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The Art of Electronics. Widely accepted as the best single authoritative text and reference on electronic circuit design,
both analog and digital, the first two editions were translated into eight languages, and sold more than a million copies
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PREFACE TO THE FIRST EDITION

This volume is intended as an electronic circuit design text-
book and reference book; it begins at a level suitable for
those with no previous exposure to electronics and carries
the reader through to a reasonable degree of proficiency in
electronic circuit design. We have used a straightforward
approach to the essential ideas of circuit design, coupled
with an in-depth selection of topics. We have attempted to
combine the pragmatic approach of the practicing physicist
with the quantitative approach of the engineer, who wants
a thoroughly evaluated circuit design.

This book evolved from a set of notes written to ac-
company a one-semester course in laboratory electronics
at Harvard. That course has a varied enrollment — under-
graduates picking up skills for their eventual work in sci-
ence or industry, graduate students with a field of research
clearly in mind, and advanced graduate students and post-
doctoral researchers who suddenly find themselves ham-
pered by their inability to “do electronics.”

It soon became clear that existing textbooks were inade-
quate for such a course. Although there are excellent treat-
ments of each electronics specialty, written for the planned
sequence of a four-year engineering curriculum or for the
practicing engineer, those books that attempt to address the
whole field of electronics seem to suffer from excessive
detail (the handbook syndrome), from oversimplification
(the cookbook syndrome), or from poor balance of mate-
rial. Much of the favorite pedagogy of beginning textbooks
is quite unnecessary and, in fact, is not used by practicing
engineers, while useful circuitry and methods of analysis
in daily use by circuit designers lie hidden in application
notes, engineering journals, and hard-to-get data books. In
other words, there is a tendency among textbook writers to
represent the theory, rather than the art, of electronics.

We collaborated in writing this book with the specific
intention of combining the discipline of a circuit design
engineer with the perspective of a practicing experimen-
tal physicist and teacher of electronics. Thus, the treat-
ment in this book reflects our philosophy that electronics,
as currently practiced, is basically a simple art, a combi-
nation of some basic laws, rules of thumb, and a large bag
of tricks. For these reasons we have omitted entirely the

usual discussions of solid-state physics, the h-parameter
model of transistors, and complicated network theory, and
reduced to a bare minimum the mention of load lines and
the s-plane. The treatment is largely nonmathematical, with
strong encouragement of circuit brainstorming and men-
tal (or, at most, back-of-the-envelope) calculation of circuit
values and performance.

In addition to the subjects usually treated in electronics
books, we have included the following:

an easy-to-use transistor model;

extensive discussion of useful subcircuits, such as current
sources and current mirrors;

single-supply op-amp design;

easy-to-understand discussions of topics on which prac-
tical design information is often difficult to find: op-
amp frequency compensation, low-noise circuits, phase-
locked loops, and precision linear design;

simplified design of active filters, with tables and graphs;
a section on noise, shielding, and grounding;

a unique graphical method for streamlined low-noise am-
plifier analysis;

a chapter on voltage references and regulators, including
constant current supplies;

a discussion of monostable multivibrators and their id-
iosyncrasies;

a collection of digital logic pathology, and what to do
about it;

an extensive discussion of interfacing to logic, with em-
phasis on the new NMOS and PMOS LSI;

a detailed discussion of A/D and D/A conversion tech-
niques;

a section on digital noise generation;

a discussion of minicomputers and interfacing to data
buses, with an introduction to assembly language;

a chapter on microprocessors, with actual design exam-
ples and discussion — how to design them into instru-
ments, and how to make them do what you want;

*a chapter on construction techniques: prototyping,
printed circuit boards, instrument design;

L]

L]
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* a simplified way to evaluate high-speed switching cir-
cuits;

a chapter on scientific measurement and data processing:
what you can measure and how accurately, and what to
do with the data;

bandwidth narrowing methods made clear: signal averag-
ing, multichannel scaling, lock-in amplifiers, and pulse-
height analysis;

amusing collections of “bad circuits,” and collections of
“circuit ideas”;

useful appendixes on how to draw schematic diagrams,
IC generic types, LC filter design, resistor values, oscil-
loscopes, mathematics review, and others;

tables of diodes, transistors, FETs, op-amps, compara-
tors, regulators, voltage references, microprocessors, and
other devices, generally listing the characteristics of both
the most popular and the best types.

Throughout we have adopted a philosophy of naming
names, often comparing the characteristics of competing
devices for use in any circuit, and the advantages of alterna-
tive circuit configurations. Example circuits are drawn with
real device types, not black boxes. The overall intent is to
bring the reader to the point of understanding clearly the
choices one makes in designing a circuit — how to choose
circuit configurations, device types, and parts values. The
use of largely nonmathematical circuit design techniques
does not result in circuits that cut corners or compromise
performance or reliability. On the contrary, such techniques
enhance one’s understanding of the real choices and com-
promises faced in engineering a circuit and represent the
best approach to good circuit design.

This book can be used for a full-year electronic circuit
design course at the college level, with only a minimum
mathematical prerequisite; namely, some acquaintance
with trigonometric and exponential functions, and prefer-
ably a bit of differential calculus. (A short review of com-
plex numbers and derivatives is included as an appendix.)
If the less essential sections are omitted, it can serve as the
text for a one-semester course (as it does at Harvard).

A separately available laboratory manual, Laboratory
Manual for the Art of Electronics (Horowitz and Robinson,
1981), contains twenty-three lab exercises, together with
reading and problem assignments keyed to the text.

To assist the reader in navigation, we have designated
with open boxes in the margin those sections within each
chapter that we feel can be safely passed over in an abbre-
viated reading. For a one-semester course it would proba-
bly be wise to omit, in addition, the materials of Chapter 5
(first half), 7, 12, 13, 14, and possibly 15, as explained in
the introductory paragraphs of those chapters.

We would like to thank our colleagues for their thought-
ful comments and assistance in the preparation of the
manuscript, particularly Mike Aronson, Howard Berg,
Dennis Crouse, Carol Davis, David Griesinger, John Ha-
gen, Tom Hayes, Peter Horowitz, Bob Kline, Costas Pa-
paliolios, Jay Sage, and Bill Vetterling. We are indebted
to Eric Hieber and Jim Mobley, and to Rhona Johnson and
Ken Werner of Cambridge University Press, for their imag-
inative and highly professional work.

Paul Horowitz
Winfield Hill
April 1980



PREFACE TO THE SECOND EDITION

Electronics, perhaps more than any other field of technol-
ogy, has enjoyed an explosive development in the last four
decades. Thus it was with some trepidation that we at-
tempted, in 1980, to bring out a definitive volume teach-
ing the art of the subject. By “art” we meant the kind of
mastery that comes from an intimate familiarity with real
circuits, actual devices, and the like, rather than the more
abstract approach often favored in textbooks on electron-
ics. Of course, in a rapidly evolving field, such a nuts-and-
bolts approach has its hazards — most notably a frighten-
ingly quick obsolescence.

The pace of electronics technology did not disappoint
us! Hardly was the ink dry on the first edition before we
felt foolish reading our words about “the classic [2Kbyte]
2716 EPROM...with a price tag of about $25.” They’re
so classic you can’t even get them anymore, having been
replaced by EPROMs 64 times as large, and costing less
than half the price! Thus a major element of this revision
responds to improved devices and methods — completely
rewritten chapters on microcomputers and microprocessors
(using the IBM PC and the 68008) and substantially re-
vised chapters on digital electronics (including PLDs, and
the new HC and AC logic families), on op-amps and pre-
cision design (reflecting the availability of excellent FET-
input op-amps), and on construction techniques (including
CAD/CAM). Every table has been revised, some substan-
tially; for example, in Table 4.1 (operational amplifiers)
only 65% of the original 120 entries survived, with 135
new op-amps added.

We have used this opportunity to respond to readers’
suggestions and to our own experiences using and teach-
ing from the first edition. Thus we have rewritten the chap-
ter on FETs (it was too complicated) and repositioned it
before the chapter on op-amps (which are increasingly of
FET construction). We have added a new chapter on low-
power and micropower design (both analog and digital),
a field both important and neglected. Most of the remain-
ing chapters have been extensively revised. We have added
many new tables, including A/D and D/A converters, digi-
tal logic components, and low-power devices, and through-
out the book we have expanded the number of figures. The

book now contains 78 tables (available separately as The
Horowitz and Hill Component Selection Tables) and over
1000 figures.

Throughout the revision we have strived to retain the
feeling of informality and easy access that made the first
edition so successful and popular, both as reference and
text. We are aware of the difficulty students often experi-
ence when approaching electronics for the first time: the
field is densely interwoven, and there is no path of learning
that takes you, by logical steps, from neophyte to broadly
competent designer. Thus we have added extensive cross-
referencing throughout the text; in addition, we have ex-
panded the separate Laboratory Manual into a Student
Manual (Student Manual for The Art of Electronics, by
Thomas C. Hayes and Paul Horowitz), complete with addi-
tional worked examples of circuit designs, explanatory ma-
terial, reading assignments, laboratory exercises, and solu-
tions to selected problems. By offering a student supple-
ment, we have been able to keep this volume concise and
rich with detail, as requested by our many readers who use
the volume primarily as a reference work.

We hope this new edition responds to all our readers’
needs — both students and practicing engineers. We wel-
come suggestions and corrections, which should be ad-
dressed directly to Paul Horowitz, Physics Department,
Harvard University, Cambridge, MA 02138.

In preparing this new edition, we are appreciative of the
help we received from Mike Aronson and Brian Matthews
(AOX, Inc.), John Greene (University of Cape Town),
Jeremy Avigad and Tom Hayes (Harvard University), Pe-
ter Horowitz (EVI, Inc.), Don Stern, and Owen Walker.
We thank Jim Mobley for his excellent copyediting, Sophia
Prybylski and David Tranah of Cambridge University Press
for their encouragement and professional dedication, and
the never-sleeping typesetters at Rosenlaui Publishing Ser-
vices, Inc. for their masterful composition in TX.

Finally, in the spirit of modern jurisprudence, we remind
you to read the legal notice here appended.

Paul Horowitz
Winfield Hill
March 1989
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Legal notice

In this book we have attempted to teach the techniques
of electronic design, using circuit examples and data
that we believe to be accurate. However, the exam-
ples, data, and other information are intended solely as
teaching aids and should not be used in any particu-
lar application without independent testing and verifi-
cation by the person making the application. Indepen-
dent testing and verification are especially important in
any application in which incorrect functioning could re-
sult in personal injury or damage to property.

For these reasons, we make no warranties, express
or implied, that the examples, data, or other infor-

mation in this volume are free of error, that they are
consistent with industry standards, or that they will
meet the requirements for any particular application.
THE AUTHORS AND PUBLISHER EXPRESSLY
DISCLAIM THE IMPLIED WARRANTIES OF MER-
CHANTABILITY AND OF FITNESS FOR ANY PAR-
TICULAR PURPOSE, even if the authors have been
advised of a particular purpose, and even if a particu-
lar purpose is indicated in the book. The authors and
publisher also disclaim all liability for direct, indirect,
incidental, or consequential damages that result from
any use of the examples, data, or other information in
this book.



PREFACE TO THE THIRD EDITION

Moore’s Law continues to assert itself, unabated, since the
publication of the second edition a quarter century ago. In
this new third (and final!) edition we have responded to this
upheaval with major enhancements:

e an emphasis on devices and circuits for A/D and D/A
conversion (Chapter 13), because embedded microcon-
trollers are everywhere

* illustration of specialized peripheral ICs for use with mi-
crocontrollers (Chapter 15)

e detailed discussions of logic family choices, and of in-
terfacing logic signals to the real world (Chapters 10 and
12)

» greatly expanded treatment of important topics in the es-
sential analog portion of instrument design:

— precision circuit design (Chapter 5)
— low-noise design (Chapter 8)

— power switching (Chapters 3, 9, and 12)
— power conversion (Chapter 9)

And we have added many entirely new topics, including:

» digital audio and video (including cable and satellite TV)
e transmission lines

e circuit simulation with SPICE

e transimpedance amplifiers

* depletion-mode MOSFETSs

e protected MOSFETs

* high-side drivers

e quartz crystal properties and oscillators
« a full exploration of JFETs

* high-voltage regulators

* optoelectronics

* power logic registers

¢ delta—sigma converters

* precision multislope conversion

* memory technologies

* serial buses

¢ illustrative “Designs by the Masters”

In this new edition we have responded, also, to the re-
ality that previous editions have been enthusiastically em-
braced by the community of practicing circuit designers,
even though The Art of Electronics (now 35 years in print)
originated as a course textbook. So we’ve continued the
“how we do it” approach to circuit design; and we’ve ex-

panded the depth of treatment, while (we hope) retaining
the easy access and explanation of basics. At the same time
we have split off some of the specifically course-related
teaching and lab material into a separate Learning the Art
of Electronics volume, a substantial expansion of the pre-
vious edition’s companion Student Manual for The Art of
Electronics.!

Digital oscilloscopes have made it easy to capture, an-
notate, and combine measured waveforms, a capability we
have exploited by including some 90 ’scope screenshots
illustrating the behavior of working circuits. Along with
those doses of reality, we have included (in tables and
graphs) substantial quantities of highly useful measured
data — such as transistor noise and gain characteristics (e,
In, Top's Mies &m» 8oss), analog switch characteristics (Ron,
Oinj» capacitance), op-amp input and output characteristics
(en and i, over frequency, input common-mode range, out-
put swing, auto-zero recovery, distortion, available pack-
ages), and approximate prices (!) — the sort of data often
buried or omitted in datasheets but which you need (and
don’t have the time to measure) when designing circuits.

We’ve worked diligently, over the 20 years it has taken
to prepare this edition, to include important circuit de-
sign information, in the form of some 350 graphs, 50 pho-
tographs, and 87 tables (listing more than 1900 active com-
ponents), the last enabling intelligent choice of circuit com-
ponents by listing essential characteristics (both specified
and measured) of available parts.

Because of the significant expansion of topics and depth
of detail, we’ve had to leave behind some topics that were
treated in the second edition,? notwithstanding the use of
larger pages, more compact fonts, and most figures sized
to fit in a single column. Some additional related mate-
rial that we had hoped to include in this volume (on real-
world properties of components, and advanced topics in
BJTs, FETs, op-amps, and power control) will instead be
published in a forthcoming companion volume, The Art

I Both by Hayes, T. and Horowitz, P., Cambridge University Press, 1989
and 2016.
2 Which, however, will continue to be available as an e-book.
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of Electronics: The x-Chapters. References in this volume
to those x-chapter sections and figures are set in italics.
A newly updated artofelectronics.com website will
provide a home for a continuation of the previous edition’s
collections of Circuit ideas and Bad circuits; it is our hope
that it will become a community, also, for a lively elec-
tronic circuit forum.

As always, we welcome corrections and sug-
gestions (and, of course, fan mail), which can
be sent to horowitz@physics.harvard.edu or to
hill@rowland.harvard.edu.

With gratitude. Where to start, in thanking our invalu-
able colleagues? Surely topping the list is David Tranah,
our indefatigable editor at the Cambridge University Press
mother-ship, our linchpin, helpful I&TEXpert, wise advisor
of all things bookish, and (would you believe?) compos-
itor! This guy slogged through 1,905 pages of marked-
up text, retrofitting the IXTEX source files with corrections
from multiple personalities, then entering a few thousand
index entries, and making it all work with its 1,500+ linked
figures and tables. And then putting up with a couple of
fussy authors. We are totally indebted to David. We owe
him a pint of ale.

We are grateful to Jim Macarthur, circuit designer
extraordinaire, for his careful reading of chapter drafts,
and invariably helpful suggestions for improvement; we
adopted every one. Our colleague Peter Lu taught us the
delights of Adobe Illustrator, and appeared at a moment’s
notice when we went off the rails; the book’s figures are
testament to the quality of his tutoring. And our always-
entertaining colleague Jason Gallicchio generously con-
tributed his master Mathematica talents to reveal graphi-
cally the properties of delta—sigma conversion, nonlinear
control, filter functions; he left his mark, also, in the mi-
crocontroller chapter, contributing both wisdom and code.

For their many helpful contributions we thank Bob
Adams, Mike Burns, Steve Cerwin, Jesse Colman, Michael
Covington, Doug Doskocil, Jon Hagen, Tom Hayes,
Phil Hobbs, Peter Horowitz, George Kontopidis, Maggie
McFee, Curtis Mead, Ali Mehmed, Angel Peterchev, Jim
Phillips, Marco Sartore, Andrew Speck, Jim Thompson,
Jim van Zee, GuYeon Wei, John Willison, Jonathan Wolff,
John Woodgate, and Woody Yang. We thank also others
whom (we’re sure) we’ve here overlooked, with apologies
for the omission. Additional contributors to the book’s con-
tent (circuits, inspired web-based tools, unusual measure-
ments, etc., from the likes of Uwe Beis, Tom Bruhns, and
John Larkin) are referenced throughout the book in the rel-
evant text.

Simon Capelin has kept us out of the doldrums with
his unflagging encouragement and his apparent inability to
scold us for missed deadlines (our contract called for de-
livery of the finished manuscript in December. .. of 1994/
We’re only 20 years late). In the production chain we are
indebted to our project manager Peggy Rote, our copy ed-
itor Vicki Danahy, and a cast of unnamed graphic artists
who converted our pencil circuit sketches into beautiful
vector graphics.

We remember fondly our late colleague and friend Jim
Williams for wonderful insider stories of circuit failures
and circuit conquests, and for his take-no-prisoners ap-
proach to precision circuit design. His no-bullshit attitude
is a model for us all.

And finally, we are forever indebted to our loving, sup-
portive, and ever-tolerant spouses Vida and Ava, who suf-
fered through decades of abandonment as we obsessed over
every detail of our second encore.

A note on the tools. Tables were assembled in Mi-
crosoft Excel, and graphical data was plotted with Igor
Pro; both were then beautified with Adobe Illustrator, with
text and annotations in the sans-serif Helvetica Neue LT
typeface. Oscilloscope screenshots are from our trusty Tek-
tronix TDS3044 and 3054 “lunchboxes,” taken to finish-
ing school in Illustrator, by way of Photoshop. The pho-
tographs in the book were taken primarily with two cam-
eras: a Calumet Horseman 6x9cm view camera with a
105 mm Schneider Symmar f/5.6 lens and Kodak Plus-
X 120 roll film (developed in Microdol-X 1:3 at 75°F
and digitized with a Mamiya multiformat scanner), and a
Canon 5D with a Scheimpflug*enabling 90 mm tilt-shift
lens. The authors composed the manuscript in IXTEX, us-
ing the PCTEX software from Personal TeX, Incorporated.
The text is set in the Times New Roman and Helvetica
typefaces, the former dating from 1931,% the latter de-
signed in 1957 by Max Miedinger.

Paul Horowitz

Winfield Hill

January 2015

Cambridge, Massachusetts

% % k % %

3 What’s that? Google it!
4 Developed in response to a criticism of the antiquated typeface in The
Times (London).
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Legal Notice Addendum

In addition to the Legal Notice appended to the Pref-
ace to the Second Edition, we also make no represen-
tation regarding whether use of the examples, data, or
other information in this volume might infringe others’
intellectual property rights, including US and foreign
patents. It is the reader’s sole responsibility to ensure
that he or she is not infringing any intellectual property
rights, even for use which is considered to be experi-

mental in nature. By using any of the examples, data, or
other information in this volume, the reader has agreed
to assume all liability for any damages arising from or
relating to such use, regardless of whether such liabil-
ity is based on intellectual property or any other cause
of action, and regardless of whether the damages are
direct, indirect, incidental, consequential, or any other
type of damage. The authors and publisher disclaim
any such liability.
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FOUNDATIONS

1.1 Introduction

The field of electronics is one of the great success stories
of the 20th century. From the crude spark-gap transmitters
and “cat’s-whisker” detectors at its beginning, the first half-
century brought an era of vacuum-tube electronics that de-
veloped considerable sophistication and found ready ap-
plication in areas such as communications, navigation, in-
strumentation, control, and computation. The latter half-
century brought “solid-state” electronics — first as discrete
transistors, then as magnificent arrays of them within “in-
tegrated circuits” (ICs) — in a flood of stunning advances
that shows no sign of abating. Compact and inexpensive
consumer products now routinely contain many millions
of transistors in VLSI (very large-scale integration) chips,
combined with elegant optoelectronics (displays, lasers,
and so on); they can process sounds, images, and data, and
(for example) permit wireless networking and shirt-pocket
access to the pooled capabilities of the Internet. Perhaps as
noteworthy is the pleasant trend toward increased perfor-
mance per dollar.! The cost of an electronic microcircuit
routinely decreases to a fraction of its initial cost as the
manufacturing process is perfected (see Figure 10.87 for
an example). In fact, it is often the case that the panel con-
trols and cabinet hardware of an instrument cost more than
the electronics inside.

On reading of these exciting new developments in elec-
tronics, you may get the impression that you should be able
to construct powerful, elegant, yet inexpensive, little gad-
gets to do almost any conceivable task — all you need to
know is how all these miracle devices work. If you’ve had
that feeling, this book is for you. In it we have attempted
to convey the excitement and know-how of the subject of
electronics.

In this chapter we begin the study of the laws, rules of
thumb, and tricks that constitute the art of electronics as we
see it. It is necessary to begin at the beginning — with talk of
voltage, current, power, and the components that make up

CHAPTER 1

electronic circuits. Because you can’t touch, see, smell, or
hear electricity, there will be a certain amount of abstrac-
tion (particularly in the first chapter), as well as some de-
pendence on such visualizing instruments as oscilloscopes
and voltmeters. In many ways the first chapter is also the
most mathematical, in spite of our efforts to keep math-
ematics to a minimum in order to foster a good intuitive
understanding of circuit design and behavior.

In this new edition we’ve included some intuition-aiding
approximations that our students have found helpful. And,
by introducing one or two “active” components ahead of
their time, we’re able to jump directly into some applica-
tions that are usually impossible in a traditional textbook
“passive electronics” chapter; this will keep things inter-
esting, and even exciting.

Once we have considered the foundations of electron-
ics, we will quickly get into the active circuits (amplifiers,
oscillators, logic circuits, etc.) that make electronics the ex-
citing field it is. The reader with some background in elec-
tronics may wish to skip over this chapter, since it assumes
no prior knowledge of electronics. Further generalizations
at this time would be pointless, so let’s just dive right in.

1.2 Voltage, current, and resistance
1.2.1 Voltage and current

There are two quantities that we like to keep track of in
electronic circuits: voltage and current. These are usually
changing with time; otherwise nothing interesting is hap-
pening.

Voltage (symbol V or sometimes E). Officially, the volt-
age between two points is the cost in energy (work done)
required to move a unit of positive charge from the more
negative point (lower potential) to the more positive
point (higher potential). Equivalently, it is the energy
released when a unit charge moves “downhill” from
the higher potential to the lower.> Voltage is also called

' A mid-century computer (the IBM 650) cost $300,000, weighed 2.7
tons, and contained 126 lamps on its control panel; in an amusing re-
versal, a contemporary energy-efficient lamp contains a computer of
greater capability within its base, and costs about $10.

2 These are the definitions, but hardly the way circuit designers think of
voltage. With time, you’ll develop a good intuitive sense of what volt-
age really is, in an electronic circuit. Roughly (very roughly) speaking,
voltages are what you apply to cause currents to flow.
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potential difference or electromotive force (EMF). The
unit of measure is the volt, with voltages usually ex-
pressed in volts (V), kilovolts (1 kV =10° V), millivolts
(I1mV=1073V), or microvolts (1uV=10"°V) (see
the box on prefixes). A joule (J) of work is done in mov-
ing a coulomb (C) of charge through a potential differ-
ence of 1 V. (The coulomb is the unit of electric charge,
and it equals the charge of approximately 6x 10'8 elec-
trons.) For reasons that will become clear later, the op-
portunities to talk about nanovolts (1 nV = 1072 V) and
megavolts (1 MV =10° V) are rare.

Current (symbol ). Current is the rate of flow of elec-
tric charge past a point. The unit of measure is the
ampere, or amp, with currents usually expressed in
amperes (A), milliamperes (1 mA =103 A), microam-
peres (1 uA=107%A), nanoamperes (1nA=10""A),
or occasionally picoamperes (1 pA=10"12A). A cur-
rent of 1 amp equals a flow of 1 coulomb of charge per
second. By convention, current in a circuit is considered
to flow from a more positive point to a more negative
point, even though the actual electron flow is in the op-
posite direction.

Important: from these definitions you can see that cur-
rents flow through things, and voltages are applied (or ap-
pear) across things. So you’ve got to say it right: always re-
fer to the voltage between two points or across two points
in a circuit. Always refer to current through a device or
connection in a circuit.

To say something like “the voltage through a resistor
...” is nonsense. However, we do frequently speak of the
voltage at a point in a circuit. This is always understood to
mean the voltage between that point and “ground,” a com-
mon point in the circuit that everyone seems to know about.
Soon you will, too.

We generate voltages by doing work on charges in
devices such as batteries (conversion of electrochemical
energy), generators (conversion of mechanical energy by
magnetic forces), solar cells (photovoltaic conversion of
the energy of photons), etc. We get currents by placing volt-
ages across things.

At this point you may well wonder how to “see” volt-
ages and currents. The single most useful electronic instru-
ment is the oscilloscope, which allows you to look at volt-
ages (or occasionally currents) in a circuit as a function
of time.> We will deal with oscilloscopes, and also volt-
meters, when we discuss signals shortly; for a preview see
Appendix O, and the multimeter box later in this chapter.

3 It has been said that engineers in other disciplines are envious of elec-
trical engineers, because we have such a splendid visualization tool.

In real circuits we connect things together with wires
(metallic conductors), each of which has the same voltage
on it everywhere (with respect to ground, say).* We men-
tion this now so that you will realize that an actual circuit
doesn’t have to look like its schematic diagram, because
wires can be rearranged.

Here are some simple rules about voltage and current:

1. The sum of the currents into a point in a circuit equals
the sum of the currents out (conservation of charge).
This is sometimes called Kirchhoff’s current law (KCL).
Engineers like to refer to such a point as a node. It fol-
lows that, for a series circuit (a bunch of two-terminal
things all connected end-to-end), the current is the same

everywhere.

A—e

—(——

Figure 1.1. Parallel connection.

2. Things hooked in parallel (Figure 1.1) have the same
voltage across them. Restated, the sum of the “voltage
drops” from A to B via one path through a circuit equals
the sum by any other route, and is simply the voltage
between A and B. Another way to say it is that the sum
of the voltage drops around any closed circuit is zero.
This is Kirchhoff’s voltage law (KVL).

3. The power (energy per unit time) consumed by a circuit
device is

P=VI (1.1)

This is simply (energy/charge) x (charge/time). For V in
volts and / in amps, P comes out in watts. A watt is a
joule per second (1W =11/s). So, for example, the cur-
rent flowing through a 60W lightbulb running on 120 V
is0.5A.

Power goes into heat (usually), or sometimes mechan-
ical work (motors), radiated energy (lamps, transmitters),
or stored energy (batteries, capacitors, inductors). Manag-
ing the heat load in a complicated system (e.g., a large
computer, in which many kilowatts of electrical energy are
converted to heat, with the energetically insignificant by-
product of a few pages of computational results) can be a
crucial part of the system design.

4 In the domain of high frequencies or low impedances, that isn’t strictly
true, and we will have more to say about this later, and in Chapter /x.
For now, it’s a good approximation.
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Figure 1.2. A selection of common resistor types. Top row, left to right (wirewound ceramic power resistors): 20W vitreous enamel with
leads, 20W with mounting studs, 30W vitreous enamel, 5W and 20W with mounting studs. Middle row (wirewound power resistors): 1W,
3W, and 5W axial ceramic; 5W, 10W, 25W, and 50W conduction-cooled (“Dale-type”). Bottom row: 2W, 1W, W, IW, and W carbon
composition; surface-mount thick-film (2010, 1206, 0805, 0603, and 0402 sizes); surface-mount resistor array; 6-, 8-, and 10-pin single
in-line package arrays; dual in-line package array. The resistor at bottom is the ubiquitous RN55D %W, 1% metal-film type; and the pair
of resistors above are Victoreen high-resistance types (glass, 2 GQ; ceramic, 5 GQ).

Soon, when we deal with periodically varying voltages
and currents, we will have to generalize the simple equa-
tion P = VI to deal with average power, but it’s correct as
a statement of instantaneous power just as it stands.

Incidentally, don’t call current “amperage”; that’s
strictly bush league.’> The same caution will apply to the
term “ohmage”® when we get to resistance in the next
section.

1.2.2 Relationship between voltage and current:
resistors

This is a long and interesting story. It is the heart of elec-
tronics. Crudely speaking, the name of the game is to make
and use gadgets that have interesting and useful /-versus-
V characteristics. Resistors (I simply proportional to V),

5 Unless you’re a power engineer working with giant 13 kV transformers
and the like — those guys are allowed to say amperage.

6 .. also, Dude, “ohmage” is not the preferred nomenclature: resistance,
please.

capacitors (I proportional to rate of change of V), diodes
(I flows in only one direction), thermistors (temperature-
dependent resistor), photoresistors (light-dependent resis-
tor), strain gauges (strain-dependent resistor), etc., are ex-
amples. Perhaps more interesting still are three-terminal
devices, such as transistors, in which the current that can
flow between a pair of terminals is controlled by the volt-
age applied to a third terminal. We will gradually get into
some of these exotic devices; for now, we will start with
the most mundane (and most widely used) circuit element,
the resistor (Figure 1.3).

—N—

Figure 1.3. Resistor.

A. Resistance and resistors

It is an interesting fact that the current through a metal-
lic conductor (or other partially conducting material) is
proportional to the voltage across it. (In the case of wire
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end-1 of Latin alphabet, hint of Greek iota

from Italian/Spanish piccolo/pico (small)

PREFIXES

Multiple Prefix Symbol Derivation

10% yotta Y

102! zetta 4 end of Latin alphabet, hint of Greek zeta

10'8 exa E Greek hexa (six: power of 1000)

101 peta P Greek penta (five: power of 1000)

1012 tera T Greek teras (monster)

10° giga G Greek gigas (giant)

100 mega M Greek megas (great)

103 kilo k Greek khilioi (thousand)

1073 milli m Latin milli (thousand)

10-° micro u Greek mikros (small)

107° nano n Greek nanos (dwarf)

10-12 pico p

1071 femto f Danish/Norwegian femten (fifteen)

1018 atto a Danish/Norwegian atten (eighteen)

107! zepto z end of Latin alphabet, mirrors zetta

10~ yocto y end-1 of Latin alphabet, mirrors yotta
These prefixes are universally used to scale units in

science and engineering. Their etymological derivations

are a matter of some controversy and should not be con-

sidered historically reliable. When abbreviating a unit

with a prefix, the symbol for the unit follows the prefix

without space. Be careful about uppercase and lowercase

letters (especially m and M) in both prefix and unit: | mW

is a milliwatt, or one-thousandth of a watt; 1 MHz is a
megahertz or 1 million hertz. In general, units are spelled
with lowercase letters, even when they are derived from
proper names. The unit name is not capitalized when it
is spelled out and used with a prefix, only when abbre-
viated. Thus: hertz and kilohertz, but Hz and kHz; watt,
milliwatt, and megawatt, but W, mW, and MW.

conductors used in circuits, we usually choose a thick-
enough gauge of wire so that these “voltage drops” will
be negligible.) This is by no means a universal law for all
objects. For instance, the current through a neon bulb is a
highly nonlinear function of the applied voltage (it is zero
up to a critical voltage, at which point it rises dramatically).
The same goes for a variety of interesting special devices
— diodes, transistors, lightbulbs, etc. (If you are interested
in understanding why metallic conductors behave this way,
read §§4.4-4.5 in Purcell and Morin’s splendid text Elec-
tricity and Magnetism).

A resistor is made out of some conducting stuff (carbon,
or a thin metal or carbon film, or wire of poor conductivity),
with a wire or contacts at each end. It is characterized by
its resistance:

R=V/I, (1.2)
R is in ohms for V in volts and / in amps. This is known
as Ohm’s law. Typical resistors of the most frequently used
type (metal-oxide film, metal film, or carbon film) come in

values from 1 ohm (1 Q) to about 10 megohms (10 MQ).
Resistors are also characterized by how much power they
can safely dissipate (the most commonly used ones are
rated at 1/4 or 1/8 W), their physical size,” and by other
parameters such as tolerance (accuracy), temperature co-
efficient, noise, voltage coefficient (the extent to which R
depends on applied V), stability with time, inductance, etc.
See the box on resistors, Chapter /x, and Appendix C for
further details. Figure 1.2 shows a collection of resistors,
with most of the available morphologies represented.
Roughly speaking, resistors are used to convert a

7 The sizes of chip resistors and other components intended for surface
mounting are specified by a four-digit size code, in which each pair of
digits specifies a dimension in units of 0.010” (0.25 mm). For exam-
ple, an 0805 size resistor is 2 mmx 1.25 mm, or 80 mils x50 mils (1 mil
is 0.001”); the height must be separately specified. To add confusion
to this simple scheme, the four-digit size code may instead be metric
(sometimes without saying so!), in units of 0.1 mm: thus an “0805”
(English) is also a “2012” (metric).
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RESISTORS

Resistors are truly ubiquitous. There are almost as many
types as there are applications. Resistors are used in am-
plifiers as loads for active devices, in bias networks, and
as feedback elements. In combination with capacitors
they establish time constants and act as filters. They are
used to set operating currents and signal levels. Resistors
are used in power circuits to reduce voltages by dissi-
pating power, to measure currents, and to discharge ca-
pacitors after power is removed. They are used in pre-
cision circuits to establish currents, to provide accurate
voltage ratios, and to set precise gain values. In logic cir-
cuits they act as bus and line terminators and as “pullup”
and “pull-down” resistors. In high-voltage circuits they
are used to measure voltages and to equalize leakage cur-
rents among diodes or capacitors connected in series. In
radiofrequency (RF) circuits they set the bandwidth of
resonant circuits, and they are even used as coil forms
for inductors.

Resistors are available with resistances from 0.0002
through 102 Q, standard power ratings from 1/8 watt
through 250 watts, and accuracies from 0.005% through
20%. Resistors can be made from metal films, metal-
oxide films, or carbon films; from carbon-composition or

ceramic-composition moldings; from metal foil or metal
wire wound on a form; or from semiconductor elements
similar to field-effect transistors (FETSs). The most com-
monly used resistor type is formed from a carbon, metal,
or oxide film, and comes in two widely used “packages”:
the cylindrical axial-lead type (typified by the generic
RNS55D 1% 1/4 W metal-film resistor),8 and the much
smaller surface-mount “chip resistor.” These common
types come in 5%, 2%, and 1% tolerances, in a standard
set of values ranging from 1 Q to 10 MQ. The 1% types
have 96 values per decade, whereas the 2% and 5% types
have 48 and 24 values per decade (see Appendix C). Fig-
ure 1.2 illustrates most of the common resistor packages.

Resistors are so easy to use and well behaved that
they’re often taken for granted. They’re not perfect,
though, and you should be aware of some of their limita-
tions so that you won’t be surprised someday. The princi-
pal defects are variations in resistance with temperature,
voltage, time, and humidity. Other defects relate to in-
ductance (which may be serious at high frequencies), the
development of thermal hot spots in power applications,
or electrical noise generation in low-noise amplifiers. We
treat these in the advanced Chapter /x.

voltage to a current, and vice versa. This may sound aw-
fully trite, but you will soon see what we mean.

B. Resistors in series and parallel
From the definition of R, some simple results follow:

1. The resistance of two resistors in series (Figure 1.4) is

R=R|+R;. (1.3)

By putting resistors in series, you always get a larger re-
sistor.
2. The resistance of two resistors in parallel (Figure 1.5) is
R(R, 1
= or = .
Ri+R; 1 I 1
Ry Ry

(1.4)

By putting resistors in parallel, you always get a smaller
resistor. Resistance is measured in ohms (£2), but in prac-
tice we frequently omit the € symbol when referring to
resistors that are more than 1000 Q (1 k). Thus, a 4.7 kQ
resistor is often referred to as a 4.7k resistor, and a 1 MQ

8 Conservatively rated at 1/8 watt in its RN55 military grade (“MIL-
spec”), but rated at 1/4 watt in its CMF-55 industrial grade.

Ry R,
—AMA————AN——

Figure 1.4. Resistors in series.

Ry

— o R,

Figure 1.5. Resistors in parallel.

resistor as a 1M resistor (or 1 meg).” If these preliminaries
bore you, please have patience — we’ll soon get to numer-
ous amusing applications.

Exercise 1.1. You have a 5k resistor and a 10k resistor. What is
their combined resistance (a) in series and (b) in parallel?

Exercise 1.2. If you place a 1 ohm resistor across a 12 volt car
battery, how much power will it dissipate?

Exercise 1.3. Prove the formulas for series and parallel resistors.

A popular “international” alternative notation replaces the decimal
point with the unit multiplier, thus 4k7 or 1IMO0. A 2.2 Q resistor be-
comes 2R2. There is an analogous scheme for capacitors and inductors.
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Exercise 1.4. Show that several resistors in parallel have resis-

tance
1
LI
Ry R R;

R=

(1.5)

Beginners tend to get carried away with complicated al-
gebra in designing or trying to understand electronics. Now
is the time to begin learning intuition and shortcuts. Here
are a couple of good tricks:

Shortcut #1 A large resistor in series (parallel) with a
small resistor has the resistance of the larger (smaller)
one, roughly. So you can “trim” the value of a resistor
up or down by connecting a second resistor in series or
parallel: to trim up, choose an available resistor value
below the target value, then add a (much smaller) series
resistor to make up the difference; to trim down, choose
an available resistor value above the target value, then
connect a (much larger) resistor in parallel. For the lat-
ter you can approximate with proportions — to lower the
value of a resistor by 1%, say, put a resistor 100 times
as large in parallel.'”

Shortcut #2 Suppose you want the resistance of 5k in par-
allel with 10k. If you think of the 5k as two 10k’s in
parallel, then the whole circuit is like three 10k’s in par-
allel. Because the resistance of n equal resistors in par-
allel is 1/nth the resistance of the individual resistors,
the answer in this case is 10k/3, or 3.33k. This trick is
handy because it allows you to analyze circuits quickly
in your head, without distractions. We want to encour-
age mental designing, or at least “back-of-the-envelope”
designing, for idea brainstorming.

Some more home-grown philosophy: there is a ten-
dency among beginners to want to compute resistor val-
ues and other circuit component values to many signif-
icant places, particularly with calculators and computers
that readily oblige. There are two reasons you should try to
avoid falling into this habit: (a) the components themselves
are of finite precision (resistors typically have tolerances of
+5% or £1%; for capacitors it’s typically £10% or £5%;
and the parameters that characterize transistors, say, fre-
quently are known only to a factor of 2); (b) one mark of a
good circuit design is insensitivity of the finished circuit to
precise values of the components (there are exceptions, of
course). You'll also learn circuit intuition more quickly if
you get into the habit of doing approximate calculations in
your head, rather than watching meaningless numbers pop
up on a calculator display. We believe strongly that reliance
on formulas and equations early in your electronic circuit

10 With an error, in this case, of just 0.01%.

education is a fine way to prevent you from understanding
what’s really going on.

In trying to develop intuition about resistance, some
people find it helpful to think about conductance, G =1/R.
The current through a device of conductance G bridging
a voltage V is then given by I = GV (Ohm’s law). A
small resistance is a large conductance, with correspond-
ingly large current under the influence of an applied volt-
age. Viewed in this light, the formula for parallel resistors
is obvious: when several resistors or conducting paths are
connected across the same voltage, the total current is the
sum of the individual currents. Therefore the net conduc-
tance is simply the sum of the individual conductances,
G = G1+ G, + G3 + - - -, which is the same as the formula
for parallel resistors derived earlier.

Engineers are fond of defining reciprocal units, and they
have designated as the unit of conductance the siemens
(S= 1/Q), also known as the mho (that’s ohm spelled
backward, given the symbol U). Although the concept of
conductance is helpful in developing intuition, it is not
used widely;!! most people prefer to talk about resistance
instead.

C. Power in resistors
The power dissipated by a resistor (or any other device) is

P =1V.Using Ohm’s law, you can get the equivalent forms
P=I’Rand P =V?/R.

Exercise 1.5. Show that it is not possible to exceed the power
rating of a 1/4 watt resistor of resistance greater than 1k, no matter
how you connect it, in a circuit operating from a 15 volt battery.

Exercise 1.6. Optional exercise: New York City requires about
10'0 watts of electrical power, at 115 volts'? (this is plausible:
10 million people averaging 1 kilowatt each). A heavy power ca-
ble might be an inch in diameter. Let’s calculate what will happen
if we try to supply the power through a cable 1 foot in diameter
made of pure copper. Its resistance is 0.05 u€2 (5x 10~8 ohms)
per foot. Calculate (a) the power lost per foot from “IR losses,”
(b) the length of cable over which you will lose all 10'0 watts, and
(c) how hot the cable will get, if you know the physics involved
(0 =6 x 107 12W/K* cm?). If you have done your computations
correctly, the result should seem preposterous. What is the solu-
tion to this puzzle?

1T Although the elegant Millman’s theorem has its admirers: it says that
the output voltage from a set of resistors (call them R;) that are driven
from a set of corresponding input voltages (V;) and connected together
at the output is Vou=(X ViG;)/ X Gi, where the G; are the conductances
(Gi=1/R).

12 Although the “official” line voltage is 120 V +5%, you’ll sometimes
see 110V, 115V, or 117 V. This loose language is OK (and we use
it in this book), because (a) the median voltage at the wall plug is 3
to 5 volts lower, when powering stuff; and (b) the minimum wall-plug
voltage is 110 V. See ANSI standard C84.1.
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D. Input and output

Nearly all electronic circuits accept some sort of applied
input (usually a voltage) and produce some sort of corre-
sponding output (which again is often a voltage). For ex-
ample, an audio amplifier might produce a (varying) output
voltage that is 100 times as large as a (similarly varying) in-
put voltage. When describing such an amplifier, we imag-
ine measuring the output voltage for a given applied input
voltage. Engineers speak of the transfer function H, the ra-
tio of (measured) output divided by (applied) input; for the
audio amplifier above, H is simply a constant (H = 100).
We’ll get to amplifiers soon enough, in the next chapter.
However, with only resistors we can already look at a very
important circuit fragment, the voltage divider (which you
might call a “de-amplifier”).

1.2.3 Voltage dividers

We now come to the subject of the voltage divider, one of
the most widespread electronic circuit fragments. Show us
any real-life circuit and we’ll show you half a dozen volt-
age dividers. To put it very simply, a voltage divider is a
circuit that, given a certain voltage input, produces a pre-
dictable fraction of the input voltage as the output voltage.
The simplest voltage divider is shown in Figure 1.6.

Ry

V. Vout _ RZ

n Vi, Ry+R,
R2 Vout

|

Figure 1.6. Voltage divider. An applied voltage Vi, results in a
(smaller) output voltage V.

An important word of explanation: when engineers
draw a circuit like this, it’s generally assumed that the Vi,
on the left is a voltage that you are applying to the circuit,
and that the V,,, on the right is the resulting output voltage
(produced by the circuit) that you are measuring (or at
least are interested in). You are supposed to know all this
(a) because of the convention that signals generally flow
from left to right, (b) from the suggestive names (“in,”
“out”) of the signals, and (c) from familiarity with circuits
like this. This may be confusing at first, but with time it
becomes easy.

What is Vg, ? Well, the current (same everywhere, as-
suming no “load” on the output; i.e., nothing connected
across the output) is

j= Y
R +Ry

[

signal in

signal out

volume R,

(adjustable)
A. =
signal in Ry
volume < <+—,—— signal out
4/R2
B. =

Figure 1.7. An adjustable voltage divider can be made from a fixed
and variable resistor, or from a potentiometer. In some contempo-
rary circuits you'll find instead a long series chain of equal-value
resistors, with an arrangement of electronic switches that lets you
choose any one of the junctions as the output; this sounds much
more complicated — but it has the advantage that you can adjust
the voltage ratio electrically (rather than mechanically).

(We’ve used the definition of resistance and the series law.)
Then, for R,

Ry

Vour = IRy = ———— V.
out 2 R +Ry in

(1.6)

Note that the output voltage is always less than (or equal
to) the input voltage; that’s why it’s called a divider. You
could get amplification (more output than input) if one
of the resistances were negative. This isn’t as crazy as it
sounds; it is possible to make devices with negative “incre-
mental” resistances (e.g., the component known as a tunnel
diode) or even true negative resistances (e.g., the negative-
impedance converter that we will talk about later in the
book, §6.2.4B). However, these applications are rather spe-
cialized and need not concern you now.

Voltage dividers are often used in circuits to gener-
ate a particular voltage from a larger fixed (or varying)
voltage. For instance, if Vj, is a varying voltage and R;
is an adjustable resistor (Figure 1.7A), you have a “vol-
ume control”; more simply, the combination RjR; can be
made from a single variable resistor, or potentiometer (Fig-
ure 1.7B). This and similar applications are common, and
potentiometers come in a variety of styles, some of which
are shown in Figure 1.8.

The humble voltage divider is even more useful, though,
as a way of thinking about a circuit: the input voltage and
upper resistance might represent the output of an amplifier,
say, and the lower resistance might represent the input of
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1cm

Figure 1.8. Most of the common potentiometer styles are shown here. Top row, left to right (panel mount): power wirewound, “type
AB” 2W carbon composition, 10-turn wirewound/plastic hybrid, ganged dual pot. Middle row (panel mount): optical encoder (continuous
rotation, 128 cycles per turn), single-turn cermet, single-turn carbon, screw-adjust single-turn locking. Front row (board-mount trimmers):
multiturn side-adjust (two styles), quad single-turn, 3/8” (9.5 mm) square single-turn, 1/4” (6.4 mm) square single-turn, 1/4” (6.4 mm)
round single-turn, 4 mm square single-turn surface mount, 4 mm square multiturn surface mount, 3/8” (9.5 mm) square multiturn, quad
nonvolatile 256-step integrated pot (E2POT) in 24-pin small-outline IC.

the following stage. In this case the voltage-divider equa-
tion tells you how much signal gets to the input of that last
stage. This will all become clearer after you know about
a remarkable fact (Thévenin’s theorem) that will be dis-
cussed later. First, though, a short aside on voltage sources
and current sources.

1.2.4 Voltage sources and current sources

A perfect voltage source is a two-terminal “black box™ that
maintains a fixed voltage drop across its terminals, regard-
less of load resistance. This means, for instance, that it
must supply a current / = V /R when a resistance R is at-
tached to its terminals. A real voltage source can supply
only a finite maximum current, and in addition it generally
behaves like a perfect voltage source with a small resis-
tance in series. Obviously, the smaller this series resistance,
the better. For example, a standard 9 volt alkaline battery
behaves approximately like a perfect 9 volt voltage source
in series with a 3 Q resistor, and it can provide a maximum

current (when shorted) of 3 amps (which, however, will kill
the battery in a few minutes). A voltage source “likes” an
open-circuit load and “hates” a short-circuit load, for obvi-
ous reasons. (The meaning of “open circuit” and “short cir-
cuit” sometimes confuse the beginner: an open circuit has
nothing connected to it, whereas a short circuit is a piece
of wire bridging the output.) The symbols used to indicate
a voltage source are shown in Figure 1.9.

A perfect current source is a two-terminal black box
that maintains a constant current through the external cir-
cuit, regardless of load resistance or applied voltage. To do
this it must be capable of supplying any necessary volt-
age across its terminals. Real current sources (a much-
neglected subject in most textbooks) have a limit to the
voltage they can provide (called the output-voltage compli-
ance, or just compliance), and in addition they do not pro-
vide absolutely constant output current. A current source
“likes” a short-circuit load and “hates” an open-circuit
load. The symbols used to indicate a current source are
shown in Figure 1.10.
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(battery) = =

Figure 1.9. Voltage sources can be either steady (dc) or varying

(ac).
$1mA <?1mA §1mA

Figure 1.10. Current-source symbols.

A battery is a real-life approximation to a voltage source
(there is no analog for a current source). A standard D-size
flashlight cell, for instance, has a terminal voltage of 1.5V,
an equivalent series resistance of about 0.25 €, and a to-
tal energy capacity of about 10,000 watt—seconds (its char-
acteristics gradually deteriorate with use; at the end of its
life, the voltage may be about 1.0V, with an internal se-
ries resistance of several ohms). It is easy to construct volt-
age sources with far better characteristics, as you will learn
when we come to the subject of feedback; this is a major
topic of Chapter 9. Except in the important class of devices
intended for portability, the use of batteries in electronic
devices is rare.

Figure 1.11. The Thévenin equivalent circuit.

1.2.5 Thévenin equivalent circuit

Thévenin’s theorem states'? that any two-terminal network
of resistors and voltage sources is equivalent to a single

12 We provide a proof, for those who are interested, in Appendix D.

resistor R in series with a single voltage source V. This
is remarkable. Any mess of batteries and resistors can be
mimicked with one battery and one resistor (Figure 1.11).
(Incidentally, there’s another theorem, Norton’s theorem,
that says you can do the same thing with a current source
in parallel with a resistor.)

How do you figure out the Thévenin equivalent Ry, and
Vn for a given circuit? Easy! Vry, is the open-circuit voltage
of the Thévenin equivalent circuit; so if the two circuits
behave identically, it must also be the open-circuit voltage
of the given circuit (which you get by calculation, if you
know what the circuit is, or by measurement, if you don’t).
Then you find Ry, by noting that the short-circuit current
of the equivalent circuit is Vi, /Ry In other words,

Vrn = V (open circuit),
V (open circuit)
I (short circuit)

(1.7)
Rrp =

Let’s apply this method to the voltage divider, which must
have a Thévenin equivalent:

1. The open-circuit voltage is

Ry
V=Vy——.
Ri+Ry
2. The short-circuit current is
Vin/Rl .
So the Thévenin equivalent circuit is a voltage source,
Ry
Vih = Vin———, 1.8
Th le +R2 ( )
in series with a resistor,
R(R,
Rty = . 1.9
™= R R, (1.9)

(It is not a coincidence that this happens to be the paral-
lel resistance of Ry and R,. The reason will become clear

later.)
T Ry T R

H\oad

Figure 1.12. Thévenin equivalent of a voltage divider.

From this example it is easy to see that a voltage divider
is not a very good battery, in the sense that its output volt-
age drops severely when a load is attached. As an exam-
ple, consider Exercise 1.10. You now know everything you
need to know to calculate exactly how much the output will
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MULTIMETERS

There are numerous instruments that let you measure voltages and cur-
rents in a circuit. The oscilloscope is the most versatile; it lets you “see”
voltages versus time at one or more points in a circuit. Logic probes
and logic analyzers are special-purpose instruments for troubleshooting
digital circuits. The simple multimeter provides a good way to mea-
sure voltage, current, and resistance, often with good precision; how-
ever, it responds slowly, and thus it cannot replace the oscilloscope
where changing voltages are of interest. Multimeters are of two vari-
eties: those that indicate measurements on a conventional scale with a
moving pointer, and those that use a digital display.

The traditional (and now largely obsolete) VOM (volt-ohm-
milliammeter) multimeter uses a meter movement that measures cur-
rent (typically 50 tA full scale). (See a less-design-oriented electronics
book for pretty pictures of the innards of meter movements; for our
purposes, it suffices to say that it uses coils and magnets.) To measure
voltage, the VOM puts a resistor in series with the basic movement.
For instance, one kind of VOM will generate a 1V (full-scale) range
by putting a 20k resistor in series with the standard 50 A movement;
higher voltage ranges use correspondingly larger resistors. Such a VOM
is specified as 20,000 £2/V, meaning that it looks like a resistor whose
value is 20k multiplied by the full-scale voltage of the particular range
selected. Full scale on any voltage range is 1/20,000 amps, or 50 LA.
It should be clear that one of these voltmeters disturbs a circuit less
on a higher range, since it looks like a higher resistance (think of the
voltmeter as the lower leg of a voltage divider, with the Thévenin resis-
tance of the circuit you are measuring as the upper resistor). Ideally, a
voltmeter should have infinite input resistance.

Most contemporary multimeters use electronic amplification and
have an input resistance of 10 M€ to 1000 M2 when measuring volt-
age; they display their results digitally, and are known collectively as
digital multimeters (DMMs). A word of caution: sometimes the input
resistance of these meters is very high on the most sensitive ranges,
dropping to a lower resistance for the higher ranges. For instance, you
might typically have an input resistance of 10° Q on the 0.2V and 2 V
ranges, and 107 Q on all higher ranges. Read the specifications care-
fully! However, for most circuit measurements these high input resis-
tances will produce negligible loading effects. In any case, it is easy to
calculate how serious the effect is by using the voltage-divider equation.
Typically, multimeters provide voltage ranges from a volt (or less) to a
kilovolt (or more), full scale.

A multimeter usually includes current-measuring capability, with a

set of switchable ranges. Ideally, a current-measuring meter should have
zero resistance!? in order not to disturb the circuit under test, since it
must be put in series with the circuit. In practice, you tolerate a few
tenths of a volt drop (sometimes called “voltage burden”) with both
VOMs and digital multimeters. For either kind of meter, selecting a
current range puts a small resistor across the meter’s input terminals,
typically of resistance value to create a voltage drop of 0.1V to 0.25V
for the chosen full-scale current; the voltage drop is then converted to a
corresponding current indication.'* Typically, multimeters provide cur-
rent ranges from 50 (A (or less) to an amp (or more), full scale.

Multimeters also have one or more batteries in them to power the
resistance measurement. By supplying a small current and measuring
the voltage drop, they measure resistance, with several ranges to cover
values from 1 Q (or less) to 10 MQ (or more).

Important: don’t try to measure “the current of a voltage source,” by
sticking the meter across the wall plug; the same applies for ohms. This
is a leading cause of blown-out meters.

Exercise 1.7. What will a 20,000 Q/V meter read, on its 1 V
scale, when attached to a 1 V source with an internal resistance
of 10k? What will it read when attached to a 10k—10k voltage
divider driven by a “stiff” (zero source resistance) 1 V source?

Exercise 1.8. A 50 A meter movement has an internal resis-
tance of 5k. What shunt resistance is needed to convert it to a
0—1 A meter? What series resistance will convert it to a 0-10 V
meter?

Exercise 1.9. The very high internal resistance of digital multi-
meters, in their voltage-measuring ranges, can be used to mea-
sure extremely low currents (even though the DMM may not
offer a low current range explicitly). Suppose, for example, you
want to measure the small current that flows through a 1000 MQ
“leakage” resistance (that term is used to describe a small cur-
rent that ideally should be absent entirely, for example through
the insulation of an underground cable). You have available a
standard DMM, whose 2V dc range has 10 M internal resis-
tance, and you have available a dc source of +10 V. How can
you use what you’ve got to measure accurately the leakage re-
sistance?

drop for a given load resistance: use the Thévenin equiv-
alent circuit, attach a load, and calculate the new output,
noting that the new circuit is nothing but a voltage divider
(Figure 1.12).

Exercise 1.10. For the circuit shown in Figure 1.12, with

13 This is the opposite of an ideal voltage-measuring meter, which should
present infinite resistance across its input terminals.

14 A special class of current meters known as electrometers operate with
very small voltage burdens (as little at 0.1 mV) by using the technique
of feedback, something we’ll learn about in Chapters 2 and 4.

Vin=30V and R; = Ry = 10k, find (a) the output voltage with
no load attached (the open-circuit voltage); (b) the output voltage
with a 10k load (treat as a voltage divider, with Ry and Rjq cOm-
bined into a single resistor); (c) the Thévenin equivalent circuit;
(d) the same as in part (b), but using the Thévenin equivalent cir-
cuit [again, you wind up with a voltage divider; the answer should
agree with the result in part (b)]; (e) the power dissipated in each
of the resistors.

A. Equivalent source resistance and circuit loading
As we have just seen, a voltage divider powered from some
fixed voltage is equivalent to some smaller voltage source
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]

Thévenin

Figure 1.13. Voltage divider example.

in series with a resistor. For example, the output terminals
of a 10k—10k voltage divider driven by a perfect 30 volt
battery are precisely equivalent to a perfect 15 volt bat-
tery in series with a 5k resistor (Figure 1.13). Attaching
a load resistor causes the voltage divider’s output to drop,
owing to the finite source resistance (Thévenin equivalent
resistance of the voltage divider output, viewed as a source
of voltage). This is often undesirable. One solution to the
problem of making a stiff voltage source (“stiff” is used in
this context to describe something that doesn’t bend under
load) might be to use much smaller resistors in a voltage
divider. Occasionally this brute-force approach is useful.
However, it is usually best to construct a voltage source, or
power supply, as it’s commonly called, using active com-
ponents like transistors or operational amplifiers, which we
will treat in Chapters 2—4. In this way you can easily make
a voltage source with internal (Thévenin equivalent) resis-
tance as small as milliohms (thousandths of an ohm), with-
out the large currents and dissipation of power characteris-
tic of a low-resistance voltage divider delivering the same
performance. In addition, with an active power supply it is
easy to make the output voltage adjustable. These topics
are treated extensively in Chapter 9.

The concept of equivalent internal resistance applies to
all sorts of sources, not just batteries and voltage dividers.
Signal sources (e.g., oscillators, amplifiers, and sensing de-
vices) all have an equivalent internal resistance. Attach-
ing a load whose resistance is less than or even compara-
ble to the internal resistance will reduce the output con-
siderably. This undesirable reduction of the open-circuit
voltage (or signal) by the load is called “circuit loading.”
Therefore you should strive to make Rjyyq>>Rinternal, be-
cause a high-resistance load has little attenuating effect on
the source (Figure 1.14).15 We will see numerous circuit

15 There are two important exceptions to this general principle: (1) a cur-
rent source has a high (ideally infinite) internal resistance and should
drive a load of relatively low load resistance; (2) when dealing with ra-

examples in the chapters ahead. This high-resistance con-
dition ideally characterizes measuring instruments such as
voltmeters and oscilloscopes.

A word on language: you frequently hear things like
“the resistance looking into the voltage divider” or “the
output sees a load of so-and-so many ohms,” as if circuits
had eyes. It’s OK (in fact, it’s a rather good way of keeping
straight which resistance you’re talking about) to say what
part of the circuit is doing the “looking.”!®
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Figure 1.14. To minimize the attenuation of a signal source below

its open-circuit voltage, keep the load resistance large compared

with the output resistance.

B. Power transfer

Here is an interesting problem: what load resistance will
result in maximum power being transferred to the load for
a given source resistance? (The terms source resistance,
internal resistance, and Thévenin equivalent resistance all
mean the same thing.) It is easy to see that either Rj5,g=0
or Rjpaq=e° results in zero power transferred, because
Ri02¢=0 means that Vip,g=0 and fipag=Vsource / Riource so that
Pioad=Vioadl10ad=0. But Rjpaq=cc means that Vipaa=Vsource
and /jp,q=0, so that again P,,,q=0. There has to be a maxi-
mum in between.

Exercise 1.11. Show that R|y,q = Rsource maximizes the power in
the load for a given source resistance. Note: skip this exercise if
you don’t know calculus, and take it on faith that the answer is
true.

dio frequencies and transmission lines, you must “match impedances”
(i.e., set Rjpad=Rinternal) in order to prevent reflection and loss of power.
See Appendix H on transmission lines.

16 The urge to anthropomorphize runs deep in the engineering and scien-
tific community, despite warnings like “don’t anthropomorphize com-
puters ... they don’t like it.”
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Lest this example leave the wrong impression, we
would like to emphasize again that circuits are ordinarily
designed so that the load resistance is much greater than
the source resistance of the signal that drives the load.

1.2.6 Small-signal resistance

We often deal with electronic devices for which 7 is not
proportional to V; in such cases there’s not much point in
talking about resistance, since the ratio V /I will depend on
V, rather than being a nice constant, independent of V. For
these devices it is sometimes useful to know instead the
slope of the VI curve, in other words, the ratio of a small
change in applied voltage to the resulting change in cur-
rent through the device, AV /Al (or dV/dI). This quantity
has the units of resistance (ohms) and substitutes for re-
sistance in many calculations. It is called the small-signal
resistance, incremental resistance, or dynamic resistance.

A. Zener diodes

As an example, consider the zener diode, which has the
I-V curve shown in Figure 1.15. Zeners are used to cre-
ate a constant voltage inside a circuit somewhere, simply
done by providing them with a (roughly constant) current
derived from a higher voltage within the circuit.!” For ex-
ample, the zener diode in Figure 1.15 will convert an ap-
plied current in the range shown to a corresponding (but
fractionally narrower) range of voltages. It is important to
know how the resulting zener voltage will change with ap-
plied current; this is a measure of its “regulation” against
changes in the driving current provided to it. Included in
the specifications of a zener will be its dynamic resistance,
given at a certain current. For example, a zener might have
a dynamic resistance of 10Q at 10mA, at its specified
zener voltage of 5V. Using the definition of dynamic re-
sistance, we find that a 10% change in applied current will
therefore result in a change in voltage of

AV = RggnAl = 10 x 0.1 X 0.01 = 10mV
or
AV /V =0.002 = 0.2%,

thus demonstrating good voltage-regulating ability. In this
sort of application you frequently get the zener current

17 Zeners belong to the more general class of diodes and rectifiers, im-
portant devices that we’ll see later in the chapter (§1.6), and indeed
throughout the book. The ideal diode (or rectifier) acts as a perfect
conductor for current flow in one direction, and a perfect insulator for
current flow in the reverse direction; it is a “one-way valve” for current.

through a resistor from a higher voltage available some-
where in the circuit, as in Figure 1.16.

I
TmA +

4k

1V 4

diode
conduction

%

Figure 1.15. /-V curves: A. Resistor (linear). B. Zener diode (non-
linear).

Vin ii Vout

Figure 1.16. Zener regulator.

Then,
I = Vin - Vout
R
and
Al = AVin — AVout
R b
SO
Rdyn
AVout = RdynAI = T (Avin - AVout)
and finally
R
AVout = ﬁAVm
R+ Rdyn

Aha — the voltage-divider equation, again! Thus, for
changes in voltage, the circuit behaves like a voltage di-
vider, with the zener replaced by a resistor equal to its
dynamic resistance at the operating current. This is the
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utility of incremental resistance. For instance, suppose in
the preceding circuit we have an input voltage ranging
between 15 and 20V, and we use a 1N4733 (5.1V, IW
zener diode) in order to generate a stable 5.1 V power sup-
ply. We choose R = 300€2, for a maximum zener cur-
rent of 50mA: (20 V—5.1V)/300 Q. We can now estimate
the output-voltage regulation (variation in output voltage),
knowing that this particular zener has a specified maxi-
mum dynamic resistance of 7.0 Q at 50 mA. The zener cur-
rent varies from 50 mA to 33 mA over the input-voltage
range; this 17 mA change in current then produces a volt-
age change at the output of AV = Rgy,Al, or 0.12'V.

It’s a useful fact, when dealing with zener diodes, that
the dynamic resistance of a zener diode varies roughly
in inverse proportion to current. It’s worth knowing, also,
that there are ICs designed to substitute for zener diodes;
these “two-terminal voltage references” have superior per-
formance — much lower dynamic resistance (less than 1 €2,
even at currents as small as 0.1 mA; that’s a thousand times
better than the zener we just used), and excellent temper-
ature stability (better than 0.01%/C). We will see more of
zeners and voltage references in §§2.2.4 and 9.10.

In real life, a zener will provide better regulation if
driven by a current source, which has, by definition,
Rincr=oe (the same current, regardless of voltage). But cur-
rent sources are more complex, and therefore in practice
we often resort to the humble resistor. When thinking about
zeners, it’s worth remembering that low-voltage units (e.g.,
3.3 V) behave rather poorly, in terms of constancy of volt-
age versus current (Figure 1.17); if you think you need
a low voltage zener, use a two-terminal reference instead
(§9.10).

1.2.7 An example: “It’s too hot!”

Some people like to turn the thermostat way up, annoy-
ing other people who like their houses cool. Here’s a little
gadget (Figure 1.18) that lets folks of the latter persuasion
know when to complain — it lights up a red light-emitting
diode (LED) indicator when the room is warmer than 30°C
(86°F). It also shows how to use the humble voltage divider
(and even humbler Ohm’s law), and how to deal with an
LED, which behaves like a zener diode (and is sometimes
used as such).

The triangular symbol is a comparator, a handy device
(discussed in §12.3) that switches its output according to
the relative voltages at its two input terminals. The temper-
ature sensing device is R4, which decreases in resistance by
about 4%/°C, and which is 10kQ at 25°C. So we’ve made

1.2.7. An example: “It’s too hot!” 13
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Figure 1.17. Low-voltage zeners are pretty dismal, as seen in
these measured I vs. V curves (for three members of the 1N5221—
67 series), particularly in contrast to the excellent measured per-
formance of a pair of “IC voltage references” (LM385Z-1.2 and
LM385Z-2.5, see §9.10 and Table 9.7). However, zener diodes
in the neighborhood of 6V (such as the 5.6V 1N5232B or 6.2V
1N5234B) exhibit admirably steep curves, and are useful parts.

it the lower leg of a voltage divider (R3R4), whose output
is compared with the temperature-insensitive divider R{R5.
When it’s hotter than 30°C, point “X” is at a lower voltage
than point “Y,” so the comparator pulls its output to ground.

At the output there’s an LED, which behaves electrically
like a 1.6 V zener diode; and when current is flowing, it
lights up. Its lower terminal is then at 5V—1.6 V, or +3.4 V.
So we’ve added a series resistor, sized to allow 5 mA when
the comparator output is at ground: Rs=3.4V/5SmA, or
680 Q.

If you wanted to, you could make the setpoint adjustable
by replacing R, with a 5k pot in series with a 5k fixed
resistor. We’ll see later that it’s also a good idea to add
some hysteresis, to encourage the comparator to be deci-
sive. Note that this circuit is insensitive to the exact power-
supply voltage because it compares ratios. Ratiometric
techniques are good; we’ll see them again later.

1.3 Signals

A later section in this chapter will deal with capacitors, de-
vices whose properties depend on the way the voltages and
currents in a circuit are changing. Our analysis of dc cir-
cuits so far (Ohm’s law, Thévenin equivalent circuits, etc.)
still holds, even if the voltages and currents are changing in
time. But for a proper understanding of alternating-current
(ac) circuits, it is useful to have in mind certain common
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10k v Rs
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goes low
+ 1~ TLC 372 when Vy < Vy
R, | comparator
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Vg =1.6V
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— #103JG1F 6.53k @ 35°C

Figure 1.18. The LED lights up when it’s hotter than 30°C. The
comparator (which we’ll see later, in Chapters 4 and 12) pulls its
output to ground when the voltage at “X” is less than the voltage
at “Y” Ry is a thermistor, which is a resistor with a deliberate neg-
ative temperature coefficient; that is, its resistance decreases with
increasing temperature — by about 4%/°C.

types of signals, voltages that change in time in a particu-
lar way.

1.3.1 Sinusoidal signals

Sinusoidal signals are the most popular signals around;
they’re what you get out of the wall plug. If someone says
something like “take a 10 u'V signal at 1 MHz,” they mean
a sinewave. Mathematically, what you have is a voltage de-

scribed by
V =Asin2n ft (1.10)

where A is called the amplitude and f is the frequency in
hertz (cycles per second). A sinewave looks like the wave
shown in Figure 1.19. Sometimes it is important to know
the value of the signal at some arbitrary time r = 0, in which
case you may see a phase ¢ in the expression:

V =Asin(2rft + ¢).

' /\
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Figure 1.19. Sinewave of amplitude A and frequency f.

The other variation on this simple theme is the use of
angular frequency, which looks like this:

V =Asinwt.

Here o is the angular frequency, measured in radians per

second. Just remember the important relation @ = 27 f and
you won’t go wrong.

The great merit of sinewaves (and the cause of their
perennial popularity) is the fact that they are the solutions
to certain linear differential equations that happen to de-
scribe many phenomena in nature as well as the prop-
erties of linear circuits. A linear circuit has the property
that its output, when driven by the sum of two input sig-
nals, equals the sum of its individual outputs when driven
by each input signal in turn; i.e., if &(A) represents the
output when driven by signal A, then a circuit is linear
if 0(A+B) = 0(A) + O(B). A linear circuit driven by
a sinewave always responds with a sinewave, although in
general the phase and amplitude are changed. No other pe-
riodic signal can make this statement. It is standard prac-
tice, in fact, to describe the behavior of a circuit by its fre-
quency response, by which we mean the way the circuit
alters the amplitude of an applied sinewave as a function
of frequency. A stereo amplifier, for instance, should be
characterized by a “flat” frequency response over the range
20 Hz to 20 kHz, at least.

The sinewave frequencies we usually deal with range
from a few hertz to a few tens of megahertz. Lower fre-
quencies, down to 0.0001 Hz or lower, can be generated
with carefully built circuits, if needed. Higher frequencies,
up to say 2000 MHz (2 GHz) and above, can be gener-
ated, but they require special transmission-line techniques.
Above that, you’re dealing with microwaves, for which
conventional wired circuits with lumped-circuit elements
become impractical, and exotic waveguides or “striplines”
are used instead.

1.3.2 Signal amplitudes and decibels

In addition to its amplitude, there are several other ways to
characterize the magnitude of a sinewave or any other sig-
nal. You sometimes see it specified by peak-to-peak ampli-
tude (pp amplitude), which is just what you would guess,
namely, twice the amplitude. The other method is to give
the root-mean-square amplitude (rms amplitude), which is
Vims = (1/ ﬂ)A =0.707A (this is for sinewaves only; the
ratio of pp to rms will be different for other waveforms).
Odd as it may seem, this is the usual method, because rms
voltage is what’s used to compute power. The nominal volt-
age across the terminals of a wall socket (in the United
States) is 120 volts rms, 60 Hz. The amplitude is 170 volts
(339 volts pp).'8

18 Occasionally you’ll encounter devices (e.g., mechanical moving-
pointer meters) that respond to the average magnitude of an ac signal.
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A. Decibels

How do you compare the relative amplitudes of two sig-
nals? You could say, for instance, that signal X is twice
as large as signal Y. That’s fine, and useful for many pur-
poses. But because we often deal with ratios as large as a
million, it is better to use a logarithmic measure, and for
this we present the decibel (it’s one-tenth as large as some-
thing called a bel, which no one ever uses). By definition,
the ratio of two signals, in decibels (dB), is

dB:lOlog10&7 (1.11)
Py

where P; and P, represent the power in the two signals.

We are often dealing with signal amplitudes, however, in

which case we can express the ratio of two signals having

the same waveform as

dezologm/E, (1.12)
Aj

where A| and A; are the two signal amplitudes. So, for

instance, one signal of twice the amplitude of another is

+6dB relative to it, since log;q2 = 0.3010. A signal 10

times as large is +20dB; a signal one-tenth as large is

—20dB.

Although decibels are ordinarily used to specify the ra-
tio of two signals, they are sometimes used as an abso-
lute measure of amplitude. What is happening is that you
are assuming some reference signal level and expressing
any other level in decibels relative to it. There are sev-
eral standard levels (which are unstated, but understood)
that are used in this way; the most common references are
(a) 0dBV (1V rms); (b) 0dBm (the voltage correspond-
ing to 1 mW into some assumed load impedance, which
for radiofrequencies is usually 50 €2, but for audio is often
600 Q; the corresponding 0 dBm amplitudes, when loaded
by those impedances, are then 0.22 V rms and 0.78 V rms);
and (c) the small noise voltage generated by a resistor
at room temperature (this surprising fact is discussed in
§8.1.1). In addition to these, there are reference amplitudes
used for measurements in other fields of engineering and
science. For instance, in acoustics, 0 dB SPL (sound pres-
sure level) is a wave whose rms pressure is 20 yPa (that’s
2%x10710 atm); in audio communications, levels can be
stated in dBrnC (relative noise reference weighted in fre-
quency by “curve C”). When stating amplitudes this way,
it is best to be specific about the 0 dB reference amplitude;

For a sinewave the relationship is Vayg=Vims/1.11. However, such me-
ters are usually calibrated so that they indicate the rms sinewave am-
plitude. For signals other than sinewaves their indication is in error; be
sure to use a “true rms” meter if you want the right answer.

say something like “an amplitude of 27 decibels relative to
1V rms,” or abbreviate “27 dB re 1 V rms,” or define a term
like “dBV."!?

Exercise 1.12. Determine the voltage and power ratios for a pair
of signals with the following decibel ratios: (a) 3 dB, (b) 6dB, (c)
10dB, (d) 20dB.

Exercise 1.13. We might call this amusing exercise “Desert Island
dBs™: in the table below we’ve started entering some values for
power ratios corresponding to the first dozen integral dBs, using
the results for parts (a) and (c) of the last exercise. Your job is to
complete the table, without recourse to a calculator. A possibly
helpful hint: starting at 10 dB, go down the table in steps of 3 dB,
then up in a step of 10dB, then down again. Finally, get rid of
yucky numbers like 3.125 (and its near relatives) by noticing that
it’s charmingly close to 7.

dB ratio (P/Py)
0 1
1
2
3 2
4
5
6 4
7
8
9 8
10 10
11

1.3.3 Other signals

A. Ramp

The ramp is a signal that looks like the one shown in Fig-
ure 1.20A. It is simply a voltage rising (or falling) at a
constant rate. That can’t go on forever, of course, even in
science fiction movies. It is sometimes approximated by a
finite ramp (Figure 1.20B) or by a periodic ramp (known
as a sawtooth, Figure 1.20C).

B. Triangle
The triangle wave is a close cousin of the ramp; it is simply
a symmetrical ramp (Figure 1.21).

C. Noise

Signals of interest are often mixed with noise; this is a
catch-all phrase that usually applies to random noise of
thermal origin. Noise voltages can be specified by their

19 One of the authors, when asked by his nontechnical spouse how much
we spent on that big plasma screen, replied “36 dBS.”
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Figure 1.20. A: Voltage-ramp waveform. B: Ramp with limit. C:

Sawtooth wave.
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Figure 1.21. Triangle wave.

Figure 1.22. Noise.

frequency spectrum (power per hertz) or by their ampli-
tude distribution. One of the most common kind of noise
is band-limited white Gaussian noise, which means a sig-
nal with equal power per hertz in some band of frequencies
and that exhibits a Gaussian (bell-shaped) distribution of
amplitudes when many instantaneous measurements of its
amplitude are made. This kind of noise is generated by a
resistor (Johnson noise or Nyquist noise), and it plagues
sensitive measurements of all kinds. On an oscilloscope it
appears as shown in Figure 1.22. We will discuss noise and
low-noise techniques in considerable detail in Chapter 8.

D. Square wave

A square wave is a signal that varies in time as shown in
Figure 1.23. Like the sinewave, it is characterized by am-
plitude and frequency (and perhaps phase). A linear cir-
cuit driven by a square wave rarely responds with a square
wave. For a square wave, the peak amplitude and the rms
amplitude are the same.
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Figure 1.23. Square wave.

Figure 1.24. Rise time of a step waveform.

The edges of a square wave are not perfectly square; in
typical electronic circuits the rise time t, ranges from a few
nanoseconds to a few microseconds. Figure 1.24 shows the
sort of thing usually seen. The rise time is conventionally
defined as the time required for the signal to go from 10%
to 90% of its total transition.

‘nar
: I

Figure 1.25. Positive- and negative-going pulses of both polarities.

E. Pulses

A pulse is a signal that looks like the objects shown in Fig-
ure 1.25. It is defined by amplitude and pulse width. You
can generate a train of periodic (equally spaced) pulses, in
which case you can talk about the frequency, or pulse repe-
tition rate, and the “duty cycle,” the ratio of pulse width to
repetition period (duty cycle ranges from zero to 100%).
Pulses can have positive or negative polarity; in addi-
tion, they can be “positive-going” or “negative-going.” For
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instance, the second pulse in Figure 1.25 is a negative-
going pulse of positive polarity.

F. Steps and spikes

Steps and spikes are signals that are talked about a lot but
are not so often used. They provide a nice way of describ-
ing what happens in a circuit. If you could draw them, they
would look something like the example in Figure 1.26. The
step function is part of a square wave; the spike is simply a
jump of vanishingly short duration.

step spike

Figure 1.26. Steps and spikes.

1.3.4 Logic levels

Pulses and square waves are used extensively in digital
electronics, in which predefined voltage levels represent
one of two possible states present at any point in the cir-
cuit. These states are called simply HIGH and LOW, and
correspond to the 1 (true) and O (false) states of Boolean
logic (the algebra that describes such two-state systems).

Precise voltages are not necessary in digital electron-
ics. You need only to distinguish which of the two pos-
sible states is present. Each digital logic family therefore
specifies legal HIGH and LOW states. For example, the
“TALVC” digital logic family runs from a single +3.3V
supply, with output levels that are typically 0 V (LOW) and
3.3V (HIGH), and an input decision threshold of 1.5V.
However, actual outputs can be as much as 0.4V away
from ground or from +3.3 V without malfunction. We’ll
have much more to say about logic levels in Chapters 10
through 12.

1.3.5 Signal sources

Often the source of a signal is some part of the circuit
you are working on. But for test purposes a flexible sig-
nal source is invaluable. They come in three flavors: signal
generators, pulse generators, and function generators.

A. Signal generators
Signal generators are sinewave oscillators, usually
equipped to give a wide range of frequency coverage,

with provision for precise control of amplitude (using a
resistive divider network called an attenuator). Some units
let you modulate (i.e., vary in time) the output amplitude
(“AM” for “amplitude modulated”) or frequency (“FM”
for “frequency modulated”). A variation on this theme is
the sweep generator, a signal generator that can sweep
its output frequency repeatedly over some range. These
are handy for testing circuits whose properties vary with
frequency in a particular way, e.g., “tuned circuits” or
filters. Nowadays these devices, as well as most test
instruments, are available in configurations that allow you
to program the frequency, amplitude, etc., from a computer
or other digital instrument.

For many signal generators the signal source is a fre-
quency synthesizer, a device that generates sinewaves
whose frequencies can be set precisely. The frequency is
set digitally, often to eight significant figures or more, and
is internally synthesized from a precise standard (a stand-
alone quartz-crystal oscillator or rubidium frequency stan-
dard, or a GPS-derived oscillator) by digital methods we
will discuss later (§13.13.6). Typical of synthesizers is the
programmable SG384 from Stanford Research Systems,
with a frequency range of 1 uHz to 4 GHz, an amplitude
range of —110dBm to +16.5dBm (0.7 uV to 1.5V, rms),
and various modulation modes such as AM, FM, and ®M;
it costs about $4,600. You can get synthesized sweep gen-
erators, and you can get synthesizers that produce other
waveforms (see Function Generators, below). If your re-
quirement is for no-nonsense accurate frequency genera-
tion, you can’t beat a synthesizer.

B. Pulse generators

Pulse generators make only pulses, but what pulses! Pulse
width, repetition rate, amplitude, polarity, rise time, etc.,
may all be adjustable. The fastest ones go up to gigahertz
pulse rates. In addition, many units allow you to gener-
ate pulse pairs, with settable spacing and repetition rate,
or even programmable patterns (they are sometimes called
pattern generators). Most contemporary pulse generators
are provided with logic-level outputs for easy connection
to digital circuitry. As with signal generators, these come
in the programmable variety.

C. Function generators

In many ways function generators are the most flexible
signal sources of all. You can make sine, triangle, and
square waves over an enormous frequency range (0.01 Hz
to 30 MHz is typical), with control of amplitude and dc
offset (a constant-dc voltage added to the signal). Many
of them have provision for frequency sweeping, often in
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several modes (linear or logarithmic frequency variation
versus time). They are available with pulse outputs (al-
though not with the flexibility you get with a pulse gen-
erator), and some of them have provision for modulation.
Traditional function generators used analog circuitry,
but contemporary models generally are synthesized dig-
ital function generators, exhibiting all the flexibility of
a function generator along with the stability and accu-
racy of a frequency synthesizer. In addition, they let you
program an “arbitrary” waveform, specifying the ampli-
tude at a set of equally spaced points. An example is
the Tektronix AFG3102, with a lower frequency limit of
1 microhertz, which can make sine and square waves to
100 MHz, pulses and “noise” to 50 MHz, and arbitrary
waveforms (up to 128k points) to 50 MHz. It has modula-
tion (five kinds), sweep (linear and log), and burst modes (1
to 10° cycles), and everything is programmable, including
frequency, pulse width and rise times, modulation, and am-
plitude (20mV to 10 Vpp); it even includes some bizarre
built-in waveforms such as sin(x)/x, exponential rise and
fall, Gaussian, and Lorentzian. It has two independent out-
puts and costs about $5k. For general use, if you can have
only one signal source, the function generator is for you.

1.4 Capacitors and ac circuits

Once we enter the world of changing voltages and currents,
or “signals,” we encounter two very interesting circuit
elements that are useless in purely dc circuits: capacitors
and inductors. As you will see, these humble devices,
combined with resistors, complete the triad of passive
linear circuit elements that form the basis of nearly all
circuitry.? Capacitors, in particular, are essential in nearly
every circuit application. They are used for waveform
generation, filtering, and blocking and bypass applications.
They are used in integrators and differentiators. In com-
bination with inductors, they make possible sharp filters
for separating desired signals from background. You will
see some of these applications as we continue with this
chapter, and there will be numerous interesting examples
in later chapters.

Let’s proceed, then, to look at capacitors in detail. Por-

20 Readers of the scientific journal Nature (London) were greeted,
in 2008, with an article titled “The missing memristor found”
(D. B. Strukov et al., 453, 80, 2008), purporting to have found a hereto-
fore missing “fourth fundamental [passive circuit] element.” We are
skeptical. However the controversy is ultimately resolved, it should be
noted that the memristor is a nonlinear element; there are only three
linear passive 2-terminal circuit elements.

—
+
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Figure 1.27. Capacitors. The curved electrode indicates the neg-

ative terminal of a polarized capacitor, or the “outer foil” of a
wrapped-film capacitor.

tions of the treatment that follows are necessarily mathe-
matical in nature; the reader with little mathematical prepa-
ration may find the math review in Appendix A helpful. In
any case, an understanding of the details is less important
in the long run than an understanding of the results.

1.4.1 Capacitors

A capacitor (Figure 1.27) (the old-fashioned name was
condenser) is a device that has two wires sticking out of
it and has the property

o=CV. (1.13)

Its basic form is a pair of closely-spaced metal plates,
separated by some insulating material, as in the rolled-
up “axial-film capacitor” of Figure 1.28. A capacitor of C
farads with V volts across its terminals has Q coulombs of
stored charge on one plate and —Q on the other. The capac-
itance is proportional to the area and inversely proportional
to the spacing. For the simple parallel-plate capacitor, with
separation d and plate area A (and with the spacing d much
less than the dimensions of the plates), the capacitance C is
given by

C=885x10""*¢A/dF, (1.14)

where ¢ is the dielectric constant of the insulator, and the
dimensions are measured in centimeters. It takes a lot of
area, and tiny spacing, to make the sort of capacitances
commonly used in circuits.”! For example, a pair of 1 cm?
plates separated by 1 mm is a capacitor of slightly less than
1072 F (a picofarad); you’d need 100,000 of them just to
create the 0.1 uF capacitor of Figure 1.28 (which is nothing
special; we routinely use capacitors with many microfarads
of capacitance). Ordinarily you don’t need to calculate ca-
pacitances, because you buy a capacitor as an electronic
component.

To a first approximation, capacitors are devices that
might be considered simply frequency-dependent resistors.

21 And it doesn’t hurt to have a high dielectric constant, as well: air has
e=1, but plastic films have €=2.1 (polypropylene) or 3.1 (polyester).
And certain ceramics are popular among capacitor makers: £=45
(“COG” type) or 3000 (“X7R” type).
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dielectric
(insulator)

outside foil
inside foil

Figure 1.28. You get a lot of area by rolling up a pair of metal-
lized plastic films. And it'’s great fun unrolling one of these axial-lead
Mylar capacitors (ditto for the old-style golf balls with their lengthy
wound-up rubber band).

They allow you to make frequency-dependent voltage di-
viders, for instance. For some applications (bypass, cou-
pling) this is almost all you need to know, but for other
applications (filtering, energy storage, resonant circuits) a
deeper understanding is needed. For example, ideal capac-
itors cannot dissipate power, even though current can flow
through them, because the voltage and current are 90° out
of phase.

Before launching into the details of capacitors in the fol-
lowing dozen pages (including some necessary mathemat-
ics that describes their behavior in time and in frequency),
we wish to emphasize those first two applications — by-
pass and coupling — because they are the most common
uses of capacitors, and they are easy to understand at the
simplest level. We’ll see these in detail later (§§1.7.1C and
1.7.16A), but no need to wait — it’s easy, and intuitive. Be-
cause a capacitor looks like an open circuit at dc, it lets
you couple a varying signal while blocking its average dc
level. This is a blocking capacitor (also called a coupling
capacitor), as in Figure 1.93. Likewise, because a capac-
itor looks like a short circuit at high frequencies, it sup-
presses (“bypasses”) signals where you don’t want them,
for example on the dc voltages that power your circuits, as
in Figure 8.80A (where capacitors are suppressing signals
on the +5V and —5V dc supply voltages, and also on the
base terminal of transistor 0»).>> Demographically, these
two applications account for the vast majority of capaci-
tors that are wired into the world’s circuits.

Taking the derivative of the defining equation 1.13, you
get

22 Tronically, these essential bypass capacitors are so taken for granted
that they are usually omitted from schematic diagrams (a practice we
follow in this book). Don’t make the mistake of omitting them also
from your actual circuits!

dv
I=C—.
dt

(1.15)
So a capacitor is more complicated than a resistor: the cur-
rent is not simply proportional to the voltage, but rather
to the rate of change of voltage. If you change the voltage
across a farad by 1 volt per second, you are supplying an
amp. Conversely, if you supply an amp, its voltage changes
by 1 volt per second. A farad is an enormous capacitance,
and you usually deal in microfarads (¢F), nanofarads (nF),
or picofarads (pF).?? For instance, if you supply a current
of 1 mA to 1uF, the voltage will rise at 1000 volts per sec-
ond. A 10 ms pulse of this current will increase the voltage
across the capacitor by 10 volts (Figure 1.29).

1
1mA
—| t
10ms
v C=1pF
Vafter
10V

Vbefore

Figure 1.29. The voltage across a capacitor changes when a cur-
rent flows through it.

When you charge up a capacitor, you're supplying en-
ergy. The capacitor doesn’t get hot; instead, it stores the
energy in its internal electric fields. It’s an easy exercise to
discover for yourself that the amount of stored energy in a
charged capacitor is just

1
Uc = 5cvz, (1.16)
where Ug is in joules for C in farads and V in volts. This is

an important result; we’ll see it often.

Exercise 1.14. Take the energy challenge: imagine charging up
a capacitor of capacitance C, from OV to some final voltage V;.
If you do it right, the result won’t depend on how you get there,

23 To make matters confusing to the uninitiated, the units are often omit-
ted on capacitor values specified in schematic diagrams. You have to
figure it out from the context.
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Figure 1.30. Capacitors masquerade as anything they like! Here is a representative collection. In the lower left are small-value variable
capacitors (one air, three ceramic), with large-value polarized aluminum electrolytics above them (the three on the left have radial leads,
the three on the right have axial leads, and the specimen with screw terminals at top is often called a computer electrolytic). Next in
line across the top is a low-inductance film capacitor (note the wide strap terminals), then an oil-filled paper capacitor, and last, a set
of disc ceramic capacitors running down the right. The four rectangular objects below are film capacitors (polyester, polycarbonate, or
polypropylene). The D-subminiature connector seems misplaced — but it is a filtered connector, with a 1000 pF capacitor from each pin
to the shell. To its left is a group of seven polarized tantalum electrolytics (five with axial leads, one radial, and one surface-mount). The
three capacitors above them are axial-film capacitors. The ten capacitors at bottom center are all ceramic types (four with radial leads,
two axial, and four surface-mount chip capacitors); above them are high-voltage capacitors — an axial-glass capacitor, and a ceramic
transmitting capacitor with screw terminals. Finally, below them and to the left are four mica capacitors and a pair of diode-like objects
known as varactors, which are voltage-variable capacitors made from a diode junction.

so you don’t need to assume constant current charging (though
you’re welcome to do so). At any instant the rate of flow of energy
into the capacitor is VI (joules/s); so you need to integrate dU =
VIdt from start to finish. Take it from there.

Capacitors come in an amazing variety of shapes and
sizes (Figure 1.30 shows examples of most of them); with
time, you will come to recognize their more common incar-
nations. For the smallest capacitances you may see exam-
ples of the basic parallel-plate (or cylindrical piston) con-
struction. For greater capacitance, you need more area and

closer spacing; the usual approach is to plate some conduc-
tor onto a thin insulating material (the dielectric), for in-
stance, aluminized plastic film rolled up into a small cylin-
drical configuration. Other popular types are thin ceramic
wafers (ceramic chip capacitors), metal foils with oxide
insulators (electrolytic capacitors), and metallized mica.
Each of these types has unique properties; for a brief run-
down, see the section on capacitors in Chapter /x. In gen-
eral, ceramic and polyester types are used for most non-
critical circuit applications; capacitors with polycarbonate,
polystyrene, polypropylene, Teflon, or glass dielectric are
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used in demanding applications; tantalum capacitors are
used where greater capacitance is needed; and aluminum
electrolytics are used for power-supply filtering.

A. Capacitors in parallel and series

The capacitance of several capacitors in parallel is the sum
of their individual capacitances. This is easy to see: put
voltage V across the parallel combination; then

CotalV = Qrotal =01+ 02+ 03+
= VAV +CV -

=(C1+C+C+--)V
or
Ciotal =C1 +Co+C3++ -+ (1.17)

For capacitors in series, the formula is like that for resistors
in parallel:

1
Croal = i i (1.18)
a'ala’
or (two capacitors only)
G
Ciotal = .
total Cl +C2

Exercise 1.15. Derive the formula for the capacitance of two ca-
pacitors in series. Hint: because there is no external connection
to the point where the two capacitors are connected together, they
must have equal stored charges.

The current that flows in a capacitor during charging
(I = CdV/dr) has some unusual features. Unlike resistive
current, it’s not proportional to voltage, but rather to the
rate of change (the “time derivative”) of voltage. Further-
more, unlike the situation in a resistor, the power (V xI) as-
sociated with capacitive current is not turned into heat, but
is stored as energy in the capacitor’s internal electric field.
You get all that energy back when you discharge the capac-
itor. We’ll see another way to look at these curious proper-
ties when we talk about reactance, beginning in §1.7.

1.4.2 RC circuits: V and | versus time

When dealing with ac circuits (or, in general, any circuits
that have changing voltages and currents), there are two
possible approaches. You can talk about V and I versus
time, or you can talk about amplitude versus signal fre-
quency. Both approaches have their merits, and you find
yourself switching back and forth according to which de-
scription is most convenient in each situation. We begin our

study of ac circuits in the time domain. Starting with §1.7,
we will tackle the frequency domain.

What are some of the features of circuits with capaci-
tors? To answer this question, let’s begin with the simple
RC circuit (Figure 1.31). Application of the capacitor rules
gives

dv \%

—==—— 1.19

dt R ( )
This is a differential equation, and its solution is

V =Ae'/RC (1.20)

So a charged capacitor placed across a resistor will dis-
charge as in Figure 1.32. Intuition serves well here: the cur-
rent that flows is (from the resistor equation) proportional
to the remaining voltage; but the slope of the discharge is
(from the capacitor equation) proportional to that current.
So the discharge curve has to be a function whose deriva-
tive is proportional to its value, i.e., an exponential.

Figure 1.31. The simplest RC circuit.

Vi
0 V= Voe—t/RC

37%

I
A. t=RC

01+

0.01+

0O RC 2RC B8RC 4RC 5RC
B. time (seconds)

Figure 1.32. RC discharge waveform, plotted with (A) linear and
(B) logarithmic voltage axes.
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A. Time constant

The product RC is called the time constant of the circuit.
For R in ohms and C in farads, the product RC is in seconds.
A microfarad across 1.0k has a time constant of 1 ms; if the
capacitor is initially charged to 1.0V, the initial current is
1.0mA.

Vout

T

battery,

Lo T,
l“l

Figure 1.33. RC charging circuit.

Figure 1.33 shows a slightly different circuit. At time
t = 0, someone connects the battery. The equation for the
circuit is then

with the solution
Vout = Vi +A e "/RC.

(Please don’t worry if you can’t follow the mathematics.
What we are doing is getting some important results, which
you should remember. Later we will use the results of-
ten, with no further need for the mathematics used to de-
rive them. For readers whose knowledge of math is some-
what, uh, rusty, the brief review in Appendix A may prove
helpful.) The constant A is determined by initial conditions
(Figure 1.34): V =0 at t = 0O; therefore, A = —V4, and

Vour = Vi (1 — e "/RC), (1.21)

Once again there’s good intuition: as the capacitor charges
up, the slope (which is proportional to current, because it’s
a capacitor) is proportional to the remaining voltage (be-
cause that’s what appears across the resistor, producing the
current); so we have a waveform whose slope decreases
proportionally to the vertical distance it has still to go — an
exponential.

You can turn around the last equation to figure out the
time required to reach a voltage V on the way to the final
voltage V;. Try it! (Refer to Appendix A if you need help
with logarithms.) You should get

Vi
t =RClog, (V fV)
i —

B. Decay to equilibrium
Eventually (when ¢ > RC), V reaches V;. (Presenting the
“SRC rule of thumb”: a capacitor charges or decays to

(1.22)

t=RC

Figure 1.34. RC charging waveform.
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Vout
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Figure 1.35. Output (lower waveforms) across a capacitor, when
driven by square waves through a resistor.

AN
VAR

within 1% of its final value in five time constants.) If we
then change the battery voltage to some other value (say,
0V), V will decay toward that new value with an exponen-
tial e */RC_ For example, replacing the battery’s step input
from 0 to +V; with a square-wave input Vi,(¢) would pro-
duce the output shown in Figure 1.35.

Exercise 1.16. Show that the rise time (the time required for going
from 10% to 90% of its final value) of this signal is 2.2RC.

You might ask the obvious next question: what about
V(¢) for arbitrary Vi, (7)? The solution involves an inhomo-
geneous differential equation and can be solved by stan-
dard methods (which are, however, beyond the scope of
this book). You would find

RC/ Vin(7

That is, the RC circuit averages past history at the input
with a weighting factor of

—(t— r)/RCdT

o—M/RC

In practice, you seldom ask this question. Instead, you
deal in the frequency domain, in which you ask how much
of each frequency component present in the input gets
through. We will get to this important topic soon (§1.7).
Before we do, though, there are a few other interesting
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circuits we can analyze simply with this time-domain ap-

proach.

V( t)

Figure 1.36. Looks complicated, but it's not! (Thévenin to the res-
cue.)

'II—H—

C. Simplification by Thévenin equivalents

We could go ahead and analyze more complicated circuits
by similar methods, writing down the differential equations
and trying to find solutions. For most purposes it simply
isn’t worth it. This is as complicated an RC circuit as we
will need. Many other circuits can be reduced to it; take,
for example, the circuit in Figure 1.36. By just using the
Thévenin equivalent of the voltage divider formed by R
and R, you can find the output V(¢) produced by a step
input for Vjj,.

Exercise 1.17. In the circuit shown in Figure 1.36, R;
and C =0.1 pF. Find V (¢) and sketch it.

=R, =10k,

CMOS buffers

A 15k

“1G17 1000pF “1G17

s w
/

A:input
|
|
|

B: RC ﬂ

C: output

A

| |
le— —»l le—
| |

10ps 10ps

Figure 1.37. Producing a delayed digital waveform with the help of
an RC and a pair of LVC-family logic buffers (tiny parts with a huge
part number: SN74LVC1G17DCKR!).

D. A circuit example: time-delay circuit

Let’s take a short detour to try out these theoretical ideas
on a couple of real circuits. Textbooks usually avoid such
pragmatism, especially in early chapters, but we think it’s
fun to apply electronics to practical applications. We’ll
need to introduce a few “black-box” components to get the
job done, but you’ll learn about them in detail later, so don’t
WOITY.

We have already mentioned logic levels, the voltages
that digital circuits live on. Figure 1.37 shows an applica-
tion of capacitors to produce a delayed pulse. The triangu-
lar symbols are “CMOS?* buffers.” They give a HIGH out-
put if the input is HIGH (more than one-half the dc power-
supply voltage used to power them), and vice versa. The
first buffer provides a replica of the input signal, but with
low source resistance, to prevent input loading by the RC
(recall our earlier discussion of circuit loading in §1.2.5A).
The RC output has the characteristic decays and causes the
output buffer to switch 10 us after the input transitions (an
RC reaches 50% output after a time t = 0.7RC). In an actual
application you would have to consider the effect of the
buffer input threshold deviating from one-half the supply
voltage, which would alter the delay and change the output
pulse width. Such a circuit is sometimes used to delay a
pulse so that something else can happen first. In designing
circuits you try not too often to rely on tricks like this, but
they’re occasionally handy.

E. Another circuit example: “One Minute of Power”
Figure 1.38 shows another example of what can be done
with simple RC timing circuits. The triangular symbol is a
comparator, something we’ll treat in detail later, in Chap-
ters 4 and 10; all you need to know, for now, is that (a) it is
an IC (containing a bunch of resistors and transistors), (b)
it is powered from some positive dc voltage that you con-
nect to the pin labeled “V_..,” and (c) it drives its output (the
wire sticking out to the right) either to V. or to ground, de-
pending on whether the input labeled “+” is more or less
positive than the input labeled “—,” respectively. (These are
called the non-inverting and the inverting inputs, respec-
tively.) It doesn’t draw any current from its inputs, but it
happily drives loads that require up to 20 mA or so. And a
comparator is decisive: its output is either “HIGH” (at V)
or “LOW” (ground).

Here’s how the circuit works: the voltage divider R3R4
holds the (—) input at 37% of the supply voltage, in this
case about +1.8V; let’s call that the “reference voltage.”

24 Complementary metal-oxide semiconductor, the dominant form of dig-
ital logic, as we’ll see from Chapter 10 onward.
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comparator
TLC 3702

Figure 1.38. RC timing circuit: one push — one minute!.

switch —|
closure
+5 ---
Ve —f == o — — - +1.8V (Vo)
0 QE—
comp
output
<1 min—+»

Figure 1.39. Producing a delayed digital waveform for the circuit
of Figure 1.38. The voltage V¢, has a rise time of R;C; ~10ms.

So if the circuit has been sitting there for a while, C; is
fully discharged, and the comparator’s output is at ground.
When you push the START button momentarily, C; charges
quickly (10 ms time constant) to +5V, which makes the
comparator’s output switch to +5V; see Figure 1.39. Af-
ter the button is released, the capacitor discharges expo-
nentially toward ground, with a time constant of T = R>C1,
which we’ve set to be 1 minute. At that time its voltage
crosses the reference voltage, so the comparator’s output
switches rapidly back to ground. (Note that we’ve conve-
niently chosen the reference voltage to be a fraction 1/e of
V4, so it takes exactly one time constant 7 for that to hap-
pen. For R, we used the closest standard value to 6 MQ;
see Appendix C.) The bottom line is that the output spends
1 minute at +5 V, after the button is pushed.

We’ll add a few details shortly, but first let’s use the
output to do some interesting things, which are shown in
Figures 1.40A-D. You can make a self-stopping flashlight
key fob by connecting its output to an LED; you need to
put a resistor in series, to set the current (we’ll say much
more about this later). If you prefer to make some noise,
you could connect a piezo beeper to beep continuously (or
intermittently) for a minute (this might be an end-of-cycle
signal for a clothes dryer). Another possibility is to attach a
small electromechanical relay, which is just an electrically
operated mechanical switch, to provide a pair of contacts

that can activate pretty much any load you care to switch
on and off. The use of a relay has the important property
that the load — the circuit being switched by the relay — is
electrically isolated from the +5 V and ground of the timing
circuit itself.

300 LED
-, Panasonic
A LN21RUQ

------- : piezo buzzer
= -\ (w. drive ckt)
1 CUI CEP-2242 etc.

B. L=
o
A
. relay
i COTO 8L01-05
' 5V, 10mA coil
C. s (use Vee=6V)

solid-state relay
270 Crydom D2450 air
compressor

110/220 vac
D. from wall plug

Figure 1.40. Driving interesting stuff from the output of the timer
circuit in Figure 1.38.

Finally, for turning serious industrial machinery on and
off, you would probably use a hefty solid-state relay (SSR,
§12.7), which has within it an infrared LED coupled to
an ac switching device known as a triac. When activated,
the triac acts as an excellent mechanical switch, capable
of switching many amperes, and (like the electromechani-
cal relay) is fully isolated electrically from its input circuit.
The example shows this thing hooked to an air compressor,
so your friends will get a minute’s worth of air to inflate
their tires at your home “gas station” (literally!) after they
drop a quarter into your coin-initiated timer. You could do
an analogous thing with a coin-operated hot shower (but,
hey, we get only one minute?!).

Some details: (a) in the circuit of Figure 1.38 you could
omit R; and the circuit would still work, but there would
be a large transient current when the discharged capaci-
tor was initially connected across the +5V supply (recall
I = C dV/dt: here you would be trying to produce 5V of
“dV” in roughly O's of “dr”). By adding a series resistor R;
you limit the peak current to a modest 5 mA while charging
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the capacitor fast enough (>99% in 5 RC time constants,
or 0.05s). (b) The comparator output would likely bounce
around a bit (see Figure 4.31), just as the (+) input crosses
the reference voltage in its leisurely exponential prome-
nade toward ground, owing to unavoidable bits of electrical
noise. To fix this problem you usually see the circuit ar-
ranged so that some of the output is coupled back to the in-
put in a way that reinforces the switching (this is officially
called hysteresis, or positive feedback; we’ll see it in Chap-
ters 4 and 10). (c) In electronic circuits it’s always a good
idea to bypass the dc supply by connecting one or more ca-
pacitors between the dc “rail” and ground. The capacitance
is noncritical — values of 0.1 uF to 10 uF are commonly
used; see §1.7.16A.

Our simple examples above all involved turning some
load on and off. But there are other uses for an electronic
logic signal, like the output of the comparator, that is in
one of two possible binary states, called HIGH and LOW (in
this case +5V and ground), 1 and 0, or TRUE and FALSE.
For example, such a signal can enable or disable the op-
eration of some other circuit. Imagine that the opening of
a car door triggers our 1 min HIGH output, which then en-
ables a keypad to accept a security code so you can start
the car. After a minute, if you haven’t managed to type the
magic code, it shuts off, thus ensuring a certain minimum
of operator sobriety.

A. -
c
o I} o)
Vin() Vout(®)
7 "1
B. _ _ -

Figure 1.41. Differentiators. A. Perfect (except it has no output ter-
minal). B. Approximate (but at least it has an output!).

1.4.3 Differentiators

You can make a simple circuit that differentiates an input
signal; that is, Voy o< dVin /dt. Let’s take it in two steps.

1. First look at the (impractical) circuit in Figure 1.41A:
The input voltage Vi, (¢) produces a current through the ca-
pacitor of Ioop = CdV, /dt. That’s just what we want — if we

)

could somehow use the current through C as our “output
But we can’t.”

2. So we add a small resistor from the low side of the
capacitor to ground, to act as a “current-sensing” resistor
(Figure 1.41B). The good news is that we now have an out-
put proportional to the current through the capacitor. The
bad news is that the circuit is no longer a perfect mathe-
matical differentiator. That’s because the voltage across C
(whose derivative produces the current we are sensing with
R) is no longer equal to Viy; it now equals the difference be-
tween Vi, and V.. Here’s how it goes: the voltage across
C is Vin—Vout, SO
%(Vm - Voul) = You
If we choose R and C small enough so that dVoy/dt <
dViy/dt, then

I=C

CdVi ~ Vout

~

dt R

or
d

Vout(£) =~ RCEVin(t).

That is, we get an output proportional to the rate of change
of the input waveform.

To keep dVou/dt < dViy/dt, we make the product RC
small, taking care not to “load” the input by making R too
small (at the transition the change in voltage across the ca-
pacitor is zero, so R is the load seen by the input). We will
have a better criterion for this when we look at things in the
frequency domain (§1.7.10). If you drive this circuit with a
square wave, the output will be as shown in Figure 1.42.

Figure 1.42. Output waveform (bottom) from differentiator driven
by a square wave.

Differentiators are handy for detecting leading edges
and trailing edges in pulse signals, and in digital cir-
cuitry you sometimes see things like those depicted in Fig-
ure 1.43. The RC differentiator generates spikes at the tran-
sitions of the input signal, and the output buffer converts

25 Devotees of the cinema will be reminded of Dr. Strangelove’s outburst:
“The whole point of a doomsday machine is lost ... if you keep it

secret!”
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Figure 1.43. Leading-edge detector.

the spikes to short square-topped pulses. In practice, the
negative spike will be small because of a diode (a handy
device discussed in §1.6) built into the buffer.

To inject some real-world realism here, we hooked up
and made some measurements on a differentiator that we
configured for high-speed signals. For this we used C=1 pF
and R=50C2 (the latter is the world-wide standard for high-
speed circuits, see Appendix H), we drove it witha 5 V step
of settable slew rate (i.e., dV/dr). Figure 1.44 shows both
input and output waveforms, for three choices of dV;, /dr.
At these speeds (note the horizontal scale: 4 nanoseconds
per division!) circuits often depart from ideal performance,
as can be seen in the fastest risetime. The two slower steps
show reasonable behavior; that is, a flat-top output wave-
form during the input’s upward ramp; check for yourself
that the output amplitude is correctly predicted by the for-
mula.

A. Unintentional capacitive coupling

Differentiators sometimes crop up unexpectedly, in situa-
tions where they’re not welcome. You may see signals like
those shown in Figure 1.45. The first case is caused by a
square wave somewhere in the circuit coupling capacitively
to the signal line you’re looking at; that might indicate a
missing resistor termination on your signal line. If not, you
must either reduce the source resistance of the signal line
or find a way to reduce capacitive coupling from the of-
fending square wave. The second case is typical of what
you might see when you look at a square wave, but have a

4ns/div

=

Figure 1.44. Three fast step waveforms, differentiated by the RC
network shown. For the fastest waveform (10° volts per second!),
imperfections in the components and measuring instruments cause
deviation from the ideal.

broken connection somewhere, usually at the scope probe.
The very small capacitance of the broken connection com-
bines with the scope input resistance to form a differentia-
tor. Knowing that you’ve got a differentiated “something”
can help you find the trouble and eliminate it.

Ml/_,\\/_l\

Figure 1.45. Two examples of unintentional capacitive coupling.

1.4.4 Integrators

If RC circuits can take derivatives, why not integrals? As
before, let’s take it in two steps.

1. Imagine that we have an input signal that is a time-
varying current versus time, Iy (1) (Figure 1.46A).2° That
input current is precisely the current through the capaci-
tor, so Ly (1) = CdV(¢)/dt, and therefore V() = [ Ly (1) dt.

26 We're used to thinking of signals as time-varying voltages; but we’ll
see how we can convert such signals to proportional time-varying cur-
rents, by using “voltage-to-current converters” (with the fancier name
“transconductance amplifiers”).
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In () T Vour(®)
T
A. =

R
Vin(f)MNvT Vout(t)
C
3 1

Figure 1.46. Integrator. A. Perfect (but requires a current input sig-
nal). B. Approximate (see text).

That’s just what we wanted! Thus a simple capacitor, with
one side grounded, is an integrator, if we have an input
signal in the form of a current I, (7). Most of the time we
don’t, though.

2. So we connect a resistor in series with the more usual
input voltage signal Vi, (1), to convert it to a current (Fig-
ure 1.46B). The good news is that it works, sort of. The
bad news is that the circuit is no longer a perfect integrator.
That’s because the current through C (whose integral pro-
duces the output voltage) is no longer proportional to Vi,;
it is now proportional to the difference between Vi, and V.
Here’s how it goes: the voltage across R is Vi,—V/, so

v Vi,—V
I=C % - R
If we manage to keep V < Vj,, by keeping the product RC
large,?’ then

dv. Vi
C— =~
dt R

or
] t
V(t) = R/ Vin(t) dt + constant.

That is, we get an output proportional to the integral over
time of the input waveform. You can see how the approxi-
mation works for a square-wave input: V (¢) is then the ex-
ponential charging curve we saw earlier (Figure 1.47). The
first part of the exponential is a ramp, the integral of a con-
stant; as we increase the time constant RC, we pick off a
smaller part of the exponential, i.e., a better approximation
to a perfect ramp.

Note that the condition V <V, is the same as saying
that / is proportional to Vi,, which was our first integrator

27 Just as with the differentiator, we’ll have another way of framing this
criterion in §1.7.10.

V Vin
Vout
J t
10% error
Vv at about
Vout 10% of Vi,
(straight)

Figure 1.47. Integrator approximation is good when Voy < Vip.

circuit. A large voltage across a large resistance approxi-
mates a current source and, in fact, is frequently used as
one.

Later, when we get to operational amplifiers and feed-
back, we will be able to build integrators without the re-
striction Vout < Vip. They will work over large frequency
and voltage ranges with negligible error.

The integrator is used extensively in analog computa-
tion. It is a useful subcircuit that finds application in control
systems, feedback, analog—digital conversion, and wave-
form generation.

A. Ramp generators

At this point it is easy to understand how a ramp generator
works. This nice circuit is extremely useful, for example in
timing circuits, waveform and function generators, analog
oscilloscope sweep circuits, and analog-digital conversion
circuitry. The circuit uses a constant current to charge a
capacitor (Figure 1.48). From the capacitor equation / =
C(dV/dt), you get V(t) = (I/C)t. The output waveform is
as shown in Figure 1.49. The ramp stops when the current
source “runs out of voltage,” i.e., reaches the limit of its
compliance. On the same figure is shown the curve for a
simple RC, with the resistor tied to a voltage source equal
to the compliance of the current source, and with R chosen
so that the current at zero output voltage is the same as that
of the current source. (Real current sources generally have
output compliances limited by the power-supply voltages
used in making them, so the comparison is realistic.) In the
next chapter, which deals with transistors, we will design
some current sources, with some refinements to follow in
the chapters on operational amplifiers (op-amps) and FETs.
Exciting things to look forward to!

Exercise 1.18. A current of 1 mA charges a 1 uF capacitor. How
long does it take the ramp to reach 10 volts?
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P

Figure 1.48. A constant-current source charging a capacitor gen-
erates a ramp voltage waveform.

I——

Vsupply “«[c”

RC

t

Figure 1.49. Constant-current charging (with finite compliance)
versus RC charging.

1.4.5 Not quite perfect...

Real capacitors (the kind you can see, and touch, and pay
money for) generally behave according to theory; but they
have some additional “features” that can cause problems in
some demanding applications. For example, all capacitors
exhibit some series resistance (which may be a function of
frequency), and some series inductance (see the next sec-
tion), along with some frequency-dependent parallel resis-
tance. Then there’s a “memory” effect (known as dielectric
absorption), which is rarely discussed in polite society: if
you charge a capacitor up to some voltage Vjy and hold it
there for a while, and then discharge it to 0V, then when
you remove the short across its terminals it will tend to
drift back a bit toward V.

Don’t worry about this stuff, for now. We’ll treat in de-
tail these effects (and other oddities of real-world compo-
nents) in the advanced topics Chapter /x.

1.5 Inductors and transformers
1.5.1 Inductors

If you understand capacitors, you shouldn’t have great
trouble with inductors (Figure 1.50). They’re closely re-
lated to capacitors: the rate of current change in an inductor
is proportional to the voltage applied across it (for a capac-
itor it’s the other way around — the rate of voltage change is
proportional to the current through it). The defining equa-
tion for an inductor is

(1.23)

where L is called the inductance and is measured in henrys
(or mH, uH, nH, etc.). Putting a constant voltage across an
inductor causes the current to rise as a ramp (compare with
a capacitor, in which a constant current causes the voltage
to rise as a ramp); 1V across 1 H produces a current that
increases at 1 amp per second.

— O — 00—

Figure 1.50. Inductors. The parallel-bar symbol represents a core
of magnetic material.

Just as with capacitors, the energy invested in ramping
up the current in an inductor is stored internally, here in the
form of magnetic fields. And the analogous formula is

1 »

U= 5LP,

where Uy is in joules (watt seconds) for L in henrys and

in amperes. As with capacitors, this is an important result,

one which lies at the core of switching power conversion

(exemplified by those little black “wall-warts” that provide

power to all manner of consumer electronic gadgets). We’ll
see lots more of this in Chapter 9.

The symbol for an inductor looks like a coil of wire;
that’s because, in its simplest form, that’s all it is. Its some-
what peculiar behavior comes about because inductors are
magnetic devices, in which two things are going on: current
flowing through the coil creates a magnetic field aligned
along the coil’s axis; and then changes in that field pro-
duce a voltage (sometimes called “back EMF”) in a way
that tries to cancel out those changes (an effect known as
Lenz’s law). The inductance L of a coil is simply the ratio
of magnetic flux passing through the coil divided by the
current through the coil that produces that flux (multiplied
by an overall constant). Inductance depends on the coil ge-
ometry (e.g., diameter and length) and the properties of any
magnetic material (the “core”) that may be used to confine
the magnetic field. That’s all you need to understand why
the inductance of a coil of given geometry is proportional
to the square of the number of turns.

(1.24)

Exercise 1.19. Explain why L o< n? for an inductor consisting of
a coil of n turns of wire, maintaining fixed diameter and length as
n is varied.

We’ll get into some more detail in the Chapter /x. But
it’s worth displaying a semi-empirical formula for the ap-
proximate inductance L of a coil of diameter d and length
1, in which the n*> dependence is on display:

d*n?

L~k—2" _ H
18d+401 M



Art of Electronics Third Edition

1.5.1. Inductors 29

/

Figure 1.51. Inductors. Top row, left to right: encapsulated toroid, hermetically-sealed toroid, board-mount pot core, bare toroid (two
sizes). Middle row: slug-tuned ferrite-core inductors (three sizes). Bottom row: high-current ferrite-core choke, ferrite-bead choke, dipped
radial-lead ferrite-core inductor, surface-mount ferrite chokes, molded axial-lead ferrite-core chokes (two styles), lacquered ferrite-core

inductors (two styles).

where K = 1.0 or 0.395 for dimensions in inches or cen-
timeters, respectively. This is known as Wheeler’s formula
and is accurate to 1% as long as [ > 0.44.

As with capacitive current, inductive current is not sim-
ply proportional to voltage (as in a resistor). Furthermore,
unlike the situation in a resistor, the power associated with
inductive current (V x[I) is not turned into heat, but is stored
as energy in the inductor’s magnetic field (recall that for a
capacitor the power associated with capacitive current is
likewise not dissipated as heat, but is stored as energy in
the capacitor’s electric field). You get all that energy back
when you interrupt the inductor’s current (with a capacitor
you get all the energy back when you discharge the voltage
to zero).

The basic inductor is a coil, which may be just a loop
with one or more turns of wire; or it may be a coil with
some length, known as a solenoid. Variations include coils
wound on various core materials, the most popular being
iron (or iron alloys, laminations, or powder) and ferrite (a
gray, nonconductive, brittle magnetic material). These are
all ploys to multiply the inductance of a given coil by the
“permeability” of the core material. The core may be in the
shape of a rod, a toroid (doughnut), or even more bizarre
shapes, such as a “pot core” (which has to be seen to be
understood; the best description we can come up with is a
doughnut mold split horizontally in half, if doughnuts were

made in molds). See Figure 1.51 for some typical geome-
tries.

Inductors find heavy use in radiofrequency (RF) cir-
cuits, serving as RF “chokes” and as parts of tuned cir-
cuits (§1.7.14). A pair of closely coupled inductors forms
the interesting object known as a transformer. We will talk
briefly about them shortly.

An inductor is, in a real sense, the opposite of a capac-
itor.”® You will see how that works out later in the chapter
when we deal with the important subject of impedance.

A. A look ahead: some magic with inductors

Just to give a taste of some of the tricks that you can do
with inductors, take a look at Figure 1.52. Although we’ll
understand these circuits a lot better when we go at them
in Chapter 9, it’s possible to see what’s going on with what
we know already. In Figure 1.52A the left-hand side of in-
ductor L is alternately switched between a dc input voltage
Vin and ground, at some rapid rate, spending equal times

28 In practice, however, capacitors are much more widely used in elec-
tronic circuits. That is because practical inductors depart significantly
from ideal performance — by having winding resistance, core losses,
and self-capacitance — whereas practical capacitors are nearly perfect
(more on this in Chapter /x). Inductors are indispensable, however, in
switching power converters, as well as in tuned LC circuits for RF ap-
plications.
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connected to each (a “50% duty cycle”). But the defin-
ing equation V=LdI/dt requires that the average voltage
across an inductor must be zero, otherwise the magnitude
of its average current is rising without limit. (This is some-
times called the volt-second balance rule.) From this it fol-
lows that the average output voltage is half the input volt-
age (make sure you understand why). In this circuit C,
acts as a storage capacitor for steadying the output voltage
(more on this later, and in Chapter 9).

Producing an output that is half the voltage of an input
is not very exciting; after all, a simple voltage divider can
do that. But, unlike a voltage divider, this circuit does not
waste any energy; apart from non-idealities of the compo-
nents, it is 100% efficient. And in fact this circuit is widely
used in power conversion; it’s called a “synchronous buck
converter.”

But look now at Figure 1.52B, which is just a turned-
around version of Figure 1.52A. This time, volt-second
balance requires that the output voltage be twice the in-
put voltage. You can’t do that with a voltage divider! Once
again, the output capacitor (C; this time) serves to hold the
output voltage steady by storing charge. This configuration
is called a “synchronous boost converter.”

These and other switching converters are discussed ex-
tensively in Chapter 9, where Table 9.5 lists some fifty rep-
resentative types.

Figure 1.52. Inductors let you do neat tricks, such as increasing a
dc input voltage.

1.5.2 Transformers

A transformer is a device consisting of two closely coupled
coils (called primary and secondary). An ac voltage applied
to the primary appears across the secondary, with a voltage
multiplication proportional to the turns ratio of the trans-
former, and with a current multiplication inversely propor-
tional to the turns ratio. Power is conserved. Figure 1.53
shows the circuit symbol for a laminated-core transformer
(the kind used for 60 Hz ac power conversion).

*

Figure 1.53. Transformer.

Transformers are quite efficient (output power is very
nearly equal to input power); thus, a step-up transformer
gives higher voltage at lower current. Jumping ahead for
a moment, a transformer of turns ratio n increases the
impedance by n”. There is very little primary current if the
secondary is unloaded.

Power transformers (meant for use from the 115V pow-
erline) serve two important functions in electronic instru-
ments: they change the ac line voltage to a useful (usually
lower) value that can be used by the circuit, and they “iso-
late” the electronic device from actual connection to the
powerline, because the windings of a transformer are elec-
trically insulated from each other. They come in an enor-
mous variety of secondary voltages and currents: outputs
as low as 1 volt or so up to several thousand volts, current
ratings from a few milliamps to hundreds of amps. Typical
transformers for use in electronic instruments might have
secondary voltages from 10 to 50 volts, with current rat-
ings of 0.1 to 5 amps or so. A related class of transformers
is used in electronic power conversion, in which plenty of
power is flowing, but typically as pulse or square wave-
forms, and at much higher frequencies (50 kHz to 1 MHz
is typical).

Transformers for signals at audio frequencies and ra-
dio frequencies are also available. At radio frequencies you
sometimes use tuned transformers if only a narrow range
of frequencies is present. There is also an interesting class
of transmission-line transformers. In general, transformers
for use at high frequencies must use special core materi-
als or construction to minimize core losses, whereas low-
frequency transformers (e.g., ac powerline transformers)
are burdened instead by large and heavy cores. The two
kinds of transformers are in general not interchangeable.

A. Problems, problems...

This simple “first-look™ description ignores interesting —
and important — issues. For example, there are inductances
associated with the transformer, as suggested by its cir-
cuit symbol: an effective parallel inductance (called the
magnetizing inductance) and an effective series inductance
(called the leakage inductance). Magnetizing inductance
causes a primary current even with no secondary load;
more significantly, it means that you cannot make a “dc
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transformer.” And leakage inductance causes a voltage
drop that depends on load current, as well as bedeviling cir-
cuits that have fast pulses or edges. Other departures from
ideal performance include winding resistance, core losses,
capacitance, and magnetic coupling to the outside world.
Unlike capacitors (which behave nearly ideally in most cir-
cuit applications), the deficiencies of inductors have signif-
icant effects in real-world circuit applications. We’ll deal
with these in Chapter /x and Chapter 9.

1.6 Diodes and diode circuits

We are not done with capacitors and inductors! We have
dealt with them in the time domain (RC circuits, exponen-
tial charge and discharge, differentiators and integrators,
and so on), but we have not yet tackled their behavior in
the frequency domain.

We will get to that soon enough. But this is a good time
to take a break from “RLC” and put our knowledge to use
with some clever and useful circuits. We begin by intro-
ducing a new device, the diode. It’s our first example of a
nonlinear device, and you can do nifty things with it.

1.6.1 Diodes

The circuit elements we’ve discussed so far (resistors, ca-
pacitors, and inductors) are all linear, meaning that a dou-
bling of the applied signal (a voltage, say) produces a dou-
bling of the response (a current, say). This is true even for
the reactive devices (capacitors and inductors). These com-
ponents are also passive, as opposed to active devices, the
latter exemplified by transistors, which are semiconductor
devices that control the flow of power. And they are all
two-terminal devices, which is self-explanatory.

anode

, cathode
Nl

Figure 1.54. Diode.

The diode (Figure 1.54) is an important and useful two-
terminal passive nonlinear device. It has the V-I curve
shown in Figure 1.55. (In keeping with the general phi-
losophy of this book, we will not attempt to describe the
solid-state physics that makes such devices possible.)

The diode’s arrow (the anode terminal) points in the di-
rection of forward current flow. For example, if the diode
is in a circuit in which a current of 10 mA is flowing from
anode to cathode, then (from the graph) the anode is ap-
proximately 0.6 V more positive than the cathode; this is
called the “forward voltage drop.” The reverse current,

which is measured in the nanoamp range for a general-
purpose diode (note the hugely different scales in the graph
for forward and reverse current), is almost never of any
consequence until you reach the reverse breakdown volt-
age (also called the peak inverse voltage, PIV), typically
75 volts for a general-purpose diode like the 1N4148. (Nor-
mally you never subject a diode to voltages large enough to
cause reverse breakdown; the exception is the zener diode
we mentioned earlier.) Frequently, also, the forward volt-
age drop of about 0.5 to 0.8 V is of little concern, and the
diode can be treated as a good approximation to an ideal
one-way conductor. There are other important characteris-
tics that distinguish the thousands of diode types available,
e.g., maximum forward current, capacitance, leakage cur-
rent, and reverse recovery time; Table 1.1 includes a few
popular diodes, to give a sense of the capabilities of these
little devices.

20mA —
10mA - “FORWARD”
-100V 50V
| | | J
1\ 2V
“REVERSE”
0.1pA -
Note scale change!
0.2pAL

Figure 1.55. Diode V- curve.

Before jumping into some circuits with diodes, we
should point out two things: (a) a diode doesn’t have a re-
sistance (it doesn’t obey Ohm’s law). (b) If you put some
diodes in a circuit, it won’t have a Thévenin equivalent.

1.6.2 Rectification

A rectifier changes ac to dc; this is one of the simplest and
most important applications of diodes (which are some-
times called rectifiers). The simplest circuit is shown in
Figure 1.56. The “ac” symbol represents a source of ac
voltage; in electronic circuits it is usually provided by a
transformer, powered from the ac powerline. For a sine-
wave input that is much larger than the forward drop
(about 0.6 V for silicon diodes, the usual type), the out-
put will look like that in Figure 1.57. If you think of the
diode as a one-way conductor, you won’t have any trouble
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Table 1.1 Representative Diodes

VR (max) IR (typ, 25°C) VE@IE Capacitance
Part # (V) A@V) (mV) (mA) (pF@VR) SMT2p/n Comments
Silicon
PAD5 45 0.25pA 20V 800 1 0.5pF 5V SSTPAD5 metal + glass can
1N4148 75 10nA 20V 750 10 0.9pF 0V  1N4148W jellybean sig diode
1N4007 1000 50nA 800V 800 250 12pF 10V DL4007 1N4004 lower V
1N5406 600 <10pA 600V 1.0V  10A 18pF 10V none heat through leads
Schottky®
1N6263 60 7nA 20V 400 1 0.6pF 10V 1N6263W  see also IN5711
1N5819 40 10pA 32V 400 1000 150pF 1V 1N5819HW jellybean
1N5822 40 40pA 32V 480 3000 450pF 1V none power Schottky
MBRP40045 45 500pA 40V 540 400A 3500pF 10V you jest! Moby dual Schottky

Notes: (a) SMT, surface-mount technology. (b) Schottky diodes have lower forward voltage and zero

reverse-recovery time, but more capacitance.

understanding how the circuit works. This circuit is called ~ which the diode drop becomes significant, you have to re-

a half-wave rectifier, because only half of the input wave-
form is used.

Do :

gRload
—O—O----:

Figure 1.56. Half-wave rectifier.

% /N

Figure 1.57. Half-wave output voltage (unfiltered).

©

Rload

Figure 1.58. Full-wave bridge rectifier.

Figure 1.58 shows another rectifier circuit, a “full-wave
bridge.” Figure 1.59 shows the voltage across the load;
note that the entire input waveform is used. The gaps at
zero voltage occur because of the diodes’ forward voltage
drop. In this circuit, two diodes are always in series with
the input; when you design low-voltage power supplies, for

member that.?

Vioad

Figure 1.59. Full-wave output voltage (unfiltered).

1.6.3 Power-supply filtering

The preceding rectified waveforms aren’t good for much as
they stand. They’re “dc” only in the sense that they don’t
change polarity. But they still have a lot of “ripple” (peri-
odic variations in voltage about the steady value) that has
to be smoothed out in order to generate genuine dc. This
we do by attaching a relatively large value capacitor (Fig-
ure 1.60); it charges up to the peak output voltage during
the diode conduction, and its stored charge (Q = CV) pro-
vides the output current in between charging cycles. Note
that the diodes prevent the capacitor from discharging back
through the ac source. In this application you should think
of the capacitor as an energy storage device, with stored
energy U = %CV2 (recall §1.4.1; for C in farads and V in
volts, U comes out in joules, or equivalently, watt seconds).
The capacitor value is chosen so that

RloadC > 1/f7

2 The diode drop can be eliminated with active switching (or syn-
chronous switching, a technique in which the diodes are replaced by
transistor switches, actuated in synchronism with the input ac wave-
form (see §9.5.3B).



Art of Electronics Third Edition

1.6.4. Rectifier configurations for power supplies 33

y ) TO
ac full-wave +

C load

bridge
~ — I o

Figure 1.60. Full-wave bridge with output storage (“filter”) capaci-
tor.

(where f is the ripple frequency, here 120 Hz) in order to
ensure small ripple by making the time constant for dis-
charge much longer than the time between recharging. We
make this vague statement clearer now.

A. Calculation of ripple voltage
It is easy to calculate the approximate ripple voltage, par-
ticularly if it is small compared with the dc (see Fig-
ure 1.61). The load causes the capacitor to discharge some-
what between cycles (or half-cycles, for full-wave rectifi-
cation). If you assume that the load current stays constant
(it will, for small ripple), you have
1 av

AV = EAI (fromI—CE> .
Justuse 1/f (or 1/2f for full-wave rectification) for Az (this
estimate is a bit on the safe side, because the capacitor be-
gins charging again in less than a half-cycle). You get®’

(1.25)

I

AV = ;’? (half-wave),
I

AV = zl}aé (full-wave).

peak-to-peak ripple

Vioad
_ _output from filter,
’ under load

output with
no capacitor

t

Figure 1.61. Power-supply ripple calculation.

If you wanted to do the calculation without any approxi-
mation, you would use the exact exponential discharge for-
mula. You would be misguided in insisting on that kind

30 While teaching electronics we’ve noticed that students love to memo-
rize these equations! An informal poll of the authors showed that two
out of two engineers don’t memorize them. Please don’t waste brain
cells that way — instead, learn how to derive them.

of accuracy, though, for two reasons. (a) The discharge is
an exponential only if the load is a resistance; many loads
are not. In fact, the most common load, a voltage regula-
tor, looks like a constant-current load. (b) Power supplies
are built with capacitors with typical tolerances of 20%
or more. Realizing the manufacturing spread, you design
conservatively, allowing for the worst-case combination of
component values.

In this case, viewing the initial part of the discharge as
a ramp is in fact quite accurate, especially if the ripple is
small, and in any case it errs in the direction of conservative
design — it overestimates the ripple.

Exercise 1.20. Design a full-wave bridge rectifier circuit to de-
liver 10V dc with less than 0.1 V (pp) ripple into a load drawing
up to 10 mA. Choose the appropriate ac input voltage, assuming
0.6 V diode drops. Be sure to use the correct ripple frequency in
your calculation.

Ve = V2 Vsec (rms)

Ve

I

Figure 1.62. Bridge rectifier circuit. The polarity marking and
curved electrode indicate a polarized capacitor, which must not be
allowed to charge with the opposite polarity.

1.6.4 Rectifier configurations for power supplies

A. Full-wave bridge

A dc power supply with the bridge circuit we just discussed
looks as shown in Figure 1.62. In practice, you generally
buy the bridge as a prepackaged module. The smallest ones
come with maximum current ratings of 1 A average, with
a selection of rated minimum breakdown voltages going
from 100 V to 600V, or even 1000 V. Giant bridge rectifiers
are available with current ratings of 25 A or more.

B. Center-tapped full-wave rectifier

The circuit in Figure 1.63 is called a center-tapped full-
wave rectifier. The output voltage is half what you get if
you use a bridge rectifier. It is not the most efficient cir-
cuit in terms of transformer design, because each half of
the secondary is used only half the time. To develop some
intuition on this subtle point, consider two different con-
figurations that produce the same rectified dc output volt-
age: (a) the circuit of Figure 1.63, and (b) the same trans-
former, this time with its secondary cut at the center tap and
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rewired with the two halves in parallel, the resultant com-
bined secondary winding connected to a full-wave bridge.
Now, to deliver the same output power, each half winding
in (a), during its conduction cycle, must supply the same
current as the parallel pair in (b). But the power dissipated
in the winding resistances goes like I?R, so the power lost
to heating in the transformer secondary windings reduced
by a factor of 2 for the bridge configuration (b).

Here’s another way to see the problem: imagine we use
the same transformer as in (a), but for our comparison cir-
cuit we replace the pair of diodes with a bridge, as in Fig-
ure 1.62, and we leave the center tap unconnected. Now,
to deliver the same output power, the current through the
winding during that time is twice what it would be for a true
full-wave circuit. To expand on this subtle point: heating in
the windings, calculated from Ohm’s law, is I*R, so you
have four times the heating for half the time, or twice the
average heating of an equivalent full-wave bridge circuit.
You would have to choose a transformer with a current rat-
ing 1.4 (square root of 2) times as large compared with the
(better) bridge circuit; besides costing more, the resulting
supply would be bulkier and heavier.

Exercise 1.21. This illustration of /2R heating may help you un-
derstand the disadvantage of the center-tapped rectifier circuit.
What fuse rating (minimum) is required for passing the current
waveform shown in Figure 1.64, which has 1 amp average cur-
rent? Hint: a fuse “blows out” by melting a metallic link (/R
heating), for steady currents larger than its rating. Assume for
this problem that the thermal time constant of the fusible link
is much longer than the time scale of the square wave, i.e.,
that the fuse responds to the value of I averaged over many
cycles.

C. Split supply

A popular variation of the center-tapped full-wave circuit
is shown in Figure 1.65. It gives you split supplies (equal
plus and minus voltages), which many circuits need. It is an
efficient circuit, because both halves of the input waveform
are used in each winding section.

—
1

Figure 1.63. Full-wave rectifier using center-tapped transformer.
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Figure 1.64. lllustrating greater I’R heating with discontinuous
current flow.
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Figure 1.65. Dual-polarity (split) supply.
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Figure 1.66. Voltage doubler.
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D. Voltage multipliers

The circuit shown in Figure 1.66 is called a voltage dou-
bler. Think of it as two half-wave rectifier circuits in se-
ries. It is officially a full-wave rectifier circuit because both
halves of the input waveform are used — the ripple fre-
quency is twice the ac frequency (120 Hz for the 60 Hz line
voltage in the United States).

Variations of this circuit exist for voltage triplers,
quadruplers, etc. Figure 1.67 shows doubler, tripler, and
quadrupler circuits that let you ground one side of the trans-
former. You can extend this scheme as far as you want, pro-
ducing what’s called a Cockcroft—Walton generator; these
are used in arcane applications (such as particle accelera-
tors) and in everyday applications (such as image intensi-
fiers, air ionizers, laser copiers, and even bug zappers) that
require a high dc voltage but hardly any current.

1.6.5 Regulators

By choosing capacitors that are sufficiently large, you can
reduce the ripple voltage to any desired level. This brute-
force approach has three disadvantages.
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Figure 1.67. Voltage multipliers; these configurations don’t require
a floating voltage source.

* The required capacitors may be prohibitively bulky and
expensive.

The very short interval of current flow during each cy-
cle®! (only very near the top of the sinusoidal waveform)
produces more I’R heating.

Even with the ripple reduced to negligible levels, you still
have variations of output voltage that are due to other
causes, e.g., the dc output voltage will be roughly pro-
portional to the ac input voltage, giving rise to fluctua-
tions caused by input line voltage variations. In addition,
changes in load current will still cause the output volt-
age to change because of the finite internal resistances of
the transformer, diode, etc. In other words, the Thévenin
equivalent circuit of the dc power supply has R > 0.

A better approach to power-supply design is to use
enough capacitance to reduce ripple to low levels (perhaps

31 Called the conduction angle.

regulator

H in out——o
+ ground

I L 2

Figure 1.68. Regulated dc power supply.

10% of the dc voltage), then use an active feedback circuit
to eliminate the remaining ripple. Such a feedback circuit
“looks at” the output, making changes in a controllable se-
ries resistor (a transistor) as necessary to keep the output
voltage constant (Figure 1.68). This is known as a “linear
regulated dc power supply.”3?

These voltage regulators are used almost universally as
power supplies for electronic circuits. Nowadays complete
voltage regulators are available as inexpensive ICs (priced
under $1). A power supply built with a voltage regulator
can be made easily adjustable and self-protecting (against
short circuits, overheating, etc.), with excellent properties
as a voltage source (e.g., internal resistance measured in
milliohms). We will deal with regulated dc power supplies
in Chapter 9.

1.6.6 Circuit applications of diodes

A. Signal rectifier

There are other occasions when you use a diode to make
a waveform of one polarity only. If the input waveform
isn’t a sinewave, you usually don’t think of it as a recti-
fication in the sense of a power supply. For instance, you
might want a train of pulses corresponding to the rising
edge of a square wave. The easiest way is to rectify the dif-
ferentiated wave (Figure 1.69). Always keep in mind the
0.6 V(approximately) forward drop of the diode. This cir-
cuit, for instance, gives no output for square waves smaller
than 0.6 V pp. If this is a problem, there are various tricks
to circumvent this limitation. One possibility is to use hot
carrier diodes (Schottky diodes), with a forward drop of
about 0.25 V.

A possible circuit solution to this problem of finite diode
drop is shown in Figure 1.70. Here D compensates D>’s
forward drop by providing 0.6 V of bias to hold D, at the
threshold of conduction. Using a diode (D;) to provide
the bias (rather than, say, a voltage divider) has several

32 A popular variant is the regulated switching power converter. Although
its operation is quite different in detail, it uses the same feedback prin-
ciple to maintain a constant output voltage. See Chapter 9 for much
more on both techniques.
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1.0k 1-million-hour life (a hundred years) from a standard CR2032 coin
+0.6V 4 = cell!

Figure 1.70. Compensating the forward voltage drop of a diode
signal rectifier.

advantages: (a) there is nothing to adjust, (b) the compen-
sation will be nearly perfect, and (c) changes of the for-
ward drop (e.g., with changing temperature) will be com-
pensated properly. Later we will see other instances of
matched-pair compensation of forward drops in diodes,
transistors, and FETs. It is a simple and powerful trick.

B. Diode gates

Another application of diodes, which we will recognize
later under the general heading of logic, is to pass the
higher of two voltages without affecting the lower. A good
example is battery backup, a method of keeping some-
thing running (e.g, the “real-time clock™ chip in a com-
puter, which keeps a running count of date and time) that
must continue running even when the device is switched
off. Figure 1.71 shows a circuit that does the job. The bat-
tery does nothing until the +5 V power is switched off; then
it takes over without interruption.

C. Diode clamps

Sometimes it is desirable to limit the range of a signal (i.e.,
prevent it from exceeding certain voltage limits) some-
where in a circuit. The circuit shown in Figure 1.72 will ac-
complish this. The diode prevents the output from exceed-
ing about 5.6 V, with no effect on voltages less than that
(including negative voltages); the only limitation is that
the input must not go so negative that the reverse break-
down voltage of the diode is exceeded (e.g., —75V for a
1N4148). The series resistor limits the diode current during

+5V

1N4148
1.0k
in out

Figure 1.72. Diode voltage clamp.

+15V

2.0k

3
signal R l out
in
i1 .0k

Figure 1.73. Voltage divider providing clamping voltage.

clamping action; however, a side effect is that it adds 1 kQ
of series resistance (in the Thévenin sense) to the signal,
so its value is a compromise between maintaining a desir-
able low source (Thévenin) resistance and a desirable low
clamping current. Diode clamps are standard equipment
on all inputs in contemporary CMOS digital logic. With-
out them, the delicate input circuits are easily destroyed by
static electricity discharges during handling.

Exercise 1.22. Design a symmetrical clamp, i.e., one that confines
a signal to the range —5.6 to +5.6 V.

A voltage divider can provide the reference voltage for
a clamp (Figure 1.73). In this case you must ensure that the
resistance looking into the voltage divider (Ryq) is small
compared with R because what you have looks as shown
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Figure 1.74. Clamping to voltage divider: equivalent circuit.
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667Q
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Figure 1.75. Poor clamping: voltage divider not stiff enough.

Vaamp

Figure 1.76. Clamping waveform for circuit of Figure 1.73.

in Figure 1.74 when the voltage divider is replaced with its
Thévenin equivalent circuit. When the diode conducts (in-
put voltage exceeds clamp voltage), the output is really just
the output of a voltage divider, with the Thévenin equiva-
lent resistance of the voltage reference as the lower resistor
(Figure 1.75). So, for the values shown, the output of the
clamp for a triangle-wave input would look as shown in
Figure 1.76. The problem is that the voltage divider doesn’t
provide a stiff reference, in the language of electronics. A
stiff voltage source is one that doesn’t bend easily, i.e., it
has low internal (Thévenin) resistance.

In practice, the problem of finite impedance of the
voltage-divider reference can be easily solved by use of a
transistor or an op-amp. This is usually a better solution
than using very small resistor values, because it doesn’t
consume large currents, yet it provides a voltage reference
with a Thévenin resistance of a few ohms or less. Further-
more, there are other ways to construct a clamp, using an
op-amp as part of the clamp circuit. You will see these
methods in Chapter 4.

Alternatively, a simple way to stiffen the clamp circuit
of Figure 1.73, for time-varying signals only, is to add a so-
called bypass capacitor across the lower (1 kQ) resistor. To
understand this fully we need to know about capacitors in

Figure 1.77. dc restoration.

Figure 1.78. Diode limiter.

the frequency domain, a subject we’ll take up shortly. For
now we’ll simply say that you can put a capacitor across
the 1k resistor, and its stored charge acts to maintain that
point at constant voltage. For example, a 15 uF capacitor to
ground would make the divider look as if it had a Thévenin
resistance of less than 10 for frequencies above 1 kHz.
(You could similarly add a bypass capacitor across D in
Figure 1.70.) As we’ll learn, the effectiveness of this trick
decreases at low frequencies, and it does nothing at dc.
One interesting clamp application is “dc restoration” of
a signal that has been ac coupled (capacitively coupled).
Figure 1.77 shows the idea. This is particularly important
for circuits whose inputs look like diodes (e.g., a transistor
with grounded emitter, as we’ll see in the next chapter);
otherwise an ac-coupled signal will just fade away, as the
coupling capacitor charges up to the signal’s peak voltage.

D. Limiter

One last clamp circuit is shown in Figure 1.78. This cir-
cuit limits the output “swing” (again, a common electronics
term) to one diode drop in either polarity, roughly +0.6 V.
That might seem awfully small, but if the next stage is an
amplifier with large voltage amplification, its input will al-
ways be near 0V; otherwise the output is in “saturation”
(e.g., if the next stage has a gain of 1000 and operates from
+15V supplies, its input must stay in the range £15mV
in order for its output not to saturate). Figure 1.79 shows
what a limiter does to oversize sinewaves and spikes. This
clamp circuit is often used as input protection for a high-
gain amplifier.

E. Diodes as nonlinear elements
To a good approximation the forward current through a
diode is proportional to an exponential function of the
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Figure 1.80. Exploiting the diode’s nonlinear V—I curve: logarith-
mic converter.

voltage across it at a given temperature (for a discussion
of the exact law, see §2.3.1). So you can use a diode to
generate an output voltage proportional to the logarithm
of a current (Figure 1.80). Because V hovers in the region
of 0.6V, with only small voltage changes that reflect input
current variations, you can generate the input current with
a resistor if the input voltage is much larger than a diode
drop (Figure 1.81).

In practice, you may want an output voltage that isn’t
offset by the 0.6V diode drop. In addition, it would be
nice to have a circuit that is insensitive to changes in tem-
perature (a silicon diode’s voltage drop decreases approxi-
mately 2mV/°C). The method of diode drop compensation
is helpful here (Figure 1.82). R; makes D; conduct, holding

R
Vin Vout
(>0.6V)

Figure 1.81. Approximate log converter.

VOLIt x Iog Vin

Figure 1.82. Diode drop compensation in the logarithmic con-
verter.

point A at about —0.6 V. Point B is then near ground (mak-
ing [i, accurately proportional to Vi, incidentally). As long
as the two (identical) diodes are at the same temperature,
there is good cancellation of the forward drops, except, of
course, for the difference owing to input current through
D1, which produces the desired output. In this circuit, R;
should be chosen so that the current through D5 is signif-
icantly larger than the maximum input current in order to
keep D, in conduction.

In Chapter 2x we will examine better ways of construct-
ing logarithmic converter circuits, along with careful meth-
ods of temperature compensation. With such methods it is
possible to construct logarithmic converters accurate to a
few percent over six decades or more of input current. A
better understanding of diode and transistor characteristics,
along with an understanding of op-amps, is necessary first.
This section is meant to serve only as an introduction for
things to come.

1.6.7 Inductive loads and diode protection

‘What happens if you open a switch that is providing current
to an inductor? Because inductors have the property

V =Ldl/dt,

it is not possible to turn off the current suddenly, because
that would imply an infinite voltage across the inductor’s
terminals. What happens instead is that the voltage across
the inductor rises abruptly and keeps rising until it forces
current to flow. Electronic devices controlling inductive
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Figure 1.83. Inductive “kick.”

Ionl 1 j (at turnoff)
j){
Figure 1.84. Blocking inductive kick.

loads can be easily damaged, especially the component
that “breaks down” in order to satisfy the inductor’s crav-
ing for continuity of current. Consider the circuit in Fig-
ure 1.83. The switch is initially closed, and current is flow-
ing through the inductor (which might be a relay, as de-
scribed later). When the switch is opened, the inductor tries
to keep current flowing from A to B, as it had been. In other
words, it tries to make current flow out of B, which it does
by forcing B to a high positive voltage (relative to A). In a
case like this, in which there’s no connection to terminal B,
it may go 1000 V positive before the switch contact “blows
over.” This shortens the life of the switch and also gener-
ates impulsive interference that may affect other circuits
nearby. If the switch happens to be a transistor, it would be
an understatement to say that its life is shortened; its life is
ended.

The best solution usually is to put a diode across the
inductor, as in Figure 1.84. When the switch is on, the
diode is back-biased (from the dc drop across the induc-
tor’s winding resistance). At turn-off the diode goes into
conduction, putting the switch terminal a diode drop above
the positive supply voltage. The diode must be able to han-
dle the initial diode current, which equals the steady current
that had been flowing through the inductor; something like
a 1N4004 is fine for nearly all cases.

The only disadvantage of this simple protection circuit
is that it lengthens the decay of current through the
inductor, because the rate of change of inductor current

1000

0.05pF

-
LT

Figure 1.85. RC “snubber” for suppressing inductive kick.

is proportional to the voltage across it. For applications
in which the current must decay quickly (high-speed
actuators or relays, camera shutters, magnet coils, etc.), it
may be better to put a resistor across the inductor, choosing
its value so that Viyppry + IR is less than the maximum
allowed voltage across the switch. For the fastest decay
with a given maximum voltage, a zener with series diode
(or other voltage-clamping device) can be used instead,
giving a linear-like ramp-down of current rather than an
exponential decay (see discussion in Chapter /x).

For inductors driven from ac (transformers, ac relays),
the diode protection just described will not work, because
the diode will conduct on alternate half-cycles when the
switch is closed. In that case a good solution is an RC
“snubber” network (Figure 1.85). The values shown are
typical for small inductive loads driven from the ac power-
line. Such a snubber should be included in all instruments
that run from the ac powerline, because the power trans-
former is inductive.>?

An alternative to the RC snubber is the use of a bidirec-
tional zener-like voltage-clamping element. Among these
the most common are the bidirectional “TVS” (transient
voltage suppressor) zener and the metal-oxide varistor
(“MOV?”); the latter is an inexpensive device that looks
something like a disc ceramic capacitor and behaves elec-
trically like a bidirectional zener diode. Both classes are de-
signed for transient voltage protection, are variously avail-
able at voltage ratings from 10 to 1000 volts, and can
handle transient currents up to thousands of amperes (see
Chapter 9x). Including a transient suppressor (with ap-
propriate fusing) across the ac powerline terminals makes
good sense in a piece of electronic equipment, not only to
prevent inductive spike interference to other nearby instru-
ments but also to prevent occasional large powerline spikes
from damaging the instrument itself.

1.6.8 Interlude: inductors as friends

Lest we leave the impression that inductance and induc-
tors are things only to be feared, let’s look at the circuit in

3 As explained in §9.5.1, you should choose a capacitor rated for
“across-the-line” service.
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Figure 1.86. The goal is to charge up the capacitor from a
source of dc voltage Vj,. In the top circuit (Figure 1.86A)
we’ve done it the conventional way, with a series resis-
tor to limit the peak current demanded from the voltage
source. OK, it does work — but it has a drawback that can
be serious, namely that half the energy is lost as heat in the
resistor. By contrast, in the circuit with the inductor (Fig-
ure 1.86B) no energy is lost (assuming ideal components);
and, as a bonus, the capacitor gets charged to twice the
input voltage. The output-voltage waveform is a sinusoidal
half-cycle at the resonant frequency f =1/ 2m+/LC, a topic
we’ll see soon (§1.7.14).34:35

C
T vt
_ét_>
L D vy I t
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1 2 —t—
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t ——

Figure 1.86. Resonant charging is lossless (with ideal compo-
nents) compared with the 50% efficiency of resistive charging.
Charging is complete after #, equal to a half-cycle of the resonant
frequency. The series diode terminates the cycle, which would oth-
erwise continue to oscillate between 0 and 2V;,.

34 A mechanical analogy may be helpful here. Imagine dropping pack-
ages onto a conveyor belt that is moving at speed v; the packages are
accelerated to that speed by friction, with 50% efficiency, finally reach-
ing the belt speed v, at which speed they ride into the sunset. That’s re-
sistive charging. Now we try something completely different, namely,
we rig up a conveyor belt with little catchers attached by springs to the
belt; and alongside it we have a second belt, running at twice the speed
(2v). Now when we drop a package onto the first conveyor it com-
presses a spring, then rebounds at 2v; and it makes a soft landing onto
the second conveyor. No energy is lost (ideal springs), and the package
rides off into the sunset at 2v. That’s reactive charging.

Resonant charging is used for the high-voltage supply in flashlamps
and stroboscopes, with the advantages of (a) full charge between
flashes (spaced no closer than #), and (b) no current immediately after
discharge (see waveforms), thus permitting the flashlamp to “quench”
after each flash.
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Figure 1.87. Example of frequency analysis: “boom box” loud-
speaker equalization. The lowest and highest piano notes, called
A0 and C8, are at 27.5Hz and 4.2 kHz; they are four octaves below
A440 and four octaves above middle C, respectively.

1.7 Impedance and reactance

Warning: this section is somewhat mathematical; you may
wish to skip over the mathematics, but be sure to pay atten-
tion to the results and graphs.

Circuits with capacitors and inductors are more com-
plicated than the resistive circuits we talked about ear-
lier, in that their behavior depends on frequency: a “volt-
age divider” containing a capacitor or inductor will have
a frequency-dependent division ratio. In addition, circuits
containing these components (known collectively as re-
active components) “corrupt” input waveforms such as
square waves, as we saw earlier.

However, both capacitors and inductors are linear de-
vices, meaning that the amplitude of the output waveform,
whatever its shape, increases exactly in proportion to the
input waveform’s amplitude. This linearity has many con-
sequences, the most important of which is probably the
following: the output of a linear circuit, driven with a
sinewave at some frequency f, is itself a sinewave at the
same frequency (with, at most, changed amplitude and
phase).

Because of this remarkable property of circuits contain-
ing resistors, capacitors, and inductors (and, later, linear
amplifiers), it is particularly convenient to analyze any such
circuit by asking how the output voltage (amplitude and
phase) depends on the input voltage for sinewave input at a
single frequency, even though this may not be the intended
use. A graph of the resulting frequency response, in which
the ratio of output to input is plotted for each sinewave
frequency, is useful for thinking about many kinds of
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waveforms. As an example, a certain “boom-box” loud-
speaker might have the frequency response shown in
Figure 1.87, in which the “output” in this case is of course
sound pressure, not voltage. It is desirable for a speaker
to have a “flat” response, meaning that the graph of sound
pressure versus frequency is constant over the band of
audible frequencies. In this case the speaker’s deficiencies
can be corrected by the introduction of a passive filter with
the inverse response (as shown) within the amplifiers of
the radio.

As we will see, it is possible to generalize Ohm’s
law, replacing the word “resistance” with “impedance,” in
order to describe any circuit containing these linear passive
devices (resistors, capacitors, and inductors). You could
think of the subject of impedance (generalized resistance)
as Ohm’s law for circuits that include capacitors and
inductors.

Some terminology: impedance (Z) is the “generalized
resistance”; inductors and capacitors, for which the volt-
age and current are always 90° out of phase, are reactive;
they have reactance (X). Resistors, with voltage and cur-
rent always in phase, are resistive; they have resistance (R).
In general, in a circuit that combines resistive and reactive
components, the voltage and current at some place will
have some in-between phase relationship, described by a
complex impedance: impedance = resistance + reactance,
or Z = R+ jX (more about this later).>® However, you’ll
see statements like “the impedance of the capacitor at this
frequency is ...” The reason you don’t have to use the word
“reactance” in such a case is that impedance covers every-
thing. In fact, you frequently use the word “impedance”
even when you know it’s a resistance you’re talking about;
you say “the source impedance” or “the output impedance”
when you mean the Thévenin equivalent resistance of some
source. The same holds for “input impedance.”

In all that follows, we will be talking about circuits
driven by sinewaves at a single frequency. Analysis of cir-
cuits driven by complicated waveforms is more elaborate,
involving the methods we used earlier (differential equa-
tions) or decomposition of the waveform into sinewaves
(Fourier analysis). Fortunately, these methods are seldom
necessary.

1.7.1 Frequency analysis of reactive circuits

Let’s start by looking at a capacitor driven by a sinewave
voltage source V(1) = Vysin @t (Figure 1.88). The current

36 But, in a nutshell, the magnitude of Z gives the ratio of amplitudes
of voltage to current, and the polar angle of Z gives the phase angle
between current and voltage.

is

dv
I(t) = CE = CwVjcos o,
i.e., a current of amplitude wCV), with its phase leading the
input voltage by 90°. If we consider amplitudes only, and
disregard phases, the current is

Vv
[=——.
1/oC

(Recall that @ = 2xf.) It behaves like a frequency-
dependent resistance R = 1/wC, but in addition the current
is 90° out of phase with the voltage (Figure 1.89).

1)

—

V(t) = Vo sin wt

Figure 1.88. A sinusoidal ac voltage drives a capacitor.
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%

Figure 1.89. Current in a capacitor leads the sinusoidal voltage by
90°.

t
t

For example, a 1 uF capacitor put across the 115 volts
(rms) 60 Hz powerline draws a current of rms amplitude:

I 115
~1/(2m x 60 x 100)

=43.4mA (rms).

Soon enough we will complicate matters by explicitly
worrying about phase shifts and the like — and that will get
us into some complex algebra that terrifies beginners (of-
ten) and mathophobes (always). Before we do that, though,
this is a good time to develop intuition about the frequency-
dependent behavior of some basic and important circuits
that use capacitors, ignoring for the time being the trouble-
some fact that, when driven with a sinusoidal signal, cur-
rents and voltages in a capacitor are not in phase.

As we just saw, the ratio of magnitudes of voltage to
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current, in a capacitor driven at a frequency , is just
vl 1
11l oc’

which we can think of as a sort of “resistance” — the mag-
nitude of the current is proportional to the magnitude of
the applied voltage. The official name for this quantity is
reactance, with the symbol X, thus Xc for the reactance of
a capacitor.?’ So, for a capacitor,
!
=
This means that a larger capacitance has a smaller reac-
tance. And this makes sense, because, for example, if you
double the value of a capacitor, it takes twice as much
current to charge and discharge it through the same volt-
age swing in the same time (recall / = CdV/dr). For the
same reason the reactance decreases as you increase the
frequency — doubling the frequency (while holding V' con-
stant) doubles the rate of change of voltage and therefore
requires that you double the current, thus half the reac-
tance.

So, roughly speaking, we can think of a capacitor as
a “frequency-dependent resistor.” Sometimes that’s good
enough, sometimes it isn’t. We’ll look at a few circuits in
which this simplified view gets us reasonably good results,
and provides nice intuition; later we’ll fix it up, using the
correct complex algebra, to get a precise result. (Keep in
mind that the results we are about to get are approximate;
we’re lying to you — but it’s a small lie, and anyway we’ll
tell the truth later. In the meantime we’ll use the weird sym-
bol < instead of = in all such “approximate equations,” and
we’ll flag the equation as approximate.)

Ving\/\/\’T Vout
N

Figure 1.90. Lowpass filter.

Xc (1.26)

A. RC lowpass filter (approximate)

The circuit in Figure 1.90 is called a lowpass filter, because
it passes low frequencies and blocks high frequencies. If
you think of it as a frequency-dependent voltage divider,
this makes sense: the lower leg of the divider (the capaci-
tor) has a decreasing reactance with increasing frequency,
so the ratio of Vo /Viy decreases accordingly:

37 Later we’ll see inductors, which also have a 90° phase shift (though of
the opposite sign), and so are likewise characterized by a reactance X .

% error
)
o
R

lowpass
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f/fo

Figure 1.91. Frequency response of single-section RC filters,
showing the results both of a simple approximation that ignores
phase (dashed curve), and the exact result (solid curve). The frac-
tional error (i.e., dashed/solid) is plotted above.

Vouw _  Xc 1/oC

Ve R+Xc R+1/oC  1+@RC

(approximate!)

(1.27)

We’ve plotted that ratio in Figure 1.91 (and also that of its
cousin, the highpass filter), along with their exact results
that we’ll understand soon enough in §1.7.8.

You can see that the circuit passes low frequencies fully
(because at low frequencies the capacitor’s reactance is
very high, so it’s like a divider with a smaller resistor atop
a larger one) and that it blocks high frequencies. In partic-
ular, the crossover from “pass” to “block” (often called the
breakpoint) occurs at a frequency @y at which the capaci-
tor’s reactance (1/@yC) is equal to the resistance R: @y =
1/RC. At frequencies well beyond the crossover (where the
product @RC > 1), the output decreases inversely with in-
creasing frequency; that makes sense because the reactance
of the capacitor, already much smaller than R, continues
dropping as 1/®. It’s worth noting that, even with our “ig-
noration of phase shifts,” the equation (and graph) for the
ratio of voltages is quite accurate at both low and high fre-
quencies and is only modestly in error around the crossover



Art of Electronics Third Edition

1.7.1. Frequency analysis of reactive circuits 43

frequency, where the correct ratio is Voyu/Vin = 1/ V2 &
0.7, rather than the 0.5 that we got.38

C
Vin _| Vout
R

Figure 1.92. Highpass filter.

B. RC highpass filter (approximate)

You get the reverse behavior (pass high frequencies, block
low) by interchanging R and C, as in Figure 1.92. Treating
it as a frequency-dependent voltage divider, and ignoring
phase shifts once again, we get (see Figure 1.91)

Voutv R . R B WRC
Vio " R+Xc R+1/oC 1+ oRC

(approximate!)
(1.28)

High frequencies (above the same crossover frequency as
before, ® > wy = 1/RC) pass through (because the capac-
itor’s reactance is much smaller than R), whereas frequen-
cies well below the crossover are blocked (the capacitor’s
reactance is much larger than R). As before, the equation
and graph are accurate at both ends, and only modestly
in error at the crossover, where the correct ratio is, again,

Vout/vin - 1/\/§

C. Blocking capacitor

Sometimes you want to let some band of signal frequencies
pass through a circuit, but you want to block any steady dc
voltage that may be present (we’ll see how this can hap-
pen when we learn about amplifiers in the next chapter).
You can do the job with an RC highpass filter if you choose
the crossover frequency correctly: a highpass filter always
blocks dc, so what you do is choose component values so
that the crossover frequency is below all frequencies of in-
terest. This is one of the more frequent uses of a capacitor
and is known as a dc blocking capacitor.

For instance, every stereo audio amplifier has all its in-
puts capacitively coupled, because it doesn’t know what dc
level its input signals might be riding on. In such a coupling
application you always pick R and C so that all frequen-
cies of interest (in this case, 20 Hz to 20kHz) are passed

38 Of course, it fails to predict anything about phase shifts in this circuit.
As we’ll see later, the output signal’s phase lags the input by 90° at
high frequencies, going smoothly from 0° at low frequencies, with a
45° lag at ay (see Figure 1.104 in §1.7.9).

without loss (attenuation). That determines the product
RC: RC > 1/ Oy, where for this case you might choose
Smin = 5Hz, and s0 RC = 1/ ®in = 1 /27 finin ~ 30 ms.

Rout < 1k R;, > 100k
C
3.3uF
Il .
il
R
pre-amp 10k amplifier
= fags = —— = 5Hz
2nRC

Figure 1.93. “Blocking capacitor”: a highpass filter for which all sig-
nal frequencies of interest are in the passband.

You’ve got the product, but you still have to choose in-
dividual values for R and C. You do this by noticing that
the input signal sees a load equal to R at signal frequen-
cies (where C’s reactance is small — it’s just a piece of wire
there), so you choose R to be a reasonable load, i.e., not so
small that it’s hard to drive, and not so large that the circuit
is prone to signal pickup from other circuits in the box. In
the audio business it’s common to see a value of 10kQ2, so
we might choose that value, for which the corresponding C
is 3.3 uF (Figure 1.93). The circuit connected to the output
should have an input resistance much greater than 10k, to
avoid loading effects on the filter’s output; and the driving
circuit should be able to drive a 10 kQ load without signifi-
cant attenuation (loss of signal amplitude) to prevent circuit
loading effects by the filter on the signal source. It’s worth
noting that our approximate model, ignoring phase shifts,
is perfectly adequate for blocking capacitor design; that is
because the signal band is fully in the passband, where the
effects of phase shifts are negligible.

In this section we’ve been thinking in the frequency do-
main (sinewaves of frequency f). But it’s useful to think
in the time domain, where, for example, you might use a
blocking capacitor to couple pulses, or square waves. In
such situations you encounter waveform distortion, in the
form of “droop” and overshoot (rather than the simple am-
plitude attenuation and phase shift you get with sinusoidal
waves). Thinking in the time domain, the criterion you use
to avoid waveform distortion in a pulse of duration 7 is
that the time constant T=RC>>T. The resulting droop is
approximately 7/t (followed by a comparable overshoot
at the next transition).

You often need to know the reactance of a capacitor at a
given frequency (e.g., for design of filters). Figure 1.100 in
§1.7.8 provides a very useful graph covering large ranges
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of capacitance and frequency, giving the value of X¢ =
12w fC.

D. Driving and loading RC filters

This example of an audio-blocking capacitor raised the is-
sue of driving and loading RC filter circuits. As we dis-
cussed in §1.2.5A, in the context of voltage dividers, you
generally like to arrange things so that the circuit be-
ing driven does not significantly load the driving resis-
tance (Thévenin equivalent source resistance) of the signal
source.

The same logic applies here, but with a generalized
kind of resistance that includes the reactance of capacitors
(and inductors), known as impedance. So a signal source’s
impedance should generally be small compared with the
impedance of the thing being driven.® We’ll have a pre-
cise way of talking about impedance shortly, but it’s cor-
rect to say that, apart from phase shifts, the impedance of a
capacitor is equal to its reactance.

What we want to know, then, are the input and out-
put impedances of the two simple RC filters (lowpass and
highpass). This sounds complicated, because there are four
impedances, and they all vary with frequency. However, if
you ask the question the right way, the answer is simple,
and the same in all cases!

First, assume that in each case the right thing is being
done to the other end of the filter: when we ask the input
impedance, we assume the output drives a high impedance
(compared with its own); and when we ask the output
impedance, we assume the input is driven by a signal
source of low internal (Thévenin) impedance. Second, we
dispose of the variation of impedances with frequency by
asking only for the worst-case value; that is, we care what
only the maximum output impedance of a filter circuit may
be (because that is the worst for driving a load), and we care
about only the minimum input impedance (because that is
the hardest to drive).

Now the answer is astonishingly simple: in all cases the
worst-case impedance is just R.

Exercise 1.23. Show that the preceding statement is correct.

So, for example, if you want to hang an RC lowpass fil-
ter onto the output of an amplifier whose output resistance
is 100 Q, start with R = 1k, then choose C for the break-
point you want. Be sure that whatever loads the output has
an input impedance of at least 10k. You can’t go wrong.

Exercise 1.24. Design a two-stage “bandpass” RC filter, in which

39 With two important exceptions, namely, transmission lines and current

sources.

the first stage is highpass with a breakpoint of 100 Hz, and the
second stage is lowpass with a breakpoint of 10 kHz. Assume the
input signal source has an impedance of 100€2. What is the worst-
case output impedance of your filter, and therefore what is the
minimum recommended load impedance?

1.7.2 Reactance of inductors

Before we embark on a fully correct treatment of
impedance, replete with complex exponentials and the like,
let’s use our approximation tricks to figure out the reac-
tance of an inductor.

It goes as before: we imagine an inductor L driven by
a sinusoidal voltage source of angular frequency @ such
that a current /(¢) = I sin ot is flowing.** Then the voltage
across the inductor is

diI(t
V(t) = L# = Lwlycos ot.

And so the ratio of magnitudes of voltage to current — the
resistance-like quantity called reactance — is just

‘V‘*LwIO*wL
- n

So. for an inductor,

XL = oL. (1.29)

Inductors, like capacitors, have a frequency-dependent
reactance; however, here the reactance increases with in-
creasing frequency (the opposite of capacitors, where it
decreases with increasing frequency). So, in the simplest
view, a series inductor can be used to pass dc and low fre-
quencies (where its reactance is small) while blocking high
frequencies (where its reactance is high). You often see in-
ductors used this way, particularly in circuits that operate
at radio frequencies; in that application they’re sometimes
called chokes.

1.7.3 Voltages and currents as complex numbers

At this point it is necessary to get into some complex al-
gebra; you may wish to skip over the math in some of the
following sections, taking note of the results as we derive
them. A knowledge of the detailed mathematics is not nec-
essary for understanding the remainder of the book. Very
little mathematics will be used in later chapters. The sec-
tion ahead is easily the most difficult for the reader with
little mathematical preparation. Don’t be discouraged!

As we’ve just seen, there can be phase shifts between

40 We take the easy path here by specifying the current, rather than the
voltage; we are rewarded with a simple derivative (rather than a simple
integral!).
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the voltage and current in an ac circuit being driven by a
sinewave at some frequency. Nevertheless, as long as the
circuit contains only /inear elements (resistors, capacitors,
inductors), the magnitudes of the currents everywhere in
the circuit are still proportional to the magnitude of the
driving voltage, so we might hope to find some general-
ization of voltage, current, and resistance in order to res-
cue Ohm’s law. Evidently a single number won’t suffice to
specify the current, say, at some point in the circuit, be-
cause we must somehow have information about both the
magnitude and phase shift.

Although we can imagine specifying the magnitudes
and phase shifts of voltages and currents at any point in
the circuit by writing them out explicitly, e.g., V(¢) =
23.7sin(377¢ 4 0.38), it turns out that we can meet our
requirements more simply by using the algebra of com-
plex numbers to represent voltages and currents. Then we
can simply add or subtract the complex number represen-
tations, rather than laboriously having to add or subtract
the actual sinusoidal functions of time themselves. Be-
cause the actual voltages and currents are real quantities
that vary with time, we must develop a rule for convert-
ing from actual quantities to their representations, and vice
versa. Recalling once again that we are talking about a sin-
gle sinewave frequency, @, we agree to use the following
rules.

1. Voltages and currents are represented by the complex
quantities V and I. The voltage Vjcos(w? + ¢) is to be
represented by the complex number Vpe/?. Recall that
el = cos ¢ + jsin¢, where j = /—1.

2. We obtain actual voltages and currents by multiply-
ing their complex number representations by e/®" and
then taking the real part: V(t) = Ze(Ve/™), I(t) =
Re(le/®).

In other words,

circuit voltage complex number

versus time representation
Vocos(wt + ) 7 Voel® =a+ jb
multiply by
e/ and

take real part

(In electronics, the symbol j is used instead of i in the ex-
ponential in order to avoid confusion with the symbol i
meaning small-signal current.) Thus, in the general case,
the actual voltages and currents are given by

V(t) = Ze(Vel®)
= ZRe(V)cos ot — I m(V)sinwt

I(t) = Re(le/™)
= Ze(I)coswr — Fm(I)sin ot.

For example, a voltage whose complex representation is
V=5j
corresponds to a (real) voltage versus time of

V(t) = Ze[5jcos ot +5j(j) sin wt]

= —5sin @t volts.

1.7.4 Reactance of capacitors and inductors

With this convention we can apply complex Ohm’s law cor-
rectly to circuits containing capacitors and inductors, just
as for resistors, once we know the reactance of a capacitor
or inductor. Let’s find out what these are. We begin with
a simple (co)sinusoidal voltage Vjcos @t applied across a
capacitor:

V(1) = Re(Vye!™).
Then, using [ = C(dV (t)/dt), we obtain

Vi Jjot
—VOCwsinwt:%e( 0,e )7
—j/oC
_ V()ej(‘or
R
( "

i.e., for a capacitor

1(1)

Zc =—j/oC (=-jXc);

Zc is the impedance of a capacitor at frequency w; it is
equal in magnitude to the reactance Xc = 1/@C that we
found earlier, but with a factor of —j that accounts for the
90° leading phase shift of current versus voltage. As an ex-
ample, a 1 uF capacitor has an impedance of —2653;Q at
60Hz, and —0.16Q at 1 MHz. The corresponding reac-
tances are 2653 Q and 0.16 Q.*! Its reactance (and also its
impedance) at dc is infinite.

If we did a similar analysis for an inductor, we would
find

ZL = j(OL (= jXL).

A circuit containing only capacitors and inductors always
has a purely imaginary impedance, meaning that the volt-
age and current are always 90° out of phase — it is purely
reactive. When the circuit contains resistors, there is also

41 Note the convention that the reactance Xc is a real number (the 90°
phase shift is implicit in the term “reactance”), but the corresponding
impedance is purely imaginary: Z = R — jX.
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a real part to the impedance. The term “reactance” in that
case means the imaginary part only.

1.7.5 Ohm’s law generalized

With these conventions for representing voltages and cur-
rents, Ohm’s law takes a simple form. It reads simply

1=V/Z,
V=12,

where the voltage represented by V is applied across a cir-
cuit of impedance Z, giving a current represented by I. The
complex impedance of devices in series or parallel obeys
the same rules as resistance:

7 =71+7Zy+7Z3+--- (series), (1.30)

1
Lol by
7, 71, 173

7 =

(parallel). (1.31)

Finally, for completeness we summarize here the formulas
for the impedance of resistors, capacitors, and inductors:

Zr =R (resistor),

Zc = —j/oC = 1/joC (capacitor), (1.32)

Z; = joL (inductor).

With these rules we can analyze many ac circuits by the
same general methods we used in handling dc circuits, i.e.,
application of the series and parallel formulas and Ohm’s
law. Our results for circuits such as voltage dividers will
look nearly the same as before. For multiply-connected
networks we may have to use Kirchhoff’s laws, just as with
dc circuits, in this case using the complex representations
for V and I: the sum of the (complex) voltage drops around
a closed loop is zero, and the sum of the (complex) cur-
rents into a point is zero. The latter rule implies, as with dc
circuits, that the (complex) current in a series circuit is the
same everywhere.

Exercise 1.25. Use the preceding rules for the impedance of de-
vices in parallel and in series to derive the formulas (1.17) and
(1.18) for the capacitance of two capacitors (a) in parallel and (b)
in series. Hint: in each case, let the individual capacitors have ca-
pacitances C; and C. Write down the impedance of the parallel or
series combination; then equate it to the impedance of a capacitor
with capacitance C. Then find C.

Let’s try out these techniques on the simplest circuit
imaginable, an ac voltage applied across a capacitor, which
we looked at earlier, in §1.7.1. Then, after a brief look at
power in reactive circuits (to finish laying the groundwork),

we’ll analyze (correctly, this time) the simple but extremely
important and useful RC lowpass and highpass filter cir-
cuits.

Imagine putting a 1 uF capacitor across a 115 volts
(rms) 60 Hz powerline. What current flows? Using com-
plex Ohm’s law, we have

Z=—j/oC.
Therefore, the current is given by
1=V/Z

The phase of the voltage is arbitrary, so let us choose V =
A,ie., V(t) = Acos wt, where the amplitude A = 115+/2 ~
163 volts. Then

I=jowCA ~ —0.061sin wt.

The resulting current has an amplitude of 61 mA (43 mA
rms) and leads the voltage by 90°. This agrees with our
previous calculation. More simply, we could have noticed
that the impedance of the capacitor is negative imaginary,
so whatever the absolute phase of V, the phase of I.,, must
lead by 90°. And in general the phase angle between cur-
rent and voltage, for any two-terminal RLC circuit, is equal
to the angle of the (complex) impedance of that circuit.

Note that if we wanted to know just the magnitude of
the current, and didn’t care what the relative phase was, we
could have avoided doing any complex algebra: if

A=B/C,
then
A=B/C,

where A, B, and C are the magnitudes of the respective
complex numbers; this holds for multiplication, also (see
Exercise 1.18). Thus, in this case,

I1=V/Z=wnCV.

This trick, which we used earlier (because we didn’t know
any better), is often useful.

Surprisingly, there is no power dissipated by the capaci-
tor in this example. Such activity won’t increase your elec-
tric bill; you’ll see why in the next section. Then we will
go on to look at circuits containing resistors and capacitors
with our complex Ohm’s law.

Exercise 1.26. Show that, if A = BC, then A = BC, where A, B,
and C are magnitudes. Hint: represent each complex number in
polar form, i.e., A = Ael?,
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Figure 1.94. The power delivered to a capacitor is zero over a full
sinusoidal cycle, owing to the 90° phase shift between voltage and
current.

1.7.6 Power in reactive circuits

The instantaneous power delivered to any circuit element
is always given by the product P = VI. However, in reac-
tive circuits where V and I are not simply proportional, you
can’t just multiply their amplitudes together. Funny things
can happen; for instance, the sign of the product can re-
verse over one cycle of the ac signal. Figure 1.94 shows
an example. During time intervals A and C, power is being
delivered to the capacitor (albeit at a variable rate), causing
it to charge up; its stored energy is increasing (power is the
rate of change of energy). During intervals B and D, the
power delivered to the capacitor is negative; it is discharg-
ing. The average power over a whole cycle for this example
is in fact exactly zero, a statement that is always true for
any purely reactive circuit element (inductors, capacitors,
or any combination thereof). If you know your trigonomet-
ric integrals, the next exercise will show you how to prove
this.

Exercise 1.27. Optional exercise: prove that a circuit whose cur-
rent is 90° out of phase with the driving voltage consumes no
power, averaged over an entire cycle.

How do we find the average power consumed by an ar-
bitrary circuit? In general, we can imagine adding up little
pieces of VI product, then dividing by the elapsed time. In
other words,

1 (T
P—2 / V(OI()d, (1.33)
T Jo
where T is the time for one complete cycle. Luckily, that’s
almost never necessary. Instead, it is easy to show that the
average power is given by

P = Re(VI) = Ze(V*T), (1.34)

where V and I are complex rms amplitudes (and an aster-
isk means complex conjugate — see the math review, Ap-
pendix A, if this is unfamiliar).

Let’s take an example. Consider the preceding circuit,
with a 1 volt (rms) sinewave driving a capacitor. We’ll do
everything with rms amplitudes, for simplicity. We have

V=1,

I= = joC,
—jjac ~ 7%

P = Re(VI') = Ze(—joC) = 0.

That is, the average power is zero, as stated earlier.

I/’ C
Vj cos wt R

Figure 1.95. Power and power factor in a series RC circuit.

As another example, consider the circuit shown in Fig-
ure 1.95. Our calculations go like this:

Z=R-L,
oC
V=1V,
- Y_ Vo _ Vo [R+ (j/@C)]
Z R—(j/oC) R*+(1/w?C?)’
VZR
P=Re(VI') = 0
‘)= e /o)

(In the third line we multiplied numerator and denominator
by the complex conjugate of the denominator in order to
make the denominator real.) The calculated power®? is less
than the product of the magnitudes of V and I. In fact, their
ratio is called the power factor:

Ve
VI =———T555—7,
ML [R2+ (1/w2C2)]1/2
power
power factor =
A

R

42 1t’s always a good idea to check limiting values: here we see that
P — V2R for large C; and for small C the magnitude of the current
[1] = Vo /Xc, or VooC, thus P — I’R = Voza)zCZR, in agreement at
both limits.
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in this case. The power factor is the cosine of the phase
angle between the voltage and the current, and it ranges
from O (purely reactive circuit) to 1 (purely resistive). A
power factor of less than 1 indicates some component of
reactive current.*> It’s worth noting that the power factor
goes to unity, and the dissipated power goes to V?/R, in
the limit of large capacitance (or of high frequency), where
the reactance of the capacitor becomes much less than R.

Exercise 1.28. Show that all the average power delivered to the
preceding circuit winds up in the resistor. Do this by computing
the value of V,% /R. What is that power, in watts, for a series circuit
of a 1 uF capacitor and a 1.0k resistor placed across the 115 volt
(rms), 60 Hz powerline?

Power factor is a serious matter in large-scale electrical
power distribution, because reactive currents don’t result in
useful power being delivered to the load, but cost the power
company plenty in terms of /2R heating in the resistance of
generators, transformers, and wiring. Although residential
users are billed only for “real” power [Ze(VI*)], the power
company charges industrial users according to the power
factor. This explains the capacitor yards that you see behind
large factories, built to cancel the inductive reactance of
industrial machinery (i.e., motors).

Exercise 1.29. Show that adding a series capacitor of value C =
1/®?L makes the power factor equal 1.0 in a series RL circuit.
Now do the same thing, but with the word “series” changed to
“parallel.”

1.7.7 Voltage dividers generalized

Our original voltage divider (Figure 1.6) consisted of a pair
of resistors in series to ground, input at the top and output
at the junction. The generalization of that simple resistive
divider is a similar circuit in which either or both resis-
tors are replaced with a capacitor or inductor (or a more
complicated network made from R, L, and C), as in Fig-
ure 1.96. In general, the division ratio Vyy/Vi, of such a di-
vider is not constant, but depends on frequency (as we have
already seen, in our approximate treatment of the lowpass
and highpass filters in §1.7.1). The analysis is straightfor-
ward:

Vin

Ztotal 7

ZLiga = L1 +1,

43 Or, for nonlinear circuits, it indicates that the current waveform is not
proportional to the voltage waveform. More on this in §9.7.1.

Vin ]

z

VOLIt

2,
L

Figure 1.96. Generalized voltage divider: a pair of arbitrary
impedances.

n Z1 +Z2

Vou =12, =V

Rather than worrying about this result in general, let’s look
at some simple (but very important) examples, beginning
with the RC highpass and lowpass filters we approximated
earlier.

1.7.8 RC highpass filters

We’ve seen that by combining resistors with capacitors
it is possible to make frequency-dependent voltage di-
viders, owing to the frequency dependence of a capacitor’s
impedance Zc = —j/@C. Such circuits can have the de-
sirable property of passing signal frequencies of interest
while rejecting undesired signal frequencies. In this sub-
section and the next we revisit the simple lowpass and
highpass RC filters, correcting the approximate analysis
of §1.7.1; though simple, these circuits are important and
widely used. Chapter 6 and Appendix E describe filters of
greater sophistication.

Referring back to the classic RC highpass filter (Fig-
ure 1.92), we see that the complex Ohm’s law (or the com-
plex voltage-divider equation) gives

R R(R+j/oC)
R—j/oC "R+ (1/w2C?)’

Vout = Vin

(For the last step, multiply top and bottom by the complex
conjugate of the denominator.) Most often we don’t care
about the phase of Vg, just its amplitude:
Vout = (Voutvzu[)l/z
R+ (1)) 2
Note the analogy to a resistive divider, where
Vour = — 2y,
out — Rl +R2 m-

Here the impedance of the series RC combination



Art of Electronics Third Edition

1.7.8. RC highpass filters 49

C

o—|

Figure 1.97. Input impedance of unloaded highpass filter.

jz

~i/wC ¢ = tan™ (‘1_“’0)

Ziotal = R—j/wC

Figure 1.98. Impedance of series RC.

I
wagg =1/RC w

Figure 1.99. Frequency response of highpass filter. The corre-
sponding phase shift goes smoothly from +90° (at @ = 0), through
+45° (at m34p), 1o 0° (at @ = =), analogous to the lowpass filter’s
phase shift (Figure 1.104).

(Figure 1.97) is as shown in Figure 1.98. So the “response”
of this circuit, ignoring phase shifts by taking magnitudes
of the complex amplitudes, is given by
Rk
[R2+(1/w2C?)]'/2

_ 2w fRC :
I+ @rfROP2 T

Vout =

(1.35)

and looks as shown in Figure 1.99 (and earlier in Fig-
ure 1.91).

Note that we could have gotten this result immediately
by taking the ratio of the magnitudes of impedances, as in
Exercise 1.26 and the example immediately preceding it;
the numerator is the magnitude of the impedance of the
lower leg of the divider (R), and the denominator is the
magnitude of the impedance of the series combination of R
and C.

As we noted earlier, the output is approximately equal
to the input at high frequencies (how high? @ 2> 1/RC)
and goes to zero at low frequencies. The highpass filter is
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Figure 1.100. A: Reactance of inductors and capacitors versus
frequency; all decades are identical, except for scale. B: A single
decade from part A expanded, with standard 20% component val-
ues (EIA “E6”) shown.

very common; for instance, the input to the oscilloscope
can be switched to “ac coupling.” That’s just an RC high-
pass filter with the bend at about 10 Hz (you would use ac
coupling if you wanted to look at a small signal riding on
a large dc voltage). Engineers like to refer to the —3 dB
“breakpoint” of a filter (or of any circuit that behaves like
a filter). In the case of the simple RC high-pass filter, the
—3 dB breakpoint is given by

f3dB = 1/27'L'RC

You often need to know the impedance of a capaci-
tor at a given frequency (e.g., for the design of filters).
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0.01pF
o
1.0k

Figure 1.101. Highpass filter example.

Figure 1.100 provides a very useful graph covering large
ranges of capacitance and frequency, giving the value of
|Z| =12rnfC.

As an example, consider the filter shown in Fig-
ure 1.101. It is a highpass filter with the 3 dB point** at
15.9kHz. The impedance of a load driven by it should be
much larger than 1.0k in order to prevent circuit loading
effects on the filter’s output, and the driving source should
be able to drive a 1.0k load without significant attenuation
(loss of signal amplitude) in order to prevent circuit load-
ing effects by the filter on the signal source (recall §1.7.1D
for worst-case source and load impedances of RC filters).

1.7.9 RC lowpass filters

Revisiting the lowpass filter, in which you get the opposite

frequency behavior by interchanging R and C (Figure 1.90,

repeated here as Figure 1.102), we find the accurate result
1

Vout = (1 +w2R2C2)1/2 Vin

(1.36)
as seen in Figure 1.103 (and earlier in Figure 1.91). The
3dB point is again at a frequency® f = 1/27RC. Lowpass
filters are quite handy in real life. For instance, a lowpass
filter can be used to eliminate interference from nearby
radio and television stations (0.5-800 MHz), a problem
that plagues audio amplifiers and other sensitive electronic
equipment.

Ving\/\/\’T Vout
N

Figure 1.102. Lowpass filter.

Exercise 1.30. Show that the preceding expression for the re-
sponse of an RC lowpass filter is correct.

44 One often omits the minus sign when referring to the —3 dB point.

45 As mentioned in §1.7.1A, we often like to define the breakpoint fre-
quency wp=1/RC, and work with frequency ratios @/ay. Then a use-
ful form for the denominator in eq’n 1.36 is /1 + (®/yp)?. The same
applies to eq’n 1.35, where the numerator becomes ®/ @.

I
wzqg =1/RC w

Figure 1.103. Frequency response of lowpass filter.

The lowpass filter’s output can be viewed as a signal
source in its own right. When driven by a perfect ac voltage
(zero source impedance), the filter’s output looks like R at
low frequencies (the perfect signal source can be replaced
with a short, i.e., by its small-signal source impedance, for
the purpose of impedance calculations). It drops to zero
impedance at high frequencies, where the capacitor dom-
inates the output impedance. The signal driving the filter
sees a load of R plus the load resistance at low frequencies,
dropping to just R at high frequencies. As we remarked in
§1.7.1D, the worst-case source impedance and the worst-
case load impedance of an RC filter (lowpass or highpass)
are both equal to R.

-

% ¢ = —tan™1(f/fc)

o fife &

8 0 0

o 0.1 -5.7°
0.2 -11.3°
0.25 -14°
0.5 -26.5°
1.0 -45°

~0.6°

-90°
fe 101,

Vout
Vin

—-6dB/octave \_~1/f

0.01 - -20dB/decade
0001 1 1 1 ]
0.01f, 0.1f, fe 101, 100f1,

Figure 1.104. Frequency response (phase and amplitude) of low-
pass filter plotted on logarithmic axes. Note that the phase shift is
—45° at the —3 dB point and is within 6° of its asymptotic value for
a decade of frequency change.
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In Figure 1.104, we’ve plotted the same lowpass filter
response with logarithmic axes, which is a more common
way that it’s done. You can think of the vertical axis as
decibels, and the horizontal axis as octaves (or decades).
On such a plot, equal distances correspond to equal ra-
tios. We’ve also plotted the phase shift, using a linear ver-
tical axis (degrees) and the same logarithmic frequency
axis. This sort of plot is good for seeing the detailed re-
sponse even when it is greatly attenuated (as at right); we’ll
see a number of such plots in Chapter 6, when we treat
active filters. Note that the filter curve plotted here be-
comes a straight line at large attenuations, with a slope of
—20dB/decade (engineers prefer to say “—6 dB/octave”).
Note also that the phase shift goes smoothly from 0° (at fre-
quencies well below the breakpoint) to —90° (well above
it), with a value of —45° at the —3dB point. A rule of
thumb for single-section RC filters is that the phase shift
is /& 6° from its asymptotic value at 0.1 f3gg and at 10 f345.

Exercise 1.31. Prove the last assertion.

An interesting question is the following: is it possible
to make a filter with some arbitrary specified amplitude re-
sponse and some other arbitrary specified phase response?
Surprisingly, the answer is no: the demands of causality
(i.e., that response must follow cause, not precede it) force
a relationship between phase and amplitude response of re-
alizable analog filters (known officially as the Kramers—
Kronig relation).

1.7.10 RC differentiators and integrators in the
frequency domain

The RC differentiator that we saw in §1.4.3 is exactly the
same circuit as the highpass filter in this section. In fact, it
can be considered as either, depending on whether you’re
thinking of waveforms in the time domain or response
in the frequency domain. We can restate the earlier time-
domain condition for its proper operation (dVoy<<dV;,) in
terms of the frequency response: for the output to be small
compared with the input, the signal frequency (or frequen-
cies) must be well below the 3dB point. This is easy to
check: suppose we have the input signal Vi, = sin @z. Then,
using the equation we obtained earlier for the differentiator
output, we have

d
Vout = RCE sinwt = WRCcos wt,

and so dVy,<dVy, if ®RC < 1, i.e., RC < 1/w. If the
input signal contains a range of frequencies, this must hold
for the highest frequencies present in the input.

The RC integrator (§1.4.4) is the same circuit as the low-
pass filter; by similar reasoning, the criterion for a good in-
tegrator is that the lowest signal frequencies must be well
above the 3 dB point.

1.7.11 Inductors versus capacitors

Instead of capacitors, inductors can be combined with re-
sistors to make lowpass (or highpass) filters. In practice,
however, you rarely see RL lowpass or highpass filters. The
reason is that inductors tend to be more bulky and expen-
sive and perform less well (i.e., they depart further from
the ideal) than capacitors (see Chapter /x). If you have a
choice, use a capacitor. One important exception to this
general statement is the use of ferrite beads and chokes in
high-frequency circuits. You just string a few beads here
and there in the circuit; they make the wire interconnec-
tions slightly inductive, raising the impedance at very high
frequencies and preventing oscillations, without the added
series resistance you would get with an RC filter. An RF
choke is an inductor, usually a few turns of wire wound
on a ferrite core, used for the same purpose in RF circuits.
Note, however, that inductors are essential components in
(a) LC tuned circuits (§1.7.14), and (b) switch-mode power
converters (§9.6.4).

1.7.12 Phasor diagrams

There’s a nice graphical method that can be helpful when
we are trying to understand reactive circuits. Let’s take an
example, namely, the fact that an RC filter attenuates 3 dB
at a frequency f = 1/2nRC, which we derived in §1.7.8.
This is true for both highpass and lowpass filters. It is easy
to get a bit confused here, because at that frequency the re-
actance of the capacitor equals the resistance of the resis-
tor; so you might at first expect 6 dB attenuation (a factor
of 1/2 in voltage). That is what you would get, for example,
if you were to replace the capacitor with a resistor of the
same impedance magnitude. The confusion arises because
the capacitor is reactive, but the matter is clarified by a pha-
sor diagram (Figure 1.105). The axes are the real (resistive)
and imaginary (reactive) components of the impedance. In
a series circuit like this, the axes also represent the (com-
plex) voltage, because the current is the same everywhere.
So for this circuit (think of it as an RC voltage divider)
the input voltage (applied across the series RC pair) is pro-
portional to the length of the hypotenuse, and the output
voltage (across R only) is proportional to the length of the
R leg of the triangle. The diagram represents the situation
at the frequency where the capacitor’s reactance equals R,
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i.e., f =1/27RC, and shows that the ratio of output voltage
to input voltage is 1/v/2, i.e., —3dB.

V4

resistive divider:
Ry=R,=R (-6dB)

RC filter at -3dB point
A. B.

Figure 1.105. Phasor diagram for lowpass filter at 3 dB point.

The angle between the vectors gives the phase shift from
input to output. At the 3dB point, for instance, the out-
put amplitude equals the input amplitude divided by the
square root of 2, and it leads by 45° in phase. This graph-
ical method makes it easy to read off amplitude and phase
relationships in RLC circuits. You can use it, for example,
to get the response of the highpass filter that we previously
derived algebraically.

Exercise 1.32. Use a phasor diagram to derive the response of an
RC high-pass filter: Vou = VinR//R? + (1/02C?2).

Exercise 1.33. At what frequency does an RC lowpass filter at-
tenuate by 6 dB (output voltage equal to half the input voltage)?
What is the phase shift at that frequency?

Exercise 1.34. Use a phasor diagram to obtain the lowpass filter
response previously derived algebraically.

In the next chapter (§2.2.8) we’ll see a nice example of
phasor diagrams in connection with a constant-amplitude
phase-shifting circuit.

1.7.13 “Poles” and decibels per octave

Look again at the response of the RC lowpass filter
(Figures 1.103 and 1.104). Far to the right of the “knee”
the output amplitude is dropping proportional to 1/f. In
one octave (as in music, one octave is twice the frequency)
the output amplitude will drop to half, or —6dB; so a
simple RC filter has a 6 dB/octave falloff. You can make
filters with several RC sections; then you get 12 dB/octave
(two RC sections), 18dB/octave (three sections), and
so on. This is the usual way of describing how a filter
behaves beyond the cutoff. Another popular way is to say
a “three-pole filter,” for instance, meaning a filter with
three RC sections (or one that behaves like one). (The
word “pole” derives from a method of analysis that is
beyond the scope of this book and that involves complex

transfer functions in the complex frequency plane, known
by engineers as the “s-plane.” This is discussed in the
advanced volume, in Chapter /x.)

A caution on multistage filters: you can’t simply cas-
cade several identical filter sections in order to get a fre-
quency response that is the concatenation of the individual
responses. The reason is that each stage will load the pre-
vious one significantly (since they’re identical), changing
the overall response. Remember that the response func-
tion we derived for the simple RC filters was based on a
zero-impedance driving source and an infinite-impedance
load. One solution is to make each successive filter sec-
tion have much higher impedance than the preceding one.
A better solution involves active circuits like transistor or
operational amplifier (op-amp) interstage “buffers,” or ac-
tive filters. These subjects will be treated in Chapters 2—4,
6, and 13.

1.7.14 Resonant circuits

When capacitors are combined with inductors or are used
in special circuits called active filters, it is possible to make
circuits that have very sharp frequency characteristics (e.g.,
a large peak in the response at a particular frequency),
compared with the gradual characteristics of the RC filters
we’ve seen so far. These circuits find applications in vari-
ous audio and RF devices. Let’s now take a quick look at
LC circuits (there will be more on them, and active filters,
in Chapter 6 and in Appendix E).

A. Parallel and series LC circuits

R
Vin Vout

Figure 1.106. LC resonant circuit: bandpass filter.

First, consider the circuit shown in Figure 1.106. The
impedance of the LC combination at frequency f is just
1 1 1 1 wC
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In combination with R it forms a voltage divider. Because 10
of the opposite behaviors of inductors and capacitors, the R

Vin Vout

impedance of the parallel LC goes to infinity at the resonant
frequency

fo=1/2nVLC

(i.e., @y = 1/+/LC), giving a peak in the response there.
The overall response is as shown in Figure 1.107.

(1.37)

., 61% (1/e in energy)
37% (1/e in voltage)
1.0 e
t—
Vout —> l«— Af3dB (time domain)
Vin = fo
AfaqB
(frequency domain)
1
fo=1/(2m/LC) f

Figure 1.107. Frequency response of parallel LC “tank” circuit. The
inset shows the time-domain behavior: a damped oscillation (“ring-
ing”) waveform following an input voltage step or pulse.

In practice, losses in the inductor and capacitor limit the
sharpness of the peak, but with good design these losses
can be made very small. Conversely, a Q-spoiling resistor
is sometimes added intentionally to reduce the sharpness
of the resonant peak. This circuit is known simply as a par-
allel LC resonant circuit (or “tuned circuit,” or “tank’) and
is used extensively in RF circuits to select a particular fre-
quency for amplification (the L or C can be variable, so
you can tune the resonant frequency). The higher the driv-
ing impedance, the sharper the peak; it is not uncommon to
drive them with something approaching a current source,
as you will see later. The quality factor Q is a measure of
the sharpness of the peak. It equals the resonant frequency
divided by the width at the —3 dB points. For a parallel
RLC circuit, Q = wyRC.*°

Another variety of LC circuit is the series LC (Fig-
ure 1.108). By writing down the impedance formulas in-
volved, and assuming that both the capacitor and inductor
are ideal, i.e., that they have no resistive losses,*’ you can
convince yourself that the impedance of the LC goes to zero

46 O, equivalently, Q = R/Xc = R/X1., where X;, = Xc are the reactances
at @y.

47 We’ll see in Chapter /x that real components depart from the ideal,
often expressed in terms of an effective series resistance, ESR.

1.0

,\
Reactance (X/Xo)

C 0.1
L R Sans
- 0.1fo fo 10fo
Frequency

Figure 1.108. LC notch filter (“trap”). The inductive and capacitive
reactances behave as shown, but the opposite sign of their com-
plex impedances causes the series impedance to plummet. For
ideal components the reactance of the series LC goes completely
to zero at resonance; for real-world components the minimum is
non-zero, and usually dominated by the inductor.

90°
60°L
300k
0°
-30°-
—60°-
-90°L

Phase shift

10

O:
c
-

X
=1

fo=1/(2‘71\/E) (linear scale)
Figure 1.109. Frequency and phase response of the series LC
trap. The phase changes abruptly at resonance, an effect seen in
other resonator types (see for example Figure 7.36).

at resonance (fo =1/ 27v/LC). Such a circuit is a “trap” for
signals at or near the resonant frequency, shorting them to
ground. Again, this circuit finds application mainly in RF
circuits. Figure 1.109 shows what the response looks like.
The Q of a series RLC circuit is Q = ayL/R.*® To see the
impact of increasing Q, look at the accurate plots of tank
and notch response in Figure 1.110.

48 0O, equivalently, O = X1 /R = Xc /R, where X, = Xc are the reactances
at ay.
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Vout/Vin

0 0.5 1 1.5 2
Normalized Frequency (f/fo)

Figure 1.110. Response of LC tank (dotted curves) and trap (solid
curves) for several values of quality factor, Q.

Exercise 1.35. Find the response (Vou/Vin versus frequency) for
the series LC trap circuit in Figure 1.108.

These descriptions of LC resonant circuits are phrased
in terms of frequency response, i.e., in the frequency do-
main. In the time domain you’re generally interested in a
circuit’s response to pulses, or steps; there you see the sort
of behavior shown in the inset of Figure 1.107, an LC cir-
cuit with 0=20. The signal voltage falls to 1/e (37%) in
Q/ 7 cycles; the stored energy (proportional to v2) falls to
1/e (61% in amplitude) in Q/27 cycles. You may prefer to
think in radians: the energy falls to 1/e¢ in Q radians, and
the voltage falls to 1/e in 2Q radians. LC resonant circuits
are not unique in providing highly frequency-selective cir-
cuit behavior; alternatives include quartz-crystal, ceramic,
and surface acoustic-wave (SAW) resonators; transmission
lines; and resonant cavities.

1.7.15 LC filters

By combining inductors with capacitors you can produce
filters (lowpass, highpass, bandpass) with far sharper be-
havior in frequency response than you can with a filter
made from a simple RC, or from any number of cascaded
RC sections. We’ll see more of this, and the related topic
of active filters, in Chapter 6. But it’s worth admiring now
how well this works, to appreciate the virtue of the humble
inductor (an often-maligned circuit component).

As an example, look at Figure 1.111, a photograph
of a “mixer-digitizer” circuit board that we built for a
project some years back (specifically, a radio receiver with
250 million simultaneous channels). There’s lots of stuff on
the board, which has to frequency-shift and digitize three

— digital

j outputs

LC lowpass filter

Figure 1.111. There are six LC lowpass filters on this circuit board,
part of the process of frequency conversion and digitizing for which
this “mixer-digitizer’ was designed.

RF bands; its design could occupy a book chapter. For now
just gaze at the lumpy filter in the oval (there are five more
on the board), comprising three inductors (the square metal
cans) and four capacitors (the pairs of shiny oblongs). It’s
a lowpass filter, designed to cut off at 1.0 MHz; it prevents
‘aliases” in the digitized output, a subject we’ll visit in
Chapter 13.

How well does it work? Figure 1.112 shows a “fre-
quency sweep,” in which a sinewave input goes from
0Hz to 2MHz as the trace goes from left to right across
the screen. The sausage shapes are the “envelope” of the
sinewave output, here comparing the LC filter with an
RC lowpass filter with the same 1 MHz cutoff (1 kQ and
160 pF). The LC wins, hands down. The RC is pathetic by
comparison. It’s not even good English to call 1 MHz its
“cutoff”: it hardly cuts anything off.

1.7.16 Other capacitor applications

In addition to their uses in filters, resonant circuits, differ-
entiators, and integrators, capacitors are needed for several
other important applications. We treat these in detail later
in the book, mentioning them here only as a preview.

A. Bypassing

The impedance of a capacitor decreases with increasing
frequency. This is the basis of another important appli-
cation: bypassing. There are places in circuits where you
want to allow a dc voltage, but you don’t want signals
present. Placing a capacitor across that circuit element
(usually a resistor) will help to kill any signals there.
You choose the (noncritical) capacitor value so that its
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7-section

filter

RC
lowpas
filter

0 1MHz 2MHz

input frequency

Figure 1.112. Frequency sweep of the LC lowpass filter shown in
Figure 1.111 compared with an RC lowpass filter with the same
1 MHz cutoff frequency. The dark outline is the amplitude envelope
of the fast swept sinewave, which achieves a sandpaper appear-
ance in this digital 'scope capture.

impedance at signal frequencies is small compared with
what it is bypassing. You will see much more of this in
later chapters.

B. Power-supply filtering

We saw this application in §1.6.3, to filter the ripple from
rectifier circuits. Although circuit designers often call them
filter capacitors, this is really a form of bypassing, or en-
ergy storage, with large-value capacitors; we prefer the
term storage capacitor. And these capacitors really are
large — they’re the big shiny round things you see in-
side most electronic instruments. We’ll get into dc power-
supply design in detail in Chapter 9.

C. Timing and waveform generation

As we’ve seen, a capacitor supplied with a constant current
charges up with a ramp waveform. This is the basis of ramp
and sawtooth generators, used in analog function gener-
ators, oscilloscope sweep circuits, analog—digital convert-
ers, and timing circuits. RC circuits are also used for tim-
ing, and they form the basis of delay circuits (monostable
multivibrators). These timing and waveform applications
are important in many areas of electronics and will be cov-
ered in Chapters 3, 6, 10, and 11.

1.7.17 Thévenin’s theorem generalized

When capacitors and inductors are included, Thévenin’s
theorem must be restated: any two-terminal network of re-
sistors, capacitors, inductors, and signal sources is equiva-
lent to a single complex impedance in series with a single
signal source. As before, you find the (complex) impedance

and the signal source (waveform, amplitude, and phase)
from the open-circuit output voltage and the short-circuit
output current.

1.8 Putting it all together — an AM radio

In our circuit course we tie together the topics of this
chapter by hooking up a simple AM radio. The signal
that’s transmitted is a sinewave at the station’s frequency
in the AM band (520-1720 kHz), with its amplitude var-
ied (“modulated”) according to the audio waveform (Fig-
ure 1.113). In other words, an audio waveform described
by some function f(¢) would be transmitted as a RF signal
[A + f(r)]sin27f.t; here f. is the station’s “carrier” fre-
quency, and the constant A is added to the audio waveform
so that the coefficient [A + f(¢)] is never negative.

T\ the audiofrequency
waveform
(20Hz ~ 5kHz)

the modulated
radiofrequency carrier

(~1MHz)
Figure 1.113. An AM signal consists of an RF carrier (~1MHz)
whose amplitude is varied by the audio-frequency signal (speech
or music; audible frequencies up to ~5kHz). The audio waveform
is dc offset so that the envelope does not cross zero.

At the receiver end (that’s us!) the task is to select this
station (among many) and somehow extract the modulating
envelope, which is the desired audio signal. Figure 1.114
shows the simplest AM radio; it is the “crystal set” of
yesteryear. It’s really quite straightforward: the parallel LC
resonant circuit is tuned to the station’s frequency by the
variable capacitor C; (§1.7.14); the diode D is a half-wave
rectifier (§1.6.2), which (if ideal) would pass only the pos-
itive half-cycles of the modulated carrier; and R provides
a light load, so that the rectified output follows the half-
cycles back down to zero. We’re almost done. We add small
capacitor C, to prevent the output from following the fast
half-cycles of carrier (it’s a storage capacitor, §1.7.16B),
choosing the time constant R{C; to be long compared with
a carrier period (~1 us), but short compared with the pe-
riod of the highest audio frequency (~200 us).

Figures 1.115 and 1.116 show what you see when you
probe around with a ’scope. The bare antenna shows plenty
of low-frequency pickup (mostly 60 Hz ac powerline), and
a tiny bit of signal from all the AM stations at once. But
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Figure 1.114. The simplest AM receiver. Variable capacitor C,
tunes the desired station, diode D picks off the positive envelope
(smoothed by R;(,), and the resulting weak audio signal is ampli-
fied to drive the loudspeaker, loudly.

Y

——t

when you connect it to the LC resonant circuit, all the low-
frequency stuff disappears (because the LC looks like a
very low impedance, Figure 1.107) and it sees only the se-
lected AM station. What’s interesting here is that the am-
plitude of the selected station is much larger with the LC
attached than with nothing connected to the antenna: that’s
because the resonant circuit’s high Q is storing energy from
multiple cycles of the signal.*’

antenna

(open-ckt) ‘EW

antenna
(parallel LC —
to ground) =

Figure 1.115. Observed waveforms at point “X” from the bare an-
tenna (top) and with the LC connected. Note that the low-frequency
junk disappears and that the radio signal gets larger. These are
single-shot traces, in which the ~1 MHz radiofrequency carrier ap-
pears as a solid filled area. Vertical: 1 V/div; horizontal: 4 ms/div.

The audio amplifier is fun, too, but we’re not ready for
it. We’ll see how to make one of those in Chapter 2 (with
discrete transistors), and again in Chapter 4 (with opera-
tional amplifiers, the Lego™ block of analog design).

49 There are more complicated ways of framing this, but you don’t really
want to know just yet. ..

point “X” —

point “Y”

point “X” —

Figure 1.116. Observed waveforms at point “Y” with R; only (top)
and with smoothing capacitor C, included (bottom). The upper pair
is a single-shot capture (with the ~1MHz carrier appearing as
solid black), and the lower pair is a separate single-shot capture, in
which we have offset the rectified wave for clarity. Vertical: 1 V/div;
horizontal: 1 ms/div.

And one amusing final note: in our class, we like to
show the effect of probing point “X” with a length of BNC
(bayonet Neill-Concelman) cable going to a ’scope input
(that’s how we start out, in the first week). When we do
that, the cable’s capacitance (about 30 pF/ft) adds to Cy,
lowering the resonant frequency and so tuning to a differ-
ent station. If we choose right, it changes languages (from
English to Spanish)! The students howl with laughter — a
language-translating electronic component. Then we use
an ordinary ’scope probe, with its ~10 pF of capacitance:
no change of station, nor of language.

1.9 Other passive components

In the following subsections we would like to introduce
briefly an assortment of miscellaneous but essential com-
ponents. If you are experienced in electronic construction,
you may wish to proceed to the next chapter.

1.9.1 Electromechanical devices: switches

These mundane but important devices seem to wind up in
most electronic equipment. It is worth spending a few para-
graphs on the subject (and there’s more in Chapter /x). Fig-
ures 1.117 and 1.118 show some common switch types.

A. Toggle switches

The simple toggle switch is available in various configu-
rations, depending on the number of poles; Figure 1.119
shows the usual ones (SPST indicates a single-pole single-
throw switch, SPDT indicates a single-pole double-throw
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Figure 1.117. Switch Smorgasbord. The nine switches at right are momentary-contact (“pushbutton”) switches, including both panel-
mounting and PCB-mounting types (PCB, printed-circuit board). To their left are additional types, including lever-actuated and multipole
styles. Above them are a pair of panel-mounting binary-coded thumbwheel switches, to the left of which is a matrix-encoded hexadecimal
keypad. The switches at center foreground are toggle switches, in both panel-mounting and PCB-mounting varieties; several actuator
styles are shown, including a locking variety (fourth from front) that must be pulled before it will switch. The rotary switches in the left
column illustrate binary-coded types (the three in front and the larger square one), and the traditional multipole—multiposition configurable
wafer switches.

Figure 1.118. Board-mounted “DIP switches.” Left group, front to back and left to right (all are SPST): single station side-action toggle;
three-station side-action, two-station rocker, and single-station slide; eight-station slide (low-profile) and six-station rocker; eight-station
slide and rocker. Middle group (all are hexadecimal coded): six-pin low-profile, six-pin with top or side adjust; 16-pin with true and com-
plement coding. Right group: 2 mmx2 mm surface-mount header block with movable jumper (“shunt”), 0.1”x0.1” (2.54 mmx2.54 mm)
through-hole header block with shunts; 18-pin SPDT (common actuator); eight-pin dual SPDT slide and rocker; 16-pin quad SPDT slide
(two examples).
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switch, and DPDT indicates a double-pole double-throw
switch). Toggle switches are also available with “center
OFF” positions and with up to four poles switched simulta-
neously. Toggle switches are always “break before make,”
e.g., the moving contact never connects to both terminals
in an SPDT switch.

O_
o7
o | o—
SPST : c
O_
SPDT :/I
o_
DPDT
Figure 1.119. Fundamental switch types.
L6 L b o
]
T 9 T 7 o
form A, NO form B, NC form C, SPDT

Figure 1.120. Momentary-contact (pushbutton) switches.

B. Pushbutton switches

Pushbutton switches are useful for momentary-contact ap-
plications; they are drawn schematically as shown in Fig-
ure 1.120 (NO and NC mean normally open and normally
closed). For SPDT momentary-contact switches, the ter-
minals must be labeled NO and NC, whereas for SPST
types the symbol is self-explanatory. Momentary-contact
switches are always “break before make.” In the electrical
(as opposed to electronic) industry, the terms form A, form
B, and form C are used to mean SPST (NO), SPST (NC),
and SPDT, respectively.

C. Rotary switches
Rotary switches are available with many poles and many
positions, often as kits with individual wafers and shaft
hardware. Both shorting (make-before-break) and non-
shorting (break-before-make) types are available, and they
can be mixed on the same switch. In many applications the
shorting type is useful to prevent an open circuit between
switch positions, because circuits can go amok with un-
connected inputs. Nonshorting types are necessary if the
separate lines being switched to one common line must not
ever be connected to each other.

Sometimes you don’t really want all those poles, you
just want to know how many clicks (detents) the shaft has
been turned. For that a common form of rotary switch en-

codes its position as a 4-bit binary quantity, thereby saving
lots of wires (only five are needed: the four bits, and a com-
mon line). An alternative is the use of a rotary encoder, an
electromechanical panel-mounting device that creates a se-
quence of N pulse pairs for each full rotation of the knob.
These come in two flavors (internally using either mechan-
ical contacts or electro-optical methods), and typically pro-
vide from 16 to 200 pulse pairs per revolution. The optical
varieties cost more, but they last forever.

D. PC-mounting switches

It’s common to see little arrays of switches on printed-
circuit (PC) boards, like the ones shown in Figure 1.118.
They’re often called DIP switches, referring to the inte-
grated circuit dual in-line package that they borrow, though
contemporary practice increasingly uses the more compact
surface-mount technology (SMT) package. As the photo-
graph illustrates, you can get coded rotary switches; and
because these are used for set-and-forget internal settings,
you can substitute a multipin header block, with little slide-
on “shunts” to make the connections.

E. Other switch types

In addition to these basic switch types, there are available
various exotic switches such as Hall-effect switches, reed
switches, proximity switches, etc. All switches carry max-
imum current and voltage ratings; a small toggle switch
might be rated at 150 volts and 5 amps. Operation with
inductive loads drastically reduces switch life because of
arcing during turn-off. It’s always OK to operate a switch
below its maximum ratings, with one notable exception:
since many switches rely on substantial current flow to
clean away contact oxides, it’s important to use a switch
that is designed for “dry switching” when switching low-
level signals;>® otherwise you’ll get noisy and intermittent
operation (see Chapter /x).

F. Switch examples

As an example of what can be done with simple switches,
let’s consider the following problem: suppose you want to
sound a warning buzzer if the driver of a car is seated and
one of the car doors is open. Both doors and the driver’s
seat have switches, all normally open. Figure 1.121 shows
a circuit that does what you want. If one OR the other
door is open (switch closed) AND the seat switch is closed,
the buzzer sounds. The words OR and AND are used in a
logic sense here, and we will see this example again in

50 These use gold contact plating.
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Figure 1.121. Switch circuit example: open door warning.

Chapters 2, 3, and 10 when we talk about transistors and
digital logic.

Figure 1.122 shows a classic switch circuit used to turn
a ceiling lamp on or off from a switch at either of two en-
trances to a room.

115Vac

Figure 1.122. Electrician’s “three-way” switch wiring.

Exercise 1.36. Although few electronic circuit designers know
how, every electrician can wire up a light fixture so that any of
N switches can turn it on or off. See if you can figure out this
generalization of Figure 1.122. It requires two SPDT switches
and N—2 DPDT switches.

1.9.2 Electromechanical devices: relays

Relays are electrically controlled switches. In the tradi-
tional electromechanical relay, a coil pulls in an arma-
ture (to close the contacts) when sufficient coil current
flows. Many varieties are available, including “latching”
and “stepping” relays.’! Relays are available with dc or ac

31 In an amusing historical footnote, the stepping relay used for a century
as the cornerstone of telephone exchanges (the “Strowger selector”)
was invented by a Topeka undertaker, Almon Strowger, evidently be-
cause he suspected that telephone calls intended for his business were
being routed (by the switchboard operators in his town) to a funeral
home competitor.

excitation, and coil voltages from 3 volts up to 115 volts
(ac or dc) are common. “Mercury-wetted” and “reed” re-
lays are intended for high-speed (~1 ms) applications, and
giant relays intended to switch thousands of amps are used
by power companies.

The solid-state relay (SSR) — consisting of a semicon-
ductor electronic switch that is turned on by a LED — pro-
vides better performance and reliability than mechanical
relays, though at greater cost. SSRs operate rapidly, with-
out contact “bounce,” and usually provide for smart switch-
ing of ac power (they turn on at the moment of zero volt-
age, and they turn off at the moment of zero current). Much
more on these useful devices in Chapter 12.

As we’ll learn, electrically controlled switching of sig-
nals within a circuit can be accomplished with transistor
switches, without having to use relays of any sort (Chap-
ters 2 and 3). The primary uses of relays are in remote
switching and high-voltage (or high-current) switching,
where it is important to have complete electrical isolation
between the control signal and the circuit being switched.

1.9.3 Connectors

Bringing signals in and out of an instrument, routing signal
and dc power around between the various parts of an in-
strument, providing flexibility by permitting circuit boards
and larger modules of the instrument to be unplugged (and
replaced) — these are the functions of the connector, an es-
sential ingredient (and usually the most unreliable part) of
any piece of electronic equipment. Connectors come in a
bewildering variety of sizes and shapes.’? Figures 1.123,
1.124, and 1.125 give some idea of the variety.

A. Single-wire connectors

The simplest kind of connector is the simple pin jack or
banana jack used on multimeters, power supplies, etc. It is
handy and inexpensive, but not as useful as the shielded-
cable or multiwire connectors you often need. The humble
binding post is another form of single-wire connector, no-
table for the clumsiness it inspires in those who try to use
1t.

B. Shielded-cable connectors

To prevent capacitive pickup, and for other reasons we’ll go
into in Appendix H, it is usually desirable to pipe signals
around from one instrument to another in shielded coaxial
cable. The most popular connector is the BNC type that

52 A search for “connector” on the DigiKey website returns 116 cate-
gories, with approximately 43,000 individual varieties in stock.
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Figure 1.123. Rectangular connectors. The variety of available multipin connectors is staggering. Here is a collection of common speci-
mens: the five connectors at lower left are multipin nylon power connectors (sometimes called Molex-type for historical reasons). Above
them are four dual-row box headers (0.1” spacing, shown with and without latch ejectors, and also with Wire-Wrap® and right-angle
tails), and to their right an open (“unshrouded”) 0.1” dual-row header, along with a pair of dual-row headers of finer pitch (2 mm and
1.27 mm). These dual-row male connectors mate with insulation displacement connectors (IDC) such as the one shown attached to a
short length of ribbon cable (just above the unshrouded header). Just below the ribbon are shown single-row 0.1” headers, with mating
shells (AMP MODU) that accept individual wire leads. At bottom right are several terminal blocks used for power wiring, and four “Faston”-
type crimpable spade lugs. Above them are USB connectors, and to their left are the common RJ-45 and RJ-11 modular telephone/data
connectors. The popular and reliable D-subminiature connectors are at center, including (right to left) a pair of 50-pin micro-D (cable plug,
PCB socket), the 9-pin D-sub, 26-pin high-density, and a pair of 25-pin D-subs (one IDC). Above them are (right to left) a 96-pin VME
backplane connector, a 62-pin card-edge connector with solder tails, a “Centronics-type” connector with latching bail, and a card-edge
connector with ribbon IDC. At top left is a miscellany — a mating pair of “GR-type” dual banana connectors, a mating pair of Cinch-type
connectors, a mating pair of shrouded Winchester-type connectors with locking jackscrews, and (to their right) a screw-terminal barrier
block. Not shown here are the really tiny connectors used in small portable electronics (smartphones, cameras, etc); you can see a fine
example in Figure 1.131.

adorns most instrument front panels. It connects with a
quarter-turn twist and completes both the shield (ground)
circuit and inner conductor (signal) circuit simultaneously.
Like all connectors used to mate a cable to an instrument,
it comes in both panel-mounting and cable-terminating va-
rieties.

Among the other connectors for use with coaxial ca-
ble are the TNC (“threaded Neill-Concelman,” a close
cousin of the BNC, but with threaded outer shell), the high-
performance but bulky type N, the miniature SMA and
SMB, the subminiature LEMO and SMC, and the high-
voltage MHV and SHV. The so-called phono jack used in
audio equipment is a nice lesson in bad design, because the

inner (signal) conductor mates before the shield (ground)
when you plug it in; furthermore, the design of the con-
nector is such that both shield and center conductor tend to
make poor contact. You’ve undoubtedly heard the results!
Not to be outdone, the television industry has responded
with its own bad standard, the type-F coax ‘“‘connector,’
which uses the unsupported inner wire of the coax as the
pin of the male plug, and a shoddy arrangement to mate the
shield.>?

We hereby induct these losers into the Electronic

33 Advocates of each would probably reply “This is our most modestly
priced receptacle.”



Art of Electronics Third Edition

1.9.4. Indicators 61

Figure 1.124. Circular connectors. A selection of multipin and other “non-RF” connectors; the panel-mounting receptacle is shown to the
left of each cable-mounted plug. Top row, left to right: “MS”-type (MIL-C-5015) rugged connector (available in hundreds of configurations),
high-current (50 A) “Supericon,” multipin locking XLR. Middle row: weatherproof (Switchcraft EN3), 12 mm video (Hirose RM), circular
DIN, circular mini-DIN, 4-pin microphone connector. Bottom row: locking 6-pin (Lemo), microminiature 7-pin shielded (Microtech EP-7S),
miniature 2-pin shrouded (Litton SM), 2.5 mm power, banana, pin jack.

Components Hall of Infamy, some charter members of
which are shown in Figure 1.126.

C. Multipin connectors

Very frequently electronic instruments demand multiwire
cables and connectors. There are literally dozens of dif-
ferent kinds. The simplest example is a three-wire “IEC”
powerline cord connector. Among the more popular are
the excellent type-D subminiature, the Winchester MRA
series, the venerable MS type, and the flat ribbon-cable
mass-termination connectors. These and others are shown
in Figure 1.123.

Beware of connectors that can’t tolerate being dropped
on the floor (the miniature hexagon connectors are classic)
or that don’t provide a secure locking mechanism (e.g., the
Jones 300 series).

D. Card-edge connectors

The most common method used to make connection to
printed-circuit cards is the card-edge connector, which
mates to a row of gold-plated contacts at the edge of the
card; common examples are the motherboard connectors
that accept plug-in computer memory modules. Card-edge
connectors may have from 15 to 100 or more connections,

and they come with different lug styles according to the
method of connection. You can solder them to a “moth-
erboard” or “backplane,” which is itself just another PCB
containing the interconnecting wiring between the individ-
ual circuit cards. Alternatively, you may want to use edge
connectors with standard solder-lug terminations, particu-
larly in a system with only a few cards. A more reliable
(though more costly) solution is the use of “two-part” PCB
connectors, in which one part (soldered onto the board)
mates with the other part (on a backplane, etc); an example
is the widely used VME (VersaModule Eurocard) connec-
tor (upper right-hand corner of Figure 1.123).

1.9.4 Indicators

A. Meters

To read out the value of some voltage or current, you have
a choice between the time-honored moving-pointer type of
meter and digital-readout meters. The latter are more ex-
pensive and more accurate. Both types are available in a
variety of voltage and current ranges. There are, in addi-
tion, exotic panel meters that read out such things as VUs
(volume units, an audio dB scale), expanded-scale ac volts
(e.g., 105 to 130V), temperature (from a thermocouple),
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Figure 1.125. RF and shielded connectors. The panel-mounting receptacle is shown to the left of each cable-mounted plug. Top row, left
to right: stereo phone jack, audio “XLR” type; N and UHF (RF connectors). Second row down: BNC, TNC, type F; MHV and SHV (high
voltage). Third row down: 2.5 mm (3/32”) audio, 3.5 mm stereo, improved 3.5 mm stereo, phono (“RCA type”), LEMO coaxial. Bottom
row: SMA (panel jack, flexible coax plug), SMA (board-mount jack, rigid coax plug), SMB; SC and ST (optical fiber).

percentage motor load, frequency, etc. Digital panel meters
often provide the option of logic-level outputs, in addition
to the visible display, for internal use by the instrument.

As a substitute for a dedicated meter (whether analog
or digital), you increasingly see an LCD (liquid-crystal
display) or LED panel with a meter-like pattern. This is
flexible and efficient: with a graphic LCD display module
(§12.5.3) you can offer the user a choice of “meters,” ac-
cording to the quantity being displayed, all under the con-
trol of an embedded controller (a built-in microprocessor;
see Chapter 15).

B. Lamps, LEDs, and displays

Flashing lights, screens full of numbers and letters, eerie
sounds — these are the stuff of science fiction movies, and
except for the last, they form the subject of lamps and dis-
plays (see §12.5.3). Small incandescent lamps used to be
standard for front-panel indicators, but they have been re-

placed with LEDs. The latter behave electrically like ordi-
nary diodes, but with a forward voltage drop in the range
of 1.5 to 2 volts (for red, orange, and some green LEDs;
3.6 V for blue>* and high-brightness green; see Figure 2.8).
When current flows in the forward direction, they light up.
Typically, 2mA to 10 mA produces adequate brightness.
LEDs are cheaper than incandescent lamps, they last pretty
much forever, and they come in four standard colors as well
as “white” (which is usually a blue LED with a yellow fluo-
rescent coating). They come in convenient panel-mounting
packages; some even provide built-in current limiting.>
LEDs can also be used for digital displays, for example

34 The invention of the gallium nitride blue LED was the breakthrough
product of a lone and unappreciated employee of Nichia Chemical In-
dustries, Shuji Nakamura.

55 And of course, for both residential and commercial area lighting, LEDs
have now largely relegated to the dustbin of history the century-old
hot-filament incandescent lamp.
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Figure 1.126. Components to avoid. We advise against using
components like these, if you have a choice (see text if you need
convincing!). Top row, left to right: low-value wirewound pot, type
UHF connector, electrical tape (“just say no!”). Middle row: “cinch-
type” connectors, microphone connector, hexagon connectors.
Bottom row: slide switch, cheap IC socket (not “screw-machined”),
type-F connector, open-element trimmer pot, phono connector.

as 7-segment numeric displays or (for displaying letters as
well as numbers — “alphanumeric”) 16-segment displays or
dot-matrix displays. However, if more than a few digits or
characters need to be displayed, LCDs are generally pre-
ferred. These come in line-oriented arrays (e.g., 16 charac-
ters by 1 line, up to 40 characters by 4 lines), with a sim-
ple interface that permits sequential or addressable entry
of alphanumeric characters and additional symbols. They
are inexpensive, low power, and visible even in sunlight.
Back-lighted versions work well even in subdued light, but
are not low power. Much more on these (and other) opto-
electronic devices in §12.5.

1.9.5 Variable components

A. Variable resistors

Variable resistors (also called volume controls, poten-
tiometers, pots, or trimmers) are useful as panel controls
or internal adjustments in circuits. A classic panel type is
the 2-watt-type AB potentiometer; it uses the same basic
material as the fixed carbon-composition resistor, with a
rotatable “wiper” contact. Other panel types are available
with ceramic or plastic resistance elements, with improved
characteristics. Multiturn types (3, 5, or 10 turns) are avail-
able, with counting dials, for improved resolution and lin-
earity. “Ganged” pots (several independent sections on one
shaft) are also manufactured, although in limited variety,
for applications that demand them. Figure 1.8 shows a rep-
resentative selection of pots and trimmers.

For use inside an instrument, rather than on the front
panel, trimmer pots come in single-turn and multiturn
styles, most intended for printed-circuit mounting. These
are handy for calibration adjustments of the “set-and-
forget” type. Good advice: resist the temptation to use lots
of trimmers in your circuits. Use good design instead.

cow cw
—AN——

!

Figure 1.127. Potentiometer (three-terminal variable resistor).

The symbol for a variable resistor, or pot, is shown in
Figure 1.127. Sometimes the symbols CW and CCW are
used to indicate the clockwise and counterclockwise ends.

An all-electronic version of a potentiometer can be
made with an array of electronic (transistor) switches that
select a tap in a long chain of fixed resistors. As awk-
ward as that may sound, it is a perfectly workable scheme
when implemented as an IC. For example, Analog Devices,
Maxim/Dallas Semiconductor, and Xicor make a series of
“digital potentiometers” with up to 1024 steps; they come
as single or dual units, and some of them are “nonvolatile,”
meaning that they remember their last setting even if power
has been turned off. These find application in consumer
electronics (televisions, stereos) where you want to adjust
the volume from your infrared remote control, rather than
by turning a knob; see §3.4.3E.

One important point about variable resistors: don’t at-
tempt to use a potentiometer as a substitute for a precise
resistor value somewhere within a circuit. This is tempting,
because you can trim the resistance to the value you want.
The trouble is that potentiometers are not as stable as good
(1%) resistors, and in addition they may not have good res-
olution (i.e., they can’t be set to a precise value). If you
must have a precise and settable resistor value somewhere,
use a combination of a 1% (or better) precision resistor and
a potentiometer, with the fixed resistor contributing most
of the resistance. For example, if you need a 23.4k resistor,
use a 22.6k 1% fixed resistor (a standard value) in series
with a 2k trimmer pot. Another possibility is to use a series
combination of several precision resistors, selecting the last
(and smallest) resistor to give the desired series resistance.

As we’ll see later (§3.2.7), it is possible to use FETs as
voltage-controlled variable resistors in some applications.
Another possibility is an ‘“optophotoresistor” (§12.7).
Transistors can be used as variable-gain amplifiers, again
controlled by a voltage. Keep an open mind when design
brainstorming.
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Figure 1.128. Variable capacitor.

B. Variable capacitors

Variable capacitors are primarily confined to the smaller
capacitance values (up to about 1000 pF) and are com-
monly used in RF circuits. Trimmers are available for in-
circuit adjustments, in addition to the panel type for user
tuning. Figure 1.128 shows the symbol for a variable ca-
pacitor.

Diodes operated with applied reverse voltage can be
used as voltage-variable capacitors; in this application
they’re called varactors, or sometimes varicaps or epi-
caps. They’re very important in RF applications, especially
phase-locked loops, automatic frequency control (AFC),
modulators, and parametric amplifiers.

C. Variable inductors

Variable inductors are usually made by arranging to move
a piece of core material in a fixed coil. In this form they’re
available with inductances ranging from microhenrys to
henrys, typically with a 2:1 tuning range for any given in-
ductor. Also available are rotary inductors (coreless coils
with a rolling contact).”®

D. Variable transformers

Variable transformers are handy devices, especially the
ones operated from the 115 volt ac line. They’re usually
configured as “autotransformers,” which means that they
have only one winding, with a sliding contact. They’re also
commonly called Variacs (the name given to them by Gen-
eral Radio), and they are made by Technipower, Superior
Electric, and others. Figure 1.129 shows a classic unit from
General Radio. Typically they provide 0 to 135 volts ac
output when operated from 115 volts, and they come in cur-
rent ratings from 1 amp to 20 amps or more. They’re good
for testing instruments that seem to be affected by power-
line variations, and in any case to verify worst-case perfor-
mance. Important Warning: don’t forget that the output is
not electrically isolated from the powerline, as it would be
with a transformer!

56 An interesting form of variable inductor of yesteryear was the variome-
ter, a rotatable coil positioned within a fixed outer coil and connected
in series with it. As the inner coil was rotated, the total inductance
went from maximum (four times the inductance of either coil alone)
all the way down to zero. These things were consumer items, listed for
example in the 1925 Sears Roebuck catalog.

Figure 1.129. A powerline variable transformer (“Variac”) lets you
adjust the ac input voltage to something you are testing. Here a5 A
unit is shown, both clothed and undressed.

1.10 A parting shot: confusing markings and
itty-bitty components

In our electronics course,’ and indeed in day-to-day elec-
tronics on the bench, we encounter a wonderful confusion
of component markings. Capacitors in particular are just,
well, perverse: they rarely bother specifying units (even
though they span 12 orders of magnitude, picofarads to
farads), and for ceramic SMT varieties they dispense with
any markings whatsoever! Even worse, they are still caught
up in the transition from printing the value as an inte-
ger (e.g., “470” meaning 470 pF) versus using exponent
notation (e.g., “470” meaning 47x10°, i.e., 47 pF). Fig-
ure 1.130 shows exactly that case! Another trap for the un-
wary (and sometimes the wary, as well) is the date-code
gotcha: the 4-digit code (yydd) can masquerade as a part
number, as in the four examples in the photo. And, as com-
ponents become smaller and smaller, there’s precious lit-
tle room for all but the briefest of markings; so, following
the pharmaceutical industry, manufacturers invent a short

57 Physics 123 (“Laboratory Electronics”) at Harvard University: “Half
course (fall term; repeated spring term). A lab-intensive introduction
to electronic circuit design. Develops circuit intuition and debugging
skills through daily hands-on lab exercises, each preceded by class
discussion, with minimal use of mathematics and physics. Moves
quickly from passive circuits, to discrete transistors, then concen-
trates on operational amplifiers, used to make a variety of circuits
including integrators, oscillators, regulators, and filters. The digi-
tal half of the course treats analog—digital interfacing, emphasiz-
ing the use of microcontrollers and programmable logic devices
(PLDs).” See http://webdocs.registrar.fas.harvard.edu/

courses/Physics.html.
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Figure 1.130. Confusion Central! The three ICs are each marked
with both a part number (e.g., UA7812) and a “date code” (e.g.,
UC7924, signifying the 24th week of 1979). Unfortunately, both are
perfectly valid part numbers (a +12V or a —24V regulator). The
resistor pair (actually two views of identically marked resistors) suf-
fers from the same problem: it could be 7.32 KQ+1%, or it could be
85.0 kQ+5% (it's the former, but who would know?). The pair of ce-
ramic capacitors are both marked 470K (470,000 of something?),
but, surprise, the “K” means 10% tolerance; and, bigger surprise,
the square cap is 47 pF, the round one is 470 pF. And what is one to
make of a black box labeled 80K000 (pronounced “eighty-koooh”),
or a diode with two cathodes (and no anode?), or a resistor with a
single black band in the center?

alphanumeric code for each component. And that’s all you
get. For example, National’s LMV981 op-amp comes in
several 6-pin packages: the SOT23 is marked “A78A,” the
smaller SC70 says “A77,” and the really tiny microSMD
blurts out a single letter “A” (or “H” if it’s free of lead).
Not much to go on.

1.10.1 Surface-mount technology: the joy and the
pain

While we’re complaining, let’s whine just a bit about the
difficulty of prototyping circuits with tiny surface-mount
components. From an electrical point of view they are ex-
cellent: low inductance, and compact. But they are nearly
impossible to wire up in prototype breadboard fashion, in
the way that was easy with “through-hole” (or “leaded” —
pronounced lee’-ded) components, such as resistors with
axial leads (a wire sticking out each end), or integrated
circuits in DIP (dual in-line) cases. Figure 1.131 gives

Figure 1.131. We're “all thumbs” when working with surface-
mount technology (SMT). This is a corner of a cellphone circuit
board, showing small ceramic resistors and capacitors, integrated
circuits with ball-grid connecting dots on their undersides, and the
Lilliputian connectors for the antenna and display panel. See also
Figure 4.84.

01005
(0402)

0201
(0603)

0402 inch
(1005) (metric)
0.5mm

mech pencil

Figure 1.132. How small can these things get?! The “01005"-size
SMT (0.016” x0.008”, or 0.4mm x 0.2mm) represents the industry’s
greatest insult to the experimenter.

a sense of the scale of these little components, and Fig-
ure 1.132 displays the true horror of the tiniest of these —
the “01005”-size chip components (0402 metric) that mea-
sure 200umx400um: not much thicker than a human hair,
and indistinguishable from dust!

Sometimes you can use little adapter carriers (from
companies like Bellin Dynamic Systems, Capital Ad-
vanced Technologies, or Aries) to convert an SMT inte-
grated circuit to a fake DIP. But the densest surface-mount
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Figure 1.133. A taste of the world of passive components in surface-mount packages: connectors, switches, trimmer pots, inductors,
resistors, capacitors, crystals, fuses. ... If you can name it, you can probably get it in SMT.

packages have no leads at all, just an array of bumps (up
to several thousand!) on the underside; and these require
serious “reflow” equipment before you can do anything
with them. Sadly, we cannot ignore this disturbing trend,
because the majority of new components are offered only
in surface-mount packages. Woe to the lone basement
experimenter—inventor! Figure 1.133 give a sense of the
variety of passive component types that come in surface-
mount configurations.

Additional Exercises for Chapter 1

Exercise 1.37. Find the Norton equivalent circuit (a current
source in parallel with a resistor) for the voltage divider in Fig-
ure 1.134. Show that the Norton equivalent gives the same output
voltage as the actual circuit when loaded by a 5k resistor.

Exercise 1.38. Find the Thévenin equivalent for the circuit shown
in Figure 1.135. Is it the same as the Thévenin equivalent for Ex-
ercise 1.37?

Exercise 1.39. Design a “rumble filter” for audio. It should pass
frequencies greater than 20 Hz (set the —3 dB point at 10 Hz).
Assume zero source impedance (perfect voltage source) and 10k
(minimum) load impedance (that’s important so that you can
choose R and C such that the load doesn’t affect the filter op-
eration significantly).

Exercise 1.40. Design a “scratch filter” for audio signals (3 dB

down at 10 kHz). Use the same source and load impedances as in
Exercise 1.39.

10k

O

+
10V battery —

r "1

Figure 1.134. Example for Norton equivalent circuit.

0.5mA

10k

10k I

Figure 1.135. Example for Thévenin equivalent circuit.

Exercise 1.41. How would you make a filter with R’s and C’s to
give the response shown in Figure 1.136?

Exercise 1.42. Design a bandpass RC filter (as in Figure 1.137);
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Figure 1.136. High-emphasis filter response.

f1 and f> are the 3 dB points. Choose impedances so that the first
stage isn’t much affected by the loading of the second stage.

Exercise 1.43. Sketch the output for the circuit shown in Fig-
ure 1.138.

1.0
Vout
Vin

0 1 1
0 wy Wo w

Figure 1.137. Bandpass filter response.

Exercise 1.44. Design an oscilloscope “x 10 probe” to use with a
scope whose input impedance is 1 MQ in parallel with 20 pF by
figuring out what goes inside the probe handle in Figure 1.139.
Assume that the probe cable adds an additional 100 pF and that
the probe components are placed at the tip end (rather than at
the scope end) of the cable. The resultant network should have

6.3V ac (rms)

/
117VaC%H

Figure 1.138. Circuit for Exercise 1.43.

k

VOIJt

probe vertical
tip amplifier
/ (Zin = )
100pF l
(Cab‘fe) 20pF I 1.0MQ

scope input

Figure 1.139. Oscilloscope x 10 probe.

20dB (x10 voltage division ratio) attenuation at all frequencies,
including dc. The reason for using a x10 probe is to increase
the load impedance seen by the circuit under test, which reduces
loading effects. What input impedance (R in parallel with C) does
your x 10 probe present to the circuit under test when used with
the scope?
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Review of Chapter 1

An A-to-H summary of what we have learned in Chapter 1.
This summary reviews basic principles and facts in Chap-
ter 1, but it does not cover application circuit diagrams and
practical engineering advice presented there.

fIA. Voltage and Current.

Electronic circuits consist of components connected to-
gether with wires. Current (I) is the rate of flow of charge
through some point in these connections; it’s measured in
amperes (or milliamps, microamps, etc.). Voltage (V) be-
tween two points in a circuit can be viewed as an applied
driving “force” that causes currents to flow between them;
voltage is measured in volts (or kilovolts, millivolts, etc.);
see §1.2.1. Voltages and currents can be steady (dc), or
varying. The latter may be as simple as the sinusoidal alter-
nating voltage (ac) from the wallplug, or as complex as a
high-frequency modulated communications waveform, in
which case it’s usually called a signal (see B below). The
algebraic sum of currents at a point in a circuit (a node) is
zero (Kirchhoff’s current law, KCL, a consequence of con-
servation of charge), and the sum of voltage drops going
around a closed loop in a circuit is zero (Kirchhoff’s volt-
age law, KVL, a consequence of the conservative nature of
the electrostatic field).

{IB. Signal Types and Amplitude.

See §1.3. In digital electronics we deal with pulses, which
are signals that bounce around between two voltages (e.g.,
+5V and ground); in the analog world it’s sinewaves that
win the popularity contest. In either case, a periodic sig-
nal is characterized by its frequency f (units of Hz, MHz,
etc.) or, equivalently, period 7' (units of ms, us, etc.). For
sinewaves it’s often more convenient to use angular fre-
quency (radians/s), given by o=2nf.

Digital amplitudes are specified simply by the HIGH and
LOW voltage levels. With sinewaves the situation is more
complicated: the amplitude of a signal V (1)=V}sin oz can
be given as (a) peak amplitude (or just “amplitude”) Vj,
(b) root-mean-square (rms) amplitude Vims=Vo/ V2, or (¢)
peak-to-peak amplitude V,,=2Vj. If unstated, a sinewave
amplitude is usually understood to be V. A signal of rms
amplitude Viys delivers power P=V2 . /Ri.q to a resistive
load (regardless of the signal’s waveform), which accounts
for the popularity of rms amplitude measure.

Ratios of signal amplitude (or power) are commonly ex-
pressed in decibels (dB), defined as dB = 10log;o(P>/P1)
or 20log;((V2/V1); see §1.3.2. An amplitude ratio of 10
(or power ratio of 100) is 20dB; 3dB is a doubling of

power; 6dB is a doubling of amplitude (or quadrupling
of power). Decibel measure is also used to specify ampli-
tude (or power) directly, by giving a reference level: for
example, —30dBm (dB relative to 1 mW) is 1 microwatt;
+3dBVrms is a signal of 1.4V rms amplitude (2 Vpeak,
4 Vpp).

Other important waveforms are square waves, triangle
waves, ramps, noise, and a host of modulation schemes by
which a simple “carrier” wave is varied in order to convey
information; some examples are AM and FM for analog
communication, and PPM (pulse-position modulation) or
QAM (quadrature-amplitude modulation) for digital com-
munication.

fIC. The Relationship Between Current and Voltage.
This chapter concentrated on the fundamental, essential,
and ubiquitous two-terminal linear devices: resistors, ca-
pacitors, and inductors. (Subsequent chapters deal with
transistors — three-terminal devices in which a signal ap-
plied to one terminal controls the current flow through
the other pair — and their many interesting applications.
These include amplification, filtering, power conversion,
switching, and the like.) The simplest linear device is the
resistor, for which 1=V /R (Ohm’s Law, see §1.2.2A).
The term “linear” means that the response (e.g., current)
to a combined sum of inputs (i.e., voltages) is equal to
the sum of the responses that each input would produce:
IVi +Va)=I(V1) +1(V2).

9|D. Resistors, Capacitors, and Inductors.

The resistor is clearly linear. But it is not the only lin-
ear two-terminal component, because linearity does not
require / o< V. The other two linear components are ca-
pacitors (§1.4.1) and inductors (§1.5.1), for which there
is a time-dependent relationship between voltage and cur-
rent: I=CdV/dt and V=LdI/dt, respectively. These are
the time domain descriptions. Thinking instead in the fre-
quency domain, these components are described by their
impedances, the ratio of voltage to current (as a function
of frequency) when driven with a sinewave (§1.7). A lin-
ear device, when driven with a sinusoid, responds with a
sinusoid of the same frequency, but with changed ampli-
tude and phase. Impedances are therefore complex, with
the real part representing the amplitude of the response
that is in-phase, and the imaginary part representing the
amplitude of the response that is in quadrature (90° out of
phase). Alternatively, in the polar representation of com-
plex impedance (Z=|Z|e?), the magnitude |Z| is the ra-
tio of magnitudes (|Z|=|V|/|I|) and the quantity O is the
phase shift between V and /. The impedances of the three
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linear 2-terminal components are Zr=R, Zc=— j/©C, and
71 =jwL, where (as always) =27 f; see §1.7.5. Sinewave
current through a resistor is in phase with voltage, whereas
for a capacitor it leads by 90°, and for an inductor it lags
by 90°.

9E. Series and Parallel.

The impedance of components connected in series is
the sum of their impedances; thus Rgeries=R1+Ro+---,
Lgeries=L1+Lo+ -, and l/Cscrieszl/Cl+1/C2+"'-
When connected in parallel, on the other hand, it’s the
admittances (inverse of impedance) that add. Thus the
formula for capacitors in parallel looks like the formula for
resistors in series, Cparallet=C1+C2+ - - -5 and vice versa for
resistors and inductors, thus 1/Rpariei=1/R1+1/Ro+---.
For a pair of resistors in parallel this reduces to
Rparale1=(R1R2)/(R1+Rz). For example, two resis-
tors of value R have resistance R/2 when connected in
parallel, or resistance 2R in series.

The power dissipated in a resistor R is P=I?’R=V?/R.
There is no dissipation in an ideal capacitor or inductor,
because the voltage and current are 90° out of phase. See
§1.7.6.

9|F. Basic Circuits with R, L, and C.

Resistors are everywhere. They can be used to set an op-
erating current, as for example when powering an LED or
biasing a zener diode (Figure 1.16); in such applications
the current is simply /=(Vsupply —Vioad)/R. In other appli-
cations (e.g., as a transistor’s load resistor in an amplifier,
Figure 3.29) it is the current that is known, and a resis-
tor is used to convert it to a voltage. An important circuit
fragment is the voltage divider (§1.2.3), whose unloaded
output voltage (across R) is Vour=VinR2/(R1 +R2).

If one of the resistors in a voltage divider is replaced
with a capacitor, you get a simple filter: lowpass if the
lower leg is a capacitor, highpass if the upper leg is a ca-
pacitor (§§1.7.1 and 1.7.7). In either case the —3 dB tran-
sition frequency is at fagg=1/2nRC. The ultimate rolloff
rate of such a “single-pole” lowpass filter is —6 dB/octave,
or —20dB/decade; i.e., the signal amplitude falls as 1/f
well beyond f345. More complex filters can be created by
combining inductors with capacitors, see Chapter 6. A ca-
pacitor in parallel with an inductor forms a resonant cir-
cuit; its impedance (for ideal components) goes to infinity
at the resonant frequency f=1/(27+/LC). The impedance
of a series LC goes to zero at that same resonant frequency.
See §1.7.14.

Other important capacitor applications in this chapter
(§1.7.16) include (a) bypassing, in which a capacitor’s low

impedance at signal frequencies suppresses unwanted sig-
nals, e.g., on a dc supply rail; (b) blocking (§1.7.1C), in
which a highpass filter blocks dc, but passes all frequencies
of interest (i.e., the breakpoint is chosen below all signal
frequencies); (c) timing (§1.4.2D), in which an RC circuit
(or a constant current into a capacitor) generates a sloping
waveform used to create an oscillation or a timing interval;
and (d) energy storage (§1.7.16B), in which a capacitor’s
stored charge Q=CV smooths out the ripples in a dc power
supply.

In later chapters we’ll see some additional applica-
tions of capacitors: (e) peak detection and sample-and-hold
(§84.5.1 and 4.5.2), which capture the voltage peak or tran-
sient value of a waveform, and (f) the integrator (§4.2.6),
which performs a mathematical integration of an input sig-
nal.

9G. Loading; Thévenin Equivalent Circuit.

Connecting a load (e.g., a resistor) to the output of a circuit
(a “signal source”) causes the unloaded output voltage to
drop; the amount of such loading depends on the load re-
sistance, and the signal source’s ability to drive it. The lat-
ter is usually expressed as the equivalent source impedance
(or Thévenin impedance) of the signal. That is, the signal
source is modeled as a perfect voltage source V;, in series
with a resistor Rgg. The output of the resistive voltage di-
vider driven from an input voltage V;,, for example, is mod-
eled as a voltage source Viio=VinR2 /(R +R>) in series with
aresistance R =R R2/(R1-+R2) (which is just R{[|R2). So
the output of a 1kQ—1kQ voltage divider driven by a 10 V
battery looks like 5V in series with 500 €2.

Any combination of voltage sources, current sources,
and resistors can be modeled perfectly by a single volt-
age source in series with a single resistor (its “Thévenin
equivalent circuit”), or by a single current source in paral-
lel with a single resistor (its “Norton equivalent circuit”);
see Appendix D. The Thévenin equivalent source and re-
sistance values are found from the open-circuit voltage and
short-circuit current as Vin=Voc, Rrn=Voc/Isc; and for the
Norton equivalent they are IN=Isc, RN=Vioc /Isc-

Because a load impedance forms a voltage divider with
the signal’s source impedance, it’s usually desirable for
the latter to be small compared with any anticipated load
impedance (§1.2.5A). However, there are two exceptions:
(a) a current source has a high source impedance (ideally
infinite), and should drive a load of much lower impedance;
and (b) signals of high frequency (or fast risetime), trav-
eling through a length of cable, suffer reflections unless
the load impedance equals the so-called ‘“‘characteristic
impedance” Zy of the cable (commonly 50), see Ap-
pendix H.
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9IH. The Diode, a Nonlinear Component.

There are important two-terminal devices that are not lin-
ear, notably the diode (or rectifier), see §1.6. The ideal
diode conducts in one direction only; it is a “one-way
valve.” The onset of conduction in real diodes is roughly
at 0.5V in the “forward” direction, and there is some
small leakage current in the “reverse” direction, see Fig-
ure 1.55. Useful diode circuits include power-supply recti-
fication (conversion of ac to dc, §1.6.2), signal rectification
(§1.6.6A), clamping (signal limiting, §1.6.6C), and gating
(§1.6.6B). Diodes are commonly used to prevent polarity

reversal, as in Figure 1.84; and their exponential current
versus applied voltage can be used to fashion circuits with
logarithmic response (§1.6.6E).

Diodes specify a maximum safe reverse voltage, be-
yond which avalanche breakdown (an abrupt rise of cur-
rent) occurs. You don’t go there! But you can (and should)
with a zener diode (§1.2.6A), for which a reverse break-
down voltage (in steps, going from about 3.3V to 100V
or more) is specified. Zeners are used to establish a volt-
age within a circuit (Figure 1.16), or to limit a signal’s
swing.



BIPOLAR TRANSISTORS

2.1 Introduction

The transistor is our most important example of an “active”
component, a device that can amplify, producing an output
signal with more power in it than the input signal. The ad-
ditional power comes from an external source of power (the
power supply, to be exact). Note that voltage amplifica-
tion isn’t what matters, since, for example, a step-up trans-
former, a “passive” component just like a resistor or ca-
pacitor, has voltage gain but no power gain.! Devices with
power gain are distinguishable by their ability to make os-
cillators, by feeding some output signal back into the input.

It is interesting to note that the property of power am-
plification seemed very important to the inventors of the
transistor. Almost the first thing they did to convince them-
selves that they had really invented something was to
power a loudspeaker from a transistor, observing that the
output signal sounded louder than the input signal.

The transistor is the essential ingredient of every elec-
tronic circuit, from the simplest amplifier or oscillator to
the most elaborate digital computer. Integrated circuits
(ICs), which have largely replaced circuits constructed
from discrete transistors, are themselves merely arrays of
transistors and other components built from a single chip
of semiconductor material.

A good understanding of transistors is very important,
even if most of your circuits are made from ICs, because
you need to understand the input and output properties of
the IC in order to connect it to the rest of your circuit and
to the outside world. In addition, the transistor is the single
most powerful resource for interfacing, whether between
ICs and other circuitry or between one subcircuit and an-
other. Finally, there are frequent (some might say too fre-
quent) situations in which the right IC just doesn’t exist,
and you have to rely on discrete transistor circuitry to do
the job. As you will see, transistors have an excitement all
their own. Learning how they work can be great fun.

! It is even possible to achieve modest voltage gain in a circuit comprising
only resistors and capacitors. To explore this idea, surprising even to
seasoned engineers, look at Appendix J on SPICE.
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CHAPTER 2

There are two major species of transistors: in this
chapter we will learn about bipolar junction transistors
(BJTs), which historically came first with their Nobel
Prize-winning invention in 1947 at Bell Laboratories. The
next chapter deals with “field-effect” transistors (FETSs),
the now-dominant species in digital electronics. To give
the coarsest comparison, BJTs excel in accuracy and low
noise, whereas FETs excel in low power, high impedance,
and high-current switching; there is, of course, much more
to this complex subject.

Our treatment of bipolar transistors is going to be quite
different from that of many other books. It is common prac-
tice to use the h-parameter model and equivalent circuit. In
our opinion that is unnecessarily complicated and unintu-
itive. Not only does circuit behavior tend to be revealed
to you as something that drops out of elaborate equations,
rather than deriving from a clear understanding in your own
mind as to how the circuit functions; you also have the ten-
dency to lose sight of which parameters of transistor be-
havior you can count on and, more important, which ones
can vary over large ranges.

In this chapter we will instead build up a very sim-
ple introductory transistor model and immediately work
out some circuits with it. Its limitations will soon be-
come apparent; then we will expand the model to include
the respected Ebers—Moll conventions. With the Ebers—
Moll equations and a simple three-terminal model, you
will have a good understanding of transistors; you won’t
need to do a lot of calculations, and your designs will be
first rate. In particular, they will be largely independent of
the poorly controlled transistor parameters such as current
gain.

Some important engineering notation should be men-
tioned. Voltage at a transistor terminal (relative to ground)
is indicated by a single subscript (C, B, or E): V¢ is the
collector voltage, for instance. Voltage between two termi-
nals is indicated by a double subscript: Vg is the base-to-
emitter voltage drop, for instance. If the same letter is re-
peated, that means a power-supply voltage: V¢ is the (pos-
itive) power-supply voltage associated with the collector,
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and Vgg is the (negative) supply voltage associated with
the emitter.”

Why transistor circuits are difficult

For those learning electronics for the first time, this chapter
will be difficult. Here’s why: all the circuits in the last chap-
ter dealt with two-terminal devices, whether linear (resis-
tors, capacitors, inductors) or nonlinear (diodes). So there
was only one voltage (the voltage between the terminals)
and only one current (the current flowing through the de-
vice) to think about. Transistors, by contrast, are three-
terminal devices, which means there are two voltages and
two currents to juggle.’

2.1.1 First transistor model: current amplifier

Let’s begin. A bipolar transistor is a three-terminal device
(Figure 2.1), in which a small current applied to the base
controls a much larger current flowing between the collec-
tor and emitter. It is available in two flavors (npn and pnp),
with properties that meet the following rules for npn tran-
sistors (for pnp simply reverse all polarities):

1. Polarity The collector must be more positive than the
emitter.

2. Junctions The base—emitter and base—collector circuits
behave like diodes (Figure 2.2) in which a small cur-
rent applied to the base controls a much larger current
flowing between the collector and emitter. Normally the
base—emitter diode is conducting, whereas the base—
collector diode is reverse-biased, i.e., the applied volt-
age is in the opposite direction to easy current flow.

3. Maximum ratings Any given transistor has maximum
values of Ic, Ig, and Vg that cannot be exceeded with-
out costing the exceeder the price of a new transistor (for
typical values, see the listing in Table 2.1 on page 74,
Table 2.2 on page 106, and Table 8.1 on pages 501-502
There are also other limits, such as power dissipation
(IcVcE), temperature, and Vg, that you must keep in
mind.

4. Current amplifier When rules 1-3 are obeyed, Ic is
roughly proportional to /g and can be written as

Ic = hpelg = B Iy,

2 In practice, circuit designers use Vcc to designate the positive supply

2.1

and Vg the negative supply, even though logically they should be inter-
changed for pnp transistors (where all polarities are reversed).

3 You might think that there would be three voltages and three currents;
butit’s slightly less complicated than that, because there are only two in-
dependent voltages and two independent currents, thanks to Kirchhoff’s
voltage and current laws.

where 3, the current gain (sometimes called* hgg), is
typically about 100. Both Iy and Ic flow to the emitter.
Note: the collector current is not due to forward conduc-
tion of the base—collector diode; that diode is reverse-
biased. Just think of it as “transistor action.”

collector C
c
base ﬂ B ~‘) B%
ﬁ E
emitter E TO-5
npn pnp TO-18
\@ c
A 2
S \1‘/ B %
£ % E
TO-92 TO-220 SOT-23

Figure 2.1. Transistor symbols and small transistor package draw-
ings (not to scale). A selection of common transistor packages are
shown in Figure 2.3.

C
I,
~ =~
Ig E I
npn p

Figure 2.2. An ohmmeter’s view of a transistor’s terminals.

c
Ic
E
np

Rule 4 gives the transistor its usefulness: a small current
flowing into the base controls a much larger current flowing
into the collector.

An important warning: the current gain B is not a
“good” transistor parameter; for instance, its value can vary
from 50 to 250 for different specimens of a given transistor
type. It also depends on the collector current, collector-to-
emitter voltage, and temperature. A circuit that depends on
a particular value for beta is a bad circuit.

Note particularly the effect of rule 2. This means you
can’t go sticking an arbitrary voltage across the base—
emitter terminals, because an enormous current will flow
if the base is more positive than the emitter by more than
about 0.6 to 0.8V (forward diode drop). This rule also
implies that an operating transistor has Vg ~ Vg + 0.6 V
(Vs = Vg + VBg). Again, polarities are normally given for
npn transistors; reverse them for pnp.

Let us emphasize again that you should not try to
think of the collector current as diode conduction. It isn’t,

4 As the “h-parameter” transistor model has fallen out of popularity, you
tend often to see 3 (instead of hpg) as the symbol for current gain.
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Figure 2.3. Most of the common packages are shown here, for which we give the traditional designations. Top row (power), left to right:
TO-220 (with and without heatsink), TO-39, TO-5, TO-3. Middle row (surface mount): SM-8 (dual), SO-8 (dual), SOT-23, ceramic SOE,
SOT-223. Bottom row: DIP-16 (quad), DIP-4, TO-92, TO-18, TO-18 (dual).

because the collector—base diode normally has voltages ap-
plied across it in the reverse direction. Furthermore, collec-
tor current varies very little with collector voltage (it be-
haves like a not-too-great current source), unlike forward
diode conduction, in which the current rises very rapidly
with applied voltage.

Table 2.1 on the following page includes a selection of
commonly used bipolar transistors, with the corresponding
curves of current gain® in Figure 2.4, and a selection of
transistors intended for power applications is listed in Ta-
ble 2.2 on page 106. A more complete listing can be found
in Table 8.1 on pages 501-502 and Figure 8.39 in Chap-
ter 8.

2.2 Some basic transistor circuits
2.2.1 Transistor switch

Look at the circuit in Figure 2.5. This application, in which
a small control current enables a much larger current to

5 In addition to listing typical betas (hpg) and maximum allowed
collector-to-emitter voltages (Vcgo), Table 2.1 includes the cutoff fre-
quency (ft, at which the beta has decreased to 1) and the feedback ca-
pacitance (Ccp). These are important when dealing with fast signals or
high frequencies; we’ll see them in §2.4.5 and Chapter 2x.

flow in another circuit, is called a transistor switch. From
the preceding rules it is easy to understand. When the me-
chanical switch is open, there is no base current. So, from
rule 4, there is no collector current. The lamp is off.

When the switch is closed, the base rises to 0.6 V (base—
emitter diode is in forward conduction). The drop across
the base resistor is 9.4V, so the base current is 9.4 mA.
Blind application of Rule 4 gives Ic = 940 mA (for a typi-
cal beta of 100). That is wrong. Why? Because rule 4 holds
only if Rule 1 is obeyed: at a collector current of 100 mA
the lamp has 10V across it. To get a higher current you
would have to pull the collector below ground. A transistor
can’t do this, and the result is what’s called saturation —
the collector goes as close to ground as it can (typical sat-
uration voltages are about 0.05-0.2 'V, see Chapter 2x.) and
stays there. In this case, the lamp goes on, with its rated
10V across it.

Overdriving the base (we used 9.4 mA when 1.0mA
would have barely sufficed) makes the circuit conservative;
in this particular case it is a good idea, since a lamp draws
more current when cold (the resistance of a lamp when cold
is 5 to 10 times lower than its resistance at operating cur-
rent). Also, transistor beta drops at low collector-to-base
voltages, so some extra base current is necessary to bring
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Table 2.1 Representative Bipolar Transistors

Part #
npn pnp Vceo Ic(max) hgg @ mA gain Cio fr
TO-92 SOT-23 TO-92 SOT-23 V) (mA) (typ) curved (PF) (MHz) Comments
2N3904 MMBT3904 2N3906 MMBT3906 40 150 200 10 6 25 300 jellybean
2N4401 MMBT4401 2N4403 MMBT4403 40 500 150 150 7 7 300 '2222 and '2907 dies
BC337 BC817 BC327 BC807 45 750 350 40 5 10 150 jellybean
2N5089 MMBT5089 2N5087 MMBT5087 25 50 500 1 3 1.8 350 high beta
BC547C  BC847C BC557C BC857C 45 100 500 10 4 5 150 jellybean®
MPSA14 MMBTA14 MPSA64 MMBTAG64 30 300 10000 50 - 7 125 Darlington
ZTX618 FMMT618 ZTX718 FMMT718 20 2500 320 3A 3a - 120  high /¢, small pkg
PN2369 MMBT2369 2N5771  MMBT5771 15 150 100 10 10 3 500 fast switch, gold doped
2N5551 MMBT5551 2N5401 MMBT5401 150 100 100 10 5a 2,5 100 SOT-223 available
MPSA42 MMBTA42 MPSA92 MMBTA92 300 30 75 10 9 1.5 50 HV small signal
MPS5179 BFS17 MPSH81 MMBTHS81 15 25 90 20 8 0.9 900 RF amplifier
— BFR93° — BFT93C 12 50 50 15 10 0.5 4000 RFamp
TIP142 — TIP147 — 100 10A >1000 5A - high low TO-220, Darlington

Notes: (a) see Chapter 2x for graphs of Ccb and f1. (b) lower beta versions have an -A or -B suffix; low-noise versions are
BC850 (npn) and BC860 (pnp). (c) also BFR25A and BFT25A. (d) see Figure 2.4.

1000 NBgé‘z - - . ]
e — 3
500 pCsAT ]
L 3 2N5087 4
oL
<
<
T 200 |
o
£
o
S 100 |-
O C
(6] -
© -
50 -
20 1 1 1 1
10pA  100pA  1mA 10mA  100mA 1A

Collector Current, I

Figure 2.4. Curves of typical transistor current gain, 3, for a se-
lection of transistors from Table 2.1. These curves are taken from
manufacturers’ literature. You can expect production spreads of
+100%, —50% from the “typical’ values graphed. See also Fig-
ure 8.39 for measured beta plots for 44 types of “low-noise” tran-
sistors.

a transistor into full saturation. Incidentally, in a real cir-
cuit you would probably put a resistor from base to ground
(perhaps 10k in this case) to make sure the base is at ground
with the switch open. It wouldn’t affect the ON operation,
because it would sink only 0.06 mA from the base circuit.

+10V
mechanical
switch
10V, 0.1A
1.0k lamp

Figure 2.5. Transistor switch example.

There are certain cautions to be observed when design-
ing transistor switches:

. Choose the base resistor conservatively to get plenty of
excess base current, especially when driving lamps, be-
cause of the reduced beta at low Vcg. This is also a good
idea for high-speed switching, because of capacitive ef-
fects and reduced beta at very high frequencies (many
megahertz).5

If the load swings below ground for some reason (e.g., it
is driven from ac, or it is inductive), use a diode in series
with the collector (or a diode in the reverse direction to
ground) to prevent collector—base conduction on negative
swings.

3. For inductive loads, protect the transistor with a diode

2.

6 A small “speed-up” capacitor — typically just a few picofarads — is often
connected across the base resistor to improve high-speed performance.
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across the load, as shown in Figure 2.6.7 Without the
diode the inductor will swing the collector to a large pos-
itive voltage when the switch is opened, most likely ex-
ceeding the collector—emitter breakdown voltage, as the
inductor tries to maintain its “on” current from V¢ to the
collector (see the discussion of inductors in §1.6.7).

+Vee

Figure 2.6. Always use a suppression diode when switching an
inductive load.

You might ask why we are bothering with a transistor,
and all its complexity, when we could just use that me-
chanical switch alone to control the lamp or other load.
There are several good reasons: (a) a transistor switch can
be driven electrically from some other circuit, for example
a computer output bit; (b) transistor switches enable you to
switch very rapidly, typically in a small fraction of a mi-
crosecond; (c) you can switch many different circuits with
a single control signal; (d) mechanical switches suffer from
wear, and their contacts “bounce” when the switch is acti-
vated, often making and breaking the circuit a few dozen
times in the first few milliseconds after activation; and (e)
with transistor switches you can take advantage of remote
cold switching, in which only dc control voltages snake
around through cables to reach front-panel switches, rather
than the electronically inferior approach of having the sig-
nals themselves traveling through cables and switches (if
you run lots of signals through cables, you’re likely to get
capacitive pickup as well as some signal degradation).

A. “Transistor man”

The cartoon in Figure 2.7 may help you understand some
limits of transistor behavior. The little man’s perpetual task
in life is to try to keep Ic = BIg; however, he is only al-
lowed to turn the knob on the variable resistor. Thus he can
go from a short circuit (saturation) to an open circuit (tran-
sistor in the OFF state), or anything in between, but he isn’t
allowed to use batteries, current sources, etc.

7 Or, for faster turn-off, with a resistor, an RC network, or zener clamp;
see §1.6.7.

E

Figure 2.7. “Transistor man” observes the base current, and ad-
justs the output rheostat in an attempt to maintain the output cur-
rent B times larger; hpg and 8 are used interchangeably.

One warning is in order here: don’t think that the col-
lector of a transistor looks like a resistor. It doesn’t. Rather,
it looks approximately like a poor-quality constant-current
sink (the value of current depending on the signal applied
to the base), primarily because of this little man’s efforts.

Another thing to keep in mind is that, at any given time,
a transistor may be (a) cut off (no collector current), (b)
in the active region (some collector current, and collector
voltage more than a few tenths of a volt above the emitter),
or (¢) in saturation (collector within a few tenths of a volt
of the emitter). See the discussion of transistor saturation
in Chapter 2x for more details.

2.2.2 Switching circuit examples

The transistor switch is an example of a nonlinear circuit:
the output is not proportional to the input;® instead it goes
to one of two possible states (cut off, or saturated). Such
two-state circuits are extremely common® and form the ba-
sis of digital electronics. But to the authors the subject of

8 A mathematician would define linearity by saying that the response to
the sum of two inputs is the sum of the individual responses; this neces-
sarily implies proportionality.

9 If you took a census, asking the transistors of the world what they are
doing, at least 95% would tell you they are switches.
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linear circuits (such as amplifiers, current sources, and in-
tegrators) offers the most interesting challenges and the po-
tential for great circuit creativity. We will move on to lin-
ear circuits in a moment, but this is a good time to enjoy a
few circuit examples with transistors acting as switches —
we like to give a feeling for the richness of electronics by
showing real-world examples as soon as possible.

A. LED driver

Light-emitting diode indicators — LEDs — have replaced the
incandescent lamps of yesteryear for all electronic indica-
tor and readout applications; they’re cheap, they come in
lots of colors, and they last just about forever. Electrically
they are similar to the ordinary silicon signal diodes we met
in Chapter 1, but with a larger forward voltage drop (gener-
ally in the range of 1.5-3.5V, rather than approximately'”
0.6 V); that is, as you slowly increase the voltage across an
LED’s terminals, you find that they start conducting cur-
rent at, say, 1.5V, and the current increases rapidly as you
apply somewhat more voltage (Figure 2.8). They light up,
too! Typical “high-efficiency” indicator LEDs look pretty
good at a few milliamps, and they’ll knock your eye out at
10-20 mA.

30
1N914 IR red green
o5l silicon (GaP)  Jepright |
diode amber green”
(GaN)
20 -
= blue,
< white
‘S 15 .
S LED
10} S s
5 - —
0 |
0 1 2 3 4

Voltage (volts)

Figure 2.8. Like silicon diodes, LEDs have rapidly increasing cur-
rent versus applied voltage, but with larger forward voltage drops.

We’ll show a variety of techniques for driving LEDs in
Chapter 12; but we can drive them already, with what we
know. The first thing to realize is that we can’t just switch a
voltage across them, as in Figure 2.5, because of their steep
I versus V behavior; for example, applying 5V across an

10 The larger drop is due to the use of different semiconductor materials
such as GaAsP, GaAlAs, and GaN, with their larger bandgaps.

LED is guaranteed to blow it out. We need instead to treat
it gently, coaxing it to draw the right current.

Let’s assume that we want the LED to light in response
to a digital signal line when it goes to a HIGH value of
+3.3 V (from its normal resting voltage near ground). Let’s
assume also that the digital line can provide up to 1 mA
of current, if needed. The procedure goes like this: first,
choose an LED operating current that will provide ade-
quate brightness, say 5mA (you might want to try a few
samples, to make sure you like the color, brightness, and
viewing angle). Then use an npn transistor as a switch (Fig-
ure 2.9), choosing the collector resistor to provide the cho-
sen LED current, realizing that the voltage drop across the
resistor is the supply voltage minus the LED forward drop
at its operating current. Finally, choose the base resistor to
ensure saturation, assuming a conservatively low transistor
beta (§ > 25 is pretty safe for a typical small-signal tran-
sistor like the popular 2N3904).

+3.3V

Figure 2.9. Driving an LED from a “logic-level” input signal, using
an npn saturated switch and series current-limiting resistor.

Note that the transistor is acting as a saturated switch,
with the collector resistor setting the operating current. As
we’ll see shortly, you can devise circuits that provide an
accurate current output, largely independent of what the
load does. Such a “current source” can also be used to
drive LEDs. But our circuit is simple, and effective. There
are other variations: we’ll see in the next chapter that a
MOSFET-type!! transistor is often a better choice. And in
Chapters 10-12 we’ll see ways to drive LEDs and other
optoelectronic devices directly from digital integrated cir-
cuits, without external discrete transistors.

Exercise 2.1. What is the LED current, approximately, in the cir-
cuit of Figure 2.9? What minimum beta is required for Q;?

B. Variations on a theme
For these switch examples, one side of the load is con-
nected to a positive supply voltage, and the other side is

1 metal-oxide semiconductor ficld-effect transistor.
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switched to ground by the npn transistor switch. What if
you want instead to ground one side of the load and switch
the “high side” to a positive voltage?

It’s easy enough — but you’ve got to use the other po-
larity of transistor (pnp), with its emitter at the positive
rail, and its collector tied to the load’s high side, as in Fig-
ure 2.10A. The transistor is cut off when the base is held at
the emitter voltage (here +15 V), and switched into satura-
tion by bringing the base toward the collector (i.e., toward
ground). When the input is brought to ground, there’s about
4 mA of base current through the 3.3 kQ base resistor, suf-
ficient for switching loads up to about 200 mA (8 > 50).

An awkwardness of this circuit is the need to hold the
input at +15V to turn off the switch; it would be much
better to use a lower control voltage, for example, +3 V and
ground, commonly available in digital logic that we’ll be
seeing in Chapters 10-15. Figure 2.10B shows how to do
that: npn switch O, accepts the “logic-level” input of 0 V
or +3V, pulling its collector load to ground accordingly.
When Q5 is cut off, R3 holds Q3 off; when Q; is saturated
(by a +3 V input), R, sinks base current from Q3 to bring it
into saturation.

The “divider” formed by R,R3 may be confusing: R3’s
job is to keep Q3 off when Q» is off; and when Q, pulls
its collector low, most of its collector current comes from
Q3’s base (because only ~0.6 mA of the 4.4 mA collector
current comes from R3 — make sure you understand why).
That is, R3 does not have much effect on Q3’s saturation.
Another way to say it is that the divider would sit at about
+11.6 'V (rather than +14.4 V), were it not for Q3’s base—
emitter diode, which consequently gets most of Q’s col-
lector current. In any case, the value of R3 is not critical
and could be made larger; the tradeoff is slower turn-off of
03, owing to capacitive effects.!?

+15V
OFF
+15—|_|— 3.3k Q1
0
ON
2
od L
A. = B.

Figure 2.10. Switching the high side of a load returned to ground.

C. Pulse generator — |

By including a simple RC, you can make a circuit that gives
a pulse output from a step input; the time constant T = RC
determines the pulse width. Figure 2.11 shows one way. Q»
is normally held in saturation by Rj3, so its output is close
to ground; note that R3 is chosen small enough to ensure
0 ’s saturation. With the circuit’s input at ground, Q; is cut
off, with its collector at +5 V. The capacitor C| is therefore
charged, with +5V on its left terminal and approximately
+0.6 V on its right terminal; i.e., it has about 4.4 V across
it. The circuit is waiting for something to happen.

Vec
+5V

+5
in 04
+5 7

base Q2 0+
-5 |

+5 4
out
0

Figure 2.11. Generating a short pulse from a step input waveform.

A +5V positive input step brings Q; into saturation
(note the values of Ry and R;), forcing its collector to
ground; because of the voltage across Ci, this brings the
base of Q> momentarily negative, to about —4.4 V.13 Q5 is
then cutoff, no current flows through R4, and so its output
jumps to +5V; this is the beginning of the output pulse.
Now for the RC: C} can’t hold Q»’s base below ground for-
ever, because current is flowing down through R3, trying to
pull it up. So the right-hand side of the capacitor charges
toward +5 V, with a time constant T = R3C, here equal to
100 us. The output pulse width is set by this time constant

12 But don’t make it too small: Q3 would not switch at all if R3 were
reduced to 100 Q (why?). We were surprised to see this basic error in
an instrument, the rest of which displayed circuit design of the highest
sophistication.

13 A caution here: this circuit should not be run from a supply voltage
greater than +7 V, because the negative pulse can drive Q»’s base into
reverse breakdown. This is a common oversight, even among experi-
enced circuit designers.
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and is proportional to 7. To figure out the pulse width ac-
curately you have to look in detail at the circuit operation.
In this case it’s easy enough to see that the output transistor
Q> will turn on again, terminating the output pulse, when
the rising voltage on the base of transistor O, reaches the
~0.6 V Vg drop required for turn-on. Try this problem to
test your understanding.

Exercise 2.2. Show that the output pulse width for the circuit
of Figure 2.11 is approximately T,u1e=0.76R3C=76us. A good
starting point is to notice that C; is charging exponentially from
—4.4V toward +5 V, with the time constant as above.

D. Pulse generator - Il

Let’s play with this circuit a bit. It works fine as described,
but note that it requires that the input remain high through-
out the duration of the output pulse, at least. It would be
nice to eliminate that restriction, and the circuit in Fig-
ure 2.12 shows how. To the original circuit we’ve added a
third transistor switch O3, whose job is to hold the collec-
tor of O at ground once the output pulse begins, regardless
of what the input signal does. Now any positive input pulse
— whether longer or shorter than the desired output pulse
width — produces the same output pulse width; look at the
waveforms in the figure. Note that we’ve chosen Rjs rela-
tively large to minimize output loading while still ensuring
full saturation of Q3.

Exercise 2.3. Elaborate on this last statement: what is the output
voltage during the pulse, slightly reduced owing to the loading ef-
fect of R5? What is the minimum required beta of Q3 to guarantee
its saturation during the output pulse?

E. Pulse generator - il

For our final act, let’s fix a deficiency of these circuits,
namely a tendency for the output pulse to turn off some-
what slowly. That happens because Q>’s base voltage, with
its leisurely 100 us RC time constant, rises smoothly (and
relatively slowly) through the turn-on voltage threshold of
~0.6 V. Note, by the way, that this problem does not occur
at the turn-on of the output pulse, because at that transition
0>’s base voltage drops abruptly down to approximately
—4.4V, owing to the sharp input step waveform, which is
further sharpened by the switching action of Q;.

The cure here is to add at the output a clever circuit
known as a Schmitt trigger, shown in its transistor imple-
mentation'# in Figure 2.13A. It works like this: imagine a
time within the positive output pulse of the previous cir-
cuits, so the input to this new Schmitt circuit is high (near

14 We’ll see other ways of making a Schmitt trigger, using op-amps or
comparators, in Chapter 4.
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Figure 2.12. Generating a short pulse from a step or pulse input.

+5V). That holds Q4 in saturation, and so Qs is cut off,
with the output at +5 V. The emitter current of Q4 is about
5SmA, so the emitter voltage is approximately +100 mV;
the base is a Vg higher, approximately +700 mV.

Now imagine the trailing edge of the input pulse wave-
form, whose voltage smoothly drops toward ground. As it
drops below 700 mV, Q4 begins to turn off, so its collec-
tor voltage rises. If this were a simple transistor switch
(i.e., if Q5 were absent) the collector would rise to +5V;
here, however, the collector resistor R;7 instead supplies
current to Qs, putting it in saturation. So Qs’s collector
drops nearly to ground.

At this simple level of analysis the circuit appears to
be pretty useless, because its output is the same as its in-
put! Let’s look a little closer, though: as the input volt-
age drops through the 700 mV threshold and Qs turns
on, the total emitter current rises to ~10 mA (5 mA from
QOs’s collector current, and another ~5 mA from its base
current, both of which flow out the emitter). The drop
across the emitter resistor is now 200 mV, which means
that the input threshold has increased to about +800 mV. So
the input voltage, which had just dropped below 700 mV,
now finds itself well below the new threshold, causing the
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Figure 2.13. A “Schmitt trigger” produces an output with abrupt
transitions, regardless of the speed of the input waveform.

output to switch abruptly. This “regenerative” action is how
the Schmitt trigger turns a slowly moving waveform into an
abrupt transition.

A similar action occurs as the input rises through this
higher threshold; see Figure 2.13B, which illustrates how
the output voltage changes as the input voltage passes
through the two thresholds, an effect known as hystere-
sis. The Schmitt trigger produces rapid output transitions as
the input passes through either threshold. We’ll see Schmitt
triggers again in Chapters 4 and 10.

There are many enjoyable applications of transistor
switches, including “signal” applications like this (com-
bined with more complex digital logic circuits), as well as
“power switching” circuits in which transistors operating
at high currents, high voltages, or both, are used to control
hefty loads, perform power conversion, and so on. Transis-
tor switches can also be used as substitutes for mechanical
switches when we are dealing with continuous (“linear” or
“analog”) waveforms. We’ll see examples of these in the
next chapter, when we deal with FETs, which are ideally
suited to such switching tasks, and again in Chapter 12,
where we deal with the control of signals and external loads
from logic-level signals.

We now move on to consider the first of several linear
transistor circuits.

2.2.3 Emitter follower

Figure 2.14 shows an example of an emitter follower. It is
called that because the output terminal is the emitter, which
follows the input (the base), less one diode drop:

Vg = Vg —0.6 volts.

The output is a replica of the input, but 0.6 to 0.7V less
positive. For this circuit, V;, must stay at +0.6 V or more,
or else the output will sit at ground. By returning the emit-

ter resistor to a negative supply voltage, you can permit
negative voltage swings as well. Note that there is no col-
lector resistor in an emitter follower.

+10V

Vin

Figure 2.14. Emitter follower.

At first glance this circuit may appear quite thoroughly
useless, until you realize that the input impedance is much
larger than the output impedance, as will be demonstrated
shortly. This means that the circuit requires less power
from the signal source to drive a given load than would
be the case if the signal source were to drive the load
directly. Or a signal of some internal impedance (in the
Thévenin sense) can now drive a load of comparable or
even lower impedance without loss of amplitude (from the
usual voltage-divider effect). In other words, an emitter fol-
lower has current gain, even though it has no voltage gain.
It has power gain. Voltage gain isn’t everything!

A. Impedances of sources and loads

This last point is very important and is worth some more
discussion before we calculate in detail the beneficial ef-
fects of emitter followers. In electronic circuits, you're al-
ways hooking the output of something to the input of some-
thing else, as suggested in Figure 2.15. The signal source
might be the output of an amplifier stage (with Thévenin
equivalent series impedance Z,), driving the next stage or
perhaps a load (of some input impedance Z;;,). In general,
the loading effect of the following stage causes a reduction
of signal, as we discussed earlier in §1.2.5A. For this rea-
son it is usually best to keep Zoy < Z;j, (a factor of 10 is a
comfortable rule of thumb).

In some situations it is OK to forgo this general goal of
making the source stiff compared with the load. In partic-
ular, if the load is always connected (e.g., within a circuit)
and if it presents a known and constant Z,, it is not too se-
rious if it “loads” the source. However, it is always nicer if
signal levels don’t change when a load is connected. Also,
if Z;, varies with signal level, then having a stiff source
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(Zowt < Zy,) ensures linearity, where otherwise the level-
dependent voltage divider would cause distortion.

Finally, as we remarked in §1.2.5A, there are two situa-
tions in which Zyy« < Zi, is actually the wrong thing to do:
in radiofrequency circuits we usually match impedances
(Zow: = Zsip), for reasons we’ll describe in Appendix H. A
second exception applies if the signal being coupled is a
current rather than a voltage. In that case the situation is
reversed, and we strive to make Zj, << Zoy (Zout = <o, for a
current source).

first amplifier second amplifier

R out

Figure 2.15. lllustrating circuit “loading” as a voltage divider.

B. Input and output impedances of emitter
followers

As we’ve stated, the emitter follower is useful for chang-

ing impedances of signals or loads. To put it starkly, that’s

really the whole point of an emitter follower.

Let’s calculate the input and output impedances of the
emitter follower. In the preceding circuit we consider R to
be the load (in practice it sometimes is the load; otherwise
the load is in parallel with R, but with R dominating the
parallel resistance anyway). Make a voltage change AVp at
the base; the corresponding change at the emitter is AVg =
AVg. Then the change in emitter current is

Al = AVi /R,
SO
1 AV
Alg = —Alg — ——B8__
BB r1 " ETRB+)

(using Ig = Ic + Ig). The input resistance is AVg/Alg.

Therefore
rin= (B+1)R. 2.2)

The transistor small-signal (or “incremental”) current gain

15 We use the boldface symbol Z when the complex nature of impedance
is important. In common usage the term “impedance” can refer loosely
to the magnitude of impedance, or even to a purely real impedance
(e.g., transmission-line impedance); for such instances we use the or-
dinary math-italic symbol Z.

(B, or hg) is typically about 100, so a low-impedance load
looks like a much higher impedance at the base; it is easier
to drive.

In the preceding calculation we used the changes in the
voltages and currents, rather than the steady (dc) values of
those voltages (or currents), to arrive at our input resistance
rin. Such a “small-signal” analysis is used when the varia-
tions represent a possible signal, as in an audio amplifier,
riding on a steady dc “bias” (see §2.2.7). Although we indi-
cated changes in voltage and current explicitly (with “AV,)”
etc.), the usual practice is to use lowercase symbols for
small-signal variations (thus AV < v); with this conven-
tion the above equation for Alg, for example, would read
ig = UB / R.

The distinction between dc current gain (hpg) and small-
signal current gain () isn’t always made clear, and the
term beta is used for both. That’s alright, since hg ~ hpg
(except at very high frequencies), and you never assume
you know them accurately, anyway.

Although we used resistances in the preceding deriva-
tion, we could generalize to complex impedances by al-
lowing AVp, Alg, etc., to become complex numbers. We
would find that the same transformation rule applies for
impedances:

Z, = (B + 1)Zload~ (2.3)

We could do a similar calculation to find that the out-
put impedance Z,; of an emitter follower (the impedance
looking into the emitter) driven from a source of internal
impedance Zgource 1S given by

Zsource
Zowt = .
out Br1

Strictly speaking, the output impedance of the circuit
should also include the parallel resistance of R, but in prac-
tice Zoy (the impedance looking into the emitter) domi-
nates.

(2.4)

Exercise 2.4. Show that the preceding relationship is correct.
Hint: hold the source voltage fixed and find the change in output
current for a given forced change in output voltage. Remember
that the source voltage is connected to the base through a series
resistor.

Because of these nice properties, emitter followers
find application in many situations, e.g., making low-
impedance signal sources within a circuit (or at outputs),
making stiff voltage references from higher-impedance ref-
erences (formed from voltage dividers, say), and generally
isolating signal sources from the loading effects of subse-
quent stages.
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+5V +5V
very bright
white LED
(3.6V drop, 7 D1

Figure 2.16. Putting an emitter follower in front of a switch makes
it easy for a low-current control signal to switch a high-current load.

Exercise 2.5. Use a follower with the base driven from a voltage
divider to provide a stiff source of +5 volts from an available
regulated +15V supply. Load current (max) = 25 mA. Choose
your resistor values so that the output voltage doesn’t drop more
than 5% under full load.

C. Follower drives switch

Figure 2.16 shows a nice example of an emitter follower
rescuing an awkward circuit. We’re trying to switch a re-
ally bright white LED (the kind you use for “area light-
ing”), which drops about 3.6V at its desired 500 mA of
forward current. And we’ve got a 0-3 V digital logic signal
available to control the switch. The first circuit uses a single
npn saturated switch, with a base resistor sized to produce
10 mA of base current, and a 2.5 Q current-limiting resistor
in series with the LED.

This circuit is OK, sort of. But it draws an uncomfort-
ably large current from the control input; and it requires
Q) to have plenty of current gain at the full load current
of 0.5A. In the second circuit (Figure 2.16B) an emitter
follower has come to the rescue, greatly reducing the input
current (because of its current gain), and at the same time
relaxing the minimum beta requirement of the switch (Q3).
To be fair, we should point out that a low-threshold MOS-
FET provides an even simpler solution here; we’ll tell you
how, in Chapters 3 and 12.

D. Important points about followers

Current flow in one direction only. Notice (§2.1.1, rule
4) that in an emitter follower the npn transistor can
only source (as opposed to sink) current. For instance,
in the loaded circuit shown in Figure 2.17 the output
can swing to within a transistor saturation voltage drop
of Ve (about +9.9 V), but it cannot go more negative
than —5 volts. That is because on the extreme negative
swing, the transistor can do no better than to turn off
completely, which it does at —4.4 volts input (—5 V out-

+ov
A |
L Ricad
1.0k < 1.0k
I
|
-10v =

Figure 2.17. An npn emitter follower can source plenty of current
through the transistor, but can sink limited current only through its
emitter resistor.

put, set by the divider formed by the load and emitter
resistors). Further negative swing at the input results in
back-biasing of the base—emitter junction, but no further
change in output. The output, for a 10 volt amplitude
sinewave input, looks as shown in Figure 2.18.

10 0.6V .
input
T A //\ output
()
g time
S -5V
>
-10 “clipping”

Figure 2.18. lllustrating the asymmetrical current drive capability
of the npn emitter follower.

Another way to view the problem is to say that the
emitter follower has a low value of small-signal output
impedance, whereas its large-signal output impedance
is much higher (as large as Rg). The output impedance
changes over from its small-signal value to its large-
signal value at the point where the transistor goes out
of the active region (in this case at an output voltage
of —5V). To put this point another way, a low value
of small-signal output impedance doesn’t necessarily
mean that the circuit can generate large signal swings
into a low resistance load. A low small-signal output
impedance doesn’t imply a large output current capabil-
ity.

Possible solutions to this problem involve either de-
creasing the value of the emitter resistor (with greater
power dissipation in resistor and transistor), using a pnp
transistor (if all signals are negative only), or using a
“push—pull” configuration, in which two complemen-
tary transistors (one npn, one pnp) are used (§2.4.1).
This sort of problem can also come up when the load
that an emitter follower is driving contains voltage or
current sources of its own, and thus can force a current
in the “wrong” direction. This happens most often with
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regulated power supplies (the output is usually an emit-
ter follower) driving a circuit that has other power sup-
plies.

Base-emitter breakdown. Always remember that the
base—emitter reverse breakdown voltage for silicon tran-
sistors is small, quite often as little as 6 volts. Input
swings large enough to take the transistor out of con-
duction can easily result in breakdown (causing perma-
nent degradation of current gain 3) unless a protective
diode is added (Figure 2.19).

Figure 2.19. A diode prevents base—emitter reverse voltage break-
down.

Gain is slightly less than unity. The voltage gain of an
emitter follower is actually slightly less than 1.0, be-
cause the base—emitter voltage drop is not really con-
stant, but depends slightly on collector current. You will
see how to handle that later in the chapter, when we have
the Ebers—Moll equation.

2.2.4 Emitter followers as voltage regulators

The simplest regulated supply of voltage is simply a zener
(Figure 2.20). Some current must flow through the zener,
so you choose

Vin (min) — Vout

R > Ioyt(max).

Because Vi, isn’t regulated, you use the lowest value of Vi,
that might occur. Designing for satisfactory operation un-
der the worst combination (here minimum V;, and max-
imum Ioy) is known as “worst-case” design. In practice,
you would also worry about component tolerances, line-
voltage limits, etc., designing to accommodate the worst
possible combination that would ever occur.

R
Vi Vout (& Vzener)
(unregulated,
with some ripple) D

Figure 2.20. Simple zener voltage regulator.

The zener must be able to dissipate

Vin — V.
Prener = (ITOm - ]out) Vizener-

Again, for worst-case design, you would use V;,(max) and
Loy (min).

Exercise 2.6. Design a +10V regulated supply for load currents
from O to 100mA; the input voltage is +20 to +-25 V. Allow at
least 10 mA zener current under all (worst-case) conditions. What
power rating must the zener have?

This simple zener-regulated supply is sometimes used
for noncritical circuits or circuits using little supply cur-
rent. However, it has limited usefulness, for several rea-
sons:

* Vout isn’t adjustable or settable to a precise value.

 Zener diodes give only moderate ripple rejection and reg-
ulation against changes of input or load, owing to their
finite dynamic impedance.

* For widely varying load currents a high-power zener is
often necessary to handle the dissipation at low load cur-
rent.'6

By using an emitter follower to isolate the zener, you
get the improved circuit shown in Figure 2.21. Now the sit-
uation is much better. Zener current can be made relatively
independent of load current, since the transistor base cur-
rent is small, and far lower zener power dissipation is pos-
sible (reduced by as much as a factor of ). The collector
resistor Rc can be added to protect the transistor from mo-
mentary output short circuits by limiting the current, even
though it is not essential to the emitter follower function.
Choose Rc so that the voltage drop across it is less than the
drop across R for the highest normal load current (i.e., so
that the transistor does not saturate at maximum load).

Vin *
(unregulated)

Vout

Figure 2.21. Zener regulator with follower, for increased output
current. Rc protects the transistor by limiting maximum output cur-
rent.

16 This is a property shared by all shunt regulators, of which the zener is
the simplest example.
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Exercise 2.7. Design a +10V supply with the same specifica-
tions as in Exercise 2.6. Use a zener and emitter follower. Cal-
culate worst-case dissipation in transistor and zener. What is the
percentage change in zener current from the no-load condition to
full load? Compare with your previous circuit.

A nice variation of this circuit aims to eliminate the ef-
fect of ripple current (through R) on the zener voltage by
supplying the zener current from a current source, which is
the subject of §2.2.6. An alternative method uses a lowpass
filter in the zener bias circuit (Figure 2.22). R is chosen
such that the series pair provides sufficient zener current.
Then C is chosen large enough so that RC > 1/ fripple.”

Later you will see better voltage regulators, ones in
which you can vary the output easily and continuously by
using feedback. They are also better voltage sources, with
output impedances measured in milliohms, temperature co-
efficients of a few parts per million per degree centigrade,
and other desirable features.

Vin *
(unregulated)

Vout

Figure 2.22. Reducing ripple in the zener regulator.

+Vee

Qo

Qq

[ —

i

Figure 2.23. Biasing an emitter follower from a previous stage.

2.2.5 Emitter follower biasing

When an emitter follower is driven from a preceding stage
in a circuit, it is usually OK to connect its base directly to
the previous stage’s output, as shown in Figure 2.23.

17 In a variation of this circuit, the upper resistor is replaced with a diode.

Because the signal on Q;’s collector is always within the
range of the power supplies, O, ’s base will be between V¢
and ground, and therefore Q5 is in the active region (neither
cut off nor saturated), with its base—emitter diode in con-
duction and its collector at least a few tenths of a volt more
positive than its emitter. Sometimes, though, the input to a
follower may not be so conveniently situated with respect
to the supply voltages. A typical example is a capacitively
coupled (or ac-coupled) signal from some external source
(e.g., an audio signal input to a stereo amplifier). In that
case the signal’s average voltage is zero, and direct cou-
pling to an emitter follower will give an output like that in
Figure 2.24.

input

i
~

input

Figure 2.24. A transistor amplifier powered from a single positive
supply cannot generate negative voltage swings at the transistor
output terminal.

It is necessary to bias the follower (in fact, any tran-
sistor amplifier) so that collector current flows during the
entire signal swing. In this case a voltage divider is the
simplest way (Figure 2.25). Ry and R, are chosen to put
the base halfway between ground and Vcc when there is
no input signal, i.e., Ry and R, are approximately equal.
The process of selecting the operating voltages in a circuit,
in the absence of applied signals, is known as setting the
quiescent point. In this case, as in most cases, the quies-
cent point is chosen to allow maximum symmetrical signal
swing of the output waveform without clipping (flattening
of the top or bottom of the waveform). What values should
Ry and R, have? Applying our general principle (§1.2.5A,
§2.2.3A), we make the impedance of the dc bias source (the
impedance looking into the voltage divider) small com-
pared with the load it drives (the dc impedance looking into
the base of the follower). In this case,

R, ||R2 < ﬁRE.
This is approximately equivalent to saying that the current

flowing in the voltage divider should be large compared
with the current drawn by the base.
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Figure 2.25. An ac-coupled emitter follower. Note base bias volt-
age divider.

A. Emitter follower design example

As an actual design example, let’s make an emitter follower
for audio signals (20 Hz to 20 kHz). V¢ is +15V, and qui-
escent current is to be 1 mA.

Step 1. Choose Vg. For the largest possible symmetrical
swing without clipping, Vg = 0.5Vcc, or +7.5 volts.

Step 2. Choose Rg. For a quiescent current of 1 mA,
Rg = 7.5k.

Step 3. Choose Ry and R,. Vg is Vg + 0.6V, or 8.1 V.
This determines the ratio of R to Ry as 1:1.17. The pre-
ceding loading criterion requires that the parallel resistance
of Ry and R, be about 75k or less (one-tenth of 7.5k x 3).
Suitable standard values are R; = 130k, R, = 150k.

Step 4. Choose Cj. The capacitor C; forms a high-
pass filter with the impedance it sees as a load, namely
the impedance looking into the base in parallel with the
impedance looking into the base voltage divider. If we as-
sume that the load this circuit will drive is large compared
with the emitter resistor, then the impedance looking into
the base is BRg, about 750k. The divider looks like 70k. So
the capacitor sees a load of about 63k, and it should have
a value of at least 0.15 uF so that the 3 dB point will be
below the lowest frequency of interest, 20 Hz.

Step 5. Choose C,. The capacitor C, forms a high-
pass filter in combination with the load impedance, which
is unknown. However, it is safe to assume that the load
impedance won’t be smaller than Rg, which gives a value
for C; of at least 1.0 uF to put the 3 dB point below 20 Hz.
Because there are now two cascaded highpass filter sec-
tions, the capacitor values should be increased somewhat
to prevent excessive attenuation (reduction of signal ampli-
tude, in this case 6 dB) at the lowest frequency of interest.
C1 = 0.47 uF and C, = 3.3 uF might be good choices.'®

18 These values may seem curiously “unround.” But they are chosen from
the widely available EIA “E6” decade values (see Appendix C); and in
fact “round-number” values of 0.5 uF and 3.0 uF are harder to find.

From our simple transistor model, the output impedance
at the emitter is just Zoy = Rg||[(Zin||R1]|R2)/B], where
Z;, is the (Thévenin) output resistance of the signal that
drives this circuit. So, taking 8 ~ 100, a signal source
with 10kQ output resistance would result in an output
impedance (at the emitter) of about 87 Q. As we’ll see
later in the chapter (§2.3), there’s an effect (the intrinsic
emitter impedance, r.) that adds an additional resistance of
0.025/Ig effectively in series with the emitter; so the out-
put impedance here (with 10kQ source) would be about
110 Q.

B. Followers with split supplies

Because signals often are “near ground,” it is convenient
to use symmetrical positive and negative supplies. This
simplifies biasing and eliminates coupling capacitors (Fig-
ure 2.26).

Warning: you must always provide a dc path for base bias
current, even if it goes only to ground. In this circuit it is as-
sumed that the signal source has a dc path to ground. If not
(e.g., if the signal is capacitively coupled), you must pro-
vide a resistor to ground (Figure 2.27). Rg could be about
one-tenth of BRE, as before.

Exercise 2.8. Design an emitter follower with =15V supplies to
operate over the audio range (20 Hz to 20 kHz). Use 5 mA quies-
cent current and capacitive input coupling.

+Vee

signal
(near ground)

output
(also near ground)

Ve

Figure 2.26. A dc-coupled emitter follower with split supply.

+Vee

Ve

Figure 2.27. Always provide a dc bias path.
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C. Bad biasing

You sometimes see sadness-inducing circuits like the disas-
ter shown in Figure 2.28. The designer chose Rp by assum-
ing a particular value for beta (100), estimating the base
current, and then hoping for a 7V drop across Rg. This is
a bad design; beta is not a good parameter and will vary
considerably. By using voltage biasing with a stiff volt-
age divider, as in the detailed example presented earlier,
the quiescent point is insensitive to variations in transistor
beta. For instance, in the previous design example the emit-
ter voltage will increase by only 0.35V (5%) for a transis-
tor with 8 = 200 instead of the nominal § = 100. And, as
with this emitter follower example, it is just as easy to fall
into this trap and design bad transistor circuits in the other
transistor configurations (notably the common-emitter am-
plifier, which we will treat later in this chapter).

+15V
-
Rp
750k
C
-~
Re

7.5k

Figure 2.28. Don’t do this!

D. Cancelling the offset — |

Wouldn’t it be nice if an emitter follower did not cause an
offset of the output signal by the Vgg ~ 0.6 V base—emitter
drop? Figure 2.29 shows how to cancel the dc offset, by
cascading a pnp follower (which has a positive Vg offset)
with an npn follower (which has a comparable negative Vg
offset). Here we’ve configured the circuit with £10 V sym-
metrical split supplies; and we’ve used equal-value emitter
resistors so that the two transistors have a comparable qui-
escent current for an input signal near 0 V.

This is a nice trick, useful to know about and often help-
ful. But the cancellation isn’t perfect, for reasons we’ll see
later in the chapter (Vg depends somewhat on collector
current, and on transistor size, §2.3), and again in Chap-
ter 5. But, as we’ll see in Chapter 4, it is in fact rather
easy to make a follower, using operational amplifiers, with
nearly perfect zero offset (10 uV or less); and as a bonus
you get input impedances in the gigaohms (or more), input
currents in the nanoamps (or less), and output impedances

+10V

+10

-10

-10V

Figure 2.29. Cascading a pnp and an npn follower produces ap-
proximate cancellation of the Vg offsets.

measured in fractions of an ohm. Take a look ahead at
Chapter 4.

2.2.6 Current source

Current sources, although often neglected, are as impor-
tant and as useful as voltage sources. They often pro-
vide an excellent way to bias transistors, and they are un-
equaled as “active loads” for super-gain amplifier stages
and as emitter sources for differential amplifiers. Inte-
grators, sawtooth generators, and ramp generators need
current sources. They provide wide-voltage-range pullups
within amplifier and regulator circuits. And, finally, there
are applications in the outside world that require constant
current sources, e.g., electrophoresis or electrochemistry.

A. Resistor plus voltage source

The simplest approximation to a current source is shown in
Figure 2.30. As long as Rj,q << R (in other words, Vigaq <
V), the current is nearly constant and is approximately

I~V/R.

The load doesn’t have to be resistive. A capacitor will
charge at a constant rate, as long as Ve, < V; this is just
the first part of the exponential charging curve of an RC.

R %
+V O—AAA—0 - - ——0—2d

Rioad

Figure 2.30. Current-source approximation.

There are several drawbacks to a simple resistor cur-
rent source. To make a good approximation to a current
source, you must use large voltages, with lots of power dis-
sipation in the resistor. In addition, the current isn’t easily
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programmable, i.e., controllable over a large range by
means of a voltage somewhere else in the circuit.

Exercise 2.9. If you want a current source constant to 1% over a
load voltage range of 0 to +10 volts, how large a voltage source
must you use in series with a single resistor?

Exercise 2.10. Suppose you want a 10 mA current in the preced-
ing problem. How much power is dissipated in the series resistor?
How much gets to the load?

B. Transistor current source

Happily, it is possible to make a very good current source
with a transistor (Figure 2.31). It works like this: applying
Vg to the base, with Vg>0.6V, ensures that the emitter is
always conducting:

Vg = Vg — 0.6 volts.
So
Ig = Vg/Rg = (Vg — 0.6 volts) /Rg.
But, since Ig = I¢ for large beta,
Ic ~ (Vg — 0.6 volts) /Rg, (2.5)

independent of V(, as long as the transistor is not saturated
(Ve 2 Ve + 0.2 volts).

+Veo

load

Ve

Re

Figure 2.31. Transistor current source: basic concept.

C. Current-source biasing

The base voltage can be provided in a number of ways.
A voltage divider is OK, as long as it is stiff enough. As
before, the criterion is that its impedance should be much
less than the dc impedance looking into the base (BRg). Or
you can use a zener diode (or a two-terminal IC reference
like the LM385), biased from V¢, or even a few forward-

biased diodes'® in series from base to the corresponding
emitter supply. Figure 2.32 shows some examples. In the
last example (Figure 2.32C), a pnp transistor sources cur-
rent to a load returned to ground. The other examples (us-
ing npn transistors) should properly be called current sinks,
but the usual practice is to refer to them all loosely as
“current sources.”20 In the first circuit, the voltage-divider
impedance of ~1.3k is stiff compared with the impedance
looking into the base of about 100k (for B = 100), so any
changes in beta with collector voltage will not much affect
the output current by causing the base voltage to change.
In the other two circuits the biasing resistors are chosen to
provide several milliamps to bring the diodes into conduc-
tion.

D. Compliance

A current source can provide constant current to the load
only over some finite range of load voltage. To do other-
wise would be equivalent to providing infinite power. The
output voltage range over which a current source behaves
well is called its output compliance. For the preceding tran-
sistor current sources, the compliance is set by the require-
ment that the transistors stay in the active region. Thus in
the first circuit the voltage at the collector can go down
until the transistor is almost in saturation, perhaps +1.1V
at the collector. The second circuit, with its higher emit-
ter voltage, can sink current down to a collector voltage of
about +5.1 V.

In all cases the collector voltage can range from a value
near saturation all the way up to the supply voltage. For ex-
ample, the last circuit can source current to the load for any
voltage between zero and about +8.6 V across the load. In
fact, the load might even contain batteries or power sup-
plies of its own, which could carry the collector beyond
the supply voltage (Figure 2.32A,B) or below ground (Fig-
ure 2.32C). That’s OK, but you must watch out for tran-
sistor breakdown (Vg must not exceed BVcgo, the speci-
fied collector—emitter breakdown voltage) and also for ex-
cessive power dissipation (set by IcVcEg). As you will see
in §§3.5.1B, 3.6.4C, and 9.4.2, there is an additional safe-
operating-area constraint on power transistors.

Exercise 2.11. You have +5 and +15 V regulated supplies avail-
able in a circuit. Design a 5 mA npn current sink using the +5V
to bias the base. What is the output compliance?

19° A red LED, with its forward voltage drop of ~1.6V, is a convenient
substitute for a string of three diodes.

20 «Sink” and “source” simply refer to the direction of current flow: if
a circuit supplies (positive) current to a point, it is a source, and vice
versa.
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+10V +15V +10V
10k
8.2k 1mA l load 0 load 5600
8.8V
1.6V 8.2V
1.0V 5.0V
1.6k 5.6V
' 1.0k zener 10K 4.7k 2mA l load
A. B. C.

Figure 2.32. Transistor current-source circuits, illustrating three methods of base biasing; npn transistors sink current, whereas pnp
transistors source current. The circuit in C illustrates a load returned to ground. See also Figure 3.26.

A current source doesn’t have to have a fixed voltage at
the base. By varying Vg you get a voltage-programmable
current source. The input signal swing vj, (recall that low-
ercase symbols mean variations) must stay small enough
so that the emitter voltage never drops to zero, if the out-
put current is to reflect input-voltage variations smoothly.
The result will be a current source with variations in out-
put current proportional to the variations in input voltage,
lout = Vin/Rg. This is the basis of the amplifier we’ll see
next (§2.2.7).

E. Cancelling the offset — I

It’s a minor drawback of these current source circuits that
you have to apply a base voltage that is offset by Vg ~
0.6V from the voltage that you want to appear across the
emitter resistor; and it is of course the latter that sets the
output current. It’s the same offset issue as with an emitter
follower; and you can use the same trick (§2.2.5D) to bring
about approximate cancellation of the offset in situations
in which that is a problem.

+15V

l I.=Vin/Ra

Figure 2.33. Compensating the Vgg drop in a current source.

Look at Figure 2.33. It has our standard current-source
output stage Q», with the current set by the voltage across
the emitter resistor: I, =Vg/Ry. So Q»’s base needs to be

a Vg higher (the offset), but that’s just what the pnp input
follower does anyway. So, voila, the voltage at Q>’s emitter
winds up being approximately equal to Vi, that you apply;
and so the output current is simply I =Vi,/R», with no ifs,
ands, buts, or Vg offsets. Cute!

We hasten to point out, though, that this is not a par-
ticularly accurate cancellation, because the two transistors
will in general have different collector currents, and there-
fore somewhat different base—emitter drops (§2.3). But it’s
a first-order hack, and a lot better than nothing. And, once
again, the magic of operational amplifiers (Chapter 4) will
provide a way to make current sources in which the out-
put current is accurately programmed by an input voltage,
without that pesky Vg offset.

F. Deficiencies of current sources
These transistor current-source circuits perform well, par-
ticularly when compared with a simple resistor biased
from a fixed voltage (Figure 2.30). When you look closely,
though, you find that they do depart from the ideal at some
level of scrutiny — that is, the load current does show some
(relatively small) variation with voltage. Another way to
say the same thing is that the current source has a finite
(Rth < o) Thévenin equivalent resistance.

We discuss the causes of these deficiencies, and some
very clever circuit fixes, later in the chapter, and also in
Chapter 2x.

2.2.7 Common-emitter amplifier

Consider a current source with a resistor as load (Fig-
ure 2.34). The collector voltage is

Ve =Vee —IcRe

We could capacitively couple a signal to the base to cause
the collector voltage to vary. Consider the example in
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+Vee
R4 Rc Ry
110k
signal in —{}—
Ry c .
Re 0.1pF

Figure 2.34. Current source driving a resistor as load: an ampli-
fier!

Figure 2.35. Blocking capacitor C is chosen so that all
frequencies of interest are passed by the highpass filter it
forms in combination with the parallel resistance of the
base biasing resistors?!; that is,

1
C> —v——.
~ 2nf(R1]|R2)

The quiescent collector current is 1.0 mA because of the
applied base bias and the 1.0k emitter resistor. That cur-
rent puts the collector at +10 volts (420 V, minus 1.0 mA
through 10k). Now imagine an applied wiggle in base volt-
age vp. The emitter follows with Vg = vp, which causes a
wiggle in emitter current

ig = Vp/Rg = U /Rg

and nearly the same change in collector current (3 is large).
So the initial wiggle in base voltage finally causes a collec-
tor voltage wiggle

V¢ = —icRc = —UB(Rc/RE)

Aha! It’s a voltage amplifier, with a voltage amplification
(or “gain”) given by

gain = Uout/vin =—Rc /RE (2.6)

In this case the gain is —10,000/1000, or —10. The minus
sign means that a positive wiggle at the input gets turned
into a negative wiggle (10 times as large) at the output. This
is called a common-emitter amplifier with emitter degener-
ation.

A. Input and output impedances of the
common-emitter amplifier

We can easily determine the input and output impedances

of the amplifier. The input signal sees, in parallel, 110k,

10k, and the impedance looking into the base. The latter is

21 The impedance looking into the base itself will usually be much larger
because of the way the base resistors are chosen, and it can generally
be ignored.

Figure 2.35. An ac common-emitter amplifier with emitter degen-
eration. Note that the output terminal is the collector rather than the
emitter.

about 100k (3 times Rg), so the input impedance (domi-
nated by the 10k) is about 8k. The input coupling capacitor
thus forms a highpass filter, with the 3 dB point at 200 Hz.
The signal driving the amplifier sees 0.1 uF in series with
8k, which to signals of normal frequencies (well above the
3 dB point) just looks like 8k.

The output impedance is 10k in parallel with the
impedance looking into the collector. What is that? Well,
remember that if you snip off the collector resistor,
you’re simply looking into a current source. The collec-
tor impedance is very large (measured in megohms), and
so the output impedance is just the value of the collector
resistor, 10k. It is worth remembering that the impedance
looking into a transistor’s collector is high, whereas the
impedance looking into the emitter is low (as in the emitter
follower). Although the output impedance of a common-
emitter amplifier will be dominated by the collector load
resistor, the output impedance of an emitter follower will
not be dominated by the emitter load resistor, but rather by
the impedance looking into the emitter.

2.2.8 Unity-gain phase splitter

Sometimes it is useful to generate a signal and its in-
verse, i.e., two signals 180° out of phase. That’s easy to
do — just use an emitter-degenerated amplifier with a gain
of —1 (Figure 2.36). The quiescent collector voltage is
set to 0.75Vcc, rather than the usual 0.5Vcc, in order to
achieve the same result — maximum symmetrical output
swing without clipping at either output. The collector can
swing from 0.5V to Ve, whereas the emitter can swing
from ground to 0.5Vcc.

Note that the phase-splitter outputs must be loaded with
equal (or very high) impedances at the two outputs to main-
tain gain symmetry.
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150k
/‘/L_|C|_
62k

Figure 2.36. Unity-gain phase splitter.

-v
#2 Vol = Iv|
Cc —— 6=2tan""wRC
————oV,
output
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o1 ————

Figure 2.37. Constant-amplitude phase shifter.

A. Phase shifter

A nice use of the phase splitter is shown in Figure 2.37.
This circuit gives (for a sinewave input) an output sinewave
of adjustable phase (from zero to 180°) and with constant
amplitude. It can be best understood with a phasor diagram
of voltages (§1.7.12); with the input signal represented by
a unit vector along the real axis, the signals look as shown
in Figure 2.38.

Signal vectors vg and vc must be at right angles, and
they must add to form a vector of constant length along
the real axis. There is a theorem from geometry that says
that the locus of such points is a circle. So the resultant
vector (the output voltage) always has unit length, i.e., the
same amplitude as the input, and its phase can vary from
nearly zero to nearly 180° relative to the input wave as R is
varied from nearly zero to a value much larger than Xc at
the operating frequency. However, note that the phase shift
depends on the frequency of the input signal for a given set-
ting of the potentiometer R. It is worth noting that a simple
RC highpass (or lowpass) network could also be used as
an adjustable phase shifter. However, its output amplitude
would vary over an enormous range as the phase shift was
adjusted.

An additional concern here is the ability of the phase-
splitter circuit to drive the RC phase shifter as a load. Ide-
ally, the load should present an impedance that is large

compared with the collector and emitter resistors. As a re-
sult, this circuit is of limited utility where a wide range
of phase shifts is required. You will see improved phase-
splitter techniques in Chapter 4, where we use op-amps as
impedance buffers, and in Chapter 7, where a cascade of
several phase-shifter sections generates a set of “quadra-
ture” signals that extends the phase-shifting range to a full
0° to 360°.

Figure 2.38. Phasor diagram for phase shifter, for which 6 =

2arctan(@RC).
* * +20V
10k
110k
-—— signal
signal —|}—e out

N o1uF [ 16V

1.0V

imk 1.0k

Figure 2.39. The common-emitter amplifier is a transconductance
stage driving a (resistive) load.

2.2.9 Transconductance

In the preceding section we figured out the operation of
the emitter-degenerated amplifier by (a) imagining an ap-
plied base voltage swing and seeing that the emitter voltage
had the same swing, then (b) calculating the emitter current
swing; then, ignoring the small base current contribution,
we got the collector current swing and thus (c) the collector
voltage swing. The voltage gain was then simply the ratio
of collector (output) voltage swing to base (input) voltage
swing.

There’s another way to think about this kind of ampli-
fier. Imagine breaking it apart, as in Figure 2.39. The first
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part is a voltage-controlled current source, with quiescent
current of 1.0 mA and gain of —1 mA/V. Gain means the
ratio of output to input; in this case the gain has units of
current/voltage, or 1/resistance. The inverse of resistance
is called conductance.”® An amplifier whose gain has units
of conductance is called a transconductance amplifier; the
ratio of changes Alyy /AVi, (usually written with small-
signal changes indicated in lowercase: ioy/Vin) is called
the transconductance, g,,:
_ Alout _ lout
AVip Vin .

&m 2.7)

Think of the first part of the circuit as a transconductance
amplifier, i.e., a voltage-to-current amplifier with transcon-
ductance g, (gain) of —1 mA/V (1000 uS, or 1 mS, which
is just 1/Rg). The second part of the circuit is the load re-
sistor, an “amplifier” that converts current to voltage. This
resistor could be called a transresistance converter, and
its gain (r,,) has units of voltage/current, or resistance. In
this case its quiescent voltage is Vcc, and its gain (trans-
resistance) is 10 V/mA (10k€), which is just Rc. Connect-
ing the two parts together gives you a voltage amplifier.
You get the overall gain by multiplying the two gains.
In this case the voltage gain Gy=g,,Rc= — Rc/Rg, or
—10, a unitless number equal to the ratio (output voltage
change)/(input voltage change).

This is a useful way to think about an amplifier, be-
cause you can analyze performance of the sections inde-
pendently. For example, you can analyze the transconduct-
ance part of the amplifier by evaluating g,, for different
circuit configurations or even different devices, such as
field-effect transistors FETs. Then you can analyze the
transresistance (or load) part by considering gain versus
voltage swing tradeoffs. If you are interested in the over-
all voltage gain, it is given by Gy = g1, where r, is the
transresistance of the load. Ultimately the substitution of an
active load (current source), with its extremely high trans-
resistance, can yield single-stage voltage gains of 10,000
or more. The cascode configuration, which we will discuss
later, is another example easily understood with this ap-
proach.

In Chapter 4, which deals with operational amplifiers,
you will see further examples of amplifiers with voltages
or currents as inputs or outputs: voltage amplifiers (volt-
age to voltage), current amplifiers (current to current), and
transresistance amplifiers (current to voltage).

22 The inverse of reactance is susceptance (and the inverse of impedance
is admittance), and has a special unit, the siemens (*‘S,” not to be con-
fused with lowercase “s,” which means seconds), which used to be
called the mho (ohm spelled backward, symbol “0”).

A. Turning up the gain: limitations of the simple
model

The voltage gain of the emitter-degenerated amplifier is
—Rc/Rg, according to our model. What happens as Rg is
reduced toward zero? The equation predicts that the gain
will rise without limit. But if we made actual measure-
ments of the preceding circuit, keeping the quiescent cur-
rent constant at 1 mA, we would find that the gain would
level off at about 400 when Rg is zero, i.e., with the emit-
ter grounded. We would also find that the amplifier would
become significantly nonlinear (the output would not be a
faithful replica of the input), the input impedance would
become small and nonlinear, and the biasing would be-
come critical and unstable with temperature. Clearly our
transistor model is incomplete and needs to be modified to
handle this circuit situation, as well as others we will talk
about presently. Our fixed-up model, which we will call
the transconductance model, will be accurate enough for
the remainder of the book.

B. Recap: the “four topologies”

Before jumping into the complexity just ahead, let’s remind
ourselves of the four transistor circuits we’ve seen, namely
the switch, emitter follower, current source, and common-
emitter amplifier. We’ve drawn these very schematically
in Figure 2.40, omitting details like biasing, and even the
polarity of transistor (i.e., npn or pnp). For completeness
we’ve included also a fifth circuit, the common-base am-
plifier, which we’ll meet soon enough (§2.4.5B).

2.3 Ebers—Moll model applied to basic transistor
circuits

We’ve enjoyed seeing some nice feats that can be accom-
plished with the simplest BJT model — switch, follower,
current source, amplifier — but we’ve run up against some
serious limitations (hey, would you believe, infinite gain?!).
Now it’s time to go a level deeper, to address these limita-
tions. The material that follows will suffice for our pur-
poses. And — good news — for many BJT applications the
simple model you’ve already seen is completely adequate.

2.3.1 Improved transistor model:
transconductance amplifier

The important change is in rule 4 (§2.1.1), where we
said earlier that Ic = BIg. We thought of the transistor
as a current amplifier whose input circuit behaved like a
diode. That’s roughly correct, and for some applications
it’s good enough. But to understand differential amplifiers,



Art of Electronics Third Edition2.3.2.

Consequences of the Ebers—Moll model: rules of thumb for transistor design 91

o o

emitter

switch
follower

source

common-base
amplifier

common-emitter
amplifier

Figure 2.40. Five basic transistor circuits. Fixed voltages (power supplies or ground) are indicated by connections to horizontal line
segments. For the switch, the load may be a resistor, to produce a full-swing voltage output; for the common-emitter amplifier, the emitter

resistor may be bypassed or omitted altogether.

logarithmic converters, temperature compensation, and
other important applications, you must think of the tran-
sistor as a transconductance device — collector current is
determined by base-to-emitter voltage.

Here’s the modified rule 4.

4. Transconductance amplifier When rules 1-3 (§2.1.1)
are obeyed, Ic is related to Vg by23

e =15(T) (%" —1)), 2.8)
or, equivalently,
kT Ic )
Vg = — o +1], (2.9)
T (zsm
where
Vi =kT /g =253mV (2.10)

at room temperature (68°F, 20°C), ¢ is the electron
charge (1.60 x 10" coulombs), k is Boltzmann’s
constant (1.38 x 10723 joules/K, sometimes written
kg), T is the absolute temperature in degrees Kelvin
(K=°C+273.16), and Is(T) is the saturation current
of the particular transistor (which depends strongly on
temperature, 7', as we’ll see shortly). Then the base cur-
rent, which also depends on Vg, can be approximated
by

=1Ic/B.

where the “constant” 3 is typically in the range 20 to
1000, but depends on transistor type, Ic, Vcg, and tem-
perature. Is(T) approximates the reverse leakage cur-
rent (roughly 10713 A for a small-signal transistor like
the 2N3904). In the active region Ic > I5, and therefore

23 We indicate the important temperature dependence of Is by explicitly
showing it in functional form — “Is(7")”.

the —1 term can be neglected in comparison with the
exponential:

Ic ~ Is(T)e"Be/Vr, 2.11)

The equation for /¢ is known as the Ebers—Moll equa-
tion.>* It also describes approximately the current versus
voltage for a diode, if V1 is multiplied by a correction fac-
tor m between 1 and 2. For transistors it is important to
realize that the collector current is accurately determined
by the base—emitter voltage, rather than by the base cur-
rent (the base current is then roughly determined by ),
and that this exponential law is accurate over an enormous
range of currents, typically from nanoamps to milliamps.
Figure 2.41 makes the point graphically.” If you measure
the base current at various collector currents, you will get a
graph of B versus I¢ like that in Figure 2.42. Transistor beta
versus collector current is discussed further in Chapter 2x.

Although the Ebers—Moll equation tells us that the
base—emitter voltage “programs” the collector current, this
property is not easy to use in practice (biasing a transistor
by applying a base voltage) because of the large tempera-
ture coefficient of base—emitter voltage. You will see later
how the Ebers—Moll equation provides insight and solu-
tions to this problem.

2.3.2 Consequences of the Ebers—Moll model:
rules of thumb for transistor design

From the Ebers—Moll equation (2.8) we get these sim-
ple (but handy) “ratio rules” for collector current:
Icg/IC]:exp(AVBE/VT) and AVBE:VTIOge(]Cz/Im). We

24 J.J. Ebers & J. L. Moll, “Large-signal behavior of junction transistors,”
Proc. IRE 42, 1761 (1954).
25 This is sometimes called a Gummel plot.
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Figure 2.41. Transistor base and collector currents as functions of
base-to-emitter voltage Vgg.
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Figure 2.42. Typical transistor current gain (f3) versus collector
current.

also get the following important quantities we will be using
often in circuit design.

A. The steepness of the diode curve.

How much do we need to increase Vpg to increase Ic by
a factor of 10?7 From the Ebers—Moll equation, that’s just
Vrlog, 10, or 58.2mV at room temperature. We like to
remember this as base—emitter voltage increases approx-
imately 60mV per decade of collector current. (Two other
formulations: collector current doubles for each 18 mV in-
crease in base—emitter voltage; collector current increases
4% per millivolt increase in base—emitter voltage.) Equiv-
alently, Ic = Icoe®/?, where AV is in millivolts.2

26 The “25” in this and the following discussion is more precisely
25.3mV, the value of kg7 /¢ at room temperature. It’s proportional to
absolute temperature — engineers like to say “PTAT,” pronounced pee’-
tat. This has interesting (and useful) consequences, for example the

B. The small-sighal impedance looking into the
emitter, r., for the base held at a fixed voltage.
Taking the derivative of Vg with respect to Ic, you get

re = Vr /Ic = 25/Ic ohms, (2.12)

where Ic is in milliamps.27 The numerical value 25/ is for
room temperature. This intrinsic emitter resistance, re, acts
as if it is in series with the emitter in all transistor circuits.
It limits the gain of a grounded-emitter amplifier, causes an
emitter follower to have a voltage gain of slightly less than
unity, and prevents the output impedance of an emitter fol-
lower from reaching zero. Note that the transconductance?®
of a grounded emitter amplifier is just

gm =Ic/Vr =1/re (=40Ic at room temp). (2.13)
C. The temperature dependence of Vgg.

A glance at the Ebers—Moll equation suggests that Vg (at
constant Ic) has a positive temperature coefficient because
of the multiplying factor of 7 in V. However, the strong
temperature dependence of Is(7') more than compensates
for that term, such that Vg (at constant Ic) decreases about
2.1 mV/°C. It is roughly proportional to 1/T,ps, where Typs
is the absolute temperature. Sometimes it’s useful to cast
this instead in terms of the temperature dependence of Ic
(at constant Vgg): Ic increases about 9%/°C; it doubles for
an 8°C rise.

There is one additional quantity we will need on oc-
casion, although it is not derivable from the Ebers—Moll
equation. It is known as the Early effect,?’ and it sets im-
portant limits on current-source and amplifier performance.

D. Early effect.

VBE (at constant I¢) varies slightly with changing Vcg. This
effect is caused by the variation of effective base width as
Vce changes, and it is given, approximately, by

AVgg = —NAV(E,

where 11 ~ 107#~107>. (As an example, the npn 2N5088
has n=1.3 x 10~%, thus a 1.3mV change of Vg to main-
tain constant collector current when Vg changes by 10 V.)

(2.14)

opportunity to make a “silicon thermometer.” We’ll see more of this in
Chapter 2x, and again in Chapter 9.
27 We like to remember the fact that re = 25Q at a collector current of
1 mA. Then we just scale inversely for other currents: thus r. = 2.5Q
at Ic = 10 mA, etc.
At the next level of sophistication we’ll see that, since the quantity re
is proportional to absolute temperature, a grounded emitter amplifier
whose collector current is PTAT has transconductance (and gain) inde-
pendent of temperature. More in Chapter 2x.
J. M. Early, “Effects of space-charge layer widening in junction tran-
sistors,” Proc. IRE 40, 1401 (1952). James Early died in 2004.

2!
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This is often described instead as a linear increase of col-
lector current with increasing collector voltage when Vpg
is held constant; you see it expressed as

v
IC:IC()(H—ﬂ),

where Vj (typically 50-500 V) is known as the Early volt-
age.?" This is shown graphically in Figure 2.59 in §2.3.7A.
A low Early voltage indicates a low collector output resis-
tance; pnp transistors tend to have low Vj, see measured
values in Table 8.1. We treat the Early effect in more detail
in Chapter 2x.3!

These are the essential quantities we need. With them
we will be able to handle most problems of transistor cir-
cuit design, and we will have little need to refer to the
Ebers—Moll equation itself.3?

(2.15)

2.3.3 The emitter follower revisited

Before looking again at the common-emitter amplifier
with the benefit of our new transistor model, let’s take
a quick look at the humble emitter follower. The Ebers—
Moll model predicts that an emitter follower should have
nonzero output impedance, even when driven by a voltage
source, because of finite 7. (item B in the above list). The
same effect also produces a voltage gain slightly less than
unity, because r, forms a voltage divider with the load re-
sistor.

These effects are easy to calculate. With fixed base volt-
age, the impedance looking back into the emitter is just
Rowt = dVpg/dIg; but Iz = Ic, sO Roy = re, the intrin-
sic emitter resistance [recall r. = 25/Ic(mA)]. For exam-
ple, in Figure 2.43A, the load sees a driving impedance
of re = 25Q, because Ic = 1 mA. (This is paralleled by
the emitter resistor Rg, if used; but in practice Rg will al-
ways be much larger than r..) Figure 2.43B shows a more
typical situation, with finite source resistance Rgs (for sim-
plicity we’ve omitted the obligatory biasing components —

30 The connection between Early voltage and 1 is n=Vr/(Va-+VcE)~
Vr/Va; see Chapter 2x.

31 Previewing some of the results there, the Early effect (a) determines
a transistor’s collector output resistance r,=Va /Ic; (b) sets a limit on
single-stage voltage gain; and (c) limits the output resistance of a cur-
rent source. Other things being equal, pnp transistors tend to have low
Early voltages, as do transistors with high beta; high-voltage transistors
usually have high Early voltages, along with low beta. These trends can
be seen in the measured Early voltages listed in Table 8.1.

32 The computer circuit-analysis program SPICE includes accurate tran-
sistor simulation with the Ebers—Moll formulas and Gummel-Poon
charge models. It’s a lot of fun to “wire up” circuits on your com-
puter screen and set them running with SPICE. For more detail see the

application of SPICE to BJT amplifier distortion in Chapter 2x.

base divider and blocking capacitor — which are shown in
Figure 2.43C). In this case the emitter follower’s output
impedance is just r. in series with Ry/(B + 1) (again par-
alleled by an unimportant Rg, if present). For example, if
Ry = lkand Ic = 1 mA, Ry = 35 Q (assuming § = 100). It
is easy to show that the intrinsic emitter . also figures into
an emitter follower’s input impedance, just as if it were in
series with the load (actually, parallel combination of load
resistor and emitter resistor). In other words, for the emit-
ter follower circuit the effect of the Ebers—Moll model is
simply to add a series emitter resistance r. to our earlier
results. >

The voltage gain of an emitter follower is slightly less
than unity, owing to the voltage divider produced by 7. and
the load. It is simple to calculate, because the output is at
the junction of re and Rjaa: Gv = Vout/Vin = RL/(re +RL).
Thus, for example, a follower running at 1 mA quiescent
current, with 1k load, has a voltage gain of 0.976. En-
gineers sometimes like to write the gain in terms of the
transconductance, to put it in a form that holds for FETs
also (see §3.2.3A); in that case (using g, = 1/r.) you get
Gv = Rrgm/(1 +RLgm)-

2.3.4 The common-emitter amplifier revisited

Previously we got wrong answers for the voltage gain of
the common-emitter amplifier with emitter resistor (some-
times called emitter degeneration) when we set the emitter
resistor equal to zero; recall that our wrong answer was
Gy = —Rc/Rg = oo!

The problem is that the transistor has 25/Ic(mA) ohms
of built-in (intrinsic) emitter resistance r. that must be
added to the actual external emitter resistor. This resistance
is significant only when small emitter resistors (or none at
all) are used.3* So, for instance, the amplifier we consid-
ered previously will have a voltage gain of —10k/r., or
—400, when the external emitter resistor is zero. The input
impedance is not zero, as we would have predicted earlier
(BRg); it is approximately fr., or in this case (1 mA quies-
cent current) about 2.5k.3

33 There’s more, if you look deeper: at high frequencies (above fr/f) the
effective current gain drops inversely with frequency; so you get a lin-
early rising output impedance from an emitter follower that is driven
with low Rg. That is, it looks like an inductance, and a capacitive load
can cause ringing or even oscillation; these effects are treated in Chap-
ter 2x.

34 Or, equivalently, when the emitter resistor is bypassed with a capaci-

tor whose impedance at signal frequencies is comparable with, or less

than, re.

These estimates of gain and input impedance are reasonably good,

as long as we stay away from operation at very high frequencies or

35
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Figure 2.43. Output impedance of emitter followers (see text).

The terms “grounded emitter” and “common emitter”
are sometimes used interchangeably, and they can be con-
fusing. We will use the phrase “grounded-emitter ampli-
fier” to mean a common-emitter amplifier with Rg = 0 (or
equivalent bypassing). A common-emitter amplifier stage
may have an emitter resistor; what matters is that the emit-
ter circuit is common to the input circuit and the output
circuit.

from circuits in which the collector load resistor is replaced with a
current source “active load” (Rc — o). The ultimate voltage gain of
a grounded-emitter amplifier, in the latter situation, is limited by the
Early effect; this is discussed in more detail Chapter 2x.

A. Shortcomings of the single-stage grounded
emitter amplifier

The extra voltage gain you get by using Rg = 0 comes at
the expense of other properties of the amplifier. In fact,
the grounded-emitter amplifier, in spite of its popularity in
textbooks, should be avoided except in circuits with over-
all negative feedback. In order to see why, consider Fig-
ure 2.44.

+20V
Rc
10k
signal out
signal in G =-gnRc
(dc coupled)

Figure 2.44. Common-emitter amplifier without emitter degenera-
tion.

1. Nonlinearity. The voltage gain is G = —g,Rc =
—Rc/re = —Rclc(mA) /25, so for a quiescent current of
1 mA, the gain is —400. But Ic varies as the output sig-
nal varies. For this example, the gain will vary from —800
(Vout = 0, Ic = 2mA) down to zero (Voue = Ve, Ic = 0).
For a triangle-wave input, the output will look as in Fig-
ure 2.45. The amplifier has lots of distortion, or poor lin-
earity. The grounded-emitter amplifier without feedback
is useful only for small-signal swings about the quiescent
point. By contrast, the emitter-degenerated amplifier has
a gain almost entirely independent of collector current, as
long as Rg > re, and can be used for undistorted amplifi-
cation even with large-signal swings.

It’s easy to estimate the distortion, both with and with-
out an external emitter resistor. With a grounded emit-
ter, the incremental (small-signal) gain is Gy = —Rc¢/re =
—IcRc /Vr = —Virop/ V1, Where Vyyqp is the instantaneous
voltage drop across the collector resistor. Because the gain
is proportional to the drop across the collector resistor, the
nonlinearity (fractional change of gain with swing) equals
the ratio of instantaneous swing to average quiescent drop
across the collector resistor: AG/G =~ AVou(/Virop, Where
Varop 1 the average, or quiescent, voltage drop across the
collector resistor Rc. Because this represents the extreme
variation of gain (i.e., at the peaks of the swing), the over-
all waveform “distortion” (usually stated as the amplitude
of the residual waveform after subtraction of the strictly
linear component) will be smaller by roughly a factor of 3.
Note that the distortion depends on only the ratio of swing
to quiescent drop, and not directly on the operating current,
etc.
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As an example, in a grounded emitter amplifier powered
from +10 V, biased to half the supply (i.e., Vgrop =5 V), we
measured a distortion of 0.7% at 0.1 V output sinewave am-
plitude and 6.6% at 1 V amplitude; these values are in good
agreement with the predicted values. Compare this with
the situation with an added external emitter resistor Rg, in
which the voltage gain becomes Gy = —Rc/(re + Rg) =
—IcRc/(Vr + IcRg). Only the first term in the denomina-
tor contributes distortion, so the distortion is reduced by the
ratio of r. to the total effective emitter resistance: the non-
linearity becomes AG/G =~ (AVout/Virop)[re/ (re + RE)] =
(AVout/Varop) [Vr/ (V1 + IRE)]; the second term is the fac-
tor by which the distortion is reduced. When we added an
emitter resistor, chosen to drop 0.25 V at the quiescent cur-
rent — which by this estimate should reduce the nonlin-
earity by a factor of 10 — the measured distortion of the
previous amplifier dropped to 0.08% and 0.74% for 0.1 V
and 1V output amplitudes, respectively. Once again, these
measurement agree well with our prediction.

Exercise 2.12. Calculate the predicted distortion for these two
amplifiers at the two output levels that were measured.

As we remarked, the nonlinearity of a common-emitter
amplifier, when driven by a triangle wave, takes the form
of the asymmetric “barn roof™ distortion sketched in Figure
2.45.36 For comparison we took a real-life “scope (oscillo-
scope) trace of a grounded emitter amplifier (Figure 2.46);
we used a 2N3904 with a 5k collector resistor to a +10V
supply, biased (carefully!) to half the supply. With a ruler
we estimated the incremental gain at output voltages of
+5V (halfway to V) and at +7.5V, as shown, where the
collector current is 1 mA and 0.5mA, respectively. The
gain values are in pretty good agreement with the predic-
tions (G = Rc/re = Ic(mA)Rc/25Q) of G = —200 and
G = —100, respectively. By comparison, Figure 2.47 shows
what happened when we added a 225 Q) emitter resistor:
the gain is reduced by a factor of 10 at the quiescent point
(G=Rc/(Rg+re) = Rc/250Q), but with much improved
linearity (because changes in r. contribute little to the over-
all resistance in the denominator, which is now dominated
by the fixed 225 Q external emitter resistor).

For sinusoidal input, the output contains all harmonics
of the fundamental wave. Later in the chapter we’ll see how
to make differential amplifiers with a pair of transistors;
for these the residual distortion is symmetric, and contains
only the odd harmonics. And in Chapter 2x we’ll see some
very clever methods for cancelling distortion in differential

36 Because the gain (i.e., the slope of Vyy versus Vj,) is proportional to
the distance from the Vcc line, the shape of the curve is in fact an
exponential.

gain (slope) o< Vo=V

Vout—>

time —»

Figure 2.45. Nonlinear output waveform from grounded-emitter
amplifier.

output O’{/
(1.25V/div, dc) 7

(25mV/div, ac)

iN

output
gnd ref T

Figure 2.46. Real life! The grounded-emitter amplifier of Fig-
ure 2.44, with Rc =5k, V4 = +10V, and a 1 kHz triangle wave input.
Top and bottom of the screen are +10V and ground for the dc-
coupled output trace (note sensitive scale for the ac-coupled input
signal). Gain estimates (tangent lines) are at V,,; values of 0.5V,
and 0.75V.. Horizontal: 0.2 ms/div.

amplifiers, along with the use of SPICE simulation soft-
ware for rapid analysis and circuit iteration. Finally, to set
things in perspective, we should add that any amplifier’s
residual distortion can be reduced dramatically by use of
negative feedback. We’ll introduce feedback later in this
chapter (§2.5), after you've gained familiarity with com-
mon transistor circuits. Feedback will finally take center
stage when we get to operational amplifiers in Chapter 4.

2. Input impedance. The input impedance is roughly
Zi, = Bre =25B /Ic(mA) ohms. Once again, Ic varies over
the signal swing, giving a varying input impedance. Un-
less the signal source driving the base has low impedance,
you will wind up with nonlinearity because of the nonlin-
ear (variable) voltage divider formed from the signal source
and the amplifier’s input impedance. By contrast, the input
impedance of an emitter-degenerated amplifier is nearly
constant, and high.

3. Biasing. The grounded emitter amplifier is difficult to
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Figure 2.47. Adding a 225 Q emitter resistor improves the linearity
dramatically at the expense of gain (which drops by a factor of 10
at the quiescent point). Horizontal: 0.2 ms/div.

bias. It might be tempting just to apply a voltage (from a
voltage divider) that gives the right quiescent current ac-
cording to the Ebers—Moll equation. That won’t work, be-
cause of the temperature dependence of Vpg (at fixed Ic),
which varies about 2.1 mV /°C [it actually decreases with
increasing T because of the variation of Is(T') with temper-
ature; as a result, Vg is roughly proportional to 1/T, the
absolute temperature]. This means that the collector cur-
rent (for fixed Vgg) will increase by a factor of 10 for a
30°C rise in temperature (which corresponds to a 60 mV
change in Vgg), or about 9%/°C. Such unstable biasing
is useless, because even rather small changes in temper-
ature will cause the amplifier to saturate. For example, a
grounded emitter stage biased with the collector at half the
supply voltage will go into saturation if the temperature
rises by 8°C.

Exercise 2.13. Verify that an 8°C rise in ambient temperature will
cause a base-voltage-biased grounded emitter stage to saturate,
assuming that it was initially biased for Vo = 0.5Vc.

Some solutions to the biasing problem are discussed
in the following sections. By contrast, the emitter-
degenerated amplifier achieves stable biasing by applying a
voltage to the base, most of which appears across the emit-
ter resistor, thus determining the quiescent current.

B. Emitter resistor as feedback

Adding an external series resistor to the intrinsic emitter
resistance r. (emitter degeneration) improves many prop-
erties of the common-emitter amplifier, but at the expense
of gain. You will see the same thing happening in Chap-
ters 4 and 5, when we discuss negative feedback, an impor-
tant technique for improving amplifier characteristics by
feeding back some of the output signal to reduce the effec-
tive input signal. The similarity here is no coincidence —

the emitter-degenerated amplifier itself uses a form of neg-
ative feedback. Think of the transistor as a transconduc-
tance device, determining collector current (and therefore
output voltage) according to the voltage applied between
the base and emitter; but the input to the amplifier is the
voltage from base to ground. So the voltage from base to
emitter is the input voltage, minus a sample of the output
(namely IgRg). That’s negative feedback, and that’s why
emitter degeneration improves most properties of the am-
plifier (here improved linearity and stability and increased
input impedance.37) Later in the chapter, in §2.5, we’ll
make these statements quantitative when we first look at
feedback. And there are great things to look forward to,
with the full flowering of feedback in Chapters 4 and 5!

2.3.5 Biasing the common-emitter amplifier

If you must have the highest possible gain (or if the am-
plifier stage is inside a feedback loop), it is possible to
arrange successful biasing of a common-emitter amplifier.
There are three solutions that can be applied, separately or
in combination: bypassed emitter resistor, matched biasing
transistor, and dc feedback.

biased at V¢ /2:
Gy =-20Vcc
Zout=Rc

+
Iqu

Figure 2.48. A bypassed emitter resistor can be used to improve
the bias stability of a grounded-emitter amplifier.

10k

A. Bypassed emitter resistor

You can use a bypassed emitter resistor, biasing as for the
degenerated amplifier, as shown in Figure 2.48. In this case
Rg has been chosen about 0.1Rc, for ease of biasing; if
Rg is too small, the emitter voltage will be much smaller
than the base—emitter drop, leading to temperature insta-
bility of the quiescent point as Vg varies with tempera-
ture. The emitter bypass capacitor is chosen to make its
impedance small compared with 7. (not Rg — why?) at the

37 And, as we’ll learn, the output impedance would be reduced — a desir-
able feature in a voltage amplifier — if the feedback were taken directly
from the collector.
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lowest frequency of interest. In this case its impedance is
25Q at 650Hz. At signal frequencies the input coupling
capacitor sees an impedance of 10k in parallel with the
base impedance, in this case 3 x25Q, or roughly 2.5k. At
dc, the impedance looking into the base is much larger (3
times the emitter resistor, or about 100k).

1 3 +20V
10k
R+
10V
| 0775V
0175V
175Q

j!

Figure 2.49. Gain-of-50 stage presents bias stability problem.

A variation on this circuit consists of using two emit-
ter resistors in series, one of them bypassed. For instance,
suppose you want an amplifier with a voltage gain of 50,
quiescent current of 1 mA, and V¢ of 420 volts, for sig-
nals from 20 Hz to 20kHz. If you try to use the emitter-
degenerated circuit, you will have the circuit shown in Fig-
ure 2.49. The collector resistor is chosen to put the quies-
cent collector voltage at 0.5Vc. Then the emitter resistor
is chosen for the required gain, including the effects of the
re of 25/Ic(mA). The problem is that the emitter voltage
of only 0.175V will vary significantly as the ~0.6V of
base—emitter drop varies with temperature (—2.1 mV/°C,
approximately), since the base is held at constant voltage
by Ry and R»; for instance, you can verify that an increase
of 20°C will cause the collector current to increase by
nearly 25%.

Exercise 2.14. Show that this statement is correct.

The solution here is to add some bypassed emitter re-
sistance for stable biasing, with no change in gain at sig-
nal frequencies (Figure 2.50). As before, the collector re-
sistor is chosen to put the collector at 10 volts (0.5Vcc).
Then the unbypassed emitter resistor is chosen to give a
gain of 50, including the intrinsic emitter resistance r. =
25/Ic(mA). Enough bypassed emitter resistance is added
to make stable biasing possible (one-tenth of the collector
resistance is a good guideline). The base voltage is cho-
sen to give 1 mA of emitter current, with impedance about
one-tenth the dc impedance looking into the base (in this
case about 100k). The emitter bypass capacitor is chosen
to have low impedance compared with 180 +25€Q at the
lowest signal frequencies. Finally, the input coupling ca-

pacitor is chosen to have low impedance compared with the
signal-frequency input impedance of the amplifier, which
is equal to the voltage-divider impedance in parallel with
B x (180 +25)Q (the 820 Q is bypassed and looks like a
short at signal frequencies).

10k

Figure 2.50. A common-emitter amplifier combining bias stability,
linearity, and large voltage gain.

An alternative circuit splits the signal and dc paths (Fig-
ure 2.51). This lets you vary the gain (by changing the
180 Q resistor) without bias change.

—

1800
1.0k

+
68pF

Figure 2.51. Equivalent emitter circuit for Figure 2.50.

B. Matched biasing transistor

You can use a matched transistor to generate the correct
base voltage for the required collector current; this ensures
automatic temperature compensation (Figure 2.52).38 0;’s
collector is drawing 1 mA, since it is guaranteed to be near
ground (about one Vg drop above ground, to be exact); if
Q1 and Q; are a matched pair (available as a single device,
with the two transistors on one piece of silicon), then O;
will also be biased to draw 1 mA, putting its collector at

38 R. Widlar, “Some circuit design techniques for linear integrated cir-
cuits,” IEEE Trans. Circuit Theory CT-12, 586 (1965). See also US
Patent 3,364,434.
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410 volts and allowing a full +10 V symmetrical swing on
its collector. Changes in temperature are of no importance
as long as both transistors are at the same temperature. This
is a good reason for using a “monolithic” dual transistor.

+20V
20k 10k
(19.1k)
+10V
Q
“1N
S|gnal
+20V
20K 10k
(19.1k)
+10V
J; 180Q
180Q
S|gnal

Figure 2.52. Biasing scheme with compensated Vg drop, for both
grounded emitter (A) and degenerated emitter (B) stages. With the
values shown, V¢ would be approximately 10.5V; reducing the 20k
resistor to 19.1k (a standard value) would take into account the
effects of Vgg and finite § and put V¢ at 10 V.

C. Feedback at dc

You can use dc feedback to stabilize the quiescent point.
Figure 2.53A shows one method. By taking the bias volt-
age from the collector, rather than from V¢, you get some
measure of bias stability. The base sits one diode drop
above ground — and because its bias comes from a 10:1 di-
vider, the collector must be at 11 diode drops above ground,
or about 7 volts. Any tendency for the transistor to saturate
(e.g., if it happens to have unusually high beta) is stabi-
lized, since the dropping collector voltage will reduce the
base bias. This scheme is acceptable if great stability is not
required. The quiescent point is liable to drift a volt or so
as the ambient (surrounding) temperature changes, because
the base—emitter voltage has a significant temperature co-
efficient (Ebers—Moll, again). Better stability is possible if

several stages of amplification are included within the feed-
back loop. You will see examples later in connection with
feedback.

A better understanding of feedback is really necessary
to understand this circuit. For instance, feedback acts to
reduce the input and output impedances. The input signal
sees R;’s resistance effectively reduced by the voltage gain
of the stage. In this case it is equivalent to a resistor of about
200 Q to ground (not pleasant at all!). Later in this chapter
(and again in Chapter 4) we treat feedback in enough de-
tail so that you will be able to figure the voltage gain and
terminal impedance of this circuit.

Figures 2.53B-D illustrate some variations on the basic
dc-feedback bias scheme: circuit B adds some emitter de-
generation to improve linearity and predictability of gain;
circuit C adds to that an input follower to increase the input
impedance (with appropriately increased R;R; divider val-
ues and changed ratio to accommodate the additional Vg
drop); and circuit D combines the methods of Figure 2.51
with circuit B to achieve greater bias stability.

Note that the base bias resistor values in these circuits
could be increased to raise the input impedance, but you
should then take into account the non-negligible base cur-
rent. Suitable values might be R; = 220k and R, = 33k. An
alternative approach might be to bypass the feedback resis-
tance in order to eliminate feedback (and therefore lowered

input impedance) at signal frequencies (Figure 2.54).3

D. Comments on biasing and gain

One important point about grounded emitter amplifier
stages: you might think that the voltage gain can be raised
by increasing the quiescent current, since the intrinsic emit-
ter resistance re drops with rising current. Although 7. does
decrease with increasing collector current, the smaller col-
lector resistor you need to obtain the same quiescent collec-
tor voltage just cancels the advantage. In fact, you can show
that the small-signal voltage gain of a grounded-emitter
amplifier biased to 0.5Vc is given by G = 20Vc (in volts),
independent of quiescent current.

Exercise 2.15. Show that the preceding statement is true.

If you need more voltage gain in one stage, one ap-
proach is to use a current source as an active load. Because
its impedance is very high, single-stage voltage gains of

3 But caution: the cascaded RC sections (33k into 10 uF, 33k into the
input capacitor) can cause peaking or instability, unless care is taken
(for example by avoiding similar RC products).
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+15V
Rc

R4 [
¢1mA
re=25Q

R ~—— 50mV
Re
50Q

Figure 2.53. Bias stability is improved by feedback.

1000 or more are possible.*’ Such an arrangement can-
not be used with the biasing schemes we have discussed,
but must be part of an overall dc feedback loop, a subject
we will discuss in Chapter 4. You should be sure such an
amplifier looks into a high-impedance load; otherwise the
gain obtained by high collector load impedance will be lost.
Something like an emitter follower, an FET, or an op-amp
presents a good load.

Figure 2.54. Eliminating impedance-lowering feedback at signal
frequencies.

In RF amplifiers intended for use only over a narrow
frequency range, it is common to use a parallel LC cir-
cuit as a collector load. In that case a very high voltage
gain is possible since the LC circuit has high impedance
(like a current source) at the signal frequency, with low
impedance at dc. Because the LC is “tuned,” out-of-band
interfering signals (and distortion) are effectively rejected.
Additional bonuses are the possibility of peak-to-peak (pp)
output swings of 2Vc, and the use of transformer coupling
from the inductor.

40 Ultimately limited by the transistor’s finite collector output resistance
(a consequence of the Early effect); see the Early effect discussion in
Chapter 2x.

Exercise 2.16. Design a tuned common-emitter amplifier stage
to operate at 100kHz. Use a bypassed emitter resistor, and set
the quiescent current at 1.0 mA. Assume Voc = +15V and L =
1.0 mH, and put a 6.2k resistor across the LC to set Q = 10 (to get
a 10% bandpass; see §1.7.14). Use capacitive input coupling.

T > +Veo
VBe J

l mirror sources
acurrentI=1p

l load

user programs
acurrent Ip

Figure 2.55. Classic bipolar-transistor matched-pair current mir-
ror. Note the common convention of referring to the positive supply
as Ve, even when pnp transistors are used.

2.3.6 An aside: the perfect transistor

Looking at BJT transistor properties like the non-zero
(and temperature-dependent) Vg, the finite (and current-
dependent) emitter impedance r. and transconductance
gm, the collector current that varies with collector voltage
(Early effect) etc., one is tempted to ask which transistor is
better? Is there a “best” transistor, or perhaps even a perfect
transistor? If you go through our transistor tables, e.g., Ta-
bles 2.1 and 2.2, and especially Table 8.1 for small-signal
transistors, you’ll see there is no best transistor candidate.
That’s because all physical bipolar transistors are subject to
the same device physics, and their parameters tend to scale
with die size and current, etc.
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However, it turns out that there is a candidate for a “per-
fect transistor,” if you don’t limit yourself to a single npn or
pnp structure; see Figure 2.56. This device has nearly ideal
properties: Vgg=0V (!), along with very high g,, (thus low
re), and very high beta. And just to top it off, current can
flow in either direction — it’s ambidextrous, or “bipolarity”
(saying it’s bipolarity is better than saying it’s a bipolar
bipolar transistor). Like a regular BJT, it’s a transconduc-
tance device: when driven with a positive Vg input signal,
it sources an output current that is g, times greater, and
vice versa (with a negative Vg it sinks a current). Unlike
a BJT, though, it’s noninverting. All signals are referenced

to ground. Very nice.
symbol
|§ alternative
(V4 and V_

R, not shown)

A.

Figure 2.56. A. An ordinary common-emitter BJT amplifier stage,
with an emitter-degeneration resistor Rg and a load resistor Ry.
B. In a common-emitter amplifier built with the “perfect” transistor,
all signals are referenced to ground, to which the load Ry, is also
returned (the power supplies are not shown). C. The OTA symbol
for the perfect transistor, implemented as an Operational Transcon-
ductance Amplifier device. The truncated apex symbol means the
device has a current output.

How does the perfect transistor work? Figure 2.57
shows a four-transistor circuit known as a diamond tran-
sistor stage. This circuit is a variation of the cascaded pnp-
npn emitter follower in Figure 2.29: a complementary npn-
pnp input follower is wired in parallel, and biased with
current sources; the emitter outputs (2Vpg apart) drive a
matched push—pull output follower, which therefore runs
at the same quiescent current. The common node is the ef-
fective emitter, E. Finally, a pair of current mirrors brings
the two individual collector currents to a common output,
the effective collector, C, where the output current is zero
if the input voltage (between terminals B and E) is zero. As
with an ordinary BJT, any current into (or out of) the emit-
ter has to appear at the collector. The part does require two
power supply connections. We’ll have more to say about
this interesting component in Chapters 2x and 4x.

Texas Instruments calls their perfect transistor (its part

mirror
(2 places)

v buffer
A. perfect transistor (included inIC)
Vi
@ B E
. . V_ IE
B. diamond transistor

Figure 2.57. A. The OPA860 perfect transistor includes a diamond
transistor (the triangle) and a pair of current mirrors. A second dia-
mond transistor acts as an output buffer. B. The diamond transistor
consists of a complementary pair of matched offset-cancelled emit-
ter followers.

number is OPA860*!") an Operational Transconductance
Amplifier (OTA). Other names they use are “Voltage-
Controlled Current source,” “Transconductor,” “Macro
Transistor,” and “positive second-generation current con-
veyor” (CCII+). We fear it has a branding identity crisis,
so, with characteristic understatement, we’re calling it a
“perfect transistor.”

How close to perfection do these parts come? The
OPAS860 and OPAS861 perfect transistors have these specs:
Vos=3mV typ (12mV max), g,=95mS, r.=10.5Q,
Zou=54kQ||2 pF, Ziy=455kQ||2 pF, Loyy(max)=115 mA. Its
maximum gain is 5100. Hardly perfect, but, hey, not half
bad. You can create many nice circuits with these puppies
(e.g., active filter, wideband current summing circuit, or
integrator for nanosecond-scale pulses); see the OPA860
datasheet for details.

41 TI’s OP861 version omits the output buffer and is available in a small
SOT-23 package. That’s one of our favorite surface-mount package
styles, available for many of the other transistors mentioned in our ta-
bles. Knowledgeable readers will recognize the circuitry from inside a
current-feedback, or CFB opamp. Some of these devices (for example
the AD844) make the internal node available.
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2.3.7 Current mirrors

The technique of matched base—emitter biasing can be used
to make what is called a current mirror, an interesting
current-source circuit that simply reverses the sign of a
“programming” current. (Figure 2.55). You program the
mirror by sinking a current from Q| ’s collector. That causes
a Vg for O appropriate to that current at the circuit tem-
perature and for that transistor type. Q,, matched to Q;,*
is thereby programmed to source the same current to the
load. The small base currents are unimportant.*?

One nice feature of this circuit is voltage compliance of
the output transistor current source to within a few tenths
of a volt of V¢, as there is no emitter resistor drop to con-
tend with. Also, in many applications it is handy to be able
to program a current with a current. An easy way to gen-
erate the control current /p is with a resistor (Figure 2.58).
Because the bases are a diode drop below V¢, the 14.4k
resistor produces a control current, and therefore an output
current, of 1 mA. Current mirrors can be used in transistor
circuits whenever a current source is needed. They’re very
popular in integrated circuits, where (a) matched transis-
tors abound and (b) the designer tries to make circuits that
will work over a large range of supply voltages. There are
even resistorless IC op-amps in which the operating current
of the whole amplifier is set by one external resistor, with
all the quiescent currents of the individual amplifier stages
inside being determined by current mirrors.

+15V (+Vc)

Qq I— Qo

load

In| S 140k

Figure 2.58. Programming current-mirror current.

A. Current-mirror limitations due to the Early effect
One problem with the simple current mirror is that the out-
put current varies a bit with changes in output voltage, i.e.,

42 A monolithic dual transistor is ideal; Table 8.1b on page 502 lists
most available matched transistors. Some, such as the DMMT3904 and
3906, are matched to 1 mV and are quite affordable, $0.36 in small
quantities.

43 This circuit is often called the Widlar current mirror; see the reference
on page 97 and US Patent 3,320,439.

the output impedance is not infinite. This is because of the
slight variation of Vg with collector voltage at a given cur-
rent in Q> (which is due to the Early effect); said a dif-
ferent way, the curve of collector current versus collector—
emitter voltage at a fixed base-emitter voltage is not flat
(Figure 2.59). In practice, the current might vary 25% or
so over the output compliance range — much poorer per-
formance than that of the current source with an emitter
resistor discussed earlier.

Vge= 0.64
Ic
Vae = 0.62
P —~
—
- Vge = 0.60
— —

Vee

Figure 2.59. Early effect: collector current varies with Vcg. (Inter-
estingly, you get a very similar curve, with comparable V,, if you
apply instead a family of constant base currents.)

+20V
1.0k 1.0k

l 1mA
18Kk

Figure 2.60. Improved current mirror with emitter resistors.

One solution, if a better current source is needed (it of-
ten isn’t), is the circuit shown in Figure 2.60. The emitter
resistors are chosen to have at least a few tenths of a volt
drop; this makes the circuit a far better current source, since
the small variations of Vgg with Vg are now negligible in
determining the output current. Again, matched transistors
should be used. Note that this circuit loses its effectiveness
if operation over a wide range of programming current is
intended (figure out why).**

44 Current sources and current mirrors are discussed in more detail in
Chapter 2x.
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* — Ve
Re Re
Q3
I l b
load

Figure 2.61. Wilson current mirror. Good stability with load vari-
ations is achieved through cascode transistor 03, which reduces
voltage variations across Q. Adding a pair of emitter resistors Rg,
as shown, reduces output current error caused by Vg mismatch,
when chosen such that IpRg is of order 100 mV or more.

B. Wilson mirror

Another current mirror with improved consistency of cur-
rent is shown in the clever circuit of Figure 2.61. Q; and
(O are in the usual mirror configuration, but Q3 now keeps
Q1’s collector fixed at two diode drops below V. That cir-
cumvents the Early effect in O, whose collector is now the
programming terminal, with O now sourcing the output
current. The result is that both current-determining tran-
sistors (Q1 and Q) have fixed collector—emitter drops;
you can think of Q3 as simply passing the output current
through to a variable-voltage load (a similar trick is used
in the cascode connection, which you will see later in the
chapter). Transistor O3, by the way, does not have to be
matched to Q; and Q»; but if it has the same beta, then you
get an exact cancellation of the (small) base current error
that afflicts the simple mirror of Figure 2.55 (or the beta-
enhanced mirror in Chapter 2x).

Exercise 2.17. Show that this statement is true.

There are additional nice tricks you can do with current
mirrors, such as generating multiple independent outputs,
or an output that is a fixed multiple of the programming
current. One trick (invented by the legendary Widlar) is
to unbalance the Rg’s in Figure 2.61; as a rough estimate,
the output current ratio is approximately the ratio of re-
sistor values (because the base-emitter drops are roughly
equal). But to get it right you need to take into account the
difference of Vgg’s (because the transistors are running at
different currents), for which the graph in Figure 2.62 is
helpful. This graph is also useful for estimating the cur-
rent unbalance in a current mirror built with discrete (i.e.,

not matched) transistors. We treat current mirrors further in
Chapter 2x (§§2x.3 and 2x.117).

20
10 /
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vd
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50°C

KTy !
AVge = 7|oge% |

(~60mV/decade, or 0.25mV/%)

25°C

-100
-110

-120
0.01

0.02 0.05 01 0.2 0.5 1 2

Current Ratio, Ic2/Ic1

Figure 2.62. Collector current ratios for matched transistors, as
determined by the difference in applied base-emitter voltages. See
Table 8.1b for low-noise matched BJTs.

2.3.8 Differential amplifiers

The differential amplifier is a very common configuration
used to amplify the difference voltage between two input
signals. In the ideal case the output is entirely independent
of the individual signal levels — only the difference matters.

Differential amplifiers are important in applications in
which weak signals are contaminated by “pickup” and
other miscellaneous noise. Examples include digital and
RF signals transferred over twisted-pair cables, audio sig-
nals (the term “balanced” means differential, usually 600
impedance, in the audio business), local-area-network sig-
nals (such as 100BASE-TX and 1000BASE-T Ethernet),
electrocardiogram voltages, magnetic disk head amplifiers,
and numerous other applications. A differential amplifier at
the receiving end restores the original signal if the interfer-
ing “common-mode” signals (see below) are not too large.
Differential amplifiers are universally used in operational
amplifiers, an essential building block that is the subject
of Chapter 4. They’re very important in dc amplifier de-
sign (amplifiers that amplify clear down to dc, i.e., have
no coupling capacitors) because their symmetrical design
is inherently compensated against thermal drifts.
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Some nomenclature: when both inputs change levels to-
gether, that’s a common-mode input change. A differential
change is called normal mode, or sometimes differential
mode. A good differential amplifier has a high common-
mode rejection ratio (CMRR), the ratio of response for a
normal-mode signal to the response for a common-mode
signal of the same amplitude. CMRR is usually specified
in decibels. The common-mode input range is the voltage
level over which the inputs may vary. The differential am-
plifier is sometimes called a “long-tailed pair.”

Figure 2.63 shows the basic circuit. The output is taken
off one collector with respect to ground; that is called a
single-ended output and is the most common configuration.
You can think of this amplifier as a device that amplifies a
difference signal and converts it to a single-ended signal so
that ordinary subcircuits (followers, current sources, etc.)
can make use of the output. (If, instead, a differential output
is desired, it is taken between the collectors.)

+Veo

input 1
)

_VEE

Figure 2.63. Classic transistor differential amplifier.

What is the gain? That’s easy enough to calculate: imag-
ine a symmetrical input signal wiggle, in which input 1
rises by vj, (a small-signal variation) and input 2 drops by
the same amount. As long as both transistors stay in the ac-
tive region, point A remains fixed. You then determine the
gain as with the single transistor amplifier, remembering
that the input change is actually twice the wiggle on either
base: Ggist = Rc/2(re + Rg). Typically Rg is small, 100 Q
or less, or it may be omitted entirely. Differential voltage
gains of a few hundred are possible.

You can determine the common-mode gain by putting
identical signals vj, on both inputs. If you think about it
correctly*® (remembering that R; carries both emitter cur-
rents), you’ll find Gem = —Rc/(2R1 + Rg). Here we've ig-

45 Hint: replace R with a parallel pair, each of resistance 2R ; then notice
that you can cut the wire connecting them together at point A (because
no current flows); take it from there.

nored the small re, because R; is typically large, at least a
few thousand ohms. We really could have ignored Rg as
well. The CMRR is thus roughly R /(r. + Rg). Let’s look
at a typical example (Figure 2.64) to get some familiarity
with differential amplifiers.

Collector resistor Rc is chosen for a quiescent current
of 100 uA. As usual, we put the collector at 0.5Vcc for
large dynamic range. Qs collector resistor can be omitted,
since no output is taken there.*® R; is chosen to give total
emitter current of 200 (A, split equally between the two
sides when the (differential) input is zero. From the formu-
las just derived, this amplifier has a differential gain of 10
and a common-mode gain of 0.55. Omitting the 1.0k resis-
tors raises the differential gain to 50, but drops the (differ-
ential) input impedance from about 250k to about 50k (you
can substitute Darlington transistors*’ in the input stage to
raise the impedance into the megohm range, if necessary).

output
input 2
=)
Vout Rc
Guigr = ———— o —— 2
a9 TVi-v2 T 2Re+ry)
Rc
R Goy=—-——"+—"
200pA l 2£k oM 2H1 +RE+I’e
CMRR ~ — 1
-5V T Rp+re

Figure 2.64. Calculating differential amplifier performance.

Remember that the maximum gain of a single-ended
grounded emitter amplifier biased to 0.5Vcc is 20V (in
volts). In the case of a differential amplifier the maximum
differential gain (Rg = 0) is half that figure, or (for arbi-
trary quiescent point) 20 times the voltage (in volts) across
the collector resistor. The corresponding maximum CMRR
(again with Rg = 0) is equal to 20 times the voltage (in
volts) across Ry. As with the single-ended common-emitter
amplifier, the emitter resistors Rg reduce distortion, at the

46 Can be omitted, but at the expense of accurately balanced base-emitter
drops: you get better balance if you retain both collector resistors
(avoiding Early effect); but you suppress Miller effect (§2.4.5) at in-
put 1 if you omit Qs collector resistor.

47 See §2.4.2.
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expense of gain. See the extensive discussion of BJT am-
plifier distortion in Chapter 2x.

Exercise 2.18. Verify that these expressions are correct. Then de-
sign a differential amplifier to run from +5V supply rails, with
Gigf = 25 and Rour = 10k. As usual, put the collector’s quiescent
point at half of Vc.

A. Biasing with a current source

The common-mode gain of the differential amplifier can
be reduced enormously by the substitution of a current
source for Ry. Then R; effectively becomes very large and
the common-mode gain is nearly zero. If you prefer, just
imagine a common-mode input swing; the emitter current
source maintains a constant total emitter current, shared
equally by the two collector circuits, by symmetry. The
output is therefore unchanged. Figure 2.65 shows an exam-
ple. The CMRR of this circuit, using an LM394 monolithic
transistor pair for Q1 and Q», will be around 100,000:1
(100 dB) at dc. The common-mode input range for this cir-
cuit goes from —3.5V to +3V; it is limited at the low end
by the compliance of the emitter current source and at the
high end by the collector’s quiescent voltage.*®

—e +5V
25k% l 100pA

o} —

200pA

Figure 2.65. Improving CMRR of the differential amplifier with a
current source.

Be sure to remember that this amplifier, like all transis-
tor amplifiers, must have a dc bias path to the bases. If the
input is capacitively coupled, for instance, you must have

48 You can make good current sinks also with JEETS (see the discussion
in §3.2.2C), but BJTs are better for this task in many ways. See for ex-
ample Figure 3.26, where we show four configurations of BJT current
sinks that improve upon the JFET alternative.

base resistors to ground. An additional caution for differen-
tial amplifiers, particularly those without inter-emitter re-
sistors: bipolar transistors can tolerate only 6 volts of base—
emitter reverse bias before breakdown; thus, applying a dif-
ferential input voltage larger than this will destroy the input
stage (if there is no inter-emitter resistor). An inter-emitter
resistor limits the breakdown current and prevents destruc-
tion, but the transistors may be degraded nonetheless (in
beta, noise, etc.). In either case the input impedance drops
drastically during reverse conduction.

An interesting aside: the emitter current sink shown in
Figure 2.65 has some variation with temperature, because
VBE decreases with increasing temperature (to the tune of
approximately —2.1 mV/°C, §2.3.2), causing the current
to increase. More explicitly, if we call the 1.24 V zener-
like reference “Vie¢,” then the drop across the emitter resis-
tor equals Vi.—VpE; the current is proportional, thus in-
creasing with temperature. As it happens, this is in fact
beneficial: it can be shown from basic transistor theory
that the quantity Ve0—VgE is approximately proportional
to absolute temperature (PTAT), where Vg is the silicon
bandgap voltage (extrapolated to absolute zero), approxi-
mately 1.23 V. So, by choosing our Vs voltage equal to the
bandgap voltage, we have an emitter current that increases
PTAT; and this cancels the temperature dependence of
differential-pair voltage gain (g, o< 1/Typs, §2.3.2). We'll
explore this sort of cleverness a bit more in §9.10.2. And
in Chapter 9 there’s extensive discussion of the differential
amplifier and the closely related “instrumentation ampli-
fier.”

B. Use in single-ended dc amplifiers

A differential amplifier makes an excellent dc amplifier,
even for single-ended inputs. You just ground one of the
inputs and connect the signal to the other (Figure 2.66).
You might think that the “unused” transistor could be elim-
inated. Not so! The differential configuration is inherently
compensated for temperature drifts, and even when one in-
put is at ground that transistor is still doing something: a
temperature change causes both Vgg’s to change the same
amount, with no change in balance or output. That is,
changes in Vg are not amplified by Ggi (only by Gewm,
which can be made essentially zero). Furthermore, the can-
cellation of Vgg’s means that there are no 0.6 V drops at
the input to worry about. The quality of a dc amplifier con-
structed this way is limited only by mismatching of input
VpE’s or their temperature coefficients. Commercial mono-
lithic transistor pairs and commercial differential amplifier
ICs are available with extremely good matching (e.g., the
MAT12 npn monolithic matched pair has a typical drift of
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VBE between the two transistors of 0.15 uV/°C). See Ta-
ble 8.1b on page 502 for a listing of matched BJTs.

+Veo

dc input
(noninverting)

—Vee

Figure 2.66. A differential amplifier can be used as a precision
single-ended dc amplifier.

Either input could have been grounded in the preced-
ing circuit example. The choice depends on whether or not
the amplifier is supposed to invert the signal. (The config-
uration shown is preferable at high frequencies, however,
because of the Miller effect; see §2.4.5.) The connection
shown is noninverting, and so the inverting input has been
grounded. This terminology carries over to op-amps, which
are versatile high-gain differential amplifiers.

C. Current-mirror active load

As with the simple grounded-emitter amplifier, it is some-
times desirable to have a single-stage differential ampli-
fier with very high gain. An elegant solution is a current-
mirror active load (Figure 2.67). Q10> is the differential
pair with emitter current source. Q3 and Q4, a current mir-
ror, form the collector load. The high effective collector
load impedance provided by the mirror yields voltage gains
of 5000 or more, assuming no load at the amplifier’s out-
put.** Such an amplifier is very common as the input stage
in a larger circuit, and is usually used only within a feed-
back loop, or as a comparator (discussed in the next sec-
tion). Be sure to keep the load impedance of such an am-
plifier very high, or the gain will drop enormously.

D. Differential amplifiers as phase splitters

The collectors of a symmetrical differential amplifier gen-
erate equal signal swings of opposite phase. By taking out-
puts from both collectors, you’ve got a phase splitter. Of
course, you could also use a differential amplifier with both

49 The dc gain is limited primarily by the Early effect; see §2.3.2 and the
discussion in Chapter 2x.
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Figure 2.67. Differential amplifier with active current mirror load.

differential inputs and differential outputs. This differen-
tial output signal could then be used to drive an additional
differential amplifier stage, with greatly improved overall
common-mode rejection.

E. Differential amplifiers as comparators

Because of its high gain and stable characteristics, the dif-
ferential amplifier is the main building block of the com-
parator (which we saw in §1.4.2E), a circuit that tells
which of two inputs is larger. They are used for all sorts
of applications: switching on lights and heaters, generat-
ing square waves from triangles, detecting when a level in
a circuit exceeds some particular threshold, class-D ampli-
fiers and pulse-code modulation, switching power supplies,
etc. The basic idea is to connect a differential amplifier so
that it turns a transistor switch on or off, depending on the
relative levels of the input signals. The linear region of am-
plification is ignored, with one or the other of the two in-
put transistors cut off at any time. A typical hookup is il-
lustrated in §2.6.2 by a temperature-controlling circuit that
uses a resistive temperature sensor (thermistor).

2.4 Some amplifier building blocks

We’ve now seen most of the basic — and important —
transistor circuit configurations: switch, follower, current
source (and mirror), and common-emitter amplifier (both
single-ended and differential). For the remainder of the
chapter we look at some circuit elaborations and their con-
sequences: push-pull, Darlington and Sziklai, bootstrap-
ping, Miller effect, and the cascode configuration. We’ll
finish with an introduction to the wonderful (and essen-
tial) technique of negative feedback. Chapter 2x deals with
follow-on transistor circuits and techniques at a greater
level of sophistication.
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Table 2.2 Bipolar Power Transistors?

Vceo lc Pdiss c fr
max max? maxPh ReJc hee at le min  multiple
NPN PNP Case v) (A) (W) (°C/W) min typ (A) (MHz) manf?
standard BJT
BD139 BD140 TO-126 80 1.5 12.5 10 408 100 0.15 50 o
2N3055 2N2955 TO-3 60 15 115 1.5 20 -- 4 2.5 .
2N6292 2N6107 TO-220 70 7 40 3.1 30 -- 2 4 -
TIP31C TIP32C TO-220 100 3 40 3.1 25 100 1 3 o
TIP33C TIP34C TO-2184 100 10 80 1.6 40 100 1 3 o
TIP35C TIP36C TO-218d 100 25 125 1.0 25 150 1.5 3 o
MJ15015 MJ15016 TO-3 120 15 180 1.0 20 35 4 0.89 -
MJE15030 MJE15031 TO-220 150 8 50 2.5 40 80 3 30 L4
MJE15032 MJE15033 TO-220 250 8 50 2.5 50 100 1 30 o
2SC5200 2SA1943 TO-264 230 17 150 0.8 55 80 1 30 .
28C5242K 2SA1962K  TO-3P 250 s s s s s s s .
MJE340 MJE350 TO-126 300 0.5 20 6 30 -- 0.05 - o
TIP47 MJE5730 TO-220 250 1 40 3.1 30 -- 0.3 10 o
TIP50Y MJE5731AY TO-220 400 S S S s -- s s .
MJE13007 MJE5852 TO-220 400f 8 80 1.6 89 209 2 14t -
Darlington
MJD112 MJD117 DPak 100 2 20 6.3 1000 2000 2 25 o
TIP122 TIP127 TO-220 100 5 65 1.9 1000 -- 3 - °
TIP142 TIP147 TO-218 100 10 125 1.0 1000 -- 5 - °
MJ11015 MJ11016 TO-3 120 30 200 0.9 1000 -- 20 4 o
MJ11032 MJ11033 TO-3 120 50 300 0.6 1000 - 25 -- o
MJH11019 MJH11020 TO-218 200V 15 150 0.8 400 -- 10 3 o

Notes: (a) sorted more or less by voltage, current and families; see also additional tables in Chapter 2x. (b) with case at 25C.

(c) Pdiss(reality) =(Tylyour-max-value] - Tamb) / (ReJc + Roecs + Resa); this is a much lower number than the "spec," especially if you're
careful with Ty max, say 100°C. (d) similar to TO-247. (e) higher gain grades are available. (f) much higher Vces “blocking" capability
(compared with Vceo), e.g. 700V for MJE13007. (g) higher for the PNP device. (h) Pdiss(max) = (150°C-25°C) / Rgyc; this is a classic
datasheet specsmanship value. (k) larger pkg version of above. (s) same as above. (t) typical. (u) higher voltage version of above.
(v) there are also 150V and 250V versions. (z) if these are hard to get, try the '028 and '029 versions (120V rather than 150V).

2.4.1 Push-pull output stages

As we mentioned earlier in the chapter, an npn emitter fol-
lower cannot sink current and a pnp follower cannot source
current. The result is that a single-ended follower oper-
ating between split supplies can drive a ground-returned
load only if a high quiescent current is used.”® The qui-
escent current must be at least as large as the maximum
output current during peaks of the waveform, resulting in
high quiescent power dissipation. For example, Figure 2.68
shows a follower circuit to drive an 8 Q loudspeaker load
with up to 10 watts of audio.

An explanation of the driver stage: the pnp follower
Q) is included to reduce drive requirements and to cancel
0»’s Vg offset (0 V input gives approximately O V output).

50 An amplifier in which current flows in the output transistor over the
full waveform swing is sometimes called a “class-A” amplifier.

Q) could, of course, be omitted for simplicity. The hefty
current source in Q;’s emitter load is used to ensure that
there is sufficient base drive to O, at the top of the signal
swing. A resistor as emitter load would be inferior because
it would have to be a rather low value (50 Q or less) in or-
der to guarantee at least SO0 mA of base drive to Q» at the
peak of the swing, when load current would be maximum
and the drop across the resistor would be minimum; the
resultant quiescent current in O would be excessive.

The output of this example circuit can swing to nearly
415 volts (peak) in both directions, giving the desired out-
put power (9 V rms across 8 2). However, the output tran-
sistor dissipates 55 watts with no signal (hence the heatsink
symbol), and the emitter resistor dissipates another
110 watts. Quiescent power dissipation many times greater
than the maximum output power is characteristic of this
kind of class-A circuit (transistor always in conduction);
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+15V

g)100mA
Q

>—K 8Q
loudspeaker
L

signal 4'1/01
in 80

-30V

Figure 2.68. A 10 W loudspeaker amplifier, built with a single-
ended emitter follower, dissipates 165 W of quiescent power!

this obviously leaves a lot to be desired in applications in
which any significant amount of power is involved.

+15V

Q4

signal
in

Qo

-15V

Figure 2.69. Push—pull emitter follower.

Figure 2.69 shows a push—pull follower doing the same
job. Q; conducts on positive swings, Q> on negative
swings. With zero input voltage, there is no collector cur-
rent and no power dissipation. At 10 watts of output power
there is less than 10 watts of dissipation in each transistor.!

A. Crossover distortion in push-pull stages
There is a problem with the preceding circuit as drawn. The
output trails the input by a Vg drop; on positive swings the
output is about 0.6 V less positive than the input, and the re-
verse for negative swings. For an input sine wave, the out-
put would look as shown in Figure 2.70. In the language of
the audio business, this is called crossover distortion. The
best cure (feedback offers another method, although by it-
self it is not entirely satisfactory; see §4.3.1E) is to bias the
push—pull stage into slight conduction, as in Figure 2.71.
The bias resistors R bring the diodes into forward con-
duction, holding Q;’s base a diode drop above the input

1 An amplifier like this, with half-cycle conduction in each of the output
transistors, is sometimes called a “class-B” amplifier.

signal in

crossover
~ distortion

voltage

/i

time

Figure 2.70. Crossover distortion in the push—pull follower.

+Vee
o
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1000 out
V'
Q2
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(2 places)
° Ve

Figure 2.71. Biasing the push—pull follower to eliminate crossover
distortion.

signal and Q;’s base a diode drop below the input signal.
Now, as the input signal crosses through zero, conduction
passes from Q» to Qy; one of the output transistors is al-
ways on. The value R of the base resistors is chosen to
provide enough base current for the output transistors at
the peak output swing. For instance, with 20V supplies
and an 8 load running up to 10 watts sinewave power,
the peak base voltage is about 13.5 volts and the peak load
current is about 1.6 amps. Assuming a transistor beta of 50
(power transistors generally have lower current gain than
small-signal transistors), the 32 mA of necessary base cur-
rent will require base resistors of about 220Q (6.5 V from
Ve to base at peak swing).

In this circuit we’ve added a resistor from input to out-
put (this could have been done in Figure 2.69 as well). This
serves to eliminate the “dead zone” as conduction passes
from one transistor to the other (particularly in the first cir-
cuit), which is desirable especially when this circuit is in-
cluded within a larger feedback circuit. However, it does
not substitute for the better procedure of linearizing by bi-
asing, as in Figure 2.71, to achieve transistor conduction
over the full output waveform. We have more to say about
this in Chapter 2x.



108 2.4. Some amplifier building blocks

Art of Electronics Third Edition

B. Thermal stability in class-B push—pull amplifiers
The preceding amplifier has one unfortunate feature: it is
not thermally stable. As the output transistors warm up
(and they will get hot, because they are dissipating power
when signal is applied), their Vgg drops, causing quies-
cent current to flow. The added heat this produces causes
the situation to get worse, with the strong possibility of
what is called thermal runaway (whether it runs away or
not depends on a number of factors, including how large a
“heatsink” is used, how well the diode’s temperature tracks
the transistor’s temperature, etc.). Even without runaway,
better control over the circuit is needed, usually with the
sort of arrangement shown in Figure 2.72.

+Vee

set bias

_VEE

Figure 2.72. Adding (small) emitter resistors improve thermal sta-
bility in the push—pull follower.

For variety, the input is shown coming from the col-
lector of the previous stage; R; now serves the dual pur-
pose of being Q;’s collector resistor, and also providing
current to bias the diodes and bias-setting resistor in the
push—pull base circuit. Here R3 and Ry, typically a few
ohms or less, provide a “cushion” for the critical qui-
escent current biasing: the voltage between the bases of
the output transistors must now be a bit greater than two
diode drops, and you provide the extra with adjustable bi-
asing resistor R, (often replaced with a third series diode,
or, better, with the more elegant biasing circuit of Fig-
ure 2.78 on page 111). With a few tenths of a volt across
R3 and Ry, the temperature variation of Vgg doesn’t cause
the current to rise very rapidly (the larger the drop across
R3 and R4, the less sensitive it is), and the circuit will
be stable. Stability is improved by mounting the diodes>>

52 Or, better, diode-connected transistors: connect base and collector to-
gether as “anode” with emitter as “cathode.”

in physical contact with the output transistors (or their
heatsinks).

You can estimate the thermal stability of such a circuit
by remembering that the base—emitter drop decreases by
about 2.1 mV for each 1°C rise, and that the collector cur-
rent increases by a factor of 10 for every 60 mV increase
in base—emitter voltage (or 4% per mV). For example, if
R, were replaced with a diode, you would have three diode
drops between the bases of O, and O3, leaving about one
diode drop across the series combination of R3 and Rj.
(The latter would then be chosen to give an appropriate
quiescent current, perhaps 100 mA for an audio power am-
plifier.) The worst case for thermal stability occurs if the
biasing diodes are not thermally coupled to the output tran-
sistors.

Let us assume the worst and calculate the increase in
output-stage quiescent current corresponding to a 30°C
temperature rise in output transistor temperature. That’s
not a lot for a power amplifier, by the way. For that temper-
ature rise, the Vg of each output transistor will decrease by
about 63 mV at constant current, raising the voltage across
R3 and R4 by about 50% (i.e., the quiescent current will rise
by about 50%). The corresponding figure for the preceding
amplifier circuit without emitter resistors (Figure 2.71) will
be a factor of 10 rise in quiescent current (recall that Ic in-
creases a decade per 60 mV increase in Vpg), i.e., 1000%.
The improved thermal stability of this biasing arrangement
(even without having the diodes thermally coupled to the
output transistors) is evident. And you’ll do significantly
better when the diodes (or diode-connected transistors, or,
best of all, Vgg-referenced biasing as shown in Figure 2.78)
ride along on the heatsink.

This circuit has the additional advantage that, by ad-
justing the quiescent current, you have some control over
the amount of residual crossover distortion. A push—pull
amplifier biased in this way to obtain substantial quies-
cent current at the crossover point is sometimes referred
to as a “class-AB” amplifier, meaning that both transis-
tors conduct simultaneously during a significant portion of
the cycle. In practice, you choose a quiescent current that
is a good compromise between low distortion and exces-
sive quiescent dissipation. Feedback, introduced later in
this chapter (and exploited shamelessly, and with joy, in
Chapter 4), is almost always used to reduce distortion still
further.

We will see a further evolution of this circuit in §2.4.2,
where we supplement it with the intriguingly named
techniques of Vpg-referenced biasing, collector bootstrap-
ping, and f-boosting complementary Darlington output
stage.
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C. “Class-D” amplifiers

An interesting solution to this whole business of power dis-
sipation (and distortion) in class-AB linear power ampli-
fiers is to abandon the idea of a linear stage entirely and
use instead a switching scheme: imagine that the push—pull
follower transistors @, and Q3 in Figure 2.72 are replaced
with a pair of transistor switches, with one ON and the other
OFF at any time, so that the output is switched completely
to +Vcc or to —Vc at any instant. Imagine also that these
switches are operated at a high frequency (say at least 10
times the highest audio frequency) and that their relative
timing is controlled (by techniques we’ll see later, in Chap-
ters 10—13) such that the average output voltage is equal to
the desired analog output. Finally, we add an LC lowpass
filter to kill the high switching signal, leaving the desired
(lower-frequency) analog output intact.

This is a Class-D, or switching amplifier. It has the ad-
vantage of very high efficiency, because the switching tran-
sistors are either off (no current) or in saturation (near-zero
voltage); that is, the power dissipated in the switching tran-
sistors (the product Vcg X Ic) is always small. There’s also
no worry about thermal runaway. The downsides are the
problems of emission of high-frequency noise, switching
feedthrough to the output, and the difficulty of achieving
excellent linearity.

Class-D amplifiers are nearly universal in inexpensive
audio equipment, and they are increasingly finding their
way into high-end audio equipment. Figure 2.73 shows
measured waveforms of an inexpensive (and tiny!) class-D
amplifier IC driving a 5 Q2 load with a sinewave at the high
end of the audio range (20 kHz). This particular IC uses a
250 kHz switching frequency, and can drive 20 watts each
into a pair of stereo speakers; pretty much everything you
need (except for the output LC filters) is on the chip, which
costs about $3 in small quantities. Pretty neat.

2.4.2 Darlington connection

If you hook two transistors together as in Figure 2.74, the
result — called a Darlington connection® (or Darlington
pair) — behaves like a single transistor with beta equal to
the product of the two transistor betas.>* This can be very
handy where high currents are involved (e.g., voltage regu-
lators or power amplifier output stages), or for input stages

53 Sidney Darlington, US Patent 2,663,806: “Semiconductor Signal
Translating Device.” Darlington wanted the patent to cover any num-
ber of transistors in one package, but the lawyers at Bell Laboratories
overruled him, thus forgoing a patent that would have covered every
IC.

3% At the operating current of each transistor, of course.

analog input
1v/div. £

PWM output
(input to filter)

- Y

analog output
(after filter)
5V/div

JILLY

3

Figure 2.73. Class-D amplifier waveforms: a 20kHz input
sinewave controls the “duty cycle” (fraction of time the output is
HIGH) of a push—pull switched output. These waveforms are from
a TPA3123 stereo amplifier chip running from +15V, and show
the prefiltered PWM (pulse-width modulated) output, and the fi-
nal smoothed output after the LC lowpass output filter. Horizontal:
10 us/div.

of amplifiers where very high input impedance is neces-
sary.

Q2

B=B4B2
E

Figure 2.74. Darlington transistor configuration.

For a Darlington transistor the base-emitter drop is
twice normal and the saturation voltage is at least one diode
drop (since Q;’s emitter must be a diode drop above Q5’s
emitter). Also, the combination tends to act like a rather
slow transistor because Q; cannot turn off O, quickly. This
problem is usually taken care of by including a resistor
from base to emitter of Q, (Figure 2.75). Resistor R also
prevents leakage current through Q; from biasing Q5 into
conduction:’ its value is chosen so that Q1’s leakage cur-
rent (nanoamps for small-signal transistors, as much as
hundreds of microamps for power transistors) produces
less than a diode drop across R, and so that R doesn’t sink
a large proportion of 0;’s base current when it has a diode
drop across it. Typically R might be a few hundred ohms in

55 And, by stabilizing Q; s collector current, it improves the predictability
of the Darlington’s total Vgg.
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a power transistor Darlington, or a few thousand ohms for
a small-signal Darlington.

Darlington transistors are available as single packages,
usually with the base—emitter resistor included. A typical
example is the npn power Darlington MJH6284 (and pnp
cousin MJH6287), with a current gain of 1000 (typical)
at a collector current of 10 amps. Another popular power
Darlington is the inexpensive npn TIP142 (and pnp cousin
TIP147): these cost $1 in small quantities and have typi-
cal B=4000 at Ic=5 A. And for small-signal applications
we like the widely available MPSA14 or MMBTA14 (in
TO-92 and SOT23 packages, respectively), with a mini-
mum beta of 10,000 at 10 mA and 20,000 at 100 mA. These
30 volt parts have no internal base—emitter resistor (so you
can use them at very low currents); they cost less than $0.10
in small quantities. Figure 2.76 shows beta versus collector
current for these parts; note the pleasantly high values of
beta, but with substantial dependence both on temperature
and on collector current.

(]
B Q4
Qo
R
B=B1B2
E

Figure 2.75. Improving turn-off speed in a Darlington pair. (The
beta formula is valid as long as R does not rob significant base
current from 0,.)
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Figure 2.76. Typical beta versus collector current for the popular
MPSA14 npn Darlington (adapted from the datasheet).
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Figure 2.77. Sziklai connection (“complementary Darlington”).

A. Sziklai connection

A similar beta-boosting configuration is the Sziklai con-
nection,>® sometimes referred to as a complementary Dar-
lington (Figure 2.77). This combination behaves like an
npn transistor, again with large beta. It has only a single
base—emitter drop, but (like the Darlington) it also cannot
saturate to less than a diode drop. A resistor from base to
emitter of Q> is advisable, for the same reasons as with the
Darlington (leakage current; speed; stability of Vgg). This
connection is common in push—pull power output stages in
which the designer may wish to use one polarity of high-
current output transistor only. However, even when used as
complementary polarity pairs, it is generally to be preferred
over the Darlington for amplifiers and other linear applica-
tions; that is because it has the advantage of a single Vgg
drop (versus two), and that voltage drop is stabilized by
the base—emitter resistor of the output transistor. For ex-
ample, if Rp is chosen such that its current (with a nom-
inal Vg drop across it) is 25% of the output transistor’s
base current at peak output, then the driver transistor sees
a collector current that ranges over only a factor of 5; so its
VBEg (which is the Sziklai’s Vgg) varies only 40 mV (Vr1n5)
over the full output current swing. The Sziklai configura-
tion is discussed in more detail in Chapter 2x (see §2x.10);
and you’ll find nice examples of circuits that rely on the

36 George C. Sziklai, “Symmetrical properties of transistors and their ap-
plications,” Proc. IRE 41, 717-24 (1953), and US patents 2,762,870
and 2,791,644. His new complementary configuration is buried as Fig-
ure 8, where he remarks that “The complementary symmetry of tran-
sistors finds an interesting application when it is applied to the cascad-
ing of push-pull amplifier stages.” The circuit evidently was devised
by Sziklai, Lohman, and Herzog, for a transistorized TV demonstra-
tion at RCA; the common wisdom was that transistors weren’t good
enough for the task. In early ICs, where only poor pnp transistors were
available, an additional npn was added, in Sziklai fashion, to boost the
current capability of the pnp; the combination was called a “composite
lateral pnp.”
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Sziklai’s unique properties in that chapter’s section “BJT
amplifier distortion: a SPICE exploration.”

Figure 2.78 shows a nice example of a push—pull Szik-
lai output stage. This has an important advantage com-
pared with the Darlington alternative, namely that the bi-
asing of the Q3Qs pair into class-AB conduction (to mini-
mize crossover distortion) has just two base—emitter drops,
rather than four; and, more importantly, Q3 and Qs are run-
ning cool compared with the output transistors (Qs and
Q¢), so they can be relied upon to have a stable base—
emitter drop. This allows higher quiescent currents than
with the conventional Darlington, where you have to leave
a larger safety margin; bottom line, lower distortion.>’

In this circuit O, functions as an “adjustable Vgg mul-
tiplier” for biasing, here settable from 1 to 3.5 Vgg’s; it
is bypassed at signal frequencies. Another circuit trick is
the “bootstrapping” of Q1’s collector resistor by C; (see
§2.4.3), raising its effective resistance at signal frequencies
and increasing the amplifier’s loop gain to produce lower
distortion.

B. Superbeta transistor

The Darlington connection and its near relatives should
not be confused with the so-called superbeta transistor, a
device with very high current gain achieved through the
manufacturing process. A typical superbeta transistor is the
2N5962, with a guaranteed minimum current gain of 450
at collector currents from 10 HA to 10 mA (see, for ex-
ample, Table 8.1a on page 501. Superbeta matched pairs
are available for use in low-level amplifiers that require
matched characteristics, for example the differential am-
plifier of §2.3.8. Legendary examples are the LM394 and
MAT-01 series; these provide high-gain npn transistor pairs
whose Vgg’s are matched to a fraction of a millivolt (as
little as 50 4V in the best versions) and whose betas are
matched to about 1%. The MAT-03 is a pnp matched pair
(see Table 8.1b on page 502). Some commercial op-amps
use superbeta differential input stages to achieve input (i.e.,
base bias) currents as low as 50 picoamps this way; exam-
ples are the LT1008 and LT1012.

2.4.3 Bootstrapping

When biasing an emitter follower, for instance, you
choose the base voltage-divider resistors so that the divider
presents a stiff voltage source to the base, i.e., their par-

57 To handle higher power, a common practice is to connect in parallel
several identical Q304 stages (each with its 0.5 € emitter resistor), and
similarly for QsQg¢. See §2.4.4.
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Figure 2.78. Push—pull power stage with Sziklai-pair output tran-
sistors, capable of output swings to +70V and output currents of
+2 A peak.

Figure 2.79. Bias network lowers input impedance.

allel impedance is much less than the impedance looking
into the base. For this reason the resulting circuit has an
input impedance dominated by the voltage divider — the
driving signal sees a much lower impedance than would
otherwise be necessary. Figure 2.79 shows an example. The
input resistance of about 9.1k is mostly due to the voltage-
divider impedance of 10k. It is always desirable to keep
input impedances high, and anyway it’s a shame to load
the input with the divider, which, after all, is only there to
bias the transistor.

“Bootstrapping” is the colorful name given to a tech-
nique that circumvents this problem (Figure 2.80). The
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transistor is biased by the divider R;R; through series re-
sistor R3. Capacitor C; is chosen to have low impedance
at signal frequencies compared with the bias resistors. As
always, bias is stable if the dc impedance seen from the
base (in this case 9.7k) is much less than the dc impedance
looking into the base (in this case approximately 100k).
But now the signal-frequency input impedance is no longer
the same as the dc impedance. Look at it this way: an
input wiggle vj, results in an emitter wiggle Vg ~ V.
So the change in current through bias resistor R3 is i =
(Vin —UR)/R3 = 0, i.e., Zi, (of the bias string) = Viy /iin ~
infinity. We’ve made the loading (shunt) impedance of the
bias network very large at signal frequencies.

VCC
Cs %'?1
0.1pF ¢ 10k >
in I} I\AQ1
Ry
47k J out
A1
o)
RQ R4
imk 10pF imk

Figure 2.80. Raising the input impedance of an emitter follower at
signal frequencies by bootstrapping the base bias divider.

Another way of seeing this is to notice that R3 always
has the same voltage across it at signal frequencies (since
both ends of the resistor have the same voltage changes),
i.e., it’s a current source. But a current source has infinite
impedance. In reality the effective impedance is less than
infinity because the gain of a follower is slightly less than
unity. That is so because the base—emitter drop depends
on collector current, which changes with the signal level.
You could have predicted the same result from the voltage-
dividing effect of the impedance looking into the emitter
[re = 25/Ic(mA) ohms] combined with the emitter resistor.
If the follower has voltage gain A (slightly less than unity),
the effective value of R3 at signal frequencies is

R3/(1-4).

The voltage gain of a follower can be written
A=Ry/(Ri+re), where Ry is the total load seen at the
emitter (here R; || Ry || R4), so the effective value of bias
resistor Rz at signal frequencies can be written as R3 —
R3(1+Ry/re). In practice the value of R3 is effectively in-
creased by a hundred or so, and the input impedance is then
dominated by the transistor’s base impedance. The emitter-
degenerated amplifier can be bootstrapped in the same way,

since the signal on the emitter follows the base. The bias di-
vider circuit is driven by the low-impedance emitter output
at signal frequencies, which is what isolates the input sig-
nal from this usual task, and makes possible the beneficial
increase of input impedance.

A. Bootstrapping collector load resistors

The bootstrap principle can be used to increase the effec-
tive value of a transistor’s collector load resistor, if that
stage drives a follower. That can increase the voltage gain
of the stage substantially — recall that Gy = —g,,Rc, with
gm = 1/(Rg +re). This technique is used in Figure 2.78,
where we bootstrapped Q;’s collector load resistor (R»),
forming an approximate current-source load. This serves
two useful functions: (a) it raises the voltage gain of Qj,
and (b) it provides base drive current to Q304 that does not
drop off toward the top of the swing (as would a resistive
load, just when you need it most).

2.4.4 Current sharing in paralleled BJTs

It’s not unusual in power electronics design to find that the
power transistor you’ve chosen is not able to handle the re-
quired power dissipation, and needs to share the job with
additional transistors. This is a fine idea, but you need a
way to ensure that each transistor handles an equal portion
of the power dissipation. In §9.13.5 we illustrate the use
of transistors in series. This can simplify the problem, be-
cause we know they’ll all be running at the same current.
But it’s often more attractive to divide up the current by
connecting the transistors in parallel, as in Figure 2.81A.
There are two problems with this approach. First, we
know the bipolar transistor is a transconductance device,
with its collector current determined in a precise way by
its base-to-emitter voltage Vg, as given by the Ebers—Moll
equations 2.8 and 2.9. As we saw in §2.3.2, the temperature
coefficient of Vgg (at constant collector current) is about
—2.1mV/°C; or, equivalently, Ic increases with tempera-
ture for a fixed Vgg.’® This is unfortunate, because if the
junction of one of the transistors becomes hotter than the
rest, it takes more of the total current, thereby heating up
even more. It’s in danger of the dreaded thermal runaway.
The second problem is that transistors of the same part
number are not identical. They come off the shelf with

38 This result comes directly from dIc/dT = —g,,0Vsg/dT, which, after
substituting g,, = Ic/Vr tells us that the fractional change of collector
current is just (d1c/dT) /Ic = — (dVse/dT) /Vr. So the collector cur-
rent increases fractionally by about 2.1mV/25mV (or 8.4%) per °C — a
rather large amount!



Art of Electronics Third Edition

2.4.5. Capacitance and Miller effect 113

differing values of Vg for a given Ic. This is true even
for parts made at the same time on the same fabrication
line, and from the same silicon wafer. To see how large a
variation you are likely to get, we measured 100 adjacent
ZTX851 transistors on a reel, with an observed spread of
about 17mV, shown in Figure 8.44. This really represents
a “best case,” because you cannot be certain that a batch
of incoming transistors derive from a single lot, much less
a single wafer. When you first build something, the Vgg’s
of “identical” transistors may be within 20-50 mV of each
other, but that matching is lost when one of them has to be
replaced someday. It’s always safer to assume a possible
100 mV or so spread of base-emitter voltages. Recalling
that AVgg=60 mV corresponds to a factor of ten current ra-
tio, it’s clear that you cannot get away with a direct parallel
connection like Figure 2.81A.

The usual solution to this problem is the use of small re-
sistors in the emitters, as shown in Figure 2.81B. These are
called emitter-ballasting resistors, and their value is chosen
to drop at least a few tenths of a volt at the higher end of
the anticipated operating current range. That voltage drop
must be adequate to swamp the Vg spread of the individ-
ual transistors, and is ordinarily chosen somewhere in the
range of 300-500 mV.

15!
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Figure 2.81. To equalize the currents of parallel transistors, use
emitter ballasting resistors Rg, as in circuit B.

At high currents the resistors may suffer from an
inconveniently-high power dissipation, so you may want to
use the current-sharing trick shown in Figure 2.82. Here the
current-sensing transistors Q4—Qg adjust the base drive to
the “paralleled” power transistors Q—Q3 to maintain equal
emitter currents (you can think of Q4—Qg as a high-gain dif-
ferential amplifier with three inputs). This “active ballast”
technique works well with power Darlington BJTs, and it
works particularly well with MOSFETs (see Figure 3.117),
thanks to their negligible input (gate) current, thus making

MOSFETs a good choice for circuits with lots of power
dissipation.>”
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Figure 2.82. Active ballasting of parallel transistors Q,—Q; via
feedback from current sensing transistors 04—Qg lets you configure
a parallel power transistors with very low drops across the emitter
resistors.
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2.4.5 Capacitance and Miller effect

In our discussion so far we have used what amounts to a
dc, or low-frequency, model of the transistor. Our simple
current amplifier model and the more sophisticated Ebers—
Moll transconductance model both deal with voltages, cur-
rents, and resistances seen at the various terminals. With
these models alone we have managed to go quite far, and
in fact these simple models contain nearly everything you
will ever need to know to design transistor circuits. How-
ever, one important aspect that has serious impact on high-
speed and high-frequency circuits has been neglected: the
existence of capacitance in the external circuit and in the
transistor junctions themselves. Indeed, at high frequencies
the effects of capacitance often dominate circuit behavior;
at 100 MHz a typical junction capacitance of 5 pF has an
impedance of just 320 Q!

In this brief subsection we introduce the problem, il-
lustrate some of its circuit incarnations, and suggest some
methods of circumventing its effects. It would be a mis-
take to leave this chapter without realizing the nature of
this problem. In the course of this brief discussion we will
encounter the infamous Miller effect, and the use of config-
urations such as the cascode to overcome it.

59 Another nice feature of MOSFETs is their lack of second breakdown,
thus a wider safe-operating area; see §3.6.4C.
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A. Junction and circuit capacitance

Capacitance limits the speed at which the voltages within
a circuit can swing (“slew rate”), owing to finite driving
impedance or current. When a capacitance is driven by a
finite source resistance, you see RC exponential charging
behavior, whereas a capacitance driven by a current source
leads to slew-rate-limited waveforms (ramps). As general
guidance, reducing the source impedances and load capaci-
tances and increasing the drive currents within a circuit will
speed things up. However, there are some subtleties con-
nected with feedback capacitance and input capacitance.
Let’s take a brief look.

+Voe
RL

,T output
Ceb \(—o ICL

Rs

Cpe &_‘

Figure 2.83. Junction and load capacitances in a transistor ampli-
fier.

The circuit in Figure 2.83 illustrates most of the prob-
lems of junction capacitance. The output capacitance forms
a time constant with the output resistance Ry, (Ry, includes
both the collector and load resistances, and Ci, includes
both junction and load capacitances), giving a rolloff start-
ing at some frequency f = 1/2nR.CL.

The same is true for the input capacitance, Cye, in com-
bination with the source impedance Rs. Of greater sig-
nificance, at high frequencies the input capacitance robs
base current, effectively decreasing the transistor’s beta. In
fact, transistor datasheets specify a cutoff frequency, ft, at
which the beta has decreased to unity — not much of an
amplifier anymore! We discuss this further in Chapter 2x.

B. Miller effect

The feedback impedance C, is another matter. The ampli-
fier has some overall voltage gain Gy, so a small voltage
wiggle at the input results in a wiggle Gy times larger (and
inverted) at the collector. This means that the signal source
sees a current through C, that is Gy+ 1 times as large as if
C.p, were connected from base to ground; i.e., for the pur-

pose of input rolloff frequency calculations, the feedback
capacitance behaves like a capacitor of value C,(Gv+
1) from input to ground. This effective increase of Cy, is
known as the Miller effect. It often dominates the rolloff
characteristics of amplifiers, because a typical feedback ca-
pacitance of 4 pF can look like several hundred picofarads
to ground.

There are several methods available for beating the
Miller effect: (a) you can decrease the source impedance
driving a grounded-emitter stage by using an emitter fol-
lower. Figure 2.84 shows three other possibilities; (b) the
differential amplifier circuit with no collector resistor in
Q) (Figure 2.84A) has no Miller effect; you can think of
it as an emitter follower driving a grounded-base ampli-
fier (see below); (c) the famous cascode configuration (Fig-
ure 2.84B) elegantly defeats the Miller effect. Here Q; is
a grounded-emitter amplifier with Ry, as its collector resis-
tor: Q> is interposed in the collector path to prevent Q;’s
collector from swinging (thereby eliminating the Miller ef-
fect) while passing the collector current through to the load
resistor unchanged. The input labeled V, is a fixed-bias
voltage, usually set a few volts above Q;’s emitter volt-
age to pin Q1’s collector and keep it in the active region.
This circuit fragment is incomplete, because biasing is not
shown; you could either include a bypassed emitter resis-
tor and base divider for biasing Q; (as we did earlier in
the chapter) or include it within an overall loop with feed-
back at dc. Vi might be provided from a divider or zener,
with bypassing to keep it stiff at signal frequencies. (d) Fi-
nally, the grounded-base amplifier can be used by itself, as
shown in Figure 2.84C. It has no Miller effect because the
base is driven by zero source impedance (ground), and the
amplifier is noninverting from input to output.

Exercise 2.19. Explain in detail why there is no Miller effect in ei-
ther transistor in the preceding differential amplifier and cascode
circuits.

Capacitive effects can be somewhat more complicated
than this brief introduction might indicate. In particular:
(a) the rolloffs that are due to feedback and output capac-
itances are not entirely independent; in the terminology of
the trade there is pole splitting; (b) the transistor’s input ca-
pacitance still has an effect, even with a stiff input signal
source. In particular, current that flows through Cy. is not
amplified by the transistor. This base current “robbing” by
the input capacitance causes the transistor’s small-signal
current gain hg to drop at high frequencies, eventually
reaching unity at a frequency known as fr. (¢) To com-
plicate matters, the junction capacitances depend on volt-
age: a dominant portion of Cy,. changes proportionally with
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Figure 2.84. Three circuit configurations that avoid the Miller effect. A. Differential amplifier with inverting input grounded. B. Cascode

connection. C. Grounded base amplifier.

operating current, so fy is given instead.®® (d) When a tran-
sistor is operated as a switch, effects associated with charge
stored in the base region of a saturated transistor cause an
additional loss of speed.

The Miller effect looms large in high-speed and wide-
band circuits, and we’ll be seeing it again and again in sub-
sequent chapters.

2.4.6 Field-effect transistors

In this chapter we have dealt exclusively with BJTs, char-
acterized by the Ebers—Moll equation. BJTs were the orig-
inal transistors, and they are widely used in analog circuit
design. However, it would be a mistake to continue without
a few words of explanation about the other kind of transis-
tor, the FET, which we will take up in detail in Chapter 3.

The FET behaves in many ways like an ordinary bipolar
transistor. It is a three-terminal amplifying device, avail-
able in both polarities, with a terminal (the gate) that con-
trols the current flow between the other two terminals
(source and drain). It has a unique property, though: the
gate draws no dc current, except for leakage. This means
that extremely high input impedances are possible, limited
only by capacitance and leakage effects. With FETs you
don’t have to worry about providing substantial base cur-
rent, as was necessary with the BJT circuit design of this
chapter. Input currents measured in picoamperes are com-
monplace. Yet the FET is a rugged and capable device, with
voltage and current ratings comparable to those of bipolar
transistors.

Most of the available devices fabricated with BJTs

00 See values of fr versus collector current for 25 transistors, plotted and
tabulated in Chapter 2x’s section titled “BJT Bandwidth and fr.”

(matched pairs, differential and operational amplifiers,
comparators, high-current switches and amplifiers, and RF
amplifiers) are also available with FET construction, of-
ten with superior performance. Furthermore, digital logic,
microprocessors, memory, and all manner of complex and
wonderful large-scale digital chips are built almost exclu-
sively with FETs. Finally, the area of micropower design
is dominated by FET circuits. It is not exaggeration to say
that, demographically, almost all transistors are FETs.%!

FETs are so important in electronic design that we de-
vote the next chapter to them before treating operational
amplifiers and feedback in Chapter 4. We urge the reader
to be patient with us as we lay the groundwork in these
first three difficult chapters; that patience will be rewarded
many times over in the succeeding chapters, as we explore
the enjoyable topics of circuit design with operational am-
plifiers and digital integrated circuits.

2.5 Negative feedback

We’ve hinted earlier in the chapter that feedback offers
a cure to some vexing problems: biasing the grounded-
emitter amplifier (§2.3.4 and 2.3.5), biasing the differen-
tial amplifier with current-mirror active load (§2.3.8C),
and minimizing crossover distortion in push—pull follow-
ers (§2.4.1A). It’s even better than that — negative feedback

61 Lest this outpouring of enthusiasm leave the wrong impression, we
hasten to point out that BJTs are alive and well, largely because they
are unbeatable when it comes to characteristics like accuracy and noise
(the subjects of Chapters 5 and 8). They excel also in transconductance
(i.e., gain). Those muscular power FETs suffer from rather high input
capacitance; and, as discrete parts, you cannot get small-signal MOS-
FETs, only power MOSFETs.
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is a wonderful technique that can cure all manner of ills:
distortion and nonlinearities, frequency dependence of am-
plifier gain, departure from ideal performance of voltage
sources, current sources, or pretty much anything else.

We’ll be enjoying the benefits of negative feedback fully
in Chapter 4, where we introduce the universal analog com-
ponent called an operational amplifier (“op-amp”), a crea-
ture that thrives on negative feedback. But this is a good
place to introduce feedback, both because it is widely used
in discrete transistor circuits and also because it is present
already in our common emitter amplifier, whose improved
linearity (compared with that of the grounded-emitter am-
plifier) is due to negative feedback.

2.5.1 Introduction to feedback

Feedback has become such a well-known concept that the
word has entered the general vocabulary. In control sys-
tems, feedback consists of comparing the actual output of
the system with the desired output and making a correction
accordingly. The “system” can be almost anything: for in-
stance, the process of driving a car down the road, in which
the output (the position and velocity of the car) is sensed
by the driver, who compares it with expectations and makes
corrections to the input (steering wheel, throttle, brake). In
amplifier circuits the output should be a multiple of the in-
put, so in a feedback amplifier the input is compared with
an attenuated version of the output.

As used in amplifiers, negative feedback is implemented
simply by coupling the output back in such a way as to
cancel some of the input. You might think that this would
only have the effect of reducing the amplifier’s gain and
would be a pretty stupid thing to do. Harold S. Black,
who attempted to patent negative feedback in 1928, was
greeted with the same response. In his words, “Our patent
application was treated in the same manner as one for a
perpetual-motion machine.”® True, it does lower the gain,
but in exchange it also improves other characteristics, most
notably freedom from distortion and nonlinearity, flatness
of response (or conformity to some desired frequency re-
sponse), and predictability. In fact, as more negative feed-
back is used, the resultant amplifier characteristics become
less dependent on the characteristics of the open-loop (no-
feedback) amplifier and finally depend on the properties
only of the feedback network itself. Operational amplifiers

62 See the fascinating article in IEEE Spectrum, December 1977. His
patent for negative feedback (No. 2,102,671, modestly titled “Wave
translation system”) was granted in 1937, nine years after his initial
filing.

(the very high-gain differential amplifier building blocks of
Chapter 4) are typically used in this high-loop-gain limit,
with open-loop voltage gain (no feedback) of a million or
SO.

A feedback network can be frequency dependent, to
produce an equalization amplifier (with specific gain-
versus-frequency characteristics), or it can be amplitude
dependent, producing a nonlinear amplifier (an example is
a logarithmic amplifier, built with feedback that exploits
the logarithmic Vg versus Ic of a diode or transistor). It
can be arranged to produce a current source (near-infinite
output impedance) or a voltage source (near-zero output
impedance), and it can be connected to generate very high
or very low input impedance. Speaking in general terms,
the property that is sampled to produce feedback is the
property that is improved. Thus, if you feed back a sig-
nal proportional to the output current, you will generate a
good current source.®?

Let’s look at how feedback works, and how it affects
what an amplifier does. We will find simple expressions
for the input impedance, output impedance, and gain of an
amplifier with negative feedback.

2.5.2 Gain equation

Look at Figure 2.85. To get started we’ve drawn the fa-
miliar common-emitter amplifier with emitter degenera-
tion. Thinking of the transistor in the Ebers—Moll sense,
the small-signal voltage from base to emitter (AVgg) pro-
grams the collector current. But AVpg is less than the input
voltage Vi, because of the drop across Rg. If the output is
unloaded, it’s easy to get the equation in the figure. In other
words, the common-emitter amplifier with emitter degen-
eration is a grounded-emitter amplifier with negative feed-
back, as we hinted earlier.

This circuit has some subtleties, which we’d like to
sidestep for now by looking instead at the more straight-
forward configuration shown in Figure 2.85B. Here we’ve
drawn a differential amplifier (with differential gain A),
with a fraction of its output signal subtracted from the cir-
cuit input vj,. That fraction, of course, is given simply by

63 Feedback can also be positive; that’s how you make an oscillator, for
instance. As much fun as that may sound, it simply isn’t as important
as negative feedback. More often it’s a nuisance, because a negative-
feedback circuit may have large enough phase shifts at some high fre-
quency to produce positive feedback and oscillations. It is surprisingly
easy to have this happen, and the prevention of unwanted oscillations
is the object of what is called compensation, a subject we treat briefly
at the end of Chapter 4.
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+VCC

A. =
Vout
B. 2
Vaitf = Vin— mvout
C. Vait = Vin— BVout

Figure 2.85. Negative feedback subtracts a fraction of the output
from the input: A. Common-emitter amplifier. B. Differential ampli-
fier configured as a noninverting voltage amplifier. C. Conventional
block diagram.

the voltage divider equation, as shown. This is a very com-
mon configuration, widely used with op-amps (Chapter 4),
and known simply as a “noninverting amplifier.”

When talking about negative feedback, it’s conventional
to draw a diagram like Figure 2.85C, in which the feed-
back fraction is simply labeled B. This is useful because
it allows more generality than a voltage divider (feedback
can include frequency-dependent components like capaci-
tors, and nonlinear components like diodes), and it keeps
the equations simple. For a voltage divider, of course, B
would simply be equal to Ry /(R + R»).

Let’s figure out the gain. The amplifier has open-loop
voltage gain A, and the feedback network subtracts a frac-
tion B of the output voltage from the input. (Later we will
generalize things so that inputs and outputs can be currents

or voltages.) The input to the gain block is then Vi, — BVyy.
But the output is just the input times A:

A(Vin - BVout) = Vout-

In other words,

A
Vout = lemvim
and so the closed-loop voltage gain, Voy/Vin, is just
A
= . 2.16
1+AB ( )

Some terminology: the standard designations for these
quantities are as follows: G = closed-loop gain, A = open-
loop gain, AB = loop gain, 1+AB = return difference, or
desensitivity. The feedback network is sometimes called
the beta network (no relation to transistor beta, Ay, ).%*

2.5.3 Effects of feedback on amplifier circuits

Let’s look at the important effects of feedback. The most
significant are predictability of gain (and reduction of dis-
tortion), changed input impedance, and changed output
impedance.

A. Predictability of gain
The voltage gain is G = A/(1 +AB). In the limit of infi-
nite® open-loop gain A, G = 1/B. For finite gain A, feed-
back acts to reduce the effects of variations of A (with fre-
quency, temperature, amplitude, etc.). For instance, sup-
pose A depends on frequency as in Figure 2.86. This will
surely satisfy anyone’s definition of a poor amplifier (the
gain varies over a factor of 10 with frequency). Now imag-
ine we introduce feedback, with B = 0.1 (a simple volt-
age divider will do). The closed-loop voltage gain now
varies from 1000/[1 +(1000x0.1)], or 9.90, to 10,000/[1
+ (10,000x0.1)], or 9.99, a variation of just 1% over the
same range of frequency! To put it in audio terms, the orig-
inal amplifier is flat to =10 dB, whereas the feedback am-
plifier is flat to £0.04 dB. We can now recover the original
gain of 1000 with nearly this linearity simply by cascading
three such stages.

It was for just this reason (namely, the need for ex-
tremely flat-response telephone repeater amplifiers) that

4 We’ll see later that amplifiers used with feedback commonly have sig-
nificant lagging phase shifts from input to output. So the open-loop
voltage gain A should properly be represented as a complex number.
We’ll treat this in §2.5.4; for now we’ll adopt the simplification that
the amplifier’s output voltage is proportional to its input voltage.

5 Which is not a bad approximation for an op-amp, whose typical open-
loop gain is in the neighborhood of Agy. ~ 10°.
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Figure 2.86. Amplifier with open-loop gain A that varies widely with
frequency f.

negative feedback in electronics was invented. As the in-
ventor, Harold Black, described it in his first open publi-
cation on the invention [Elec. Eng., 53, 114, (1934)], “by
building an amplifier whose gain is made deliberately, say
40 decibels higher than necessary (10,000-fold excess on
energy basis) and then feeding the output back to the in-
put in such a way as to throw away the excess gain, it has
been found possible to effect extraordinary improvement in
constancy of amplification and freedom from nonlinearity.”
Black’s patent is spectacular, with dozens of elegant fig-
ures; we reproduce one of them here (Figure 2.87), which
makes the point eloquently.
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Figure 2.87. Harold Black explains it in his historic 1937 patent,
with the unassuming title “Wave translation system.”

It is easy to show, by taking the partial derivative of G
with respect to A (i.e., dG/dA), that relative variations in
the open-loop gain are reduced by the desensitivity:

AG_ 1A

G 1+AB A’
Thus, for good performance the loop gain AB should be
much larger than 1. That’s equivalent to saying that the
open-loop gain should be much larger than the closed-loop

gain.

2.17)

A very important consequence of this is that nonlineari-
ties, which are simply gain variations that depend on signal
level, are reduced in exactly the same way.

B. Input impedance

Feedback can be arranged to subtract a voltage or a current
from the input (these are sometimes called series feedback
and shunt feedback, respectively). The noninverting am-
plifier configuration we’ve been considering, for instance,
subtracts a sample of the output voltage from the differen-
tial voltage appearing at the input, whereas the feedback
scheme in Figure 2.89B subtracts a current from the in-
put. The effects on input impedance are opposite in the
two cases: voltage feedback multiplies the open-loop input
impedance by 1+ AB, whereas current feedback reduces
it by the same factor. In the limit of infinite loop gain the
input impedance (at the amplifier’s input terminal) goes to
infinity or zero, respectively. This is easy to understand,
since voltage feedback tends to subtract signal from the in-
put, resulting in a smaller change (by the factor AB) across
the amplifier’s input resistance; it’s a form of bootstrap-
ping. Current feedback reduces the input signal by bucking
it with an equal current.

Vin Vaif R; A —— Vout

BV,

out

-

Figure 2.88. Series-feedback input impedance.

Series (voltage) feedback

Let’s see explicitly how the effective input impedance is
changed by feedback. We illustrate the case of voltage
feedback only, since the derivations are similar for the two
cases. We begin with a differential amplifier model with
(finite) input resistance as shown in Figure 2.88. An input
Vin 1s reduced by BV, putting a voltage Vgigr = Vin — BVou
across the inputs of the amplifier. The input current is there-
fore




Art of Electronics Third Edition

2.5.3. Effects of feedback on amplifier circuits 119

giving an effective input impedance
Zin =Vin/In = (1+AB)R;.

In other words, the input impedance is boosted by a factor
of the loop gain plus one. If you were to use the circuit of
Figure 2.85B to close the feedback loop around a differen-
tial amplifier whose native input impedance is 100 kQ and
whose differential gain is 10*, choosing the resistor ratio
(99:1) for a target gain of 100 (in the limit of infinite am-
plifier gain), the input impedance seen by the signal source
would be approximately 10 M, and the closed-loop gain
would be 99.66

Shunt (current) feedback
Look at Figure 2.89A. The impedance seen looking into
the input of a voltage amplifier with current feedback is
reduced by the feedback current, which opposes voltage
changes at the input.®’ By considering the current change
produced by a voltage change at the input, you find that the
input signal sees a parallel combination of (a) the ampli-
fier’s native input impedance R; and (b) the feedback resis-
tor Ry divided by 1+ A. That is,

Ry
1+A
(see if you can prove this). In cases of very high loop gain
(e.g, an op-amp), the input impedance is reduced to a frac-
tion of an ohm, which might seem bad. But in fact this con-
figuration is used to convert an input current into an output
voltage (a “transresistance amplifier”’), for which a low in-
put impedance is a good characteristic. We’ll see examples
in Chapters 4 and 4x.

By the addition of an input resistor (Figure 2.89B) the
circuit becomes an “inverting amplifier,” with input re-
sistance as shown. You can think of this (particularly in
the high-loop-gain limit) as a resistor feeding a current-to-
voltage amplifier. In that limit R;, approximately equals R
(and the closed-loop gain approximately equals —R;/R).

It is a straightforward exercise to derive an expression
for the closed-loop voltage gain of the inverting amplifier
with finite loop gain. The answer is

Zin:RiH

G=—A(1-B)/(1+AB)

where B is defined as before, B= R /(R| +R;). In the limit
of large open-loop gainA,G=1—1/B(i.e., G=—Ry/R)).

66 Of course, knowing that the open-loop gain is approximately 10*, you
might bump the resistor ratio up to 100:1 to compensate. With an op-
amp there’s no need: with a typical open-loop gain of ~10°, the closed-
loop gain would be G¢p, = 99.99.

67 As in the circuit of Figure 2.53 in §2.3.5C.
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Figure 2.89. Input and output impedances for (A) transresistance
amplifier and (B) inverting amplifier.

Exercise 2.20. Derive the foregoing expressions for input
impedance and gain of the inverting amplifier.

Figure 2.90. Output impedance.

C. Output impedance

Again, feedback can extract a sample of the output voltage
or the output current. In the first case the open-loop output
impedance will be reduced by the factor 1+ AB, whereas
in the second case it will be increased by the same factor.
We illustrate this effect for the case of voltage sampling.
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We begin with the model shown in Figure 2.90. This time
we have shown the output impedance explicitly. The cal-
culation is simplified by a trick: short the input and apply
a voltage V to the output; by calculating the output cur-
rent I, we get the output impedance R), =V /I. Voltage V
at the output puts a voltage —BV across the amplifier’s in-
put, producing a voltage —ABV in the amplifier’s internal

generator. The output current is therefore
,_ V- (-ABV) _ V(1 +AB)
B R, R

giving an effective output impedance®® of

Zouw =V /I =Ro/(1+AB).

D. Sensing output current

Feedback can be connected instead to sample the output
current. Then the expression for output impedance be-
comes

Zouw = Ro(1+AB).

In fact, it is possible to have multiple feedback paths, sam-
pling both voltage and current. In the general case the out-
put impedance is given by Blackman’s impedance rela-
tion®

1+ (AB)sc

Zout =R ,
T+ (AB)oc

where (AB)gc is the loop gain with the output shorted to
ground and (AB)oc is the loop gain with no load attached.
Thus feedback can be used to generate a desired output
impedance. This equation reduces to the previous results
for the usual situation in which feedback is derived from
either the output voltage or the output current. See addi-
tional discussion in Chapter 2x.

2.5.4 Two important details

Feedback is a rich subject, which we’ve simplified shame-
lessly in this brief introduction. Here are two details that
should not be overlooked, however, even at this somewhat
superficial level of understanding.

%8 If the open-loop gain A is real (i.e. no phase shift), then the output
impedance Z,y; will be real (i.e., resistive: Royr). As we’ll see in Chap-
ter 4, however, A can be (and often is) complex, representing a lag-
ging phase shift. For op-amps the phase shift is 90° over most of the
amplifier’s bandwidth. The result is an inductive closed-loop output
impedance. See for example Figure 4.53 in Chapter 4.

 R. B. Blackman, “Effect of feedback on impedance,” Bell. Sys. Tech. J.
22,269 (1943).

A. Loading by the feedback network

In feedback computations, you usually assume that the beta
network doesn’t load the amplifier’s output. If it does, that
must be taken into account in computing the open-loop
gain. Likewise, if the connection of the beta network at
the amplifier’s input affects the open-loop gain (feedback
removed, but network still connected), you must use the
modified open-loop gain. Finally, the preceding expres-
sions assume that the beta network is unidirectional, i.e.,
it does not couple any signal from the input to the output.

B. Phase shifts, stability, and “compensation”

The open-loop amplifier gain A is central in the expressions
we’ve found for closed-loop gain and the corresponding in-
put and output impedances. By default one might reason-
ably assume that A is a real number — that is, that the output
is in phase with the input. In real life things are more com-
plex,70 because of the effects of circuit capacitances (and
Miller effect, §2.4.5), and also the limited bandwidth (fr)
of the active components themselves. The result is that the
open-loop amplifier will exhibit lagging phase shifts that
increase with frequency. This has several consequences for
the closed-loop amplifier.

Stability

If the open-loop amplifier’s lagging phase shift reaches
180°, then negative feedback becomes positive feedback,
with the possibility of oscillation. This is not what you
want! (The actual criterion for oscillation is that the phase
shift be 180° at a frequency at which the loop gain AB
equals 1.) This is a serious concern, particularly in ampli-
fiers with plenty of gain (such as op-amps). The problem is
only exacerbated if the feedback network contributes addi-
tional lagging phase shift (as it often will). The subject of
frequency compensation in feedback amplifiers deals di-
rectly with this essential issue; you can read about it in
§4.9.

Gain and phase shift

The expressions we found for closed-loop gain and for the
input and output impedances contain the open-loop gain
A. For example, the voltage amplifier with series feedback
(Figures 2.85B&C, 2.88, and 2.90) has closed-loop gain
GcL =A/(1+AB), where A = GoL, the amplifier’s open-
loop gain. Let’s imagine that the open-loop gain A is 100,
and that we’ve chosen B = 0.1 for a target closed-loop gain
of GcL, =~ 10. Now, if the open-loop amplifier had no phase
shifts, then G¢p ~ 9.09, also without phase shift. If instead
the amplifier has a 90° lagging phase shift, then A is pure

70 That’s a pun, get it?
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Figure 2.91. Transistor power amplifier with negative feedback.

imaginary (A=—100j), and the closed-loop gain becomes
GeL = 9.90—0.99;. That’s a magnitude |G |=9.93, with
a lagging phase shift of approximately 6°. In other words,
the effect of a pretty significant (halfway to oscillation!)
open-loop phase shift turns out, in fact, to be favorable: the
closed-loop gain is only 0.5% less than the target, com-
pared with 9% for the case of the same amplifier without
phase shift. The price you pay is some residual phase shift
and, of course, an approach to instability.

As artificial as this example may seem, it in fact re-
flects a reality of op-amps, which usually have an ~90°
lagging phase shift over almost their entire bandwidth (typ-
ically from ~10Hz to 1 MHz or more). Because of their
much higher open-loop gain, the amplifier with feedback
exhibits very little phase shift, and an accurate gain set al-
most entirely by the feedback network. Much more on this
in Chapter 4, and in §4.9.

Exercise 2.21. Verify that the above expressions for G¢y, are cor-
rect.

2.5.5 Two examples of transistor amplifiers with
feedback

Let’s look at two transistor amplifier designs to see how the
performance is affected by negative feedback. There’s a bit
of complexity in this analysis . ..don’t be discouraged!”!

71 Those fearful of discouragement may wish to skip over this section in
a first reading.

5V

Figure 2.91 shows a complete transistor amplifier with
negative feedback. Let’s see how it goes.

A. Circuit description

It may look complicated, but it is extremely straightfor-
ward in design and is relatively easy to analyze. Q; and
O, form a differential pair, with common-emitter amplifier
Q3 amplifying its output. Rg is Q3’s collector load resis-
tor, and push—pull pair Q4 and Qs form the output emitter
follower. The output voltage is sampled by the feedback
network consisting of voltage divider R4 and Rs, with C;
included to reduce the gain to unity at dc for stable biasing.
R3 sets the quiescent current in the differential pair, and
since overall feedback guarantees that the quiescent output
voltage is at ground, Q3’s quiescent current is easily seen
to be 10mA (Vgg across Rg, approximately). As we dis-
cussed earlier (§2.4.1B), the diodes bias the push—pull pair
into conduction, leaving one diode drop across the series
pair Ry and Rg, i.e., 60 mA quiescent current. That’s class-
AB operation, good for minimizing crossover distortion, at
the cost of 1 watt standby dissipation in each output tran-
sistor.

From the point of view of our earlier circuits, the only
unusual feature is Q;’s quiescent collector voltage, one
diode drop below Vc. That is where it must sit in order to
hold Q3 in conduction, and the feedback path ensures that
it will. (For instance, if O were to pull its collector closer
to ground, Q3 would conduct heavily, raising the output
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voltage, which in turn would force Q> to conduct more
heavily, reducing Q;’s collector current and hence restor-
ing the status quo.) R, was chosen to give a diode drop
at Q1’s quiescent current in order to keep the collector
currents in the differential pair approximately equal at
the quiescent point. In this transistor circuit the input bias
current is not negligible (4 4 A), resulting in a 0.4 V drop
across the 100k input resistors. In transistor amplifier cir-
cuits like this, in which the input currents are considerably
larger than in op-amps, it is particularly important to make
sure that the dc resistances seen from the inputs are equal,
as shown (a Darlington input stage would probably be
better here).

B. Analysis

Let’s analyze this circuit in detail, determining the gain,
input and output impedances, and distortion. To illustrate
the utility of feedback, we will find these parameters for
both the open-loop and closed-loop situations (recognizing
that biasing would be hopeless in the open-loop case). To
get a feeling for the linearizing effect of the feedback, the
gain will be calculated at +10 volts and —10 volts output,
as well as at the quiescent point (0 V).

Open loop

Input impedance We cut the feedback at point X and
ground the right-hand side of R4. The input signal sees
100k in parallel with the impedance looking into the base.
The latter is hg times twice the intrinsic emitter resis-
tance plus the impedance seen at Q,’s emitter caused by
the finite impedance of the feedback network at Q5’s base.
For hg ~ 250, Zip ~ 250 x [(2 x 25) + (3.3k/250)]; i..,
Zin ~ 16k.

Output impedance Since the impedance looking back
into Q3’s collector is high, the output transistors are driven
by a 1.5k source (Rg). The output impedance is about 15Q
(B =~ 100) plus the 5 Q emitter resistance, or 20 Q. The in-
trinsic emitter resistance of 0.4 Q is negligible.

Gain The differential input stage sees a load of R, paral-
leled by Q3’s base resistance. Since Q3 is running 10 mA
quiescent current, its intrinsic emitter resistance is 2.5 €2,
giving a base impedance of about 250 Q (again, 8 ~ 100).
The differential pair thus has a gain of

250|620
2%25Q

The second stage, O3, has a voltage gain of 1.5k /2.5 Q,
or 600. The overall voltage gain at the quiescent point is
3.5 x 600, or 2100. Since Q3’s gain depends on its collec-
tor current, there is substantial change of gain with signal

3.5.

swing, i.e., nonlinearity. The gain is tabulated in the fol-
lowing section for three values of output voltage.

Closed loop

Input impedance This circuit uses series feedback, so the
input impedance is raised by (1 + loop gain). The feedback
network is a voltage divider with B=1/30 at signal fre-
quencies, so the loop gain AB is 70. The input impedance
is therefore 70 x 16k, still paralleled by the 100k bias re-
sistor, i.e., about 92k. The bias resistor now dominates the
input impedance.

Output impedance Since the output voltage is sampled,
the output impedance is reduced by (1 + loop gain). The
output impedance is therefore 0.3 Q. Note that this is a
small-signal impedance and does not mean that a 1 € load
could be driven to nearly full swing, for instance. The 5 Q
emitter resistors in the output stage limit the large signal
swing. For instance, a 4 Q load could be driven only to
10 Vpp, approximately.

Gain The gain is A/(14+AB). At the quiescent point that
equals 30.84, using the exact value for B. To illustrate the
gain stability achieved with negative feedback, the over-
all voltage gain of the circuit with and without feedback is
tabulated at three values of output level at the end of this
paragraph. It should be obvious that negative feedback has
brought about considerable improvement in the amplifier’s
characteristics, although in fairness it should be pointed
out that the amplifier could have been designed for better
open-loop performance, e.g., by using a current source for
Q3’s collector load and degenerating its emitter, by using a
current source for the differential-pair emitter circuit, etc.
Even so, feedback would still make a large improvement.

Open loop Closed loop
Vour | —10 0 +10 | —10 0 +10
/N 16k 16k 16k | 92k 92k 92k
Zoy | 20Q 20Q2 20Q | 03Q2 03Q 0.3Q
Gain | 1360 2100 2400 | 30.60 30.84 30.90

C. Series-feedback pair

Figure 2.92 shows another transistor amplifier with feed-
back. Thinking of Q; as an amplifier of its base-emitter
voltage drop (thinking in the Ebers—Moll sense), the feed-
back samples the output voltage and subtracts a fraction
of it from the input signal. This circuit is a bit tricky be-
cause (»’s collector resistor doubles as the feedback net-
work. Applying the techniques we used earlier, one can
show that G(open loop) ~ 200, loop gain ~ 20, Z,y(open
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Figure 2.92. Series-feedback pair.

loop) ~ 10k, Zyy(closed loop) ~500€, and G(closed
loop) ~9.5.

Exercise 2.22. Go for it!

2.6 Some typical transistor circuits

To illustrate some of the ideas of this chapter, let’s look
at a few examples of circuits with transistors. The range of
circuits we can cover at this point is necessarily limited, be-
cause real-world circuits usually incorporate op-amps (the
subject of Chapter 4) and other useful ICs — but we’ll see
plenty of transistors used alongside ICs in those later chap-
ters.

2.6.1 Regulated power supply

Figure 2.93 shows a very common configuration. R; nor-
mally holds Q; on; when the output reaches 10 volts, Q>
goes into conduction (base at 5 V), preventing further rise
of output voltage by shunting base current from Q;’s base.
The supply can be made adjustable by replacing R, and R3
with a potentiometer. In this voltage regulator (or “regu-
lated dc supply”) circuit, negative feedback acts to stabi-
lize the output voltage: O, “looks at” the output and does
something about it if the output isn’t at the right voltage.
A few details: (a) Adding a biasing resistor R4 ensures
a relatively constant zener current, so that the zener volt-
age does not change significantly with load current. It is
tempting to provide that bias current from the input, but it
is far better to use the regulated output. A warning is in
order: whenever you use an output voltage to make some-
thing happen within a circuit, make sure that the circuit will
start up correctly; here, however, there is no problem (why
not?). (b) The capacitor C; would probably be needed in

this circuit to ensure stability (i.e., to prevent oscillation),
particularly if the output were capacitively bypassed (as it
should be), for reasons we will see later in connection with
feedback loop stability (§4.9).

We’ll see much more of this subject in Chapter 9.

Q1
+12V to +25V _ TIP31 +10V
(unregulated) 0 to 100mA
R . Cq R
1.0k ™, 100pF 1.0k
. I}/\
Q2 |
2N3904
______ \ A== R3
4.3V
Ry 1.0k
IN5229 5k

Figure 2.93. Feedback voltage regulator.

2.6.2 Temperature controller

The schematic diagram in Figure 2.94 shows a tempera-
ture controller based on a thermistor sensing element, a
device that changes resistance with temperature. Differ-
ential Darlington Q{—Q4 compares the voltage of the ad-
justable reference divider R4—Rg with the divider formed
from the thermistor and R;. (By comparing ratios from the
same supply, the comparison becomes insensitive to supply
variations; this particular configuration is called a Wheat-
stone bridge.) Current mirror QsQg provides an active load
to raise the gain, and mirror Q7Qg provides emitter cur-
rent. Qg9 compares the differential amplifier output with a
fixed voltage, saturating Darlington Q19Q;; (which sup-
plies power to the heater) if the thermistor is too cold. Ry is
a current-sensing resistor that turns on protection transistor
Q1 if the output current exceeds about 6 amps; that steals
base drive from Q10Q11, preventing damage. And R, adds
a small amount of positive feedback, to cause the heater to
snap on and off abruptly; this is the same trick (a “Schmitt
trigger”) as in Figure 2.13.

2.6.3 Simple logic with transistors and diodes

Figure 2.95 shows a circuit that performs a task we illus-
trated in §1.9.1F: sounding a buzzer if either car door is
open and the driver is seated. In this circuit the transistors
all operate as switches (either OFF or saturated). Diodes D
and D, form what is called an OR gate, turning off Q; if ei-
ther door is open (switch closed). However, the collector of
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Figure 2.94. Temperature controller for 250 W heater.
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Figure 2.95. Both diodes and transistors are used to make digital logic “gates” in this seat-belt buzzer circuit.

Q1 stays near ground, preventing the buzzer from sounding ~ Additional Exercises for Chapter 2
unless switch S3 is also closed (driver seated); in that case

R_2 turns on Qs, putting 12 VOlt.S across .the buzzer. D3 pro-  gyarcige 2.23. Design a transistor switch circuit that allows you
vides a diode drop so that Qy is OFF with §; or S closed, to switch two loads to ground by means of saturated npn tran-
and Dy protects Q3 from the buzzer’s inductive turn-off  gjstors. Closing switch A should cause both loads to be powered,
transient. In Chapters 1015 we discuss logic circuitry in  whereas closing switch B should power only one load. Hint: use
detail. diodes.
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Exercise 2.24. Consider the current source in Figure 2.96. (a)
What is fjp,q? What is the output compliance? Assume Vg is
0.6 V. (b) If B varies from 50 to 100 for collector voltages within
the output compliance range, how much will the output current
vary? (There are two effects here.) (c) If Vg varies according to
AVpg = —0.0001 AVcg (Early effect), how much will the load
current vary over the compliance range? (d) What is the temper-
ature coefficient of output current assuming that  does not vary
with temperature? What is the temperature coefficient of output
current assuming that 3 increases from its nominal value of 100
by 0.4%/°C?

+10V

8.2k E
1.6k
i 1.5k

Figure 2.96. Current source exercise.

Exercise 2.25. Design a common-emitter npn amplifier with a
voltage gain of 15, Vcc of +15V, and Ic of 0.5 mA. Bias the col-
lector at 0.5V, and put the low-frequency 3 dB point at 100 Hz.

Exercise 2.26. Bootstrap the circuit in the preceding problem to
raise the input impedance. Choose the rolloff of the bootstrap ap-
propriately.

Exercise 2.27. Design a dc-coupled differential amplifier with a
voltage gain of 50 (to a single-ended output) for input signals near
ground, supply voltages of £15 volts, and quiescent currents of
0.1 mA in each transistor. Use a current source in the emitter and
an emitter follower output stage.

Exercise 2.28. In this problem you will ultimately design an am-
plifier whose gain is controlled by an externally applied voltage
(in Chapter 3 you will see how to do the same thing with FETs).
(a) Begin by designing a long-tailed pair differential amplifier
with emitter current source and no emitter resistors (undegener-
ated). Use =15 V supplies. Set Ic (each transistor) at 100 tA, and
use Rc = 10k. Calculate the voltage gain from a single-ended
input (other input grounded) to a single-ended output. (b) Now
modify the circuit so that an externally applied voltage controls
the emitter current source. Give an approximate formula for the
gain as a function of controlling voltage. (In a real circuit you
might arrange a second set of voltage-controlled current sources

to cancel the quiescent-point shift that gain changes produce in
this circuit, or a differential-input second stage could be added to
your circuit.)

+20V

10k

Figure 2.97. Bad biasing.

Ve+2V +Veo
R
Q4 Q3 to further
stages

Q2

I

I

1

i

input 1 —e I\Q1 Q5>|— input 2
Ve
~Vee

Figure 2.98. Base-current cancellation scheme used in precision
operational amplifiers. Bias-current cancellation is discussed in de-
tail in Chapter 4x.

Exercise 2.29. Disregarding the lessons of this chapter, a disgrun-
tled student builds the amplifier shown in Figure 2.97. He adjusts
R until the quiescent point is 0.5Vcc. (a) What is Zj, (at high
frequencies where Z¢ ~ 0)? (b) What is the small-signal voltage
gain? (c) What rise in ambient temperature (roughly) will cause
the transistor to saturate?

Exercise 2.30. Several commercially available precision op-amps
(e.g., the venerable OP-07) use the circuit in Figure 2.98 to can-
cel input bias current (only half of the symmetrical-input differ-
ential amplifier is shown in detail; the other half works the same
way). Explain how the circuit works. Note: Q| and Q5 are a beta-
matched pair. Hint: it’s all done with mirrors.
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Review of Chapter 2

An A-to-W review of Chapter 2. This review doesn’t fol-
low the exact topic order in the chapter: here we first cover
transistor theory, then circle back to discuss some applica-
tions. In the chapter circuits have been interspersed with
theory to provide motivation and illustrate how to use the
theory.

JA. Pin-Labeling Conventions.

The introduction (§2.1) describes some transistor and
circuit-labeling conventions. For example, Vg (with a sin-
gle subscript) indicates the voltage at the base terminal, and
similarly /g indicates current flowing into the base termi-
nal. Vg (two subscripts) indicates base-to-emitter voltage.
Symbols like Ve and Vgg (repeated subscripts) indicate
the positive and negative supply voltages.

9|B. Transistor Types and Polarities.

Transistors are three-terminal devices capable of amplify-
ing signals. They come in two broad classes, bipolar junc-
tion transistors (BJTs, the subject of this chapter), and
field-effect transistors (FETs, the subject of Chapter 3).
BJTs have a control terminal called the base, and a pair
of output terminals, called the collector and the emitter
(the corresponding terminals in a FET are gate, drain, and
source). A signal applied to the base controls the current
flowing from collector to emitter. There are two BJT polar-
ities available, npn and pnp; for npn devices the collector
is more positive than the emitter, and the opposite is true
for pnp. Figure 2.2 illustrates this and identifies intrinsic
diodes that are part of the transistor structure, see {D and
JF below. The figure also illustrates that the collector cur-
rent and the (much smaller) base current combine to form
the emitter current.

Operating modes Transistors can operate as switches —
turned ON or OFF — or they can be used as linear devices,
for example as amplifiers, with an output current propor-
tional to an input signal. Put another way, a transistor can
be in one of three states: cutoff (non-zero Vg but zero Ic),
saturated (non-zero Ic but near-zero Vcg), or in the linear
region (non-zero Vg and Ic). If you prefer prose (and us-
ing “voltage” as shorthand for collector-to-emitter voltage
VcE, and “current” as shorthand for collector current Ic),
the cutoff state has voltage but no current, the saturated
state has current but near-zero voltage, and the linear re-
gion has both voltage and current.

9C. Transistor Man and Current Gain.

In the simplest analysis, §2.1.1, the transistor is simply a
current amplifier, with a current gain called beta (sym-
bol 3, or sometimes hpg). A current into the base causes

a current B times larger to flow from collector to emitter,
Ic=PI, if the external circuit allows it. When currents are
flowing, the base-emitter diode is conducting, so the base is
~0.65 V more positive (for npn) than the emitter. The tran-
sistor doesn’t create the collector current out of thin air;
it simply throttles current from an available supply volt-
age. This important point is emphasized by our “transistor
man” creation (Figure 2.7), a little homunculus whose job
is to continuously examine the base current and attempt to
adjust the collector’s current to be a factor of B (or hgg)
times larger. For a typical BJT the beta might be around
150, but beta is only loosely specified, and a particular
transistor type may have a 3:1 spread (or more) in speci-
fied beta at some collector current (and further 3:1 spreads
of B versus Ic and 3 versus temperature, see for example
Figure 2.76).

9|D. Switches and Saturation.

When operated as a switch, §2.2.1, a current must be in-
jected into the base to keep the transistor “ON.” This cur-
rent must be substantially more than Iz=Ic/f. In practice
a value of 1/10th of the maximum expected collector cur-
rent is common, but you could use less, depending on the
manufacturer’s recommendations. Under this condition the
transistor is in saturation, with 25-200 mV across the ter-
minals. At such low collector-to-emitter voltages the base-
to-collector diode in Figure 2.2 is conducting, and it robs
some of the base-current drive. This creates an equilibrium
at the saturation voltage. We’ll return in K to look at some
circuit examples. See also the discussion of transistor satu-
ration in Chapter 2x.

J|E. The BJT is a Transconductance Device.

As we point out in §2.1.1, “A circuit that depends on a par-
ticular value for beta is a bad circuit.” That’s because 3 can
vary by factors of 2 to 3 from the manufacturer’s nominal
datasheet value. A more reliable design approach is to use
other highly-predictable BJT parameters that take into ac-
count that it is a transconductance device. In keeping with
the definition of transconductance (an output current pro-
portional to an input voltage), a BIT’s collector current, Ic,
is controlled by its base-to-emitter voltage, Vpg, see §2.3.
(We can then rely on Ig=I¢/f3 to estimate the base current,
the other way around from the simple approach in JC.) The
transconductance view of BJTs is helpful in many circum-
stances (estimating gain, distortion, tempco), and it is es-
sential in understanding and designing circuits such as dif-
ferential amplifiers and current mirrors. However, in many
situations you can circumvent the beta-uncertainty prob-
lem with circuit design tricks such as dc feedback or emit-
ter degeneration, without explicitly invoking Ebers—Moll
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(1F). Note also that, just as it would be a bad idea to bias a
BJT by applying a base current calculated from Ic /3 (from
an assumed f3), it would be even worse to attempt to bias
a BJT by applying a calculated Vgg (from an assumed I,
see F); more on this in Q, below. We might paraphrase
this by saying “a circuit that depends on a particular value
for I, or for operation at a precise ambient temperature, is
a bad circuit.”

9|F. Ebers—Moll.

Figure 2.41 shows a typical Gummel plot, with Vg dic-
tating Ic, and thus an approximate Ig. Equations (2.8)
and (2.9) show the exponential (or logarithmic) nature
of this relationship. A simple form of the equation,
Ic=Iexp(Vag/Vr) and its inverse, Vgg=Vrlog,(Ic/L),
where the constant Vp=25mV at 25°C, reveals that col-
lector current is determined by Vpg and a parameter g, the
latter related to the transistor die size and its current den-
sity. I is a very small current, typically some 10'! times
smaller than /c. The Ebers—Moll formula accurately holds
for the entire range of silicon BIT types, for example those
listed in Table 8.1. The integrated-circuit (IC) industry re-
lies on Ebers—Moll for the design of their highly-successful
BJT linear circuits.

9G. Collector Current versus Base Voltage: Rules of
Thumb.

See §2.3.2. It’s useful to remember a few rules of thumb,
which we can derive from Ebers—Moll: Ic increases by a
factor of ten for a ~60 mV increase in Vpg; it doubles for
an ~18 mV Vg increase, and it increases 4% for a 1 mV
VBE increase.

9/H. Small Signals, Transconductance and re.

See §2.3.2B. It’s convenient to assume operation at
fixed Ic, and look for the effect of small changes
(“small signals”). First, thinking about the rules of thumb
above, we can calculate (eq’n 2.13,) the transconductance,
gm=0Ic/dVpr=Ic/Vr. This evaluates to g,=40mS at
1 mA, with g, proportional to current. To put it another
way, we can assign an effective internal resistance r. in se-
ries with the emitter, r.=1/g,,=Vr/Ic, see eq’n 2.12. (The
small r indicates small signal.) A useful fact to memorize:
re 18 about 25 Q at a collector current of 1 mA, and it scales
inversely with current.

911. Dependence on Temperature.

See §2.3.2C. In {F we said Vy=25mV at 25°C, which
suggests it’s not exactly a constant, but changes with tem-
perature. Because Vr=kT /¢ (§2.3.1), you might guess that
VBE is proportional to absolute temperature, thus a temper-

ature coefficient of about +2mV/°C (because Vgg~600 mV
at T=300K). But the scaling parameter I; has a large
opposite tempco, producing an overall tempco of about
—2.1 mV/°C. Memorize this fact also! Because Vr is pro-
portional to absolute temperature, the tempco of transcon-
ductance at fixed collector current is inversely proportional
to absolute temperature (recall g,,=Ic/Vr), and thus drops
by about 0.34%/°C at 25°C.

91J. Early Effect.

See §2.3.2D. In our simple understanding so far, base volt-
ages (or currents) “program” a BJT’s collector current, in-
dependent of collector voltage. But in reality Ic increases
slightly with increasing Vcg. This is called the Early ef-
fect, see eq’n 2.14 and Figure 2.59, which can be charac-
terized by an Early voltage Vy, a parameter independent
of operating current; see eq’n 2.15. If the Early voltage is
low (a common drawback of pnp transistors) the effect can
be quite large. For example, a pnp 2N5087 with VA=55V
has n=4x 10—, and would experience a 4 mV shift of Vg
with a 10 V change of Vg; if instead the base voltage were
held constant, a 10V increase of collector voltage would
cause a 17% increase of collector current. We hasten to
point out there are circuit configurations, such as degen-
eration, or the cascode, that alleviate the Early effect. For
more detail see the discussion in Chapter 2x.

Circuit Examples

With this summary of basic BJT theory, we now circle
back and review some circuit examples from Chapter 2.
One way to review the circuits is to flip through the chap-
ter looking at the pictures (and reading the captions), and
refer to the associated text wherever you are uncertain of
the underlying principles.

K. Transistor Switches.

BJT switches are discussed in §2.2.1, and circuit exam-
ples appear in Figures 2.9 (driving an LED), 2.10 (high-
side switching, including level shifting), and 2.16 (with an
emitter-follower driver). Simply put, you arrange to drive
a current into the base to put the transistor into solid satu-
ration for the anticipated collector load current (i.e., Iy >
Ic/B), bringing its collector within tens of millivolts of the
emitter. More like this appears in Chapter 12 (Logic Inter-
facing). Looking forward, the use of MOSFET switches of-
ten provide a superior switching solution (§§3.4.4 and 3.5);
their control terminal (the gate) conveniently requires no
static gate current, though you may have to provide signifi-
cant transient currents to charge its gate capacitance during
rapid switching.



128 Review of Chapter 2

Art of Electronics Third Edition

qL. Transistor Pulsers.

Basic timer and pulse generator circuits are shown in Fig-
ures 2.11 (pulse from a step) and 2.12 (pulse from a pulse).
These are simple, but not terribly accurate or stable; better
to use a dedicated timer or pulse generator IC, see §7.2.

fIM. Schmitt Trigger.

A Schmitt trigger is a threshold level-detecting circuit (Fig-
ure 2.13) with hysteresis to prevent multiple transitions
when noisy input signals go though the threshold(s). Al-
though you can make a Schmitt trigger circuit with discrete
transistors, good design practice favors the use of dedicated
comparator 1Cs, see §§4.3.2 and 12.3.

9IN. Emitter Follower.

The emitter follower is a linear amplifier with an ideal volt-
age gain of unity, see §2.2.3. The beta of the transistor
increases the follower’s input impedance and reduces its
output impedance, see §2.2.3B and eq’n 2.2. There’s more
detail in §2.3.3 and Figure 2.43, where the effect of the
intrinsic emitter resistance r. is taken into account. In sim-
plified form Ryy=re + Rs/ 3, where Ry is the signal source
resistance seen at the base. The dc output voltage is off-
set from the dc input by Vg, about 0.6 V to 0.7V, unless
a cancelling circuit is used, see §2.2.3D and Figure 2.29.
Emitter followers are also used as voltage regulators, see
§2.2.4 and Figures 2.21 and 2.22. A precision alternative is
the op-amp follower, see §4.2.3 in Chapter 4.

90. Current Source (or Current Sink).

In contrast to the familiar voltage source (which delivers a
constant voltage regardless of load current, think of a bat-
tery), a current source delivers a constant current regard-
less of the load’s voltage drop, see §2.2.6 and Figure 2.31;
there’s no everyday “battery equivalent.” Transconduc-
tance devices like BJTs, with their relatively constant col-
lector output currents, are natural candidates for making
current sources. For the simplest current source, the base
is biased with a voltage, say V,, with respect to a refer-
ence point (often ground), and the emitter is connected
through a resistor to the same reference. For an npn transis-
tor with ground reference the output (sinking) current will
be Ic=(V,—VsE)/RE, see Figure 2.32. For better stability
and predictability the Vgg term can be cancelled, see Fig-
ure 2.33. The operating voltage range of a current source
is called its compliance range, set on the low end by col-
lector saturation, and on the high end by the transistor’s
breakdown voltage or by power-dissipation issues. Cur-
rent sources are frequently created using current-mirror cir-
cuits, see P below. Precise and stable current sources can

be made with op-amps (§4.2.5); there are also dedicated
current-source integrated circuits (§9.3.14).

9P. Current Mirrors.

A current mirror (§2.3.7) is a three-terminal current-source
circuit that generates an output current proportional to an
input “programming” current. In a typical configuration
(Figures 2.55 and 2.58) the mirror attaches to a dc rail (or
to ground), reflecting the programming current, the latter
perhaps set by a resistor. The circuit often omits any emit-
ter resistors, thus achieving compliance to within a frac-
tion of a volt of the rail. Ordinarily you wouldn’t attempt
to apply exactly the right Vg to generate a prescribed Ic (a
la Ebers—Moll); but that’s exactly what you’re doing here.
The trick is that one transistor (Q1) of the matched pair in-
verts Ebers—Moll, creating from the programming current
Ip exactly the right Vg to re-create the same current in the
output transistor Q. Cute!

These circuits assume matched transistors, such as you
would find inside an IC (recall from G that even a 1 mV
difference of Vg produces a 4% change of current). Fig-
ure 2.62 graphs base-emitter voltage difference versus col-
lector current ratio, AVgg=Vrlog,(Ic2/Ic1). You can ex-
ploit this effect to generate a “ratio mirror,” as discussed in
Chapter 2x.

As nice as it looks, the basic current mirror of Fig-
ure 2.55 suffers from Early-effect change of output current
when the output voltage changes. The effect is particularly
serious with pnp transistors: in the example of a 2N5087
in qJ above, the 4mV change of Vgg (for a 10V output
change) would cause a 17% current error. One solution
(Figure 2.60) is to add emitter degeneration resistors, at
the expense both of compliance near the reference rail and
of dynamic range. A more elegant solution is the Wilson
mirror (Figure 2.61), which defeats Early effect by exploit-
ing the ever-useful cascode configuration (Figure 2.84B).
Cascode transistor Q3 passes output transistor Q»’s collec-
tor current to the load, while O operates with a fixed Vcg
of one diode drop (its own Vgg). The Wilson mirror’s in-
genious configuration also cancels base-current errors (an
ordinary mirror with BJTs having =100 has a current er-
ror of 2%). Degeneration resistors can be added, as shown
in circuit B, for additional suppression of Early effect, but
they would be omitted in a “pure Wilson mirror.” Linear
ICs are full of Wilson mirrors. See Chapter 2x for a discus-
sion of bipolarity current mirrors.

91Q. Common-Emitter Amplifiers.

See §§2.2.7 and 2.3.4, and Figures 2.35, 2.48 and 2.50. The
simplest form of BJT amplifier has a grounded emitter, a
load resistor Ry, from the collector to a supply V., and
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a dc bias plus a small signal voltage applied to the base.
The gain is Gy= — Ry /r.. If the base bias is carefully set
so that the collector current pulls the collector halfway to
ground, then Ic=V; /2Ry, re=Vr /Ic=2R. V1 /V;, and so the
voltage gain (recall Vt=25mV) is Gy= — 20V;, where V;
is in units of volts. For V;=20V, for example, the voltage
gain is —400.

That’s a lot of gain! Unless the signals are small, how-
ever, there’s a serious problem: the gain is inverse in re,
thus proportional to /c. But the latter changes as the output
voltage swings up and down, producing first-order changes
in gain, with resulting severe distortion (Figure 2.46). This
can be alleviated (at the expense of gain) by adding emitter
degeneration in the form of an emitter resistor Rg. The gain
is then Gy= — Ry,/(Rg+7.), with greatly reduced effect
of varying r.; see Figure 2.47, where emitter degeneration
was added to reduce the gain by a factor of ten (Rg=9r).
This is also a form of negative feedback, see §2.3.4B and
QW below. You can think of this circuit as a classic cur-
rent source (JO) driving a resistor as load; the voltage gain
is the current source’s transconductance multiplied by the
load resistance, Gy=g,,Ry., where g,,=— 1/re.

We’ve sidestepped the important issue of setting the
base bias voltage to produce the desired quiescent collec-
tor current. But we don’t know the appropriate voltage Vpg,
and a small change has a big effect, see |G above (e.g., a
60 mV uncertainty in Vgg, which is about what you might
encounter from different batches of a given transistor, pro-
duces a 10x error in Ic!). There are many circuit solutions,
see §2.3.5, but the simplest involves adding emitter de-
generation at dc, bypassed as necessary to produce higher
gain at signal frequencies (Figure 2.50 and 2.51). Another
approach is to use a matching transistor to set the bias,
analogous to the current mirror (Figure 2.52); this method
is inherent in the widely-used differential amplifier (Fig-
ure 2.65). A third approach is to exploit feedback to set the
bias (Figures 2.53 and 2.54), a method that figures centrally
in op-amp circuits (Chapter 4).

1R. Differential Amplifiers.

The differential amplifier (§2.3.8) is a symmetrical config-
uration of two matched transistors, used to amplify the dif-
ference of two input signals. It may include emitter degen-
eration (Figure 2.64), but need not (Figure 2.65). For best
performance the emitter pulldown resistor is replaced by a
current source, and (for highest gain) the resistive collector
load is replaced by a current mirror (Figure 2.67). Differ-
ential amplifiers should reject strongly any common-mode
input signal, achieving a good common-mode rejection ra-
tio (CMRR, the ratio Ggir/Gem). Differential amplifiers
can be used to amplify single-ended input signals (ground

the other input), where the inherent cancellation of Vg off-
sets allows accurate dc performance (§2.3.8B). Ordinarily
you use only one output from a differential amplifier; that
is, it is used to to convert a balanced input to a single-ended
output. But you can use both outputs (a “fully-differential
amplifier,” §5.17) to drive a balanced load, or to create a
pair of signals 180° out of phase (a phase splitter). See
also the sections on the emitter-input differential ampli-
fier and on BJT amplifier distortion in Chapter 2x, and
§5.13-85.16 (precision differential and instrumentation
amplifiers).

1S. Comparators.

A differential amplifier with lots of gain Gy is driven
into differential saturation with a small differential input
(§2.3.8E). For example, just a few millivolts of input dif-
ference is adequate to saturate the output if Ggir=1000
(easily accomplished with a current-mirror collector load).
When operated in this way, the differential amplifier is a
voltage comparator, a circuit used widely to sense thresh-
olds or compare signal levels; it’s the basis of analog-to-
digital conversion, and figures importantly in Chapter 12
(see §12.3 and Tables 12.1 and 12.2).

9| T. Push—Pull Amplifiers.

A single transistor conducts in one direction only (e.g., an
npn transistor can only sink current from its collector, and
source current from its emitter). That makes it awkward to
drive a heavy load with alternating polarity (e.g., a loud-
speaker, servomotor, etc.), although it can be done, waste-
fully, with a single-ended stage (“class-A”) with high qui-
escent current, see Figure 2.68. The push-pull configura-
tion uses a pair of transistors connected to opposite sup-
ply rails (§2.4.1), an arrangement that can supply large
output currents of either polarity with little or no quies-
cent current. Figure 2.69 shows a push-pull follower with
complementary polarities, and with zero quiescent cur-
rent (“class-B”); this produces some crossover distortion,
which can be eliminated by biasing the pair into quiescent
conduction (“class-AB,” Figure 2.71),. The output transis-
tors can be beta-boosting configurations like the Darlington
or Sziklai (U), see for example Figure 2.78. The push-
pull configuration is widely used in logic circuits (see Fig-
ure 10.25), gate driver ICs (see Figure 3.97), and in combi-
nation with op-amps to deliver greater output currents (see
Figure 4.26).

9/U. The Darlington and Sziklai Connections.

These simple combinations of two transistors create a 3-
terminal equivalent transistor with =P, 8. The Darling-
ton (Figures 2.74 and 2.75) cascades two transistors of the
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same polarity and has a base-emitter drop of 2Vpg; the
Sziklai (Figure 2.77) pairs opposite polarities, and has a
single base-emitter drop (which is only weakly dependent
on output current, thanks to Rp). For either configuration
a resistor R should be connected across the output tran-
sistor’s base-emitter terminals. For more about this subject
see see the discussion in Chapter 2x.

V. Miller Effect.

Like all electronic components, transistors have inter-
terminal capacitances, designated (by terminal pairs) Ce,
Cee, and ch.72 While Gy and Cce slow the input and out-
put waveforms by creating lowpass filters with the source
and load resistances, the effect of the feedback capacitance
C.p 1s more insidious: it creates an additional input capac-
itance to ground equal to C.p, multiplied by the stage’s in-
verting voltage gain, thus its effective input capacitance be-
comes Cepp=(Gy+1) Cep- This is the infamous Miller effect
(§2.4.5B), whose impact can be devastating in high-speed
and wideband amplifiers. Some circuit solutions include

““““

72 These have many aliases (a common set uses initials for
instead of “base” and “collector,” thus Cie, Coe, and Cyp, respectively),
see the section on BJT bandwidth in Chapter 2x.

the grounded-base amplifier, the differential amplifier, and
the cascode configuration (see the discussion of cascode in
Chapter 2x).

IW. Negative Feedback.

If there were a Nobel prize for grand-concepts-in-circuit-
design, it would surely go to Harold Black for his ele-
gant elucidation of negative feedback. In its simplest form,
it consists of subtracting, from the input signal, a frac-
tion B of an amplifier’s output signal V¢ (Figure 2.85). If
the amplifier’s open-loop gain is A, then the closed-loop
gain becomes (eq’n 2.16) Gg=A/(1+AB). The quantity
AB, which generally is large compared with unity, is called
the loop gain, and it (more precisely the quantity 1+AB)
is the multiplier by which negative feedback improves the
amplifier’s performance: improved linearity and constancy
of gain, and (in this series feedback circuit configuration)
raised input impedance and lowered output impedance; see
§2.5.3.

Feedback is the essence of linear design, and it is wo-
ven deeply into the DNA of op-amp circuits (the subject of
Chapter 4), and power circuits (Chapter 9). With negative
feedback you can make amplifiers with 0.0001% distor-
tion, voltage sources with 0.001 Q output impedance, and
many other wonders too magnificent here to relate. Stay
tuned. Better yet, read on!



FIELD-EFFECT TRANSISTORS

3.1 Introduction

Field-effect transistors (FETSs) are different from the bipo-
lar transistors! that we talked about in the last chapter.
Broadly speaking, however, they are similar devices, which
we might call charge-control devices: in both cases (Fig-
ure 3.1) we have a three-terminal device in which the con-
duction between two electrodes depends on the availability
of charge carriers, which is controlled by a voltage applied
to a third control electrode.

drain collector
gate JE: base
source
emitter
n-channel npn
MOSFET bipolar transistor

Figure 3.1. The n-channel MOSFET and its npn transistor analog.

Here’s how they differ: in a bipolar transistor the
collector—base junction is back-biased, so no current nor-
mally flows. Forward-biasing the base—emitter junction by
~0.6 V overcomes its diode ‘“contact potential barrier,’
causing electrons to enter the base region, where they are
strongly attracted to the collector. Although some base cur-
rent results, most of these “minority carriers” are captured
by the collector. This results in a collector current, con-
trolled by a (much smaller) base current. The collector cur-
rent is proportional to the rate of injection of minority carri-
ers into the base region, which is an exponential function of
VBE (the Ebers—Moll equation). You can think of a bipolar
transistor as a current amplifier (with roughly constant cur-
rent gain f3) or as a transconductance device (Ebers—Moll:
collector current programmed by base-emitter voltage).

In an FET, as the name suggests, conduction in a chan-
nel is controlled by an electric field, produced by a volt-
age applied to the gate electrode. There are no forward-
biased junctions, so the gate draws no current. This is per-

! Often called BJTs, for “bipolar junction transistors.” to distinguish them
from FETs.

CHAPTER 3

haps the most important advantage of the FET. As with
BITs, there are two polarities, n-channel FETs (conduction
by electrons) and p-channel FETs (conduction by holes).
These two polarities are analogous to the familiar npn and
pnp bipolar transistors, respectively. In addition, however,
FETs tend to be confusing at first because they can be
made with two different kinds of gates (thus JFETs and
MOSFETs) and with two different kinds of channel dop-
ing (leading to enhancement and depletion modes). We’ll
sort out these possibilities shortly.

First, though, some motivation and perspective. The
FET’s nonexistent gate current is its most important char-
acteristic. The resulting high input impedance (which can
be greater than 10'*Q) is essential in many applications,
and in any case it makes circuit design simple and fun. For
applications like analog switches and amplifiers of ultra-
high input impedance, FETs have no equal. They can be
easily used by themselves or combined with bipolar tran-
sistors to make integrated circuits. In the next chapter we’ll
see how successful that process has been in making nearly
perfect (and wonderfully easy to use) operational ampli-
fiers, and in Chapters 10-14 we’ll see how digital elec-
tronics has been revolutionized by MOSFET integrated cir-
cuits. Because many FETs using very low current can be
constructed in a small area, they are especially useful for
very large-scale integration (VLSI) digital circuits such as
microprocessors, memory, and “application-specific” chips
of the sort used in cellphones, televisions, and the like. At
the other end of the spectrum, robust high-current MOS-
FETs (50 amps or more) have replaced bipolar transistors
in many applications, often providing simpler circuits with
improved performance.

3.1.1 FET characteristics

Beginners sometimes become catatonic when directly con-
fronted with the confusing variety of FET types. That
variety arises from the combined choices of polarity (n-
channel or p-channel), form of gate insulation [semicon-
ductor junction (JFET) or oxide insulator (MOSFET)], and
channel doping (enhancement or depletion mode). Of the

131
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eight resulting possibilities, six could be made, and five ac-
tually are. Four of those five are of major importance.

It will aid understanding (and sanity), however, if we be-
gin with one type only, just as we did with the npn bipolar
transistor. Once comfortable with FETs, we’ll have little
trouble with their family tree.

A. FET V-I curves

Let’s look first at the n-channel enhancement-mode MOS-
FET, which is analogous to the npn bipolar transistor (Fig-
ure 3.2). In normal operation the drain (~collector) is more
positive than the source (~emitter). No current flows from
drain to source unless the gate (~base) is brought positive
with respect to the source. Once the gate is thus “forward-
biased,” there will be drain current, all of which flows to the
source. Figure 3.2 shows how the drain current Iy varies
with drain-source voltage Vpg for a few values of control-
ling gate-source voltage Vgs. For comparison, the corre-
sponding “family” of curves of Ic versus Vgg for an ordi-
nary npn bipolar transistor is shown. Evidently there are a
lot of similarities between n-channel MOSFETs and npn
bipolar transistors.

Like the npn transistor, the FET has a high incremen-
tal drain impedance, giving roughly constant current for
Vps greater than a volt or two. By an unfortunate choice of
language, this is called the “saturation” region of the FET
(a better term is “current saturation”) and corresponds to
the “active” region of the bipolar transistor. Analogous to
the bipolar transistor, a larger gate-to-source bias produces
a larger drain current. And, analogous to bipolar transis-
tors, FETs are not perfect transconductance devices (con-
stant drain current for constant gate-source voltage): just
as the ideal Ebers—Moll transconductance characteristic of
bipolar transistors is degraded by the Early effect (§2.3.2D
and §2x.8), there’s an analogous departure from the ideal
transconductance behavior for FETs, characterized by a fi-
nite drain output resistance r, (more usually called 1/gos,
see §3.3.2 and §3x.4).

So far, the FET looks just like the npn transistor. Let’s
look closer, though. For one thing, over the normal range
of currents the saturation drain current increases rather
modestly with increasing gate voltage (Vgs). In fact, it is
approximately proportional to (Vgs — V)2, where Vy, is
the gate threshold voltage at which drain current begins
(Vinh = 1.63V for the FET in Figure 3.2); compare this mild
quadratic law with the steep exponential transistor law, as
given to us by Ebers and Moll. Second, there is zero dc
gate current, so you mustn’t think of the FET as a device
with current gain (which would be infinite). Instead, think
of the FET as a transconductance device, with gate-source

voltage programming the drain current, as we did with
the bipolar transistor in the Ebers—Moll treatment. Recall
that the transconductance g, is simply the ratio ig/Vgs (us-
ing the convention of lowercase letters to indicate “small-
signal” changes in a parameter; e.g., iq/Vgs = 0Ip/8VGs).
Third, the gate of a MOSFET is truly insulated from the
drain-source channel; thus, unlike the situation for bipolar
transistors (or JFETs, as we’ll see), you can bring it pos-
itive (or negative) at least 10 V or more without worrying
about diode conduction. Finally, the FET differs from the
bipolar transistor in the so-called linear (low-voltage) re-
gion of the graph, where it behaves rather accurately like
a resistor, even for negative Vpg; this turns out to be quite
useful because the equivalent drain-source resistance is, as
you might guess, programmed by the gate-source voltage.

B. Two examples

FETs will have more surprises in store for us. But before
getting into more details, let’s look at two simple switch-
ing applications. Figure 3.3 shows the MOSFET equiva-
lent of Figure 2.5, our first saturated transistor switch. The
FET circuit is even simpler, because we don’t have to con-
cern ourselves with the inevitable compromise of providing
adequate base drive current (considering worst-case mini-
mum f3 combined with the lamp’s cold resistance) without
squandering excessive power. Instead, we just apply a full-
swing dc voltage drive to the cooperative high-impedance
gate. As long as the switched-on FET behaves like a re-
sistance that is small compared with the load, it will bring
its drain close to ground; typical power MOSFETSs have
Ron < 0.1Q, which is fine for this job.

We demonstrate this circuit in our electronics course,
but we put a resistor in series with the gate. The students
are surprised when they discover its resistance — 10 MQ —
which implies a “beta” of at least 100,000. They are even
more surprised when they notice that the light stays on
when the gate is then open-circuited: the gate voltage is
held on the gate’s capacitance, and will stay that way for
the rest of the hour’s lecture.> That implies that the gate
current is well below a picoampere!

Figure 3.4 shows an “analog switch™® application,
which cannot be done at all with bipolar transistors. The
idea here is to switch the conduction of a FET from open-
circuit (gate reverse-biased) to short-circuit (gate forward-
biased), thus blocking or passing the analog signal (we’ll
see plenty of reasons to do this sort of thing later). In this

2 The gate capacitance “remembers” whatever voltage was last applied.
So you can have it stay on, stay off, or even stay at half-brightness, with
no noticeable change even with the gate floating.

3 Also called a “linear switch.”
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Figure 3.2. Measured MOSFET/transistor characteristic curves: A. VNO106 (similar to the popular 2N7000) n-channel MOSFET: I,
versus Vpg for various values of Vis. B. 2N3904 npn bipolar transistor: Ic versus Vg for various values of Vag.
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Figure 3.3. MOSFET power switch.

+15V: switch ON
—15V: switch OFF

case we just arrange for the gate to be driven more neg-
ative than any input signal swing (switch open), or a few
volts more positive than any input signal swing (switch
closed). Bipolar transistors aren’t suited to this application,
because the base draws current and forms diodes with the
emitter and collector, producing awkward clamping action.
The MOSFET is delightfully simple by comparison, need-  # It’s only fair to mention that our treatment of this circuit has been some-

Figure 3.4. MOSFET analog (signal) switch.

ing only a voltage swing into the (essentially open-circuit)
4
gate.
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body (substrate)

conducting n-type region forms
here when gate is brought positive

Figure 3.5. An n-channel “lateral” MOSFET.

3.1.2 FET types

A. n-channel, p-channel

Now for the family tree. First, FETs (like BJTs) can be
fabricated in both polarities. Thus the mirror twin of our
n-channel MOSFET is a p-channel MOSFET. Its behav-
ior is symmetrical, mimicking pnp transistors: the drain is
normally negative with respect to the source, and drain cur-
rent flows if the gate is brought at least a volt or two neg-
ative with respect to the source. The symmetry isn’t per-
fect because the carriers are holes, rather than electrons,
with lower mobility and minority carrier lifetime.> The
consequence is worth remembering — p-channel FETs usu-
ally have poorer performance, manifested as a higher gate
threshold voltage, higher Ron, and lower saturation cur-
rent.®

B. MOSFET, JFET

In a MOSFET (“Metal-Oxide-Semiconductor Field-Effect
Transistor”) the gate region is separated from the conduct-
ing channel by a thin layer of SiO; (glass) grown onto
the channel (Figure 3.5). The gate, which may be either
metal or doped silicon, is truly insulated from the source-
drain circuit, with characteristic input resistance >10'4Q.
It affects channel conduction purely by its electric field.
MOSFETs are sometimes called insulated-gate FETs, or
IGFETs. The gate insulating layer is quite thin, typically
less than a wavelength of light, and can withstand gate volt-
ages up to =20V in typical power MOSFETs (less for the

what simplistic, for instance ignoring the effects of gate-channel capac-
itance and the variation of Ron with signal swing. We’ll have more to
say about analog switches later.

[

These are semiconductor parameters of importance in transistor perfor-

mance.

=N

In the case of so-called “complementary pairs” (an n-channel and a p-
channel part with similar voltage and current ratings), the p-channel
part is usually built with a larger area in order to match the performance
of the n-channel part. You can see the evidence in the datasheet in the
form of greater capacitance for the p-channel part.

small MOSFETs in low-voltage integrated circuits). MOS-
FETs are easy to use because the gate can swing either po-
larity relative to the source without any gate current flow-
ing. They are, however, quite susceptible to damage from
static electricity; you can destroy a MOSFET device liter-

R
L
o
G
bk

n-channel p-channel

Figure 3.6. MOSFET schematic symbols.

The symbols for MOSFETs are shown in Figure 3.6.
The extra terminal that is sometimes shown is the “body,”
or “substrate,” the piece of silicon in which the FET is fab-
ricated. Because the body forms a diode junction with the
channel, it must be held at a nonconducting voltage. It can
be tied to the source or to a point in the circuit more neg-
ative (positive) than the source for n-channel (p-channel)
MOSFETs. It is common to see the body terminal omit-
ted; furthermore, engineers often use the symbol with the
symmetrical gate. Unfortunately, with what’s left you can’t
tell source from drain; worse still, you can’t tell n-channel
from p-channel! In this book we most often use the bot-
tom pair of schematic symbols, which, though somewhat
unconventional, are unambiguous and uncluttered.”

In a JFET (Junction Field-Effect Transistor) the gate
forms a semiconductor junction with the underlying chan-
nel. This has the important consequence that a JFET gate
should not be forward biased with respect to the channel,
to prevent gate current. For example, diode conduction
will occur as the gate of an n-channel JFET approaches
-+0.6 V with respect to the more negative end of the chan-
nel (which is usually the source). The gate is therefore op-
erated reverse-biased with respect to the channel, and no

7 In current practice, logic designers like to use the second pair up from
the bottom, while power MOSFET users prefer the second pair down
from the top.
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current (except diode leakage) flows in the gate circuit. the distinction is an important one when it comes to circuit

The circuit symbols for JFETs are shown in Figure 3.7. design.
Once again, we favor the symbol with offset gate to identify
the source (though JFETs and small integrated MOSFETS log plot o
. . . Ipa JFET limit
are symmetrical, power MOSFETs are quite asymmetrical, /}//,_
with very different capacitances and breakdown voltages). ~
TmA |- enhancement

depletion

)

3 -
1A |

NMOS
drain drain B
[ Y | [ B
gate gate 5 4 3 2 4 0 1 2 3 4 5
source source Ves
or: or: . . s
Figure 3.8. Transfer characteristics (Ip versus Vgs) for a JFET

See also the measured curves in Figure 3.19.

l:: l:: (depletion-mode) and a MOSFET (enhancement-mode) transistor.

A. n-channel JFET B. p-channel JFET

Figure 3.7. JFET schematic symbols: A. n-channel JFET. B. p- —— JFET
——— MOSFET (enhancement)
----- MOSFET (depletion)

channel JFET.
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C. Enhancement, depletion
The n-channel MOSFETSs with which we began the chap-

ter were nonconducting, with zero (or negative) gate bias,
and were driven into conduction by bringing the gate posi-
tive with respect to the source. This kind of FET is known
as enhancement mode. The other possibility is to manu-
facture the n-channel FET with the channel semiconductor
“doped” so that there is plenty of channel conduction even
with zero gate bias, and the gate must be reverse-biased 0.01
by a few volts to cut off the drain current. Such a FET is
known as depletion mode. MOSFETSs can be made in either ) - ! , i
variety, because the gate, being insulated from the chan- Flgure. 3.9. Lending some authenticity to. Figure 3.8’s notional
. . X A i sketch: measured Ip versus Vgs for a selection of n-channel FETSs.
nel, can swing either polarity. But JFETs, with their gate-
channel diode, permit only reverse gate bias, and therefore
are made only in depletion mode.
A graph of drain current versus gate-source voltage, at
a fixed value of drain voltage, may help clarify this dis-
tinction (Figures 3.8 and 3.9). The enhancement-mode de-
vice draws no drain current until the gate is brought posi-
tive (these are n-channel FETSs) with respect to the source,
whereas the depletion-mode device is operating at nearly
its maximum value of drain current when the gate is at the
same voltage as the source. In some sense the two cate-
gories are artificial, because the two curves are identical
except for a shift along the Vs axis. In fact, it is possi-
ble to manufacture “in-between” MOSFETs. Nevertheless,
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Note that JFETs are always depletion-mode devices
and that the gate cannot be brought more than about
0.5V more positive (for n-channel) than the source,
since the gate-channel diode will conduct. MOSFETSs can
be either enhancement or depletion, but in practice the
dominant species is enhancement, with a sprinkling of
depletion-mode MOSFETs.® Most of the time, then, you
need worry only about (a) depletion-mode JFETs and

8 In the form of n-channel GaAs FETs, “dual-gate” cascodes for radiofre-
quency applications, and a selection of high-voltage depletion-mode
power MOSFETSs (such as the Supertex lateral LND150 or vertical
DN3435, as well as offerings by six other manufacturers).
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(b) enhancement-mode MOSFETs. Each come in the two
polarities, n-channel and p-channel.

3.1.3 Universal FET characteristics

A family tree (Figure 3.10) and a map (Figure 3.11) of
input—output voltage (source grounded) may help simplify
things. The different devices (including garden-variety npn
and pnp bipolar transistors) are drawn in the quadrant that
characterizes their input and output voltages when they are
in the active region with source (or emitter) grounded. You
don’t have to remember the properties of the five kinds of
FETs, though, because they’re all basically the same.

FETs
| | |
JFET MOSFET
n-channel p-channel depletion enhancement
n-channel
n-channel p-channel

Figure 3.10. FET family tree.

output

n-channel enhancement
npn transistors

n-channel depletion
n-channel JFET

input — <«

» + input

p-channel enhancement
pnp transistors

p-channel JFET

v

output

Figure 3.11. Transistor “polarity map.”

First, with the source grounded, a FET is turned on
(brought into conduction) by bringing the gate voltage “to-
ward” the active drain supply voltage. This is true for all
five types of FETs, as well as the bipolar transistors. For
example, an n-channel JFET (which is necessarily deple-
tion mode) uses a positive drain supply, as do all n-type de-
vices. Thus a positive-going gate voltage tends to turn on
the JFET. The subtlety for depletion-mode devices is that
the gate must be (negatively) back-biased for zero drain

current, whereas for enhancement-mode devices zero gate
voltage is sufficient to give zero drain current.

Second, because of the near symmetry of source and
drain, either terminal can act as the effective source (ex-
ception: not true for power MOSFETs, in which the body is
internally connected to the source). When thinking of FET
action, and for purposes of calculation, remember that the
effective source terminal is always the one most “away”
from the active drain supply. For example, suppose a FET
is used to switch a line to ground, and both positive and
negative signals are present on the switched line, which is
usually selected to be the FET drain. If the switch is an
n-channel MOSFET (therefore enhancement) and a nega-
tive voltage happens to be present on the (turned-off) drain
terminal, then that terminal is actually the “source” for pur-
poses of gate turn-on voltage calculation. Thus a negative
gate voltage larger than the most negative signal, rather
than ground, is needed to ensure turn-off.

The graph in Figure 3.12 may help to sort out all these
confusing ideas. Again, the difference between enhance-
ment and depletion is merely a question of displacement
along the Vg axis, i.e., whether there is a lot of drain cur-
rent or no drain current at all when the gate is at the same
potential as the source. The n-channel and p-channel FETs
are complementary in the same way as npn and pnp bipolar
transistors.

In Figure 3.12 we have used standard symbols for the
important FET parameters of saturation current and cut-
off voltage. For JFETs the value of drain current with the
gate shorted to source is specified on the datasheets as Ipss
and is nearly the maximum drain current possible. (Ipss
means current from drain to source with the gate shorted to
the source. Throughout the chapter you will see this nota-
tion, in which the first two subscripted letters designate the
pair of terminals and the third specifies the condition.) For
enhancement-mode MOSFETs the analogous specification
is ID(ON), given at some forward gate voltage (“Ipss” would
be zero for any enhancement-mode device).

For JFETSs the gate-source voltage at which the drain
current is brought essentially to zero’ is called the
“gate-source cutoff voltage,” Vgs(orr), Or (sometimes) the
“pinch-off voltage,” Vp, and is typically in the range of
—1Vto —5V (positive for p-channel, of course). The anal-
ogous quantity is not normally specified for enhancement-
mode MOSFETs;!0 instead, datasheets specify the

9 Usually chosen to be 10 nA; a pinchoff-voltage test circuit is described
in §4.3.4.

10 We will use the symbol Vi, to designate the analogous idealized “gate-
source cutoff voltage” for MOSFETSs, which we will need in some
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Figure 3.12. Important gate voltages and drain currents.

“gate-source threshold voltage,” Vs ), at which the onset
of drain current has reached a small but arbitrary threshold
value, typically 0.25 mA. Vgg ) is typically in the range of
0.5-5V, in the “forward” direction, of course.

With FETs it is easy to get confused about polarities.
For example, n-channel devices, which usually have the
drain positive with respect to the source, can have posi-
tive or negative gate voltage and positive (enhancement) or
negative (depletion) threshold voltages. To make matters
worse, the drain can be (and often is) operated negative
with respect to the source. Of course, all these statements
go in reverse for p-channel devices. In order to minimize
confusion, we will always assume that we are talking about
n-channel devices unless explicitly stated otherwise. Like-
wise, because MOSFETs are nearly always enhancement
mode, and JFETs are always depletion mode, we’ll omit
those designations from now on.

3.1.4 FET drain characteristics

In Figure 3.2 we showed a family of curves of Ip ver-
sus Vps that we measured for a VNO106, an n-channel

discussion that follows. In the electronics literature the symbol Vr is
used for this quantity, called the “threshold voltage”; but we prefer to
avoid the same symbol that is used for the “thermal voltage” Vr in
the Ebers-Moll equation, where Vi = kT /¢g~25mV. And don’t con-
fuse Vin with Vgs(m): Vin is obtained from extrapolating a v/Ip versus
Vs plot; it’s not found in datasheets, but it’s quite useful. By contrast,
VGs(m) is not terribly useful, but it’s the quantity you find in datasheets.

enhancement-mode MOSFET.!! We remarked that FETs
behave like pretty good transconductance devices over
most of the graph (i.e., Ip nearly constant for a given Vgg),
except at small Vpg, where they approximate a resistance
(i.e., Ip proportional to Vpg). In both cases the applied gate-
source voltage controls the behavior, which can be well
described by the FET analog of the Ebers—Moll equation.
Let’s look now at these two regions a bit more closely;
we’ll revisit this important subject in greater detail in §3.3
and again in the advanced-topics Chapter 3x.

Figure 3.13 shows the situation schematically. In both
regions the drain current depends on Vgs — Vi, the amount
by which the applied gate-source voltage exceeds the
threshold (or pinch-off) voltage. The linear region, in
which drain current is approximately proportional to Vpg,
extends up to a voltage Vpggy), after which the drain cur-
rent is approximately constant. The slope in the linear re-
gion, Ip/Vps, is proportional to the gate bias, Vgs — Vip.
Furthermore, the drain voltage at which the curves enter
the “saturation region,” Vpg sy, 18 approximately Vs — Vin,
making the saturation drain current, Ipy(g,), proportional to
(Vgs — Vin)?, the quadratic law we mentioned earlier. For
reference, here are the universal FET drain-current formu-
las:

Ip = 2x[(Vgs — Vin)Vbs — Vis /2] (linear region) (3.1)

Ip = k(Vgs —Vin)*  (saturation region) 3.2)
linear ;' saturation region
region "
h (Vs — Vip) =3V
)
o /1 csionan
i saturation drain current
| proportional to (Vgg - Vin)?
1
1
slope / 1 Vac = Vi) = 2V
proportional —| L Ves ~ Vin)
to Vg - Vin d
! (Vas = Vin) = 1V
7
I

Vbs
/

linear region
extends to
Vpsaty = Vas — Vin

Figure 3.13. Linear and saturation regions of FET operation.

If we call Vgs — Vi (the amount by which the gate-
source voltage exceeds the threshold) the “gate drive,” the

T The VNO106 is not widely available. It is similar to the very popular
2N7000 or BS170 (in the TO-92 package) and to the 2N7002, BSS138,
or MMBF170 (in the SMT packages).
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important results are that (a) the resistance in the linear re-
gion is inversely proportional to the gate drive, (b) the lin-
ear region extends to a drain-source voltage approximately
equal to the gate drive, and (c) the saturation drain current
is proportional to the square of the gate drive. These equa-
tions assume that the body is connected to the source. Note
that the “linear region” is not really linear because of the
V]%s term; we’ll show a clever circuit fix later.

The scale factor k¥ depends on particulars such as the
geometry of the FET, oxide capacitance, and carrier mo-
bility.!? It has a temperature dependence K oc T3/, which
alone would cause Ip to decrease with increasing temper-
ature. However, Vi, also depends slightly on temperature
(2-5mV/°C); the combined effect produces the curve of
drain current versus temperature, as shown in Figure 3.14.

square-root plot

+25°C
30mA -
20mA o
15mA L 2N4351 #125°C
n-channel MOSFET
10mA |-
D =
5mA |
:+125°C
-50°C !
1mA - \ zero-temperature-
L ! coefficient bias voltage
0.JmA r’/r'll%lllllllll
0o v 5 10
\ Vas (V)

extrapolated Vy,

Figure 3.14. The “threshold voltage” V;, is found by extrapolating
a square-root plot of Ip to zero drain current. The FET saturation
drain current has a negative tempco in the high-current regime.

At large gate voltages the negative temperature coeffi-
cient of x causes the drain current to decrease with increas-
ing temperature. As a consequence, FETs of a given type,
operating in this high-current regime, can often be par-
alleled without the external current-equalizing (“‘emitter-
ballasting”) resistors that you must use with bipolar transis-
tors (see §3.6.3).!% This same negative coefficient also pre-
vents thermal runaway in local regions of the junction (an

12 You’ll commonly see the symbol k used here. We prefer , to avoid
confusion with the Boltzmann constant  that figures in the Ebers—Moll
equation for bipolar transistor behavior. The SPICE model for JFETs
calls this parameter f3 (and for Vy, it uses the parameter “VTO”).

13 Some cautions apply, most notably with ordinary (“vertical”) power
MOSFETs: in linear applications, where they are operated at drain cur-
rents well below the region of negative temperature coefficient — see
§3.5.1B and §3.6.3. In such applications (e.g., audio power amplifiers)

effect known as “current hogging”), which severely limits
the power capability of large bipolar transistors, as we’ll
see when we discuss “second breakdown” and “‘safe oper-
ating area” in Chapter 9.

At small drain currents (where the temperature coeffi-
cient of Vi dominates), Ip has a positive tempco, with a
point of zero temperature coefficient at some drain current
in between. This effect is exploited in FET op-amps to min-
imize temperature drift, as we’ll see in the next chapter.

A. Subthreshold region

Our expression given earlier for saturation drain current
does not apply for very small drain currents. This is known
as the “subthreshold” region, where the channel is below
the threshold for conduction, but some current flows any-
way because of a small population of thermally energetic
electrons. If you’ve studied physics or chemistry, you prob-
ably know in your bones that the resulting drain current is
exponential (with some scale factor) in the difference volt-
age Vs —Vin-

We measured some MOSFETSs over nine decades of
drain current (1 nA to 1 A) and plotted the result as a graph
of Ip versus Vgs (Figure 3.15). The region from 1 nA to
I mA is quite precisely exponential; above this subthresh-
old region the curves enter the normal “quadratic” region.
For the n-channel MOSFET (Supertex type VNO1, simi-
lar to the ever-popular 2N7000) we checked out a sample
of 20 transistors (from four different manufacturing runs
spread over two years), plotting the extreme range to give
you an idea of the variability (see next section). Note the
somewhat poorer characteristics (Vin, Ip(on)) of the “com-
plementary” VPOI (similar to the popular BS250).

JFETSs exhibit similar behavior, as illustrated in the mea-
sured data of Figure 3.16 (though Vs is necessarily limited
to reverse-bias voltage polarity, or at most to a forward-
bias less than a diode drop). The quadratic region, where
Ino<(Vgs—Vin)?, is seen most clearly by plotting the square
root of drain current versus gate voltage; see Figure 3.14
and Figure 3.51 later in the chapter.

3.1.5 Manufacturing spread of FET characteristics

Before we look at some circuits, let’s take a look at the
range of FET parameters (such as Ipss and VGS(th)), as
well as their manufacturing “spread” among devices of the
same nominal type, in order to get a better idea of the
FET. Unfortunately, many of the characteristics of FETs
show a much greater process spread than the corresponding

the alternative “lateral” MOSFET is popular, owing to its stabilizing
negative coefficient.
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Figure 3.15. Measured MOSFET saturation drain current versus
gate-source voltage. For the VNO1 the dotted curves are the ex-
treme specimens, and the solid curve is the median, from a group
of 20 MOSFETSs.
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Figure 3.16. Five decades of measured drain current versus gate-
to-source voltage for the n-channel 2N5457 JFET. In the subthresh-
old region the drain current is exponential, like a BJT, with nearly
the same scale factor V¢ (kT /¢, or 25.3 mV at room temperature);
at higher currents it becomes quadratic (the calculated curve has
been offset by +10% for clarity).

characteristics of bipolar transistors, a fact that the circuit
designer must keep in mind. For example, the 2N7000 (a
typical n-channel MOSFET) has a specified Vg () of 0.8—
3V (Ip = 1 mA), compared with the analogous Vpg spread
of 0.63-0.83 V (also at Ic = 1 mA) for a small npn bipolar
transistor. Here’s what you can expect:

FET Characteristics: Manufacturing Spread

Characteristic Available Range Spread
Ipss. Ip(on) 1 mA to 500 A x5
Rps(on) 0.001Qto 10k x5
gn @ I mA 500-3000 uS x5
Vp (JFETS) 0.5-10V 5V
Vas(tn) (MOSFETS) 0.5-5V 2V
BVps(oFr) 6-1000 V

BVGs(oFr) 6-125V

Rps(on) is the drain-source resistance (linear region,
i.e., small Vpg) when the FET is conducting fully, e.g.,
with the gate grounded in the case of JFETSs or with a large
applied gate-source voltage (usually specified as 10 V) for
MOSFETSs. Ipss and Ip(on; are the saturation-region (large
Vps) drain currents under the same turned-on gate drive
conditions. Vp is the pinch-off voltage (JFETSs), Vg is
the turn-on gate threshold voltage (MOSFETs), and the
BV’s are breakdown voltages. As you can see, a JFET with
a grounded source may be a good current source, but you
can’t predict very well what the current will be. Likewise,
the Vs needed to produce some value of drain current can
vary considerably, in contrast to the predictable (=0.6 V)
Vg of bipolar transistors. Figure 3.17 illustrates this latter
point graphically: we measured the Vgg values at a drain
current of 1 mA for a hundred pieces each (hey, they’re
pretty cheap: about $0.10 each) of three popular JFET
types (the 2N5457-59 series, graded by their Ipgs). The
spread of gate-source voltages, within each type, is about
1 V. For comparison, look at the analogous plot for BJTs in
Figure 8.44; there the spread is just 10-20 mV.

A. Matching of characteristics

As you can see, FETs are inferior to bipolar transistors in
Vis predictability, i.e., they have a large spread in the Vs
required to produce a given Ip. Devices with a large process
spread will, in general, have a larger offset (voltage unbal-
ance) when used as differential pairs. For instance, typical
run-of-the-mill bipolar transistors might show a spread in
Ve of 25 mV or so, at some collector current, for a selec-
tion of off-the-shelf transistors. The comparable “official”
figure (as specified on datasheets) for MOSFETSs is more
like 1V to 2 V!'* Because FETs have some very desirable
characteristics otherwise, it is worthwhile putting in some

14 In practice, we’ve found considerably better matching within a single
batch of MOSFETs, sometimes as tightly matched as 50mV or so.
On the other hand, a more typical spread within one batch is several
hundred millivolts, as illustrated later in Figure 3.41. If matching is
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Figure 3.17. We wore our fingers to the bone (a “digital” mea-
surement?) collecting Vs values (at Vps=5V and Ip=1 mA) for 300
JFETs in the popular 2N5457-59 series. Compare with the analo-
gous histograms in Figure 8.44.

extra effort to reduce these offsets in specially manufac-
tured matched pairs. IC designers use techniques like inter-
digitation (two devices sharing the same general piece of
IC real estate) and thermal-gradient cancellation schemes
to improve performance (Figure 3.18).

FET #1
g1 1S JF201
D1
St
a1 1
a2
s2
[ .
A. FET #2
FET 2 FET 1
HEAT FLOW
m
B.

Figure 3.18. Techniques for transistor matching: A. Interdigitation
(Courtesy of Linear Integrated Systems.) B. Temperature gradient
cancellation.

important in some application (when several transistors are used in par-
allel, for example), you should measure the actual parts.

The results are impressive. Although FET devices still
cannot equal bipolar transistors in Vgs matching, their per-
formance is adequate for most applications. For example,
the best previously available matched FET had'> a voltage
offset of 0.5mV and tempco of 5 uV/°C (max), whereas
the best bipolar pair has values of 25 uV and 0.3 uV/°C
(max), roughly 20 times better.

Operational amplifiers (the universal high-gain differen-
tial amplifiers we’ll see in the next chapter) are available in
both flavors; you would generally choose one with bipo-
lar innards for high precision (because of its close input-
transistor Vg matching), whereas a FET-input op-amp is
the obvious choice for high-impedance applications (be-
cause its inputs — FET gates — draw no current). For ex-
ample, the inexpensive JFET-input LF411 and LF412 that
we will use as our all-around op-amp in the next chapter
has a typical input (leakage) current of S0 pA and costs
$0.60; the popular MOSFET-input TLC272 costs about the
same and has a typical input (leakage) current of only 1 pA!
Compare this with a common bipolar op-amp, the LM324,
with typical input (bias) current of 45,000 pA (45nA).'6

3.1.6 Basic FET circuits

Now we’re ready to look at FET circuits. You can usually
find a way to convert a circuit that uses BJTs into one using
FETs — but the new circuit may not be an improvement! For
the remainder of the chapter we’d like to illustrate circuit
situations that take advantage of the unique properties of
FETs, i.e., circuits that work better with FETSs or that you
can’t build at all with bipolar transistors. For this purpose it
may be helpful to group FET applications into categories;
here are the most important, as we see it.

High-impedance/low-current. Buffers or amplifiers for
applications in which the base current and finite input

15 Sadly, these parts are no longer available. But the art of transis-
tor matching is alive and well in the innards of op-amps, for which
the best JFET specimen has an offset and tempco of 0.1 mV and
1 uV/°C, respectively, whereas the best BJT specimen has 0.01 mV
and 0.1 uV/°C, i.e., 10 times better.

BJT enthusiasts would cry “foul!,” and point out that you can use
superbeta BJTs, combined with bias-current cancellation schemes, to
bring the input current down to 25 pA; they would further point out that
FET-input current (which is leakage) rises dramatically with tempera-
ture, whereas BJT-input current (which is honest bias current) is stable
or even tends to decrease slightly (see Figure 3.48). FET enthusiasts
would prevail, though, with the rejoinder that MOSFET-input ampli-
fiers like the dual LMC6042 have typical input currents of 2 femtoamps
(that’s 0.000002 nA!).
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impedance of BJTs limit performance. Although you
can build such circuits with discrete FETs, current prac-
tice favors using integrated circuits built with FETs.
Some of these use FETs as a high-impedance front-
end for an otherwise bipolar design, whereas others use
FETs throughout. When available FET ICs do not pro-
vide adequate performance, a hybrid approach (discrete
JFET front-end, assisted by an op-amp) can push the
performance envelope.

Analog switches. MOSFETs are excellent voltage-
controlled analog switches, as we hinted in §3.1.1B.
We’ll look briefly at this subject. Once again, you
should generally use dedicated “analog switch” ICs,
rather than building discrete circuits.

Digital logic. MOSFETs dominate microprocessors,
memory, special-purpose VLSI, and most high-
performance digital logic. They are used exclusively
in micropower logic and low-power portable devices.
Here, too, MOSFETs make their appearance in inte-
grated circuits. We’ll see why FETs are preferable to
BJTs.

Power switching. Power MOSFETs are usually prefer-
able to ordinary bipolar power transistors for switching
loads, as we suggested in our first circuit of the chapter.
For this application you use discrete power FETs.

Variable resistors; current sources. In the “linear” re-
gion of the drain curves, FETs behave like voltage-
controlled resistors; in the “saturation” region they are
voltage-controlled current sources. You can exploit this
intrinsic behavior of FETS in your circuits.

Generalized replacement for bipolar transistors. You
can use FETs in oscillators, amplifiers, voltage regula-
tors, and radiofrequency circuits (to name a few), where
bipolar transistors are also normally used. FETs aren’t
guaranteed to make a better circuit — sometimes they
will, sometimes they won’t. You should keep them in
mind as an alternative.

Now let’s look at these subjects. We’ll adopt a slightly
different order, for clarity.

3.2 FET linear circuits

A note to the reader: This section and the next (§§3.2
and 3.3) deal primarily with JFETs, which are well suited
to linear applications such as current sources, followers,
and amplifiers. If you need a low-noise amplifier with ex-
tremely high input impedance, the JFET is your friend (and
maybe your only friend). Readers wishing to move directly
to MOSFETs, starting with FET switches, may wish to

Table 3.1 JFET Mini-table? (see also JFET Table 3.7)

g VGs(off)  measured at TmA Crss Ron
3 ldss min max Vas gm Gmax® typ typ
Part# £ mA) (V) (V) (V) (mS) (VV) (pF) (Q
2N5484 A 1-5 -03 -3 -0.73 2.3 180 1 -
2N5485 B 4-10 -04 -4 17 21 110 1 -
2N5486 C 8-20 -2 -6 -24 21 50 1 -
2N5457 D 1-5 -0.5 -6 -0.81 2.0 200 15 -
2N5458 E 2-9 - -7 =283 23 170 15 -
2N5459 F 4-16 -2 -8 -2.8 2.0 100 15 -
BF862 G 10-25 -0.3 -1.2 -0.40 12 250 19 -
J309 H 12-30 -1 -4 -16 4.2 300 2 50
J310 J 24-60 -2 -6.5 -3.0 4.3 100 2 50
J113 K 2- -05 -3 -5 57 140 3 50
J112 L 5- -1 -5 -33 5 100 3 30
PN4393 M 5-30 -0.5 -3 -0.83 6.2 100 3.5 100
PN4392 N 25-75 -2 -5 -26 54 130 3.5 60
LSK170B P 6-12 -0.2 -2 -0.09 11 160 5 -
J110 Q 10- -05 -4 12 64 220 8 18
J107 R 100- -0.5 -45 -2.6 8.2 340 35 8
J105 - 500- -45 -10 -87 6.4 60 35 3
IF3601 S 30- -0.04 -3 -0.24 27 1400 300 -

Notes: (a) sorted by family Crss, and within each family by
increasing Ipss. (b) Gmax=gm/gos, the maximum
grounded-source voltage gain into a current source as drain
load; Gmax is proportional to Vps (tabulated values are at
Vps=5V), and for most JFETs Gmax is relatively constant over
varying ID.

skip over these JEET materials,'” and proceed directly to
§3.4 on page 171, where we launch into the MOSFET-
dominated subjects of signal switching, digital logic, and
power switching.

3.2.1 Some representative JFETs: a brief tour

Table 3.1 lists a small selection of representative n-channel
JFETs.!® Let’s take a look at what you get.

This selection includes only n-channel JFETs, the domi-
nant polarity. Complements with similar characteristics are
sometimes available, for example the p-channel 2N5460—
62 for the n-channel 2N5457-59; see Table 3.7 on page 217
for additional examples.

Many JFETs come in families of three or four parts,
graded by Ipss and Vgs(of), Which alleviates somewhat

17 You’ll want to study this material, though, if you want to understand
MOSFET linear amplifiers, because we address topics like the signifi-
cance of an FET’s transconductance and output conductance, and their
variation with drain voltage and current.

18 The expanded Table 3.7 on page 217 includes many more JFETS;
later in this chapter there are analogous tables of MOSFETs (Ta-
bles 3.4a and 3.4b, pages 188-191, Table 3.5, page 206, and Table 3.6,
page 210).
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Figure 3.19. Measured drain current versus gate-source voltage
for the JFETs in Table 3.1 on the previous page.

the annoying circuit design problems created by the wide
spread of those parameters. But even those graded families
may present a spread of as much as 5:1 (or more). Note
also that JFETSs intended for switching applications (the
ones specifying Ron) may specify only a minimum value of
Ipss: what can you say, for example, about the likely value
for a J110 (specified as Ipgs = 10 mA, minimum)? Answer:
not much — our sample measured 122 mA!

In many applications (amplifiers, followers) you want
lots of transconductance gain, g,,. JFET datasheets usu-
ally specify g, at the part’s Ipgs, but that’s not terri-
bly useful if you don’t know what Ipss is. Moreover, the
listed g, at Ipss is afflicted with the usual specification
spread, typically 5:1 or so. Unlike BJTs, for which the
transconductance is predictably given by g, =1/re=Ic/Vr
(where Vr=kT /q~25.3 mV), the transconductance of dif-
ferent JFET types can vary by an order of magnitude, even
when each is operated at the same drain current. In Ta-
ble 3.1 on the previous page we’ve listed measured val-
ues of g, all at a standard current of 1 mA.!"> At these
currents their transconductance is much less than that of a
BIT (where g,=40 mS at 1 mA), though they compete well
at very low currents (the subthreshold region). This behav-
ior can be seen in the different slopes of the measured Ip
versus Vgg curves of Figure 3.19.

The column labeled G,y lists the voltage gain when
used as a grounded-source amplifier with current-source
load; in that case the effective load resistance is related to
a quantity called gos, the output conductance seen looking
into the drain with the gate voltage held constant (analo-

19 In the normal “quadratic” region of drain current, transconductance
varies approximately as v/Ip, see §3.3.3.

gous to the Early effect in BJTs; more on this in Chap-
ter 3x). Here, too, there is a wide spread among JFET types.

A parameter that is important in low-level amplification
is a JFET s input noise voltage, not listed here but treated in
detail in Chapter 8. The standout happens to be the IF3601
(an amazing e,=0.3 nV/\/Pﬂ), but your pact with the devil
is the high 300 pF capacitance of the large-area junction.?’

There’s much more to say about the inhabitants of the
JFET zoo, as we’ll see in connection with Table 3.7 on
page 217. Chapter 8 discusses JFETs in connection with
noise (§88.6 and 8.6.5), with a table of relevant parts (Ta-
ble 8.2 on page 516).

+V

D

l I'=Ipss

S

Figure 3.20. An n-channel JFET current sink.

3.2.2 JFET current sources

JFETs are used as current sources within integrated circuits
(particularly op-amps), and also sometimes in discrete de-
signs. The simplest JFET current source is shown in Fig-
ure 3.20; we chose a JFET, rather than a MOSFET, because
it needs no gate bias (it’s depletion mode). From a graph of
FET drain characteristics (Figure 3.21) you can see that
the current will be reasonably constant for Vpg larger than
a couple of volts. However, because of Ipgs spread, the
current is unpredictable. For example, the MMBF5484 (a
typical n-channel JFET) has a specified Ipss of 1-5mA.
Still, the circuit is attractive because of the simplicity of
a two-terminal constant-current device. If that appeals to
you, you're in luck. You can buy “current-regulator diodes”
that are nothing more than JFETs with gate tied to source,
sorted according to current. They’re the current analog of
a zener (voltage-regulator) diode. Here are the characteris-
tics of the 1N5283—1N5314 series:>!

20 See Table 8.2 for the IF3601 and IF3602 (dual). Runners-up in the low-
noise competition are the LSK170B and the BF862, with considerably
lower capacitances.

2

Said to be available from several manufacturers. Alternatives in-
clude the MS5283, MV5283, and MX5283 series from Microsemi;
the SST502-SSTS511 and CR160-CR470 series from Vishay; and the
J500-J511, J553-J557, and U553-U557 series from InterFET. Alter-
native sources: Central Semiconductor and Linear Integrated Systems.
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Figure 3.21. Measured JFET characteristic curves. 2N5484 n-
channel JFET: Ip versus Vps for various values of Vgs. See also
Figure 3.47.

We measured [ versus V for a 1N5294 (rated at
0.75mA), applying 1 ms voltage pulses at 100 ms intervals
to prevent heating. Figure 3.22A shows good constancy of
current up to the breakdown voltage (~145V for this par-
ticular specimen). You can see also the effect of heating
when voltage is applied continuously in a dc measurement,
caused by the negative temperature coefficient of drain cur-
rent. Figure 3.22B shows that the device reaches full cur-

Figure 3.22. 1N5294 current regulator diode.

rent with somewhat less than 1.5V across it (here both
pulsed and dc curves are plotted, demonstrating negligible
thermal effects with less than 0.4 mW dissipation). We’ll
show how to use these devices to make a cute triangle-
wave generator in §7.1.3E. And we’ll have much more to
say about current sources in §4.2.5 and §9.3.14.

Ip
I
D Z Ipss
G
S
R
| IQ

Figure 3.23. JFET current sink (I=Vgs/R) for Ip < Ipss.

A. Source self-biasing

A variation of the previous circuit (Figure 3.23) gives you
an adjustable current source. The self-biasing resistor R
back-biases the gate by IpR, reducing Ip and bringing the
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JFET closer to pinch-off. You can estimate the value of
R from the drain curves for the particular JFET. This cir-
cuit allows you to set the current (which must be less than
Ipss), as well as to make it more predictable. Furthermore,
the circuit is a better current source (higher impedance) be-
cause the source resistor provides “current-sensing feed-
back” (which we’ll learn about in §4.2.5A). (There’s a nice
demonstration of this in in the figure “Measured Ip versus
Vps for four JFETSs” in §3x.4.3, where you will find drain—
current versus drain—voltage curves both with and without
a source self-biasing resistor.) Remember, though, that ac-
tual curves of Ip for some value of Vgs obtained with a real
FET may differ markedly from the values read from a set
of published curves, owing to manufacturing spread. (This
is illustrated nicely by the examples of Figures 3.25 and
3.41 on pages 145 and 156, using actual measured drain
characteristics from a batch of JFETSs.) You may therefore
want to use an adjustable source resistor, if it is important
to have a specific current.

Exercise 3.1. Use the 2N5484 measured curves in Figure 3.21
to design a JFET current source to deliver 1 mA. Now ponder
the fact that the specified Ipgs of a 2N5484 is 1 mA (min), 5 mA
(max).

B. Example: emitter follower pull-down

Let’s look at an example to explore further this problem
of unpredictability of JFET zero-bias drain current, Ipss
(or, equivalently, the difficulty of predicting the gate-source
bias needed to produce a desired drain current).

Voo H2V

Vout to £10V
(&5mA)

—t
_VE E

-12v

Figure 3.24. Design example: npn emitter follower with JFET cur-
rent sink.

Figure 3.24 shows a BJT emitter follower, running be-
tween =12V split supplies, with a current-sinking JFET
pull-down to the negative rail. We specify that the circuit
must be able to deliver a full swing of £10V into a 2kQ

load (that’s =5 mA load current). You might at first think
of using a simple pull-down resistor Rg to the —12V rail.
But the output swing requirement makes things difficult,
because you would need to keep Rg less than 400 Q (we
might choose 365, a standard 1% value) to get a full
negative swing; and that low resistance would produce a
relatively high quiescent current (at 0 V output) of 33 mA
(thus ~400 mW quiescent dissipation both in Q; and in
Rg), compared with the 5 mA peak current delivered to the
load (recall the discussion in §2.4.1). Worse still, a resistive
pulldown also greatly degrades linearity, owing to varia-
tions in the follower’s r. caused by the large variation of
collector current (65 mA at the top of the swing, dropping
to 0.5 mA at the bottom, thus corresponding 7, of 0.4 Q and
50 Q into a combined load resistance of ~300£2). Finally,
the small resistive pull-down resistor (compared with the
minimum load resistance) undesirably reduces the circuit’s
input impedance by a factor of 6.

So an active current sink is the way to go. A first possi-
bility is to choose a JFET whose minimum specified Ipss
is at least equal to our required 5.5 mA. Only the 2N5486
member of the 2N5484-86 family satisfies this require-
ment (8 mA < Ipgs <20 mA, see Table 3.1 on page 141).
But these currents are rather more than we’d like, and a part
with Ipgs = 20 mA produces too much heat: the worst-case
dissipation is 440 mW in either the JFET (at peak positive
swing) or the BJT (at peak negative swing with no load),
too much for a transistor in a TO-92 or SOT-23 package
without a heatsink.

So, let’s add a source resistor so we can tailor the
JFET’s drain current; we’ll aim for a 5.5 mA minimum
sink current, so that we retain 0.5 mA reserve at full nega-
tive swing. The 2N5486’s minimum Ipgs of 8 mA guaran-
tees that a source self-biased circuit can sink the required
5.5mA current. Now we need only choose the source re-
sistor Rs.

The problem is that datasheet curves of Ip versus Vgs
(called “transfer characteristics’), when provided at all, do
not show the full range of possibilities; instead they show
curves typical of parts with two or three selected values
of Ipss within the allowable range. And sometimes all you
get are tabulated limits for Ipss and for Vg of)->* But you
can measure some JFETs to get a sense of things. We
did this, and Figure 3.25 shows measured Ip versus Vgs
curves for seven 2N5486s from different manufacturers

22 1t is possible to extrapolate from published (or measured) curves by
estimating k and V;, for the simple quadratic law Ip = k(Vgs—Vi)?.
See the discussion in Chapter 3x.
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and batches.”®> Assuming this represents the full range of
variability (it doesn’t, quite, as seen from the minimum
Ipss of 9.2 mA) then we can swing a load line up from the
origin until the lowest intersection is above Ip = 5.5 mA.
That’s an Rg of 140 Q (shown), for which the range of drain
current is 5.7 mA (minimum) to 9.5 mA (maximum).

L e e L B e e e e e
- Rs =140Q %, .
load line —,

—
o
I

range of Isink
(5.7mA-9.5mA)
minimum /sjnk
(5.5mA)

Drain Current, Ip (mA)
[o)]
T

2r %_ 2N5486, u

7 samples N
0 i AR R S ST T
-4 -3 -2 -1 0

Gate-to-Source Voltage, Vs (V)

Figure 3.25. Choosing a source resistor Rg to bias a JFET current
sink to produce I,k > 5.5 mA.

The good news is that the circuit will work; the bad
news is that the range of sink currents is nearly 2:1 (tak-
ing into account the possibility of production parts whose
curves span a somewhat wider range than seen in these
seven parts). But the good news, again, is that even for a
JFET at the high end of the range (thus i, ~ 10 mA), the
follower’s worst-case dissipation is limited to 220 mW (at
peak negative swing, no load), and the JFET’s worst-case
dissipation is likewise limited to 220 mW (at peak positive
swing). This is well within allowable dissipation for a TO-
92 transistor (350 mW at 25°C ambient).

C. Current sinks for JFET amplifiers

Stepping back a bit, one might ask whether a JFET current
sink, with its 2:1 spread of quiescent current, was a good
choice. True, it works. But you can do better with a simple
BIJT current sink, five versions of which are shown in Fig-
ure 3.26. These use more parts, but sink a predictable cur-
rent. And if you really care about minimizing parts count,
then you can always use the alternative of a JFET selected
for a narrow range of Ipss, with no self-biasing resistor,

23 Making a mere cameo appearance here, compared with their full per-
formance in Figures 3.55 and 3.56 and associated discussion).

i.e., Figure 3.24 with Rg = 0 (the 2N5485 specifies Ipss as
4mA-10mA; you might select parts from 5.5-8 mA).>*

This example illustrates the down side of the loose
drain current (and corresponding gate voltage) specifica-
tions characteristic of all JFETs. As attractive as it may
seem to drop in a JFET when you need a current source,
it’s problematical. But JFETs come into their own when
you need an amplifier with high input impedance and low
noise — although the loosey-goosey specs are still challeng-
ing, the results are worth the bother. We’ll see examples
presently.

D. Imperfect current source
A JFET current source, even if built with a source resistor,
shows some variation of output current with output voltage;
i.e., it has finite output impedance, rather than the desirable
infinite Zoy.2> The measured curves of Figure 3.21, for ex-
ample, suggest that, over a drain voltage range of 5-20V,
a 2N5484 shows a drain current variation of 5% when op-
erated with gate tied to source (i.e., Ipss). This might drop
to 2% or so if you use a source resistor. An elegant so-
lution is the use of a cascode transistor to suppress drain
voltage variations in the current-setting transistor. This can
be used both for BJT current sources (it’s shown in §2x.3)
and for JFET current sources, as shown in Figure 3.27. The
idea (as with BJTs) is to use a second JFET to hold con-
stant the drain-source voltage of the current source. Q; is
an ordinary JFET current source, shown in this case with
a source resistor. O, is a JFET of larger Ipss, connected
“in series” with the current source. It passes Q;’s (con-
stant) drain current through to the load, while holding Q;’s
drain at a fixed voltage — namely the gate-source voltage
that makes Q, operate at the same current as Q. Thus
0> shields Q; from voltage swings at its output; since O
doesn’t see drain voltage variations, it just sits there and
provides constant current. If you look back at the Wilson
mirror (Figures 2.61, 3.26D), you’ll see that it uses this
same voltage-clamping idea.

You may recognize this JFET circuit as the ‘“cas-
code,” which is normally used to circumvent Miller effect
(§2.4.5). A JFET cascode is simpler than a BJT cascode,

24 An expensive alternative is to use a pre-sorted two-terminal “current
regulator diode” like those in the footnote 3.2.2 on page 142. These
appear to be a vanishing species, and the range of currents is quite
limited. (A double complaint, reminiscent of the dialog “The food there
is so bad.” “Yes, and such small portions.”)

25 This is important also for JFET amplifiers (§§3.2.3A and 3.3.2). For
further details look at the discussion in Chapter 3x.
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A. -12Vv B. -12V C.

=12V

¥ 6mA 1
22k 1 6mA
Q,
BCM61B Q
364 BCM847 y A.
DMMT3904W 1100
D. -12V E. -12V

Figure 3.26. Alternatives to the JFET pulldown of Figure 3.24. A. Classic BJT current sink, base biased to ~2Vpg; you can substitute
a red LED for the diode pair. B. Q3 creates a “1.5Vgg” base bias for current sink Q,; adding optional resistor Rc, chosen equal to Qs’s
re, cleverly compensates for the latter's change in Vg with supply-voltage variations (i.e., Ic variations through the 5.6k resistor). This
configuration is useful if the current-sink output must operate very close to the negative rail — down to a few hundred mV, say, if configured
as a “1.25Vgg” bias. C. Current mirror with ~200 mV emitter ballasting (needed to equalize collector currents in view of Vg mismatch, and
to suppress the Early effect output-current variations). D. Wilson mirror with matched pair; no emitter resistors needed. E. “Ring-of-two”

current source. See Figure 2.32 for other current source circuits.

however, because you don’t need a bias voltage for the gate
of the upper FET: because it’s depletion mode, you can
simply connect the upper gate to the lower source termi-
nal (compare with Figure 2.84); Q»’s gate-to-source volt-
age at the operating current (set by Q; with its Rg) then
sets Q1’s drain-to-source operating voltage: Vps;= — Vgs2.
A nice additional benefit is that the resultant circuit is a
two-terminal current source.

It is important to realize that a good bipolar transistor
current source will give far better predictability and sta-
bility than a JFET current source. Furthermore, the op-
amp-assisted current sources we’ll see in the next chap-
ter are better still. For example, a FET current source
might vary 5% over a typical temperature range and
load-voltage variation, even after being set to the de-
sired current by trimming the source resistor, whereas
an op-amp/transistor (or op-amp/FET) current source is
predictable and stable to better than 0.5% without great
effort.

J1

4
J112

Figure 3.27. Cascode JFET current sink.

3.2.3 FET amplifiers

Source followers and common-source FET amplifiers are
analogous to the emitter followers and common-emitter
amplifiers made with bipolar transistors that we talked
about in the previous chapter. However, the absence of
dc gate current makes it possible to realize very high in-
put impedances. Such amplifiers are essential when deal-
ing with the high-impedance signal sources encountered
in measurement and instrumentation. For some specialized
applications you may want to build followers or amplifiers
with discrete FETSs; most of the time, however, you can take
advantage of FET-input op-amps. In either case it’s worth
knowing how they work.

With JFETs it is convenient to use the same self-biasing
scheme as with JFET current sources (§3.2.2), with a single
gate-biasing resistor to ground (Figure 3.28); MOSFETSs
require a divider from the drain supply, or split supplies,
just as we used with BJTs. The gate-biasing resistors can be
quite large (a megohm or more), because the gate leakage
current is measured in picoamps to nanoamps.

A. Transconductance
The absence of gate current makes transconductance (the
ratio of output current to input voltage: g, = iout/Vin) the
natural gain parameter for FETs. This is in contrast to bipo-
lar transistors in the last chapter, where we at first flirted
with the idea of current gain, or beta (iou/iin), then intro-
duced the transconductance-oriented Ebers—Moll model:
it’s useful to think of BJTs either way, depending on the
application.

FET transconductance can be estimated from the
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+Vop

+Vop

+Vasl

Figure 3.28. Common-source amplifier and source follower. For
both configurations the source voltage is above ground, because
of the source current flowing through Rs, with a quiescent point
Vs = Vas = RsIp(Vas)-

characteristic curves, either by looking at the increase in
Ip from one gate-voltage curve to the next on the family
of curves (Figures 3.2 or 3.21), or, more simply, from the
slope of the Ip versus Vgs transfer characteristics curve
(Figures 3.15 or 3.51). The transconductance depends on
drain current (we’ll see how, shortly) and is, of course,

gm(ID) - id/Ugs~

(Remember that lowercase letters indicate quantities that
are small-signal variations.) From this we get the voltage
gain,

Gvoltage = vd/vgs =—Rp id/vgs
i.e.,

G = —gmRp, (3.3)

just the same as the bipolar-transistor result in §2.2.9, with
load resistor Rc replaced with Rp. Typically, small-signal
FETs have transconductances in the neighborhood of 10
millisiemens?® (mS) at a few milliamps.?” Because g,, de-
pends on drain current, there will be some variation of
gain (nonlinearity) over the waveform as the drain current
varies, just as we have with grounded emitter amplifiers
(where g, = 1/re, proportional to I¢).

In the following discussion we’ll be using the concept of
FET gate drive, Vgs—Vin. Recall that Vyy, is the extrapolated
gate threshold voltage we discussed in §§3.1.3 and 3.1.4.

The variation of g,, with drain current is easy to cal-
culate and highly useful when designing JFET followers
and amplifiers. For operation above subthreshold (/p >

26 Formerly millimhos, or m®.

2T This is substantially less than that of a BJT at the same current; the lat-
ter has g,, =40mS at 1 mA, and 200 mS at 5 mA, for example. There’s
further discussion in §3.3.3 and §3x.2.

Ipss /25, say), we’ve seen that the drain current is quadratic
in the gate drive

Ip = k(Vas — Vin)?, (3.4)
from which the transconductance (g, = iq/ Vgs
dIp/dVss) is seen to be

gm = 2K(Vgs —Vin) = 2/ KIp. (3.5

In other words, in the “quadratic region” of drain cur-
rent, g, is proportional to gate drive, increasing approx-
imately linearly from pinchoff to its specified value at
Ipss; alternatively, you can say that it is proportional to
the square root of drain current.?® This is a helpful rule,
particularly because the datasheets specify g,, only at its
maximum value, at Ipss; we’ll use it shortly.29

As an example, if (as is often the case) you’re operating
a JFET in its quadratic region and you want to estimate
the transconductance at some drain current /p, then if you
know g, at some other drain current Ipy (which may be
Ipss) you can exploit the square root dependence on drain
current in eq’n 3.5 to find, simply

2n/gmo = (In/Ipo) - (3.6)

FETs in general have considerably lower transconduc-
tance than bipolar transistors,3? which makes them less im-
pressive as amplifiers and followers; we treat this in more
detail in §3x.2. However, their outstanding characteristic
of extremely low input (gate) current, often of order a pi-
coampere or less, makes it worthwhile to develop circuit
solutions that circumvent the problems of low gain (e.g.,
current source as drain load), or that enhance their effec-
tive transconductance (“transconductance enhancer”).

At this point it’s helpful to see some JFET amplifier ex-
amples.

28 Be careful about signs: in these equations Vg, and Vg are negative (for
n-channel JFETS), but V4, is more negative, thus a positive value for
gm- As long as you respect signs, these expressions work for n-channel
or p-channel and for enhancement or depletion modes. Note that the
value K is not given on datasheets, but can be determined empirically
for a given part type and manufacturer. Generally speaking, within a
given batch or type of JFET you’ll find variations in Vjy,, with k being
relatively constant. Thus a measurement of Ipgs and Vi, allows you
to calculate x from eq’n 3.4, under the assumption that the quadratic

region of drain current extends all the way to Ipgs (it usually does).
2

°

See §3x.2 for further discussion of transconductance versus drain cur-
rent.
30 Except in the low drain-current (“subthreshold”) region; see Fig-

ure 3.54 and analogous figures in §3x.2.
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B. JFET amplifier configurations

Figure 3.29 shows the basic configurations for a JFET
common-source amplifier stage. In circuit A the JFET is
running at its Ipss, with Rp sized small enough so that the
drain is at least a volt or two above ground for the maxi-
mum specified Ipgs. (This is often an annoying constraint,
given the loose ratio of specified Ipgs(max) / Ipss(min) — cOM-
monly 5:1 for most JFETS, see Tables 3.1 on page 141, 8.2
on page 516, and 3.7 on page 217; presently we’ll see ways
to handle this awkward situation.) The resistor across the
input can be very large — 100 MQ or more — with an input
blocking capacitor (for an ac-coupled amplifier); or it can
be omitted altogether for a dc-coupled signal near ground.
For this circuit the ideal voltage gain is G=g,,Rp, where
gm 1s the transconductance at the operating drain current;
it is analogous to the BJT grounded-emitter amplifier of
Figure 2.44.3!

To illustrate actual component values and performance
we’ve chosen the exemplary BF862, because of its high
transconductance (45mS typical at Ipss) and tight Ipss
spec (10-25 mA); it happens also to be a low-noise part,
as we’ll see in Chapter 8. The drain resistor Rp is sized
to maintain a minimum 2.5V across Q; (for specified
Ipss(max)); the typical voltage gain is then G=— g, Rp~ —
13 (inverting).

By adding a source resistor Rg circuit B lets you run at a
drain current less than Ipgs, in the manner of Figures 3.23
and 3.25. But the source degeneration reduces the gain,
to G=—Rp/(Rs+1/gm). This is analogous to the degen-
erated BJT common-emitter amplifier of Figure 2.49 (but
with simpler self-biasing because the gate-source junction
is back-biased), with 1/g,, replacing r. (you can think of
1/gm as an “intrinsic source impedance” of the JFET, anal-
ogous to the intrinsic emitter resistance r, of the BJT).3? Il-
lustrating with the same BF862, we aim for a drain current
of 2 mA by choosing a source self-bias resistor Rg=200€2,
estimating that ~0.4 V of gate back-bias is about right.?3
Estimating that g,,~20mS at this drain current,>* we ar-

31 However, owing to the finite output impedance of the JFET (called r,
or 1/gos), the drain load resistor effectively sees a parallel resistance of
To, SO the gain is reduced to G=g,, (Rp||ro); this has a negligible effect
for the component values here. This is analogous to the Early effect in
BITs, and becomes important for large values of Rp, or (especially)
when Rp is replaced by a current source. Lots of discussion in §3x.4.

This time we’re ignoring the JFET’s finite output impedance; see §3x.4
if you’re curious why and for much more detail (if it’s detail you really

32

want. . . be careful what you wish for).
33 Our confidence is bolstered, a bit, by having measured a sample’s Iy
versus Vgs.

34 We measured this, too.

rive at an estimated voltage gain (from the above equation)
of G~ — 8.

Circuit C bypasses the source resistor at signal frequen-
cies, so you can run at the same dc drain current as cir-
cuit B, but with the higher gain as in circuit A (where g, is
the transconductance at the actual drain current, here re-
duced from the Ipgs of circuit A); it’s analogous to the
BIT circuit of Figure 2.48. You can throttle back the gain
by adding a gain-setting resistor Ry in series with the ca-
pacitor (circuit D), for a signal-frequency gain of G= —
Rp/(Rs||Rs+1/gm); this is analogous to the BJT circuit of
Figure 2.50. Or you can step on the throttle by adding a sec-
ond stage of voltage gain, as in circuit E, with the second
stage common-emitter amplifier multiplying the first-stage
gain of any of the previous single-stage circuits by a factor
Rclc/Vr (i.e., Rc/re), where as always Vr=kT /g~25 mV.
This approximation assumes (5 is driven by a voltage
source, i.e., Rp< PBre; most of the gain of the combina-
tion comes from the BJT, with its high transconductance.
The similar-looking circuit F creates a three-terminal hy-
brid creature, with the BJT’s g,, contributing to achieve a
high effective overall transconductance; in this configura-
tion the BJT is a “transconductance enhancer.” This con-
figuration is closely analogous to the BJT complementary
Darlington (Sziklai) of Figure 2.77, and is treated in more
detail in §3x.2.

C. Adding a cascode
The last four circuits show how to implement a drain-
clamping cascode to the common-source stage. This ele-
gant configuration is usually featured as a way to circum-
vent the Miller effect (the effective multiplication of drain-
gate capacitance by the stage’s voltage gain); that’s the way
it was presented in Figure 2.84, where it made its first ap-
pearance. Here it indeed accomplishes that (it’s a “Miller
killer”), which is helpful in keeping the input impedance
high. But it’s better than that: (a) it also lets you keep
the drain-to-source voltage low (avoiding the precipitous
rise in “impact-ionization” gate current, §3.2.8); and (b) by
clamping the drain-source voltage it circumvents the “gos
effect” (finite output impedance r,, caused by Ip depen-
dence on Vpg); the voltage gain is then not degraded, and
is simply G=g,,Rp. This latter benefit is reminiscent of
the use of a cascode transistor in the Wilson current mir-
ror (Figure 2.61); it’s an “Early killer.” There’s more detail
in Chapter 3x (§3x.4), including experimental results from
four JFET exemplars whose g;, and go,s were measured;
then their gain predictions were compared with measured
amplifier gains (both with and without cascode).

In circuit G the BJT’s base bias sets the JFET’s
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Figure 3.29. Simple single-supply JFET common-source amplifiers.

drain-to-source operating voltage. It’s simpler to use a sec-
ond JFET (Q> in circuit H), which must be chosen to have
a larger Vgs back-bias than Q) at the same drain current,
though the generally loose gate voltage specifications make
this an uncertain proposition. Circuit J is an “inverted cas-
code,” in which Q;’s drain current variations divert current
from Q»; it’s a helpful circuit to know about when you find
yourself bumping into the positive rail with a conventional
cascode. Finally, in circuit K an op-amp transimpedance
stage (current-to-voltage; see §4.3.1) substitutes for the
drain-clamping cascode transistor Q5: feedback through
R¢ maintains its inverting input (the “—” input) at the
bias voltage while producing an output voltage Vo= —
IpRi+Vyias; the optional resistor Ry lets you add an offset
to reposition the quiescent output voltage according to your
whim.

The circuits in Figure 3.29 operate from a single pos-
itive supply voltage; they’re simple, but, given the char-
acteristically loose Ipgs and Vs specifications of JFETS,
they suffer from significant uncertainty of operating cur-
rent. If you have available a negative supply voltage as
well, there are several ways to rig things up to ensure pre-
dictable biasing. Look at Figure 3.30A, where the oper-
ating current of the n-channel JFET is set by the source
pulldown resistor, In=— (V_+Vgs)/Rs, or approximately
V_/Rs for negative supply voltages large compared with

+Vpp

+Vpp D

+Vpp

1mA Rp

;- 67mV
? Rset
I }
= Rset Uq 1:
680 LM334
A B. V- or GND, if Vgsl > 1V

Figure 3.30. A negative supply rail allows predictable source-
pulldown biasing of JFET common-source amplifiers.

the JFET’s gate-source voltage. As in Figure 3.29C, the
bypass capacitor lets signal frequencies partake of the full
JFET gain, i.e., Gy=— g, Rp, where g, is the transconduc-
tance at the operating current. A more elegant solution is
the use of a current-sink pulldown, as in Figure 3.30B. The
LM334 is an inexpensive (~$0.50) resistor-programmable
current source (see §9.3.14B), here configured for 1 mA
(1~0.067 /Rset). With this circuit there’s no uncertainty
about the operating current (it does not depend on Vgs);
better still, the LM334 operates down to 1V drop, so you
can operate with a single positive supply if the JFET’s



150 3.2. FET linear circuits

Art of Electronics Third Edition

minimum specified gate-source voltage at the programmed
current is at least a volt.%

D. Series-feedback (“current-feedback”) pair

The JFET amplifiers just illustrated have admirably high
input impedance, but they suffer from rather low (and not
terribly predictable) gain. Bipolar transistors give you pre-
dictable gain, and lots of it; but you pay the price in terms
of input current. You can have the best of both worlds,
though, by combining a JFET front-end of modest (and not
terribly predictable) gain with some serious second-stage
gain. That way you get the ultra-low input current (high
input impedance) of a JFET, but with enough overall open-
loop circuit gain so that negative feedback can close the
loop to produce predictable gain.

The next circuit is a low-power (660 uA) battery-
operated amplifier. We’ll explore it in more detail than
usual, introducing some new concepts along the way. Fig-
ure 3.31 shows the first of several JFET amplifier examples
that exploit the JFET’s ultra-low input current, combined
with an additional gain stage (and feedback) to achieve pre-
dictable and stable voltage gain. It is similar to the bipo-
lar series-feedback pair illustrated in Figure 2.92: Q; is a
common-source amplifier, with BJT Q» providing second-
stage voltage gain to the output (via follower Q3, whose
base—emitter drop across Rz sets 0;’s collector current).
That provides the needed voltage gain (which the JFET’s
low g,, is unable to provide). Negative feedback closes the
loop via voltage divider R¢ and Rs||R; (at signal frequen-
cies) and biasing via Rs and R; at dc. This configuration
is variously known as “series feedback™ or “current feed-
back.”

The spread of specified Ipgs (or, equivalently, of
Vs (ofr)) creates a problem in any JFET design. To deal
with that, we choose a JFET with a tight Vig (o) specifica-
tion (—1.2 to —2.7 V), and we run it at a drain current well
below Ipss (10 mA minimum) so that the gate-source volt-
age is close to Vgg(off). The feedback path sets the signal
gain. With some careful thought (and some juggling and
iteration), the same feedback path can be made to establish
the (dc-coupled) bias condition.

Here’s how it goes. The gate is at ground; we start
by assuming a source voltage of approximately 1.7V,
and choose R; for 500 uA. Of that, about 300 tA comes
from the JFET’s drain current (Q,’s Vg across R); thus

35 The effective capacitance of an LM334 current source/sink is 10 pF,
small enough to ignore for most purposes. We calculated this from
the slew-rate plot in the datasheet. TI's application note LB-41 has
additional useful information about the LM334.

V+ _ +7.5V

R2
2.1k

Q2
2N3906

Q3

2N3904
ll 10k
Q1 P s
MMBF5103 2.4V
VS
- 17v Re 3.3k
R7 +
Cq
100M- g, 47uF Ry
3.3k 22k
= Rs
33 —

Figure 3.31. JFET-BJT series-feedback pair.

~200 uA is coming from Rg. This puts the output at
about +2.4 V and sets Q3’s emitter current at about 300 HA
(110 uA through R4, plus 200 uA through Rg, minus
60 uA from R3).

That’s the self-consistent situation, under the assumed
Vgs of —1.7V. For a different Vg, the dc output volt-
age would change accordingly; it could range from +1.3
to +4 V over the extreme specified range of gate threshold
voltage. This would degrade the maximum possible output
swing, but that would usually be OK for an amplifier han-
dling small signals (if not, R; could be selected for different
Vs ranges of JFET parts).3¢

The nominal gain at signal frequencies is approximately
100, set by Rs (blocked by C1): G=1+ R¢/(Rs||R1). The
low-frequency —3 dB point is at 100 Hz (where the reac-
tance of C; equals Rs). The high-frequency —3 dB point
is not so easily calculated, but a SPICE model puts it at
approximately 800 kHz (it measured 720 kHz in our bread-
board, where there are some added parasitic capacitances).
The latter is due primarily to the RC rolloff of Q;’s output
signal impedance of 2.1k (i.e., Ry) driving Q> ’s input ca-
pacitance of ~4 pF, with the latter greatly magnified by the
Miller effect.

For large signal driving impedances Ry, the amplifier’s

36 A better way to ensure proper biasing is to replace R; with a 0.5 mA
current sink. A JFET comes to mind (we’ve got JFETs on the mind!),
but, given their unpredictable dc characteristics, a much better choice
would be one of the BJT current sinks illustrated in Figure 3.26. An-
other way of handling this thorny problem is to use a slow feedback
loop to stabilize I to a desired value less than the specified minimum
Ipss.
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bandwidth is reduced,’” owing to an input capacitance of
~5 pF; see Figure 3.32. This is due primarily to the JFET’s
drain-to-gate capacitance (plus wiring capacitance), given
that the source terminal is bootstrapped by feedback. There
are numerous tricks to deal with this effect (if more band-
width is desired), including a cascode in the JFET’s drain
(which can be bootstrapped to further suppress its input ca-
pacitance) and a cascode in the Q> BJT gain stage. Some
of these techniques are discussed in Chapter 3x.

40 -
& L
o a
£ L
& a5 L Rsig=1MQ
o
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S
s [
30 AR AR NIRRT ol
100 1k 10k 100k M
Frequency (Hz)

Figure 3.32. Measured gain versus frequency for the amplifier of
Figure 3.31. The f34g with R;=1MQ shows that C;,=7 pF.

Design equations and design hints
Collecting it together in one place:

R R
ot 1 0

G=1 ~
Rs || Ry Rs

(ac gain),

GoL = gm1R2 gm2R3 gm3(R4||Rs), (open-loop gain’®)

Vi 0.7
Ip = 252 ~ = (JFET bias),
Ry Ry
Vi 0.65
Icr = ;753 ] R (Q2 bias),
Rs\ R R .
Vour=Vs | 1—— —W — |V tput b .
out s( R1)+R2 BE2+R1 [Veg| (output bias)

37 Though paradoxically for Rg;g values of a few kQ it is extended some-
what, owing to some response “peaking.”

3 This expression overestimates the open-loop gain by neglecting the
gain-limiting Early effect in O, the stage where most of the circuit’s
overall gain resides. The measured 2N3906 Early voltage V4~25V
(§2x.8) implies a maximum voltage gain of the Q> Q3 stage of ~1000
(compared with its ideal Ga2500), thus an overall open-loop gain of
~5000. This is ample for the modest x 100 closed-loop gain.

For single-supply operation the last term is zero. Basi-
cally, R, sets Ip, and the ratio Rs/R; sets Voy. For single-
supply operation (Vgg=0) use a small value for Rg if the
JFET has substantial Vg at its operating current and larger
values for Rg for lower Vg parts. The latter is tricky, be-
cause the “leverage” of Rg/R; can push Vg all over the
map. Choose Ry to help set Ic3 after you've dealt with Voy.
It may be necessary to select R to go with batches of parts
with similar Vis. A negative Vig supply helps with biasing
and also permits output swings both sides of ground.

Another way to handle the uncertainty in Vo is to ap-
ply a positive bias to the gate, as in Figure 3.33A. This
adds a positive offset of Vj at the source terminal (whose
voltage is now Vs = Vg — Vs, where Vs is negative for
an n-channel JFET), making Vs less important, and thus
a smaller fractional uncertainty in Vs. While you're at it,
you can easily bootstrap the gate bias divider,?® as in Fig-
ure 3.33B, to raise the input impedance.

+Vpp

i

Figure 3.33. A. A positive bias at the gate of Q; in Figure 3.31
improves the predictability of V,,;. B. Add a bootstrap to raise R;,.

E. Simple “hybrid” JFET amplifier

With the assistance of an op-amp (the magnificent center-
piece of Chapter 4) you can do wonders. Put simply, an
op-amp is a “very high-gain difference amplifier in a bot-
tle,” intended to be fodder for feedback as the universal
core of pretty much any analog circuit. It’s pure engine: a
turbocharged Harley unicycle with dual intakes. This ex-
ample and the next show a couple of ways to use an op-
amp’s properties in support of a JFET amplifier. Look first
at Figure 3.34. Here we’ve chosen the excellent 2SK170B
(with LSK170B as a second source) for the front-end: it
has lots of transconductance (about 25 mS at its Ipgs of 6—
12mA), along with very low noise voltage (~1nV/y/Hz).
We run it at zero gate voltage; and we deal with the 2:1

39 You can, of course, bootstrap the gate resistor even when the gate is
biased at ground, via R7 in Figure 3.31.
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spread of specified Ipgs (a tighter specification than pro-
vided for most JFETSs) by choosing the drain load resistor
Rp small enough to avoid dc saturation even at Ipgs (max).
The actual drain voltage is unimportant because we use ac
coupling to the second stage (via Cy). Ignoring for the mo-
ment the second stage (and setting R, = 0), the front-end
voltage gain would be G = g,,Rp, or roughly G=25, with
perhaps +25% uncertainly from JFET manufacturing pro-
cess variations.

+15
R

2SK170BL  Rp 100K
Lski7oB kS L3y Eﬂ/lm ;
6-12 mA to +9V 7

- ~
g = 25mS +15 to +12V

\ — — ) Gy=50
Ca Q Cy 20Hz-20MHz
1nF 10pF £ -15 1nVAHz
Rs 499
R
or d>\ N
coupled 100M Rg Rg << 1/gm
10.20 C¢ 10pF C, 2 1/2nf Rp

= GoL =9m Ry = 2x108
1 GgL=1+Ri/Rg =50
Figure 3.34. Hybrid JFET amplifier: high-Z, low-noise, wideband
amplifier. A response peak (for R, ~1kQ) can be tamed by adding
a 10-20 pF capacitor across the input, see Figure 3.35.

But the load seen by the drain (at signal frequencies)
is in fact the low-impedance input of the second stage,
which is an op-amp configured here as a current-to-voltage
(“transresistance”) converter (see §4.3.1C). Its “gain”
(ratio of output voltage to input current, thus units of re-
sistance) is just Ry, making the overall open-loop gain G =
gmR (again assuming no feedback, and Ry = 0). So, for
the circuit values shown, the open-loop gain Gop.~2500.

Now we close the loop via Ry, subtracting from the in-
put a fraction Ry /(R + Ry), for an ideal closed-loop gain
GcL=14R;/Ry=50. The loop gain (ratio of open-loop to
closed-loop gains) is about 50, adequate for good linearity
and predictability of gain (see §2.5.3). Note the low resis-
tance of Ry: it should be small enough so that the open-loop
gain is not much reduced (thus R, < 1 /gm); and it should
also be small enough so that its Johnson noise contribu-
tion is insignificant (§8.1). For a JFET transconductance of
25mS, the first constraint limits Ry to somewhat less than
40 Q; and for this JFET’s noise voltage of ~1 nV/\/m the
second constraint limits Ry to somewhat less than 25 Q.
Thus we choose the low ~10Q value. With the values
shown, the open-loop gain is reduced by ~20%, the in-

put noise voltage is increased by ~8%, and the feedback
network loads the op-amp to +20 mA at full swing.*

The op-amp here was chosen for its wide bandwidth (it
falls to unity gain at ~100 MHz), so the circuit’s closed-
loop gain rolls off at about 20 MHz,*! as seen in the mea-
sured data of Figure 3.35. A bonus is the impressive output
drive capability: up to 100 mA, and full £10V swing to
nearly 10 MHz. The small compensation capacitor C. en-
hances stability: with no compensation we measured 5 dB
of peaking at 16 MHz; adding C, resulted in an insignifi-
cant 0.1 dB peaking at 10 MHz and a high-frequency rolloff
of —3dB at 22 MHz.*?

An alternative circuit that exploits the JFET’s high input
impedance is an input JFET source follower (§3.2.6) driv-
ing a stage of voltage gain. That’s a perfectly good config-
uration, particularly if a current sink is used for the source
pulldown. But the circuit of Figure 3.34 excels in achieving
both lower noise and better linearity.

3.2.4 Differential amplifiers

Thus far we’ve dealt with the JFET’s uncertain Ip versus
Vs relationship by restricting ourselves to ac-coupled am-
plifier designs. But we can do better: a JFET matched pair
lets us make dc-coupled amplifiers of respectable perfor-
mance. And of course their very low input current means
that these circuits can serve as high-input-impedance front-
end stages for bipolar differential amplifiers, as well as for
the important op-amps and comparators we’ll meet in the
next chapter. As we mentioned earlier, the substantial Vgg
offsets of FETs will generally result in larger input voltage
offsets and offset drifts than with a comparable amplifier

40 If you’re not happy with that, you could double or triple R; and Ry, at
the expense of slightly higher amplifier noise. See §8.6 for much more
on low-noise JFET design.

When driven with a low signal impedance. With a higher impedance
signal source, the rolloff is dominated by the circuit’s input capaci-

4

tance: Qp has a drain-to-gate capacitance Cys of 6 pF, thus the ob-
served —3 dB bandwidth of ~400kHz with a 100kQ source. Happily,
the larger gate-to-source capacitance (Ciss~30 pF) is bootstrapped into
insignificance by feedback. “And what of the evil Miller effect?” you
wonder. That’s suppressed here, because the op-amp holds its (—) input
fixed (a “virtual ground”) via feedback through Ry; see §4.3.1C.

In any feedback circuit there’s the possibility of some “peaking” in
the response at some frequency (or, in the worst case, a full-blown

4

L)

oscillation). This circuit exhibits modest peaking for input impedances
in the range of a few k€, as seen in Figure 3.35. Its amplitude can
be tamed by adding ~10-20 pF of input shunt capacitance, with some
consequent reduction of bandwidth.
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Figure 3.35. Measured gain versus frequency for the amplifier of
Figure 3.34. The solid curves are with a 10pF shunt capacitor
across the input, a compromise value for good performance over a
wide range of input signal impedances (omit the capacitor for high
source impedance, increase it for the worst-case Ry;, ~ 1kQ).

constructed entirely with bipolar transistors, but of course
the input impedance will be raised enormously.

Figure 3.36 shows the simplest configurations, anal-
ogous to the simple BJT differential amplifiers of Fig-
ures 2.63 and 2.67. The differential gain of the classic long-
tailed pair in Figure 3.36A (defined as AVqy/AViy, with
R| = R and differential output as shown) is just G=g,,R1;
the common-mode rejection is greatly improved with a cur-
rent sink substituting for the source resistor Rs. A draw-
back of this circuit is the uncertainty in gain (owing to the
uncertainty in transconductance); and the gain is modest,
owing to the limited transconductance of JFETS in gen-
eral. You can circumvent the gain limitation by replacing
the drain load resistor(s) with a current mirror, as in Fig-
ure 3.36B. This circuit fragment is not bias stable, how-
ever: it must be accompanied by a following stage that is
configured to provide dc feedback.

These circuits suffer also from the Miller effect (§2.4.5),
whose multiplying action on the feedback capacitance Ci
acts to increase the effective input capacitance, thus (in
combination with the signal’s source impedance) reduc-
ing the bandwidth. The current mirror in circuit (B) clamps
Q1’s drain, but the Miller effect is present still at Q>’s in-
put.*> As with BJT amplifier stages, an effective method of
eliminating the Miller effect is the use of a cascode tran-
sistor (either JEET or BJT) in the drain(s), a desirable con-
figuration discussed later and in Chapter 3x in the section

43 Unless that output drives a transimpedance stage that clamps its volt-
age, as in Figure 3.31 or 3.34.

“Bandwidth of the Cascode.”. By clamping the drain volt-
age, the cascode also eliminates a reduction in gain seen in
simple circuits like that of Figure 3.36A: that’s because the
JFET’s drain-current depends somewhat on drain voltage
(the upward slope in plots of drain-current versus drain-
source voltage, which you can think of as a finite output
impedance), which can reduce the ideal g,,R; gain by as
much as 25%.

For this and other reasons the cascode is highly rec-
ommended, even when bandwidth is not an issue. Curious
about those “other reasons”? Consider this: the gate current
in JFETs, normally down in the picoamperes, rises precip-
itously with drain-to-source voltage — see Figure 3.49 on
page 164 where picoamps become microamps! A cascode
lets you clamp the drain to a low operating voltage, sup-
pressing this effect. This is nicely illustrated in the figure
toward the end of §3x.4 in Chapter 3x.

+Vop
+Vop
Q3 Q4
Q1 Q2
—» «—
(better)
Rs 4—\
A. —Vss B. —Vss

Figure 3.36. Simplest JFET differential amplifiers.

A. Example: a dc-coupled hybrid JFET amplifier

In the earlier hybrid amplifier design example (Figure 3.34)
we dodged the issue of unpredictable JFET drain current by
settling for an ac-coupled amplifier. That’s fine for some-
thing like an audio or RF amplifier; but sometimes you’d
like response all the way down to dc.

You can achieve that by exploiting a matched-pair JFET
differential input stage in a fully dc-coupled arrangement,
as in Figure 3.37. The overall configuration is a common-
source differential amplifier with the input signal con-
nected to one side. Its differential voltage output drives
a wideband op-amp, whose output (divided by the gain-
setting voltage divider) provides negative feedback to the
other terminal of the input pair. As with the previous cir-
cuit, the closed-loop gain is Gep=1 + Rf/R,=50, with a
small loop compensation capacitor C. chosen for best re-
sponse without peaking.

The devil’s in the details, which, if you’re lucky,



154 3.2. FET linear circuits

Art of Electronics Third Edition

vV, +15V

+

Ry
200 @ offset

LM6171
+15 50

RD
2k 2k

(34dB)

Qiab
LSK389

Figure 3.37. An op-amp closes the loop around a JFET matched
pair to create a dc-coupled wideband low-noise amplifier with high
input impedance. Replace source bias resistor Rg with a current
sink (see Figure 3.26) for enhanced supply rejection.

may come together in a symphonic harmony. This circuit
worked out nicely; thus our enthusiasm for a bit of discus-
sion. Here goes.

The LSK389 is a very low-noise (~1nV/y/Hz) mono-
lithic matched JFET pair,** available in three Ipss grades.
We chose the midcurrent —B suffix part (with a specified
Ipss between 6 mA and 12 mA), and we force each JFET
of the pair to run at 5mA by sinking 10 mA from the
pair of source terminals. That puts the drains at +5 V (the
op-amp enforces equality), with an open-loop gain (from
single-ended input to differential output) of approximately
G=gm(Rp + 0.5RT)~40. To this the op-amp contributes
its substantial open-loop gain (90dB, i.e., x30,000), in a
scary-looking configuration whose stability might seem se-
riously to be in doubt. But not to worry — the <50 divider
in the return loop safely limits the loop gain,*> with any
tendency toward instability easily tamed with appropriate
choice of C;.

According to the datasheet, the input pair Qp,, has
“Tight Matching.” But that’s on the scale of JFETSs, not
BITs — here that “matching” is a whopping £20 mV maxi-
mum (about 100x the matching of a good BJT pair), which
the circuit’s G = 50 would amplify to an output offset of
1 V! Hence the offset trim Rt, with enough range to bal-
ance the worst-case input offset.

Our initial design included a bypass capacitor from the
drain of the input transistor to ground, to suppress the

4 A replacement for Toshiba’s legendary (and discontinued) 2SK389.
4 To approximately the same value as that of the op-amp alone, were it
connected as a stable unity-gain follower.

Miller effect. A nice thought, but the reality is that the
Miller effect is almost entirely absent owing to the op-
amp’s clamping effect on the drain pair. And the bypass
capacitor introduces two problems: it unbalances the tran-
sistor pair, so the circuit is sensitive to noise on the positive
supply rail; and it introduces a phase shift within the loop,
causing some undesirable peaking, thus requiring a larger
value of C. and therefore reduced bandwidth.

Now for the feedback stability “compensation.” In a
single-ended circuit like Figure 3.34 you can put a small
capacitor across either R; or across Ry. Here, though, we
want to maintain input-stage symmetry, so C. has to go
across Ry. On the bench we found that 10pF was re-
quired to eliminate peaking in the frequency response,
when tested with a low-level sinewave input; Figure 3.38
shows the data.

50 T T T T
Rs=500
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Figure 3.38. Selecting the compensation capacitor C, for the am-
plifier of Figure 3.37. A value of 8 or 10 pF works well.

A final bit of compensation is the shunt capacitor Cj,
across the input to suppress some modest peaking that is
seen for signal sources of ~1kQ impedance (Rg,). Here
5pF did the job nicely (though it increased the circuit’s
input capacitance to ~20 pF). Figure 3.39 shows the mea-
sured gain versus frequency for the finished circuit (with
the component values shown in Figure 3.37), for nine val-
ues of Ry (spanning four decades of resistance).

As with the previous circuit, the LM6171 op-amp pro-
vides a full £10V output swing to nearly 10 MHz. The
50Q resistor in series with the output ensures stabil-
ity into capacitive loads; it also provides “back termi-
nation” into 50Q coax cable (see the Appendix H on
Transmission Lines). This op-amp is not particularly quiet
(en~12 nV/\/IE), but that’s good enough: the circuit’s
input-stage gain of ~40 reduces the op-amp’s noise con-
tribution to ~0.3 nV/\/m when referred to the input. The
amplifier’s overall noise is ~2 nV/y/Hz.4¢

46 If it’s quiet you want, you can substitute the large-die IF3602 dual
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Figure 3.39. Measured gain versus frequency for the amplifier of
Figure 3.37, for a range of values of signal source impedance Ry;,.

This is a pretty good amplifier! With a bit of refine-
ment (primarily substituting a low-noise current sink for
Rs), two such amplifiers, combined in a so-called “instru-
mentation amplifier” (INA) configuration, will outperform
any available integrated INA in terms of both noise and
speed; see Figure 8.49 in §8.6.3.

B. Comparison with JFET-input op-amps

We can hear it already: “Yeah, yeah...you guys like to
show off your clever circuits, with lots of discrete compo-
nents. But nowadays that kind of circuit art is obsolete, be-
cause you can get all that performance, and more, in readily
available integrated circuits — op-amps, in particular.”

But, can you? Table 3.2 lists the currently available op-
amps with JFET inputs that have a chance of competing.
How does their performance compare with that of our dc-
coupled hybrid amplifier of Figure 3.37? Let’s see.. .

Output swing Only the first three op-amps can swing over
the full 15V range; OK, but. ..

Bandwidth ...the fastest of those ‘“high-voltage” op-
amps has 80 MHz GBW, thus for G=50 a bandwidth of
less than 2 MHz; and the two fastest op-amps, which can
match our amplifier’s bandwidth, can swing only 4 V
or so. By contrast, our amplifier’s GBW is 4 GHz (40
times the op-amp’s fr=100 MHz), and thus excess gain
(e.g., 400 at 10 MHz) with lower resulting distortion.

Noise Our amplifier’s noise of ~2nV/y/Hz is 6 dB quieter
than the best of Table 3.2’s offerings.

Cost $5-10 for the op-amp solution, roughly the same for
the better-performing hybrid amplifier ($2.50 for the
LM6171, $3.25 for the LSK389 dual JFET)

JFET. That will reduce the input noise to ~0.7 nV/\/m, but with
a greatly increased input capacitance (about 300 pF!). (And thermal
noise from the feedback network will degrade this unless R is de-
creased to ~5 Q; see §8.1 and Figure 8.80A.)

Table 3.2 Selected Fast JFET-input Op-amps?@

M Ibias en Slew

Voltage la 25°C 1kHz GBW Rate Cost
range typ typ typ typ typ qty25

Part # (V)  (MmA) (pA) ("\VA/HZz) (MHz) (V/us) ($US)
OPA604A 9-50 5 50 10 20 25 2.93
OPA827A 8-40 5 15 4 22 28 9.00
ADA4637 9-36 7 1 6 80d 170 10.12
OPA656 9-13 14 2 7P 230 290 5.59
OPA657 9-13 14 2 7 16009 700 10.01
ADA4817 5-10.6 19 2 4¢ 1050 870 4.93

Notes: (a) candidates for wideband low-noise amplifier.
(b) low enC noise: Cin=2.8pF. (c) lowest enC noise:
Cin=1.5pF. (d) decomp, G¢L >7.

The contest so far? The hybrid amplifier is winning, in
terms of the combined performance metric of bandwidth,
output swing, and noise voltage. But we’re not done yet. . .

Offset voltage The op-amps win, here, with out-of-the-
box Vs values of 2mV (max) for the three fastest parts;
the hybrid amp requires manual trimming of its 20 mV
worst-case untrimmed offset, if better is needed.

Parts count A win, again, for the op-amps.

Input capacitance Just 1.5pF for the ADA4817, versus
10 pF or more for the hybrid (the price we paid for 2 x
lower noise).

Input current 20 pA (max) for the ADA4817 (but that’s a
low-voltage part), versus 200 pA for the hybrid (unfair!
— that’s specified at a large negative bias, Vgs = —30V)

The verdict? A split decision: the JFET op-amp solu-
tion is simple and can deliver plenty of speed (or plenty
of swing, but not both), along with untrimmed accuracy
and very low-input capacitance (thus low “e,C” noise; see
Chapter 8). The hybrid approach delivers speed and swing
and lowest noise voltage; but it requires manual trim, it’s
more complicated, and it has more input capacitance. Note
also that an op-amp is a more flexible building block in
general, providing, for example, a wide common-mode
input-voltage range that our hybrid circuit does not have;
but that is not needed here, because the input is always
close to ground (owing to the circuit’s gain of 50).

3.2.5 Oscillators

In general, FETs have characteristics that make them useful
substitutes for bipolar transistors in almost any circuit that
can benefit from their uniquely high input impedance and
low bias current. A particular instance is the use of a JFET
amplifier stage to implement a high-stability LC or crystal
oscillator; we’ll show examples in §7.1.5D.
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3.2.6 Source followers

Because of the relatively low transconductance of FETs,
it’s often better to use a FET “source follower” (analo-
gous to an emitter follower) as an input buffer to a conven-
tional BJT amplifier, rather than trying to make a common-
source FET amplifier directly. You still get the high input
impedance and zero dc input current of the FET, and the
BJT’s large transconductance lets you achieve high single-
stage gain. Furthermore, discrete FETS (i.e., those that are
not part of an integrated circuit) tend to have higher inter-
electrode capacitance than BJTs, leading to greater Miller
effect (§2.4.5B) in common-source amplifiers; the source-
follower configuration, like the emitter follower, has no
Miller effect.

FET followers, with their high input impedance, are
commonly used as input stages in oscilloscopes as well as
in other measuring instruments. There are many applica-
tions in which the signal-source impedance is intrinsically
high, e.g., capacitor microphones, pH probes, charged-
particle detectors, or microelectrode signals in biology and
medicine. In these cases, a FET input stage (whether dis-
crete or part of an integrated circuit) is a good solution.
Within circuits there are situations in which the following
stage must draw little or no current. Common examples are
analog “sample-and-hold” and “peak detector” circuits, in
which the level is stored on a capacitor and will “droop”
if the next amplifier draws significant input current. In all
these applications the advantage of negligible input current
of a FET more than compensates for its low transconduc-
tance, making source followers (or even common-source
amplifiers) attractive alternatives to the bipolar emitter fol-
lower.

Figure 3.40 shows the simplest source follower, which
ideally should produce an accurate replica of the input
waveform while drawing essentially zero input current.
Let’s figure out important things like its quiescent operat-
ing point, its exact voltage gain, its output impedance, and
the voltage offset from input to output.

+Vop
S
RL

Figure 3.40. N-channel JFET source follower. Unlike the npn BJT
emitter follower (in which the output trails the input by Vgg ~ 0.6 V),
the output is here more positive than the input.

A. Quiescent operating point

The JFET source follower is not as simply analyzed as the
analogous BJT emitter follower, in which the emitter volt-
age simply trails the base voltage by a relatively constant
(and predictable) Vgg ~ 0.6 V. That is because the FET has
less abrupt (and far less predictable) transfer characteris-
tics (Ip versus Vgs) — the same issue we’ve just wrestled
with in connection with the JFET current source (§3.2.2)
and the JFET amplifier (§3.2.3).

We could use the same iterative approach here, seeking
the quiescent source voltage Vs (and therefore Vgs = Vs)
that produces a source current /s (and therefore Ip = Is)
consistent with that V5. And we could do this by interpo-
lating between curves like those in Figure 3.21A (a family
of Ip versus Vpg for several Vg’s), or by sliding up and
down a transfer characteristic curve like that in Figure 3.41
(a single curve of Ip versus Vgs, at some fixed Vpg), until
we find the point at which IpRy, = —Vgs.

But there is an elegant graphical method, used exten-
sively during the days of vacuum tubes, that lets you
find the operating point immediately: the method of “load
lines.”

B. Load lines

To find the operating point for the source follower in Fig-
ure 3.40, we simply notice that the load resistor Ry, im-
poses its rules on allowable Vg versus Is, namely, Ohm’s
law: ISRy, = —Vis. We can plot this constraint on the same
graph as the transfer curve of Figure 3.41, as a straight
line with slope —1/Ry; note that it goes “backward,”

T T T
8 —— FSC 2N5457
——— 0OnSemi 2N5457
----- OnSemi 2N5458
< gL
E 6
c
o
c R=1k
o
o
2 —
0 b

Gate Voltage (volts)

Figure 3.41. Measured transfer curves for a set of 2N5457 and
2N5458 n-channel JFETs at Vps=10V. These measurements ex-
tend beyond Ipss, with Vs taken 0.6V into positive territory. The
OnSemi curves show the parts with the lowest, middle, and high-
est Ipss from a batch of ten each.
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because Vs = —Vgs. The operating point has to be consis-
tent with this constraint and simultaneously with the trans-
fer characteristic of the JFET. In other words, the operating
point is the intersection of the two curves. In this case, with
Ry, = 1k, the quiescent point is at Vs = +1.6 V (and, from
the lowest 2N5458 curve, Ip = 1.6 mA).

Lest one be tempted to fall too quickly in love with
this technique, we hasten to point out that the character-
istic curves for a particular type of JFET exhibit a large
spread. For the 2N5458 illustrated in Figure 3.41, for ex-
ample, the specification allows Ipss to be anywhere be-
tween 2 and 9mA (and the pinchoff voltage Vg of) can
range from —1.0 to —7.0 V). In practice, it is rare to find
devices at the extremes, and there tends to be good consis-
tency in a single manufacturing batch (as indicated by the
date code stamped on the parts); for example, by measuring
a batch of 10 2N5458’s (Figure 3.41) we determined that
the quiescent point in this circuit would range from 1.52 to
1.74 V.

C. Output amplitude and voltage gain
We can figure out the output amplitude, as we did for the
emitter follower in Section 2.3.3, using the transconduc-
tance. We have
Vs = Ry ig

since i, is negligible; but

iq = gmVgs = gm(Vg — Vs),
SO

Ve = |: RLgm :|
) (1+RLgm) &

That is, the gain is

1 3.7)

1+
gmRL

For R >>>1/g, it is a good follower (Vs~0,), with gain
approaching, but always less than, unity. We are not near
that limit in this example, in which the measured value
gm=1.9mS implies a voltage gain of Gy=0.66 into the
1 kQ load, far from the ideal of unity gain. Furthermore,
the variation of transconductance over the signal swing re-
sults in undesirable nonlinearity. One solution is to use a
JFET with higher transconductance, or (better) add a BJT
transconductance enhancer (Figure 3.29F and §3x.2). But
in situations in which the external load impedance is high,
an elegant solution is to use a current sink as an active load,
as we’ll see presently (§3.2.6F).

D. Input impedance

Our hope that JFET source followers have infinite input
impedance is largely fulfilled, but they do have some gate
leakage current (see §3.2.8) and input capacitance (see Ta-
ble 3.7 on page 217). Gate leakage can become a problem
at drain-gate voltage greater than about 5V (Figure 3.49),
so be sure to check the JFET’s datasheet and, if necessary,
consider adding a cascode to limit Vpg.

A follower’s frequency response when driven by sig-
nals of high source impedance is limited by input capac-
itance, f3gg=1/2nC;n, where Ciy=Ciss+Crss+Ciray. The
gate-source capacitance Cig is generally about two to five
times higher than the gate-drain capacitance Ci, but for-
tunately it’s bootstrapped by the follower action and is ef-
fectively reduced to (1 — Gy )Cig. If you follow our advice
(below) so that Gy is nearly 1.0, only the JFET’s C re-
mains to limit the bandwidth. But it’s possible to bootstrap
the drain and reduce the effect of Cis by a factor of 5. This
leaves Cyyay as “the last man standing” to limit the band-
width — but you may be able to knock him down too by
“guarding” most of the input wiring capacitance (i.e., us-
ing the follower’s output signal to drive the cable’s shield;
see the discussion of signal guarding in §5.15.3).

E. Output impedance

The preceding equation for vy is precisely what you would
predict if the source follower’s output impedance were
equal to 1/g,, (try the calculation, assuming a source volt-
age of v, in series with 1/g,, driving a load of Ry). This
is exactly analogous to the emitter-follower situation, in
which the output impedance was re=25/Ic, or 1/g,,. It can
be easily shown explicitly that a source follower has output
impedance 1/g,, by figuring the source current for a signal
applied to the output with the gate grounded (Figure 3.42).
The drain current is

id = gmUgs = &,
SO

Fout =V/ig = 1/gm, (3.8)

typically a few hundred ohms at currents of a few mil-
liamps.*

In general, FET source followers aren’t nearly as stiff
as emitter followers. The exception is at very low currents,

47 In practice, a more convenient way to measure the follower output
impedance is to inject a signal current and measure the resulting source
voltage, as in Figure 3.42B. Get the current from a signal generator,
with a series resistor Ry much larger than roy, taking care to keep
Voue small, say ~50 mV; then the equation in the figure gives you roys.
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i / measure Vout ductance are used, of course, but a combination FET-BJT

f ‘\ *— follower (or FET-BJT “g,, enhancer,” Figure 3.29F) is
- o - @ Colock Rei often a better solution.

setlh 2. Because the Vigg needed to produce a certain operating

i Vsig current is a poorly controlled parameter in FET manufac-

A B. L ture, a source follower has an unpredictable dc offset, a

Figure 3.42. Calculating source-follower output impedance.

in the subthreshold region, where the transconductance of
some JFETSs approaches that of a BJT operated at the same
current; see Figure 3.54 on page 168.

In this example, with g, = 1.9 mS, the impedance look-
ing back into the JFET’s source is 7oy = 525 €2, which
combines with the parallel 1k source load resistor to pro-
duce an output impedance of 345 Q, quite a bit higher than
the analogous value of r, = 16 Q for a BJT operating at the
same 1.6 mA.

We were able to calculate the voltage gain and output
impedance reasonably accurately in this example because
we took the trouble to measure the Ip versus Vs charac-
teristic curves. It’s worth pointing out, however, that the
manufacturer’s datasheet for the 2N5458 gives us little help
here: it gives no characteristic curves for the 2N5458, only
for the lower-current part (2N5457); and for the 2N5458 it
specifies g,, only at Ipss, where it gives arange of 1.5 mS to
5.5 mS. From these limits, along with the Ipss and Vs oFF)
limits above, we would not be able to form a good esti-
mate of the operating transconductance, because the oper-
ating point with a fixed value of source load resistor is ill-
determined. We could do better by assuming that we ad-
just Rg to make Ip=1.6 mA, say; then, using the fact that
gm = V/Ip, the specified limits of Ipss and of g, (at Ipss)
guarantee that g,, lies in the range 0.6 mS to 4.9 mS.*® Our
measured value of g, falls nicely within this range, being
rather close to the geometric mean of these limits.

There are two drawbacks to this circuit.

1. The relatively high output impedance means that the out-
put swing may be significantly less than the input swing,
even with high load impedance, because Ry alone forms a
divider with the source’s output impedance. Furthermore,
because the drain current is changing over the signal
waveform, g,, and therefore the output impedance will

48 In fact, one can narrow that estimate somewhat, because g,, and Ipss
are correlated: a JFET sample with unusually high g, will lie at the
high end of the Ipgg distribution as well.

serious drawback for dc-coupled circuits.

(An additional problem is caused by the fact that an
FET’s drain current depends to some degree on drain-to-
source voltage. You might call this the “g, effect,” which
also acts to reduce the gain from the ideal G = 1. It is dis-
cussed later in §§3.3.2 and in the Chapter 3x section “Band-
width of the Source Follower with a Capacitive Load.”)

Perhaps this is a good place to pause and realize that
many of the circuits we’ve been considering would be eas-
ier to implement, and would work better, if we had access
to a negative supply voltage. But often that’s not the case;
s0, in the spirit of real-world circuit design constraints (and
as a useful learning exercise) we’re slogging through the
extra difficulties posed by single-supply JFET follower de-
sign. But if you do have a negative supply available, by all
means use it!

F. Active load

The addition of a few components improves the source
follower enormously. Work with us here, as we take it in
stages (Figure 3.43).

First we replace the load resistor (called Rs in Fig-
ure 3.43A) with a (pull-down) current sink (circuit B). (You
can think of this as the previous case, with infinite Rg.) The
constant source current makes Vgg approximately constant,
thus reducing nonlinearities. A nice trick (circuit B’) has a
BJT follower doing double duty, both providing low out-
put impedance while sinking a (roughly) constant current
of VBE / RB .

We still have the problem of unpredictable (and there-
fore nonzero) offset voltage (from input to output) of Vs
(or Vgs + VBE, for circuit B’). Of course, we could simply
adjust Link to the particular value of Ings for the given FET
(in the first circuit) or adjust Rp (in the second). This is a
poor solution for two reasons: (a) it requires individual ad-
justment for each FET; and (b) even so, Ip may vary by a
factor of two over the normal operating temperature range
for a given Vgs.

A better circuit uses a matched FET pair to achieve zero
offset (circuit C). Q; and Q5 are a matched pair, on a sin-
gle chip of silicon, for example the excellent LSK389 (see
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Figure 3.43. JFET unity-gain source followers — from simplest to best.

Table 3.7 on page 217), with O, sinking a current of
Ipss, i.e., its drain-current corresponding to Vgs=0. But the
JFETSs are matched, so Vgs=0 for both transistors: voila,
0, is a follower with zero offset. Because Q; tracks Q; in
temperature, the offset remains near zero, independent of
temperature.

You usually see the preceding circuit with source resis-
tors added (circuit D). A little thought should convince you
that the upper resistor R is necessary and that equal-value
resistors guarantee that Vo, = Vi, if Q1 and O, are matched.
This circuit modification gives better Ip predictability, it al-
lows you to set the drain current to some value less than
Ipss, and the source degeneration gives improved linearity.
The variation of circuit G lets you trim the (already small)
residual offset voltage caused by imperfect matching of the
010, pair; the LSK389, for example, specifies a worst-
case mismatch (at 1 mA drain current) of AVgg = 20 mV.*°

Circuit E adds a BJT output follower (Q3), with a JFET

49 But a tricky “gotcha”: the offset specification assumes equal Vpg for

current sink pull-down (Qs). Transistor Q4 adds a compen-
sating Vg in Q’s source to maintain approximately zero
dc offset from input to output.

Circuits A-D all share a problem, namely, the drain-to-
source voltage across Q varies directly with input signal.
This can cause several undesirable effects. For example,
imagine that circuit C is run between £10V supply rails
and that the input signal swings between +5 and —5V.

the two JFETS, but in circuit D there is a Vpg mismatch that depends
on the input signal voltage relative to the supply rails. To estimate the
resulting offset voltage of the follower you need to know the JFETS’
output conductance (gos), which causes an input—output offset in the
follower that is proportional to the Vpg mismatch. That parameter is
not specified on this JFET’s datasheet, but from our measurements (see
Table 3.7 on page 217) we know that g,s~100 uS, which causes a fol-
lower offset of AV=AVps/Gmax; here that amounts to ~60mV for a
10V difference in Vpg, quite a bit larger than the 20 mV maximum
untrimmed offset of the JFET pair (when the Vpg’s are balanced). The
cure? Circuit H, a cascode in each JFET to hold each Vpg constant.
Thunderous applause, yet again, for the remarkable cascode.
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At the positive signal peak, Q; has less than 5V from
drain to source, while Q> has more than 15V. Because
a FET’s drain current (at fixed Vgs) varies slightly with
drain-to-source voltage (discussed in §§3.3.2 and 3x.4),
consequences here are a departure from strict unity gain
and (worse) a potential nonlinearity; another consequence
is that the input gate current can rise dramatically at drain-
to-source voltages greater than 5V (see Figure 3.49 on
page 164), seriously degrading the otherwise admirably
low input current.

An excellent solution to these problems (and others!)
is the cascode configuration, as in circuit H. Here we’ve
added JFETs Qg and Q7, which need not be matched, but
which must be chosen to have a Vg larger than the min-
imum desired Vpg of Q and Q5. The cascode transistors
bootstrap Vps of Q1 and Q> to a voltage equal to the Vs
of Qg and Q7 while passing through the drain currents. So
Q1 and Q; operate at constant (and low) Vpg, with the cas-
code transistors taking up the slack as the signal swings,
thus addressing both problems described in the preceding
paragraph. The results are dramatic, as we’ll see presently
in a low-distortion “case study.”

A further improvement on these JFET follower circuits
is the addition of a pnp transconductance enhancer in Q;’s
drain circuit (as in Figure 3.29, where the greatly increased
transconductance rescues an otherwise mediocre amplifier
stage); this is particularly helpful if the follower is to drive
arelatively low load impedance. This is fleshed out in more
detail in §3x.2.

JFETSs can handle plenty of forward gate current, but
they are easily damaged by reverse breakdown. When that
possibility exists, it’s a good idea to add gate protection, as
in circuit F. The series resistor Ryt limits current through
the clamp diode D (which should be a low-leakage part
like the 1N3595, if low input current is important). You
can use the base—collector junction of an ordinary BJT,
or the gate-channel diode of a JFET; see the plot of mea-
sured diode reverse leakage currents in §/x.7. But there’s
a compromise here: a large value of Ry safely limits the
clamp current, but it introduces excessive Johnson (ther-
mal) noise, a serious issue in low-noise applications. The
use of a depletion-mode MOSFET current limiter solves
this problem elegantly; see §5.15.4 for details.

Note that the JFETS in these examples can be replaced
with depletion-mode MOSFETSs, which are available with
voltage ratings to 1000 V; in that case it’s necessary to pro-
tect the gate against both forward and reverse overvoltages
greater than £20 V.

In a further variation of these circuits, you can use the
output signal to drive an inner “guard” shield in order to

effectively eliminate the effects of shielded-cable capaci-
tance, which would otherwise be devastating for the high
source impedances that you might see with this sort of
high-impedance input buffer amplifier.

G. Case study: low-distortion JFET follower

To explore quantitatively the improvement you get with
a current-sink pull-down, and further with a cascode ar-
rangement, we wired up the three follower circuits in Fig-
ure 3.44, each with an LSK389 dual JFET; these corre-
spond to circuits A, D, and H of Figure 3.43. To seriously
challenge these circuits’ linearity, we drove each with a
clean 1kHz sinewave,”” at signal amplitudes that pushed
precariously close to the supply rails.

The simple resistor pull-down circuit (Figure 3.44A) ex-
hibited an expected dc offset (about 0.25V at the quies-
cent point), with measured distortion (Figure 3.45) going
from 0.02% (at 1 Vrms) to about 0.14% (at 5 Vrms). That’s
pretty decent performance, especially given that this circuit
is entirely open-loop (no feedback); it’s better than we ex-
pected. The distortion was almost entirely second harmonic
(i.e., at 2fin).

Q1a
Q1, Q1a,b: LSK389
Vps =2V 9
Qia vy 5mA
+10V 50
Q1 Vos = 11mV
(meas) Qib
Vos =265mV Q
1b
(meas)
2k
50
A. -10V B 4 C. —e

Figure 3.44. Three candidates for the JFET follower low-distortion
medal-of-honor.

Adding an LSK389 matched JFET current sink with
source degeneration (Figure 3.44B) made a nice improve-
ment: a dc offset of about 10mV and a measured distor-
tion reduced by a factor of ten (20 dB), with the distortion
now almost entirely third harmonic (3 fi,). We’re in seri-
ous audiophile territory here. Finally, adding a cascode (the

30 From an SRS DS360 “Ultra-low distortion function generator”: dis-
tortion less than 0.0003%. We measured the output distortion with a
ShibaSoku 725B distortion analyzer.
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J310’s Vigs is much larger than that of Oy, so that the latter
runs at Vps~2 V) improves the linearity by another 20 dB,
bumping into the measurement floor of our modest appara-
tus.>! The low drain-to-source voltage across Q1, imposed
by the cascode also ensures a low input gate current.>

5 0.1%5— 7;:?:5« E
5 X .
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Figure 3.45. Measured distortion versus signal amplitude for the
JFET followers of Figure 3.44, with R, =1 M.

3.2.7 FETs as variable resistors

Figure 3.21 showed the region of JFET characteristic
curves (drain current versus Vpg for a small family of Vg
voltages), both in the normal (“saturated”) regime and in
the “linear” region of small Vpg. We showed the equiva-
lent pair of graphs for a MOSFET at the beginning of the
chapter (Figure 3.2). The Ip-versus-Vpg curves are approx-
imately straight lines for Vpg smaller than Vgs — Vi, and
they extend in both directions through zero, i.e., the device
can be used as a voltage-controlled resistor for small sig-
nals of either polarity. From our equation for Ip versus Vgg
in the linear region (§3.1.4, eq’n 3.1) we easily find the
ratio (Ip/Vps) to be

1 Vbs
— =2k |(Vgs —Vin) — ——

oS > (3.9

The last term represents a nonlinearity, i.e., a departure
from resistive behavior (resistance shouldn’t depend on
signal voltage). However, for drain voltages substantially
less than the amount by which the gate is above threshold
(Vps — 0), the last term becomes unimportant, and the FET
behaves approximately like a resistance:

51 Oscillator courtesy of eBay; distortion analyzer courtesy of the MIT
Flea Market.

52 These impressively low distortions were measured into a high
impedance. If you want to drive a substantial load, you may need to
add a “g,, enhancer” to Qj,; see §§3x.2 and 3x.4 in Chapter 3x.

rps ~ l/[zK’(VGS _Vth)]~ (3]0)
Because the device-dependent parameter K isn’t a quantity
you are likely to know, it’s more useful to write rpg as

rps = 160(Vao — Vin) / (VG — Vin), (3.11)
where the resistance rpg at any gate voltage Vg is written
in terms of the (known) resistance rgo at some gate voltage
Vso.-

Exercise 3.2. Derive the preceding “scaling” law.

From either formula you can see that the conductance
(=1/rps) is proportional to the amount by which the
gate voltage exceeds threshold. Another useful fact is that
rps=1/gm, i.e., the channel resistance in the linear region
is the inverse of the transconductance in the saturated re-
gion. This is a handy thing to know, because either g,, or
rps is a parameter nearly always specified on FET data
sheets.

Exercise 3.3. Show that rpg=1/g;, by finding the transconduc-
tance from the saturation drain-current formula in §3.1.4.

Typically, the values of resistance you can produce with
FETs vary from a few tens of ohms (as low as 0.001 Q
for power MOSFETs) all the way up to an open circuit.
A typical application might be an automatic-gain-control
(AGC) circuit in which the gain of an amplifier is adjusted
(by means of feedback) to keep the output within the linear
range. In such an AGC circuit you must be careful to put
the variable-resistance FET at a place in the circuit where
the signal swing is small, preferably less than 200mV or
sO.

The range of Vps over which the FET behaves like a
good resistor depends on the particular FET and is roughly
proportional to the amount by which the gate voltage ex-
ceeds threshold. Typically you might see nonlinearities of
about 2% for Vps<0.1(Vgs — Vin), and perhaps 10% non-
linearity for Vps~0.25(Vss — Vin). Matched FETs make it
easy to design a ganged variable resistor to control sev-
eral signals at once. You can also find some JFETS specif-
ically intended for use as variable resistors (e.g., the In-
terFET 2N4338-41 series, and VCR series), with nominal
ON-resistances specified at some Vgg (usually OV).

A. Linearizing trick

It is possible to improve the linearity and, simultaneously,
the range of Vpg over which a FET behaves like a resistor,
by a simple compensation scheme. Look at the expression
3.9 for 1/rps; you can see that the linearity will be nearly
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perfect if you can add to the gate voltage a voltage equal to
one half the drain-source voltage. Figure 3.46 shows two
circuits to do exactly that.

In the first, the JFET forms the lower half of a resistive
voltage divider, thus forming a voltage-controlled attenua-
tor (or ““volume control”). R and R, improve the linearity
by adding a voltage of 0.5Vpg to Vgs, as just discussed.
The JFETs shown have an ON-resistance (gate grounded)
of 60 Q(max), giving the circuit an attenuation range of 0
to 40 dB. In the second circuit, the JFET’s controllable re-
sistance forms the lower leg of the gain-setting feedback
divider in an op-amp noninverting voltage amplifier (the
voltage gain is G=[10k/Rpgr]+1).

The linearization of rpg with a resistive gate-divider cir-
cuit, as above, is remarkably effective. In Figure 3.47 we’ve
compared actual measured curves of Ip versus Vpg in the
linear (low-Vpg) region for FETs, both with and without
the linearizing circuit. The linearizing circuit is essential
for low-distortion applications with signal swings of more
than a few millivolts. We used it for amplitude control in
the oscillator circuit of Figure 7.22, where the JFET was
combined with a series resistor to create a low-distortion
gain trimmer; the measured distortion of just 0.0002%.

When considering FETs for an application requiring a
gain control, e.g., an AGC or “modulator” (in which the
amplitude of a high-frequency signal is varied at an au-
dio rate, say), it is worthwhile to look also at “analog-

_l_<1volt

. 6k .
/ ™ sig sig
/] in VVV out

T .

2
100k PN4392
Veontrol R =600
(negative) ON ™
R, — (max)
A 100k
U1 LF411
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sig (op-amp)
in — +
™M
B 10k
R,
100k
Vcontrol PN4392
(negative)
f
B. 100k

Figure 3.46. Linearizing the JFET variable resistor.

multiplier” ICs. These are high-accuracy devices with good
dynamic range that are normally used to form the prod-
uct of two voltages. One of the voltages can be a dc con-
trol signal, setting the multiplication factor of the device
for the other input signal, i.e., the gain. Analog multipliers
exploit the g,,-versus-Ic characteristic of bipolar transis-
tors [gmn = Ic(mA)/25 siemens], in a configuration known
as the “Gilbert cell,” using matched arrays to circumvent
problems of offsets and bias shifts. At very high frequen-
cies (100 MHz and above), passive “balanced mixers” are
often the best devices to accomplish the same task.

It is important to remember that a FET in conduction
at low Vps behaves like a good resistor all the way down
to zero volts from drain to source (and even a bit beyond,
in the opposite quadrant). There are no diode drops, sat-

3
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Figure 3.47. Measured curves of Ip versus Vps for both (top) a
JFET and (bottom) a MOSFET, showing the linearizing effect of
a resistor pair (as in Figure 3.46). Note the relatively high current
scale for the MOSFET.
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uration voltages, or the like to worry about. We will see
op-amps and digital logic families (CMOS) that take ad-
vantage of this nice property, giving outputs that saturate
cleanly to the power supplies.

3.2.8 FET gate current

We said at the outset that FETs in general, and MOS-
FETs in particular, have essentially zero steady-state gate
current. This is perhaps the most important property of
FETs, and it was exploited in the high-impedance ampli-
fiers and followers in the previous sections. It will prove
essential, too, in applications to follow — most notably ana-
log switches and digital logic.

Of course, at some level of scrutiny we might expect
to see some gate current. It’s important to know about
gate current, because a naive zero-current model is guar-
anteed to get you in trouble sooner or later. In fact, finite
gate current arises from several mechanisms. (a) Even in
MOSFETs the silicon dioxide gate insulation is not perfect,
leading to leakage currents in the picoampere range. (b) In
JFETs the gate “insulation” is really a back-biased diode
junction, with the same impurity and junction leakage-
current mechanisms as ordinary diodes. (c¢) Furthermore,
JFETs (n-channel in particular) suffer from an additional
effect known as “impact-ionization” gate current, which
can reach astounding levels. (d) Finally — and most impor-
tant for high-speed circuits — both JFETs and MOSFETs
have dynamic gate current, caused by ac signals driving the
gate capacitance; this can cause Miller effect, just as with
bipolar transistors.”> We’ll deal with this important topic
later, in §§3.5 and 3.5.4.

In most cases gate input currents are negligible in com-
parison with BJT base currents. However, there are situa-
tions in which a FET may actually have higher input cur-
rent. Let’s look at the numbers.

A. Gate leakage

The low-frequency input impedance of a FET amplifier
(or follower) is limited by gate leakage. JFET datasheets
usually specify a breakdown voltage, BVgss, defined as
the voltage from gate to channel (source and drain con-
nected together) at which the gate current reaches 1 yA.
For smaller applied gate-channel voltages, the gate leak-
age current, Igss, again measured with the source and
drain connected together, is considerably smaller, dropping

53 In extreme cases, for example in high-voltage power switching, it can
require amperes of gate drive current to switch a large MOSFET on the
time scale of nanoseconds. This is not a trivial effect!

quickly to the picoampere range for gate-drain voltages
well below breakdown. With MOSFETSs you must never al-
low the gate insulation to break down; instead, gate leakage
is specified as some maximum leakage current at a speci-
fied gate-channel voltage. Integrated circuit amplifiers with
FETs (e.g., FET op-amps) use the misleading term “input
bias current,” I, to specify input leakage current; it’s usu-
ally in the picoampere range.

The good news is that these leakage currents are in the
picoampere range at room temperature. The bad news is
that they increase rapidly (in fact, exponentially) with tem-
perature, roughly doubling every 10°C. By contrast, BJT
base current isn’t leakage, it’s bias current, and in fact tends
to decrease slightly with increasing temperature. The com-
parison is shown graphically in Figure 3.48, a plot of in-
put current versus temperature for several IC amplifiers
(op-amps). The FET-input op-amps have the lowest input
currents at room temperature (and below), but their input
current rises rapidly with temperature, crossing over the
curves for amplifiers with carefully designed BJT input
stages like the LM10 and LT1012. These BJT op-amps,
along with “premium” low-input-current JFET op-amps
like the OPA111 and OPA627, are fairly expensive. How-
ever, we also included everyday “jellybean” op-amps like
the bipolar LM358 and JFET LF411/2 in the figure to give

10 " e . I_B.(_.) ———————
—————————————————— L T.1?3-9=5_»__“/_BI+§“'""'
TpA - h
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Figure 3.48. The input current of a FET amplifier is gate leak-
age, which doubles every 10°C. The FET-input amplifiers in this
plot (solid lines) are easily spotted by their characteristic upward
slope.
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an idea of input currents you can expect with inexpensive
(less than a dollar) op-amps.

B. JFET impact-ionization current

In addition to conventional gate leakage effects, n-channel
JFETs suffer from rather large gate leakage currents when
operated with substantial Vpg and Ip (the gate leakage
specified on datasheets is measured under the unrealis-
tic conditions that both Vpg=0 and Ip=0"). Figure 3.49
shows what happens. The gate leakage current remains
near the Igss value until you reach a critical drain-gate
voltage, at which point it rises precipitously. This extra
“impact-ionization” current is proportional to drain cur-
rent, and it rises exponentially with voltage and temper-
ature. The onset of this current occurs at drain-gate volt-
ages of about 25% of BVgss, and it can reach gate currents
of a microamp or more. Obviously a “high-impedance
buffer” with a microamp of input current is worthless.
That’s what you would get if you used a BF862 as a
follower, running 1 mA of drain current from a 20 volt
supply.

This extra gate leakage current afflicts primarily n-
channel JFETS, and it occurs at higher values of drain-
gate voltage. Some cures are to (a) operate at low drain-
gate voltage, either with a low-voltage drain supply or with
a cascode, (b) use a p-channel JFET, where the effect is
much smaller, or (c) use a MOSFET. The most important
thing is to be aware of the effect so that it doesn’t catch you
by surprise.

Gate Current, Ig

0.1 L L
0 5 10 15 20
Drain-to-Gate Voltage, Vpg (V)

Figure 3.49. JFET gate leakage increases disastrously at higher
drain-gate voltages and is proportional to drain current, as seen in
the datasheet curves for the otherwise excellent BF862 n-channel
JFET.

C. Dynamic gate current

Gate leakage is a dc effect. Whatever is driving the gate
must also supply an ac current, because of gate capaci-
tance. Consider a common-source amplifier. Just as with
bipolar transistors, you can have the simple effect of input
capacitance to ground (called Cig), and you can have the
capacitance-multiplying Miller effect (which acts on the
feedback capacitance Ci). There are two reasons why ca-
pacitive effects are more serious in FETs than in bipolar
transistors. First, you use FETs (rather than BJTs) because
you want very low input current; thus the capacitive cur-
rents loom relatively larger for the same capacitance. Sec-
ond, FETs often have considerably larger capacitance than
equivalent bipolar transistors.

To appreciate the effect of capacitance, consider a FET
amplifier intended for a signal source of 100k source
impedance. At dc there’s no problem, because the picoam-
pere currents produce only microvolt drops across the sig-
nal source’s internal impedance. But at 1 MHz, say, an
input capacitance of 5 pF presents a shunt impedance of
about 30k, seriously attenuating the signal. In fact, any am-
plifier is in trouble with a high-impedance signal at high
frequencies, and the usual solution is to operate at low
impedance (50 €2 is typical) or use tuned LC circuits to res-
onate away the parasitic capacitance. The point to under-
stand is that the FET amplifier doesn’t look like a 10'2Q
load at signal frequencies.

As another example, imagine switching a 5 amp high-
voltage load with a power MOSFET (there aren’t any high-
power JFETs), in the style of Figure 3.50. One might
naively assume that the gate could be driven from a dig-
ital logic output with low current-sourcing capability, for
example the so-called 4000-series CMOS logic, which can
supply an output current of the order of 1 mA with a swing
from ground to +10 V. In fact, such a circuit would be a
disaster, because 1 mA of gate drive into the 200 pF aver-
age feedback capacitance of the IRF740 would stretch the
output switching speed to a leisurely 50 us.>*

Even worse, the dynamic gate currents (/gae=C dVp /dt)
would force currents back into the logic device’s output,
possibly destroying it by means of a perverse effect known
as “SCR latchup” (more of which in Chapters 10 and 11);

54 Our model is unacceptably crude, because feedback capacitance varies
rapidly with drain voltage (see §3.5.4A). It’s OK to use a constant value
for feedback capacitance Crg for small-signal calculations; but for a
switching application like this, you need to go to the datasheet for val-
ues of gate charge, which take into account the nonlinear behavior of
the capacitances. In this example the datasheet specifies Qg ~ 40nC
of gate charge, producing a switching time of 1 = Qg /i =40us at a
(dynamic) drive current i of 1 mA.
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CMOS digital logic
Vpp = +10V

_/—+10V
0

Figure 3.50. Dynamic gate current example: driving a fast-
switching load.

for this and other reasons a series resistor (not shown in the
figure) is usually added between the driving device and the
MOSFET’s gate. Bipolar power transistors have somewhat
lower capacitances and therefore somewhat lower dynamic
input currents (but still in the same ballpark); but when you
design a circuit to drive a 5 amp power BJT, you’re expect-
ing to provide a few hundred milliamps or so of base drive
(via a Darlington or whatever), whereas with a FET you
tend to take for granted low input current. In this example —
in which you would have to supply a couple of amperes of
gate drive current to bring about the 25 ns switching speed
that the MOSFET is capable of — the ultra-high-impedance
FET has lost some of its luster.

Exercise 3.4. Estimate the switching times for the circuit of Fig-
ure 3.50, with 1 amp of gate drive current, assuming either (a) an
average feedback capacitance of 200 pF, or (more accurately) (b)
a required gate charge of 40 nC.

3.3 A closer look at JFETs

In §3.1.4 we introduced the landscape of FET operating re-
gions: for drain voltages of a volt or more (to get beyond
the “linear” resistive region) there is the conventional op-
erating region in which the saturation drain current® I, is
proportional to (Vgs — Vth)2 and (at much lower drain cur-
rents) the subthreshold region in which Ip is exponential in
VGs.

That’s the simple picture. Because JFETs are the de-
vices of choice for accurate or low-noise (or both) circuits
with high input impedance, it’s worth looking more closely
at their idiosyncrasies, ideally with measurements of actual
devices.

35 The term “saturation” can be confusing: for FETs it is used to denote
current saturation, the region of drain voltages more than a volt or
so where the drain current is approximately constant. By contrast, for
BITs the term “saturation” denotes voltage saturation (an ON switch),
in which the collector voltage is close to zero. It never hurts to add the
qualifying adjective (though people seldom do).

We’ve undertaken an exhaustive (and exhausting!) re-
view of most of the available JFETS, collecting sample
batches of each, often from multiple manufacturers. Ta-
ble 3.7 on page 217 includes most of them, with some mea-
sured parameters (Ipss, and gos, gm, and Vgs at a useful
drain current) alongside the datasheet specifications.’® See
also Table 8.2 on page 516, which lists a nice selection of
low-noise JFETs.

Advanced JFET topics are treated in Chapter 3x; here
we discuss a few essential subjects — JFET operating re-
gions (including the often neglected subthreshold region),
JFET transconductance, and JFET capacitance.

3.3.1 Drain current versus gate voltage

A persistent issue with JFET circuit design is parameter
spread. This is nicely illustrated in Figures 3.51 and 3.52,
where we’ve plotted measured Ip versus Vgg for six sam-
ples of the 2N5457 n-channel JFET (three from each of two
manufacturer557), and three samples of the related 2N5458
(from the same 2N5457-59 family). In each case we chose
the parts with the highest, lowest, and median values of
measured Ipss in a batch of ten parts. For these measure-
ments we ventured into positive gate voltages (up nearly to
a diode drop, the onset of gate conduction), well beyond
the usual zero-bias limit; nothing terrible happens, but in
general this is a practice that should be avoided.

Let’s look more closely at the data for these nine parts
to understand different aspects of their performance and the
impact on JFET circuit designs.

A. The quadratic region

The linear plot is what you usually see in datasheets and in
textbooks. That scaling reveals well the quadratic behav-
ior of drain current at a significant fraction of the zero-bias
drain current (Ipss), where JFETs are most often operated
[eq’n 3.4]. You can see also the variation of /pss among
samples (the specified range for the half-dozen 2N5457
samples is indicated by a vertical bar), as well as the some-
what steeper slope for the Fairchild 2N5457 samples. The
slope is, of course, just the transconductance gain, g, =
dIp/dVgs, increasing linearly with Vgs [eq’n 3.5] in this
regime of where the drain current is quadratic in Vgs — Vip.

6 See also Table 8.2 for noise parameters. These JFET tables repre-
sent several months’ work — of comparing datasheet specifications, of
checking distributors’ stock, and of lab measurements. We found it re-
vealing and rewarding, and we hope it is of use to the reader.

57 We used dashed lines for the Fairchild parts, to untangle the crowd.
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Figure 3.51. Drain current versus gate voltage for nine parts from
the 2N5457-9 n-channel JFET family, operating with Vps=5V. The
same data is plotted on linear, log, and square-root axes. The
ON Semi and Fairchild parts both meet the Ipss spec (middle panel)
despite their substantially different curves. Note that the measure-
ments extend beyond Ipgs, to Vgs +0.6 V.

Finding Vi,: square-root plot
Look next at the square-root plot, which gives the quadratic
region a chance to stretch out its limbs. The extrapolation
to zero drain current defines the threshold voltage Vi,. At
that voltage the current is not zero — it’s just down near the
top of the subthreshold region.

B. The subthreshold region

Finally, the log plot greatly expands the low-current region.
The curves bend over toward a straight-line (thus exponen-
tial) behavior at the lowest currents — this is the subthresh-
old region, which is explored six orders of magnitude more
deeply in Figure 3.52.

C. The deep subthreshold region

From the extended curves in Figure 3.52 we can see that
JFETs continue to do their stuff down to picoamp drain
currents, conforming accurately to an exponential drain-
current law (analogous to the BJT’s Ebers—Moll), which
can be written as

Ip = Ipexp(Vgs /nVr),

with the same Vr=kT /g~25mV as in Ebers—Moll (but
with an added fudge factor n). The measured data in Fig-
ure 3.52 corresponds to a near-unity value for n (n = 1.05).
In other words, at very low drain currents, a JFET has
nearly the same transconductance as a BJT operating at
that same collector current (as confirmed in the measured
transconductance data of Figure 3.54 on page 168).%% Note
that the Fairchild parts (in a gesture of egalitarian spirit)
are no longer anomalous — unlike their behavior in the
quadratic region (where they were the transconductance
champs), at low currents they exhibit the same transcon-
ductance (slope) as the other parts.

(3.12)

3.3.2 Drain current versus drain-source voltage:
output conductance

Drain current (at constant Vgs) does have some depen-
dence upon drain-to-source voltage, in contrast to the ide-
alized picture that you usually see (and to the promulga-
tion of which we are guilty parties: see §3.1.4 and Fig-
ure 3.13). You can think of this effect as analogous to Early
effect in BJTs (§2x.8), or, equivalently, as a finite output
impedance r, (or, more commonly, finite output conduc-
tance gos=1/r,) seen at the drain terminal when the gate-
source voltage is held constant. This effect limits the max-
imum gain of a grounded-source amplifier configured with

8 But not much bandwidth! For instance, at Ip=10pA a 2N5457
would have a paltry gain-bandwidth product fr of just 140 Hz
(fr=gm/27Ciss; see “Bandwidth of the Cascode, BJT vs FET” in
Chapter 3x). It’s nice to know that JEETs (like BJTs) work well at very
low currents, a useful characteristic for micropower and nanopower ap-
plications. But don’t forget that device capacitances loom large at low
currents, so current-starved designs are slower than circuits running at
normal currents.
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Figure 3.52. Log plot of measured drain currents (dots) versus gate voltage for the same JFETSs as in Figure 3.51. JFETs work fine at
10 pA, far below the arbitrary 10 nA drain current that conventionally defines the gate-source cutoff voltage Vs ofr) -

a current source as drain load (that’s the G parameter
in Table 3.1 on page 141), and you need to take it into ac-
count if your gain approaches Gy . It also further degrades
the performance of a source follower (already degraded by
low g, RL; see §3.2.6) if Gax is comparable to or less than
gmRy. These consequences are discussed in detail in Chap-
ter 3x (§3x.4); but they are important enough to be worthy
of mention here.

A. Degraded gain and linearity in the
common-source amplifier

This “gos effect” limits the maximum gain of the

common-source amplifier, by effectively putting a resis-

tance ro=1/gos across the drain load impedance. For a sim-

ple resistive drain load Rp that reduces the gain from the

ideal G=g,,Rp to G=g;(Rp || o), or

G = gmRp (3.13)

1+ gosRp

A further unwelcome consequence is some nonlinearity,
owing to the dependence of g,s upon drain voltage. See
§3x.4 if you want to know more about this.

B. Gain error in the source follower
The “gos effect” also acts to reduce the gain of the source
follower from the ideal G=1. This is most noticeable

with relatively light loads, where Ry, >1/g,, (and therefore
where you would expect the voltage gain to be very close
to unity). Taking this effect into account, the voltage gain
of the simple JFET follower of Figure 3.40 becomes
1
LT
gmRL  Gmax

G= (3.14)

where Gpax 1s the ratio of drain conductance to transcon-
ductance (Gmax=8gos/gm) at the operating voltage and
current. (We defined Gpax because it’s roughly constant
with current®® and therefore more useful than the current-
dependent r, and gos). Thus, for example, you need both
gmRy and Gpax greater than 100 for <1% gain error —
or you need to use some tricks, such as an active load, a
cascode connection, or a “g,, enhancer.” Looking back to
the tutorial source follower progression in Figure 3.43, that
is the reason for the use of an active load and a cascode
connection in circuit H. Table 3.1 lists measured values of
Gmax for common JFETS. For further enlightenment read
the exposé in §3x.4.

59 Looking more closely, both g,, and g.s depend on drain current, ap-
proximately proportional to v/Ip (§§3.3.3, 3x.2); their ratio Gy is rel-
atively flat with drain current, but approximately proportional to drain-
source voltage (§§3.3.4, 3x.4).
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3.3.3 Transconductance versus drain current

Recall that transconductance (g,,=iq /Ugs, the change of
drain current with gate-to-source voltage) is the natural
measure of FET gain. It is analogous to the Ebers—Moll
view of bipolar transistors, where g,=qlc/kT=Ic/Vr.
Generally speaking, at any given drain current an FET will
have lower transconductance than a BJT. Starting at the
lowest drain currents (recall §3.3.1 and Figure 3.52), the
transconductance in the FET subthreshold region is pro-
portional to drain current (like a BJT), but somewhat less
than a BJT operating at the same current; see Figure 3.53.
If you write g,,=Ip/nVr, typical JFETs have n values in
the range of 1.05 to 3, as can be seen in the measured data
of Figure 3.54 (and similar expanded plots in Chapter 3x,
see §3x.2).

Vy = kT/q = 25mV
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v

Ic, Ip (log scale)

Figure 3.53. Transconductance versus drain current: in the sub-
threshold region an FET’s transconductance is proportional to cur-
rent (like a BJT); at normal currents where Ipe<(Vgs—Vi)? it goes
like /Ip; then at still higher operating currents it flattens toward a
maximum.

At higher currents, in the FET’s “quadratic region” of
drain current where I o< (Vgs thh)z, the transconductance
becomes proportional to the square root of drain current,
falling away below the BJT’s increasing (e<Ic) transcon-
ductance. At still higher currents the transconductance flat-
tens further. For JFETs the story ends here; but for MOS-
FETs (where you can bring the gate voltage high enough
to reach constant maximum drain current), the transcon-
ductance heads back down, for example with the LND150
whose Ip versus Vgs curve is plotted in Figure 3.9.

It’s not hard to measure transconductance directly — see
§3x.3 for circuit details of one simple method (where the
secret sauce is a cascode stage to clamp the drain voltage).
We used that circuit to measure the transconductance of

some sixty JFETs, at drain currents going from 1 uA to
30 mA in half-decade steps.

Figure 3.54 shows measured transconductance versus
drain current, for a few representative JFETs.%” At higher
currents the transconductance is approximately propor-
tional to the square root of drain current (thus propor-
tional to Vgs—Vi). And, even though these curves go
down “only” to 1 uA, most of the JFETs (the four up-
per curves) are already well into the sub-threshold region
(with transconductance proportional to drain current) down
at that current.

100 F—
F Vps=5V
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Transconductance, gm (MS)
T

PN4117-19  Ibss

1mA

100pA
Drain Current, Ip

10pA

10mA

0.01 .
1A

Figure 3.54. Measured low-frequency transconductance for some
representative n-channel JFETs. See also the analogous plot in
§3x.2.

So, what’s going on with the PN4117-19? Well, these
are very small JFETs (you can tell by their very low Ipss
values), so even at a drain current of 1 A the current den-
sity is high enough to bring them over into their quadratic
region. Put another way, in the preceding discussion we
should have been referring to “current density” (rather than
simple drain current) as the measure of whether a given
JFET is in its subthreshold region or its quadratic region.

Note that this holds also for MOSFETS: a large power
MOSFET (with drain current ratings in the hundreds of
amps) will be running in its subthreshold region if used
in a linear circuit application.%! As we’ll see in §3.6.3, this
has an important effect on thermal stability when multiple
MOSFETs are connected in parallel in power applications,
because in the subthreshold region MOSFETS have a pos-
itive thermal coefficient of drain current with temperature;

60 See the rich thicket of measured curves in the analogous plot in §3x.2.
61 SPICE-lovers beware: the simulation models for power MOSFETS are
nearly useless in the subthreshold region.
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this can cause serious mischief when not fully appreciated
by the circuit designer.

A. Transconductance within a JFET family

From Figure 3.54 and the preceding discussion it would
appear that you cannot really predict a JFET’s transcon-
ductance at any given operating current; that graph shows a
50:1 variation of g, at a given current. Worse still, the data
of Figure 3.51 suggests that you cannot even predict with
any reasonable certainty the operating current of a given
JFET part type for a given gate bias (or vice-versa).

As it turns out, the situation is not so bleak. Within a
family (or extended family) of similar JFETS the transcon-
ductance depends primarily (and predictably) upon drain
current, even though the corresponding gate voltage may
be all over the map. Take a look at Figure 3.55, which
shows measured drain current curves for a varied selection
of seven 2N5486 JFETs (manufactured over a period of
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Figure 3.55. Measured drain current versus gate-source voltage
for a collection of seven 2N5486 JFETs of varying vintages and
manufacturers (along with three smaller JFET types, indicated with
dashed lines), plotted on both log and square-root axes, illustrating
the wide spread of threshold voltages V;, (the straight-line extrapo-
lation of the latter’s curves). Compare the large spread seen here
with Figure 3.56, where the same set of JFETs exhibit only minor
variations in transconductance at any given drain current.

35 years®?), along with a sample of lower-current siblings
(2N5484 and 2N5485) and a related cousin (SST4416, also
featured for RF applications, and with similar low capaci-
tance and comparable range of Ipss).

These measured curves exhibit a wide variation of be-
havior for this selection of parts (there’s a 3:1 spread of
VGs(off)» and a 5:1 spread of Ipss), suggesting a similar
unpredictability of transconductance gain.®® But that sug-
gestion would be misleading. When you measure their
transconductances, you get the curves of Figure 3.56:
within this deliberately varied selection of ten related parts
there’s at most a 20% peak variation of transconductance
at a given drain current.

The moral: within a JFET family of similar part types,
the drain current (at whatever gate voltage is needed to get
that current) is reasonably predictive of the transconduc-
tance. And the practical consequence is that a JFET am-
plifier circuit will have reasonably predictable gain if it is
arranged with bias feedback to set the drain current to a
desired value (which should be chosen no greater than the
specified minimum /pgs, unless you are willing to sort your
incoming parts).

But a piece of advice: for better gain predictability in
JFET amplifiers it’s a good idea (a) to use some source
degeneration (§3x.4), preferably in combination with a

10 T

2N5486
Vps =5V

Transconductance, gm (mS)

100pA 1mA 10mA
Drain Current, Ip

0.1 s
10pA

Figure 3.56. Measured transconductance versus drain current for
the same set of JFETs as in Figure 3.55.

2 A, Intersil, date code 7328 (28th week of 1973); B, Central Semicon-
ductor, contemporary; C and E, Fairchild, date code BF44; D, Vishay
SST5486, contemporary; F, Vishay, date code 0536; G, Motorola, 1990
vintage.

63 There are some helpful correlations, though: the gate threshold voltage
Vin is predictive of the zero-bias drain current Ipgs.



170 3.3. A closer look at JFETs

Art of Electronics Third Edition

transconductance-boosting enhancer circuit, or (b) to use
overall feedback with enough minimum loop gain (with
worst-case g,,) to ensure the gain accuracy you need (as
in Figures 3.31, 3.34, and 3.37).

3.3.4 Transconductance versus drain voltage

The transconductance of a FET at a given drain current is
relatively independent of drain voltage, except for drain-to-
source voltages below a volt or two. This contrasts with its
strong dependence on drain current. See the discussion in
Chapter 3x (§3x.2, with measured data).

3.3.5 JFET capacitance

Just as with bipolar transistors (and, later, MOSFETS), the
capacitance seen between the terminals of a JFET depends
on the (reverse) bias; this is often called a “nonlinear capac-
itance” and decreases markedly with increasing reverse-
bias. Figure 3.57 shows datasheet plots of feedback and in-
put capacitances for two common n-channel JFETs. These
values — just a few picofarads — are typical of small-signal
JFETs and quite a bit smaller than you see in power MOS-
FETSs (compare with Figure 3.100 on page 197). JFETs are
usually symmetrical, but owing to the larger reverse bias,
the gate-drain capacitance is smaller than the gate-source
capacitance.% That’s a good thing, of course, because the
Miller effect multiplies the effect of Cys in a common-
source amplifier without cascode.

Manufacturers generally provide plots of capacitance
versus Vgs, and sometimes also versus Vps or Vpg. But
you get only one set of plots for a family of parts, even
though their Ipgs specs may range over a factor of ten or
more; one is left wondering if their capacitances are cor-
related with their Ipgs values, thus suggesting that capaci-
tance data should be considered only a rough guide to real-

ity.

3.3.6 Why JFET (versus MOSFET) amplifiers?

We’ve devoted considerable space in this chapter to junc-
tion FETs (JFETS), a topic that often receives minimal dis-
cussion in standard references, in which the emphasis is on
insulated-gate FETs (i.e., MOSFETs). We’ll soon shift the
focus toward the latter, for good reasons: small integrated
MOSFETs are dominant in (a) low-voltage and low-power
analog circuits (op-amps, portable electronics, RF circuits,

4 By “gate” and “source” we mean the pins your circuit uses for those
functions, not the actual labels on the pins.
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Figure 3.57. Input and feedback capacitance of JFETSs.

and the like); (b) analog switching; (c) logic circuits, mi-
croprocessors, and memory; and, in the form of discrete
packaged power transistors, (d) power switching and linear
power applications. These are all hot topics in contempo-
rary electronics, and MOSFETs are the dominant species
of transistor on the planet, by a huge margin.

Before moving on, though, it is worth emphasizing that
JFETs are the device of choice for analog circuits that de-
mand a combination of high input impedance, low noise,
and good accuracy; this in addition to their niche applica-
tions as two-terminal current sources, voltage-variable re-
sistors, and constant-Ron analog switches.

The previous examples of amplifiers, followers, and cur-
rent sources illustrate many of the JFET’s virtues. Going
beyond this first look at JFETs, Chapter 3x includes some
advanced material, and Chapter 8 discusses the important
topic of noise, complete with measured data. To get a pre-
view of the latter, look at Figure 3.58, where we’ve plotted
the measured noise voltage density of three favorite “jelly-
beans”: the 2N3904 npn bipolar transistor, the 2N5457

Ip, Ic = 1TmA

100

N7000
(MOSFET)

Voltage Noise Density, en (nV//Hz)

10 —
2N5457 (JFET)
1+ 2N3904 (BJT) _
b 1 1
10 100 1k 10k
Frequency (Hz)

Figure 3.58. Noise voltage of three popular jellybeans, illustrating
the poor low-frequency noise properties of MOSFETSs.
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JFET and the 2N7000 MOSFET. These parts make no pre-
tense of premium membership; they cost a pittance,® and
they’re not aimed at low-noise applications. But they illus-
trate an important trend: MOSFETs are inherently noisy at
low frequencies, by as much as 40 dB relative to their BJT
and JFET cousins.®® Don’t use them for low-level audio
applications — but power MOSFETS can be used for the
muscular output stage of an audio amplifier.

3.4 FET switches

The two examples of FET circuits that we gave at the
beginning of the chapter were both switches: a logic-
switching application and a linear signal-switching circuit.
These are among the most important FET applications, and
they exploit the FET’s unique characteristics: high gate
impedance and bipolarity resistive conduction clear down
to zero volts. In practice you usually use MOSFET inte-
grated circuits (rather than discrete transistors®’) in all dig-
ital logic and linear-switch applications, and it is only in
power switching applications that you ordinarily resort to
discrete FETs. Even so, it is essential (and fun!) to under-
stand the workings of these chips; otherwise you’re almost
guaranteed to fall prey to some mysterious circuit pathol-

ogy.

3.4.1 FET analog switches

A common use of FETs, particularly MOSFETs, is as ana-
log switches. Their combination of low ON-resistance (all
the way to zero volts), extremely high OFF resistance, low
leakage currents, and low capacitance makes them ideal as
voltage-controlled switch elements for analog signals. An
ideal analog, or linear, switch behaves like a perfect me-
chanical switch: in the ON state it passes a signal through
to a load without attenuation or nonlinearity; in the OFF
state it is an open circuit. It should have negligible capac-
itance to ground and negligible coupling from the signal
applied to the control input.

Let’s look at an example (Figure 3.59). Q) is an n-
channel enhancement-mode MOSFET, and it is noncon-
ducting when the gate is grounded or negative. In that
state the drain-source resistance (Ryg) is typically more

65 Roughly $0.02, $0.05, and $0.04, respectively, in 1000-piece quanti-
ties.

66 According to John Willison, this phenomenon may be associated with
intermittent trapping and release of charges on the insulated gate.

7 It’s hardly your choice — you are forced to, because discrete small-
signal MOSFETs are a vanishing breed (perhaps qualifying for pro-
tected species status).
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Figure 3.59. nMOS analog switch, with body terminal and diode
shown.

than 10,000 M, and no signal gets through (though at high
frequencies there will be some coupling through drain-
source capacitance; more on this later). Bringing the gate
to +15V puts the drain-source channel into conduction,
typically 20-200Q2 in FETs intended for use as analog
switches. The gate signal level is not at all critical, as long
as it is sufficiently more positive than the largest signal (to
maintain Ron low), and it could be provided from digital
logic circuitry (perhaps using a FET or BJT to generate a
full-supply swing) or even from an op-amp running from a
415V supply. Swinging the gate negative (as from a bipo-
larity op-amp output) doesn’t hurt, and in fact has the added
advantage of allowing the switching of analog signals of ei-
ther polarity, as will be described later. Note that the FET
switch is a bidirectional device; signals can go either way
through it. Ordinary mechanical switches work that way,
too, so it should be easy to understand.

The circuit as shown will work for positive signals up
to about 10V; for larger signals the gate drive is insuffi-
cient to hold the FET in conduction (Ron begins to rise),
and negative signals would cause the FET to turn on with
the gate grounded (it would also forward-bias the channel—
body junction). If you want to switch signals that are of
both polarities (e.g., signals in the range —10V to +10V),
you can use the same circuit, but with the gate driven from
—15V (OFF) to +15 V (ON); the body terminal should then
be tied to —15 V.

With any FET switch it is important to provide a load re-
sistance in the range of 1k to 100k in order to reduce capac-
itive feedthrough of the input signal that would otherwise
occur during the OFF state. The value of the load resistance
is a compromise: low values reduce feedthrough, but they
begin to attenuate the input signal because of the voltage
divider formed by Ron and the load. Because Ron varies
over the input signal swing (from changing Vggs), this at-
tenuation also produces some undesirable nonlinearity. Ex-
cessively low load resistance appears at the switch input,
of course, loading the signal source as well. Several possi-
ble solutions to this problem (multiple-stage switches, Ron
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cancellation) are shown in §3.4.2 and in the discussion of
rail-to-rail op-amps in Chapter 4x. An attractive alternative
is to use a second FET switch section to connect the out-
put to ground when the series FET is off, thus effectively
forming a single-pole double throw (SPDT) switch (more
on this in the next section).

A. CMOS linear switches

Frequently it is necessary to switch signals that may go
nearly to the supply voltages. In that case the simple n-
channel switch circuit just described won’t work, because
the gate is not forward-biased at the peak of the signal
swing. The solution is to use paralleled complementary
MOSFET (CMOS) switches (Figure 3.60). The triangular
symbol is a digital inverter, which we’ll discuss shortly;
it inverts a HIGH input to a LOW output, and vice versa.
When the control input is high, Q; is held ON for sig-
nals from ground to within a few volts of +Vpp (where
Ron starts increasing dramatically). Q» is likewise held
ON (by its grounded gate) for signals from +Vpp to within
a few volts of ground (where its Ron increases dramati-
cally). Thus signals anywhere between +Vpp and ground
are passed through with low series resistance (Figure 3.61).
Bringing the control signal to ground turns off both FETs,
providing an open circuit. The result is an analog switch
for signals all the way from ground to +Vpp. This is the
basic construction of the classic 4066 CMOS “‘transmis-
sion gate.” It is bidirectional, like the switches described
earlier: either terminal can be the input.

(0]

N
control
OFF ﬁ_bo_
Q

’3 iL‘
in D = S out
(out) +Voo (in)

Q,

[ —
Figure 3.60. CMOS analog switch.

There is a variety of integrated circuit CMOS analog
switches available, with different operating voltage ranges
and with various switch configurations (e.g., several inde-
pendent sections with several poles each). Going back to
the prehistoric, there’s the classic CD4066 “analog trans-
mission gate,” which belongs to the original 4000 series
of digital CMOS logic and that acts as an analog switch
for signals between ground and a single positive supply.®®

%8 In that role it’s happy to switch digital signals as well, thus its family
membership.

More commonly, though, you’ll choose a dedicated analog
switch IC, for example a member of the industry-standard
DG211 family. These parts (and their many variations; see
Table 3.3 on page 176) are particularly convenient to use:
they accept logic-level (OV =L0ow, >2.4V = HIGH) control
signals, they will handle analog signals to £15V (com-
pared with only £7.5V for the 4000 series), they come in a
variety of configurations, and they have relatively low ON
resistance (25 or less for some members of these fam-
ilies, and down to a fraction of an ohm for lower volt-
age switches). Analog Devices, Intersil, Maxim, Vishay—
Siliconix, and other manufacturers offer a nice range of
analog switches.

p-channel n-channel

parallel
resistance

Rps——>

0 signal voltage Vb

Vss

Figure 3.61. ON-resistance of the CMOS analog switch.

B. JFET analog switches

Although most available analog switches are built with a
pair of paralleled MOSFETSs of complementary polarities
— the CMOS architecture just described — it is possible to
build analog switches with JFETSs, and there are some ad-
vantages.

The basic circuit (Figure 3.62) uses a single n-channel
JFET, Q1, as the analog switch. Its conduction is controlled
by a transistor switch, Q», which pulls the gate down to a
large negative voltage (—15V, say) to cut off conduction in
the JEET (switch OFF). Shutting off O, lets the gate float to
the source voltage, putting the (depletion-mode) JFET into
full conduction (switch ON). The gate resistor R; is made
deliberately large so that the output signal line does not see
significant loading in the OFF state; its value is a compro-
mise, because a larger resistance incurs a longer turn-on
delay. With a low-impedance signal source (e.g., the out-
put of an op-amp) it may be preferable to put the resistor
on the input side (i.e., feed the signal in from the right).

Because there is only a single n-channel JFET, this
switch cannot accept input signals all the way to the nega-
tive supply: signal voltages that come closer to the negative



Art of Electronics Third Edition

3.4.1. FET analog switches 173
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Figure 3.62. JFET analog switch.

supply than the FET’s Vgg(of) Will bring it back into con-
duction.%® There is no such limitation at the positive end.

A nice feature of this JFET analog switch is the con-
stancy of Ron with signal level: because the gate stays at
the source voltage, there is no variation of Ron with sig-
nal voltage; the JFET does not even know that the signal
is varying! This nice characteristic is on display in Fig-
ure 3.63, which compares a plot of Ron versus Vi, for
a JFET analog switch (SW06) with that of the DG211
CMOS switch.™

In practice it’s inconvenient to have to drive the switch
control with a signal near the negative supply rail (and dou-

100 [~ -

™ swoe (JFET) N

On Resistance, Ron (Q)

0
-20 -5 -0 -5 0 +5 410

Signal Voltage, Vsig (V)

+15 420

Figure 3.63. Contrasted with a CMOS analog switch like the
DG211 (solid curves, shown for different supply voltages), the
JFET analog switch maintains admirably flat Ron over signal level.

%9 Tn fact, you've got to stay a bit further away from the actual VGs(oft):
recall (§3.1.3) that it’s defined as the gate-source voltage that results in
a small (but nonzero) drain current, usually /p=10nA.

The slight variation of Ron is caused by substrate effects: the SW06
is an integrated circuit, built on a silicon substrate; so the JFET and

70

associated components have some inkling of the absolute signal level.
If even that small variation is unacceptable, you can rig up a discrete
implementation (as in Figure 3.62); you’ll see such circuitry used in
some of Agilent’s accurate digital multimeters.

bly so for CMOS switches). Instead, you would probably
use a level-shifting circuit so a logic-level input that goes
between 0V and 43V, say, would activate the switch. Fig-
ure 3.64 shows a simple way to do that, using compara-
tors with “open-collector’” outputs (§12.3) to drive the gates
of discrete JFET switches. For integrated analog switches,
this sort of control signal circuitry is ordinarily built in. The
SWO06 JFET analog switch (and the nearly extinct DG180—
189 family from Vishay-Siliconix) includes such drivers,
along with some other elegant tricks.”!

S
/Yy
301k
36k Q,
+5
Q,
301k
+ o/c
3 ON Ll
| — A
301k
0 J_ U1a
OFF
logic-level
inputs Uib D, Y D,
+ o/c
- LM393

18 (comparator)

-
15k§

Figure 3.64. A comparator with open collector outputs, powered
from +5V and —18YV, converts a 0-to-3V logic-level input into a
JFET gate drive that swings to —18V. This method is used in
some of Agilent’s digital multimeters (see “Designs by the Masters,”
13.8.6) to accommodate analog signals over a full £12V range.
The added diodes allow a control signal to drive more than one
JFET switch.

JFET analog switches are inherently more rugged than
their CMOS cousins, for which performance-degrading
protection circuits are required for robustness against over-
voltage faults. They do suffer from high charge injection,
however (see §3.4.2E). Despite their nice features, inte-
grated JFET switches and multiplexers (see next subsec-
tion) are almost extinct, with fine examples like the SW-01,
SW-7510, and MUX-08 series from Precision Monolithics
(now Analog Devices) gone forever (but happily the SW06
lives on!).

C. Multiplexers

A nice application of FET analog switches is the “multi-
plexer” (or MUX), a circuit that allows you to select any
of several inputs, as specified by a digital control signal.

"1 Such as an internal MOSFET switch that disconnects the gate resistor
(R; in Figure 3.62) when the switch is OFF, to eliminate circuit loading.
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The analog signal present on the selected input will be
passed through to the (single) output. Figure 3.65 shows
the basic scheme. Each of the switches SWO through SW3
is a CMOS analog switch. The “select logic” decodes the
address and enables (jargon for “turns on”) the addressed
switch only, disabling the remaining switches. Such a mul-
tiplexer is usually used in conjunction with digital cir-
cuitry that generates the appropriate addresses (lots more
in Chapters 10 and 11). A typical situation might involve
a data-acquisition instrument in which a number of analog
input voltages must be sampled in turn, converted to digital
quantities, and used as input to some computation.

input 0 —O/o—

oo
7o
o7 o

input 1
p—— output
input 2

input 3

o 1 2 3
address decoder
Ay A

“address” of { LSB J

select input L MSB

Figure 3.65. Analog multiplexer.

Because analog switches are bidirectional, an analog
multiplexer such as this is also a “demultiplexer’”: a signal
can be fed into the “output” and will appear on the selected
“input.” When we discuss digital circuitry in Chapters 10
and 11, you will see that an analog multiplexer such as this
can also be used as a “digital multiplexer—demultiplexer,”
because logic levels are, after all, nothing but voltages that
happen to be interpreted as binary s and Os.

Typical of analog multiplexers are the industry-standard
DG408-09 and DG508-09 series (and their many im-
proved versions), 8- or 16-input MUX circuits that accept
logic-level address inputs and operate with analog voltages
up to =15 V. The 4051-4053 devices in the CMOS digital
family are analog multiplexers—demultiplexers with up to 8
inputs, but with 15 Vpp maximum signal levels; they have
a Vgg pin (and internal level shifting) so that you can use
them with bipolarity analog signals and unipolarity (logic-
level) control signals. We are especially fond of the low-
voltage *4053 series, with three SPDT switches. Our in-
terest is evidently shared by others, with a large number
of interesting parts available — see Table 13.7 (4053-style
SPDT Switches) on page 917.

D. Other analog switch applications

Voltage-controlled analog switches form essential building
blocks for some of the op-amp circuits we’ll see in the next
chapter — integrators, sample-and-hold circuits, and peak
detectors. For example, with op-amps we will be able to
build a “true” integrator (unlike the approximation to an
integrator we saw in §1.4.4): a constant input generates a
linear ramp output (not an exponential), etc. With such an
integrator you must have a method to reset the output; a
FET switch across the integrating capacitor does the trick.
We won’t try to describe these applications here. Because
op-amps form essential parts of the circuits, they fit natu-
rally into the next chapter. Great things to look forward to!

3.4.2 Limitations of FET switches

Analog switches aren’t perfect — they have nonzero
resistance when ON, and nonzero leakage when OFF, as
well as capacitive feedthrough and charge injection during
changes in switch state. You can see some of the variety
in Table 3.3 on page 176). Let’s take a look at these
limitations.

A. Voltage range and latchup

Analog switches and multiplexers come in three broad
voltage ranges: (a) “standard” parts (which might better be
called “high-voltage”), which handle signals over the full
traditional op-amp voltage range of £15V; (b) reduced-
voltage parts (“midvoltage”) that can handle £7.5V (or 0
to +15V) signals; and (c) low-voltage parts intended for
applications in which the signal swing does not exceed
£3V (or 0 to 46 V). In all cases, analog switches oper-
ate properly (and with specified Ron) with input signals
that go all the way to the positive and negative supply volt-
ages (with the exception of JFET switches like the SWO06,
for which the operating signal voltage range does not reach
the positive supply).

However, input signals beyond the supply rails are an-
other story. All CMOS integrated circuits have some form
of input protection circuit, because otherwise the gate in-
sulation is easily destroyed (see §3.5.4H on handling pre-
cautions). The usual protection network is shown in Fig-
ure 3.66. Although it may use distributed diodes, the net-
work is equivalent to clamping diodes to Vss and to Vpp,
combined with resistive current limiting. If you drive the
inputs (or outputs) more than a diode drop beyond the sup-
ply voltages, the diode clamps go into conduction, mak-
ing the inputs (or outputs) look like a low impedance
to the respective supplies. Worse still, the chip can be
driven into “SCR latchup,” a terrifying (and destructive)
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condition we’ll describe in more detail in §10.8. For now,
all you need to know about it is that you don’t want it! SCR
latchup is triggered by input currents (through the protec-
tion network) of roughly 20 mA or more. Thus you must
be careful not to drive the analog inputs as much as a diode
drop beyond the rails.”> This means, for instance, that for
most parts you must be sure the power supply voltages
are applied before any signals that have significant drive-
current capability; alternatively, you can use series diodes
in the supply lines, so that input signals applied before the
dc power do not produce input current.

+Vpp

A A

input CMOS

circuit

output

_VSS

Figure 3.66. CMOS input—output protection networks. The series
resistor at the output is often omitted.

The trouble with diode—resistor protection networks
is that they compromise switch performance by increas-
ing Ron, shunt capacitance, and leakage. A different ap-
proach makes use of “dielectric isolation” to eliminate SCR
latchup without the serious performance compromises in-
herent in traditional protection networks. Both methods re-
sult in a “protected” (or fault-protected) analog switch, in
which you may safely overdrive the inputs without dam-
age. Note, however, that the output does not follow the in-
put beyond the rails.”?

For example, the MAX4508 multiplexer adds fault pro-
tection to the standard DG508A 8-input analog multi-
plexer, making it tolerant to £30V input swings; it has

72 This prohibition goes for digital CMOS ICs as well as the analog
switches we have been discussing.

With a few exotic exceptions, for example the MAX14778 “Dual
+25V Above- and Below-the-Rails 4:1 Analog Multiplexer.” This
puppy, which runs on a single +3 to +5 V supply, is not only fault pro-
tected to =25V, it operates properly with signal voltages over that full
range! How do they do it?! Turns out they have included an on-chip
“charge-pump” voltage converter (§3.4.3D) to power the guts. Even
more remarkable, this device has a very low ON-resistance (1.5 Q) that
is remarkably flat with signal voltage (0.003Q) over the full 25V
range. And it can handle up to 300 mA of signal current. This device is

73

intended for applications in which external large-swing signals need to
be switched by a circuit with only a low-voltage single supply. Sadly
for us experimenters, it comes only in the tiny TQFN (Thin Quad Flat-
pack, No leads) package, requiring a reflow oven for soldering onto a
circuit board.

an Ron(yp) of 300 €2. The AD7510DI-series of “Protected
Analog Switches” from Analog Devices uses dielectric iso-
lation to achieve input signal fault protection to +25V be-
yond the power supplies, while maintaining a respectable
75 € Ron(uyp) 1n the normal operating signal range. Watch
out, though — fault protection is the exception in the analog
switch arena, and most analog switch ICs are not forgiving!

Maxim offers a nice outboard solution that you can put
in front of an unprotected switch (or any other analog com-
ponent), in the form of its multichannel ““signal-line pro-
tector” ICs (the three- and eight-channel MAX4506-07).74
These accept input signal swings to 36V (whether pow-
ered or unpowered), are free of latchup regardless of power
sequencing, and they pass through signals that are properly
within the supply limits while clamping their outputs to the
supply rails (which can be 8 V to £18 V split supplies, or
a 49 to +36 'V single supply) when there’s an input beyond
the rails. They even have the grace to open-circuit the input
when thus overdriven — see Figure 3.67. The price you pay
(above their literal $4 and $6 cost, respectively) is an ON-
resistance in the range of 50—100 Q (depending as usual
on total supply voltage) and an input capacitance of 20 pF
(thus a rolloff at ~100 MHz).

B. oN-resistance

CMOS switches operated from a relatively high supply
voltage (+15V, say) will have low Ron over the entire
signal swing, because one or the other of the transmis-
sion FETs will have a forward gate bias of at least half the

Vi

VIN / Vour
Ron~1000; if Vi< V_
open if
Vin> Vs |
or Vi < V_

V_

Figure 3.67. Maxim’s MAX4506—-7 fault-protected “Signal-Line
Protectors” prevent signal swings beyond the rails, both clamping
the output and disconnecting the input when overdriven. The se-
ries analog switches are normally ON, but both are switched OFF if
Vin goes beyond either rail, controlled by logic shown in the more
complete MAX4508 datasheet.

74 Analog Devices offers a similar single-channel part, the ADG465, in a
convenient SOT23-6 package.



Table 3.3 Analog Switches

Config®
) ° Packages
225 Supply Ron Qinj Cap o S Q Price
o X osplit  single typ@Vsupply typ typ,ON & £ = o Q & qty2s
Part#2 G & & S (V) (V) @ o ®0 e S 8 @53 F $US) Comments
high voltage
MAX4800-02 - - - 81 40to 100 c 22 100 600 36 V. S - - - 28 1618 really HV!!
MAX326-27 4 4 - - 51018 10to 30 1500 +15 2 6 T P - 16 16 16 6.76  low Ieakage2
MAX4508-09 - - - 84 45t020 9to36 300 5 2 2822 T P - 1616 - 678 OVto+30V
MAX354-55 - - 84 45t018 4.5t036 285 +15 80 28,14 T P - 16 16 - 8.43 OVto 25V
DG508-09 - - - 84 5t020 10to36 180 15 2 1811 T P - 16 16 16 256 low leakage3
ADG1211-13 w w - - 5t0 15 10to ? 120 +15 0.3 2.6 T P - - - 16 4.63 lowC, Qinj
ADG1221-23 x x - - 5to16.5 5t0o16.5 120 +15 01 3 T P - - - 10 3.04 lowflat Qinj
AD7510-12DI 4 4 2 - 5t0 15 - 75 +15 30 17 T P - 16 - 20 13.90 OV rails+25V
SWo06 4 - - 1210 18 - 60 +15 - 15 T P - 16 16 20 4.30 JFET, flat Ron
DG441-42 4 4 - - 45t022 51024 50 +15 2 16 \% P - 16 16 16 2.05 1pA Isupp|y
DG211-12 4 4 - - 45to22 51022 45 +15 1 16 Vi P - 16 16 16 2.08 ADG211-12
DG408-09 - - - 84 51020 51030 40 #15 20 37,25 T P - 16 16 16 3.06 ADG408-09
ADG417-19 1 1 1 - 510 20 51020 25 +15 3 30 Vi P - 8 8 8 2.72 DG417-19
MAX317-19 1 1 1 - 451020 10to30 20 5 3 3 V. P - 8 8 - 334
DG411-13 w w - - 45t020 10 to 30 17 +15 5 35 Vi P - 16 16 20 2.70 ADG411-13
DG447-48 1 1 - - 45t020 71036 13 %5 10 30 T P - - 6 - 114
ADG5412-13 Yy Yy - 9to 22 9to 40 10 +15 240 60 T P - - - 16 566 no Iatchup4
DG467-68 1 1 - - 45t020 7t036 5 #15 21 78 T P - - 8 - 075 ADGA467-68
mid-voltage
DG4051-53 - - - 842 25t05 27to12 66 +5 025 34 V+ P - - 16 16 1.35 Table137
74HC4051-53 - - - 842 25to5 21t010.5 40 +5 525 V+ P - 16 16 16 0.41 Table 13.7
MAX4541-44 x x 1 - - 2.7 1012 30 45 1 13,20 T P 8 8 8 133
ISL5120-23 x x 1 - - 2.7to12 19 +5 3 28 T P 86 - 8 - 1.71
IsL43210 - - 1 - - 2.7to 12 19 +5 3 28 T P 6% - - - 1.33
ADGG19-2Ok - 1 - 27to55 27to55 7 +5 6 95 T P 8 - - 8 2.56
low-voltage
ADG708-09 - - - 84 25 1.8t05.5 3 +5 3 9,48 T P - - 16 - 301
ADG719 - - 1 - - 1.8t05.5 2.5 +5 - 27 T P 6 - - - 1.76 SC70="749
MAX4624-25k - -1 - - 1.8t05.5 0.65 +5 65 100 T P 6 - - - 210
ADG884 - - 2 - - 1.8t05.5 0.3 +5 125 300 T P - - - 10 242 (5
ISL84467 2xDPDT - - 18t055 055 +3 126 102 V+ P - - 16 16 119 80mQ match
ISL84714 - - 1 - - 1.810 3.6 0.44 +3 20 100 V+ P 6 - - - 1.24  5mQ match
NLAS52231 - - 2 - - 165t045 038 +3 53 8 V& P - - - 8 090 (6
ISL43L110-11 1 1 - - - 11t0 4.7 0.25 +3 72 160 V+ p 5 - - - 0.65 lowest Ron
T-switch, RF
MAX4565-67 vy y 2 - 27106 2.7to12 46 +5 25 6 T P - 16,20 16,20 4.74 video”
DG540-42 z z - - +15&-3 30 nom 25 14 T P - 1616 20 5.00
AD8170, 74 1 41 4to6 - NA - NA 1.1 T P - 8,14 - 511" MUX+amp8
ADGO18-19 - - 1 - - 16510275 - - - 16 WV P - - - 8 25 RFf
crosspoint
AD75019 16x16 4.5t0 12 9to 25 150 +12 - 10m T S - - - 44 26.20 20MHz
ADG2188  8x8 45t055 8to12 34 15 3 95 Vi I - - - 32 937 200MHz
MAX4359-60 4x4, 8x8 4.5t05.5 - x1 buf - NA 8 T Pyser -~ 40 24 44 9.68" 35MHz
MAX9675 16x16 2.5t05.5 - x1,x2 buf - (9) 5 \% S - - - 100 2414 110 MHz
MAX4550, 70 dual 4x2 27to55 27to5.5 43 +5 7 11° V+ Sorl - 2 - 28 639 audio©

Notes: (a) listed within categories by decreasing Ron; all are CMOS except SWO06; parts in bold italic are widely used “jellybeans.”

(b) numerals represent quantity of each switch type in a single package; letters refer to explanatory footnotes for successively numbered
parts. (c) Vneg at least -15V, Vpos at least +40V, total no more than 200V. (d) T=TTL thresholds; V| =external logic threshold supply;
V+="CMOS” threshold, depends on positive analog supply voltage. (e) P=parallel logic inputs; I=I2C serial; S=SPI serial. (g) 50mV glitch.
(h) 0.1dB to 14MHz, —-95dB xtalk at 20KHz & R =10k, THD+N=0.014% (RL=1k, f=1kHz). (k) second p/n is make-before-break. (m) min

or max. (n) higher p/n is ~50% more. (o) switch OFF. (s) SC-70. (u) SPDT are break-before-make unless noted otherwise.

(v) 84=8:1 & dual 4:1; 842=8:1, dual 4:1, & triple 2:1. all dual 4:1 have single 2-bit address. (w) 4xNC, 4xNO, 2 each. (x) 2xNO, 2xNC,

1 each. (y) 4xNO, 2 each. (z) 4xNO, 4xNO, 2 each.

Comments: (1) Supertex HV2203. (2) 1pA typ. (3) 3pA typ; Is=10pA typ. MAX308-09 is similar. (4) 8kV HBM ESD. (5) 0.4Q0@Vs=+3V;
400mA; -3dB/50Q@18MHz. (6) low Ron, e.g. speaker switch. (7) -3dB@350MHz, -90dB xtalk@10MHz. (8) 250 MHz; ext gain set.
(9) —-3dB at 4GHz, -30dB xtalk at 4GHz. (10) clickless.
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supply voltage. However, when operated with lower sup-
ply voltages, the switch’s Ron value will rise, the max-
imum occurring when the signal is about halfway be-
tween the supply and ground (or halfway between the sup-
plies, for dual-supply voltages). Figure 3.68 shows why.
As Vpp is reduced, the FETs begin to have significantly
higher ON-resistance (especially near Vgs = Vpp/2), be-
cause enhancement-mode FETs can have a Vgg(g of at
least a few volts, and a gate-source voltage of as much as 5
to 10 volts may be required to achieve low Ron. Not only
will the parallel resistances of the two FETs rise for sig-
nal voltages between the supply voltage and ground, but
also the peak resistance (at half Vpp) will rise as Vpp is re-
duced, and for sufficiently low Vpp the switch will become
an open circuit for signals near Vpp /2.

%

0 Vop @  Vpp@ Vpp(1)
Signal Voltage, Vs —

Figure 3.68. CMOS analog switch Rox increases at low supply
voltage.

There are various tricks used by the designers of analog
switch ICs to keep Ron low and approximately constant
(for low distortion) over the signal swing. For example, the
original 4016 analog switch used the simple circuit of Fig-
ure 3.60, producing Ron curves that look like those in Fig-
ure 3.69. In the improved 4066 switch, the designers added
a few extra FETs so that the n-channel body voltage fol-
lows the signal voltage, producing the Ron curves of Fig-
ure 3.70. The “volcano” shape, with its depressed central

1000 4016 analog switch

c Vpp = 10V

4

(¢}
o

[

© 500

I
@

[}

Q
o
=z
(@) 0 L ! !

0 5V 10V 15V

Signal Voltage, Vs

Figure 3.69. ON-resistance for 4016 CMOS switch.

Ron, replaces the “Everest” shape of the 4016. Improved
switches, like the industry standard DG408-09, intended
for serious analog applications, succeed even better, with
low and flat Ron curves that deviate less than 10% or so
over the signal voltage range. This is often achieved at the
expense of increased “charge transfer” (see the later section
on glitches).

Looking through manufacturers’ selection tables for
analog switches, you’ll find standard-voltage units with
Ron as low as several ohms and flatness to a few tenths
of an ohm; low-voltage switches can be found with Ron
as low as 0.25 Q, and flatness of 0.03 Q. This static perfor-
mance comes at a real cost though, namely, high capaci-
tance and high charge injection (see discussion below, and
Table 3.3 on the preceding page). If your application re-
quires low distortion into moderate load impedances, the
better approach may be to choose a switch with excel-
lent “ON-resistance flatness” spec (Rppar(on)), and accept
a higher overall Ron with its lower capacitance.

500
<)
- 400 4066 analog switch
[©]
c
& 300
o
C
<
4 200 Vpp = 10V
g L —~—  — VDD — 15V
o . 0 0
= 100
O

0 1 1 1
0 5V ov 15V

Signal Voltage, Vs

Figure 3.70. ON-resistance for the improved 4066 CMOS switch;
note change of scale from previous figure.

Keep in mind, too, that in some cases you can finesse the
problem altogether with a different choice of circuit config-
uration, as in Figure 3.71, which shows three approaches
to a circuit that selects one of two input signals. Circuit A’s
gain is Ry/(R; + Ron), so a variation of Ron with signal
amplitude produces changes of gain, and thus nonlinear-
ity. Circuit B is better, because the switch output is held
at ground by feedback around the op-amp; but the ON-
resistance still reduces the gain somewhat, degrading the
circuit’s precision. Circuit C is blissfully unaware of Ron;,
owing to the op-amp’s very high input impedance; it’s the
most linear and precise of all.

This lesson can be applied to other circuit configura-
tions as well. As an example, take a look at Figure 3.84
on page 183, where an analog multiplexer is used to se-
lect an amplifier’s overall voltage gain. In the circuit of
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RZ
A 10k
Vint _O/O_ 101k
L
Vipp —O—0O— Vout
(—/\/\/\/—> op-amp
A. RON
10k 10k
—n—o"
10k
B. =
_
C.

Figure 3.71. Finessing Ron variation in analog switches: three
ways to select between a pair of input signals, with an op-amp to
buffer the output.

Figure 3.84A the multiplexer’s Ron is in series with the
selected resistor, and represents an error term (both in
gain and nonlinearity); by contrast, in the circuit of Fig-
ure 3.84B the switch’s Roy is irrelevant, owing to the op-
amp’s essentially infinite (>10'? Q) input impedance.

Another trick exploits the use of two identical (or
closely-similar) JFET switches to largely cancel the effects
of Ron. See Chapter 4x’s section “JFET linear switch with
Ron compensation” for an explanation and illustration of
this elegant technique.

C. Speed

High-voltage FET analog switches have ON-resistances
Ron generally in the range of 20 to 200 Q.7 In combina-
tion with substrate and stray capacitances, this resistance
forms a lowpass filter that limits operating speeds to fre-
quencies of the order of 10 MHz or less (Figure 3.72). FETs
with lower Ron tend to have larger capacitances (up to
50 pF or more), so no gain in speed results (unless the de-
signer has made other design tradeoffs). Much of the rolloff
is due to protection components — current-limiting series
resistance and capacitance of shunt diodes.

75 As we remarked, you can get switches with lower Ron, as low as
0.25 Q, at the expense of some combination of increased capacitance,
increased charge injection, and reduced operating voltage range.

However, low-voltage analog switches do better in
terms of bandwidth (as is usually the case with smaller-
geometry semiconductors): a contemporary +2.5V ana-
log switch like the popular ADG719 has 2.5Q of ON-
resistance, 27 pF of capacitance, and 400 MHz bandwidth.
There is also a class of analog switches and multiplexers
targeted specifically at video and RF applications. These
include both passive (“unbuffered”) MUX/switches, and
MUX/switches combined with an amplifier (“active” or
“buffered”). Active MUX/switches operate on +5V or
+5V supplies and have fixed voltage gains of either x1
or x2 (the latter are intended for driving a 50Q or 75 Q
transmission line through a series matching resistor, which
attenuates the output by a factor of 2); in some cases you
set the gain with an external resistor pair. An example of
the latter is the AD8174 4-input multiplexer, with a band-
width of 270 MHz at gains of +1 or +2 (at higher gains the
bandwidth drops, e.g., to 55 MHz at G=+10).

For specialized applications you can get some really
fast analog switches, for example the ADG918-19 listed
in Table 3.3 on page 176, which is usable to 2 GHz (it’s
down 3 dB at 4 GHz). Parts like these are used in wireless
applications, for example, to switch between two signal
sources in “diversity reception” or to route gigahertz sig-
nals through a choice of filter paths. To reduce crosstalk,
these wideband switches usually employ a T-switch topol-
ogy (see Figure 3.77 in the next subsection).

Ron = 3000

input —_T_—/\/\/\,—_T_— output

C;,=5pF Cout=22pF

1
fags ~ ————— = 24MHz
]_: I 2nHONCout

Figure 3.72. The parasitic RC’s of a CMOS switch limit the analog
signal bandwidth.

D. Capacitance

FET switches exhibit capacitance from input to output
(Cps), from channel to ground (Cp, Cs), from gate to chan-
nel, and from one FET to another within one IC package
(Cpp, Css); see Figure 3.73. Let’s look at the effects.

Cps: capacitance from input to output

Capacitance from input to output causes signal coupling
in an OFF switch, rising at high frequencies. Figure 3.74
shows the effect for the popular DG211 and DG411 series.
Note the characterization with a 50 € load, common in RF
circuits, but much lower than normal for low-frequency
signals, for which a typical load impedance is 10k or
more. Even with a 50Q load, the feedthrough becomes
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O—_Li T O
L L
= i . =
i I
0.5pF —= — 0.5pF AD7510DI
(Ron = 750)
1pF
O O
L 1
8pF 8pF
= J I =
i i

Figure 3.73. Capacitances between isolated sections of the
AD7510 quad analog switch cause signal crosstalk.

significant at high frequencies (1 pF has a reactance of 5k
at 30 MHz, giving —40 dB of feedthrough). And, of course,
there is significant attenuation (and nonlinearity) driving a
50 Q load, because for these parts Roy is typically 45 Q
and 17 Q, respectively. With a 10k load the feedthrough
situation is much worse, of course.

Exercise 3.5. Calculate the feedthrough into 10k at 1 MHz, as-
suming Cps = 1 pF.

In most low-frequency applications capacitive
feedthrough is not a problem. If it is, the best solu-
tion is to use a pair of cascaded switches (Figure 3.75) or,
better still, a combination of series and shunt switches,
enabled alternately (Figure 3.76). The series cascade
doubles the attenuation (in decibels) at the expense of ad-
ditional Ron, whereas the series-shunt circuit (effectively
an SPDT configuration) reduces feedthrough by dropping
the effective load resistance to Ron when the series switch

100

@
o
T

DG211-12,

Off Isolation (dB)
3
T

DG411-12 N
40+ (conventional) DG540-42,
MAX4565-7
(T-switch)
20 1 1
100 1k 10k 100k 1M 10M 100M
Frequency (Hz)

Figure 3.74. High-frequency feedthrough in analog switches.
There is less feedthrough with a low load resistance and less still
with a “T-switch” configuration.

o/v O out

10k 10k

control ——--——-——-—-————— !

Figure 3.75. Cascaded analog switches for reduced feedthrough.

in—o/r out
iy 1

closed D O
open J_I_

Figure 3.76. SPDT analog switch configuration for reduced
feedthrough.

is off. Some commercial analog switches are built with a
T-network of three switches (Figure 3.77) to achieve low
feedthrough for signals going in either direction; from the
outside you can’t even tell that they’ve used this trick,
except by noticing the excellent isolation specifications as
in Figure 3.74 (unless, of course, they brag about it on the
datasheet).

Exercise 3.6. Recalculate switch feedthrough into 10k at 1 MHz,

assuming Cpg= 1 pF and Ron=50€2, for the configuration of Fig-
ure 3.76.

Most CMOS SPDT switches have controlled break-
before-make (BBM) characteristics so that the signal
sources are not momentarily connected during switching.
In some cases, however, you need the reverse, i.e., make-
before-break (MBB), for example in a gain-selecting feed-
back circuit like Figure 3.84B. To deal with this, some
CMOS switches are available in both flavors, for example
the ADG619 and ADG620 (BBM and MBB, respectively,
as noted in Table 3.3).

I
i 1
1 1
| i
in o/' o l o—out
Figure 3.77. A T-switch further reduces high-frequency

feedthrough.
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Cp, Cs: capacitance to ground

Shunt capacitance to ground leads to the high-frequency
rolloff mentioned earlier. The situation is worst with a
high-impedance signal source, but even with a stiff source
the switch’s Ron combines with the shunt capacitance at
the output to make a lowpass filter. The following problem
shows how it goes.

Exercise 3.7. An AD7510 (here chosen for its complete capaci-
tance specifications, shown in Figure 3.73) is driven by a signal
source of 10k, with a load impedance of 100k at the switch’s out-
put. Where is the high-frequency —3 dB point? Now repeat the
calculation, assuming a perfectly stiff signal source and a switch
Ron of 75 ohms.

Capacitance from gate to channel
Capacitance from the controlling gate to the channel causes
a different effect, namely, the coupling of nasty little tran-
sients into your signal when the switch is turned on or off.
This subject is worth some serious discussion, so we’ll de-
fer it to the next section on glitches.

Cpp, Csg: capacitance between switches

If you package several switches on a single piece of sili-
con the size of a grain of rice, it shouldn’t surprise you if
there is some coupling between channels (“crosstalk’). The
culprit, of course, is cross-channel capacitance. The effect
increases with frequency and with signal impedance in the
channel to which the signal is coupled. Here’s a chance to
work it out for yourself.

Exercise 3.8. Calculate the coupling, in decibels, between a pair
of channels with Cpp = Css = 0.5 pF (Figure 3.73) for the source
and load impedances of the previous exercise. Assume that the
interfering signal is 1 MHz. In each case calculate the coupling
for (a) OFF switch to OFF switch, (b) OFF switch to ON switch, (c)
ON switch to OFF switch, and (d) ON switch to ON switch.

It should be obvious from this example why most broad-
band RF circuits use low signal impedances, usually 50 Q.
If crosstalk is a serious problem, don’t put more than one
signal on one chip.

E. Glitches and charge injection

During turn-on and turn-off transients, FET analog
switches can do nasty things. The control signal being ap-
plied to the gate(s) can couple capacitively to the chan-
nel(s), putting ugly transients on your signal. The situation
is most serious if the signal is at high impedance levels.
Multiplexers can show similar behavior during transitions
of the input address as well as a momentary connection be-
tween inputs if the turn-off delay exceeds the turn-on delay

(i.e., MBB). A related bad habit is the propensity of some
switches (e.g., the 4066) to short the input to ground mo-
mentarily during changes of state.

Let’s look at this problem in a bit more detail. Fig-
ure 3.78 shows a typical waveform you might see at the
output of an n-channel MOSFET analog switch circuit,
similar to Figure 3.59, with an input signal level of zero
volts and an output load consisting of 10k in parallel with
20 pF, realistic values for an analog switch circuit. The
handsome transients are caused by charge transferred to
the channel, through the gate-channel capacitance, at the
transitions of the gate. The gate makes a sudden step from
one supply voltage to the other, in this case between =15V
supplies, transferring a slug of charge

0 = Cgc| Vg (finish) — Vg (start)].

Here, Cgc is the gate-channel capacitance, typically around
5pF. Note that the amount of charge transferred to the
channel (“charge injection”) depends only on the total volt-
age change at the gate, not on its rise time. Slowing down
the gate signal gives rise to a smaller-amplitude glitch of
longer duration, with the same total area under its graph.
Lowpass filtering of the switch’s output signal has the same
effect. Such measures may help if the peak amplitude of the
glitch must be kept small, but in general they are ineffective
in eliminating gate feedthrough. In some cases the gate-
channel capacitance may be predictable enough for you to
cancel the spikes by coupling an inverted version of the
gate signal through a small adjustable capacitor.

The gate-channel capacitance is distributed over the
length of the channel, which means that some of the charge
is coupled back to the switch’s input. As a result, the size of
the output glitch depends on the signal-source impedance
and is smallest when the switch is driven by a voltage
source. Of course, reducing the size of the load impedance
will reduce the size of the glitch, but this also loads the
source and introduces error and nonlinearity because of fi-
nite Ron. Finally, all other things being equal, a switch with
smaller gate-channel capacitance will introduce smaller

drive

output A

Figure 3.78. Charge-transfer glitches, on a greatly expanded
scale.
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switching transients, although you pay a price in the form
of increased Ron.

Figure 3.79 shows an interesting comparison of gate-
induced charge transfers for a collection of analog
switches, including JFETs. For the CMOS switches the
internal gate signals are making a full rail-to-rail swing
(e.g., AV =30V for switches running from +15V); for
the JFET switch the gate swings from —15V to the sig-
nal voltage. The JFET switch shows a strong dependence
of glitch size on signal, because the gate swing is propor-
tional to the level of the signal above —15 V. Well-balanced
CMOS switches have relatively low feedthrough because
the charge contributions of the complementary MOSFETSs
tend to cancel out (one gate is rising while the other is
falling). Just to give scale to these figures, it should be
pointed out that 30 pC corresponds to a 3mV step across
a 0.01 uF capacitor. That’s a rather large filter capacitor,
and you can see that this is a real problem, since a 3mV
glitch is pretty large when dealing with low-level analog
signals.

In Figure 3.80 we’ve plotted, on an expanded scale, the
charge injection scene for a selection of analog switches
that exhibit particularly low charge injections. Switches
optimized for low charge injection will usually brag about
it on the datasheet’s headline. For example, the Analog

3004+ ADG841 (0.30)
T 200+ ADG619
——————— 0 1007, - ———————— —

£

5

a

o)
note o DG181 (JFET)
scale 3 Rs=0
changes! )

= (£15V)
ADG212

T , |
= ADG613,7 5 10 15
101043 Vsignal (V) ——~

.- 10k

Figure 3.79. Charge transfer for various FET linear switches as a
function of signal voltage, taken from the respective datasheets.

w
|
1

MAX4541 +5

DG508 +12

Charge, Qinj (pC) —-

Figure 3.80. Need an analog switch with low charge injection?
Here are some candidates, plotted on a greatly expanded scale.
The three dotted curves are for the DG4051 with +5V, +5V, and
+3V supplies. Check the datasheet for analogous plots for the
DG4053 triple SPDT switch.

Devices ADG1221-series datasheet shouts, in bold letters,
“Low Capacitance, Low Charge Injection, £15V/+12V
iCMOS® Dual SPST Switches”; quite a mouthful, but
quite a switch!

As might be expected, switches with lower ON-
resistance generally exhibit greater charge injection. Fig-
ure 3.81 shows this trend, in a scatterplot of datasheet val-
ues of Qyy; versus Ron for the low-voltage CMOS analog
switches currently offered by Analog Devices.

F. Other switch limitations

Some additional characteristics of analog switches that
may or may not be important in any given application are
switching time, settling time, BBM delay, channel leakage
current (both ON and OFF), device quiescent current, input
current during overvoltage, Ron matching among multiple
channels, and temperature coefficient of Ron. We’ll show
unusual restraint by ending the discussion at this point,
leaving the reader to look into these details when the circuit
application demands it.
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Figure 3.81. Scatterplot of specified charge injection versus ON-
resistance for Analog Devices’ low-voltage analog switches, illus-
trating the Ron versus Qjy; tradeoff.

3.4.3 Some FET analog switch examples

As we indicated earlier, many of the natural applications of
FET analog switches are in op-amp circuits, which we treat
in the next chapter. In this section we show a few switch
applications that do not require op-amps, to give a feeling
for the sorts of circuits you can use them in.

A. Switchable RC lowpass filter
Figure 3.82 shows how you could make a simple RC low-
pass filter with selectable 3 dB points. We’ve used a mul-
tiplexer to select one of four preset resistors, using a 2-
bit (digital) address. We chose to put the switch at the
input, rather than after the resistors, because there is less
charge injection at a point of lower signal impedance. An-
other possibility, of course, is to use FET switches to se-
lect the capacitor. To generate a very wide range of time
constants you might have to do that, but the switch’s fi-
nite Ron would limit attenuation at high frequencies, to a
maximum of RoN /Reries- We’'ve also indicated a unity-gain
buffer, following the filter, since the output impedance is
high. You’ll see how to make “perfect” followers (precise
gain, high Z;,, low Zyy, and no Vg offsets, etc.) in the next
chapter. Of course, if the amplifier that follows the filter
has high input impedance, you don’t need the buffer.
Figure 3.83 shows a simple variation in which we’ve
used four independent switches, rather than a 4-input mul-
tiplexer. With the resistors scaled as shown, you can gen-
erate 16 equally spaced 3 dB frequencies by turning on bi-
nary combinations of the switches.”®

76 An easy way to see that the 3dB frequencies are integral multi-
ples of the lowest setting is to rewrite f3qp in terms of the con-
ductance of the parallel resistance R, of the selected resistors:

10k
input —0—0/

rolloff frequency
select

Figure 3.83. RC lowpass filter with choice of 15 equally spaced
cutoff frequencies.

Exercise 3.9. What are the 3 dB frequencies for this circuit? Esti-
mate the gain-switching glitch amplitude, assuming a charge in-
jection specification of 20 pC, distributed equally to the input and
output switch terminals, and a signal source of low impedance.

B. Switchable gain amplifier
Figure 3.84 shows how you can apply the same idea of
switching resistors to produce an amplifier of selectable
gain. Although this idea is a natural for op-amps, we can
use it with the emitter-degenerated amplifier. We used a
constant-current sink as emitter load to permit gains much
less than unity. We then used the multiplexer to select
one of four emitter resistors. Note the blocking capacitor,
needed to keep the quiescent current independent of gain.
In Circuit A the switch’s Ron value is part of the gain
equation. By contrast, in Circuit B the switch selects a
voltage-divider tap and presents it to a high impedance op-
amp input, so the switch’s Ron doesn’t affect the gain ac-
curacy. Other (more complex) examples of this approach
are found in Figures 5.59, 5.62, and 5.80.

f2a8=1/27R,C=G,/2rC. Then it’s easy, because the conductance
of resistors in parallel is the sum of their individual conductances.
So for this circuit f3gg=nGgor/2nC=199n Hz, where Ggo=12.5S,
C=10nF, and n is the integer [1..15] represented by the selected
switches A,,.
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Figure 3.84. A. An analog multiplexer selects appropriate emitter degeneration resistors to achieve decade-switchable gain. B. A similar
technique, but with the versatile “op-amp” building block (the hero of Chapter 4).

C. Sample-and-hold

Figure 3.85 shows how to make a “sample-and-hold” (S/H)
circuit, which comes in handy when you want to convert an
analog signal to a stream of digital quantities (“analog-to-
digital conversion”) — you’ve got to hold each analog level
steady while you figure out how big it is. The circuit is sim-
ple: a unity-gain input buffer generates a low-impedance
copy of the input signal, forcing it across a small capacitor.
To hold the analog level at any moment, you simply open
the switch. The high input impedance of the second buffer
(which should have FET input transistors to keep input cur-
rent near zero) prevents loading of the capacitor, so it holds
its voltage until the FET switch is again closed.

Exercise 3.10. The input buffer must supply current to keep the
capacitor following a varying signal. Calculate the buffer’s peak

buffer buffer
input | | output
P x1 0/.'C x1 P
| i J_ c
i I10nF
I
sample ! =
J_l— hold .
input
output
! v
\\ i /
_ 1
| sample :
hold

Figure 3.85. Sample-and-hold.

output current when the circuit is driven by an input sinewave of
1V amplitude at 10 kHz.

You can do considerably better by closing a feedback
loop around the S/H circuit; take a look at §4.5.2. Better
still, buy a complete integrated circuit S/H (e.g., the AD783
has an internal hold capacitor, settles to 0.01% in 0.25us,
and droops less than 0.02u'V/us) — let someone else do the
hard work!

D. Flying-capacitor voltage converter

Here’s a nice way (Figure 3.86) to generate a needed nega-
tive power-supply voltage in a circuit that is powered by a
single positive supply. The pair of FET switches on the left
connects C across the positive supply, charging it to Vjy,
while the switches on the right are kept open.”” Then the
input switches are opened, and the switches on the right are
closed, connecting charged C; across the output, transfer-
ring some of its charge onto C,. The switches are diaboli-
cally arranged so that C; gets turned upside down, generat-
ing a negative output! This particular circuit, often referred
to as a charge-pump dc—dc converter, originated as the In-
tersil 7660 voltage converter chip, and is widely available
in improved variants, including voltage-doubling versions
and regulated versions. You find them, also, as built-in por-
tions of larger integrated circuits that require dual supply

77 The device labeled “inverter” turns a logic HIGH voltage into a logic
LOW voltage, and vice versa. We’ll show you how to make one in the
next section (and we’ll really get you up to speed on them in Chapters
10-14!).
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Figure 3.86. Flying-capacitor voltage inverter.

Vaur
= -V

:L__c/r,_

i i i o

ur

voltages, for example RS-232C serial-port drivers. We’ll
visit these devices in more detail in §9.6.3.

E. Digital potentiometer

It’s nice to be able to turn a pot electrically — for exam-
ple, to adjust the volume control of a television set by the
remote control “clicker.” This kind of application is com-
mon, and the semiconductor industry has responded with
a variety of electrically settable pots, known variously as
EEPOT, E*POT, or just plain digital pot. A digital pot
consists of a long resistor chain, with an array of FET
switches that connects the selected tap to the output pin
(Figure 3.87); the tap is selected by a digital input (Chap-
ters 10 and onward).”® Digital pots come in single, dual,
and multiple units; many have “nonvolatile” memory, to
retain the position of the pot after power has been turned
off. Some have nonlinear taps, for example for audio vol-
ume controls, for which it’s best to have equal step sizes
in decibels (that is, each step produces the same fractional
increase in voltage-divider ratio). Note that, whatever the
configuration, the switch’s Ron appears as a series resis-
tance at the output (“wiper”) pin.

As an example, the Analog Devices website lists some
50 digital potentiometers, with from 32 to 1024 steps (256-
step models seem to be the most popular), and with one to
six channels (singles and duals seem most popular); they
use a serial data connection (only two or three pins are
needed, regardless of the length of the control data), and
they average about $1 (1000-piece quantity). The selection
from Maxim/Dallas includes linear and log taper units (the
term faper predates digital pots and refers to the resistance
versus shaft rotation characteristic of a pot; the log taper is

78 There are two varieties here: one uses a serial digital data protocol, so
that the desired tap position can be sent, as a number, from a controlling
microprocessor; the other kind has UP and DOWN pins, with internal
memory to hold the current tap position.

R R R R R

['(‘"'{'"'("l"("'{""(""(

logic
&
memory

F e

control

Figure 3.87. An IC “digital potentiometer.” Internal digital logic
turns on one of the n analog switches to select a tap along the
chain of n—1 fixed resistors.

for audio applications), again in single and multiple units,
and with up to 1024 steps per unit. And at the bottom of In-
tersil’s selection table, after all the usual digital pots, you’ll
even find digital capacitors!’®

3.4.4 MOSFET logic switches

The other kinds of FET switch applications are logic and
power switching circuits. The distinction is simple: in ana-
log signal switching you use a FET as a series switch,
passing or blocking a signal that has some range of ana-
log voltage. The analog signal is usually a low-level sig-
nal at insignificant power levels. In logic switching, on the
other hand, MOSFET switches open and close to generate
full swings between the power supply voltages. The “sig-
nals” here are really digital, rather than analog — they swing
between the power supply voltages, representing the two
states HIGH and LOW. In-between voltages are not useful
or desirable; in fact, they’re not even legal! Finally, “power
switching” refers to turning on or off the power to a load
such as a lamp, relay coil, or motor winding; in these appli-
cations, both voltages and currents tend to be large. We’ll
take logic switching first.

Figure 3.88 shows the simplest kind of logic switching
with MOSFETs: both circuits use a resistor as load and
perform the logical function of inversion — a HIGH input
generates a LOW output, and vice versa. The n-channel ver-
sion pulls the output to ground when the gate goes HIGH,
whereas the p-channel version pulls the resistor HIGH for
grounded (LOW) input. Note that the MOSFETS in these
circuits are used as common-source inverters rather than as
source followers. In digital logic circuits like these, we are
usually interested in the output voltage (“logic level”) pro-
duced by a certain input voltage; the resistor serves merely

7 The tapped-resistor trick is used in digital-to-analog converters (see
§13.2.1), and many ADCs use digital capacitors (see §13.7.
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Figure 3.88. nMOS and pMOS logic inverters, with resistive
“pullups”.

as a passive drain load, to make the output swing to the
drain supply when the FET is off. If, on the other hand, we
replace the resistor with a lightbulb, relay, print-head ham-
mer, or some other hefty load, we’ve got a power-switching
application (Figure 3.3). Although we’re using the same
“inverter” circuit, in the power-switching application we’re
interested instead in turning the load on and off.

A. CMOS inverter

The nMOS and pMOS inverters of the preceding circuits
have the disadvantage of drawing current in the ON state
and having relatively high output impedance in the OFF
state. You can reduce the output impedance (by reducing
R), but only at the expense of increased dissipation, and
vice versa. Except for current sources, of course, it’s never
a good idea to have high output impedance. Even if the in-
tended load is high impedance (another MOSFET gate, for
example), you are inviting capacitive noise pickup prob-
lems, and you will suffer reduced switching speeds for the
ON-to-OFF (“trailing”) edge (because of stray loading ca-
pacitance). In this case, for example, the nMOS inverter
with a compromise value of drain resistor, say 10k, would
produce the waveform shown in Figure 3.89.

The situation is reminiscent of the single-ended emitter
follower in §2.4.1, in which quiescent power dissipation
and power delivered to the load were involved in a similar
compromise. The solution there — the push—pull configu-
ration — is particularly well suited to MOSFET switching.
Look at Figure 3.90, which you might think of as a push-
pull switch: input at ground cuts off the bottom transistor
and turns on the top transistor, pulling the output HIGH. A
HIGH input (4+Vpp) does the reverse, pulling the output to
ground. It’s an inverter with low output impedance in both
states, and no quiescent current whatsoever. It’s called a
CMOS (complementary MOS) inverter, and it is the basic
structure of all digital CMOS logic, the logic family that
has become universal in large and very-large scale inte-
grated circuits (LSI, VLSI), and has largely replaced earlier
logic families (with names like transistor—transistor logic,

+5V

Vout
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e T n _oiie
4 ¥ pickup
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Figure 3.89. High off-impedance in the nMOS inverter causes
long rise times and susceptibility to capacitively-coupled noise.
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Figure 3.90. CMOS logic inverter and circuit symbol.

TTL) based on bipolar transistors. Note that the CMOS
inverter is two complementary MOSFET switches in se-
ries, alternately enabled, whereas the CMOS analog switch
(treated earlier in the chapter) is two complementary MOS-
FET switches in parallel, enabled simultaneously.

Exercise 3.11. The complementary MOS transistors in the CMOS
inverter are both operating as common-source inverters, whereas
the complementary bipolar transistors in the push-pull circuits of
§2.4.1 (e.g., Figure 2.69) are (noninverting) emitter followers. Try
drawing a “complementary BJT inverter”” analogous to the CMOS
inverter. Why won’t it work?

B. CMOS gates

We’ll be seeing much more of digital CMOS in the chap-
ters on digital logic and microprocessors (Chapters 10—
14). For now, it should be evident that CMOS is a low-
power logic family (with zero quiescent power) with high-
impedance inputs, and with stiff outputs that swing the full
supply range. Before leaving the subject, however, we can’t
resist the temptation to show you one additional CMOS
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circuit (Figure 3.91). This is a logic NAND gate, whose out-
put goes LOW only if input A and input B are both HIGH.
The operation is surprisingly easy to understand: if A and B
are both HIGH, series nMOS switches Q; and Q; are both
ON, pulling the output stiffly to ground; pMOS switches
Q3 and Q4 cooperate by being OFF; thus, no current flows.
However, if either A or B (or both) is LOW, the correspond-
ing pMOS transistor is ON, pulling the output HIGH; since
one (or both) of the series chain Q;Q> is OFF, no current
flows.

+Vpp

o

Figure 3.91. CMOS NAND gate and circuit symbol.

This is called a NAND gate because it performs the log-
ical AND function, but with inverted (“NOT”’) output — it’s
a NOT-AND, abbreviated NAND. Although gates and their
variants are properly a subject for Chapter 10, you will en-
joy trying your hand at the following problems.

Exercise 3.12. Draw a CMOS AND gate. Hint: AND =
NOT NAND.

Exercise 3.13. Draw a NOR gate: the output is LOW if either A or
B (or both) is HIGH.

Exercise 3.14. You guessed it — draw a CMOS OR gate.
Exercise 3.15. Draw a 3-input CMOS NAND gate.

The CMOS digital logic we’ll be seeing later is con-
structed from combinations of these basic gates. The com-
bination of very low-power dissipation and stiff rail-to-rail
output swing makes CMOS logic the family of choice for
most digital circuits, accounting for its popularity. Further-
more, for micropower circuits (such as wristwatches and
small battery-powered instruments), it’s the only game in
town.

Lest we leave the wrong impression, however, it’s worth
noting that CMOS logic is not zero power. There are two
mechanisms of current drain:

(a) During transitions, a CMOS output must supply a tran-
sient current I = CdV/dt to charge any capacitance it sees
(Figure 3.92). You get load capacitance both from wiring
(“stray” capacitance) and from the input capacitance of ad-

At
+V,
DD T v .
AV ou
0 _t

PMOS current
0 _I_l— (from Vpp)

NMOS current
o— T L tocnp)

Figure 3.92. Capacitive charging current. The average supply cur-
rent is proportional to switching rate, and equals CV f.

ditional logic that you are driving. In fact, because a com-
plicated CMOS chip contains many internal gates, each
driving some on-chip internal capacitance, there is some
current drain in any CMOS circuit that is making transi-
tions, even if the chip is not driving any external load. Not
surprisingly, this “dynamic” current drain is proportional
to the rate at which transitions take place.

(b) The second mechanism of CMOS current drain is
shown in Figure 3.93: as the input jumps between the
supply voltage and ground, there is a region where both
MOSFETsS are conducting, resulting in large current spikes
from Vpp to ground. This is sometimes called “class-A
current,” “shoot-through,” or “power-supply crowbarring.”
You will see some consequences of this in Chapters 10—12.
As long as we’re dumping on CMOS, we should mention
that an additional disadvantage of CMOS (and, in fact, of

+Vop Q, alone
4J Q, alone
Q
I
Q,
B 0 Vin Voo
Q, conducting
Voo
Vin )
Q, conducting
0

Figure 3.93. When the input gate voltage of a CMOS inverter is
intermediate between Vpp and ground, both MOSFETSs are partially
conducting, causing “class-A conduction,” also known as “shoot-
through” current.
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all MOSFETSs) is their vulnerability to damage from static
electricity. We’ll have more to say about this in §3.5.4H.

3.5 Power MOSFETs

MOSFETs work well as saturated switches, as we sug-
gested with our simple circuit in §3.1.1B. Power MOS-
FETs are now available from many manufacturers, making
the advantages of MOSFETSs (high input impedance, easy
paralleling, absence of “second breakdown™) applicable to
power circuits. Generally speaking, power MOSFETsS are
easier to use than conventional bipolar power transistors.
Howeyver, there are some subtle effects to consider, and
cavalier substitution of MOSFETs in switching applica-
tions can lead to prompt disaster. We’ve visited the scenes
of such disasters and hope to avert their repetition. Read on
for our handy guided tour.

FETs were feeble low-current devices, barely able to
run more than a few tens of milliamps, until the late 1970s,
when the Japanese introduced “vertical-groove” MOS tran-
sistors. Power MOSFETs are now made by all the man-
ufacturers of discrete semiconductors (e.g., Diodes-Inc,
Fairchild, Intersil, IR, ON Semiconductor, Siliconix, Su-
pertex, TI, Vishay, and Zetex, along with European com-
panies like Amperex, Ferranti, Infineon, NXP, and ST, and
many of the Japanese companies such as Renesas and
Toshiba); they are called, variously, VMOS, TMOS, ver-
tical DMOS, and HEXFET. Even in conventional transis-
tor power packages such as TO-220, TO-247, and D-PAK
they can handle surprisingly high voltages (up to 1500 V
or more), and peak currents over 1000 amps (continuous
currents of 200 A), with Ron below 0.001 Q. Small-power
MOSFETs sell for much less than a dollar, and they’re
available in all the usual transistor packages. You can also
get arrays (multiple MOSFETs) in standard multipin IC
packages such as the traditional dual in-line package (DIP)
and the smaller surface-mount varieties such as SOT-23,
SOIC, and TSOP. Ironically, it is now discrete low-level
MOSFETs that are hard to find, there being no shortage of
power MOSFETs; Table 3.4a on page 188 lists a selection
of small n-channel MOSFETSs up to 250V, Table 3.4b on
pages 189-191 lists other n-channel MOSFET sizes and
voltages, and Table 3.6 on page 210 has a nice selection
of depletion-mode power MOSFETs. There are additional
types listed in the MOSFET tables in Chapter 3x.

3.5.1 High impedance, thermal stability

Two important advantages of the power MOSFET com-
pared with the bipolar power transistor, are (a) its ex-
tremely high input impedance (essentially infinite at dc),

and (b) its inherent thermal stability. As simple as these
might seem, there’s more to say, and some important cau-
tions.

A. Input impedance

First, the “infinite” input impedance holds only at dc
because of substantial input capacitance, which can run
to 1000-10,000 pF in typical power MOSFETs. In addi-
tion, for switching applications you have also to worry
about feedback capacitance, i.e., drain-to-gate capacitance
(also called reverse transfer capacitance, Cyss), because the
Miller effect (§2.4.5) boosts the effective value by the volt-
age gain. In §3.5.4 we’ll discuss this further and display
some waveforms showing how the Miller effect fights your
efforts to bring about rapid switching. Jumping to the bot-
tom line, you may have to supply several amperes of gate
drive current to switch power loads in the tens of nanosec-
onds that MOSFETs can inherently achieve — hardly the
characteristics of an infinite input-impedance device!

B. Thermal stability

Second, there are two mechanisms affecting thermal sta-
bility in MOSFETSs, namely an increase in Ron with in-
creasing temperature, and, at the higher end of the tran-
sistor’s drain current only, a decrease in drain current (at
constant Vgs) with increasing temperature; see Figure 3.14
and Figures 3.115, and 3.116 in §3.6.3. This latter effect is
very important in power circuits and is worth understand-
ing: the large junction area of a power transistor (whether
BIJT or FET) can be thought of as a large number of small
junctions in parallel (Figure 3.94), all with the same ap-
plied voltages. In the case of a bipolar power transistor, the
positive temperature coefficient of collector current at fixed
VeE (approximately +9%/°C, see §2.3) means that a local
hot spot in the junction will have a higher current density,
thus producing additional heating. At sufficiently high Vcg
and I¢, this “current hogging” can cause local thermal run-
away. As a result, bipolar power transistors are limited to a
“safe operating area” (on a plot of collector current versus
collector voltage) smaller than that allowed by transistor
power dissipation alone. The important point here is that
the negative temperature coefficient of MOS drain current,
when operating at relatively high currents, prevents these
junction hot spots entirely. MOSFETs also have no second
breakdown, and their safe operating area (SOA) is limited
only by power dissipation (see Figure 3.95, where we’ve
compared the SOAs of an npn and an nMOS power tran-
sistor of the same Inax, Vimax, and Pyiss). This is one reason
MOSFETs are favored in linear power applications such as
audio power amplifiers.
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2SK3018 SOT-323 @ 30 02 005 50 4 - 13 0.20 FDSE575 SO-8 e 20 1.5 67 11 25 53 4950 1.9
FDV303N SOT-23 ® 25 035 04 330 27 11 50 0.23 CSD25401 SON e 20 28 8% 14 25 55 1100 1.96
IRLML2030 SOT-23 e 30 1.3 09 123 45 1 110 025 IRLML6401 SOT-23 ¢ 12 1.3 2 125 18 6 830 019
NDS355AN SOT-23 e 30 0.5 1.0 105 45 3.5 195 0.29 IRF7702 TSSOP-8e 12 15 6 15 25 30 3500 0.90
FDN337N SOT-23 e 30 05 1.32 70 2.5 42 300 0.6 IRF7420  SO-8 ¢ 12 25 8 15 25 24 3500 066
FDT430N SOT-223 @ 30 1.3 4 55 45 107 500 0.60 IRF7410G  SO-8 e 12 25 12 8 25 55 8700 0.97
NTR4I7ON SOT28 o 30 08 2 50 45 48 430 012 | o IRF7210  SO-8 o 12 25 10 7 25 115 17200 1.03
'\':[';"T“"‘;‘:x: ssc())TT_22233: 28 1-39 : jg ig 51’-15 ‘7“2‘2 g-?g IRF9540 TO-220 - 100 150 19 120 10 40 1400 2.20
- : : IRF9540N TO-220 - * 140 20 110 * 60 1300 1.28
IRLML0030 SOT23 e 30 13 2! 33 45 26 380 018 IRFP9140 TO-247 — 100 180 19 120 10 38 1400 307
NTLJS4114N WDFN e 30 19 25 26 25 5 650 0.30 IRFP9140N TO-247 — * 140 18 111 * 60 1300 142
NTMS4800N SO-8 e 30 075 5 20 45 77 940 0.22 IRE5210 TO-220 — 100 200 25 50 10 115 2700 193
IRF7807Z  SO-8 e 30 25 10 145 45 7.2 770 061 IXTROOP10P TO-247 — 100 190 55 20 10 120 5800 8.10
FDS6680A SO-8 e 30 10 7 10 45 16 1600 0.68 IXTKI70P10 TO-264 — 100 890 130 10 10 240 12600 14.20
FDS8817NZ SO-8 e 30 25 10 7 45 17 1800 075 IXTN170P10 SOT.207 — = o 170 =  » + 2 1937
NDS33IN SOT-23 e 20 0.5 08 150 27 2.2 160 0.30 SUDOBPOS DPak e 60 25 22 158 45 7 450 075
FDG327NZ SC70-6 e 20 042 1.2 90 1.8 21 410 0.40 NTD2955G DPak o 60 55 22 185 10 14 500 0.5
IRLML2502 SOT-23 e 20 1.25 1.25 50 25 5 740 0.30 NTP29sE TO8%0 -+ 82 11 o . o v ose
Si2312CDS SOT-23 e 20 0.8 2Y 35 18 3.8 870 0.28 MUESOSED TO2%0 — 60 76 - 80P - - - opa
Si2312BDS SOT-23 e 20 08 2 30 25 3.8 770 0.40 FOBIPOS DPPak o 60 53 27 140 10 13 420 061

IRF6201 SO-8 e 20 25 15 21 25 130 8600 1.06 FQP27P0E TO-220

- 60 120 19 55 10 33 1100 0.72
FQB27P06 D2Pak e = * 57 * ok * 0.92

Notes: () same as row above. (b) BJT for comparison. (c) Pdiss for IRF4905 TO-220 55 200 50 16 10 120 3400 2.04

Toase-25°C. (m) max. (p) the I-PAK (TO-262) is a “sawed-off TO-220" STBBOPF55 D2Pak e 55 2.4 7 16 10 190 5500 2.53
stand-up part with 0.1" pitch (three leads plus tab), while the D2-PAK STP8OPFSS TO-220 - « 300 55 «  « » 178
(TO-263) is an SMT version (2 leads plus tab); the I-PAK (TO-251) is a SUMS5P06 D?Pak e 60 125 72 15 10 76 3500 275
smaller version of the I2-PAK (i.e., stand-up, 3 leads plus tab, 0.09" pitch), IRF9Z34 TO-220 - 55 68 15 10 10 23 620 0.97
with its corresponding D-PAK (TO-252) SMT version (2 leads plus tab). SUP90P06 TO-220 - 60 250 90 9 4.5 90 9200 3.06
() gty 100; inexpensive “jellybean” parts are indicated in boldface. SUP75P05 TO-220 - 55 250 75 8 10 140 8500 5.42
() Ros typ for Ty=25°C, multiply by 1.5 if hot; BJT value is for /=0.3A. IRFP064V TO-247 — 60 250 80 55 10 175 6800 1.89
(s) total gate charge to Vgs; switching loss = QgVasf. (t) typical. (u) with IRF9204 TO-220 — 40 143 35 20 4.5 150 7700 1.47
6 cm2 PCB copper. (v) with 0.4 cm2 PCB copper. (x) surface-mount MTP50PO3HDL TO-220 - 30 125 30 20 5 74 3500 3.37
part, or SMT available if through-hole indicated (e.g., TO-92 or TO-220). FDD6637 DPak e 35 57 7% 14 45 25 2400 0.71
(y) guideline conservative estimate, saturated switch at Vgs, Tcase=70°C. SUP75P03 TO-220 — 30 187 75 5.5 10 140 9000 1.91
(2) with 2-5 cm2 PCB copper; add heatsink for higher current. IPB8OP0O3P4L-04 D2Pak e 30 137 16 4.7 45 60 8700 1.02

This table shows selected representative MOSFETs. The left nMOS column lists TO-92 and small surface-mount parts. The right column lists all
PMOS parts up to 100 V. The lists are sorted by decreasing switch spec, Rps(on)- Ignore parts with inadequate Vpss, and evaluate parts with a good
switch Ip spec margins. Study candidate datasheets for viability. Amplifiers and linear regulators rely on the Py spec. But Rgyc=125°C/Pp, and the
Junction temp will be Ty=Ta+Pp(Rejc+Roja ), Where the latter term is your heatsink thermal path. Both Rg terms vary widely for different packages,
and the Pp spec is useful only in that context. You may find that high-voltage parts have lower Rgjc.
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Table 3.4b n-channel Power MOSFETSs, 55V to 4500V (page 1 of 3)

S € < . 682
g 3 Ip (Ves=10V) L2 Charge Capamtanie )
° £ o Qa N e g 8 Vs s (Vbs=25V")
wg § Vbss 2 &Lr)) %o) Roson) at S ':a.:—:‘ Qa QgD Ciss Coss Crss year
£ 25°CPdiss 2 o ~ Reic typ" max Vbs % o typ typ typ typ typ Costd "¢
Part #K PackageP = a V) (W) A A A CC/W) M mQ) (V) O & (nC)t (nC)t (pF) (pF) (pF) US$ introY
2.5 to 4.5kV
IXTTO2N450 TO-268 Ix - 4500 113 06 02 0714 141 48000 6250 10 - - 106 5.5 246 19 5.8 17.05 2013
IXTTIN450HV TO-268HV Ix - 4500 520 3 1 0.8 024 720 8500 10 - - 40 20 1730 78 28 28.67 2013
IXTL2N450 i5-Pak Ix - 4500 220 8 2 1.3 056 16Q 200 10 - - 180 83 6860 267 105 88.80 2013
IXTHO2N250 TO-247 Ix - 2500 83 06 02 0714 15 3850 4500 10 - - 74 583 116 8 3 9.52 2013
1500V
2SK1317 TO-3P R - 1500 100 7 25 1.5 125 9000 12000 10 - - - - 990 125 60 5.46 2004
STP3N150 TO-220 ST - 1500 140 10 25 16 0.89 6000 9000 10 - - 29.3 17 939 102 13.2 4.64 2008
STP4N150 TO-220 ST - 1500 160 12 4 25 0.78 5000 7000 10 - - 30 9 1300 120 12 415 2003
IXTHEN150 TO-247 Ix - 1500 540 24 6 4 023 2905 3500 10 - - 67 36 2230 170 64 6.07 2010
1200V
IXTYO2N120 D-Pak Ix e 1200 33 06 02 02 380 60Q 750 10 - - 47 3.2 104 86 1.9 292 2009
IXTP1IN120P TO-220 Ix - 1200 63 1.8 1 0.7 2 16Q 200 10 - - 176 10.6 550 25 54 246 2007
IXTP3N120 TO-220 |Ix - 1200 200 12 3 25 0.62 3735 4500 10 - - 42 21 1100 110 40 4.65 2003
STP6N120K3 TO-220 ST - 1200 150 20 6 3.8 083 1950 2400 10 e - 39 23,5 1050 90 3 4.28 2010
IXFH16N120P TO-247 Ix - 1200 680 35 16 8 019 850 950 10 - - 120 47 6900 390 48 11.02 2007
IXFX26N120P TO-264 Ix - 1200 960 60 26 19 013 380 460 10 - - 225 96 16000 735 58 19.28 2007
IXFN32N120 SOT-227 Ix - 1200 780 128 32 20 016 290 350 10 - - 400 188 15900 1000 260 2715 2001
CMF20120D* TO-247 Cr - 1200 215 90 42 24 044 80 100 20 - - 91 43 1915 120 13 32.05 2011
800-1000V
IXTYO1N100 D-Pak Ix - 1000 25 04 01 0.1 5 60Q 800 10 - - 6.9 3 54 6.9 2 0.93 2004
IXTAO5N100 D-Pak Ix ¢ 1000 40 3 075 05 31 15Q 17Q 10 - - 78 41 260 22 8 1.68 2006
IXTPIN100 TO-220 Ix - 1000 54 6 15 09 23 8300 11000 10 - - 145 75 400 37 13  0.93 2002
FQD2N100 D-Pak F e 1000 50 6.4 1.6 1 2.5 7100 9000 10 - - 12 6.5 400 40 5 0.79 2001
STD2NK100Z D-Pak ST e 1000 70 74 185 116 1.8 6250 8500 10 = - 16 9 499 53 9 219 2006
STP2NK100Z TO-220 ST - 1000 70 74 185 116 1.8 6250 8500 10 e - 16 9 499 53 9 2.16 2006
IRFBG20 TO-220 IR - 1000 54 56 14 0.86 23 8000 11000 10 - - 27 15 500 52 17 1.02 1993
IRFBG30 TO-220 IR - 1000 125 12 31 2 1 4000 5000 10 - - 50 30 980 140 50 1.31 1993
STP5NK100Z TO-220 ST - 1000 125 14 35 2.2 1 2700 3700 10 e - 42 22 1154 106 21 2.52 2005
FQA8N100 TO-3P F - 1000 225 32 8 5 056 1200 1450 10 - - 53 23 2475 195 16 2.28 2005
IXTX24N100 TO-247 Ix - 1000 568 96 24 16 0.22 333 400 10 - - 267 142 8700 785 315 15.53 2009
FQP9N90C TO-220 F - 900 205 32 8 28 185 1120 1400 10 - - 45 18 2100 175 14 1.73 2002
FQD1N80 DPak F e 800 45 4 1 0.63 2.78 15000 20000 10 - - 55 3.3 150 20 27 0.22 1999
STQINK80 TO-92 ST - 800 3 5 025 016 40 13000 16000 10 o - 7.7 4.5 160 26 7 0.35 2004
STN1NK80 SOT-223 ST e 800 2.5 5 * * 50 * * * e - x * * * * 0.75 2004
STDINK80 DPak ST e 800 45 5 * * 2.78 * * o8 - % * * * * 0.64 2004
SPP02N80C3 TO-220 Inf - 800 42 6 2 1.2 3 2400 2700 10 - - 12 6 290 130 6 1.04 2005
FQP7N80C TO-220 F - 800 167 26 66 4.2 075 1570 1900 10 - - 27 " 10 1.25 2000
SPP11N80C3 TO-220 Inf - 800 156 33 1 74 0.8 390 450 10 - - 50 25 1600 800 40 2.72 2003

Notes: (a) sorted by voltage groups, then by descending Rps(on); parts with rated below 55V are not included; many MOSFETs have an alphanumeric part-number
scheme, e.g., 10N60, where 10 is the continuous current capability, N means n-channel, and the last number is Vpss/10, so 60 means 600 volts; for these parts a
prefix letter usually indicates the package type. (*) same as row above. (b) the maximum continuous current with T¢ = 25°C (manifestly impossible), assuming

Ty =150°C; in some cases the current is limited by the package (bonding wires). (c) Pdiss for Tcase=25°C from datasheet. (e) at Ty = 25°C. (k) parts in italics have
super-junction technology, specs are at Vps = 50 or 100V. (m) max. (n) Cr = Cree, F = Fairchild, Inf = Infineon, IR = International Rectifier, Ix = IXYS, N = NXP,

R = Renesas, ST = STMicroelectronics, Su = Supertex, To = Toshiba, V = Vishay. (p) package types (check datasheet to see which pkgs the mfgr offers for that
part); plastic power types with three leads are (largest first): TO-264 with 0.215" lead spacing (to match TO-3 center hole and insulated side mounting notches),
TO-247 (same spacing, optional center hole), TO-3P (same spacing and center hole, both to match TO-38), TO-220 (smaller with 0.2" tab with hole, 0.1" lead spacing,
very popular); the 12-PAK (TO-262) is a “sawed-off TO-220” stand-up part with 0.1" pitch (three leads plus tab), while the D2-PAK (TO-263) is an SMT version

(2 leads plus tab); the I-PAK (TO-251) is a smaller version of the 12-PAK (i.e., stand-up, 3 leads plus tab, 0.09" pitch), with its corresponding D-PAK (TO-252) SMT
version (2 leads plus tab); SOT-223 three leads 0.09" spacing with short tab; power SO-8P is similar to SOIC-8 with a metal “power pad”; LFPAK=SOT669 has SO-8
footprint replacing 4 pins with drain tab; the SOT-227 package measures 1x1.5 in, has four #4 captive-nut spade-lug lead connections, and a super-useful insulated
metal heat-sink plate. (qg) gty 100. (r) Rps typ for Ty = 25°C; if hot, scale by 1.5 to 2x for low-voltage parts, or by 2.2 to 3.5x for high-voltage parts, see Chapter 3x.
(s) total gate charge to VGS; gate switching loss = QgVggf. (s2) drain capacitive switching loss = CossVDszf. (t) typical. (v) at the Vs at which Rps(on) is specified.
(w) newer -N version costs less, but has higher Rgyc. (x) this is a silicon-carbide (SiC) rather than silicon MOSFET; these have lower capacitance but require higher
gate voltages. (y) est’d year-of-introduction; see “A 30-year MOSFET Saga” in chapter 3x. (z) guideline conservative estimate, saturated switch at Vgs, Tc = 70°C.

Usage comments: ¢ when scanning the list for low Coss, or maximum power, or low Ron, etc., you may find a better part for your spec, with much higher Vpss
than required -- especially true for high-power capability, a linear servo or pass transistor. ® 500V parts have been superceded by 600V parts by many
manufacturers. e linear apps often need power dissipation capability, this is often better with older large-die parts; newer designs use narrow V-grooves to
achieve low Rps(on), and therefore require much less die area. There are good candidates in the table.
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Table 3.4b n-channel Power MOSFETs, 55V to 4500V? (page 2 of 3)

CL “E xC
£3 Ip (Vas=10V) < S Charge Capacitaniesvsz
g E o 2 N e 22 Vs s (VDs=25V7)
'g §VDSS c £ fco) %O’ Robs(on) at S ';—)‘ Q¢ Qép Ciss Coss Crss year
E€25°C Pdiss & « = Reic typ" max Vbs % o typ typ typ typ typ Costd “of
Part#  Package® =@ (V) W) (A (A (A) CCW) mQ) mMQ) (V) & @ (nC)! MO (pF) (PF) (PF) US$ introY
600V
VN2460N3,N8 TO-92 Sue 600 1 0.5 016 0.72 125 25000 25000 5 - - 55 4 120 10 5 0.84 2000
FQNIN6OC TO-92 F - 600 3 12 03 018 50 9300 11500 10 - - 4.8 27 130 19 3.5 0.31 2003
FQDIN60C  DPak F e 600 28 4 1 16 45 * * * - - * * * * 0.47 2003
SPD01N60c3  DPak IR ¢ 600 11 16 08 05 11 5600 6000 10 - - 22 09 100 40 2.5 0.60 2003
IXTP2N6OP TO-220 Ix - 600 55 4 2 1.4 225 4200 5500 10 - - 7 21 240 28 3.5 0.79 2005
FQP2N60C TO-220 F - 600 54 8 2 135 232 3600 4700 10 - - 85 441 180 20 4.3 0.60 2002
FQP3N60C TO-220 F - 600 75 12 3 1.8 1.67 2800 3400 10 - - 10.5 4.5 435 45 5 0.70 2005
FQP5N60C TO-220 F - 600 100 18 45 26 125 2000 2500 10 - - 15 6.6 515 55 6.5 0.75 2003
FDP5N60ONZ TO-220 F - 600 100 18 45 27 125 1650 2000 10 e - 10 4 450 50 5 0.82 2011
SPDO3N60 DPak Inf ¢ 600 38 9.6 3.2 2 3.3 1280 1400 10 - - 13 6 400 150 5 0.84 2002
FDP7N60ONZ TO-220 F - 600 147 26 6.5 39 085 1050 1250 10 - - 13 56 550 70 7 1.10 2010
STP7NM60 TO-220 ST - 600 45 20 5 3 2.8 840 900 10 - o 14 7.7 363 25 141 1.31 2008
FQB7N60 D2Pak F e 600 142 30 74 47 0.88 800 1000 10 - - 29 145 1100 135 16 114 2000
FDP10N60ONZ TO-220 F - 600 185 40 10 6 068 640 750 10 e - 23 8 1110 130 10 1.49 2010
STP8N65M5 TO-220 ST - 650 70 28 7 44 1.8 560 600 10 - o 15 6 690 18 2 4.48 2009
FCP7N6ON TO-220 F - 600 64 20 6.8 43 195 460 520 10 - ¢ 18 6 719 30 21 1.60 2009
STP1IN65M5 TO-220 ST - 650 85 36 9 56 1.5 430 480 10 - o 17 8.5 644 18 25 1.67 2012
FCPON6ON TO-220 F - 600 83 27 9 57 15 330 385 10 - o 22 71 930 35 2 2.37 2009
TK10E60W TO-220 To - 600 100 39 97 1.256 327 380 10 - 20 9.5 700 20 23 2.04 2012
FQA19N60 TO-3P F - 600 300 74 185 11.7 0.42 300 380 10 - - 70 33 2800 350 35 2.71 2000
SPP15N60CFD TO-220 Inf - 600 156 33 13 8.4 080 280 330 10 - - 68 38 1820 520 21 2.87 2006
STP15NM60OND TO-220 ST - 600 125 56 14 9 1 270 299 10 - e 40 22 1250 65 5 3.42 2007
IPP60R280C6 TO-220 Inf - 600 104 40 14 87 1.2 250 280 10 - o 43 22 950 60 1.95 2009
SPP15N60C3 TO-220 Inf - 600 156 45 15 94 0.8 250 280 10 - - 63 29 1660 540 40 2.33 2002
FCP13N60ON TO-220 F - 600 116 39 13 8.2 1.07 244 258 10 - ¢ 30 95 1325 50 3 2.41 2009
SiHP15N60E TO-220 V - 600 180 39 15 96 0.7 230 280 10 - o 38 17 1350 70 5 1.77 2011
STP16N65M5 TO-220 ST - 650 90 48 12 73 14 230 279 10 - ¢ 31 12 1250 30 3 2.96 2011
IPP60R250CP TO-220 Inf - 600 104 40 12 8 1.2 220 250 10 - o 26 9 1200 54 2.56 2010
STP22NM60N TO-220 ST - 600 125 64 16 10 1 200 220 10 - e 44 25 1330 84 46 3.82 2009
IPP60R199CP TO-220 Inf - 600 139 51 16 10 0.9 180 199 10 - o 32 1 1520 72 2 2.88 2006
IRFP27N60K TO-247 IR - 600 500 110 27 18 0.29 180 220 10 - - 105 50 4660 460 41 5.53 2002
TK16E60W TO-220 To - 600 130 63 16.8 17 096 160 190 10 - o 38 16 1350 35 4 2.86 2012
STP21N65M5 TO-220 ST - 650 125 68 17 107 1 150 179 10 - o 50 23 1950 46 3 2.33 2010
SiHP24N65E TO-220 V - 700 250 70 24 16 0.5 120 145 10 - - 81 37 2740 122 4 2.45 2009
IXFHG0N60P3 TO-247 Ix - 600 1040 125 50 35 0412 118 145 10 - - 94 23 6300 630 25 4.95 20M1
IPP60R099CP TO-220 Inf - 600 255 93 31 19 0.5 90 99 10 - ¢ 60 20 2800 130 100 4.68 2005
SPW47N60C3 TO-247 Inf - 600 415 141 47 30 03 60 70 10 - - 252 121 9800 2200 145 5.00 2004
FCH47N60ON TO-247 F - 600 368 141 47 30 0.34 52 62 10 - e 115 34 5037 200 25 9.97 2010
IXKN75N60C SOT-227 Ix - 600 568 - 75 60 0.22 30 36 10 - - 500 220 15000 6000 300 33.33 2003
FCH76N60N TO-247 F - 600 543 228 76 48 0.23 28 36 10 - « 218 66 9310 370 3.3 18.80 2010
500v
IRF820 TO-220 IR - 500 50 8 25 16 25 2500 3000 10 - - 16 8.2 360 92 37 0.43 1980
IRF830 TO-220 IR - 500 74 18 45 29 17 1200 1500 10 - - 26 12 610 160 68 0.59 1980
IRF840 TO-220 IR - 500 125 32 8 5.1 1 800 850 10 - - 52 22 1300 310 120 0.70 1982
FDP5N50NZ TO-220 F - 500 78 18 45 27 44 1380 1500 10 o - 9 4 330 50 4 0.95 2010
STD5NK50Z DPak ST e 500 70 176 4.4 27 178 1220 1500 10 e - 20 10 535 75 17 1.06 2002
FDP7N50 TO-220 F - 500 89 28 7 42 1.4 760 900 10 - - 128 5.8 720 95 9 1.07 2006
FQP9N50 TO-220 F - 500 147 36 9 57 0.85 580 730 10 - - 28 125 1100 160 20 0.72 2002
IRFP450 TO-247 IR - 500 190 56 14 9 065 350 400 10 - - 110 55 2600 720 340 212 1993
IRFP460 TO-247 IR - 500 280 80 20 13 045 230 270 10 - - 150 70 4200 870 350 2.58 1993
STW20NK50Z TO-247 ST - 500 190 68 20 126 066 230 270 10 e - 85 42 2600 328 72 3.15 2002
FDA28N50 TO-3P F - 500 310 112 28 17 0.4 122 155 10 - - 80 32 3866 576 42 3.81 2007
FCP22N60ON TO-220 F - 500 205 66 22 13.8 0.61 140 165 10 - o 45 145 1950 76 3 4.67 2007
FDH44N50 TO-247 F - 500 750 176 44 32 0.2 110 120 10 - - 90 31 5335 645 40 6.80 1998
IXFN8ON50OP SOT-227 Ix - 500 700 200 80 45 018 54 65 10 - - 195 64 12700 1280 120 18.77 2004
IXFB10ON50P TO-264 Ix - 500 1250 250 100 75 0.10 44 49 10 - - 240 78 20000 1700 140 16.18 2005
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Table 3.4b n-channel Power MOSFETSs, 55V to 4500V2 (page 3 of 3)

EL ‘E xC
g é Ip (Vgs=10V) 5 '% Charge Capacnan(l:(eS’SZ
° o 2 N e €S S Vs s _ (VDs=25V7)
“g §VDSS c 2 o 9 Roson) at 2 @ Qap Ciss Coss Crss
) b o ) year
€¢25°C Pdiss 2 o~ Resc typ" max Vbs % o typ typ typ typ typ Costd “of
Part#< PackageP =@ (V) W) (A) (A (A) CCW) mQ) mQ) (V) & @ (C)t nC)t (PF) (pF) (pF) US$ introY
200-400V
IRF710 TO-220 IR 400 36 6 2 1.2 8.5 3100 3600 10 - 57 22 170 34 6.3 0.38 1980
IRF720 TO-220 IR 400 50 13 33 21 25 1300 1800 10 - - 15 7 410 120 47 0.28 1980
IRF730 TO-220 IR 400 74 22 55 35 17 740 1000 10 - - 24 13 700 170 64 0.53 1980
IRF740 TO-220 IR 400 125 40 10 6.3 1.0 435 550 10 - - 43 21 1400 330 120 0.67 1981
STP7NK40Z TO-220 ST - 400 70 22 54 34 178 850 1000 10 - - 19 10 535 82 18 113 2002
STP11NK40Z TO-220 ST 400 110 36 9 567 114 490 550 10 - - 32 185 930 140 30 1.45 2003
FQP17N40 TO-220 F 400 170 64 16 101 0.74 210 10 - - 45 217 1800 270 30 1.45 2006
IRFP244 TO-220 V 250 150 60 15 9.7 0.83 180 280 10 - - 63.0 39 1400 320 73 299 1997
FQP16N25 TO-220 F 250 250 64 16 10 0.88 180 230 10 - - 27 15 920 190 23 1.36 2000
FQA30N40 TO-3P F 400 290 120 30 19 043 107 140 10 - - 90 46 3400 580 60 3.53 1999
FDP33N25 TO-220 F 250 235 132 33 20 0.53 77 94 10 - - 36.8 17 1640 30 39 1.23 2006
FDP2710 TO-220 F 250 403 50 31 048 36 42 10 - - 78 18 5470 426 97 2.92 2007
FDA69N25 TO-3P F 250 480 276 69 44 0.28 34 4 10 - - 77 37 3570 780 84 250 2006
IXTK120N25P TO-264 Ix 250 700 300 120 80 0.8 19 24 10 - - 185 80 8000 1300 220 8.16 2004
IRF610 TO-220 IR 200 36 10 33 21 35 1250 1500 10 - - 6.3 3.2 140 53 15 0.28 1980
IRL620 TO-220 IR 200 50 21 52 33 25 630 800 5 - - 82 55 360 91 27 1.03 1993
IRF620 TO-220 IR 200 50 18 52 33 25 550 800 10 - - 10.6 5 260 100 30 0.38 1980
IRL630 TO-220 IR 200 74 36 9 57 17 290 400 5 - - 24 24 1100 220 70 1.08 1989
IRF630 TO-220 IR 200 74 36 9 57 17 220 400 10 - - 27 14 800 240 76 0.46 1980
IRL640 TO-220 IR 200 125 68 17 1 1.0 125 180 5 - - 42 24 1800 400 120 0.78 1992
IRF640 TO-220 IR 200 125 72 18 1 1.0 130 180 10 - - 45 24 1300 430 130 0.59 1981
PSMN102-200Y LFPak N 200 113 65 215 136 11 86 102 10 - - 31 10 1568 170 55 0.92 2008
IRFP260N TO-247 IR 200 300 200 50 35 0.50 35 40 10 - - 234 110 4057 603 161 2.15 2009
IRFP4668 TO-247 IR 200 520 520 130 92 0.29 8 97 10 - - 161 52 10720 810 160 4.88 2008
55-100vV
IRF510 TO-220 IR 100 43 20 5.6 4 3.5 410 540 10 - - 52 22 180 81 15 0.35 1980
IRF520 TO-220 IR 100 60 37 92 65 25 200 270 10 - - 10.3 3.9 360 150 34 0.38 1980
IRF530 TO-220 IR 100 88 56 14 10 1.7 100 160 10 - - 16.2 7 670 250 60 0.44 1980
IRF540 TO-220 IR 100 130 110 28 20 1.0 50 77 10 - - 47 17 1700 560 120 0.60 1980
FQP33N10 TO-220 F 100 127 132 33 23 118 40 52 10 - - 38 18 1150 320 62 0.89 1995
PSMN039-100YS LFPak N 100 74 112 28 20 1 31 40 10 - - 23 8 1847 86 64 0.57 2010
FQP44N10 TO-220 F 100 146 174 43 31 1 30 39 10 - - 48 24 1400 425 85 1.02 2000
SUP85N10 TO-220 V 100 250 240 85 60 0.6 10 12 5 - - 105 23 6550 665 265 4.88 2000
HUF75652G3 TO-247 F 100 515 1200 75h 75 0.29 6.7 8 10 - - 393 74 7585 2345 630 4.87 1998
IRFB4110 TO-220 IR 100 370 670 180 120 04 3.7 45 10 - - 150 43 9620 670 250 2.84 2005
IRFZ14 TO-220 IR 60 43 40 10 72 3.5 135 200 10 - - 97 47 300 160 29 0.44 1986
IRFZ24 TO-220 IR 60 60 68 12 17 25 68 100 10 - - 19 8 640 360 79 0.53 1986
IRFZ34 TO-220 IR 60 88 120 30 21 1.7 42 50 10 - - 30 15 1200 600 100 0.65 1986
IRFZ44V TO-220 IR 60 150 200 50 36 1.0 24 28 10 - - 42 17 1900 920 170 0.77 1986
IRLZ44N TO-220 IR 55 110 160 47 33 1.4 20 25 5 - - 28 17 1700 400 150 0.47 1992
NDP6060L TO-220 F 60 100 144 48 24 15 20 28 5 - - 43 21 1630 460 150 1.63 1995
IRL3705N TO-220 IR 55 170 310 89 63 0.9 1 12 5 - - 95 49 3600 870 320 1.30 2004
IRFPO54N TO-247 IR 60 170 290 81 57 0.9 10 12 10 - - 130 53 2900 880 330 1.36 1996
IRL2505 TO-220 IR 55 200 360 104 74 0.75 9 10 5 - - 1830 67 5000 1100 390 1.65 1996
STP80ONF55-08 TO-220 ST 55 300 320 80h 80 0.5 6.5 8 10 - - 112 40 3740 830 265 2.57 2007
IRF3205Z2 TO-220 F 55 170 440 110 78 0.9 4.9 65 10 - - 76 30 3450 550 310 1.26 2001
IRF1405 TO-220 IR 55 330 680 169 118 0.45 4.6 53 10 - - 170 62 5480 1210 280 1.76 2001
FDP025N06 TO-220 F 60 395 1060 265 120 0.38 1.9 25 10 - - 174 50 11190 1610 750 3.41 2006
FDP0O20N06B TO-220 F 60 333 1252 313 221 045 1.65 20 10 - - 87 34 16100 3640 127 3.79 2011
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Figure 3.94. A large-junction-area transistor can be thought of as
many paralleled small-area transistors.
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Figure 3.95. Power MOSFETs do not suffer from second break-
down: comparing safe operating areas (SOAs) of a 160 W BJT
(MJH6284) and MOSFET (RFP40N10).

This negative temperature coefficient (“tempco”) of Ip
(at fixed Vgs) has produced some bad advice in the am-
plifier community, in particular the statement that it’s al-
ways OK to connect a set of power MOSFETs in paral-
lel without the current-equalizing “‘emitter-ballasting” re-
sistors that are necessary with bipolar transistors.’® You
could do that, if the MOSFETSs were to be operated in the
high-current regime where you get the stabilizing negative
tempco. But in practice you usually can’t operate up there
anyway, because of power-dissipation limitations that we’ll
see in §9.4.1A. And at the lower currents where the temp-
co is positive and destabilizing, one of a set of paralleled

80 Because of their positive tempco of Ic at constant Vg, see §§2.3 and
2x.2.

MOSFETs will tend to hog the current and suffer exces-
sive power dissipation, often leading to early failure. The
solution is to use a small source-ballasting resistor in each
of the paralleled MOSFETs (which should be of the same
type, and from the same manufacturer), chosen to drop
about a volt at the operating current.

By contrast, you can parallel power MOSFETSs in
switching applications. That’s because the MOSFET is
here operated in the ohmic region of low Vpg (character-
ized by approximately constant resistance Ron, as opposed
to the higher-voltage “current-saturation” region where the
transistor is characterized by approximately constant Ip):
it is the positive tempco of Ron that stabilizes the current
sharing in paralleled power MOSFETs. No ballasting re-
sistors are needed, or even desirable. We’ll say more about
this in §3.6.3.

3.5.2 Power MOSFET switching parameters

Most power MOSFETSs are enhancement type, available in
both n- and p-channel polarities. Relevant parameters are
the breakdown voltage Vpgss (ranging from 12V to 4.5kV
for n-channel, and to 500V for p-channel); the channel
on-resistance Rpg(on) (as low as 0.8 mQ2); the current- and
power-handling ability (as much as 1000 A and 1000 W);
and the gate capacitances Cgs and Cigg (as much as 2000 pF
and 20,000 pF, respectively).

We need to rain on this parade! These impressively high
current and power ratings are usually specified at 25°C
case temperature, allowing the junction temperature to rise
to 175°C (while the impressively low R,, is specified at
25°C junction temperature!). Unless you're resident at the
South Pole, these are completely unrealistic conditions dur-
ing continuous high-power switching.®! See the discussion
in §3.5.4D.

3.5.3 Power switching from logic levels

You often want to control a power MOSFET from the
output of digital logic. Although there are logic families
that generate swings of 10V or more (the “legacy” 4000-
series CMOS), the most common logic families (known
generically as CMOS) use supply voltages of +5, +3.3,
or +2.5V, and generate output levels close to that voltage
or to ground (HIGH and LOW, respectively).®? Figure 3.96

81 In their defense, datasheets do provide derating coefficients, but the
derated current and power somehow are neglected when the front-page
banner is typeset.

82 The family known as TTL operates from +5 V, but its HIGH output can
be as low as 2.4V, a characteristic shared by some other +5 V parts.
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Figure 3.96. MOSFETSs can switch power loads when driven from digital logic levels. See also Figure 3.106 on page 204.

shows how to switch loads from these logic families. In
the first circuit (Figure 3.96A), the 45V gate drive will
fully turn on a garden-variety MOSFET, so we chose the
2N7000, an inexpensive transistor ($0.04 in quantity!) that
specifies Ron < 5Q at Vgs = 4.5V. The diode protects
against inductive spike (§1.6.7). The series gate resistor,
though not essential, is a good idea, because MOSFET
drain-gate capacitance can couple the load’s inductive tran-
sients back to the delicate CMOS logic (more on this soon).

For variety, in the second circuit (Figure 3.96B) we’ve
used the p-channel MTP50PO3HDL, driving a load re-
turned to ground. In a commonly used technique called

power switching, the “load” could be additional circuitry,
powered up electrically on command. The *50P03 spec-
ifies a maximum Ron of 0.025Q at Vgs=—5V and can
handle a 50 amp load current; for lower Ron you could
select the IRF7410 (0.007 Q, 16 A, $1.50); see Table 3.4a
on page 188.

Lower voltage logic is increasingly popular in digital
circuits. The switching configurations of Figures 3.96A
& B can be used for lower voltages, but be sure to use
MOSFETs with specified “logic thresholds.” For exam-
ple the 20V 16 A n-channel FDS6574A from Fairchild
specifies a maximum Ron of 0.009 Q at a paltry Vgs of
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1.8V, and its p-channel FDS6575 sibling specs 0.017 Q
maximum at a Vgs of —2.5V; they cost about $1.25
in small quantities. When choosing low-threshold MOS-
FETs, watch out for misleading specifications. For exam-
ple, the IRF7470 MOSFET specifies “Vgs(n)=2 V(max),”
which sounds good until you read the fine print (“at
In=0.25 mA”). It takes considerably more gate voltage than
VGs(m) to turn a MOSFET on fully (see Figure 3.115 on
page 212). However, the circuit will work OK, because the
IRF7470 further specifies “Ron(max) = 30mQ at Vgs =
2.8V”>

The next two circuits show another way to handle
the lower drive voltages from low-voltage logic. In Fig-
ure 3.96C we’ve used a switched npn current sink to
generate a “high-side” gate drive for a p-channel power-
switching MOSFET. Note that if the current sink were re-
placed with a bipolar switch, the circuit would fail imme-
diately for switched voltages greater than the gate-source
breakdown voltage. In Figure 3.96D an integrated MOS-
FET and high-side driver (from Infineon’s “PROFET” line
of smart high-side power switches) is used to switch truly
prodigious currents — up to 165 A for this particular de-
vice.®3 They make it easy to drive from logic levels, by
including internal voltage level translation circuitry, and
a charge pump (§9.6.3) for the high-side gate drive. You
can also get high-side driver ICs for use with an exter-
nal n-channel MOSFET, for example the LM9061 shown
in Figure 3.96F. This particular driver also has an internal
charge pump to generate the gate voltage for the external
nMOS power switch Qy; the gate currents are modest, so
the switching speeds are relatively slow. This driver also
includes a protection scheme for Q; that senses Vpg(on)s
shutting off drive if the MOSFET’s forward drop exceeds
a threshold (set by Rg), with a delay (to accommodate
higher inrush currents) set by Cyelay-

Finally, Figure 3.96E shows how you can sidestep this
issue entirely and ensure healthy gate drive voltage and
current, by using a “MOSFET gate driver” chip like the
TC4420. It accepts logic-level input (threshold guaranteed
less than 4-2.4 V), and produces a muscular full-swing out-
put with internal push—pull MOSFETs of its own (Fig-
ure 3.97). It can source or sink several amperes of gate cur-
rent, ensuring fast switching with the large capacitive loads
that power MOSFETs present (see §3.5.4B). The trade-
off here is cost (about $1) and complexity. Table 3.8 on
page 218 lists a selection of nice gate-driver ICs. We’ll
see these again in detail in Chapter 9x (“High-side Cur-

83 One of our acquaintances uses the powerful BT555 switch in their
“Jaws of Life”-type rescue device.

+Vpp (4.5V to 18V)

0 TC4420, etc

logic-level +Vbp
input b
>2.4V M I_L (to +BA) 0

0 —_— —_—

Figure 3.97. A MOSFET driver like the TC4420 accepts logic-level
input signals and generates a fast (~25ns), high-current (£6 A),
full-swing output. The TC4429 is similar, but with inverted output.

rent Sensing”’) and in Chapter 12 (§12.4) in the context of
controlling external loads from logic-level signals, and in
§12.7 in connection with opto-isolated MOSFET drivers.

A. Some more MOSFET switching examples

The more, the merrier: let’s look at a few more circuits
that take advantage of the MOSFET’s combination of low
Ron and negligible gate current. We’ll keep the descrip-
tions mercifully brief.

Pulse stretcher

Figure 3.98A is drop-dead simple: MOSFET switch Oy,
driven with a short positive pulse, discharges capacitor Cy,
making the output go to the positive rail (here +5 V); when
the capacitor charges up to the switching threshold of the
output inverter (which can be another nMOS transistor or
a logic inverter) the output returns to zero. Note that the
timing begins at the trailing edge of the input. See §2.2.2
for some fancier discrete circuits that generate an output
pulse width insensitive to the input pulse duration. And in
Chapter 7 we go into greater detail (§§7.2.1 and 7.2.2), in-
cluding integrated timing circuits such as the monostable
multivibrator (also called a “one-shot”).

Relay driver

An electromechanical relay (more detail in Chapter /x)
switches its contacts in response to an energizing current
in the coil. The latter has some rated voltage that is guaran-
teed to switch the contacts and hold them in the energized
position. For example, the relays specified in Figure 3.98B
have a coil rating of +5Vdc, at which they draw 185 mA
(i.e., a coil resistance of 27 Q).8* In some sense the rated
voltage is a compromise: enough to operate the relay reli-
ably, but without excessive current. But you can cheat a bit
and get faster closure if you overdrive the coil momentarily,

84 There’s more: it specifies a “must operate” coil voltage of 3.75V and a
“must release” voltage of 0.5 V. Lots of specs, too, about the switched
contacts: configuration, voltage and current ratings, endurance, and so
on.
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Figure 3.98. Useful — and simple — MOSFET applications: A.
pulse stretcher; B. relay driver, with initial pulsed overdrive; C. pro-
grammable voltage supply with disable control.

as shown in the figure. Here O, applies 12V for an initial
~0.1s, after which Q; sustains the by-now firmly closed
contacts with the rated 5V across the coil. Diode D; pro-
vides a conduction path for the inductive current at release,
with series resistor R3 allowing ~20V during current de-
cay for faster release (see the discussion in Chapter /x to
to understand why this is a good thing).

Control of a programmable supply

It’s nice to control things remotely, with a brainy computer
in charge. You might assemble (or buy) a voltage source
that accepts a low-level analog input, in the manner of Fig-
ure 3.98C, in which the “A” symbol represents a dc am-
plifier that outputs a voltage Vo, =AVi,, perhaps capable of
substantial output current as well. But it’s always good to
provide a way to disable external control, so things don’t
go nuts when the computer crashes or is booting up (or
gets taken over by an evildoer). The figure shows a simple
way to implement a manual DISABLE control (which du-
plicates the external DISABLE input); might as well have a
manual voltage mode as well, as shown.

On/Off battery control

It’s convenient to power battery-operated instruments with
a 9 volt battery: easy to get; provides plenty of voltage
headroom; can be used to create a split supply, see §4.6.1B;
but you’ve got to conserve the battery’s vital juices, which
run out after about 500 mAh.

Figure 3.99 shows some ways to implement power
switching with MOSFETs. Circuit A is the classic flip-
flop (two buttons: SET, and RESET; it’s called an “SR flip-
flop”). The OFF button shuts off Q,, whose drain goes
HIGH, holding Q| on and simultaneously holding pass tran-
sistor Q3 off; you can easily make yourself believe that the
ON button does the opposite (and you would be right). Two
buttons are OK (though we can do better, stay tuned), but
this circuit has the disadvantage of drawing current in ei-
ther state. You could minimize the standby current by us-
ing a 10 MQ resistor for Ry, say; then it draws 1 uA when
off, which calculates out to a 50-year battery lifetime — far
longer than its ~5 year shelf life.

But there’s a better way. Look at Circuit B, where the
complementary pair flip-flop Q1 Q> draws no current (other
than nanoamp-scale leakage) in the OFF state. The next step
is Circuit C (also zero power when OFF), which achieves
the minimum button count, in which a single pushbutton
acts as an ON/OFF “toggle.” This circuit is a bit tricky, be-
cause you have to juggle several time constants appropri-
ately.®> But the basic concept is simple, and elegant: charge
a capacitor from the inverted output of the flip-flop’s con-
trol input, then momentarily connect the charged capacitor
to the control input to make it toggle.

85 The capacitor’s charging time to the new state Tc=R;C; should be
~100ms to allow for switch bounce; R3C; should be much shorter,
and the discharge time constant of output transistor’s gate capacitance
(R3 + R4)Cg should be faster still. Here we chose 100 ms, 2 ms, and
~0.4 ms, respectively.
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Figure 3.99. ON/OFF battery power control with MOSFETs (no fancy integrated circuits allowed!): A. Classic flip-flop enables p-channel
series switch; separate ON and OFF buttons. B. Ditto, but zero power when off. C. Single button toggles power ON/OFF; zero power when
off. For each MOSFET two choices are listed: the upper is a TO-92 through-hole type, the lower a SOT23 surface-mount type. D. “Five
minutes of power” (approximately); zero power when off. The p-channel MOSFET pass transistors can be as large as you need, see

Table 3.4a.

Finally, for the forgetful we suggest something like Cir-
cuit D, a one-button control that turns off automatically (to
zero power) after roughly five minutes. Here Q1 0, form
a complementary flip-flop, held in the ON state by ac cou-
pling through C;; once ON the latter discharges through Ry,
with a time constant of 330 s. This is an approximation to
the actual shutoff time interval, which is set in detail by the
ratio of 0y’s gate switching voltage to the actual battery
voltage.®® There’s a bit of complexity here, in the form
of the zener Z;, which was forced upon us by the need
to keep Q3 fully ON during the critical interval when the
flip-flop is deciding to switch OFF. We chose a BJT (rather
than a MOSFET) for O because of its well-defined turn-
on voltage; even so, there are the usual headaches here,
caused by the uncertainty in gate threshold voltages of O»
and Q3.

In all four of the circuits in Figure 3.99 you can use
as large a p-channel pass transistor as needed; see Ta-
ble 3.4a on page 188 for suggestions. But remember that

large MOSFETSs have high input capacitance Cigs, which
slows down switching. As an example, if you were to use
an SUP75P05 p-channel MOSFET in circuit D, you’d ben-
efit from a very low 8 mQ on-resistance, but you would
have to contend with its substantial 8500 pF value of Cig
(thus nearly 10 ms gate turn-off time constant R4Cig). In
these circuits that would not matter. Note that a transis-
tor like the SUP75P05 can switch 50 A, and dissipates
about one watt when passing 10 A with a full 10V gate
drive (recall Ron rises with temperature, at 75°C it’s about
10mQ); at most a small 2W clip-on heatsink is needed
(see §9.4.1).%

3.5.4 Power switching cautions

As nice as MOSFETs are, designing circuits with them is
not entirely simple, owing to numerous details that can be-
devil you. We simply summarize some of the important is-
sues here and delve further into power switching in Chap-
ter 3x and Chapter 9.

86 A 9V alkaline battery starts life at about 9.4 V, and reaches old age at
6V (1V/cell), or very old age at 5.4V (0.9V/cell).

87 If you want to work backward from your available heatsinking capa-
bility, use I=v/P/RoN.
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Figure 3.100. Interelectrode capacitances in two power MOSFETS, from graphical data in their respective datasheets. The feedback
capacitance C;, though smaller than the input capacitance Ci;, is effectively multiplied by the Miller effect and typically dominates in

switching applications.

A. MOSFET gate capacitance

Power MOSFETs have essentially infinite input resistance,
but they have plenty of input capacitance and also feed-
back capacitance, such that fast switching may require lit-
erally amperes of gate drive current.’® Although you may
not care about speed in many applications, you still have
to worry, because low gate drive current causes dramati-
cally higher power dissipation (from the VIAr product dur-
ing extended switching transitions); it may also permit os-
cillations during the slow transition. The various interelec-
trode capacitances are nonlinear and increase with decreas-
ing voltage, as shown in Figure 3.100. The capacitance
from gate to ground (called Cig) requires an input current
of i=Ciss dVgs/dt, and the (smaller) feedback capacitance
(called Cyss) produces an input current i=Crss dVpg /dt. The
latter usually dominates in a common-source switch, be-
cause AVpg is usually much larger than the AVgg gate
drive, effectively multiplying the feedback capacitance by
the voltage gain (Miller effect). A nice way to look at this
is in terms of gate charge, next.

B. Gate charge
In a common-source switch, charging of the gate-source
and gate-drain capacitances require an input gate driving
current whenever the gate voltage is changing. Addition-
ally, during drain voltage transitions the Miller effect con-
tributes additional gate current. These effects are often
plotted as a graph of “gate charge versus gate-source volt-
age,” as in Figure 3.101.

The initial slope is the charging of Cis. The horizon-
tal portion begins at the turn-on voltage, where the rapidly

88 Newer-generation MOSFETs generally exhibit somewhat lower capac-
itances, but their smaller size allows less power dissipation, so for high-

15 /
Ip=5A 50y,
Vps=20Y, 80V
20 50y,
10l 8oV
S IRF520
3
= IRF520N
5 .
O 1 1 1 ]
0 5 10 15 20
Gate Charge (nC)

Figure 3.101. Gate charge versus Vis. The newer small-geometry
(“shrunk-die”) IRF520N has a lower threshold voltage, but com-
parable gate charge. Note in all cases the larger capacitance (re-
duced slope of Vs versus Q,) to the right of the “Miller shelf” the re-
sult of larger interelectrode capacitances at low Vpg (Figure 3.100).

falling drain forces the gate driver to supply additional
charge to Cis (Miller effect). If the feedback capacitance
were independent of voltage, the length of the horizontal
portion would be proportional to initial drain voltage, af-
ter which the curve would continue upward at the original
slope. In fact, the “nonlinear” feedback capacitance Cig
rises rapidly at low voltage (Figure 3.100), which means
that most of the Miller effect occurs during the low-voltage

power applications you may be forced to a larger part, thus giving up
the capacitance advantage.
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portion of the drain waveform.®® This explains the change
in slope of the gate charge curve, as well as the fact that
the length of the horizontal portion is almost independent
of initial drain voltage.”®

We hooked up a common-source MOSFET switch and
drove the gate with a constant-current drive step, produc-
ing the “textbook” traces in Figure 3.102 (hey, this is a text-
book, right?). With constant gate drive current, the horizon-
tal (time) axis is proportional to gate charge, in this case
3 nC/div. Here you can see clearly the three regions of gate
activity: in region 1 the gate is charging up to the thresh-
old voltage; in region 2 the gate voltage is clamped at the
voltage that produces drain currents from 0 to 40 mA (40 V
positive rail, 1k load resistor); after the drain is brought to
ground the gate resumes its upward voltage ramp, but with
reduced slope (owing to increased input capacitance at zero
drain voltage).

to = Qep/la
Vp (10V/div)

Vg (2V/div)

o 2
J
GND —
Ve Vo)
I (0.5mA/div)
GND—
(Ig)

Figure 3.102. Gate charge. Waveforms of an IRLZ34N n-channel
MOSFET, wired as a common-source switch (1k load to +40V),
with 0.75 mA gate drive. The horizontal scale of 4 us/div therefore
corresponds to 3nC/div of gate charge.

Notice also that the drain voltage trace is curved, caused
by the increasing drain-gate capacitance as it heads toward
ground: with constant applied input /g, the increasing Cigg
mandates decreasing dVp /dt (to keep the product, i.e., the
feedback current, equal to the input current).

The Miller effect and gate charge in MOSFET switches

89 This effect can be rather abrupt in power MOSFETS, as seen in the
Ciss versus Vpg plot for the IRF1407 (Figure 3.100). In fact, our mea-
sured data shows even steeper behavior than that of the datasheet’s plot.
As explained in Chapter 3x, this is due to the effective formation of a
cascode within the MOSFET, wherein a depletion-mode JFET acts to
clamp the drain of the active MOSFET, isolating the latter’s gate and
thus greatly reducing the feedback capacitance.

0 The height (Vgs) of the horizontal portion depends modestly on drain
current; see the figures in §3x.72.

are no laughing matter — they seriously limit switching
speed, and you may need to supply hundreds of milliamps,
or even amps, to get fast transitions times in a hefty power
switch. For example, the robust IRF1405 featured ear-
lier has O, ~100nC; so, to switch it on in 10 ns requires
[ = Q,/t = 10 amperes!*!

On a more modest scale, imagine driving a humble
2N7000 switch from a 0—5V square wave, perhaps from
the output of some digital logic. Figure 3.103 shows what
happens if you drive the gate through a 10k resistor.
Miller is the killer here, causing ~2 ps transition times
in a transistor which the datasheet says can switch 200
times faster (10ns). Of course, the datasheet also says
Rgen=25 Q. .. and they mean it!

Vg (2V/div)

Vp (20V/div)
GND
Vg Vp)
input (5V/div)
GND—
(input)

Figure 3.103. A 2N7000 MOSFET switch (1k load to +50V),
whose gate is driven by a 5V (logic-level) voltage step through a
10k series resistor. The Miller effect stretches the switching time to
~2 us. Horizontal scale: 2 us/div.

There’s plenty more to say about gate charge in MOS-
FETs: dependence on load current, the shape of the “Miller
plateau,” variations among MOSFET types, and measure-
ment techniques. This is discussed in detail in the advanced
material in Chapter 3x.

C. MOSFET drain capacitances

In addition to the gate-to-ground capacitance Cjss, MOS-
FETs also have a gate-drain feedback capacitance Cyg (usu-
ally called Ciss), and an output capacitance (called Cy) that
is the combined capacitances from drain to gate Cy, and
drain to source Cys. As just seen, the effect of the feedback
capacitance Cy is evident in the gate-charge waveforms
in Figure 3.102. The output capacitance is important, too:
it is the capacitance that must be charged and discharged

91 Quite often it is the output transition time that you care about; that is,
the time spent just in region 2 (apart from the delay time in region 1,
or the gate overcharging time in region 3); for this reason MOSFET
datasheets separately specify Qgq, the gate-to-drain “Miller” charge.
For the IRF1405, for example, Qgq = 62 nC, thus requiring a gate input
current of 6.2 A to bring about a 10 ns transition time.
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each switching cycle, which, if not reactively recycles, con-
sumes power P=Cg fVl%D, which can become significant
at high switching frequencies. See §§9.7.2B for details.

D. Current and power ratings

MOSFET datasheets specify a maximum continuous
drain current, but this is done assuming an unre-
alistic 25°C case temperature. It is calculated from
I]%( max)RDS(ON) =Pnax, substituting a maximum power (see
§9.4) PnaxRejc=ATjc=150°C, where they have assumed
Tj(max)=175°C (thus a 150°C ATjc), and they use the value
of Rpgs(on) (max) at 175°C from an Rps tempco plot (e.g.,
see Figure 3.116). That is, Ip(max)=+/ATic/ReicRoN-
Some datasheets list power and drain current at a more
realistic 75°C or 100°C case temperature. This is better,
but you don’t really want to run your MOSFET junction at
175°C, so we recommend using a still lower maximum /p
rating for continuous current, and corresponding dissipated
power.

E. Body diode

With rare exceptions®> power MOSFETs have the body
connected to the source terminal. Because the body forms
a diode with the channel, this means that there is an effec-
tive diode between drain and source (Figure 3.104) (some
manufacturers even draw the diode explicitly in their MOS-
FET symbol so that you won’t forget). This means that
you cannot use power MOSFETs bidirectionally, or at least
not with more than a diode drop of reverse drain-source
voltage. For example, you couldn’t use a power MOSFET
to zero an integrator whose output swings both sides of
ground, and you couldn’t use a power MOSFET as an ana-
log switch for bipolarity signals. This problem does not oc-
cur with integrated circuit MOSFETs (analog switches, for
example), where the body is connected to the most negative
power-supply terminal.

JS=JEG

Figure 3.104. Power MOSFETs connect body to source, forming
a drain-source diode.

The MOSFET’s body diode exhibits the same reverse-
recovery effect as ordinary discrete diodes. If biased into
forward conduction, it will require some duration of re-
versed current flow to remove the stored charge, ending
with a sharp “snap-off.” This can cause curious misbehav-
ior, analogous to the rectifier snap-off transients discussed

92 Such as the 2N4351 and the SD210 series of lateral MOSFETs. These
are available from Linear Systems, Fremont, CA.

in the colorfully-named section “Transformer + rectifier +
capacitor = giant spikes!” in Chapter 9x.%3

F. Gate-source breakdown

Another trap for the unwary is the fact that gate-source
breakdown voltages (20 V is a common figure) are lowe