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In Praise of Foundations of Analog
and Digital Electronic Circuits

“This book, crafted and tested with MIT sophomores in electrical engineering and computer
science over a period of more than six years, provides a comprebensive treatment of both
circuit analysis and basic electronic circuits. Examples such as digital and analog circuit
applications, field-effect transistors, and operational amplifiers provide the platform for
modeling of active devices, including large-signal, small-signal (incremental), nonlinear and
piecewise-linear models. The treatment of circuits with energy-storage elements in transient
and sinusoidal-steady-state circumstances is thorough and accessible. Having taught from
drafts of this book five times, 1 believe that it is an improvement over the traditional approach
1o circuits and electronics, in which the focus is on analog circusts alone.”

-PAUL E. GRAY, Massachusetts Institute of Technology

“My overall reaction to this book is overwhelmingly favorable. Well-written and pedagog-
ically sound, the book provides a good balance between theory and practical application. 1
think that combining circuits and electronics is a very good idea. Most introductory circuit
theory texts focus primarily on the analysis of lumped element networks without putting
these networks into a practical electronics context. However, it is becowming move critical for

our electrical and computer engineering students to understand and appreciate the common
ground from which both fields originate.”

-GARY MAY, Georgia Institute of Technology

“Without a doubt, students in engineering today want to quickly relate what they learn from
courses to what they experience in the electronics-filled world they live in. Understanding
today’s digital world requires a strong background in analog circuit principles as well as
a keen intuition about their impact on electronics. In Foundations. .. Agarwal and Lang
present a unique and powerful approach for an exciting first course introducing engineers
to the world of analog and digital systems.”

-RAVI SUBRAMANIAN, Berkeley Design Automation

“Finally, an introductory circuit analysis book has been written that truly unifies the treat-
ment of traditional circuit analysis and electronics. Agarwal and Lang skillfully combine
the fundamentals of circuit analysis with the fundamentals of modern analog and digital
integrated circuits. I applaud their decision to eliminate from their book the usual manda-
tory chapter on Laplace transforms, a tool no longer in use by modem circuit designers. I
expect this book to establish a new trend in the way introductory circuit analysis is taught
to electrical and computer engineers.”

-TIM TRICK, University of Illinois at Urbana-Champaign
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PREFACE

APPROACH

This book is designed to serve as a first course in an electrical engineering or
an electrical engineering and computer science curriculum, providing students
at the sophomore level a transition from the world of physics to the world of
electronics and computation. The book attempts to satisfy two goals: Combine
circuits and electronics into a single, unified treatment, and establish a strong
connection with the contemporary worlds of both digital and analog systems.

These goals arise from the observation that the approach to introduc-
ing electrical engineering through a course in traditional circuit analysis is fast
becoming obsolete. Our world has gone digital. A large fraction of the student
population in electrical engineering is destined for industry or graduate study
in digital electronics or computer systems. Even those students who remain in
core electrical engineering are heavily influenced by the digital domain.

Because of this elevated focus on the digital domain, basic electrical engi-
neering education must change in two ways: First, the traditional approach
to teaching circuits and electronics without regard to the digital domain must
be replaced by one that stresses the circuits foundations common to both the
digital and analog domains. Because most of the fundamental concepts in cir-
cuits and electronics are equally applicable to both the digital and the analog
domains, this means that, primarily, we must change the way in which we
motivate circuits and electronics to emphasize their broader impact on digital
systems. For example, although the traditional way of discussing the dynam-
ics of first-order RC circuits appears unmotivated to the student headed into
digital systems, the same pedagogy is exciting when motivated by the switching
behavior of a switch and resistor invetter driving a non-ideal capacitive wire.
Similarly, we motivate the study of the step response of a second-order RLC
circuit by observing the behavior of a MOS inverter when pin parasitics are
included.

Second, given the additional demands of computer engineering, many
departments can ill-afford the luxury of separate courses on circuits and on
electronics. Rather, they might be combined into one course.! Circuits courses

1. In his paper, “Teaching Circuits and Electronics to First-Year Students,” in Iut. Symp. Circuits
and Systems (ISCAS), 1998, Yannis Tsividis makes an excellent case for teaching an integrated
course in circuits and electronics.
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treat networks of passive elements such as resistors, sources, capacitors,
and inductors. Electronics courses treat networks of both passive elements
and active elements such as MOS transistors. Although this book offers
a unified treatment for circuits and electronics, we have taken some pains
to allow the crafting of a two-semester sequence — one focused on cir-
cuits and another on electronics — from the same basic content in the
book.

Using the concept of “abstraction,” the book attempts to form a bridge
between the world of physics and the world of large computer systems. In
particular, it attempts to unify electrical engineering and computer science as the
art of creating and exploiting successive abstractions to manage the complexity
of building useful electrical systems. Computer systems are simply one type of
electrical system.

In crafting a single text for both circuits and electronics, the book takes
the approach of covering a few important topics in depth, choosing more con-
temporary devices when possible. For example, it uses the MOSFET as the
basic active device, and relegates discussions of other devices such as bipolar
transistors to the exercises and examples. Furthermore, to allow students to
understand basic circuit concepts without the trappings of specific devices, it
introduces several abstract devices as examples and exercises. We believe this
approach will allow students to tackle designs with many other extant devices
and those that are yet to be invented.

Finally, the following are some additional differences from other books in

this field:

» The book draws a clear connection between electrical engineering and
physics by showing clearly how the lumped circuit abstraction directly
derives from Maxwell’s Equations and a set of simplifying assumptions.

» The concept of abstraction is used throughout the book to unify
the set of engineering simplifications made in both analog and digital
design.

» The book elevates the focus of the digital domain to that of analog.
However, our treatment of digital systems emphasizes their analog aspects.
We start with switches, sources, resistors, and MOSFETs, and apply KVL,
KCL, and so on. The book shows that digital versus analog behavior is
obtained by focusing on particular regions of device behavior.

» The MOSFET device is introduced using a progression of models of
increased refinement — the S model, the SR model, the SCS model, and
the SU model.

» The book shows how significant amounts of insight into the static and

dynamic operation of digital circuits can be obtained with very simple
models of MOSFETs.



»  Various properties of devices, for example, the memory property of capaci-
tors, or the gain property of amplifiers, are related to both their use in analog
circuits and digital circuits.

» The state variable viewpoint of transient problems is emphasized for its

intuitive appeal and since it motivates computer solutions of both linear or
nonlinear network problems.

» Issues of energy and power are discussed in the context of both analog and
digital circuits.
»  Alarge number of examples are picked from the digital domain emphasizing

VLSI concepts to emphasize the power and generality of traditional circuit
analysis concepts.

With these features, we believe this book offers the needed foundation
for students headed towards either the core electrical engineering majors —
including digital and RF circuits, communication, controls, signal processing,
devices, and fabrication — or the computer engineering majors — including
digital design, architecture, operating systems, compilers, and languages.

MIT has a unified electrical engineering and computer science department.
This book is being used in MIT’s introductory course on circuits and elec-
tronics, This course is offered each semester and is taken by about 500 students
a year.

OVERVIEW

Chapter 1 discusses the concept of abstraction and introduces the lumped
drcuit abstraction. It discusses how the lumped circuit abstraction derives
from Maxwell’s Equations and provides the basic method by which electrical
engineering simplifies the analysis of complicated systems. It then introduces
several ideal, lumped elements including resistors, voltage sources, and current
sources.

This chapter also discusses two major motivations of studying electronic
circuits — modeling physical systems and information processing. It introduces
the concept of a model and discusses how physical elements can be modeled
using ideal resistors and sources. It also discusses information processing and
signal representation.

Chapter 2 introduces KVL and KCL and discusses their relationship to
Maxwell’s Equations. It then uses KVL and KCL to analyze simple resis-
tive networks. This chapter also introduces another useful element called the
dependent source.

Chapter 3 presents more sophisticated methods for network analysis.

Chapter 4 introduces the analysis of simple, nonlinear circuits.

PREFACE
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Chapter 5 introduces the digital abstraction, and discusses the second major
simplification by which electrical engineers manage the complexity of building
large systems.”

Chapter 6 introduces the switch element and describes how digital logic
elements are constructed. It also describes the implementation of switches using
MOS transistors. Chapter 6 introduces the S (switch) and the SR (switch-
resistor) models of the MOSFET and analyzes simple switch circuits using
the network analysis methods presented earlier. Chapter 6 also discusses the
relationship between amplification and noise margins in digital systems.

Chapter 7 discusses the concept of amplification. It presents the SCS
(switch-current-source) model of the MOSFET and builds a MOSFET amplifier.

Chapter 8 continues with small signal amplifiers.

Chapter 9 introduces storage elements, namely, capacitors and inductors,
and discusses why the modeling of capacitances and inductances is necessary
in high-speed design.

Chapter 10 discusses first order transients in networks. This chapter also
introduces several major applications of first-order networks, including digital
memoty.

Chapter 11 discusses energy and power issues in digital systems and
introduces CMOS logic.

Chapter 12 analyzes second order transients in networks. It also discusses
the resonance properties of RLC circuits from a time-domain point of view.

Chapter 13 discusses sinusoidal steady state analysis as an alternative to
the time-domain transient analysis. The chapter also introduces the concepts of
impedance and frequency response. This chapter presents the design of filters
as a major motivating application.

Chapter 14 analyzes resonant circuits from a frequency point of view.

Chapter 15 introduces the operational amplifier as a key example of the
application of abstraction in analog design.

Chapter 16 discusses diodes and simple diode circuits.

The book also contains appendices on trignometric functions, complex
numbers, and simultaneous linear equations to help readers who need a quick
refresher on these topics or to enable a quick lookup of results.

2. The point at which to introduce the digital abstraction in this book and in a corresponding
curriculum was arguably the topic over which we agonized the most. We believe that introducing
the digital abstraction at this point in the course balances (a) the need for introducing digital systems
as early as possible in the curriculum to excite and motivate students (especially with laboratory
experiments), with (b} the need for providing students with enough of a toolchest to be able to
analyze interesting digital building blocks such as combinational logic. Note that we recommend
introduction of digital systems a lot sooner than suggested by Tsividis in his 1998 ISCAS paper,
although we completely agree his position on the need to include some digital design.



COURSE ORGANIZATION

The sequence of chapters has been organized to suit a one or two semester
integrated course on circuits and electronics. First and second order circuits are
introduced as late as possible to allow the students to attain a higher level of
mathematical sophistication in situations in which they are taking a course on
differential equations at the same time. The digital abstraction is introduced as
early as possible to provide early motivation for the students.

Alternatively, the following chapter sequences can be selected to orga-
nize the course around a circuits sequence followed by an electronics sequence.
The circuits sequence would include the following: Chapter 1 (lumped circuit
abstraction), Chapter 2 (KVL and KCL), Chapter 3 (network analysis), Chapter S
(digital abstraction), Chapter 6 (S and SR MOS models), Chapter 9 (capacitors
and inductors), Chapter 10 (first-order transients), Chapter 11 (energy and
power, and CMOS), Chapter 12 (second-order transients), Chapter 13 (sinu-
soidal steady state), Chapter 14 (frequency analysis of resonant circuits), and
Chapter 15 (operational amplifier abstraction — optional).

The electronics sequence would include the following: Chapter 4 (nonlinear
circuits), Chapter 7 (amplifiers, the SCS MOSFET model), Chapter 8 (small-
signal amplifiers), Chapter 13 (sinusoidal steady state and filters), Chapter 15
(operational amplifier abstraction), and Chapter 16 (diodes and power circuits).

WEB SUPPLEMENTS

We have gathered a great deal of material to help students and instructors
using this book. This information can be accessed from the Morgan Kaufmann
website:

www.mkp.com/companions/1558607358

The site contains:

» Supplementary sections and examples. We have used the icon IEIM in
the text to identify sections or examples.

» Instructor’s manual

» A link to the MIT OpenCourseWare website for the authors’ course,
6.002 Circuits and Electronics. On this site you will find:

»  Syllabus. A summary of the objectives and learning outcomes for
course 6.002.

» Readings. Reading assignments based on Foundations of Analog and
Digital Electronic Circuits.

» Lecture Notes. Complete set of lecture notes, accompanying video
lectures, and descriptions of the demonstrations made by the
instructor during class.

PREFACE

xxili



XXIV

PREFACE

» Labs. A collection of four labs: Thevenin/Norton Equivalents and
Logic Gates, MOSFET Inverting Amplifiers and First-Order Circuits,
Second-Order Networks, and Audio Playback System. Includes an
equipment handout and lab tutorial. Labs include pre-lab exercises,
in-lab exercises, and post-lab exercises.

» Assignments. A collection of eleven weekly homework assignments.
» Exams. Two quizzes and a Final Exam.

» Related Resources. Online exercises in Circuits and Flectronics for
demonstration and self-study.

ACKNOWLEDGMENTS

These notes evolved out of an initial set of notes written by Campbell Searle for
6.002 in 1991. The notes were also influenced by several who taught 6.002 at
various times including Steve Senturia and Gerry Sussman. The notes have also
benefited from the insights of Steve Ward, Tom Knight, Chris Terman, Ron
Parker, Dimitri Antoniadis, Steve Umans, David Perreault, Karl Berggren, Gerry
Wilson, Paul Gray, Keith Carver, Mark Horowitz, Yannis Tsividis, Cliff Pollock,
Denise Penrose, Greg Schaffer, and Steve Senturia. We are also grateful to our
reviewers including Timothy Trick, Barry Farbrother, John Pinkston, Stephane
Lafortune, Gary May, Art Davis, Jeff Schowalter, John Uyemura, Mark Jupina,
Barry Benedict, Barry Farbrother, and Ward Helms for their feedback. The help
of Michael Zhang, Thit Minn, and Patrick Maurer in fleshing out problems and
examples; that of Jose Oscar Mur-Miranda, Levente Jakab, Vishal Kapur, Matt
Howland, Tom Kotwal, Michael Jura, Stephen Hou, Shelley Duvall, Amanda
Wang, Ali Shoeb, Jason Kim, Charvak Karpe and Michael Jura in creating
an answer key; that of Rob Geary, Yu Xinjie, Akash Agarwal, Chris Lang,
and many of our students and colleagues in proofreading; and that of Anne
McCarthy, Cornelia Colyer, and Jennifer Tucker in figure creation is also grate-
fully acknowledged. We gratefully acknowledge Maxim for their support of this
book, and Ron Koo for making that support possible, as well as for capturing
and providing us with numerous images of electronic components and chips.
Ron Koo is also responsible for encouraging us to think about capturing and
articulating the quick, intuitive process by which seasoned electrical engineers
analyze circuits — our numerous sections on intuitive analysis are a direct result
of his encouragement. We also thank Adam Brand and Intel Corp. for providing
us with the images of the Pentium IV.



CONTENTS

Material marked with [EI0R appears on the Internet (please see Preface for details).

L T T xvil
APPLOACh i eecrceees e e xvii
OVEIVIEW ceniiiniieiiiceiieee e eee ettt e e ee st e s ereesesae e e eennsennesees Xix
Course Organization ..........eeviveereriecininisiiieeiierereeeneesncnnneees XX
Acknowledgments .........cooiceveeireeniiieiiene e xxi

cHAPTER 1 The Circuit AbStraction ........ccovoveeemeverrivinirrerennnnnnn. 3

1.1  The Power of AbStraction ............c.uuveevmuuieenrnneeriinreeeenn. 3

1.2 The Lumped Circuit Abstraction ........cceeveeeveeieieciineeriinneeeenns 5

1.3 The Lumped Matter Discipling .........ceeeeverieeiericnnerieneeieesinennns 9

1.4  Limitations of the Lumped Circuit Abstraction ...........ccceeeerrunnnes 13

. 1.5 Practical Two-Terminal Elements .........ccceeeeveeiieviiininirenesrrrennnn. 15
1.5.1 BAIEHIES ooeeneeeeeeeeeeteee ettt 16
152 Linear ReSiSIOrS ....ouuvvveeeiiriiiineerieeeirneeeevuireeeniinenenns 18
1.5.3 Associated Vartables Convention ...........oeeeeeeerenennnnnn. 25

1.6 Ideal Two-Terminal Elements ......c.veeveeiiiriiiiniieiriiieiiiiinieeeeens 29
1.6.1 Ideal Voltage Sources, Wires, and Resistors .................. 30
1.6.2 Element Lalus ..ooeeoveveeeeeeeeeeeeeieeeeeneeeeeeenieseaeeenan 32
1.6.3 The Current Source — Another Ideal Two-Terminal

Element cov.oouveeeeieeieieeiiiieeimeeieeeereeeeereee s e eeeaes 33

1.7  Modeling Physical Elements ........ccoeevvvierreeeeensrieiininnneeeeneeennn. 36

1.8 Signal Representation ...........cccecvveverserreesnrrsiesrrsearereeeesaaseseeaens 40
1.8.1 Analog Signals ......cccoceeviiiiiiiiiiii s 41
1.8.2 Digital Signals — Value Discretization ..................... ... 43

1.9 Summary and EXercises ......ccceeeiieeremvivcsiinceeeeneemsisveisinesnneessenns 46

CHAPTER 2 ReSIStIVE NEtWOIKS .uvvverireevreiiiieiererennrineneeeeensiennens 53

2.1 TerminOlOZY veveeerrerrrmerrermeeemunureenaeiirennansnanannns sesacasaeeesaes 54

2.2 KirchhOff'S Laws ...eeeuuueeiiiieeieiceieeeeeeee e ceeeeeeeeeeeeee e e e e e e e eeeeeeaes 55
221 K O L ottt st ere e e ea e ana e 56
222 ) 8 T 60

2.3 Circuit Analysis: Basic Method ........vvvrueuiiiimuiiiiiicciiiireenicnne. 66
23.1 Single-Resistor CIrCUILS ..o.ooevieevvieeieiieeeeeieeeeee e 67
23.2 Quick Intuitive Analysis of Single-Resistor Circuts ........ 70

233 Energy Conservation .........oouvveeeiiineiniineniissssneeeennns 71



CONTENTS

234 Voltage and Current Dividers .......covcveeeeuveeeeeennn. 73
235 A More Complex Circuit ...cccooooovevveenesiivrieeceranenens 84
2.4 Intuitive Method of Circuit Analysis: Series and
Parallel SIMPHICAtON ...ovevvveeiereeiieie e 89
2.5 More Circuit EXamples «.....c.vveeeivinveereiiiiiiein e eeeee e, 95
2.6 Dependent Sources and the Control Concept ...........ccevveeunnenne.. 98
2.6.1 Circuits with Dependent Sources .........c.ccveevvevnnnen.. 102
2.7 A Formulation Suitable for a Computer Solution ..........c.eeenn.... 107
2.8 Summary and EXercises .....c..cccoovmvuvirveinreaniie e, 108
CHAPTER 3 Network Theotems .......ccccovuiiiivvnnereviiiirinieennn, 119
3.1 INrOdUCHON .cviereieiiiriiiiiee st e s eeeeetare b e ssee e ereare e s 119
3.2  The Node VORAZE «..eovviiiiiiiiiieiiiecieceees et st 119
3.3 The Node Method ......cccovuiniriiiiiciiiiiie e 125
3.3.1 Node Method: A Second Example ...........c..ccueue....... 130
332 Floating Independent Voltage Sources .........ccccovvovirenns 135
333 Dependent Sources and the Node Method ................... 139
EITT 3.3.4 The Conductance and Source Matrices .............u......... 145
3.4 Loop Method ....oooviiciiiiiiiiiieic e 145
3.5 SUPEIPOSILION wrereeiiiiiiiinriiiiieeeeetiee e eesrereeeesrereeeseessreene e e e 145
351 Superposition Rules for Dependent Sources .................. 153
3.6 Thévenin’s Theorem and Norton’s Theorem ..............ccveune.ee. 157
3.6.1 The Thévenin Equivalent Network .............cccoeeune.... 157
3.6.2 The Norton Equivalent Network .......ccoooeeeeeecvvveeann... 167
3.63 More EXAmples ..........ccccovviceviviiinneeeeeie e eresvenen 171
3.7 Summary and EXercises ......cc.cccorvierrirniieeinsene e, 177
CHAPTER 4 Analysis of Nonlinear Circuits ...........coocevevreerennenns 193
4.1  Introduction to Nonlinear Elements .......c..ccoceecinvvirievnvenreene. 193
4.2 Analytical SOIUHONS ..eovuvveriiiiiiiiiie e 197
43 Graphical Analysis ......ccovviriireciiiiieciier e, 203
4.4 Piecewise Linear Analysis .......ccccovvviviiiiiiiiciiienccireee e, 206
I 4.4.1 Improved Piecewise Linear Models for Nonlinear
Elemnents ...ccucoovvceiiiciieeiiieeeceeeevee ettt 214
4.5  Incremental ANAlySiS ....ocecervrermiriareieereniieeeerceire e e eeeraaee e 214
4.6 Summary and EXercises .........cooviereerevierererncieieeniennieseesnnnnens 229
cuHAPTER § The Digital Abstraction .........ccoccceeivnciiiieieeneiecnen, 243
5.1  Voltage Levels and the Static Discipline .........cceeeevviviverivcennnnnnen 245
52  Boolean LOGIC «coiveeeiniiirriiiiae e ttein e e s s e srran e 256
5.3 Combinational Gates ........ccceeeerieeereemrireereeeeirresseeeeeaeeennes 258
5.4  Standard Sum-of-Products Representation .........coocecveeveriueeeennas 261

5.5 Simplifying Logic EXpressions ......ccccceervveirrrecnrnicreniccinnenrencenn 262



5.6 Number Representation ........c..cceereereercveenueeneeesrreseessreennes 267
5.7 Summary and EXercises ....ccvvvieeivveeriirvniieicrnreeieiiee s sesneeees 274
cHAPTER 6 The MOSFET Switch ...cccooiiiiiiiiiiiiiiiccceec s 285
6.1 The SWitch oo 285
6.2 Logic Functions Using Switches .........ccccoviimreieencinieniiininiannne 288
6.3 The MOSFET Device and Its S Model ......ccceeeevvnrerieirnnereininns 288
6.4  MOSFET Switch Implementation of Logic Gates ............ccu....... 291
6.5  Static Analysis Using the S Model .............c......... bt —ae e 296
6.6 The SR Model of the MOSFET ......ccovivriiviiiiniee e 300
6.7  Physical Structure of the MOSFET ......ovumviviiiiiciie e 301
6.8  Static Analysis Using the SR Model .........cccovvrviiiiiicreeirieennnn. 306
6.8.1 Static Analysis of the NAND Gate Using the
SRMOMEL ...ccoovieeiaiiiieecieeee et 311
6.9  Signal Restoration, Gain, and Nonlinearity .........ccc.cevvuveereurennne 314
6.9.1 Signal Restoration and Gain .................. reereeterarenr e 314
69.2 Signal Restoration and Nonlinearity ...........ccccovvueeenin. 317
69.3 Buffer Transfer Characteristics and the Static
DISCIDEAE ..eeeeeeeieee e e 318
6.9.4 Inverter Transfer Characteristics and the Static
DASCIPHRE .ceoveeeeeiiiiiieeeiaieice e 319
6.10 Power Consumption in Logic Gates ........ccceeervvivericccenrsrennees 320
6.11  Active PUllups .....cooiiiiiiiiiiiiieees e e 321
612 Summary and EXercises ......cccoccceriivuireecriirieeeiereieeeecerieeeee s 322
cuarTER 7 The MOSFET Amplifier ......cocoeevvienvenceeneniniennnee 331
7.1 Signal AMPHACATION ...iivveeere it e 331
7.2 Review of Dependent SOULCES ......ccvrecvvnriveereieeieniiccirernereeesss 332
7.3 Actual MOSFET Characteristics .......ceieervceererivueressecnneeerernnnens 335
74  The Switch-Current Source (SCS) MOSFET Model ......uuvvenee.ee.. 340
7.5  The MOSFET Amplifier ......c.ccccereieniiiiimeiieeeneiiee e 344
751 Biasing the MOSFET Aaplifier —..ovveevveeeorreeeesrrrrnen.. 349
7.52 The Amplifier Abstraction and the Saturation
DASCIDHNE oottt 352
7.6  Large-Signal Analysis of the MOSFET Amplifier ....................... 353
7.6.1 N Versus vour in the Saturation Region ................... 353
7.6.2 Valid laput and Outpus Voltage Ranges ..................... 356
7.6.3 Alternative Method for Valid Input and Output
VOltaAge RANGES ...veveenveeeeiiieeeiieeieeeneeenesreenesana e 363
7.7 Operating Point Selection .........cccovceeeeiivreeiniiciiieneeeeeee s 365
7.8 Switch Unified (SU) MOSFET Model .....cooooeeeiiivrviiiieeeeeiiinnnnen. 386

7.9  Summary and EXEICiSES ...evereeviieeiminieeeirniineerenriearessienreeeennns 389

CONTENTS



CONTENTS

cuaprTeER 8 The Small-Signal Model ......ccovveeeeeeerieeeeeeee 405
8.1  Overview of the Nonlinear MOSFET Amplifier .........c...o........... 408
8.2 The Small-Signal Model .......couveuveeeeieeeeneeeeeeeeeeeeeeeeeeee, 405
8.2.1 Small-Signal Circuit Representation ............o........ 413
8.2.2 Small-Signal Circuit for the MOSFET Amplifier ........... 418
823 Selecting an Operating POt ............cccoovveveeveverrernn. 420
8.2.4 Input and Output Resistance, Current and
Power Gain ..........coovveeeeaemiiinieee e, 423
83  Summary and EXerciSes .......ouurivuiiioveeeeeeeeeeeereeeeeeeerseeesan 447
CHAPTER 9 Energy Storage Flements ........c.cccooeevvvveenieevinnnnnn. . 457
9.1 Constitutive Laws ....c.co.evverreeerrerereieirierieeeeeeeeeeseeees oo, 461
9.1.1 CAPACILOTS ..o 461
9.1.2 TNAUCLOPS ..o, 466
9.2 Series and Paralle] Connections .............cceeeueeevuveeeeeeeneeennnannnn. 470
9.2.1 CAPACHLOTS «.cvvivreriieee e 471
922 INAUCEOTS .ot 472
9.3 Special EXamples .........ccceeviviiinriniiiieiieeeeeeeeeeee e 473
9.3.1 MOSFET Gate Capacitance .............ccccueeeeeeeeeenennn. 473
9.3.2 Wiring Loop Inductance ............eccuveeeuieeereeeeeanann. 476
9.33 IC Wiring Capacitance and Inductance ....................... 477
9.34 Transformers .......ccuuveveveeeceeesieieeeeeeeeeeeeeee e 478
9.4  Simple Circuit EXamples ........ccoooieviiiioneeieeceeeeeeeeeseeeenna 480
B0 9.4.1  Sinusoidal THPuLs ........ooeeeveeeeresereesseserereeeesenrn, 482
94.2 Step IPULS ... 482
94.3 Dmpulse IMPULS .......coovueeeneiieeeeiiiieee e 488
EER 944  ROIEREVEHSAl ...oooeeeeeeeeeeeeeeeeeeeeeeeeereeeen 489
9.5  Energy, Charge, and Flux Conservation ............ccccoceveeeeeernnnnn. 489
9.6 Summary and EXErciSes ......ccvvurieriveeriiiiieeeeeceeeeeeeeesee e 492
cHAPTER 10 First-Order Transients in Linear Electrical
INEEWOTKS ...ttt ettt een s een e e 503
10.1  Analysis Of RC CIECUIES .veevvveivieriueeeeeeiieeeeeeeseeeeeeeeeae e eaeanns 504
10.1.1  Parallel RC Circuit, Step Iput .......c....oeeeeeeeeeeaennnnn 504
10.1.2  RC Discharge Transtent ..........ooeeceeeeeeeveeeeeneseneennn.. 509
10.1.3  Series RC Circuit, Step Input ......uueecueeeeeveeevannannn... 511
10.1.4  Series RC Circuit, Square-Wave Input  ........................ 515
10.2 Analysis Of RL CircUits ...ceeivureeevivieeeeiiieeeeeeeeeeeeeeeeeeeeeeenannnn 517
10.2.1  Series RL Circuit, Step Input .......ovoeveeveeiiviirneneeennnn 517
10.3  Intuitive ANalySis .uvireeeeicierieeeirieeee et 520
10.4  Propagation Delay and the Digital Abstraction ...........cccoveen...... 525
10.4.1  Definitions of Propagation Delays .................cuveeu...... 527

1042 Computing t,4 from the SRC MOSFET Model ......... 529



10.5 State and State Variables .......coccceieiiiiciiiiiiiiieeee e 538
10.5.1  The Concept Of State .....cceeeeveveuieeeeiiiieneiiiriiiaeenennens 538
10.5.2  Computer Analysis Using the State Equation ............... 540
10.5.3  Zero-Input and Zero-State Response .........ocoeveeievvunen, 541
EEIA 10.54  Solution by Integrating FACOTS .....eeeeveeereeeneinearieeannns 544
10.6 Additional Examples ..........cccoocciiiiiiniiiiiiii s 545
10.6.1  Effect of Wire Inductance in Digital Circuits ................. 545
10.6.2  Ramp Inputs and Linearity .......cccccocvvievmvvirnnnneneneenenns 545

10.6.3  Response of an RC Circuit to Short Pulses and the
Impulse RESPONSE «vveveeeeeeiiiaiieeeee e 550
10.6.4  Intuitive Method for the Impulse Response ................... 553
10.6.5  Clock Signals and Clock Fanout ...........cccovvevrnicnnce.. 554
EEM 10.6.6  RC Response to Decaying Exponential ..............c........ 558
10.6.7  Series RL Circuit with Sine-Wave Input ...................... 558
10.7  DiGItal MEMOLY vveroevereeeeeeeeeseeeseoeessessessessssssssnsesssesssseene 561
10.7.1  The Concept of Digital State ..........ccocceervervceereiecnannnn. 561
10.7.2  An Abstract Digital Memory Element ..........c.ccoevuune.. 562
10.7.3  Design of the Digital Memory Element ....................... 563
10.7.4 A Static Memory Element .........c.c.coeuvvnceriiiinnnnn. 567
10.8  Summary and EXercises ........cccoreeeririicernieecnenn. rrrrreretteeae s 568
cuAPTER 11 Energy and Power in Digital Circuits ........cooeeenene. 595
11.1 Power and Energy Relations for a Simple RC Circuit v..oovuvviriinnnes 595
11.2  Average Power in an RC Circtit ....ccooveeviiiiiiiiiiiniininn, 597
11.2.1  Energy Dissipated During Interval T .....coovvvvinniennnnen. 599
11.2.2  Energy Dissipated During Interval Ty .........ccoooveenennn. 601
11.2.3  Total Energy Dissipated ..........cccccoveeveueeiiniiiineinennnne 603
11.3 Power Dissipation in Logic Gates ..........cccoeevveiniinininininininnnen 604
11.3.1  Static Power DisSIDALION ......eeerivcereriiiniiniieeiiineennene 604
11.3.2  Total Power DisSiPation ......c.cccovvveiiiiiniiiivirinenneennnn 605
114 NMOS LOGIC weeeveriiiieiiiirieenieciees i rsanae e s 611
11.5 CMOSLOZIC «oviveeiiiiiiiiiiiiiiiiiiiiiciiccieiteee vt e 611
11.5.1  CMOS Logic Gate Design ...........cocoevvvimmiiinienniinnnnens 616
11.6 Summary and EXercises ........ceeuvrveeriimiemmimiiemmiiieeeeiiie... 618
CHAPTER 12 Transientsin Second-Order Circuits .........cocvurreenne. 625
12,1 Undriven LC CIFCUIE v.uveirieeerrireenieiinninieeeeincenncenennn s ceeneeeen e 627
12.2  Undriven, Series RLC CitCUIt ..oovvvvuuuieerereeerinmmssssissrnmmiiesineeenn 640
1221  Under-Damped DYRamics ........cccoovvevveeiiiiieinniinnnnnn, 644
1222 Owver-Damped DYHAMICS ..ovcevvrciverinivirsinesisinneiiennns 648
12.2.3  Critically-Damped Dynamiics ...........ccovvvieeerniiinnnnnn, 649
12.3  Stored Energy in Transient, Series RLC Circuit .......ccoeevieenieenen. 651

CONTENTS

Xiii



CONTENTS
EXIT 124 Undriven, Parallel RLC CIECUIE ..vooveervrereerercenireseseariee e, 654
EEE 12.4.1  Under-Damped Dynamics ..........c..ooeeeeeeeeeeeveeeeernenn. 654
B 1242  Over-Damped Dynamics ...........cocoeeeeeereveevvereaenen. 654
EEX 12.43  Critically-Damped Dynamics ...........c..coveeeveeevneerenn.. 654
12.5 Driven, Series RLC CIFCUIE ..oovvviviiieinieriieerieeneeeeeeeerneeseenesans 654
12.5.1  Step Response .....c.covvvveeeeeemiiienniieeicieneseinse e 657
12.5.2  Impulse RESPONSE ....evveeveeerisieiiesiecirimrrieeineeneeieeeeans 661
KX 12.6 Driven, Parallel RLC CIFCUIL cvvvrveerrrereeessseesseecsesieessessssesssssens 678
1261 Step RESPOMSE wervvevereereeeereeeeeeeeseeeeeeeessess e seessons 678
EEE 12.6.2  Impulse RESPOHSE .ooveuveeeeeeeneieeneeeereeeeeeeeeseeser e, 678
12.7 Intuitive Analysis of Second-Order Circuits ..........eeevvrvevevevennnnen. 678
12.8  Two-Capacitor or Two-Inductor Circuits .........ccceeverererereeeennnen. 684
12.9  State-Variable Method ......coooviviiviiiinniniiieiiic v 689
EEXT 12.10 State-Space ANalysis ............oceevevereevireeeeneirieeeeseeeneeeeeeeeenene 691
EEIA 12.10.1 Numterical SOMEION ....cuveeeveueereerieeeneeeeeeeeerereenanns 691
B 12.11 Higher-Order GItCUILS ......cveoverieereresreeeeeeseeeereseeessesseseseennas 691
12.12 Summary and EXEICISES .vvvveeivirieiisiiieinreerriieeesceeesisineeeeseeensss 692
CHAPTER 13 Sinusoidal Steady State: Impedance and
Frequency Response .....c...cccoiiiiiiiiiiiiiiinie s 703
13,1 INtroduction .ecievseesssiiseirensciiiee et e e 703
13.2  Analysis Using Complex Exponential Drive ........ccccviveecinneeiennnns 706
13.2.1  Homogeneous SOMLION ..........ccovveevveveencnnnecreeaenenn. 706
13.2.2  Particular SOMEON «....oovvivaecevireeeeeeeceee e 707
1323 Complete SOMEION .....ccccuveeniiiieiiieieicvciieeeeiier e, 710
13.2.4  Sinusoidal Steady-State Response ..........ccueeeeeveveennnnns 710
13.3  The Boxes: Impedance ........c...ccceeveeereeceveecceeeeeseee e 712
1331 Example: Series RL Circuit «.....covveeveeeveeeeeeeirivrennns 718
1332 Example: Another RC Circuit ......cevvvveviireieeeaennnnnn, 722
13.3.3  Example: RC Circuit with Two Capacitors ................ 724
133.4  Example: Analysis of Small Signal Amplifier with
Capacitive Load ...........cccovvvivmivieiinieeiriessicnrivnnens 729
13.4 Frequency Response: Magnitude and Phase versus Frequency ...... 731
13.41  Frequency Response of Capacitors, Inductors,
ANA RESISTOTS c.eeeieiiiiiiieci it teevee e e e sreee e 732
13.4.2  Intuitively Sketching the Frequency Response of RC and
RL Clremits c.ueeeiiiiniiiiicierrteiae e 737
KX 13.4.3  The Bode Plot: Sketching the Frequency Response of
General FURCHIONS .ooeevvvereieeeceineeeeeescrnseennesesnan s 741
13.5 FAEEIS civeeciiiiieeeieieeeseieee et e e st re e s ena e e s e s envee s e e s rbn e e ann 742
13.5.1  Filter Design Example: Crossover Network ................. 744

13.52  Decoupling Amplifier Sages ......ccorecrvvvevrennsreiiiinennanns 746



