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PREFACE

The field of radio frequency (RF) circuit design is currently enjoying a renaissance,driven in particular by
the recent, and largely unanticipated, explosive growth in wireless telecommunications. Because this re-
surgence of interest in RF caught industry and academia by surprise, there has been a mad scramble to
educate a new generation of RF engineers. However, in trying to synthesize the two traditions of “ con-
ventional” RF and lower-frequency IC design, one encounters a problem: “ Traditional” RF engineers and
analog IC designers often find communication with each other difficult because of their diverse back-
grounds and the differences in the media in which they realize their circuits. Radio-frequency IC design,
particularly in CMOS, is a different activity altogether from discrete RF design. This book is intended as
both a link to the past and a pointer to the future.

The cohtents of this book derive from a set of notes used to teach a one-term advanced graduate
course on RF IC design at Stanford University. The course was a follow-up to a low-frequency analog IC
design class, and this book therefore assumes that the reader is intimately familiar with that subject,
described in standard texts such as Analysis and Design of Analog Integrated Circuits by P. R. Gray and
R. G. Meyer (Wiley, 1993). Some review material is provided, so that the practicing engineer with a few
neurons surviving from undergraduate education will be able to dive in without too much disorientation.

The amount of material here is significantly beyond what students can comfortably assimilate in one
quarter or semester, and instructors are invited to pick and choose topics to suit their tastes, the length of
the academic term, and the background level of the students. In the chapter descriptions that follow are
included some hints about what chapters may be comfortably omitted or deferred.

Chapter 1 presents an erratic history of radio. This material is presented largely for cultural reasons.
The author recognizes that not everyone finds history interesting, so the impatient reader is invited to skip
ahead to the more technical chapters.

Chapter 2 surveys the passive components normally available in standard CMOS processes. There is
a focus on inductors because of their prominent role in RF circuits, and also because material on this
subject is scattered in the current literature(although, happily, this situation is rapidly changing).

Chapter 3 provides a quick review of MOS device physics and modeling. Since deep submicron
technology is now commonplace, there is a focus on approximate analytical models that account for short-
channel effects. This chapter is necessarily brief, and is intended only as a supplement to more detailed
treatments available elsewhere.

Chapter 4 examines the properties of lumped, passive RLC networks. For advanced students, this
chapter may be a review and may be skipped if desired. In the author's experience, most undergraduate
curricula essentially abandoned the teaching of inductors long ago, so this chapter spends a fair amount of
time examining the issues of resonance, Q, and impedance matching.

Chapter 5 extends into the distributed realm many of the concepts introduced in the context of lumped



networks. Transmission lines are introduced in a somewhat unusual way, with the treatment avoiding
altogether the derivation of the telegrapher's equation with its attendant wave solutions. The characteristic
impedance and propagation constant of a uniform line are derived entirely from simple extensions of
lumped ideas. Although distributed networks play but a minor role in the current generation of silicon IC
technology, that state of affairs will be temporary, given that device speeds are doubling about every three
years.

Chapter 6 provides an important bridge between the traditional “ microwave plumber’s” mind-set
and the IC designer's world view by presenting a simple derivation of the Smith chart, explaining what S-
parameters are and why they are useful. Even though the typical IC engineer will almost certainly not
design circuits using these tools, much instrumentation presents data in Smith-chart and S-parameter
form, so modern engineers still need to be conversant with them.

Chapter 7 presents numerous simple methods for estimating the bandwidth of high-order systems
from a series of first-order calculations or from simple measurements. The former set of techniques, called
the method of open-circuit (or zero-value) time constants, allows one to identify bandwidth-limiting parts
of a circuit while providing a typically conservative bandwidth estimate. Relationships among bandwidth,
delay, and risetime allow us to identify important degrees of freedom in trading off various parameters. In
particular, gain and bandwidth are shown not to trade off with one another in any fundamental way,
contrary to the beliefs of many (if not most) engineers. Rather, gain and delay are shown to be more tightly
coupled, opening significant loopholes that point the way to amplifier architectures which effect that
tradeoff and leave bandwidth largely untouched.

Chapter 8 takes a detailed look at the problem of designing extremely high-frequency amplifiers,
both broad- and narrowband, with many “ tricks” evolving from a purposeful violation of the assumptions
underlying the method of open-circuit time constants.

Chapter 9 surveys a number of biasing methods. Although intended mainly as a review, the problems
of implementing good references in standard CMOS are large enough to risk some repetition. In particular,
the design of CMOS-compatible bandgap voltage references and constant-transconductance bias circuits
are emphasized here, perhaps a little more so than in most standard analog texts.

Chapter 10 studies the all-important issue of noise. Simply obtaining sufficient gain over some ac-
ceptable bandwidth is frequently insufficient. In many wireless applications, the received signal ampli-
tude is in the microvolt range. The need to amplify such minute signals as noiselessly as possible is self-
evident, and this chapter provides the necessary foundation for identifying conditions for achieving the
best possible noise performance from a given technology.

Chapter 11 foliows up on the previous two or three chapters to identify low-noise amplifier (LNA)
architectures and the specific conditions that lead to the best possible noise performance, given an explicit
constraint on power consumption. This power-constrained approach differs considerably from standard
discrete-oriented methods, and exploits the freedom enjoyed by IC designers to tailor device sizes to
achieve a particular optimum. The important issue of dynamic range is also examined, and a simple ana-
lytical method for estimating a large-signal linearity limit is presented.

Chapter 12 introduces the first intentionally nonlinear element, and the heart of all modern transceivers:
the mixer. After identifying key mixer performance parameters, numerous mixer topologies are examined.
As with the LNA, the issue of dynamic range is kept in focus the entire time.

-6-



Chapter 13 presents numerous topologies for building RF power amplifiers. The serious and often
unsatisfactory tradeoffs among gain, efficiency, linearity, and output power lead to a family of topologies,
each with its particular domain of application. The chapter closes with an examination of load-pull experi-
mental characterizations of real power amplifiers.

Chapter 14 provides a review of classical feedback concepts, mainly in preparation for the following
chapter on phase-locked loops. Readers with a solid background in feedback may wish to skim it, or even
skip it entirely.

Chapter 15 surveys a number of phase-locked loop circuits after presenting basic operating theory of
both first- and second-order loops. Loop stability is examined in detail, and a simple criterion for assess-
ing a PLL’s sensitivity to power supply and substrate noise is offered.

Chapter 16 examines in detail the issue of oscillators and frequency synthesizers. Both relaxation and
tuned oscillators are considered, with the latter category further subdivided into LC and crystal-controlled
oscillators. Both fixed and controllable oscillators are presented. Prediction of oscillation amplitude, cri-
teria for start-up, and device sizing are all studied.

Chapter 17 extends to oscillators the earlier work on noise. After elucidating some general criteria for
optimizing the noise performance of oscillators, a powerful theory of phase noise based on a linear, time-
varying model is presented. The model makes some surprisingly optimistic (and experimentatly verified)
predictions about what one may do to reduce the phase noise of oscillators built with such infamously
noisy devices as MOSFETs.

Chapter 18 ties all the previous chapters together and surveys architectures of receivers and transmitters.
Rules are derived for computing the intercept and noise figure of a cascade of subsystems. Traditional
superheterodyne architectures are examined, along with low-IF image-reject and direct-conversion recetvers.
The relative merits and disadvantages of each of these is studied in detail.

Finally, Chapter 19 closes the book the way it began: with some history. A nonuniform sampling of
classical (and distinctly non-CMOS) RF circuits takes a look at Armstrong’s earliest inventions, the “All-
American Five” vacuum tube table radio, the first transistor radio, and the first toy walkie-talkie. As with
the first chapter, this one is presented purely for enjoyment, so those who do not find history lessons
enjoyable or worthwhile are invited to close the book and revel in having made it through the whole thing.

A book of this length could not have been completed in the given time were it not for the generous and
competent help of colleagues and students. My wonderful administrative assistant, Ann Guerra, magically
created time by handling everything with her remarkable good cheer and efficiency. Also, the following
Ph.D. students went far beyond the call of duty in proofreading the manuscript and suggesting or generat-
ing examples and many of the problem-set questions: Tamara Ahrens, Rafael Betancourt-Zamora, David
Colleran, Ramin Farjad-Rad, Mar Hershenson, Joe Ingino, Adrian Ong, Hamid Rategh, Hirad Samavati,
Brian Setterberg, Arvin Shahani, and Kevin Yu. Ali Hajimiri, Sunderarajan S. Mohan, and Derek Shaeffer
merit special mention for their conspicuous contributions. Without their help, given in the eleventh hour,
this book would still be awaiting completion.

The author is also extremely grateful to the text’s reviewers, both known and anonymous, who all had
excellent, thoughtful suggestions. Of the former group, Mr. Howard Swain (formerly of Hewlett-Packard),
Dr. Gitty Nasserbakht of Texas Instruments, and Professors James Roberge of the Massachusetts Institute



of Technology and Kartikeya Mayaram of Washington State University deserve special thanks for spot-
ting typographical and graphical errors, and also f(;r their valuable editorial suggestions. Matt and Vickie
Darnell of Four-Hand Book Packaging did a fantastic job of copyediting and typesetting. Their valiant
efforts to convert my “sow’s ear” of a manuscript into the proverbial silk purse were nothing short of
superhuman. And Dr. Philip Meyler of Cambridge University Press started this whole thing by urging me
to write this book in the first place, so he’s the one to blame.

Despite the delight taken by students in finding mistakes in the professor’s notes, some errors have
managed to slip through the sieve, even after three years of filtering. Sadly, this suggests that more await

discovery by you. [ suppose that is what second editions are for.



H2E
o
FAE
BsE
L
g1E
HeE
FOE
F10E
H11E
F12E
F1E
B14E

BISE

L | T R P 1
A Nonlinear History of Radio
%ﬁ%bﬁ@%éﬂﬁ:ﬂ@ﬁﬁ .............................................................................. 28
Characteristics of Passive IC Components
MOS ZEBHIHIHHPET oo e 51
A Review of MOS Device Physics
TCUE RLC PHZE  oveeerereneeniee e 71
Passive RLC Networks
NHRE % ................................................................................................ 94
Distributed Systems
Smith @ﬁs%—%ﬁ ................................................................................. 110
The Smith Chart and S-Parameters
H SR TR e 119
Bandwidth Estimation Techniques
[=%7i] T R BRI T v ve e e e 145
High-Frequency Amplifier Design
g E;E%{Eﬂﬁ R e 181
Voltage References and Biasing
e 197
Noise
LNA -&i+ ............................................................................................. 220
LNA Design
(E,‘,ﬁi 7 249
Mixers
BTN HIICBE crveereeereeer oottt e ettt ettt ettt et e e eas e e 278
RF Power Amplifiers
}ifﬁ/’%ﬁ ............................................................................................. 311
Feedback Systems
B IR oo e 354



Phase-Locked Loops

B 16 RIIEEAMIS crroreererree e e e 392
Oscillators and Synthesizers

gg 17 ﬁ *ﬁﬂﬁ?g ................................................................................................ 429
Phase Noise

gg‘ 18%; lté\ﬁgg%: 2 T L TXILETTTTPRRT PR 445
Architectures

%]9% %ﬁ%%ﬂ‘]ﬁﬁ .................................................................................... 462
RF Circuits through the Ages
%‘»Fj'l ................................................................................................... 473
Index

=10 -



Contents

CHAPTER 1 A NONLINEAR HISTORY OF RADIO .....cccccciiviiiiiiiiiniiei e, 1
1.1 IDUEOQUCHION «.eteerev et eae e e et ebe s e e e st et s e s b en s s s en s s re s e s e ses s et asnasabaabensaraneesens 1
1.2 Maxwell and HErtz ......c.ooveeeiiereeeeicrtce ettt st e e 1
1.3 Pre—Vacuum Tube EIECITONICS ...cooeeirvieirriieicniririnentcctnestse sttt et bbb s a b 2
1.4  Birth of the Vacuum Tube ....c.ouooveeueorecc ettt 7
1.5 Armstrong and the Regenerative Amplifier/Detector/Oscillator ..o 11
1.6 Other RAdio CITCUIS .vovvevireeirieniereeieecrieeceietsert e caestsestesestsaesssasesssssassesa e sssannsnsns s e s eesasensssees 13
1.7 Armstrong and the SUPEITEZENETALON .........ccceiuiiiiniiiiieine e 15
1.8 Oleg Losev and the First Solid—State AmpPlfier ........ooooouiiiieiniceneces 16
1.9 EPIOZ ceruereieeeceeere ettt s 17
1.10  Appendix: A Vacuum Tube Primer ..........cooemvoiiioiiinii e 18

CHAPTER 2 CHARACTERISTICS OF PASSIVE IC COMPONENTS ... 28
2.1 INETOQUCHON c.veteeveteereter e s et etsse et st sbe s s s b bbb s as s s er e b e s s beshes b e s s sheabers e s s nae s st e aaneens 28
2.2 RESISIOTS cuvevveurerrerrereeceeseestererreesaestreesssseest s e s catshas bbb e b sa s b e s et et s sh e b e b she b e b e s e Re e s e e e R e e s b e ba bt enes 28
2.3 CAPACIOTS 1eevveeveieuerircuencrerecirieieseseia s es e ere s s s e s s s ea b e et sttt s et s 31
24 INAUCIOTS coveeveeeecteeriaieeeeee e et et s e e e e e et et et esse e b e et e e saee e e e aesr e e s s eas s eat e s eneeene e e nn e es 39
2.5 SUMNETY .eoueireerecerteineeneere e eteit b isese st ersre e ee s s bs b et ebsbs s b ebebe R et st s b sk et s e s bs et st s s b et st eb s sn e s scae e 47
2.6 Appendix: Summary of Capacitance EQUations .........oc.ovieiiniiinc 47
PIODLEIN SEL ..ottt ettt ettt sttt sttt e et st e e s a e b e sr R e e s Re e aenes 48

CHAPTER 3 A REVIEW OF MOS DEVICE PHYSICS ..., 51
3.1 INETOQUCHON oo vveeeeeeeeeceveeteteete et eerna st aete e see e sa et e et n e st e sa e sas e s o s s s e s e s b e s et en e saebesbe s e s ensssennsennases 51
3.2 A Little HISLOTY cevvvericiriceieicirteeeerre et et 51
3.3 FETS: The Short SEOTY ..oveeeecrerececeerennrireereeesimricsisistsis s eress s st e et st 51
3.4 MOSFET Physics: The Long—Channel ApproXimation ..........cceeceereieieeinmserscsssnssessensees 53
3.5 Operation in Weak Inversion (Subthreshold) ..o 59
3.6 MOS Device Physics in the Short—Channel Regime .......cccoovvimiiiieeae 60
3.7 OLher EfECtS .ooovouievereeteieiire ettt st st st s st s b e bbb e e r e senee 63
3.8 Transit Time EAFECtS ...covivieerieirreeceei ettt ettt s s e s e srnareneas 65
3.0 SUINMATY eoieiieeretee ettt et s s s es s b s st e s er et e s na b et e s et s b et e s s s e nensentenas 66
3.10 Appendix: 0.5 -pm level—3 SPICE Models .......ooooiiii e 66



PIODIEI St ......oveeveetetieectieeeee et etes ettt ee e e emeeeeemeaseeseeeea s e aees e een e s e eeesene e e eeseaeemeees s e e eeeeeeeeeneeen 67

CHAPTER 4 PASSIVE RLCNETWORKS........cccoi ittt e 7
4.1 INEEOAUCHION «..eveeereeteeeereeteeereeteeeeree s resseraassees s e s srs et e e eseesneseesmsere e s s s s bs b s st s e s s s an e be e s besbannernassers 71
4.2 Parallel RLCTADNK ......oooovie ettt e e e aen s bsa e b s b sa s en st et esnen s eais 71
4.3 Series RLEU NEtWOTKS .....cocveeeieieiiereretieeereesiceete e etsseaeseseesss e re st eeesenabessabeensssnnsasnesssssassnnssbnens 75
4.4  Other resonant BLC NEIWOTKS .....covecvrieeeririeircnteceieeieee et et seese et eseose s sesesresesnsssssens 75
4.5 RLC Networks as Impedance Transformers .........ccccocvevericcneerinnecincceecce e 76
4.0 EXAMPLES c..couveviereeiiieeeeeeeieies st e e st et e s e e sae b eese s sab e saa e r e rs et e bt e nseeasaneestenbesheeesseraesanebenraens 85
PrOBIEM St ...ttt ettt st s b e s e ve b ese s ea s as s e sa s e e e se g aseese e esesgese s et eneaesnnn 88

CHAPTER 5 DISTRIBUTED SYSTEMS ......ooo ettt an e 94
5.1 INTOAUCHON «...cvenierrrreceerceee et e et e se s sesa s e ests e e e sbassebessesassasessarneserassesseresseseasesseseraesenes 94
5.2 Link Between Lumped and Distributed Regimes ...........c.cceeeerieeeiereinirieenniie e csesesesesssesnnas 96
5.3 Driving—Point Impedance of Iterated SIrUCIULES .....ccocoveruerrierirereeriineirereeese e e enesseneans 96
5.4 Transmission Lines in More Detail..........cocvvveeviiniiiniiiniiinieniniecrcctecteete e sesaeseaeeseesrsseseesnesnenesns 98
5.5 Behavior of Finite-Length Transmission LINES.........cocevveieieieieeeeeierereresereseesessscesssscssesseesesnssennss 102
5.6 Summary of Transmission-Line EQUALIONS «......c.coveueuiieiretnernie ettt 104
5.7 Artficial LINES ..oeueevieeeecte ettt v ettt ettt eat et et e r e st et et st e s et enanseans 104
5.8 SUMINALY ..eeeireieeiesiectrctnrctreseeees e e e e s s sbasas e stasaes st e s st ase st assabassesesbasbesessassnrasmanesnreasren 107
PrODIEIN St ..ottt e e sttt st bbb et e ae b eas et eanebeanereen s 108

CHAPTER 6 THE SMITH CHART AND S-PARAMETERS ..........cccovviviiiiciieeeee e, 110
6.1 TITOAUCHON «..c..oeiie et er e s e ts e s s bses e e e s s ss st ss s et enesmstonenes 110
6.2 The Smith CRATT .....c.ovevieiricieeieccteceee ettt e ae e b s e st 110
6.3 S-PATBINELETS ..cucoiiuiiiniircteiteecnteee et se e et e se e s et sesre s ssesses e bessebessesesbassessbeetessesenserensenearenneson 112
6.4  Appendix: A Short Note 0n Units ....cc.eevrevvmvererrereeienieissssesse e eseness e sese s seresesenssesenas 115
6.5 Appendix: Why 50 (08 75) Q27 ...ovcieiiiirinrnrerer e siss ettt es st b e et et es et et s et 116
ProbIem Set .....o.vuoiciieieeiet ettt ettt ettt e et nennennenen 118

CHAPTER 7 BANDWIDTH ESTIMATION TECHNIQUES ..........ccoooivivieeee e 119
7.1 INEHOAUCHION c...ceevviceetririeescr e sttt ettt e ss s e s ssss s bas bt se s sanesesssesesesemnsenenanans 119
7.2 The Method of Open-Circuit Time COnstants ...........c.ocoeererereeemrenerinsenieeeieenesessessssesesss s sensenans 119
7.3 The Method of Short-Circuit Time CONStANLS .........c.cvvveeeereveirtiieeenrieiieeteeeeteseeeestessseeseeesseeseaseses 131
7.4 Further REAdINg ........ccivemeiiiierrirristeirte ettt sttt ee e s st set s 136
7.5 Risetime, Delay, and Bandwidth ...........c.coveiemiineieienieieie ettt eeeeee e seeeee e e reseese s 136
7B SUIMIDATY ...oneereereiieeeeteeserte et sts e s eteassasessesesa et stesansetesessssesesessstasonsssssemsneeeesensenesseneseaseeseneees 142
PrODIEm St .....ouciiviiiiiicetceee ettt ettt et ettt es et senenenneaeenenens 142

CHAPTER 8 HIGH-FREQUENCY AMPLIFIER DESIGN ......c.ooeveeeeeeeeeeeeeeeeeeeeeeea, 145
8.1 INEEOQUCHION .ottt ettt sttt r e s s be s es st eb s e s oo se e e e e e s neseaeneesene 145

-12.



8.2 Zeros as Bandwidth ENhancers ........ccoccoovoiiiiiiiiiiiiiiiicerceeeene et 146
8.3 The Shunt-Series AMPLEET .....c..cccoceiriireiiriiiccti et e 156
8.4 Bandwidth Enhancement with £, DOUDIETS ........oovvveriiieiiiiei e 161
8.5 Tuned AMPLIIELS ...coooviviiiecciti i 162
8.6 Neutralization and UnilateralizZation .............coceecniviiicniinicniiniice et 166
8.7 Cascaded AMPLIIETS ...oveceiiieiiiccit et e ettt s 168
8.8 SUIMIMATY .ot e e et 176
ProBIEm St .....ovemiiiiiiiciiectet e ettt ettt e st s st b s 176
CHAPTER 9 VOLTAGE REFERENCES AND BIASING ..........ccooioiieieeeeeeee e, 181
0.1 INMEEOQUCHION .ttt sttt roe e cs e cvastesaseaanesasansssssssasssesssnasnasessesmann 181
9.2 Review of Diode BERAVIOT .....couiiiiiemiiiriiert ettt sttt eva s e an 181
9.3 Diodes and Bipolar Transistors in CMOS Technology ...........cccooiciievimciiieevecnncncnnieerecienenns 183
9.4  Supply-Independent Bias CIFCUILS ........ccoveermriimiremririecietei e eeseecreeeeseee e see st asseaes 183
9.5 Bandgap Voltage REfErence ..ottt ettt snerens 184
9.6  Constant-g Bias ..o b e 191
0.7 SUIMINALY ..ttt eniritee et et st e et et seet e st e st nea st ese ses e s et sesassencebesansesansassstassasvrsssensatensonren 192
PrODLEIM St ...ttt et e b et ettt reaeeneas 193
CHAPTER 10 NOISE .......oi ittt ettt st s sae e bt snn e sareeeaes 197
10,1 IBEFOQUCHON «.eveciiitet et ettt e e et e b e bbb v e eas b atntons erenesrens 197
10.2 Thermal NOISE .......coviceirieierencteieceterninieete ettt s s ets et ea et st s eae et e st s s s s e serssesesnensenesons 197
103 Shot NOISE ..ocueueruireeincecrentrcetsee et enretstae s see st seseassss st s ssssa s enssaasatssasnssetsbessssesenesnsassessnsasans 203
104 FLCKET NOISE ...t etss v e v ettt a et tese e sttt s ns s st ot aneeerensensssnnos 204
10.5  POPCOTI NOISE ...oririeeeeniiertrencnisesestneie et sasn e s ssssesaa e sss e s tassmessstnssensaseas s st snsssssenenens 206
10.6  Classical Two-Port Noise Theory ........ccocvrvrrmieirirninrinirisieise ettt sessss s senenes 207
10.7  Examples of Noise Caleulations .........ooueveererireiorniiiniiecieectete ettt 211
10.8 A Handy Rule of TRUmD .....ccoooviiiiiiiiiiei ettt e eeesen s
10.9 Typical Noise Performance
10.10  Appendix: Noise Models ........cooviiimiriiveiieiccnne ettt
PIODIEI SE ..ttt st e e e e
CHAPTER 11 LNADESIGN ..ottt s st 220
TLT INEEOUUCHON .ttt ettt es et et s sttt essen e et essss st et eseneensesssese s easeenens 220
11.2  Derivation of MOSFET Two-Port Noise Parameters .........occuereeueeerereieeececseeisiecseeesesceceeseeeeeeen 220
11.3  LNA Topologies: Power Match versus Noise Match .......c.coovoveeeeeiireiicceeceeneceee 224
11.4  Power-Constrained Noise OPIMIZAHON «.....covveuiureerirereeiierieiiseeseeescteeeeeeeseeeesseseeeeesseseeseesssanas 230
115 Design EXAMPLES ...c....eciiiereeieieieeei ettt sse sttt 233
11.6 Linearity and Large-Signal Performance ........c..ovevvieveveveerieeeeeeceeete et ieresss st sseens s e snenen 239
11.7 Spurious-Free Dynamic RANEE .......ccovveuieeiririiieccieicteeeeetetce ettt sveaneesees et senanas 244

'13'



[1.8  SUIMIMATY ..eoiiiiiiiiiiie ettt e e s aan s eaes 245

Problem SOt ...t e e e 246
CHAPTER 12 MIXERS ...ttt et 249
I2.1 INEEOAUCHON ettt e bbb s s 249
12.2 Mixer Fundamentals ......coooocciiiniiniiininiieceici e 250
12.3  Nonlinear Systems as Linear MIXETs .......ccccooioveriiciiriiiiieicciccccsceinieie e e 253
12,4 Multiplier-Based MIXETS ....c..occoueeririicnininiiieii st s eer et sa st ens 257
12,5 Subsampling MIXETS ......ccooviireeririereeieeeeeeeie e teee e seeseste st ess e seeabass s s e e sbss s e sbene s snssas s 271
12.6  Appendix: Diode-Ring MIXeTs .....ccoveiiiveremiiineicieecicec ettt 272
Problem Set ..o 275
CHAPTER 13 RF POWER AMPLIFIERS ........ooiiiiiiie e 278
1301 INEPOUCHION ci ettt e e e e st b e e 278
13.2 General Considerations ..........cocoeeeeoiiiiiiiiiiiicicre et e 278
13.3 Class A, AB, B, and C Power Amplifiers ... 279
13.4  Class D AMPIIIETS ..ovoceiiiiiiieieeee ettt ottt e e 286
13.5  Class E AMPLEIETS «oooimiiiiee ettt et 288
13.6  Class F AMPLIers ..ot 290
13.7  Modulation of Power AMPLIIIETs ..c..c.ooviieiiiiiiieieeee ettt 293
13.8  Summary of PA CharacteristiCs .o eiiniineniiiniieiecieitiiteieeieteet et esne st e saesne s 295
13.9  RF PA Design EXamples .....c..ccoioiiiiiiic et cree ettt 295
13.10 Additional Design Considerations .........cuc.ceveirtrieiieiriientnse s et tne 300
13.11  Design SUMMATY ..ottt eeeeas 307
Problem Set ......ccovmiieeee sttt ettt ettt 307
CHAPTER 14 FEEDBACK SYSTEMS ..o e 311
141 INEFOAUCHION oottt ettt st s e ea s ee 311
14.2 A Brief History of Modern Feedback .........ccoooiiiiiiiniii e 311
TA.3 A PUZZIE ettt ettt n st et s bttt ens et eanen 315
14.4  Desensitivity of Negative Feedback Systems ......ocoooiiiiiiiiiiiiiicceee e 315
14.5  Stability of Feedback SyStems .........coiviiieirecinineririeecirei ettt 319
14.6 Gain and Phase Margin as Stability Measures ........coocecivirerineeiieiineieeeee e 320
14.7  Root-Locus TechniqUes ...ttt 322
14.8  Summary of Stability CIIETIA c.coveirveieerieiiiree et b et aeenes 326
14.9  Modeling Feedback Systems .......cccccoiiiiiinrniiete ettt es s 326
14.10  Errors in Feedback SYSEms .....oooiivioiiiiiiieicee e 330
14.11  Frequency- and Time-Domain Characteristics of First- and Second-Order Systems................. 331
1412 Useful Rules of Thumb ........c.ccoiviiiiiiiiiiiieeie ettt ess et ea s 334
14.13  Root-Locus Examples and Compensation .........c.ccoveeirivieenieinecrnieeieeee et ecene et 335
14.14  Summary of Root-Locus Techniques .......cocooveiiiiiiniiiiiice e 341

« 14 -



