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Preface

In the past two decades, CMOS technology has rapidly embraced the field of analog inte-
grated circuits, providing low-cost, high-performance solutions and rising to dominate the
market. While silicon bipolar and ITI-V devices still find niche applications, only CMOS
processes have emerged as a viable choice for the integration of today’s complex mixed-
signal systems. With channel lengths projected to scale down to 0.03 izm, CMOS technology
will continue to serve circuit design for probably another two decades.

Analog circuit design itself has evolved with the technology as well. High-voltage, high-
power analog circuits containing a few tens of transistors and processing small, continuous-
time signals have gradually been replaced by low-voltage, low-power systems comprising
thousands of devices and processing large, mostly discrete-time signals. For example, many
analog techniques used only ten years ago have been abandoned because they do not lend
themselves to low-voltage operation.

This book deals with the analysis and design of analog CMOS integrated circuits, em-
phasizing fundamentals as well as new paradigms that students and practicing engineers
need to master in today’s industry. Since analog design requires both intuition and rigor,
each concept is first introduced from an intuitive perspective and subsequently treated by
careful analysis. The objective is to develop both a solid foundation and methods of ana-
lyzing circuits by inspection so that the reader learns what approximations can be made in
which circuits and how much error to expect in each approximation. This approach also
enables the reader to apply the concepts to bipolar circuits with little additional effort.

I have taught most of the material in this book both at UCLA and in industry, polishing
the order, the format, and the content with every offering. As the reader will see throughout
the book, I follow four “golden rules” in writing (and teaching): (1) I explain why the reader
needs to know the concept that is to be studied; (2) I put myself in the reader’s position
and predict the questions that he/she may have while reading the material for the first time;
(3) With Rule 2 in mind, I pretend to know only as much as the (first-time) reader and
try to “grow” with him/her, thereby experiencing the same thought process; (4) I begin
with the “core” concept in a simple (even imprecise) language and gradually add necessary
modifications to arrive at the final (precise) idea. The last rule is particularly important in
teaching circuits because it allows the reader to observe the evolution of a topology and
hence learn both analysis and synthesis.

The text comprises 18 chapters whose contents and order are carefully chosen to provide
a natural flow for both self-study and classroom adoption in quarter or semester systems.

ix



Preface

Unlike some other books on analog design, we cover only a bare minimum of MOS device
physics at the beginning, leaving more advanced properties and fabrication details for later
chapters. To an expert, the elementary device physics treatment may appear oversimplified,
but my experience suggests that (a) first-time readers simply do not absorb the high-order
device effects and fabrication technology before they study circuits because they do not
see the relevance; (b) if properly presented, even the simple treatment proves adequate for
a substantial coverage of basic circuits; (c) readers learn advanced device phenomena and
processing steps much more readily after they have been exposed to a significant amount
of circuit analysis and design.

Chapter 1 provides the reader with motivation for learning the material in this book.

Chapter 2 describes basic physics and operation of MOS devices.

Chapters 3 through 5 deal with single-stage and differential amplifiers and current mir-
rors, respectively, developing efficient analytical tools for quantifying the behavior of basic
circuits by inspection.

Chapters 6 and 7 introduce two imperfections of circuits, namely, frequency response
and noise. Noise is treated at an early stage so that it “sinks in” as the reader accounts for
its effects in subsequent circuit developments.

Chapters 8 through 10 describe feedback, operational amplifiers, and stability in feed-
back systems, respectively. With the useful properties of feedback analyzed, the reader
is motivated to design high-performance, stable op amps and understand the trade-offs
between speed, precision, and power dissipation.

Chapters 11 through 13 deal with more advanced topics: bandgap references, elemen-
tary switched-capacitor circuits, and the effect of nonlinearity and mismatch. These three
subjects are included here because they prove essential in most analog and mixed-signal
systems today.

Chapters 14 and 15 concentrate on the design of oscillators and phase-locked loops,
respectively. In view of the wide usage of these circuits, a detailed study of their behavior
and many examples of their operation are provided.

Chapter 16 is concerned with high-order MOS device effects and models, emphasizing
the circuit design implications. If preferred, this chapter can directly follow Chapter 2 as
well. Chapter 17 describes CMOS fabrication technology with a brief overview of layout
design rules.

Chapter 18 presents the layout and packaging of analog and mixed-signal circuits. Many
practical issues that directly impact the performance of the circuit are described and various
techniques are introduced.

The reader is assumed to have a basic knowledge of electronic circuits and devices, e.g.,
pn junctions, the concept of small-signal operation, equivalent circuits, and simple biasing.
For a senior-level elective course, Chapters 1 through 8 can be covered in a quarter and
Chapters 1 through 10 in a semester. For a first-year graduate course, Chapters 1 through
11 plus one of Chapters 12 through 15 can be taught in one quarter, and the first 16 chapters
in one semester.

The problem sets at the end of each chapter are designed to extend the reader’s un-
derstanding of the material and complement it with additional practical considerations. A
solutions manual is available for instructors.

Behzad Razavi
July 2000



Acknowledgments

Writing a book begins with a great deal of excitement. However, after two years of relent-
less writing, drawing, and revising, when the book exceeds 600 pages and it is almost im-
possible to make the equations and subscripts and superscripts in the last chapter consistent
with those in the first, the author begins to feel the streaks of insanity, realizing that the
book will never finish without the support of many other people.

This book has benefited from the contributions of many individuals. A number of UCLA
students read the first draft and the preview edition sentence by sentence. In particu-
lar, Alireza Zolfaghari, Ellie Cijvat, and Hamid Rafati meticulously read the book and
found several hundred errors (some quite subtle). Also, Emad Hegazi, Dawei Guo, Alireza
Razzaghi, Jafar Savoj, and Jing Tian made helpful suggestions regarding many chapters. I
thank all.

Many experts in academia and industry read various parts of the book and provided useful
feedback. Among them are Brian Brandt (National Semiconductor), Matt Corey (National
Semiconductor), Terri Fiez (Oregon State University), lan Galton (UC San Diego), Ali
Hajimiri (Caltech) Stacy Ho (Analog Devices), Yin Hu (Texas Instruments), Shen-Iuan
Liu (National Taiwan University), Joe Lutsky (National Semiconductor), Amit Mehrotra
(University of Illinois, Urbana-Champaign), David Robertson (Analog Devices), David
Su (T-Span), Tao Sun (National Semiconductor), Robert Taft (National Semiconductor),
and Masoud Zargari (T-Span). Jason Woo (UCLA) patiently endured and answered my
questions about device physics. I thank all.

Ramesh Harjani (University of Minnesota), John Nyenhius (Purdue University), Norman
Tien (Cornell University), and Mahmoud Wagdy (California State University, Long Beach)
reviewed the book proposal and made valuable suggestions. I thank all.

My wife, Angelina, has made many contributions to this book, from typing chapters to
finding numerous errors and raising questions that made me reexamine my own understand-
ing. I am very grateful to her.

The timely production of the book was made possible by the hard work of the staff
at McGraw-Hill, particularly, Catherine Fields, Michelle Flomenhoft, Heather Burbridge,
Denise Santor-Mitzit, and Jim Labeots. I thank all.

xi



xii

Acknowledgments

I learned analog design from two masters: Mehrdad Sharif-Bakhtiar (Sharif University

of Technology) and Bruce Wooley (Stanford University) and it is only appropriate that I

express my gratitude to them here. What I inherited from them will be inherited by many
generations of students.

Behzad Razavi

July 2000



Contents

Aboutthe Author.. ...t
Preface. ... e

1

1.1 Why Analog?........coiiiiiiiiiiiiiiinann.,.

1.2 Why Integrated? .............ooiiiiinnnenn..

1.3 WhyCMOS? ...
1.4 Why ThisBook?........... ...t

....................

1.5 General Concepts .. ...o.uvinen ettt cie e,

1.5.1 Levelsof Abstraction.....................

Basic MOS Device Physics .....................

2.1 General Considerations ...................o.....

213 MOSSymbols...............coeeiin....
2.2 MOS I/V Characteristics . . . . .....cooovvvvnivnn...
2.2.1 Threshold Voltage........................
2.2.2 Derivation of I/V Characteristics . ..........
2.3 Second-OrderEffects....................c......

2.4.1 MOS Device Layout......................
2.4.2 MOS Device Capacitances ................
2.4.3 MOS Small-Signal Model.................
24.4 MOSSPICEmodels......................

24 MOSDeviceModels ............................

10
10
10
12
13
13
15
23
28
28
29
33
36
37
38

Xv



xvi

Contents

Single-Stage Amplifiers ............... ... 47
3.1 BasiCCONCEPLS ..o vutititt ittt e 47
3.2 Common-Source Stage ..........cvuiuinineniiiiniiiniaiieiianae., 48
3.2.1 Common-Source Stage with Resistive Load ....................... 48
3.2.2 CS Stage with Diode-Connected Load ............................ 53
3.2.3 CS Stage with Current-Source Load . ....................oooonls 58
324 CSStagewith TriodeLoad................cooiiiiiiii i, 59
3.2.5 CS Stage with Source Degeneration ................cooevieieene... 60
3.3 Source FOllOWeT. .. ... o.iiee e 67
34 Common-Gate Stage . ..........ouiniieiniiii it 76
3.5 Cascode Stage .......ovuiin i e 83
351 FoldedCascode .......c.oveiiiiiii i eeianneanns, 90
3.6 Choiceof DeviceModels ......... ...ttt 92
Differential Amplifiers................... ... ... i 100
4.1 Single-Ended and Differential Operation.....................ccooie.... 100
4.2 Basic Differential Pair............ ..ot 103
4.2.1 Qualitative Analysis...........cccoiiiiiiiiiiini i, 104
4.2.2 Quantitative Analysis............vvriiiiiiiiiiii i 107
4.3 Common-Mode Response..... ..ottt 118
4.4 Differential Pair withMOS Loads..............coiiiiiiiiiiiniiinnn... 124
45 Gilbert Cell. ... e e e e e 126
Passive and Active Current Mirrors ............................... 135
5.1 Basic Current MIITOIS . .. ..o oinini it 135
5.2 Cascode Current MIITOTS . . . ..o vttt et 139
5.3 Active Current MIITOTS . . . ..ottt ieeneanss 145
5.3.1 Large-Signal Analysis ...........c.cooiiiiiiiiiiiiiiiii i 149
5.3.2 Small-Signal Analysis .........ccooiiiiiiiiiiiiiiiiiiiiiae, 151
5.3.3 Common-Mode Properties ..............cc..iiiiiiiininain.. 154
Frequency Response of Amplifiers................................. 166
6.1 General Considerations . ................ . iiiiiitrrriireninnnnnns 166
6.1.1 MillerEffect....... ... i 166
6.1.2 Association of Poles withNodes . ..........................oilt. 169
6.2 Common-SOUICE StAE .. ... .vuurten ettt 172
6.3 Source FOIOWeTIS. ... ..ot e 178
6.4 Common-Gate Stage . ........c.oiiniiiiiii it e 183
6.5 Cascode Stage . ..ottt e e 185
6.6 Differential Pair........ .. ... i e 187

Appendix A: Dual of Miller’s Theorem. ...............cooiiiii it 193



Contents

T NI . ottt et e e e 201
7.1 Statistical Characteristics of Noise . ...t 201
7.1.1 NOISE SPECIIUM . .. ..ottt it eia e anaans 203
7.1.2 Amplitude Distribution ...l 206
7.1.3 Correlated and Uncorrelated Sources.............coovvvineenn.a.. 207

7.2 Types Of NOISE . .. ov vttt 209
7.2.1 Thermal NOISE ...\ .enne ettt 209
7.2.2 FHCKEIr NOISE . ..ot et et 215

7.3 Representation of Noise in Circuits ..., 218
7.4 Noise in Single-Stage Amplifiers ..., 224
7.4.1 Common-Source Stage .........cocvuiiriiiiiiiiiiniiiiiiiaea., 225
7.4.2 Common-Gate Stage. .. ......oouininntienii i 228
7.4.3 Source Followers. ........ ..ottt 231
744 Cascode Stage ... 232

7.5 Noise in Differential Pairs.............oooiiii i 233
7.6 NoiseBandwidth........ ... .. ... i i, 239
Feedback......... ... i 246
8.1 General Considerations .......... ..ottt 246
8.1.1 Properties of Feedback Circuits.......................oooiiia.L. 247
8.1.2 Typesof Amplifiers..........covvvirviiiiiiiii i, 254

8.2 Feedback TOPOIOZIES ... ..cevirtitii ettt 258
8.2.1 Voltage-Voltage Feedback................ ..., 258
8.2.2 Current-Voltage Feedback............ ... .. ... oLl 263
8.2.3 Voltage-Current Feedback................cooiiiiiiiiiiiiiia., 266
8.2.4 Current-Current Feedback.................. .. ...l 269

8.3 Effectof Loading ...t i it 270
8.3.1 Two-Port Network Models .................cooviiiiiniiia.... 270
8.3.2 Loading in Voltage-Voltage Feedback ............................ 272
8.3.3 Loading in Current-Voltage Feedback ............................ 275
8.3.4 Loading in Voltage-Current Feedback ............................ 278
8.3.5 Loading in Current-Current Feedback ............................ 281
8.3.6 Summary of Loading Effects .................................... 283

8.4 Effect of Feedback on Noise............coiviiiiniiiiiiiiiii ... 284
Operational Amplifiers............................................ 291
9.1 General Considerations ..............couitviiiiiii i, 291
9.1.1 Performance Parameters ....................ccooiiiiiiii... 291

9.2 One-Stage Op AIIPS. .. .vuttttitre ettt et e, 296
9.3 TWOo-Stage Op AMPS ... ovutnt ettt ittt et te et e eeaaaenns 307
9.4 Gain BOOSHNE . ....oiitiii e e e e 309
2RI 60 117 1o 1 313

9.6 Common-Mode Feedback..............oiiuniiii e, 314



xviii

10

11

12

13

Contents

9.7 Input Range Limitations .......... .. .. oiiiiiiiiiiiiiiiniinnnan... 325
9.8 Slew Rate ... ...t 326
9.9 Power Supply Rejection ... 334
9.10 Noisein Op AMPS . .. oo vvii it e et 336
Stability and Frequency Compensation . ........................... 345
10.1 General Considerations . ...........ccouiuitiiauiin i, 345
10.2 Multipole Systems ....... ... 349
103 Phase Margin..........o.oouiimnn it 351
10.4 Frequency Compensation .............vveiineiniininnrninnenannnnnnn. 355
10.5 Compensation of Two-Stage Op AmpS .. .........ooiieninnennan... 361

10.5.1 Slewingin Two-Stage Op Amps................ccovieurnin... 368
10.6 Other Compensation Techniques..................coooiininnunnnin. .. 369
Bandgap References ....................... ... .. ... L. 377
11.1 General Considerations . ...........o.oinviniiiiune i, 377
11.2 Supply-Independent Biasing ................oooivieeineniinenn... 371
11.3 Temperature-Independent References ................................. 381

11.3.1 Negative-TC Voltage ...........ooviniiiiiiiainn . 381

11.3.2 Positive-TC Voltage . .............coooiiin i, 382

11.3.3 BandgapReference................... ... ... ..o .. ... .. 384
11.4 PTAT Current Generation . .................oeuiuneuneneaannnnnn. . 390
11.5 Constant-G,, Biasing...............oooii i 392
11.6 Speed and Noise Issues............. PR 393
117 Case Study .. ..ot 397
Introduction to Switched-Capacitor Circuits ....................... 405
12.1 General Considerations . ...............coviieiiniiiinn ... 405
12.2 Sampling Switches . ...... ... ... o i 410

12.2.1 MOSFETS as Switches............ooiiiiiin i, 410

12.2.2 Speed Considerations. .............ovuiuieeiineeninainnnnnn.. 414

12.2.3 Precision Considerations. ..................cooovuueneennono... 417

12.2.4 Charge Injection Cancellation................................. 421
12.3 Switched-Capacitor Amplifiers ................oooviii e, 423

12.3.1 Unity-Gain Sampler/Buffer ................................... 424

12.3.2 Noninverting Amplifier............................coo ... 432

12.3.3 Precision Multiply-by-Two Circuit............................. 438
12.4 Switched-Capacitor Integrator...................coooviiiiii i, 439
12.5 Switched-Capacitor Common-Mode Feedback ......................... 442
Nonlinearity and Mismatch ....................................... 448
13.1 Nonlinearity ........ ..ot e 448

13.1.1 General Considerations .. ..........oovvnrurr e, 448



Contents

Xix

13.1.2 Nonlinearity of Differential Circuits............................ 452
13.1.3 Effect of Negative Feedback on Nonlinearity.................... 454
13.1.4 Capacitor Nonlinearity .............cooineiniiiiiiiiinonn. 457
13.1.5 Linearization Techniques ..............cooiiiiiiiniieniennn.. 458

13.2 MISMAtCh . ..ottt 463
13.2.1 Offset Cancellation Techniques.....................cooiinet. 471
13.2.2 Reduction of Noise by Offset Cancellation...................... 476
13.2.3 Alternative Definitionof CMRR ............................... 478

14 Oscillators. . ..ottt e e e 482
14.1 General Considerations ... .......covurieiueieiniireinentenenneaeannans 482
142 Ring OsCllators. . .. ..ottt e et e it 484
143 LCOscllators . ....ooiiiii i i e eee e 495
14.3.1 Crossed-Coupled Oscillator.............cooveeeeeiinenennnnnn. 499
14.3.2 Colpitts Oscillator. . ..........vovrviiii i ineanns 502
14.3.3 One-Port Oscillators. ...ttt 505

14.4 Voltage-Controlled Oscillators. . .............cocviiiiiiiineinnnn.... 510
14.4.1 TuninginRing Oscillators ................cccoiiiiiiiiinnn... 512
14.4.2 Tuningin LCOscillators. ............coovviiiiiiiiiinvnnn.ns, 521

14.5 Mathematical Model of VCOs..........ccoiiiiiiiii ... 525
15 Phase-Locked LOOPS . ..........cooiiiiiiii it iiienann, 532
15.1 Simple PLL ... ..o e e 532
15.1.1 Phase Detector. . ... cvuvrre i ee et e iiiaeieeneninans 532
15.1.2 Basic PLLTOpOIOgY . ......vivriiiiei it cniennanes 533
15.1.3 Dynamics of Simple PLL ...................coiiiiiian... 542

15.2 Charge-Pump PLLS ........c.oiiii i 549
15.2.1 Problem of Lock Acquisition............................co.es. 549
15.2.2 Phase/Frequency Detector and Charge Pump.................... 550
15.2.3 Basic Charge-PumpPLL........................ooiiiia.... 556

15.3 Nonideal Effects inPLLS ............c.coouiiiiiiiiiiiiiiiiiinnn., 562
15.3.1 PFD/CP Nonidealities . .............cvoveiiieniininiienninnn... 562
1532 Jitterin PLLS . ...oooii e 567

15.4 Delay-Locked LOOPS .. .. .coovenn ittt iie i 569
15.5 APPHCAtiONS. ... .\ttt ettt e e 572
15.5.1 Frequency Multiplication and Synthesis ........................ 572
15.5.2 Skew Reduction .............ooiiviiiiiiii it 574
15.5.3 Jitter Reduction........ ..o, 576
Appendix A Short-Channel Effects and Device Models................ 579
A1 Scaling ThEOTY ... .o.vuer it e e e e 579

A.2 Short-Channel Effects .............ooiiiirn i, 583



Contents

A.2.1 Threshold Voltage Variation..................c.ccoiviiiiiinn.. 583
A.2.2 Mobility Degradation with Vertical Field ....................... 585
A.2.3 Velocity Saturation. .. .......c.coiiiiiiiiirieiiiiiiaiaaas 587
A24 HotCarrierEffects.............oooiiiiiiiiiiiiiiiiiiiiiaa., 589
A.2.5 Output Impedance Variation with Drain-Source Voltage. ......... 589

A3 MOSDevice Models . ........oveiiiiiiiiie it iieiaanns 591
A3l Level IModel.....o.ooviuniiiieiiiii it it e e 592
A32 Level2Model......ooiiiiniiiiiii i e 593
A33 Level3Model.......ooovviiieiiiii i 595
A34 BSIMSeEies. .. ..ot e e 596
A35 OtherMOdels. ....ooivniiitei i et 597
A.3.6 Charge and Capacitance Modeling............................. 598
A.3.7 Temperature Dependence ...........c.ovvvuierniernrnnnnnnn.ns 599

A4 Process COMETS. . ... iun ittt ittt iie it et et eenns 599
A5 AnalogDesigninaDigital World..................................... 600
Appendix B CMOS Processing Technology ........................... 604
B.1 General Considerations..............coiuiiiiiiniiniiiiiiinenen.. 604
B.2 Wafer ProCessing .. ......couuiuniriiiieneeni it enannns 605
B.3 Photolithography..........cooivuiiiiiiiiii it 606
B4 Oxidation....... ..ot i e 608
B.5 IonImplantation ........ ...ttt 608
B.6 Depositionand Etching.............. .. ... 611
B.7 Device Fabrication ...............cooiiiiiiiiii i 611
B.7.1 Active Devices........oouviiiiiiiiiiiiii i 611
B.7.2 Passive DeVICES . ... .ovuiu et ie i 616
B.7.3 INtEICONDECES . . . ..ottt it ie et 624

B8 Latch-Up. ... 627
AppendixC Layoutand Packaging ........................covviinn.. 631
C.1 General Layout Considerations . ...............coiveeeeuveeneennn... 631
C.1l DesignRUIES .. ..ceviiii e i it 632
C.1.2 Antenna Effect. . ... 634

C.2 Analog Layout Techniques............cooeeeeiuiiiiniinaneennnnnnn... 635
C.2.1 Multifinger TransiStors .. ........c..uieiieennieeeinennnnannn... 635
C22 Symmetry........oooeiuiviiiiiniii i 637
C.2.3 Reference Distribution. .................coovvieiiieeeniana.... 642
C.2.4 PasSiVe DEVICES . . .o vevtteeiie it 644
C.2.5 IMEICOMMECES . . .. e e et ttiee e e et e iie e eeaaeanns 653

C.3 Substrate Coupling .. .. .....ciuniinie ittt eieaiaenennns 660



