resulting effects depend on a number of factors such as the layout of the transistor,
its dimensions, impedance levels at the source and drain nodes, and gate waveform. I is
hopeless to attempt to describe all of these effects precisely analytically—we have com-
puters to do thail Nevertheless, it is useful to develop a qualitative understanding of this
important effect.

Consider a simple circuit suitable for studying chatge injection analysis as shown in

" Fig. 4.1-9(a). Figure 4.1-9(b) illustrates modeling a transistor with the channel symbolized as

a resistor, R yunnq, and gate—channel coupling capacitance denoted Copuny The values of
Cotznnet a0d R pange depend on the terminal conditions of the device. The gate—channel cou-
pling is distributed across the channei as is the channel resistance, Rypgpne- [n addition to the
channel] capacitance, there is the overlap capacitance, CGSO and CGDO. It is convenient to
approximate the total channel capacitance by splitting it into two capeacitors of equal size
placed at the gate—source and gate—drain terminals as iliustrated in Fig. 4.1-9(c).

ence of Iogp in & sample-and-hold
circuit,

I ) Figure 4.1-8 Example of the influ-

+ pre—— " Ouil

lom
PURET
Cy l Yoy .
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(a)
)
Conamnet T Cobaant
Z \\ /L 7
L
Casp = =+ -~ T CGDO
+ L, —— C,__ _+
Ve —— VCL

(c)
Figure 4.1-9 (a) Simple switch circuit useful for studying charge injection. (b) Distributed model for
the wransistor switch. (¢) Lumped model of Fig. 4.1-%(a).

For the circuit in Fig, 4.1-9, charge injection is of interest during a high-to-low transition at
the gate of ¢,. Moreover, it is convenient to consider two cases regarding the gate transition—
a fast transition time and a slow transition time. Consider the slow transition case first {what is
meant by slow and fast will be covered shortly). As the gate is failing, some charge is being in-
jecied into the channel. However, initially, the transistor remains on so that whatever charge is
injected flows in the input voltage source, Vs, None of this charge will appear on the load ca-
pacitor, C;. As the gate voltage falls, at some point, the transistor tumns off (when the gate volt-
age rezches Vs + V7). When the transistor turns off, there is no other path for the injected charge
other than into C;.

For the fast case, the time constant associated with the channel resistance and the channel
capacitance limits the amount of charge that can flow to the source voltage so that some of the
channel charge that is injected while the transistor is on contributes to the total charge on C;.

To develop some intuition about the fast and slow cases, it is useful to maodel the gate
voltage as a piecewise constant waveform (a quantized waveform) and consider the charge
flow at each transition as illustrated in Fig. 4.1-10. In this figure, the range of voltage at the C,.
illustrated represents the period while the transistor is on. In both cases, the quantized voltage
step is the same, but the time between steps is different. The voltage across C, is observed to
be an exponential whose time constant is due to the channel resistance and chanrel capaci-
tance and dees not change from the fast case to the slow case.

Page 129 0f 195  REED EX1015
IPR2024-01158



120  ANALOG CMOS SUBCIRCUITS

Ve, Figure 4.1-10 Iustration of (a) slow ramp and
(b) fast ramp using a quantized voltage ramp to
illustrate che effects due to the time constant of
T the channel resistance and capacitance.
AV
Voltage YaaTE
Time
(a)
avl
Yoliage
Time
®)

Analytical expressions have been derived that describe the approximate operation of a
transistor in the slow and fast regimes [2]. Cansider the gate voltage traversing from Vyto ¥y
(e.g.. 5.0V 10 0.0 V, respectively) described in the time domain as

vg=Vy— Ut 4.1-3)
where U is the magnitude of the slope of v5(f). When operating in the slow regime defined by
the relationship

BVir > U (4.14)

2C, . '
where Vyr is defined as

VHT = VH e Vs - VT (4-1‘5)
the error (the difference between the desired voltage Vs and the actual voltage Vi, ) due to
charge injection can be described as
W - CGDO + Cetamet [xUC, | w-cGDO
Vs = 2 L4 Vs + Ve — V) (4.1-6)
. 28 C
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In the fast switching regime defined by the relationship

BVir
5C, X U @.1-7

the error voltage is given as

Cchlntu:l
(w CGDO + ) ( 8vi\ W-.CGDO
Vi = +

CL VHT - 6UCL CL (Vs + Vr_ VL) (4.]-8)

The following example illustrates the application of the charge feedthrough model given by
Eqgs. (4.1-3) through (4.18).
CALCULATION OF CHARGE FEEDTHROUGH ERROR

Calcnlate the effect of charge feedthrough on the circuit shown in Fig. 4.1-9, where Vs =
1.0V, C; = 200 fE. W/L = 0.8 um/0.8 wm, and Vi is given for two cases illustrated below.
Use model parameters frot Tables 3.1-2 and 3.2-1. Neglect AL and AW effects.

Case 2
/7]

Case 1

™ oum

10 08
Time

Case 1: The first step is to determine the value of U in the expression
Vo = VH - Ut

For a transition from 5V 10 0 V in 0.2 ns, I/ = 25 X 10° Vs,
In order to determine operating regime, the following relationship must be tested:

BViir BVir
>3 or
2C, U for slow 2,
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(Observing that there is a backbias on the transistor switch affecting Vi Viris
Vir=Vy~Vs— Vpr=5—1-0.887 =13.113
giving

BVir _ 110 X 107° X 3.113%
2¢C, 2x200 % 107"

=266 X 10° << 25 X 10* thus fast regime

Applying Eq. (4.1-8) for the fast regime yiekls

58 % 1071
176 x 107" + 158 X107 7 -3
v = 2 (3113_3.32x10 )
bl 200 x 107" ) 30X 107°
176 % 10718
+ W(S + 0887 -0)
Viroe = 19.7mV

Case 2: The first step is to determine the value of U ia the expression
Vg = VH’ - U

For a transition from 5 V to 0V in 10 ns, U = 5 X 10%, thus indicating the slow regime
according to the following test;

266 X 10° > §x 10°

158 x 107"

~18

e 176 X 107° + — (3]4 % lo—s)l-jz
e 200 x 107¥ 220X 10°¢

176 x 107"
W(S + 0.387 — O)

Veror = 10.95 mV

This example illustrates the application of the charge feedthrough model. The reader
should be cautioned net to expect Eqs. (4.1-3) through (4.1-8) to give precise answers regard-
ing the amount of charge feedthrough one should expect in an actual circuit, The model
should be vsed as a guide in understanding the effects of various circuit elements and terminal
conditions in order to minimize unwanted behavior by design.

It is possible to partially cancel some of the feedthrouph effects using the technique
illustrated in Fig. 4.1-11. Here a dummy MOS transistor MD (with source and drain both at-
tached to the signal line and the gate attached to the inverse clock) is used to apply ar op-
posing clock feedthrough due to M1, The area of MD can be designed to provide minimum
clock feedthrough. Unfortunately, this method never compietely removes the feedthrough
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¢ ry Figure 4,1-11 The use of a dummy transistor o
cancel clock feedthrough.

M1 MD

and in some cases may worsen it. Also, it is necessary to generate an inverted clock. which
is applied to the dummy switch. Clock feedthrough can be reduced by using the largest ca-
pacitors possible, using minimum-geometry switches, and keeping the clock swings as small
as possible, Typically, these sclutions will create problems in other areas, requiring some
compromises.

The dynamic range limitations associated with single-channel MOS switches can be
avoided with the CMOS switch shown in Fig. 4.1-12. Using CMOS technology, a switch is
usually constructed by connecting p-channel and n-channel enhancement transistors in par-
alle! as illustrated. For this configuration, when ¢ is low, both transistars are off, creating an
effective open circuit. When ¢ is high, both transistors are on, giving a low-impedance
state. The bulk potentials of the pchannel and the n-channel devices are taken to the high-
est and lowest potentials, respectively. The primary advantage of the CMOS switch over the
single-channel MOS switch is that the dynamic analog-signal range in the ON state is
greatly increased.

The increased dynamic range of the analog signal is evident in Fig. 4.1-13, where the
on resistance of a CMOS switch is plotted as a function of the input voltage. In this figure,
the p-channel and n-channel devices are sized in such a way that they have equivalent resis-
tance with identical terminal conditions. The double-peak behavior is due to the n-channel de-
vice dominating whea v, is low and the p-channel dominating when v, is high {(near V). At
the midrange (near Vjp/2), the paralie] combination of the two devices results in a minimum.
The dip at midrange is due to mobility degradation effects and is not evident when analyzed
using the LEVEL 1 model.

In this section we have seen that MOS transistors make one of the best switch realizations
available in integrated-circuit form. They require small area, dissipate very little power, and
provide reasonable values of rgy and ropp for most applications. The inclusion of a good real-
ization of a switch into the designer's basic building blocks will produce some interesting and
useful circuits and systems that will be studied in the following chapters.

F) I Figure 4.1-12 A CMOS switch.

L

Page 133 of 195 REED EX1015
IPR2024-01158



24 ANALOG CMOS SUBCIRCUITS

15 Figure 4.1-13 ryy of Fig4.1-12
as a function of the voltage V.

S— n-channe! dominales
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3
:
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2 0§ NIDOE/ACTIVE RESISTOR

When the gate and drain of an MOS transistor are tied together as illustrated in Figs. 4.2-1(a)

and 4.2-1(b), the 7-¥ characteristics are qualitatively similar to & pn-junction diode, thus the

name MOS diode. The MOS diode is used as a compoenent of a current mirror (Section 4.4)
~ and for level translation (voltage drop).

| o
o9 L% .

v
() (b) () C))
Figure 4.2-1 Active resistor. (a) n-Channel. (b) p-Channel. (¢) I-V characteristics for n-channel case,
{d) Small-signal model,
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4.2 MOS Diode/Active Resistor 125

The I-V characteristics of the MOS diode are illustrated in Fig. 4.2-1{(c) and described by
the large-signal equation for drain current in saturation (the connection of the gate to the drain
guarantees operation in the saturation region) shown below.

K'w
I=lp= (‘i“) [(Vos — Vi)'l = g( Vos — VoY (4.2-1)
or
V= Vm = VDS = Vr + YV 2lplﬁ (4.2'2)

If Vor I is given, then the remaining variable can be designed using either Eq. (4.2-1) or Eq.
(4.2-2) and solving for the value of 8.

Connecting the gate to the drain means that v, controls ip and therefore the channel
transconductance becomes a channel conductance. The small-signal model of an MOS diode
(excluding capacitors) is shown in Fig. 4.2-1(d). It is easily seen that the small-signal resis-
tance of an MOS diode is

1 !

S . (4.2-3)
Emt Bmts t 8ts  Bm

Tour

where g, is greater than guy, O g4

An illustration of the application of the MOS diode is shown in Fig. 4.2-2, where a bias
voltage is generated with respect to ground (the value of such a circuit will become obvious
later). Noting that Vg = Vs for both devices,

Vps= V2UIB + Vr=Von + V1 @.2-4)
Vaias = Vpsi + Vs = 2V + 2V (4.2-5)
Yoo Figure 42-2 Vohage division using active resistors,
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Yous Figure 4:2-3 Floating acgive resistor
using a single MOS wansistor.

The MOS switch described in Section 4,1 and illustrated in Fig. 4.1-2 can be viewed as
a resistor, albeit rather nonlinear as illustrated in Fig. 4.1-4. The nonlinearity can be miti-
gated where the drain and source voltages vary over a small range so that the transistor ON
resistance can be approximated as small-signal resistance. Figure 4.2-3 illustrates this point
showing a configuration where the transistor’s drain and source form the two ends of a
“floating™ resistor. Far the small-signel premise to be valid, vy is assumed small. The -V
characteristics of the floating resistor are given by Fig. 4.1-3. Consequently, the range of
resistance values is large but nonlinear. When the transistor is operated in the nonseturation
region, the resistance can be calculated from Eg. (4.1-2), repeated below, where vpg is
assumed small.

L

= 4.2-6)
T R W(Ves — V) (4.2:6

CALCULATION OF THE RESISTANCE OF AN ACTIVE RESISTOR

The floating active resistor of Fig. 4.2-3 is to be used to design a 1 k{) resistance. The dc value
of V5 = 2 V. Use the device paramelers in Table 3.1-2 and assume the active resistor is an
n-channel transistor with the gate voitage at 5 V. Assume that Ve = 0.0. Calculate the re-
quired W/L to achigve 1 k() resistance. The bulk terminal is 0.0 V.

Before applying Eq. (4.2-6), it is necessary to calculate the new threshold voltage, Vi, due to
Vs not being zero (1¥l = 2 V), From Eq. {3.1-2) the new Vy is found to be 1.022 V. Equat-
ing Eq. {4.2-6) to 1000 ) gives a W/L of 4.597 = 4.6.

4.3 CORRENT SINKS AND SOURCES

A current sink and cucrent source are two terminal components whose current at any instant of
time is independent of the voltage across their terminals. The current of a current sink or
source flows from the positive node, through the sink or source, to the negative node. A current
sink typically has the negative node at Vs and the current source has the positive node at V.
Figare 4.3-1{a) shows the MOS implementation of & current sink. The gate is taken to what-
ever voltage is necessary to create the desired value of current. The voltage divider of Fig.
4.2-2 can be used to provide this voltage, We pote that in the ponsaturation region the MOS
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Figure 4.3-1 (a) Current sink.
{b) Current—voltage characteris~
tics of {a),

{a}

device is not a good current source. In fact, the voltage across the current sink must be larger
than Vygy in order for the current sink to perform properly. For Fig. 4.3-1(a) this means that

Your = VGG - Vm (4-3-1)
If the gate—source voltage is held constant, then the large-signal characteristics of the MOS
transistor are given by the output characteristics of Fig. 3.1-3. An example is shown in Fig.
4.3-1(b), If the source and bulk are both connected to ground, then the small-signal output re-
sistance is given by [see Eq. (3.3-9)]

Pt M 1 -
Fout No Mg (4.3-2)
If the source and bulk are not connected to the same potential, the characteristics will not
change as long as Vg is a constant.

Figure 4.3-2(a) shows an implementation of a current source using a p-channel transistor.
Again, the gale is taken to a constant potential as is the source, With the definition of vgyy and
igy of the source as shown in Fig. 4.3-2(a), the large-signal J-V characteristic is shown in
Fig. 4.3-2(b). The small-signal output resistance of the current source is given by Eq. (4.3-2).
The source—drain voltage must be larger than V) for this current source to work properly.
This current source only works for values of voyr given by

Figure 43-2 (a) Current source,

L fowr Vi (b) Cutrent—voltage characteris-
| Ll tics of (&).

Vog ™

o— AY

l four Lo\
+ |

Your Voot Ve? OV, Your

Y] B ®)
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The advantage of the current sink and source of Figs. 4.3-1(a) and 4.3-2(a) is their simplicity.
However, there are two areas in which their performance may need to be improved for certain
applications. One improvement is o increase the small-signal output resistance—resulting ina
more constant current over the range of vayr values, The second is to reduce the value of Vyq,
thus allowing a larger range of voyr over which the current sink /source works properly. We
shall illustrate methods to improve both areas of performance. First, the small-signal output re-
sistance can be increased using the principle illustrated in Fig, 4.3-3(a). This principle uses the
common-gate configuration to multiply the scurce resistance r by the approximate voltage gain
of the common-gate configuration with an infinite load resistance. The exact small-signal out-
put resistance ro, can be calculated from the small-signal model of Fig. 4.3-3(b) as

Yout

=r+ LT + [(gﬂﬂ + EM!Z)" dﬂ]r e (gﬂﬂrdrz)r (4-3‘4)

ry -
o Fou

where g,arsn -2 1and guz = Zupea-

The above principle is implemented in Fig. 4.3-4(a), where the output resistance (ry,) of
the current sink of Fig. 4.3-1(a) should be increased by the common-gate voltage gain of M2.
To verify the principle, the small-signal output resistance of the cascode current sink of Fig.
4.3-4(a) will be calculated using the model of Fig. 4.3-4(b). Since v,z = —v and vy = 0,
summing the currents at the ontput node gives

b + 8mz¥1 + BrbzV1 = Ga(Vou — Vi) (4.3-5)

Since vy = igyra, We can solve for r,, as

¥,
Fou = f = Pyl + Bmalaes + Bmsealiasy + Garolas) {4.3-6)

= g + Ty + BuoTanTara(l + 92)

Typically, ga2ry,2 is greater than unity so thet Eq. (4.3-6) simplifies to

Four =5 (BmaFasa) s (4.3-m
[)
-—
O
3.2"'"; *
Taay
Swsat¥eg
+* You
r it
0
{(a) )

Figare 4.3-3 (a) Technique for increasing the output resistance of a resistor r. (b) Small-
signal model for the circuit in (a).

Page 138 0f 195  REED EX1015
IPR2024-01158



4.3 Current Sinks and Sources 129

-« [ +-—
—0 "
+ L] +
Voo Mz Tan
I Vour Sl
vﬂ‘
v 3]
UGO IE M1 Eni¥en *
Tan 1
- S1 ~ -:
(a} {b)

Figure 4.3-4 (a) Circuit for increasing r,, of a current sink. (b) Srnall-signal model
for the circuit in (a).

We see that the small-signal output resistance of the current sink of Fig. 4.3-4(a) is increased
by the factor of 8,742

CALCULATION OF OUTPUT RESISTANCE FOR A
CURRENT SINK

Use the mode) parameters of Table 3.1-2 to calculate: (2) the small-signal output resistance
for the simple current sink of Fig. 4.3-1(a) if Ior = 100 pA; and (b) the small-signal cutput
resistance if the simple current sink of (8) is inserted into the cascode current-sink configura-
tion of Fig. 4.3-4(a}. Assume that W\/L, = Wyll, = I.

(a) Using A = 0.04 and Joyr = 100 pA gives a small-signal output resistance of 250 kil.
(b) The body-effect term, g2, c2n be ignored with little error in the result. Equation (3.3-6)
BIVES g1 = Epp = 148 pA/V. Substituting these values into Eq. (4.3-7) gives the small-signal
output resistance of the cascode current sink as 9.25 M{}.

The cther performance limitation of the simple current sink/source was the fact that the
constant output current could not be obtained for all values of vy, This was illustrated in
Figs. 4.3-1(b) and 4.3-2(b). While this problem may not be serious in the simple current
sink/source, it becomes more severe in the cascode current-sink /source configuration that
was used to increase the small-signal output resistance. It therefore becomes necessary to
examine methods of reducing the value of Vi [3]. Obviously, Vayn can be reduced by
increasing the value of WIL and adjusting the gate-source voltage to get the same cutput
current. However, another method that works well for the cascode current-sink/source con-
figuration will be presented.

We must introduce ap important principle used in biasing MOS devices before showing
the method of reducing Vyn of the cascode current sink/source. This principle can best be
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illusirated by considering two MOS devices, M1 and M2. Assume that the applied dc
gate—source voltage Vs can be divided into two parts, given as

VGS = VON + VT (4.3-8)

where Vy is that part of Ve which is in excess of the threshold voltage, V. This definition al-
lows us to express the minimum value of vpg for which the device will remain in saturation as

Vps(sat) = sz - Vr = VoN (4.3'9)
Thus, Vpy can be thought of as the minimum drain—source voltage for which the device re-
mains saturated. [n saturation, the drain current can be writien as

b =" (Voo (4.3-10)

The principle to be illustrated is based on Eq. {(4.3-10). If the currents of two MOS devices are
equal (because they are in series), then the following relationship holds:

K’y IW,
L,

K, IW,
L,

If both MOS transistors are of the same type, then Eq. (4.3-11} reduces to

(Vom)* = (Von2) (4.3-11)

L 1 W, 2
—(V, = —(V, 4.3-12
A (Vom) L ond) ( )

(%)
L/ _ (Yo"

(1_4’;) (Vom)”
Ly

The principle above can also be used to defire a relationship between the current and W/L
ratios. If the gate-source voltages of two similar MOS devices are equal (because they are
physically connecied), then Vo, is equal to Vpy,. From Eq. (4.3-10) we can write

o(5)-ua(2)

Equation (4.3-13) is useful even though the gate—source terminals of M| and M2 may not
be physically connected because voltages can be identical without being physically con-
nected, as will be seen in later material. Equations (4.3-13) and (4.3-14) represent a very im-
portant principle that will be used not only in the material immediately following but through-
out this text to determine biasing relationships.
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Consider the cascode current sink of Fig. 4.3-5(a}. Our ohjective is to use the above prin-
ciple to reduce the value of V. If we ignore the bulk effects on M2 and M4 and assume that
M1, M2, M3, and M4 are all maiched with jdentical W/L ratios, then the gate—source voltage
of each transister can be expressed as Vr + Vo 85 shown in Fig. 4.3-5(a). At the gate of M2
we see that the voltage with respect to the lower power supply is 2V + 2Vpy. In order to
maintzin current-sink/source operation, it will be assumed that M1 and M2 must have at least
a voltage of V,y a8 given in Eq. (4.3-9). In order to find Vigy of Fig. 4.3-5(a) we can rewrite
Eq. (3.1-15) as

1 77) = Vg — Vr (43-]5)
Since Vg = 2V + 2 Vi substituting this value into Eq. (4.3-15) gives
Vipe(min) = Vg = Vr + 2Vpn (4.3-16)

The current—voltage characteristics of Fig. 4.3-5(a) are illustrated in Fig. 4.3-5(b), where the
value of Vi of Bq. (4.3-16) is shown.

Vi of Eg. (4.3-16) is dropped across both M1 and M2. The drop across M2 is Vg
while the drop across M1 is Vz + V. From the results of Eq. (4.3-9), this implies that Vi
of Fig. 4.3-5 could be reduced by Vp and still keep both M1 and M2 in saturation. Figure
. 4.3-6(a) shows how this can be accomplished [4]. The W/L ratio of M4 is made one-quarter of
the identical W/L ratios of M) through M3. This causes the gate—source voltage across M4 to
be Vi + 2 V,p rather than Vy + V. Consequently, the voltage at the gate of M2 is now Vi -+
2 Vgy- Substituting this value into Eq. (4.3-15) gives

Vm(miﬂ) = VM[H =2 VON (4-3'17)

The resulting current—voltage relationship is shown in Fig. 4.3-6(b). It can be scen that a volt-
age of 2 Vg is across both M1 and M2, giving the lowest value of Vs and still keeping both
M1 and M2 in satvration. Using this approach and increasing the W/L ratios will result in min-
imum values of V.

L.

g Vr+ Ivm Vour
(b)
Figure 4.3-8 {a) Standard cascode current sink. (b} Output characteristics of circuit in (a).
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(a) (b)
Figure 4.3-6 (a) High-swing cascode. (b) Output characteristics of circuit in (a).

DESIGNING THE CASCODE CURRENT SINK FOR A
GIVEN Vi

Use the cascode current-sink configuration of Fig. 4.3-6(a) to design a current sink of 100 pA
and a Vyyy of 1 V. Assume the device parameters of Table 3.1-2.

With Vi of 1V, choese V,y = 0.5 V. Using the saturation model, the W/L ratio of Ml
through M3 can be found from

W _ 2Zioer _ 2X 100X 107
L K'V3, 110X 1075x025

=727
The W/L ratio of M4 will be one-quarter this value or .82,

A problem exists with the circuit in Fig. 4.3-6. The V5 of M1 and the V5 of M3 are not
equal. Therefore, the current igy+ will not be an accurate replica of fggr due to channel length
modulation as well as drain-induced threshold shift. If precise mirroring of the current Jgg to
Iour Is desired, a slight modification of the circuit of Fig. 4.3-6 will minimize this problem.
Figure 4.3-7 illustrates this fix. An additional transistor, M5, is added in series with M3 s0 a5
to force the drain voltages of M3 and M1 1o be equal, thus eliminating any errors due to chan-
nel length modulation and drain-induced threshold shift.

The above technique wil] be useful in maximizing the voltage-signal swings of cascode
configurations to be studied later. This section has presented implementations of the current
sink/source and has shown how to boost the output resistance of a MOS device. A very im-
portant principle that will be used in biasing was based on relationships between the excess
gate-source voltage Voy, the drain current, and the W/L ratios of MOS devices. This principle
was applied to reduce the volitage Viyps of the cascode curreat source.

When power dissipation must be kept at a minimum, the circuit in Fig. 4.3-7 can be mod-
ified to eliminate one of the Jygr currents. Figure 4.3-8 illustrates a self-biased cascode current
source that requires only one reference cuarrent [5].
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Figure 4.3-7 Improved high-swing
I ,
fuer 1 Wl Iour cascode.
—
‘_—_‘.o
+ M5 I_‘| M2 &
T
M | v
! uy ! o,
W _ o
Vyr 2V + | M3 M|,
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- Ve Ve i)
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DESIGNING THE SELF-BIASED HIGH-SWING CASCODE
CURRENT SINK FOR A GIVEN Vyy

Use the cascode cumrent-sink configuration of Fig. 4.3-8 to design a current sink of 250 pA
and a Vi of 0.5 V. Assume the device parameters of Table 3.1-2.

Solution

With Vypy of 0.5 V, choose Yy = 0.25 V. Using the saturation model, the W/L ratio of M1
and M3 can be found from

W _ 2iour __ 2%X500x107°

= =7273
L Kvhy 110x107%x 00626
Iegr Flgure 4.3-8 Self-biased high-swing cascode current
l saurce.
R
+ ()
R % You +

M4 :]l__”: M2 vgyr
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The back-gate bias on M2 and M4 is —0.25 V. Therefore, the threshold voltage for M2 and
M4 is calculated to be

V=07 +04 ( V025 +0.7 -V 0.7) = 0.755

Taking into acceunt the increased value of the threshold voltage, the gate voltage of M4 and
MzZis

Vs = 0.755 + 025 + 0.25 = 1.255
The gate voltage of M1 and M3 is
Vo = 0.70 + 0.25 = 0.95

Both terminals of the resistor are now defined so that the required resistance value is easily
calculated to be

Vo = Vg _ 1255 — 095

R= 6 pury
250 X 10 250 % 10

=12200

44 CURRENT MIRRORS

Current mirrors are simply an extension of the current sink /source of the previous section. In
fact, it is unlikely that one would ever build a current sink /source thai was not biased as a cur-
rent mirror. The current mirror uses the principle that if the gate—source potentials of two
identical MOS transistors are equal, the channel currents should be equai. Figure 4.4-1 shows
the implementation of a simple nchannel current mirror. The current /; is assumed to be de-
fined by a current source or some cther means and iy, is the output or “mirrored” current. M1
i8 in saturation because vpg = Vgg). Assuming thal vpg = vgs; — Ve is greater than ¥y, al-
lows us to use the equations in the saturation region of the MOS transistor. la the most general
case, the ratio of i, to iy is

G G e
I wle VGS - Vn 1+ xVD‘" Kl

; l ; Figure 4.4-1 n-Channel current mirror.
‘' l 0

Vost :]|—+—|E Vosz

v
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Normally, the components of a cumrent mirror are processed on the same integrated circuit and
thus all of the physical parameters such as Vyand K’ are identical for both devices. As a result,

Eq. (4.4-1) simplifies to
io L,Wz) (1 + )wm)
o . A

i (Wllrz 1 4 Mgy ‘42

If vpss = vps (not always a good assumption), then the ratio of i,/i; becomes

lg _ LIWZ)

4-

ir  \Wila @43
Consequently, ipfi; is a function of the aspect ratios that are under the control of the designer.

There are three effects that cause the curren: mirror to be different from 1he ideal situation
of Eq. (4.4-3). These effects are (1) channel length modulation, (2) threshold offset between
the two transistors, and (3) imperfect geometrical matching. Each of these effects will be
analyzed separately.

Consider the channei length modulation effect. Assuming all other aspects of the transis-
tor are ideal and the aspect ratios of the two transistors are both unity, then Eq. (4.4-2) simpli-
fies to .

ia l + RVm
Lo 4.4-4
i[ 1+ AVDSI ( )
with the assumption that X is the same for both transistors. This equation shows that differ-
ences in drain—source voltages of the two transisters can cause a deviation from the ideal
unity current gain or current mirroring. Figure 4.4-2 shows a plot of current ratio error versus

Figure 4.4-2 Plot of ratio error (in
%) versus drain voltage difference

03 =002 for the current mirror of Fig. 4.4-1,
] ’ For this plot, vpg = 2.0 V.
é 70 — Ratio Error vyg, « vy, (volts) P ol
b &0 _: a=a 0,015
| s

L
<|=< 40 4 am 0.0
+ |+ 1

LT

L)
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10 3

a0 LA o e N L W SN R AR e IR LR
0o 1.0 20 30 40 50
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Vos2 — Vpsi Tor different values of A with both transistors in the saturation region. Two im-
portant facts should be recognized from this plot. The first is that significant ratio error can
exist when the mirror transistors do not have the same drain-source voliage and second, for
a given difference in drain-source voltages, the ratio of the mirror cusrent to the reference
current improves as A becomes smaller (output resistance becomes larger). Thus, a good cur-
rent mirror or current amplifier should have identical drain—source voltages and a high output
resistance.

The second nonideal effect is that of offset berween the threshold voltage of the two tran-
sistors, For clean silicon-gate CMOS processes, the threshold offset is typically less than
10 mV for transistors that are identical and in close proximity to one another.

Consider two transistors in a mirror configuration where both have the same drain-source
voltage and all other aspects of the transistors are identical except V. In this case, Eq. (4.4-1)
simplifies to

fo (Vc;s - Vﬂ)z
fo_ (Yes=—Vn (4.4-5)
g vas — Vn

Figure 4.4-3 shows a plot of the ratio error versus AVn where AVy = V — V. It is obvious
from this graph that better current-mirror performance is cbtained at higher currents, because
ves is higher for higher currents and thus AV becomes a smaller percentage of v

It is also possible that the transconductance gain K’ of the current mirror is also mis-
matched (due to oxide gradients). A quantitative analysis approach to variations in both K’
and Vy is now given. Let us assume that the W/L ratios of the two mirror devices are exactly
equal but that K’ and Vr may be mismatched. Equation (4.4-5) can be rewritten as

io _ Kj(vas ~ Vo)

= 4.4
b Kives— V) @48

Figure 4.4-3 Plot of ratio error
(in %) versus offsel voliage for
the current mirror of Fig. 4.4-1,
For this plot, vr; = 0.7 V and
K'WIL = 110 pAIV?,
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where vgs; = Vgs2 = Vs Defining AK’ = K} — K} and K’ = 0.5(K + K}) and AVy= Vpp —
Vpyand Vy = 0.5(Ve + Vi) gives
Ki=K - 0.5AK' 44-7)
Ky =K + 05AK’ (44-8)
Vn = Vr— 0.5AV (4.4-9)
V= Vr + 0.5AV; 44-10)

Substituting Eqs. (4.4-7) through (4.4-10) into Eq. (4.4-6) gives

io (K" + 054K )(vgs — Vi = 0.5AV?

= 4.4-11
ij (K’ — 0.5AK')(vgs — Vr + 0.54V)? ¢ )
Factoring out K’ and (vgs — Vy) gives
d 2
i (l ! %)(1 3 2(v‘“jv>)
U L 4.4-12)

i AK' avy \2
(‘ 21:) (1  Yves - Vr))

Assuming that the quantities in Eq. (4.4-12) following the “l“ are small, Eq. (4.4-12) can be
approximated as

o AK’ éﬁ) ___Avw )’( .\ )’
t,s( zx‘)(”zlf’ (1 e —vo) U Tomovy) @41

Retaining only first-order products gives

ip AKX’ 2AVT
i =1+ e s — Vi (44-14)
If the percentage change of K’ and Vi are known. Eq. (4.4-14) can be used on a worst-case
basis to predict the error in the current-mirror gain. For example, assume that AK'/K' = 5%
and AVr /(vgs — Vo) = £10%. Then the current-mirror gain would be given as ip/i; =1 *
0.05 £ (—0.20) or 1 = (—0.15) amounting to a 15% error in gain assuming the tolerances of
K’ and Vrare correlated.

The third nonideal effect of current mirrors is the error in the aspect ratio of the two devices.
We saw in Chapter 3 that there are differences in the drawn values of W and L. These are due to
mask, photolithographic, etch, and outdiffusion veriations. These variations can be different
even for two transistors placed side by side. One way to avoid the effects of these variations is to
make the dimensions of the transistors much larger than the typical variation one might see. For
transistors of identical size with Wand L greater than 10 pm, the errors due to geometrical mis-
match will generally be insignificant compared to offset-voltage and v,5-induced errors.
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In some applications, the current mirror is used to multiply current and function as & cur-
rent amplifier. In this case, the aspect ratic of the multiplier transistor (M2) is much greater
than the aspect ratio of the reference transistor (M1). To obtain the best performance, the geo-
metrical aspects must be considered. An example will illustrate this concept.

ASPECT RATIO ERRORS IN CURRENT AMPLIFIERS

Figure 4.4-4 shows the layout of a one-to-four current amplifier. Assume that the lengths are
identical (L, = L;) and find the ratio error if W, = § %= 0.05 jum and W; = 20 * 0,05 pm.

I i
b & l l °

i g | L .

SN R T T

| ] a m GND B

Gs

v

Figure 4.4-4 Layout of current mirror without AW correction.

Solution

The actual widihs of the two fransistors are

W, =35 005um
and ‘

W: =20 * 0,05 pm

We note that the tolerance is not multiplied by the nominal gain factor of 4. The ratio of W to
W) and consequently the gain of the current amplifier is

_— — = ————— o
LW, szoge 400

where we have assumed that the variations would both have the same sign. It is seen that this
ratio error is 1,25% of the desired current ratio or gain.

The error noted above would be valid if every other aspect of the transistor were matched
perfectly. A solution to this problem can be achieved by using proper layout techniques. The
correct one-to-four ratio should be implemented using four duplicates of the transistor M 1. In
this way, the tolerance on W; is multiplicd by the nominal current gain. Let us reconsider the
above example using this approach.
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4.4 Current Mirrors 139

REDUCTION OF THE ASPECT RATIO ERROR IN CURRENT
AMPLIFIERS

Use the layout technique illustrated in Fig. 4.4-5 and calculate the ratio error of a current am-
plifier having the specifications of the previous example.

M1 M2

GND

v

Figure 4.4-5 Layout of current mimor with AW comection as well as common-centroid layout
techniques,

The actual widths of M1 and M2 are

W, =5%005m
and
W, = 4(5 * 0.05) pm
The ratio of W, to W, and consequently the current gain is seen to be

o _45£005 _,
i 5005

In the above examples we made the assumption that AW should be the same for all tran-
sistors. Unfortunately, this is not true, but the AW matching errors will be small compared to
the other error contributions. If the widths of two transistors are equal but the lengths differ,
the scaling approach discussed above for the width is also applicable to the length. Usually
ong does not try to scale the length because the tolerances are greater than the width toler-
ances due to diffusion (oudiffusion) under the polysilicon gate.

‘We have seen that the small-signal output resistance is a good measure of the perfection
of the current mirror or amplifier. The output resistance of the simple n-channel mirror of Fig.
4.4-1 is given as

1 1
= — R —— 4
Tom fa = Mo 4.4-15)
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i l u,l Figure 4.4-6 Standard cascode current sink.

Higher-performance current mirrors will attempt to increase the value of r,, Equation
(4.4-15) will be the point of comparison.

Up to this point we have discussed aspects of and improvements on the current mirror or
current amplifier shown in Fig. 4.4-1, but there are ways of improving current-mirror perfor-
mance using the same principles employed in Section 4.3. The current mirror shown in Fig.
4.4-6 applies the cascode technigue, which reduces ratio errors due to differences in output
and input voltages.

Figure 4.4-7 shows an equivalent small-signal model of Fig. 4.4-6. To find the small-signal
output resistance, set #; = 0. This causes the small-signal voltages v, and v, to be zero. There-
fore, Fig. 4.4-7 is exactly equivalent to the circuit of Example 4.3-1. Using the correct sub-
scripts for Fig. 4.4-7, we can use the results of Eq. (4.3-6) to write

Fot = Fasz F T + Emalasalasall + ma) (4.4-16)

We have already seen from Example 4.3-1 that the small-sipnal output resistance of this con-
figuration is much larger than for the simple mirror of Eq. (4.4-15).

Another current mirror is shown in Fig. 4.4-8. This circuit is an n-channel implementa-
tion of the well-known Wilson current mirror [6]. The output resistance of the Wilson current

i
lﬂ
1] D4 - o
B3Vl + * “Bumbst™) + +
r r
ds3 vy davi v
Ems*s o _ VC" E, n-lvpll o
_ | v,
[ 1] D .
+ +
L Em"y
Tast v a3 vy
$4 54

Figure 4.4-7 Small-signal mode! for the circuit of Fig. 4.4-6.
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mirror i8 increased through the use of negative current feedback. If ¢, increases, then the cur-
rent through M2 also increases. However, the mirroring action of M1 and M2 causes the cur-
rent in M1 to increase. If i, is constant and if we assume there is some resistance from the gate
of M3 (drain of M1) to ground, then the gate voltage of M3 is decreased if the current i, in-
creases. The Joop gain is essentially the product of g,,; and the small-signal resistance seen
from the drain of M1 to ground.

It can be shown that the small-signal output resistance of the Wilsog current source of
Fig.44-8 is

1 + ryage (1 +93) + Smlfmxna"m) 44-17)

Four = Ty + fdsz( 1+ gosun

The output resistance of Fig. 4.4-8 is seen to be comparable with that of Fig. 4.4-6.

Unfortunately, the behavior described above for the current mirrors or amplifier requires
a nonzero voltage at the input and output before it is achieved. Consider the cascode current
mirror of Fig, 4.4-6 from a large-signal viewpoint. This voltage at the input, designated as
V{min}, can be shown to depend on the value of i, as follows. Since v = 0 for both M] and
M3, these devices are always in saturation. Therefore, we may express Vy{min} as

=\ 2 iz
V(min) = (%) [(—;—1[) + (%3) ] + (Vo + Vi) (4.4-18)

It is seen that for a given j; the only way to decrease V,(min) is to increase the W/L ratios of
both M1 and M3. One must also remember that V43 will be larger due to the back-gate bias on
M3. The technigues used to reduce Vy,y at the output of the cascode current sink/source in
Section 4.3 are not applicable here,

We are also interested in the voltage, Vypy, where M4 makes the transition from the non-
saturated region to the saturated region. This voltage can be found from the relationship

Voss = (Voss ~ Vra) (4.4-19)

Vpe = Ve — Vi (4.4-20)

Figure 4.4-8 Wilson current mirror.

=M

r :]I—q:m
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which is when M4 is on the threshold between the two regions. Equation {(4.4-20) can be used
to obtain the value of Vygy as

a7, in L 12 iz
Vi = V) — Vi = (FI) [(F‘l) + ({%) ] + (Vi + Vs = Ve (44-21)

For voltages above Vjyy, the transistor M4 is in sateration and the output resistance should be
that calculated in Eq. (4.4-16). Since the value of voltage across M2 is greater than necessary
for saturation, the technique used to decrease Vi in Section 4.3 can be used to decrease
Ve

Similar relationships can be developed for the Wilson current mirror or amplifier. If M3
is saturated, then V,(min) is expressed as

21 1”2 W2 [Frd
Vi{min) = (F?) I:(i“’;';) + (%3-) ] + (Vrz + Vy3) (4.4-22)

For M3 1o be saturated, vy must be greater than Voyy{sat) given as

1”2 2 17
Vour(sat) =V, — V= (EI‘.I‘?') [(ﬁ,{q—z) + (%;) :I + Vr2 (4.4-23)

It is seen that both of these circuits require at least 2V across the input before they behave as
described above. Larger W/L ratios will decrease V,;(min) and Ve {sat).

An improvement on the Wilson current mirror can be developed by viewing from a dif-
ferem perspective. Consider the Wilson current mirror redrawn in Fig, 4.4-9. Note that the
resistance looking into the diode connection of M2 is

Fas2
.l + Bma¥ a2

) l ‘ !,,l '}1 "al

gy = (4.4-24)

M1 E“—~— ’_,“f,!_,‘t:;t-_::_r,; M El]——-——

/— Nl an

® ®)

Figure 4.4-9 (a} Wilson current mirror redrawn, (b) Wilson current mirror modified to
increase ro, at M2,
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l,l b l :,,l Figure 44-10 Regulated cascode current mirror.

M) :l}——

mEj,L—l —
]
v

If the gate of M2 is tied to a bias voltage so that ry, becomes

Tas2

m = Az = P (4.4-25)

iz =

©  thee the expression for r,y is given as

Tor = Ty + rm( (4.4-26)

1+ Pyl (l +93) + gm:’nﬂvlgmafm)
N -

Tour = Fy€m\ T s\ @meaT s (4.4-27)

This new current mirror illustrated fully in Fig. 4.4-10 is called a regulated cascode [7]
and it achieves an output resistance on the order of g2 r,.

Each of the current mirrors discussed above can be implemented using p-channel de-
vices. The circuits perform in an identical manner and exhibit the same small-signal output
resistance, The use of n-channel and p-chanrel current mirrors will be useful in de biasing of
CMOS circuits.

CURRENT AND VOLTAGE REFEREACES

An ideal current or voltage reference is independent of power supply and temperature. Many
applications in analog circuits require such a building block, which provides a stable current or
voltage, The large-signal current and voltage characteristics of an ideal current and voltage ref-
erence are shown in Fig. 4.5-1. These characieristics are identical to those of the ideal current
and velage source. The term reference is used when the current or voltage values have more
precision and stability than ordinarily found in a source. A reference is typically dependent on
the load connected to it. It will always be possible to use a buffer amplifier to isolate the refer-
ence from the load and maintain the high performance of the reference. In the discussion that
follows, it will be assumed that a high-performance voltage reference can be used to imple-
ment a high-performance current reference and vice versa.

Page 153 of 195 REED EX1015
IPR2024-01158




144  ANALOG CMOS SUBCIRCWNTS

i Figure 4.5-1 -V characteristics of ideal current and volt-
ape references,

Vagr

A very crude voltage reference can be made from a voltage divider between the power
supplies. Passive or active components can be used as the divider elements. Figure 4.5-2
shows an example of each. Unfortunately, the value of Veer is directly proportional to the
power supply. Let us quantify this relationship by introducing the concept of sensitivity S. The
sensitivity of Vigp of Fig. 4.5-2(a) 10 Vpp can be expressed as

o = (3 Vrer/Vree) _ Voo (avm)
. o T (3VppiVp)  Veer \8Vpp

(4.5-1)

Equation (4.5-1) can be interpreted as follows: if the sensitivity is 1, then a 10% change in
¥pp will result in a 10% change in Vpge (which is undesirable for a voltage reference). It may
also be shown that the sensitivity of Vpge of Fig. 4.5-2(b) with respect to Vpy, is unity (se¢
Problem 4.5-1).

A simple way of obtaining a better voltage reference is to use an active device as shown
in Fig. 4.5-3. In Fig. 4.5-3(a), the substrate BJT has been connected to the power supply
through a resistance K. The voltage across the pn junction is given as

kT I
q I
Yoo Yoo Figure 4.5-2 Voltage references using voltage divi-

- sion. () Resistor implementation. (b) Active device
implementation.

@ ®
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Voo Yon Figure 4.5-3 (a) pn I_uncﬁon voltage
T reference. (b) Increasing Vyge of (a).
1 l % R ! l R
* + By
Vagr YeEr R
2
v hvd
) (b)

where I, is the junction-saturation current defined in Eq, (2.5-4), If Vp is much greater than
Vep, then the curreat { is given as

Voo — szh

I= R R {4.5-3)
Thus, the reference voltage of this circuit is given as
kT @)
VREF = g In ( Rl, (4.5-4)
The sensitivity of Vegp of Fig. 4.5-3(2) to Vjpp is shown to be
Sy = ! ! {4.5-5)

Yoo T VoA RID] | Il

Interestingly enough, since [ is normally greater than 1, the sensitivity of Ve of Fig, 4.5-3(a)
is less than unity. For example, if I = | mA and 7, = 107'° A, then Eq. (4.5-5) becomes
0.0362. Thus, a 10% change in Vp,, creates only a 0.362% change in Vg, Figure 4.5-3(b)
shows a method of increasing the value of Vygr in Fig. 4.5-3(a). The reference voltage of
Fig. 4.5-3(b) can be written as

Vier = Vea (R; * Rz) (4.5-6)

In order to find the value of Vgp, it is necessary to assume that the transistor 8, (common-
emitter current gain) is large and/ecr the resistance Ry + R; is large. The larger Vggp becomes
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in Fig. 4.5-3(b), the more the current { becomes a function of Vpup and eventually an iterative
solution is necessary.

The BJT of Fig. 4.5-3(a) may be replaced with a MOS enhancement device to achieve a
voltage that is less dependem on Vp than Fig, 4.5-2(a) as shown in Fig. 4.5-4(a). Vgpp can be
found from Eqg. {4.2-2), which gives Vs as

Vas = Vr + Jg (4.5‘7)

Ignoring channel length modulation, Vezer is

1 2AVpp — V) 1
i + 5-
BR +\/ B FR @58

K Vyp =5V, W/L =2, and R is 100 k{}, the values of Table 3,1-2 give a reference voltage of
1.281 V. The sensitivity of Fig. 4.5-4(a) can be found as

bl
SV (1 T 8 Ve — VOR/ \Viwr .5-9)

Using the previous values gives a sensitivity of Vpep to Vpp of 0.283. This sensitivity is not as
good as the BJT because the logarithmic function is much less sensitive 1o its argument than
the square root. The value of Vree of Fig. 4.5-4(a) can be increased vsing the technique em-
ployed for the BJT reference of Fig, 4.5-3(b), with the result shown in Fig. 4.5-4(b), where the
reference voltage is given as

Vagp = Vr —

R
Veer = Vos (1 + R—T) 4.5-10)
Vop Yoo Figureld.s-n_t {a) MOS equivalent of
—_—— the pn junction veltage reference.
{b) Increasing Virs of (a).
2 R ! R
| 12
+ * Rl
Yrer :l Yrer F'
)
A ~

) {b}
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i Figure 4.5-§ -V characteristics of a breakdown diode.

In the types of voltage references illustrated in Figs. 4.5-3 and 4.5-4, the designer can use
geometry to adjust the value of Vpgp. In the BIT reference the geometric-dependent parame-
ter is /, and for the MOS reference it is W/L. The small-signal output resistance of these refer-
ences i a measure of how dependent the reference will be on the load (see Problem 4.5-5).

A voltage reference can be implemented using the breakdown phenomenon that occurs
. in the reverse-bias condition of a heavily doped pn junction discussed in Section 2.2. The
symbol and current—voltage characteristics of the breakdown diode are shown in Fig. 4.5-5.
The breakdown in the reverse direction (v and i are defined for reverse bias in Fig. 4.5-5) oc-
curs at a voltage BY. BV falls in the range of 6-8 V, depending on the doping concentrations
of the n* and p* regions. The knee of the curve depends on the material parameters and
should be very sharp. The small-signal output resistance in the breakdown region is low, typ-
ically 30-100 {1, which makes an excellent voltage reference or voltage source. The temper-
ature coefficient of the breakdown diode will vary with the value of breakdown voltage BV as
seen in Fig. 4.5-6. Breakdown hy the Zener mechanism has a negative temperature coefficient
while the avalanche breakdown has a positive temperature coefficient. The breakdown volt-
age for typical CMOS technologies is around 6.5-7.5 V, which gives a temperature coeffi-
cient around +3 mV/°C.

The breakdown diode can be used as a voitage reference by simply connecting it in series
with a voltage-dropping element (resistor or active device) to Vpp or Vg as illustrated in Fig.
4.5-7(a). The dotted load line on Fig. 4.5-5 illustrates the operation of the breakdown-diode

- ' Figute 4.5-6 Variation of the temperature

| coefficien! of the breakdown diode as a function
of the breakdown voltage, BV {By permission
from John Wiley & Sons, Inc.)

—- N W A W&
1

Temperature coefficlent of ¥y (mVFACY
1
&
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in Fig. 4.5-3(b), the more the current I becomes a function of Vggp and eventually an iterative
solution is necessary.

The BIT of Fig. 4.5-3{a) may be replaced with a MOS enhancement device to achieve a
voltage that is less dependent on V), than Fig. 4.5-2(a) as shown in Fig. 4.5-4(a). Vggg can be
found from Eq. (4.2-2), which gives Vg as

Vos = Vr + \/% 4.5-7)

Ignoring channel length modulation, Viger is

v _ 1 20Vpp — Vi) | 1 g
Ve = Vo oK + \/ R + T (4.5-8)

If Vpp =5V, W/L = 2, and R iz 100 k), the values of Table 3.1-2 give a reference voltage of
1.281 V. The sensitivity of Fig. 4.5-4(a} can be found as

v, - l ) ( VDD) K
S (1 + 8 (Vear — VOR/ \ Vs ¢35

Using the previous values gives a sensitivity of Vper t0 Vo, of 0.283, This sensitivity is not as
goed as the BIT because the logarithmic function is much less sensitive to its argument than
the square root. The value of Vper of Fig. 4.5-4{a) can be increased using the technique em-
ployed for the BIT reference of Fig. 4.5-3(b), with the result shown in Fig. 4.5-4(b), where the
reference voltage is given as

.. R
Vemr = Vs (1 + E’-) (4.5-10)
1
Vop Ynn Figure 4.54 (a) MOS equivalent of
—_ —_ the pn junction voltage reference.
(b) Increasing Yrer of (a).
I 3 R i % R
12 |
* * &
Vaer :l Yesr j Ry
~ ) ~
[} (b
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i Figure 4.5.5 -V characteristics of a breakdown diode.
i 1 +
Zoo | v
R - - .
Iy |eeaccaa epp— ] ‘Q‘
AR
V.IV VM v

In the types of voltage references illustrated in Figs. 4.5-3 and 4.5-4, the designer can use
geometry to adjust the value of Vygr. In the BIT reference the geometric-dependent parame-
ter is I, and for the MQOS reference it is W/L. The small-signal output resistance of these refer-
ences is a measure of how dependent the reference will be on the load (see Problem 4.5-5).

A voltage reference can be implemented using the breakdown phenomenon that occurs
in the reverse-bias condition of a heavily doped pn junction discussed in Section 2.2. The
symbol and current—voltage characteristics of the breakdown diode are shown in Fig. 4.5-5.
The breakdown in the reverse direction (v and { are defined for reverse bias in Fig. 4.5-5) o¢-
curs at a voltage BY. BV falls in the range of 6-8 V, depending on the doping concentrations
of the n* and p* regions. The knee of the curve depends on the materia} parameters and
should be very sharp, The small-signal output resistance in the breakdown region is low, typ-
ically 30~100 102, which makes an excellent voltage reference or voltage source. The temper-
ature coefficient of the breakdown diode will vary with the value of breakdown voltage BV as
seen in Fig, 4.5-6. Breakdown by the Zener mechanism has a negative temperature coefficient
while the avalanche breakdown has a positive temperature coefficient. The breakdown volt-
age for typical CMOS technologies is around 6.5-7.5 V, which gives a temperature coeffi-
cient arovnd +3 mV/C.

The breakdown dicde can be trscd as g voltage reference by simply connecting it in series

P B G Y BRI e NI R Ly ALy i eIy S S
4.5-7(a). The dotted load line on Flg 4.5-5 illustrates the operation of the breakdown-diode

Temperamme cnelliclent of Vg (MWL)

6 k Figure 4.5-6 Variation of the temperature

s L coefficient of the breakdown diode as a funiction
of the breakdown voltage, BV (By permission

‘I from John Wiley & Sons, Inc.)
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Vop Figure 4.5-7 (a) Breakdown-diode voltage reference.
(b) Small-signal model of (a).

ra Vier

@) ®)

voltage reference. If Vpp, or R should vary, little change in BY will result because of the steep-
ness of the curve in the breakdown region. The sensitivity of the breakdown-diode voltage
reference can easily be found by replacing the circuit in Fig. 4.5-7(a) with its small-signal
equivalent model. The resistor r, is equal to the inverse of the slope of Fig. 4.5-5 at the point
Q. The sensitivity of Vggpto Vpp can be expressed as

- () Ge)=(a) () - () () wsn
g a VDD Vrep Vad BY r.+ R BV
Assume that Vpp = 10V, BV = 6.5V, r, = 100 0}, and R = 35 k{). Equation {4.5-11) gives
the sensitivity of this breakdown-dicde voltage reference as 0.0044, Thus, a 10% change in
Vpp would cause only a 0.044% change in Vygr. Other configurations of a voltage reference
that use the breakdown diode are considered in the problems,

We have noted in Figs. 4.5-3(2) and 4.5-4(a} that the sensitivity of the voltage across an
active device is less than unity. If the voltage across the active device is used to create a cur-
rent and this current is somehow used to provide the original current through the device, then
a current or voltage will be obtained that is for all practical purposes independent of Vp,. This
technique is called a Vy referenced source, This technique is also called a bootstrap reference.
Figure 4.5-8(a) shows an example of this technigue using all MOS devices. M3 and M4 cause
the currents /, and /, to be equal. I; flows through M1 creating a voltage Vg & flows through
R creating a voltage ;R Because these two voltages are connected together, an equilibrinm
point is established, Figure 4.5-8(b) illustrates how the equilibrinm point is achieved. On this
curve, 1, and I, are plotted as a function of V. The intersection of these curves defines the equi-
libtium point indicated by Q. The equation describing this equilibrium point is given as

2
2L, ) (@.5-12)

= +
=+ (20

This equation can be solved for I} = 1y = I, giving (ignoring \)

VT] [ 1 ZVTl 1
= = — —_ 8-
Ip=1h R .BIR1+R1/.3|R +ﬁ?R2 (4.5-13)
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Figure 4.5-B (a) Threshold-referenced circuit. (b) J-V characteristics of (a), illustrating how the bias
point is established.

To first order, neither /; nor /, changes as a function of V), thus, the sensitivity of I, to Vp
is essentially zero. A voltage reference can be achieved by mirroring 7, (= i) through M3 or
M6 and using a resistor.

Unfortunately, there are two possible equilibrium points on Fig. 4.5-8(b). One is at  and
the other is at the origin. In order to prevent the circuit from choosing the wrong equilibrium
point, a startup circuit is necessary. The circuit within the dotted box in Fig. 4.5-8(a) functions
as a startup circuil. Tf the circuit is at the undesired equilibrium point, then [, and I; are zero.
However, M7 will provide a current in M1 that will cause the circuit to move to the equilib-
rium peint at Q. As the circuit approaches the point @, the source voltage of M7 increases,
causing the current through M7 to decrease. At @ the current through M1 is essentially the
current through M3.

An alternate version of Fig. 4.5-8(a) that nses Vi to reference the voltage or current is
shown in Fig. 4.5-9, 1t can be shown that the equilibrium point is defined by the relationship

IQR = VBE} = VT In (?’) (4.5‘14)
¥

This reference circuit also has two equilibrium points and a startup circuit similar to

Fig. 4.5-8(a) is necessary. The reference circuits in Figs. 4.5-8(a) and 4.5-9 represent a very

good method of implementing power-supply-independent references. Either circuit can be

operated in the weak-threshold inversion in order to develop a low-power, low-supply-voltage
reference.

Unfortunately, supply-independent references are not necessarily temperature indepen-

dent because the pn junction and pate—source voltage drops are temperature dependent, as
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Vop Figure 4.5-9 Base-emitter volt-

age-referenced circuit,
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- noted in Section 2.5. The concept of fractional temperature coefficient (TCg), defined in Eq.
(2.5-7), will be used to characterize the temperature deperdence of voltage and current refer-
ences. We see that TCr is related to the sensitivity as defired in Eq. (4.5-1)

TC, = ';(s#) (4.5-15)

where X = Vggr of Ingr. Let us now consider the temperature characteristics of the simple pn
junction of Fig. 4.5-3(a). If we assume that Vpp is much greater than Vggr, then Eq. (4.5-4)
describes the reference voltage. Although V), is independent of temperature, R is pot and
must be considered, The fractional temperature coefficient of this voltage reference can be ex-
pressed using the results of Eq. (2.5-17) as

TCr =—— - g
7 Vg dT Viee?  Vemsd  Viesg \RdT

1 dVeer _ Veer — Voo _ 3k kT (dR) 45-16)

if vg = Vipp. Assuming a Vyep of 0.6 V at room temperature, the 7Cp of the simple pn voltage
reference is approximately —2500 ppm/°C.

Figure 4.5-4(a} is the MOS equivalent of the simple pn junction voltage reference. The
temperature dependence of Vggg of this circuit can be wrilten as

dVier _ Tet 2R \T RdT @517
T 1 ‘

1+
V28R (Vop =~ Vaer)
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CALCULATION OF THRESHOLD VOLTAGE REFERENCE
CIRCUIT

Calculate the temperature coefficient of the circuit in Fig. 4.5-4(a), where W/L = 2, Vpp =
5V, and R = 100 k{3, using the parameters of Table 3.1-2. Resistor R is polysilicon and has a
temperature coefficient of 1500 ppm/°C.

Using Eq. (4.5-8),

1 2Vpp ~ V) 1
Vegr = Vr — —
er = Vr ﬁn+\/ BR PR

BR=220%10"%%x10° =22

—or- Ly frs-on (1Y
Veer = 0.7 22+\/ 22 +(22)

Vigr = 1.281
1dR ]
Rdl 1500 ppm/°C
. ‘%‘_"ma?(ﬁ,léﬁ)
dVaer _ 28R \T RdT
dar 1
1+

V28R (Vpp — Vaer)

_ -3, [3-1281 (1_5_ _ _6)
WVesr _ 23X 107 + 4/ 222) \3op ~ 1500% 10

dr 1

1+
V2(22) (5 — 1.281)
dVeer

GVrer _ _ -3
ar 1.189 X 107" V/°C

The fractional temperature coefficient is given by

- 1 dVger
=g = ar

giving, for this example,

TCr = —1.189 X 10"3( ) ~! = —928 ppm/°C

1.281
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IPR2024-01158



152

ANALOG CMOS SUBCIRCUITS

Unfortunately, the TCy of this example is not realistic because the values of « and the TCr of
the resistor do aot have the implied accuracy.

The temperature characteristics of the breakdown diode were illustrated in Fig, 4.5-6.
Typically, the temperature coefficient of the breakdown diode is positive. If the breakdown
diode can be suitably combined with & negative temperature coefficient, then the possibility of
temperature independence exists. Unfortunately, the temperature coefficient depends on the
processing parameters and cannot be well defined, so this approach is not attractive.

The bootstrap reference circuit of Fig. 4.5-8(a) has its current /, given by Eq. (4.5-13). If the
product of R and /3 is large, the TCrof the bootstrap reference circuit can be approximated as

(4.5-18)

CALCULATION OF BOOTSTRAP REFERENCE CIRCUIT

Calcolate the temperature coefficient of the circuit in Fig. 4.5-8(a), where (WIL), = 20,
Vpp = 5V, and R = 100 k{} using the parameters of Table 3.1-2. Resistor R is polysilicon and
has a temperature coefficient of 1500 ppm/°C, & = 2.3 X 1072 V/°C,

Using Eq. (4.5-13),

Vo, L1 [
le=h=p * 5 * sV ar T ER

BiR =220 X 107° x 10° = 220
B =220x 1079 x 10" = 22 X 108

0.7 1 1\/2x0.7 (1)’
Ip=—e——— +— [ [ —
27 10° 2x10*  10°V 220 220

Ip=175uA
1 dR
RdT 1500 ppm/°C
-23x%107? -
TCr = ——30—712— — 1500 X 107%°C™! = —4.79 X 1072 °C™" = —4790 ppm/°C

The temperature behavior of the base—emitter-referenced circuit of Fig, 4,5-9 is similar to
that of the threshold-referenced circuit of Fig. 4.5-8§(a). Equation (4.5-14) showed that /; is
equal to Vpp divided by R. Thus, Eg. (4.5-18) above expresses the TC of this reference if V-
is replaced by V as follows:

We=T—""" "3 (4.5-19)

Assuming Vgg of 0.6 V gives a TCpof —2333 ppm/°C.
Page 164 of 195 REED EX1015
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The voltage and current references presented in this section have the objective of pro-
viding a stable value of current with respect to changes in power supply and temperature. It
was seen that while power-supply independence could thus be obtained, satisfactory temper-
ature performance could not. To illustrate this conclusion, consider the accuracy require-
ment for a voltage reference for 8-bit accuracy. Maintaining this accuracy over a 100°C
change requires the TCr of the reference to be 1/(256 X 100°C) or 39 ppm/°C,

b BANDGA? REFERENCE

In this section we present a technique that results in references that have very little depen-
dence on temperature and power supply. The bandgap reference [8-12] can generate ref-
erences having a temperature coefficient on the order of 10 ppm/°C over the temperature
range of 0—70 °C. The principle behind the bandgap reference is illustrated in Fig. 4.6-1.
A voltage V. is generated from a pn-junction diode having a temperature coefficient of
approximately —2.2 mV/°C at room temperature. Also generated is a thermal voltage V;
(= kTlg), which is proportional to absolute temperature (PTAT) and has a temperature coeffi-
cient of +0.085 mV/°C at room temperature. If the V, voltage is multiplied by a constant X
and summed with the Vj,» voltage, then the output voltege is given as

Veer = Ve + KV, (4.6-1)

Differentiating Eq. (4.6-1) with respect to temperature and using the temperature coefficients
for Vg and V, leads to a value of X that should theoretically give zero temperature depen-
dence. In order to achieve the desired performance, il is necessary to develop the temperature
dependence of Ve in more detail. One can see that since Vg, can have littie dependence on
the power supply (i.e., the bootstrapped references of Section 4.5), the power-supply depen-
dence of the bandgap reference will be quite small.

Vapr = Vae + KV,
. Z

kT v,

S
L

Figure 4.6-1 General principle of the bandgap reference.
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To understand thoroughly how the bandgap reference works, we must first develop the
temperature dependence of Vge. Consider the relationship for the collector-current density in
a bipolar transistor,

9Dy, ( VBE)
= —_ 6~
Jec Wa exp v, (4.6-2)

where

Je = collector current density (A/m?)
Ry, = equilibrium concentration of electrons in the base
D, = average diffusion constant for electrons

W5 = base width

The equilibrium concentration can be expressed as

n}
fpo = }V_A {4.6-3)
where
ni = DT exp (= VoV (4.6-4)

The term D Is a temperature-independent constant and Vi is the bandgap voltage (1.205 V).
Combining Egs. (4.6-2) through (4.6~4) results in the following equation for collector-current
density:

= 9D ps &s_—_"ﬂ)
Je NaWa DT exp( . (4.6-5)
= AT"exp (E’E_;_ﬁo.) (46_6)
[4

In Eq. (4.6-6), the temperature-independent constants of Eg. (4.6-5) are combined into a sin-
gle constant A, The coefficient of temperature v is slightly different from 3 due to the temper-
ature dependence of D,

A relation for Vg can be developed from Bq. (4.6-6) and is given as

kT Ic
Vag=—1In{—= '
b= l"(Ar?)J'V“’ 467
Now consider Jc at a temperature Ty,
Joo = AT exp [i (Ve — vm)] (4.6-8)
kTo
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The ratio of J¢ to Sy is
Je _ _T_)" [Q(Vu Vo Vam - Vco)]
T = T exp p 7 T (4.6-9)

Equation (4.6-9) can be rearranged to get Vgg:

T T kT (ro) kT (Jc)
Vaie=Vll == |+ Vo | =) + — {2} + —mIn[ =% 4.6-10
ad ‘“’( ) "‘“( ) q ) TP\ Ua) )

By taking the derivative of Eq. (4.6-10) at Ty with respect to temperature (assuming that J-
has a temperature dependence of T™), the dependence of Vpz on temperature is clearly seen
to be

aT

_ Ve~ Ve - (l{)
=gt 4.6-11)

At 300 K the change of Vpz with respect to temperature is approximately —2.2 mV/°C. We
have thus derived a suitable relationship for the Vg term shown in Fig. 4.6-1. Now, it is also
necessary to develop the relationship for AVp: for two bipolar transistors having different
current densities. Using the relationship given in Bq. (4.6-7), a relationship for AVyg can be
given as

T (7
AMVpe = Vgt — Vem = k—~1n (ﬂ) (4.6-12)
q Tz
Therefore,
AAVpe _ V, (ic_t)
3T T In o 4.6-13)

In order to achieve zero temperature coefficient at T, the variations of Vgz and AVpe as given
in Egs. (4.6-11) and (4.6-13) must add up to zerc. This is expressed mathematically as

Via Jcn) Ve — Ve |, (0 — 7)Vo
=2 =1+ + 4.
0 ( To) n (Ja Ty T (65-14)

where K” is a circuit constant adjusted 1o make Eg, (4.6-14) true. Define K = K In [/ /7 4]
and substitute in Eq. (4.6-14) 10 get

Vio Vo — Vo | (@ = ¥V
= k{2 + + 4.6-
0 (To) T, Ty “6-19)

Solving for K yields

Voo — Vam + (v — a)Vyq

. V:o
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The werm K is under the designer’s control, so that it can be designed to achieve zero temper-
ature coefficient. Rearranging Eq. (4.6-16) yields

KVig=Vg — Ve + V(¥ — o) (4.6-17)

Note that X in Eqg. (4,6-17) is the same as that in Eq. (4.6-1), as both are constants required
to achieve & zero temperature coefficient. Then, sobstituting Bq. (4.6-17) into Eq. (4.6-1)
gives

Vp_Ep = Vm + VTO (‘, - ﬂ) (4.6'18)
=Ta

For typical values of ¥y = 3.2and @ = 1, Vype = 1.262 at 300 K. A typical family of reference-
voltage varjations as a function of T for various values of Ty is shown in Fig. 4.6-2.

A conventional CMOS bandgap reference for an n-well process is illustrated in Fig.
4.6-3. The input-offset voltage of the otherwise ideal op amp (V) has been included in the
circuit. Transistors Q, and (; are assumed to have emitter—base areas of Az, and A g, respec-
tively. If we assume for the present that Vs is zero, then the voltage across R, is given as

J; J I
Var = Vem — Ves = ViIn ("2") - Viln (_') =V, In ( ﬂm) (4.6-19)
Is2 Is2 LAg
However, the op amp also forces the relationship
LRy = LR, (4.6-20)
The reference voltage of Fig. 4.6-3 can be written as
R,
VRF_F = ng + IzR] = VBEZ + VR1 (R_) (4-6'21)
i

Figure 4.6-2 Variation of band-
gap reference output with tem-
perature. {Copyright © 1593
John Wiley und Sons, Inc.).
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Figure 4.6-3 A conventional band-
é % % 2, gap reference,

O
’11 e
| >—

Substituting Eq. (4.6-20) into Eg. (4.6-19) and the result into Eq. (4.6-21) gives

RaAg
Veer = Vi + ( ) ViIn (Rsﬂsz) (4.6-22)

Comparing Eq. (4.6-22) with Eq. (4.6-1) defines the constant K as

- &) (L?“ﬂ) 4.6-2
K (R. "\ ks “.6-23)

Thus, the constant X is defined in terms of resistor and emitter—base area ratios. It can be
shown that if the inpat-offset voltage is not zero, then Eq, (4.6-22) becomes

= _ R, RIAFI( _E)]
Vees = Vi (1 + R)vos 2y [ o Gy (4.6-24)

It is clear that the input-offset voltage of the op amp should be small and independent of tem-
perature in order not to deteriorate the performance of Vggg. Problem 4.6-1 explores a method
to reduce the effects of offset voltage.

The dependence of Vigr on power supply can now be investipated. In Eq. (4.6-24), the
only possible parameters that may depend on power supply are Vg, Vor, and /,. Since Vieg
and [, are derived from Vygr, the only way in which Vper can depend on the power supply is
through a finite power-supply rejection ratio (PSRR) of the op amp (manifesting itself as a
variation in Vs). If the PSRR of the op amp is large, then Fig. 4.6-3 is for all practical pur-
poses a power-supply-independent reference as well as a temperature-independent reference,

THE DESIGN OF A BANDGAP-VOLTAGE REFERENCE

Assume that Agy = 10 Ay, Ve = 0.7V, R, = R;, and V, = 0.026 V at room temperature.
Find R»/R, to give a zero temperature coefficient at room temperature.
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Using the values of Vg, and V, in Eq. (4.6-1) and assuming that Vg = 1.262 V gives a value
of K equal to 21.62. Equation {4.6-23) gives R>/R; = 9.39. In order to use Eq. (4.6-24), we
must know the approximate value of Vpgp and iterate if necessary. Assuming Vg to be 1.262,
we obtain from Eq. (4.6-24) a new value Vpge = 1,153 V. The second iteration makes little
difference on the result because Vg is in the argument of the fogarithm.

The temperature dependence of the conventional bandgap reference of Fig. 4.5-3 is capa-
ble of realizing temperature coefficients in the vicinity of 100 ppm/°C. Unfortunately, there
are several important second-order effects that must be considered in order to approach the
10 ppmv®C behavior [3]. One of these effects, as we have already seen, is the input-offset volt-
age Vs of the op amp. We have seen in Eq. (4.6-24) how the magnitude of Vs can contribute
a significant error in the output of the reference circuit. Furthermore, Vg is itself a function of
temperature and will introduce further deviations from ideal behavior. A further source of
error is the temperature coefficient of the resistors. Other effects include the mismaich in the
betas of Q, and O, and the mismatch in the finite base resistors of Q, and ;. Yet another
source of complication is that the silicon bandgap voltage varies as a function of temperature
over wide temperature ranges. A scheme for compensating the Vg, curvature and canceling
Vs the mismatches in £ (bipolar current gain), and the mismatches in base resistance has
permitted temperature coefficients of the reference circuit to be as small as 13 ppm/°C over
the range of 0-70°C.

Suppose that a temperature-independent current is desired. A first attempt in achieving
this would be to place the bandgap voltage across a resistor, thus generating a Vag/R current.
The obvious problem with this is the lack of a temperature-independent resistor! The solution
fo achieving a pear temperature-independent current source lies in recognizing that the
bandgap reference voltage developed in this chapter is not perfectly temperature independent
as illustrated in Fig. 4.6-2. In fact, a positive or negative temperature coefficient can be
achieved by designing the circuit so that at the nominal temperature (T}, the temperature co-
cfficient is either positive or negative. By adjusting the slope of the circuit’s temperature char-
acteristic 50 that it is the same as a resistor, a near-zero temperature coefficient circuit is
achieved. Equation (4.6-25) illustrates the equivalence required to achieve the near-zero tem-
perature coefficient for the circuit shown in Fig. 4.6-4.

LI (ﬁ) In (ﬁ) 4+ Yo = Ve | @ = Voo (4.6-25)
Ja TO TG

Although other techniques have been used to develop power-supply and temperature-
independent references, the bandgap circuit has proved the best to date. In this section we
have used the bandgap concept to develop precision references. As the requirement for higher
precision increases, the designer will find it necessary to begin including second-order and
sometimes third-order effects that might normally be neglected. These higher-order effects re-
quire the designer to be familiar with the physics and operation of the MOS devices.
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&

<

Figure 4.6-4 A tempemture-independent reference current.

(UHMARY

This chapter has introduced CMOS subcircuits, including the switch, active resistors, current
sinks/sources, current mirrors or amplifiers, and voltage and current references. The general
principles of each circuit were covered, as was their large-signal and small-signal perfor-
mance. Remember that the circuits presented in this chapter are rarely used by themselves,
rather they are joined with other such circuits to implement a desired analog function.

The approach used in each case was to present a general understanding of the circuit and
how it works. This presentation was followed by analysis of large-signal performance, typi-
cally a voltage-transfer function or a voltage—current characteristic. Limitations such as signal
swing or nonlinearity were identified and characterized. This was followed by the analysis of
small-signal performance. The important parameters of small-signal petformance include ac
resistance, voltage gain, and bandwidth.

The subject matter presented in this chapter will be continued and extended in the next
chapter. A good understanding of the circuits in this and the next chapter will prov:de afim
foundation for the later chapters and subject material,

LEMS

Using SPICE., generate a set of paramettic -V
curves similar to Fig. 4.1-3 for a wansisior with a
WL = 10/1. Use model parameters from Table
312

4,1-2. The circuit shown in Fig. P4,1.2 illustrates a sin-
gle-channel MOS resistor with a W/L of 2 pm/l
pm. Using Table 3.1-2 model parameters, calcu-
late the small-signal ON resistance of the MOS
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transistor at various values for Vs and fill in the
table below.

Vs {voits) R (vhmns)

0.0
1.0
20
30
4.0
5.0

Figure P4,1-2

4.3-3. The circuit shown in Fig. P4.1-3 illustrates a

single-channel MOS resistor with a W/L of 4 pmj
1 pm. Using Table 3.1-2 model parameters, calcu-
late the small-signal ON resistance of the MOS
transistor at various values for ¥y and fill in the
table below. Note that the most positive supply
voliage is 5 V.

Figure P4.1:3

Page 172 of 195

Vs (volts} R {ohuns)

0.0
1.0
20
30
40
50

4.1-4, The circuit shown in Fig. P4.1-4 illustrates a com-

plementary MQOS resistor with an n-channel W/L
of 2 um/1 um end a p-channel W/L of 4 um/1 .
Using Table 3.1-2 mode] parameters, calculate the
small-signal ON resistance of the complementary
MOS resistor af various values for Vi and fil in
the tzble below. Note that the most positive supply
voltage is S V.

3 volu

=00

Figure P4.14

V; (volts) R (chms)

0.0
10
20
30
40
50

4.1-5, For the ¢ircuit in Fig, P4.1-5(2) assume that there

are NO capacitance parasitics associaled with M1.
The voltage source vy, is a small-signal value,
whereag voltage source Vpo has a dc value of 3 V.
Design M1 1o achieve the asymptotic frequency
response shown in Fig. P4.1-5(b}.
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Figure P4.1-5

Jsing the result of Problem 4.1-5, calculaie the
fequency response resulting from changing the
gale voltage of M1 to 4.5 V. Draw a Bods diagram
if the resulting frequency response,

Consider the circuit shown in Fig, P4.1-7 Assume
‘hat the slow negime of charge injection is valid for
his circuit, Initially, the charge en C| is zero. Cal-
ulate v, at time ¢, after ¢ pulse occurs. Assume
that CGSO and CGDO are both 5 fF. €, = 3G fF.
Yen cannct ignore body effect. L = 1.0 pm and
W=50pLm.

In Problem 4.1-7, bow long must ¢, remain high
for C, to charge up to 99% of the desired final
valye (2.0 V)?

B
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5v
!
OV }
n
4
Aol
20V (o Y
Figure P4.1-7
4.3-9. In Problem 4.1-7. the charge feedthrough could be

4.1-10.

4.1-11.

4112

4.3-1.

43-2.

433,

reduced by reducing the size of M1. What impact
does reducing the size (W/L) of M1 have on the re-
quircments on the width of the ¢, pulse?

Considering charge feedthrough due to slow
regime only, will reducing the magnitude of the ¢,
pulse impact the resulting charge feedthrough?
What impact does reducing the magnitude of the
@, pulse have an the accuracy of the voltage trans-
fer to the output?

Repeat Example 4.1-1 with the following condi-
tions. Calculate the effect of charge feedthrough
on the circuit shown in Fig. 4.1-9, where V5 =
1.5V, C, = 150 fF, W/L = 1.6 pm/0.8 pm. The
fall time for Case 1 and Case 2 is 0.1 ns and 8 ns,
respectively.

Figure P4.1-12 illustrates a circuit that contains a
charge-cancellation scheme. Design the size of
M2 to minimize the effects of charge feedthrough.
Assume a slow regime,

Figure P4.3-| illustrates a scurce~degencrated cur-
rent source. Using Table 3.1-2 model parameters
calculate the output resistance at the given current
bias.

Calculate the minimum output voltage required 1o
keep the device in saturation in Problem 4.3-).

Using the cascode circuit shown in Fig. P4.3-3,
design the W/L of M| 0 achieve the same output
resistance as the circuit in Fig. P4.3-1.
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Flgure P4.1-12
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Vo

4.3-4.

43.5.

436,

el |

Calculate the minimum outpul voltage required o
keep the device in saturation in Problem 4.3-3,
Compare this result with that of Problem 4.3-2.
Which circuit is a better choice in most cases?

Calculate the ourput resistance and the minimom
output voltage, while maintaining all devices in
saturation, for the circuit shown in Fig. P4.3-5. As-
some that igy is actually 10 wA. Simulate this
circuit using SPICE LEVEL 3 model {Table 3.4-1)
and determine the actual output current, fo . Use
Table 3.1-2 for device model informalion.

10 A l -
alp——
+
M2
s
L=,
s Vot

Mi

M3 :I

51 n

Figure P4.3-5

Calculate the output resistance and the minimum
output voltage, while maintaining zll devices in
saturation. for the circuit shown in Fig. P4.3-6. As-
sume that igr is actually 10 pA. Simulate this
circuit using SPICE LEVEL 3 model {Table 3.4-1)

17

s g

N

Figure P4.3-6
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M4

and determine the actual cutput current, igyr. Use
Table 3.1-2 for device model information.

43-7, Design M3 and M4 of Fig. P4.3-7 so that the output
characteristics are identical to the circuit shown in
Fig. P4,3-6. It is desired thal ig,ry is ideally 10 pA.

s;ml

'ﬂa‘l’

;: [ -
w og——
4 é

~

Figure P4.3-7

433, For the circuit shown in Fig. P4.3-8, determine
fouy by simulating it using SPICE LEVEL 3
model (Table 3.4-1). Use Tabfe 3.1-2 for device
model information. Compare the results with the

SPICE resuits from Problem 4.3-6.
10pA l 10 m\l our
+*
M2

| — 1=

w "= s,
in 4N our
| E
n 4
us =
Figure P4.3-8

4.4-1. Consider the simple current mirror illustrated in
Fig. P4.4-1. Over the process, the absolute varia-
tions of physical parameters are as follows:
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Width variation *5%
Length variation +5%
K' variation +5%
V' variation *5mV

Assuming that the drain voltages are identical,

what is

the minimum and maximum output current

measured over the process variations given above,

N Lo
N M
+ | M M2 | .
Ypsi :ll_ *_—lt ¥ps2
- YGs -

4.4-2.

~

Figure Pd.4-1

Consider the circuit in Fig. P4.4-2, where a single

MOS diode (M2) drives two current mirrors (M1
and M3). A signal (vy5) is present at the drain of
M3 (due to other circuitry not shown). What is the
effect of v, on the signal at the drain of MI,
vour? Derive the transfer function v;,(sWvou(s).
You must take into account the gate—drain capaci-
tance of M3 but you can ignore the gate—drain cg-
pacitance of M1. Given that /g e = 10 pA WL
of all transistors is 2 pm/l pum, and using the data
from Tables 3.1-2 and 3.2-1, calculate vgyr for
Vg = 100 mV a1 § MHz

g §

Figure P4.4-2
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164  ANALOG CMOS SUBCIRCUITS

4.5-1. Show that the sensitivity of the reference circuit
shown in Fig. 4.5-2(b) is unity.
45-2 Fig. P4.5-2 illustrates a reference circuit that pro-

vides an interesting reference voltage output. De-
tive a symbolic expression for Vege.

5 volts

M3 ‘__“: M4

WA=4 W=l

Mi |- ]
WiL=4

Wil

-

Figure P4.5.2

4.5-3, Fig. P4.5-3 illustrates a current reference, The W/L
of M1 and M2 is 100/1. The resistor is made from
n-well and its nominal value is 500 kf} at 25 °C.,
Using Table 3.1-2 and an p-well resistor with a
sheet resistivity of 1 kW] + 40% and tempe-
rature coefficient of 8000 ppm/°C, calculate the

3 volis

S0 w

Mi |__.._| M2

Figure P4.5-3
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454,

4.5-5.

4.5-6.

4.6-1.

4.6-2.

4.63.

total variztion of output current seen over process,
temperature of 0 to 70 °C, und supply voliage vari-
ation of = 10%. Assume that the temperature coef-
ficient of the threshold voltage is —2.3 mV/°C.

Figure P4.5-4 illustrates a current reference cir-
cuit, Assume that M3 and M4 are identical in size,
The sizes of M1 and M2 are difterent. Derive a
symbolic expression for the output current £,

VoD

MII_ M2

v

Figure P4.5-4

Find the small-signal output resistance of Fig.
4.5-3(b) and Fig. 4.5-4(b).

Using the reference circuit illustrated in Fig.
4.5-3(h), design a voltage reference having Vg, =
2.5 when Vpp = 5.0 V. Assume that /, = | fA and
B¢ = 100. Bvaluate the sensitivity of Yygp with
respect 1© Vpp.

An improved bandgap reference generator is illus-
trated in Fig. P4.6-1. Assume that the devices M1
through M5 are identical in W/L. Further assume
that the area ratio for the bipolar transistors is
10:1. Design the components to achieve an output
reference voliage of 1.262 V. Assvme that the am-
plifier is ideal. What advantage, if any, is there in
stacking the bipolar transistors?

In an attempt to raduce the noise output of the ref-
erence circuit shown in Fig. P4.6-1, a capacitor is
placed on the gate of M5. Where should the other
side of 1the capacitor be connected and why?

In qualiwtive terms, explain the effect of low 3 for
the bipolar transistors in Fig. P4.6-1
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[P P .

! — Ty
Ml M2 M3 M4 M5

I l "Il B

- 2,
O Cip 3,. Vasr

v

Figure P4.6-1

-

A4 Consider the circoit shown in Fig. P4.6-4. It is 2 4.6-5. Extend Example 4.6-1 to the design of 2 lempera-

| variation of the circuit shown in Fig. P4.6-1. What ture-independent current based on the circuit
! is the purpose of the circuit made up of MG-M9 shown in Pig. 4.6-4. Th¢ temperulure coefficient
and 3,7 of the resistor R, is +1500 ppm/°C.

__|I __|I IF_
M2 M3 M4 M3

Ly L,
=

-
M6

L L L "
-

M1

. “ gl

Yai & .
o i h
2 i Vaer
Q@ _t
M7
Msl  Ms @2, 0, o 9,
Figure P4.6-4

Page 177 of 195 REED EX1015
IPR2024-01158



166  ANALOG CMOS SUBCIRCUITS

REFERENCES

. P.E. Allen and E. Sanchez-Sinencio, Switched Capacitor Circuits, New York: Van Nostrand Reinhold, 1984, Chap. 8.
2. B. J. Sheu and Chenming Hu, "Switch-Induced Error Voltage on a Switched Capacitor.” [EEE J. Solid-State Circuits,
Vol. SC-19, No. 4, pp. 519-525, Aug. 1984,
3. T. C. Choi, R. T. Kaneshire, R. W. Brodersen, P. R. Gray, W. B. Jait, and M. Wilcox, “High-Frequency CMOS
Switched-Capacitor Filters for Communications Applications,” JEEE J. Solid-State Circuits, Vol. SC-18, No. 6,
pp. 652-664, Dec. 1983,
4, E. J. Swanson, “Compound Current Mirror,” U.S. Patert #4,477,782.
5. T.L. Brooks and M. A. Rybicki, ““Self-Biased Cascode Current Mirror Having High Voltage Swing and Low Power
Consumption,” U. S. Patent #5.359.296.
6. G.R. Wilson, “A Monolithic Junction FET-npn Operational Amplifier.,” IEEE J. Solid-State Circuits, Vol, 8C-3, No. §,
pp. 341-348, Dec. 1968.
7. E. Sackinger and W, Guggenbuhl, “A Versatile Building Block: The CMOS Differential Difference Amplifier,” JEEE J,
Solid-Stare Circuits, vol. SC-22, No. 2, pp. 287-294, April 1987.
8. R.J. Widlar, “New Developments in IC Voltage Regulators,” /EEE J. Solid-State Circuits, Vol. SC-6, No.1. pp. 2-7,
Feb. 1971.
9. K. E. Kujik, "A Precision Reference Voltage Source,” JEEE J. Solid-State Circuitx, Vol. SC-8, No. 3, pp. 222-216,
June 1973,
10. B.S. Song and P. R. Gray, “A Precision Curvature-Corrected CMOS Bandgep Reference,” IEEE J. Solid-State
Circuits, Vel. SC-18, No. &, pp. 634643, Dec. 1983,
H. Y. P. Tsividis and R. W. Ulmer, “A CMOS Voltage Reference,” fEEE J. Solid-State Circuits, Vol. SC-13, No. 6,
pp. 774778, Dec, 1982,
12. G. Tzanateas, C. A, T. Salama. and Y. P. Tsividis, “A CMOS Bandgap Voltage Reference.” IEEE J. Solid-State
Circuiss, Vol. SC-14, No. 3, pp. 655657, June 1979,

[y

Page 178 of 195 REED EX1015
IPR2024-01158



References 767

measurement is required. Once obtained, these (per m?) capacitors can be used to determine
interconnect capacitance.

Other ideas for characterizing circuit capacitors are presented in the literature [4,5].
These have not been addressed in this text for the sake of brevity. The interested reader should
refer to the references for further study [6-8].
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Appendix C

Time and Frequency Domain Relationships
for Second-Order 5ystems

There are many reasons for considering the time and frequency domain relationships of a
second-order system in the study of operational amplitiers. One s that many operational am-
plifier configurations can be modeled with reasonable accuracy assuming just a second-order
system. Such a procedure represents a reasonable compromise between complexity and accu-
racy of the model. Another reason is that these relationships allow us to predict frequency
domain performance from the simpler to measure time domain performance.

C.1 GENERAL SECOND-DROER SYSTEM IN THE FREQUENCY DOMAIN

The general transfer function of a low-pass, second-order system in the frequency domain
using voltage variables is

A=) Aem Ak
Vil® 2 2w+ wf &+ Qs + od

(C.1-1)

where
Ag = the low-frequency gain of V,(s}/Vi(s)

wy = a, = the pole frequency in radians per second

{ = the damping factor (= 3'%)

1
Q= thepoleQ(= 2—£')

The roots of Eq. (C.1-1) are illustrated in Fig. C.1-1.

768
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C.1 General Second-Order System in the Frequercy Domain 769

Jo

»*------ - (/200402 ~ 1)V =juo TR -1)'2

Figure C.1-1 Pole locations of a general second-order system.

The magnitude of the frequency response can be found from Eq. (C.1-1) as

Aghy
\/(wg - (n:")2 + 4{‘2@2,&2

|AGiw) = (C1-2)

However, Eq. (C.1-2) may be generalized by normalizing the amplitude with respect to Ay and
the radian frequency by w, to give

| A Fales,)| _ 1
Ay VI — (wlw)’] + 48wl

(C.1-Y

A plot of Eq. (C.1-3) in dB versus log w/w, is shown in Fig. C.1-2, where § or 1/20 is used as
a parameter. By taking the derivative of Eq. (C.1-3) with respect to w/w, and setting it to zero,
the peak of |A(fw/wp)/Aq| can be found as

1
M =— (C.14)
P oarv1-8

when { < 0.707.

The second-order function of Eq. (C.1-1) is found in the analysis of many practical sys-
tems. Consider the single-loop, feedback block diagram of Fig. C.1-3. The closed-loop gain
A{s) can be expressed as

Vos) _ _«aB

A=y 0 " T+dd

(C.1-5)

Let us assume that o and 3 are real and that a is the amplifiers gain and can be approximated as

Qo @y
{5+ w s + wg)
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770 TIME AND FREQUENCY DOMAIN RELATIONSHIPS

i”‘(j:':"n | -

.201

-40

al 1.0 100
ey

Figure C.1-2 Gain magnitude response for various values of { for a second-order,
low-pass system.

where a, is the de gain of the amplifier and o, and w, are negative real axis poles. Substitution
of Eq. {C.1-6} into Eq. (C.1-5) gives

Aol 0y
= C.1-7
A= B aT (w1 + )3 + wwa(l + ay8) €19

Comparing Eq. (C.1-7) with Eq. (C.1-1) results in the following idemifications:

Ay = aafi(l + a8 {C.1-8)
we = wy = Vwwy(l + agh) (C.1-9)

W) + Wy
2=1Q= (C.1-10)

Vwr oz (1 + aob)
p

Vin) off - a — Vi)

Figure C.1-3 Single-loop feedback block diagram.
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C.2 Low-Pass, Second-Order Systern in the Time Domain Vedl

The same principles can be applied to a second-order bandpass or high-pass system, but
the low-pass case is of more practical interest to us and will be the only one considered, It is
also possible for & (and thus «) to become frequency dependent, which further complicates
the analysis.

(.2 LDW-PASS, SECOND-ORDER SYSTEM IN THE TIME DOMAIN

Unfortunately, it is time consuming to make measurements in the frequency domain, There-
fore, we are interested in determining the frequency domain performance from the time
domain performance. This inforiation is developed as follows. The general response of Eq.
(C.1-1) to a unit step can be written as

V() = Au[l - \71—1_-—&5’““ sin( Vi1-¢2 w,l + 9&)] (C.2-1)

where

/1 — #2
@ = tan”' (%) (C.2-D)

The step response plotted in normalized amplitude versus radians is shown in Fig. C.2-1. Care
must be taken interpreting this figure. Because it is normalized. the geometric mean of v, and
w4 remains constant (i.e., w, remains constant), and the ime constant remains fixed as { varies.
When compensating amplifiers, this situation does not exist—the geomerric mean of the dom-
inant and nondominant poles is increased until the desired settling response is achieved.

Let us consider first the underdamped case where §< I. For the underdamped case there
will always be an overshoot as defined by Fig. C.2-2. The overshoot can be expressed as

Overshoot =

Peak value — Final value _ exp ( —=f ) (C.2-3)

Final value Vi-p?

The time r, at which the overshoot occurs is shown in Fig. C.2-2 and can be found as

h = (€24)

V1~ ¢

Thus, the measurement of the avershoot permits the calculation of § (or 1/20). Wiih this
information and the measurement of 1, one can calculate w, from Eq. (C.2-4). Therefore, the
frequency response of a secand-order. low-pass system with << 1 can be determined by mea-
suring the overshocet and ¢, of the slep response.

Next, consider the overdamped case where {5 1. In this case there is no overshoot. The
unit step response can be simplified from Eq. {C.2-1} to yield

1 e—«.:(r—\frf—fij e-u.!(r+‘\/r1-_l)
Ve 1| 1o Vi1t Vi

Page 183 of 195 REED EX1015
IPR2024-01158

V() = Ag{1— (C.2-5)



772

TIME AND FREQUENCY DOMAIN RELATIONSHIPS
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Figure C.2-1 Step response as a function of { for a low-pass, second-
order system.
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C.3 Determination of Phase Margin and Crossover Frequency from ¢ and w, 773

It is difficult to measure various aspects of this response and thus determine { and w,. Fertu-
nately, there are very few opccasions where we have { > 1. If { > [, then the best result is prob-
ably obtained by maiching the step response to one of the corves for ¢ > 1 of Fig. C.2-1. More
accuracy could be achieved by evalnating v,(r} (for, say, w,t = 4) and selecting values of ¢
untif v,(4/w,) matches with the experimental data at this point,

C.3 DETERMINATION OF PHASE HARGIN AN CROSSOVER FREDUENCY
FRON & AND oy

Tn the previous discussion we have seen how { and «, of a second-order system can be deter-
mined by the time domain step response. It is the objective of this section to show how to find
the phase margin &,, and the crossover frequency w, from { and «,. Figure C.3-1 shows the
meaning of ¢,, and w,.

in order to assist in developing the desired relationships, it will be convenient to sssume
that 8 (thus «) is real. From Eq. (C.1-3) we may solve for a to get

_ Ll
b = WA - (e €3
Substituting Eq. (C.1-1) into Eq. (C.3-1) gives the loop gain as
Apdla Agla
aff = 2 o= 7 {C.3-2)
(5 + 2,5 + wd) — (Ap wii) (_5_) +2;,(4:_)_,_,_(:Ln)
wﬂ m" o
el Figure C.3-1 Crossover frequency and
phase margin.

w

-
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TIME AND FREQUENCY DOMAIN RELATIONSHIPS

Wheun |af] = 1, ther w = @, so that Eq. (C.3-2) becomes

Ajle
VU - Ada - (@Jw ) + 2w

a8l = (C.3-3)

Since |a8| = 1, we may solve Eq. (C.3-3) for a, to get

we = w0, [ V1282 = (1 — Afa)P — (1 - 2403 — 282 + (L - AJa)]'?  (C.34)

Knowing A,, o, w,and §, we may calcolate the cutoff frequency of a second-order sysiem. In
an operational amplifier circuit, @ = A, so that Eq. (C.3-4) becomes

w, = w, (VAT + 1 - 2472 (C2-5)

Figure C.3-2 gives a plot of this useful function.
Tke phase of af can be found from Eq. (C.3-2). However, we must add =« to this value
to account for the minus sign of the summing junction of Fig. C.1-3. Thus,

- 2¥w Jw
- = —tan""’ ( e C3-6
¢ (1 — Aga) — (whw,)? ¢ )
Since Ay = o, we may write Eq. (C.3-6) as
[ )
¢, = tan (w‘ o (C3-7
Substituting Eq. (C.3-5) into Eq. (C.3-7) yields
_' 2
= tan”! C.3-8
¢ (( Vart+n - 2:‘)"’) €9
wdw, Figure C.3-2 Plot of w, fw, versus { for & low-pass,

10 second-order system.
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C.3 Determination of Phase Margin and Crossover Frequency from { and w, 775

An equivalent form of Eg. (C.3-8) is
ém = cos”' (Var* + 1 - 2¢2) (C.3-9)

Figure C.3-3 gives a plot of ¢, of Eq. (C.3-8) or (C.3-9) and of Eq. (C.2-3) as a function of
the damping factor {. Therefore, the time domain performance characterized by { permits the
designer to estimate a value of phase margin using Eq. (C.3-9) or Fig. C.3-3. For example, if
the peak overshoot is 10%, then the dashed line on Fig. C.3-3 shows that the corresponding
phase margin will be about 58°.

L — T T 17 T T T T 1
Phnzm-rsin-cm-'[ 4 +|-2;‘] 10
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Figure C.3-3 Relationship between the phase margin and the overshool as a function
of the damping factor for a second-order system.
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INDEX

1/f noise. See noise, flicker

AD, ADC
algorithmic, 650, 672, 678
charactcrization, 654
delta-sigma
MASH, 706
noise shaping, 702, 703
oversampling ratio, 698
See also modulators
digital error correction, 696
dual slope, 666
flash A/D. See A/D., parallel
folding. 687
interpolating, 686, 689
iterative, 678
oversampled, 653, 698
parallel, 682
pipeline, 672-677
serial, 665
single slope, 666
s¢lf-calibrating, 680
subranging, 692
successive approximation, 68
lesting, 662-665
two-step. 688
time interfeaved, 697
AC analysis (SPICE), 106
Acquisition time, 657
Aclive area, 26
Active load inverter. See inverter, active load
AD (area of drain), 100, 103
AF (flicker noise exponent), 104
Algorithmic A/D. See A/D, algorithmic
Aliasing, 599, 653
Aluminum, 23
Amplifier
buffered, 352-368
cascode amplifier, 199
design, 209-211
charge, 510
chopper stabilized, 410, 412

current, 211-217, 379
differential amplificr, 167, 180
CMRR, 1%1
common-mode feedback, 195
common-mode gain, 189, 190
design, 196

input common-mode range (ICMR), 186

noise, 193

slew rate, 193

small-signal analysis, 187

transconductance characteristic, 183
dynarnic, 376, 397

folded cascode. See amplifier, operational amplifier,

folded cascode
low noise amplifier, 402
micropower amplifier, 393
operational transconductance amplifier
(OTA), 243
operational amplifier, 243
cascode, 293-309
characterization, 246
compensation, 253
design, 251, 269-278, 307309
differential output, 384
folded cascode, 250, 302, 372, 387
ideat, 244
low-noise, 402414
low-voltage, 415431
micropower, 393402
paralle! path, 383, 418
specifications, 252
output, 218-228
push pull, 224, 226, 228
switched-capacitor, 507
Analog
sampled-data signal, 2
signal, 2
Anisotropy, 22
Annealing, 21
Antialiasing filter, 595, 652, 698
Apertare jitter, 658
Aperture lime, 658
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778 INDEX
AS (area of the source), 82, 100, 103
Aulo zero, autozetoing, 464

Bandgap, silicon, 74
Bandgap voltage, 154

Bandgap voltage reference. See reference, bandgap

Barrier potential, 31
Beta (MOS rransconductance factor, B), 75
Bias monitor, 757
Bilinear switched capacilor resisior, 495
Bistable, 477
Bird's beak, 27
Biguad. $ze switched capacitor, biquad
BIT
lateral. 408, 400
output stage, 361
substrate, 48, 144, 150, 153
Body effect, 41
Boltzman constant, 31, 74, 86
Breakdown voleage, 33
avalanche breakdown, 34
zener breakdown, 33
BSIM, 92,96
Bulk, 7, 37
bulk threshold parameter. See GAMMA
Jjunction potential, 80. See alse PB
Butterworth approximation, 563, 565t

CAD, 23
Capacitor, capacitence, 44

accumulation, 44

botiom plate, 47

charge storage
cutoff region, 85
ssturation region, 85
nonsaturation region, 85

depletion, 32, 80, &1

double polysilicon, 63

fringe, 58

Jjunction, 80

metal-metal, 45, 46

metal-poly, 45

MOM, 25

overlap, 83, 118
channel-grain/source, 83
gete-bulk, 84

parasitic, 46

parallel plate, 58

poly metal, 45

polysilicon—oxide channel. 44

polysilicon—oxide polysilicon, 44

sidewall, 82

top plate, 46

uiple metal, 64

values, typical, 45

voltage coefficient, 46

voltage dependence, 84

Capacitor loops, 592
Cascode amplifier. See amplifier, cascode
Cascode inverter. See amplifier, cascode
Cascode current sink/source. See current sink/source,
cascode
Cascode
high swing, 132
self-biased high-swing, 133
CBD (zero-bins bulk—drain junction capscitance), 103
CBS (rero-bias bulk—source junction capacitance), 103
CCCS. See current-controlled, carrent source
CCVS. See current-controlled, voltage source
CGBO (gate—bulk overlap capacitance), 84, 85
CGDO (gate—drain overlap capacitance), 83, 85, 103, 118
CGSG (gate-source overlap capacitance), 83, 85, 103, 118
Charge amplifier, 510
Channe] length modulation (LAMBDA, A), 75, 76
Channel .
length (L), 73. See also effective channe] length
width (W), 73, See aiso effective channel width
Channeling, 21 .
Characterization

device, 744 See also AD.

See AJD, characterization; comparator,
charactenization; D/A, characterization;
emplifier, operational amplifier, characterization

Charge, electron. 79

Charge feedthrough, 115,118

Charge injection, 118

Charge redistribution. See D/A, charge scaling

Charge scaling. See D/A. charge scaling

Chebyshev filier approxirnation, 566. 568t

Chemical vapor deposition (CVD), 22

Chopper sinbilized amplifier. See amplifier, chopper
stabilized

Circuit simulation. See simulation

ClJ, 80, 103

CISw, 82, 103

Class A amplifier, 218, 363, 364, 388

Class AB amplifier, 224, 357, 364, 377

Class B amplifier. 224

Clock feedthrough, 118, 122, 123, 517, 528

Clock

even, 499

nonoverlapping, 493

odd, 499

two-phase, nonovetlapping, 492

CMRR, 181,191
simulation, 312
Collector current density, 49
Common centroid. 57
Commen gate, 128
Commaon mode input range, 248, 302, See also [CMR
Common mode feedback, 195, 390-392
Comparator, 439-488
autozero, 464
characterization, 439—444

Page 189 of 195 REED EX1015

IPR2024-01158



clamped. 461
design, 456, 471
high speed, 483
hysteresiy, 466
push—pull, 461
regenerutive, 477
switched-capacitor, 475
trip point, 453
two-siage, 445
Compensation, 253
feedforward compensation, 268
miller compensation, 256-262
RHP zero cancellation, 262-267, 280
Conductance. See transconductance
Contact printing, 25
Contact resistance, 759
Conversion time, 652, 658
Current amplifier. See amplifier. current
Current-controlled, current source (CCCS), 7, 8, 231
Current-controtled. voltage source (CCVS), 7, B, 232
Current mirror. 134
bulk-driven, 423
cascode, 140, 423
arrors due to
aspect ratios, 138, 139
channel length modulation, 135
layout, 138
threshold voltage offset, 136
transconductance parameter, 136
regulated cascode, 143
simple, 134
Wilson, 140
Current reference, 143
Current source/sink, 126
cascode, 131
Curremt source load inverter, See inverier, current source
Joad
Cutoff region, off region, 75, 84
CVD. See chemical vapor deposition

DIA, DAC

algorithmic, 649

characterization, 613

charge scaling, 630, 634, 619

charge/voltage scaling, 641

current scaling, 623, 634, 639

delta sigma, 710

ladder, R-2R, 625

parallel, 623

pipeline, 649

resistor, 624

serial, 647

serial charge-redistribution, 648

subranging, 638

voltage scaling, 626, 634
DAC performance summary, 651
DAC testing, 622

Page 190 of 195

Index 779

DC analysis {SPICE), 105
Decimation filler, 707
DELTA, 93
Delta L (AL), 752
Delta-sigma A/D. See A/D, delta-sigma
Delta W (AW), 752
Depletion
capacitors. See capacitance, depletion
charge, 32
region, 30,35,38, 80, 81
trangistor, 42
width, 31,32
Deposition, 19,21
Design rules, 66
Design equations, 597
Differential amplifiers. See amplifier, differential
Differential-in, differential-out amplifiers, 386
Differential linearity. See Linearity, differential
Diffused resistor. See resistor, diffused
Diffusion. 19,20
lateral, 84
Diffusion length, 35
Diode
MOS, 125
pn. 29
DNL. See linearity, differential
Drain, 7, 37
Dual slope A/D. See A/D, dual slope
Dummy switch, 123
Dynamic op amps. See amplifier, dynamic
Dynamic range, 616, 654
Dynamic range scaling, 555

Effective channel length/fwidth, See leogth/ width,
effective
Effective number of bits (ENOB), 617, 622, 654
Efficiency, 220
Electrostatic discharge (ESD) protection, 52
ENOB, See effective number of bits
Epi wefer, 19
ETA, 93
Etching, 19,22
dry, 23
plasma, 23
wet, 23
Evaporation, 21

Fabrication steps. 25
FC, 8D
Feed-forward compensation, 268
Fermi poltential, 95. See also batrier potential, strong
inversion surface potential
FFT, 664
Ficid oxide (FOX), 27
Filter
all-pass, switched capacitor, 548
antialiasing, 598, 652
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780 INDEX

Filter (conrinued)
decimaton, 707
first order, 544
high-pass, switched capacitor, 547
{adder, 580
low-pass, 11
low-pass, swilched capacitor, 544
Sallen-Key. 598
swilched-capacitor. See switched-capacitor, filter
Filier charactesization
passband, 562
passband ripple, 562
stopband. 562
stupband gain/attenuation, 562
transition frequency, 562
transition region, 562
Filter destgn
cascade, 569
ladder, 569, 586, 595
Flash converter. See A/D, parullel
Flaiband voltage. 74
Fleischer-Laker biquad. See switched capacitor, hiquad,
Fleischer-Laker
Flicker noise. See noise, flicker
Folded cascode, 250, 302, 307
FOX. Se¢e ficld oxide
Fractional temperature coefficicnt. See temperature
coefficient. fractional
Fringe capacilance, 58
FSR. See full scale range
Full scale. 615
Full scale ervor. See aiso gein error
Full scale range (FSR). 615

Gain error, 617, 620, 654, 676

Gain bandwidth (GB), 259, 270, 369, 380, 394
simulation, 311

GAMMA, v, 72, 74,103

Gate, 37

GB. See gainbandwidth

Eba B8

8 B8

Geometric center frequency, 577

R 88-91

Bt BB-91

Grading coefficient, 32, See alse M), MISW

Guard bars, 51

Harmonic distortion, 221

High-speed op amps, 368

High-swing cascode. See cascode, high swing
Histogram test, 664

HSPICE, 72,92

Hysicresis, See comparaior, hysteresis
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ICMR (input common-mode range), 181, 416
Impact ionization, 27
Induclor cutsets, 592
Initial operating states of a two-stage comparator
450
INL. See linearity, integral
Inpul offset voltage (Vog). 181, 441
Integrai lincarity. See lincarity, integral
Integrator
cancellation of phase error, 527
cotinwous time, 520
frequency, 521
switched capacitor, 523
tlime constant, 521
Intrinsic carrier concentration (r;). 74
Inverter
active load inverter, 168-172
current source load inverter, 172-175
noise analysis, 178180
push—pull, 176-178
Inversion. See moderate inversion, strong inversion, weak
inversion
lon implantation, 19,21
I (18), 36, 50, 53. See also pn junction, saturation current

Junction capacitance. $¢e capacitor, junction
Junclion depth, 21

K'.175
KAPPA. 93
K. 745
KF. 86. 403
K{, 745

Ladder filter, 580, 581t, 582t
LAMBDA, 4. 75
Large-signa) model. See a/so model, large-signal
active Joad inverter, 168
cascode amplifier, 199
current source load jnverter, 172
differential amplifier, |82
push-pull inverter, 176
Latch, 477
Latch time constant, 479
Latch-up, 50
Lateral BIT. See BIT, lateral
Lateral diffusion (LD}, 83, 93. Se¢ also overlap
Layout, 55, 283
Layout rules. See design rules
LD, See lateral diffusion
LDD. See lightly doped drain
Length, 37,73
Length, effective, 73, B4
LEVEL | model, 72, 78. See also simple MOS model
LEVEL 3 model, 72,92
Lightly doped drain (LDD), 27
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Linear regression, 746
Linearity
differential (DNL), 618, 629, 532, 644, 654-657
integral (INL), 618, 629, 632, 644, 654-657
LOCOS, 26,29
Low noise amplifier. See amplifier, low noise
Low voltage
amplifier, 426
bias, 422

Macromodel, 323-341
Mask, 22.24
MASH. See A/D. delta-sigma, MASH
Matching, 56
Mesh analysis, 735
Micropower amplifier. See amplifier, micropower
er
capacitance, 199, 207
compensation. 256, 355
effect, 206
simplification, 742
Minority carrier concestration, 34, 35
MJ, 81
MJSW, 82, 103
Moat, 26. See also active areq
Mobility, 43, 93
degradation, 93, 746
surface, 73
temperature dependence, 52, 95
Model, modeling
large signal, 79
parameters, 75
second-onder effects
simple MOS (Sec ulso Sah), 43
small signal, 87
nonsaturated region, 90
saturated region, 89
SPICE .MODEL statement, 102
weak inversion, 98, 99
Moderate imversion, 99
Modulators, sigma-delta (or delta-sigma)
cascade, 706
distributed feedback. 706
distributed feedforward, 706
MOM capacitor. See capacitor, MOM
Monotonic, monotonicity, 619, 656

NEFS, 93,98
Negative photoresist. See photoresist, pegetive
Nitride, silicon, 26
Nadal analysis, 734
Noise
aliasing, 599
differential stuge noisc, 193
effeclive noise bandwidth, 532
flicker, 14f, 55, 86, 403
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inverier stage noise, 178
kTIC, 414, 532, 599, 658
MOS noise current, 86
quantization, 615, 616
shaping, 698
shot, 54
switched capucilor circuits, 532, 599
thermal, 55, 86
Noninverting amplifier, 507
Nonmonotonicity, 618
Nonoverlapping clocks. 494
Nonsaturation region, 75, 90
Normalized low-pass to normalized bandpass
transformation, 577
Normalized low-pass to unnormalized bandpass
transformation, 577
Nomalization, bandpass, 577
Notation, 6

781

NRD (equivalent number of squares for the drain), 100
NRS (equivalent number of squares for the source), 100

NSUB (subsurate concentration or doping), 93
Nyquist rate, 652, 698

Nulling resistor, 278

n-well resistor. See resistor, n-well

Off resistance (switch), 114
Offset, 114, 181, 246, 251, 442, 456%
Offset error, 617, 655, 676
Ohms per sqoare, 62
On resistance (switch), 114
Operational amplifiers. See amplifier. operational
Operational transconductance amplifiers (OTA). See
amplifier. operational transconductance
Oul diffusion. See tateral diffusion
Overlap, 83, 84. See also lateral diffusion
Overlap capacitance. See capacitance, overlap
Oversampling A/D. See A/D, oversampling and A/D,
dehia-sigma
Oversampling assumption, 505
Oversampling ratio, 698
Overshoot, 317, 771
Oxidaticn, 19
Oxide. 19
growth, 20
thin, 27. See alse TOX

Parallel AD. See A/D, parallel
Parallel switched capacitor equivalent resistor, 493
Parasitic capucitance, 44, 46
Pussivation layer, 28
Passive components, 43
performance summary, 45
PB, 80, 95
PD, 100
Permitivity, 74
Phase margin, 254, 260
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PHI (29, 95, 103
Photolithographic invariance, 59
Photolithugraphy, 22,23
Photomask, 22-25
Photoresist
negative, 24
positive, 24
_Pipeline A/D. See A/D, pipeline
Pipeline D/A. See D/A, pipeline
Plasma etching. See etching, plasma
PLI. See photolithographic invariance
pn junction, 21, 29, 33
capacitance, 32
charge. 32
depletion region, 32, 35
saturation current, 36
step, 30
Polycide, 26
Polysilicide, 47
Polysilicon, 27
Polysilicon deposition, 27
Polysilicon resistance, 45, 47
Positive fecdback, 477
Power-supply rejection ratio, 305
Processing steps, 25
Projection printing, 25

Propagation delay, 441, 443, 444, 450, 452, 454

Proximily printing, 25

PS (penmeter of the source), 82, 100

PSRR, 248, 286-293, 305
simulation, 313

PTAT, 153, 425

Push pull, 176, 224, 226

Quantization noise, 613
Quantizers

multibit, 704

single bit, 703

RD. 103
Reference
bandgap voitage reference, 153-159, 424
BIT. 144
bootstrap, 148, 152
current, 143
low voltage, 424
Vp, threshold, 148, 149, 151
Vpe 144
voltage, 143
zener, 147
Regenerative comparator. See comparator,
regenerative
Regions of operation, 75
cutoff, 75
nonsaturated, 76
saturated, 76

Resistance. See also resistor
calculation, 62
contact, 760, 762
Resistor
diffused, 47
layout, 60
n-well, 47
polysilicon, 47
Resistor emulation, 493, 407
Resolution, 614, 654
Reverse saturation current, 79
RHP zero, 257, 262, 270, 280, 366
RS, 103
RSH, 103

S/D. See moat
Sah equation, 43,73
Salicide, 29
Sallen-Xey filter, 596
Sarapie and hold, 657, 661
SAR. See successive approximation register
Saturation current. See pn junction, saturation current
Saturation region, 76
Saturation voltage, 76
SCR. See silicon controlled rectifier
Second-order system, 768
Self-calibrating A/D. See A/D, self-calibrating
Selectivity, 22
Sensitivity, 144
Serial D/A. See D/A, serial
Series switched capacitor resistor, 495
Series-parallel switched capacitor resistor. 495
Settling time, 248, 249, 657

simulation, 3L7
Sheet resistance, 62
Shichman and Hodges model, 43, 73
Sidewall, 81
Signal

anatog, 2

analog sampled-data, 2

continuoys time, 492

digital, 2

discrete time, 492
Signal to noise ratio (SNR), 616, 617, 654
Signal-dependent input offset, 528
Silicide, 29
Silicon

constanis, 74

dioxide, 19

nitride, 23, 26, 27

technotogy, 19
Silicon-controlled rectifier (SCR), 50
Silicon dicxide, 19
Silicen nitride, 22,23
Simutation, 99-109
Simulation of op amps, 310-323
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Simulation of switched-capacitor circuits, 541
Single-slope A/D. See A/D, single slope
Slew rate or slewing rate, 248, 270, 442, 447
simulation, 317
Smull-signal model, 87, See alse model, small-signal
active load inverter, 170
cascode amplifier, 202
cascode current sink, 140
current source load inverter, 173
differential amplifier, 188
push—pull inverter, 177
Source, 7, 37
Source follower, 221
Source rearrangement, 738
Source reduction, 740
Source substitution, 738
Spacer oxide, 27
SPICE, 72. 78
Spun-cn glass, 28
Sputtering, 21
State equations, 584
State variables, 583
Step junction, 30
Step response, 317, 771
- Storistors, 541
Strong inversion, 39
surface potential, 39
Subthreshold, 97, 174, 393, See also weak inversion
Successive approximation A/D. See A/D, successive
approximation
Surface
mobility, 73
potential, 74, 73
Switch, MOS, 113
Switched capacitor
amplifier
parasitic insensitive inverting, 515
parasitic insensitive noninverting, 515
biquad, 551
low-Q, 551
high-Q. 555
Fleischer-Laker, 558
filter, 561
first-order, 544
integrator, 523
inverting, 526
noninverting, 523
second-order, 550
Switch feedthrough. See clock feedthrough, and charge
injection
Symbology, 6
Symbols
etierent source, 8
operational amplifier, 8
transistor, 8
volage source, 8 .
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Temperature
mobility dependence, 52, 95
MOS device dependence, 52
pn junction dependence, 53
threshold dependence, 52, 96
Temperature coefficienl
fractional, 52, 150
passive components, 45
Testing A/D, 6626653
THD. See total harmonic distortion
Thermal noise. See noise, thermal
THETA, 93
Thin oxide, 27
Threshold voltage, 35, 41, 74,°15
Temperature dependence, 52, 96
Time constant, 498
Time constant of a Iatch, See latch time constant
Time-interleaved A/D. See A/D, dme interleaved
Time variance and invariance, 537
Tota} harmonic distortion, 221, 622
TOX 53
Transconductance
characteristic, 77
bulk-channel (g.s.). 5€€ s
gate-channel (g,) . See g,
parameter (B), 75 '
Transfer functions. See filters
noise transfer function (delta-sigma modulators), 702
signal transfer function (deha-sigme modulators), 702
Transresistance, switched capacitor, 513
Transient analysis (SPICE), 108
Transistor
BIT, 48, 408, 409
depletion, 42
MOS, 36
regions of operation, 75
Transistor symbol. See symbol, ransistor
Trip voitage or wip poinl. See comparator, wrip point

Unit matehing principle, 56, 283
Unity-gain bandwidth, See gain bandwidth
Unity-gain stability, 265

UQ, 93. See aiso mobility

Vps(sat), 76, 270

Vertical BIT, 48

Vig, 440

Vi 440

VMAX, 94, 95

Views 127-129

Vo, 440, 445

VOL|

Voliage coefficient, 46

Voliage-controlied current source (VCCS), 7. 8, 230
Voltage-controlled voltage source (VCVS), 7, B, 230
Yoltage reference. See reference
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784 INDEX

Vom 79, 130
Vo, 74, 75
VTO, 103

Wafer, 19

WD, 93

Weak inversion, 173, 395, 396
Weak inversion model, 98

Well, 25

Wet etching. See etching, wet
Width, 37,73

Width, effective, 73, 84

Wilson, See current mirror, Wilsen
Work function, 39

XJ,93
XQC, 104

Yiannoulos path, 59

Z-domain, 500

analysis, 537

models, 532
Zener breakdown, Se¢ breakdown, zener
Zener diode, 34
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