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Preface

With the advancesin the semiconductor and communicationindustries, it has becomeincreas-
ingly important for electrical engineers to develop a good understanding of microelectronics.
This book addresses the need for a text that teaches microel ectronics from a modern and intu-
itive perspective. Guided by my industrial, research, and academic experience, | have chosen
the topics, the order, and the depth and breadth so as to efficiently impart analysis and design
principlesthat the students will find useful as they enter the industry or graduate school.

One sdlient feature of this book is its synthesis- or design-oriented approach. Rather than
pulling acircuit out of abag and trying to analyze it, | set the stage by stating a problem that we
facein real life (e.g., how to design a cellphone charger). | then attempt to arrive at a solution
using basic principles, thus presenting both failures and successes in the process. When we do
arrive at thefinal solution, the student has seen the exact role of each device aswell asthelogical
thought sequence behind synthesizing the circuit.

Another essential component of this book is “analysis by inspection.” This “mentality” is
created in two steps. First, the behavior of elementary building blocks is formulated using a
“verbal” description of each analytical result (e.g., “looking into the emitter, we see 1/g,,.").
Second, larger circuits are decomposed and “ mapped” to the elementary blocksto avoid the need
for writing KVLs and KCLs. This approach both imparts a great deal of intuition and simplifies
the analysis of large circuits.

The two articles following this preface provide helpful suggestions for students and instruc-
tors. | hope these suggestions make the task of learning or teaching microelectronics more en-
joyable.

This “preview edition” is introduced as a test vehicle so as to collect feedback from students
and instructorsand polish the book for thefirst edition. A set of Powerpoint slides and a solutions
manual are available for instructors.

Behzad Razavi
April 2006
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Suggestions for Students

You are about to embark upon ajourney through the fascinating world of microelectronics. Fortu-
nately, microel ectronics appears in so many facets of our lives that we can readily gather enough
motivation to study it. The reading, however, is not as easy asthat of a story book; we must deal
with analysis and design, applying mathematical rigor as well as engineering intuition every step
of the way. This article provides some suggestions that students may find helpful in studying
microel ectronics.

Rigor and Intuition Before reading this book, you have taken one or two courses on basic
circuit theory, mastering Kirchoff’s Laws and the analysis of RLC circuits. While quite abstract
and bearing no apparent connection with real life, the concepts studied in these courses form the
foundation for microelectronics—just as calculus does for engineering.

Our treatment of microelectronics also requires rigor but entails two additional components.
First, we identify many applications for the concepts that we study. Second, we must develop
intuition, i.e., a“feel” for the operation of microelectronic devices and circuits. Without an intu-
itive understanding, the analysis of circuits becomes increasingly more difficult as we add more
devices to perform more complex functions.

Analysis by Inspection We will expend a considerable effort toward establishing the men-
tality and the skills necessary for “analysis by inspection.” That is, looking at a complex circuit,
we wish to decompose or “map” it to ssimpler topologies, thus formulating the behavior with
afew lines of algebra. As a simple example, suppose we have encountered the resistive divider
shown in Fig. (a) and derived its Thevenin equivalent. Now, if giventhecircuitin Fig. (b), we can

(b)

readily replace V;,,, Ry, and R, with a Thevenin equivalent, thereby simplifying the calculations.

40 Pages per Week While taking courses on microel ectronics, you will need to read about
40 pages of this book every week, with each page containing many new concepts, derivations,
and examples. Thelectures given by theinstructor create a“ skeleton” of each chapter, but it rests
upon you to “connect the dots” by reading the book carefully and understanding each paragraph
before proceeding to the next.

Reading and understanding 40 pages of the book each week requires concentration and dis-
cipline. You will face new material and detailed derivations on each page and should set aside
two- or three-hour distraction-free blocks of time (no phone calls, TV, email, etc.) so that you
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can follow the evolution of the concepts while honing your analytical skills. | also suggest that
you attempt each example before reading its solution.

40 Problems per Week After reading each section and going through its examples, you
are encouraged to evaluate and improve your understanding by trying the corresponding end-
of-chapter problems. The problems begin at a relatively easy level and gradually become more
challenging. Some problemsmay requirethat you return to the section and study the subtle points
more carefully.

The educational value provided by each problem depends on your persistence. The initial
glance at the problem may be discouraging. But, as you think about it from different angles and,
more importantly, re-examine the conceptsin the chapter, you begin to form a path in your mind
that may lead to the solution. In fact, if you have thought about a problem extensively and still
have not solved it, you need but a brief hint from the instructor or the teaching assistant. Also,
the more you struggle with a problem, the more appealing and memorable the answer will be.

Attending the lecture and reading the book are examples of “passive learning:” you simply
receive (and, hopefully, absorb) a stream of information provided by the instructor and the text.
While necessary, passive learning does not exercise your understanding, thus lacking depth. You
may highlight many lines of the text as important. You may even summarize the important con-
cepts on a separate sheet of paper (and you are encouraged to do so). But, to master the material,
you need practice (“active learning”). The problem sets at the end of each chapter serve this
purpose.

Homeworks and Exams  Solving the problems at the end of each chapter also prepares you
for homeworks and exams. Homeworks, too, demand distraction-free periods during which you
put your knowledge to work and polish your understanding. An important piece of advice that
| can offer here is that doing homeworks with your fellow studentsis a bad ideal Unlike other
subject mattersthat benefit from discussions, arguments, and rebuttal's, learning microelectronics
requires quiet concentration. (After al, youwill be on your own during the exam!) To gain more
confidencein your answers, you can discuss the results with your fellow students, the instructor,
or the teaching assistants after you have completed the homework by yourself.

Time Management Reading the text, going through the problem sets, and doing the home-
works require a time commitment of at least 10 hours per week. Due to the fast pace of the
course, the material accumulates rapidly, making it difficult to keep up with the lectures if you
do not spend the required time from the very first week. In fact, the more you fall behind, the
less interesting and useful the lectures become, thus forcing you to simply write down every-
thing that the instructor says while not understanding much. With your other courses demanding
similar time commitments, you can soon become overwhelmed if you do not manage your time
carefully.

Time management consists of two steps: (1) partitioning your waking hoursinto solid blocks,
and (2) using each block efficiently. To improve the efficiency, you can take the following mea-
sures: (@) work in a quiet environment to minimize distractions; (b) spread the work on a given
subject over the week, e.g., 3 hours every other day, to avoid saturation and to allow your sub-
conscious to process the conceptsin the meantime.

Prerequisites Many of the conceptsthat you have learned in the circuit theory courses prove
essential to the study of microelectronics. Chapter 1 gives a brief overview to refresh your mem-
ory. With the limited |ecture time, the instructor may not cover this material in the class, leaving
it for you to read at home. You can first glance through the chapter and see which concepts
“bother” you before sitting down to concentrate.



Suggestions for Instructors

Teaching undergraduate courses proves quite challenging—especially if the emphasisis on
thinking and deduction rather than on memorization. With today’s young minds used to playing
fast-paced video games and “clicking” on the Internet toward their destination, it has become
increasingly more difficult to encourage them to concentrate for long periods of time and deal
with abstract concepts. Based on one decade of teaching, this article provides suggestions that
instructors of microelectronics may find helpful.

Therapy The students taking the first microelectronics course have typically completed one
or two courses on basic circuit theory. To many, that experience has not been particularly mem-
orable. After all, the circuit theory textbook is most likely written by a person not in the field of
circuits. Similarly, the courses are most likely taught by an instructor having little involvement
in circuit design. For example, the students are rarely told that node analysis is much more fre-
quently used in hand calculations than mesh analysis is. Or, they are given little intuition with
respect to Thevenin and Norton theorems.

With theforegoingissuesin mind, | beginthefirst course with afive-minute*“therapy session.”
| ask how many came out of the circuit theory courses with a “practical” understanding. Very
few raise their hands. | then ask, “But how about your calculus courses? How many of you
came out of these courses with a“practical” understanding?’ Subsequently, | explain that circuit
theory builds the foundation for microelectronicsjust as calculus does for engineering. | further
point out that some abstractness should also be expected in microelectronics as we complete
the foundation for more advanced topics in circuit analysis and design. | then point out that (1)
microelectronics is very heavily based on intuitive understanding, requiring that we go beyond
simply writing KVVLs and KCLs and interpret the mathematical expressions intuitively, and (2)
this course offers many applications of microel ectronic devices and circuitsin our daily lives. In
other words, microelectronicsis not as dry as arbitrary RLC circuits consisting of 1-Q) resistors,
1-H inductors, and 1-F capacitors.

First Quiz Since different students enter each course with different levels of preparation, |
have found it useful to give a 10-minute quiz in the very first lecture. Pointing out that the quiz
does not count towards their grade but serves as a gauge of their understanding, | emphasize that
the objectiveisto test their knowledgerather than their intelligence. After collecting the quizzes,
| ask one of the teaching assistants to assign a binary grade to each: those who would receive less
than 50% are marked with ared star. At the end of the lecture, | return the quizzes and mention
that those with ared star need to work harder and interact with the teaching assistants and myself
more extensively.

The Big Picture A powerful motivational tool in teaching isthe “big picture,” i.e., the“ prac-
tical” application of the concept under study. The two examples of microelectronic systems de-
scribed in Chapter 1 serve as the first step toward creating the context for the material covered
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in the book. But, the big picture cannot stop here. Each new concept may merit an application—
however brief the mention of the application may be—and most of thisburden falls on the lecture
rather than on the book.

The choice of the application must be carefully considered. If the description is too long or
the result too abstract, the students miss the connection between the concept and the application.
My general approach is as follows. Suppose we are to begin Chapter 2 (Basic Semiconductor
Physics). | ask either “What would our world look like without semiconductors?’ or “Isthere a
semiconductor devicein your watch? In your cellphone? In your laptop? In your digital camera?’
In the ensuing discussion, | quickly go over examples of semiconductor devices and where they
are used.

Following the big picture, | provide additional motivation by asking, "Well, but isn’t this stuff
old? Why do we need to learn these things?’ | then briefly talk about the challenges in today’s
designs and the competition among manufacturersto lower both the power consumption and the
cost of portable devices.

Analysis versus Synthesis Let us consider the background of the students entering a mi-
croelectronicscourse. They can write KVLsand KCL s efficiently. They have al so seen numerous
“random” RLC circuits; i.e., to these students, all RLC circuits look the same, and it is unclear
how they came about. On the other hand, an essential objectivein teaching microelectronicsisto
devel op specific circuit topologiesthat provide certain characteristics. We must therefore change
the students' mentality from “Here's acircuit that you may never see again in your life. Analyze
it!” to “We face the following problem and we must create (Synthesize) a circuit that solves the
problem.” We can then begin with the simplest topology, identify its shortcomings, and continue
to modify it until we arrive at an acceptable solution. This step-by-step synthesis approach (a)
illustrates the role of each devicein the circuit, (b) establishes a“design-oriented” mentality, and
(c) engages the students’ intellect and interest.

Analysis by Inspection In their journey through microelectronics, students face increas-
ingly more complex circuits, eventually reaching a point where blindly writing KVLsand KCLs
becomes extremely inefficient and even prohibitive. In one of my first few lectures, | show the
internal circuit of a complex op amp and ask, “Can we anayze the behavior of this circuit by
simply writing node or mesh equations?’ It isthereforeimportant to instill in them the concept of
“analysis by inspection.” My approach consists of two steps. (1) For each simple circuit, formu-
late the properties in an intuitive language; e.g., “the voltage gain of a common-source stage is
given by the load resistance divided by 1/g,, plusthe resistance tied from the source to ground.”
(2) Map complex circuits to one or more topologies studied in step (1).

In addition to efficiency, analysis by inspection also provides great intuition. As we cover
various examples, | emphasize to the students that the results thus obtained reveal the circuit’s
dependencies much more clearly than if we simply write KV Ls and KCL s without mapping.

“What If?” Adventures An interesting method of reinforcing acircuit’s propertiesis to ask
aquestion like, “What if we tie this device between nodes C' and D rather than between nodes A
and B?' In fact, students themselves often raise similar questions. My answer to them is“Don’t
be afraid! The circuit doesn’t biteif you changeit like this. So go ahead and analyzeiit in its new
form.”

For simple circuits, the students can be encouraged to consider several possible modifications
and determine the resulting behavior. Consequently, the students feel much more comfortable
with the original topology and understand why it is the only acceptable solution (if that is the
case).

Numeric versus Symbolic Calculations Inthe design of examples, homeworks, and ex-
ams, the instructor must decide between numeric and symbolic calculations. The students may,



of course, prefer the former type as it simply requires finding the corresponding equation and
plugging in the numbers.

What isthe valuein numeric cal cul ations? In my opinion, they may serve one of two purposes:
(1) make the students comfortable with the results recently obtained, or (2) give the students a
feel for the typical values encountered in practice. As such, numeric calculations play a limited
role in teaching and reinforcing concepts.

Symbolic calculations, on the other hand, can offer insight into the behavior of the circuit by
revealing dependencies, trends, and limits. Also, the results thus obtained can be utilized in more
complex examples.

Blackboard versus Powerpoint This book comes with a complete set of Powerpoint
slides. However, | suggest that the instructors carefully consider the pros and cons of blackboard
and Powerpoint presentations.

| can offer the following observations. (1) Many students fall asleep (at |east mentally) in the
classroomiif they are not writing. (2) Many othersfeel they are missing something if they are not
writing. (3) For most people, the act of writing something on paper helps“carve” it intheir mind.
(4) The use of dlides leads to a fast pace (“if we are not writing, we should move on!”), leaving
little time for the students to digest the concepts. For these reasons, even if the students have a
hardcopy of the slides, this type of presentation proves quite ineffective.

To improve the situation, one can leave blank spacesin each slide and fill them with critical
and interesting results in real time. | have tried this method using transparencies and, more re-
cently, tablet laptops. The approach works well for graduate courses but leaves undergraduate
students bored or bewildered.

My conclusion is that the good old blackboard is still the best medium for teaching under-
graduate microelectronics. The instructor may nonetheless utilize a hardcopy of the Powerpoint
slides as his’her own guide for the flow of the lecture.

Discrete versus Integrated How much emphasis should a microel ectronics course place
on discrete circuits and integrated circuits? To most of us, the term “microelectronics’ remains
synonymous with “integrated circuits,” and, in fact, some university curricula have gradually
reduced the discrete design flavor of the course to nearly zero. However, only a small fraction
of the students taking such courses eventually become active in 1C products, while many go into
board-level design.

My approach in this book is to begin with general concepts that apply to both paradigms and
gradually concentrate on integrated circuits. | also believe that even board-level designers must
have a basic understanding of the integrated circuits that they use.

Bipolar Transistor versus MOSFET At present, some controversy surroundstheinclusion
of bipolar transistors and circuits in undergraduate microelectronics. With the MOSFET domi-
nating the semiconductor market, it appears that bipolar devices are of little value. While this
view may apply to graduate courses to some extent, it should be borne in mind that (1) as men-
tioned above, many undergraduate students go into board-level and discrete design and are likely
to encounter bipolar devices, and (2) the contrasts and similarities between bipolar and MOS
devices prove extremely useful in understanding the properties of each.

The order in which the two species are presented is also debatable. (Extensive surveys con-
ducted by Wiley indicate a 50-50 split between instructors on this matter.) Someinstructorsbegin
with MOS devices to ensure enough time is spent on their coverage. On the other hand, the nat-
ural flow of the course calls for bipolar devices as an extension of pn junctions. In fact, if diodes
are immediately followed by MOS devices, the students see little relevance between the two.
(The pn junctions in MOSFETSs do not come into the picture until the device capacitances are
introduced.)
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My approach in this book isto first cover bipolar devices and circuits while building the foun-
dation such that the MOS counterparts are subsequently taught with greater ease. As explained
below, the material can comfortably be taught even in one quarter with no sacrifice of details of
either devicetype.

Course Syllabi This book can be used in a two-quarter or two-semester sequence. Depend-
ing on the instructor’s preference, the courses can follow various combinations of the chapters.
Figure 0.1 illustrates some possibilities.

| have followed Syllabus | for the quarter system at UCLA for a number of years.! Syllabus
Il sacrifices op amp circuits for an introductory treatment of digital CMOS circuits.

In asemester system, Syllabus | extends the first course to current mirrors and cascode stages
and the second course to output stages and anal og filters. Syllabus 1, on the other hand, includes
digital circuitsin thefirst course, moving current mirrors and cascodes to the second course and
sacrificing the chapter on output stages.

Figure 0.2 shows the approximate length of time spent on the chapters as practiced at UCLA.
In a semester system, the allotted times are more flexible.

Coverage of Chapters The materia in each chapter can be decomposed into three cate-
gories: (1) essential concepts that the instructor should cover in the lecture, (2) essential skills
that the students must develop but cannot be covered in the lecture due to the limited time, and
(3) topics that prove useful but may be skipped according to the instructor’s preference.? Sum-
marized below are overviews of the chapters showing which topics should be covered in the
classroom.

Chapter 1: Introduction to Microelectronics The objective of this chapter isto provide
the “big picture” and make the students comfortable with analog and digital signals. | spend
about 30 to 45 minutes on Sections 1.1 and 1.2 , leaving the remainder of the chapter (Basic
Concepts) for the teaching assistants to cover in a special evening session in the first week.

Chapter 2: Basic Semiconductor Physics Providing the basics of semiconductor device
physics, this chapter deliberately proceeds at a slow pace, examining concepts from different
angles and allowing the students to digest the material asthey read on. A terse language would
shorten the chapter but require that the studentsreread the material multipletimesin their attempt
to decipher the prose.

It isimportant to note, however, that the instructor’s pace in the classroom need not be as slow
as that of the chapter. The students are expected to read the details and the examples on their
own so as to strengthen their grasp of the material. The principal point in this chapter is that we
must study the physics of devices so as to construct circuit models for them. In aquarter system,
| cover the following conceptsin the lecture: electrons and holes; doping; drift and diffusion; pn
junction in equilibrium and under forward and reverse bias.

Chapter 3: Diode Models and Circuits This chapter serves four purposes: (1) make
the students comfortable with the pn junction as a nonlinear device; (2) introduce the concept
of linearizing a nonlinear model to simplify the analysis; (3) cover basic circuits with which
any electrical engineer must be familiar, e.g., rectifiers and limiters; and (4) develop the skills
necessary to analyze heavily-nonlinear circuits, e.g., where it is difficult to predict which diode
turns on at what input voltage. Of these, the first three are essential and should be covered in the
lecture, whereas the last depends on the instructor’s preference. (I cover it in my lectures.) In the

TWe offer a separate undergraduate course on digital circuit design, which the students can take only after our first
microel ectronics course.

2Such topics are identified in the book by a footnote.



Quarter System, Syllabus |

First Quarter:

Introduction to Physics of Diode Models Bipolar Bipolar
Microelectronics E:> Semiconductors E:> and Circuits E:>Transistors E:> Circuits
(Chapter 1) (Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
MOS MOS Op Amp as

Devices > Circuits > Black Box
(Chapter 6) (Chapter 7) (Chapter 8)

Second Quarter:

Current Mirrors Differential Frequency Feedback and
and Cascodes E:> Pairs E:> Response E:> Stability
(Chapter 9) (Chapter 10) (Chapter 11) (Chapter 12)

Quarter System, Syllabus Il

First Quarter:

Introduction to Physics of Diode Models Bipolar Bipolar
Microelectronics E:> Semiconductors E:> and Circuits E:>Transistors E:> Circuits
(Chapter 1) (Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
MOS MOS Digital CMOS

Devices > Circuits > Circuits
(Chapter 6) (Chapter 7) (Chapter 15)

Second Quarter:

Current Mirrors Differential Frequency Feedback and
and Cascodes Pairs Response Stability
(Chapter 9) (Chapter 10) (Chapter 11) (Chapter 12)

Semester System, Syllabus |

First Semester:

Introduction to Physics of Diode Models Bipolar Bipolar
Microelectronics E:> Semiconductors and Circuits Transistors Circuits
(Chapter 1) (Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
MOS MOS Op Amp as Current Mirrors
Devices E:> Circuits Black Box and Cascodes
(Chapter 6) (Chapter 7) (Chapter 8) (Chapter 9)
Second Semester:
Differential Frequency Feedback and Output Analog
Pairs E:> Response E:> Stability E:> Stages Filters
(Chapter 10) (Chapter 11) (Chapter 12) (Chapter 13) (Chapter 14)

Semester System, Syllabus Il

First Semester:

Introduction to Physics of Diode Models Bipolar Bipolar
Microelectronics E:> Semiconductors E:> and Circuits E:>Transistors E:> Circuits
(Chapter 1) (Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
MOS MOS Op Amp as Digital CMOS
Devices E:> Circuits E:> Black Box Circuits
(Chapter 6) (Chapter 7) (Chapter 8) (Chapter 15)
Second Semester:
Current Mirrors Differential Frequency Feedback and Analog
and Cascodes E:> Pairs E:> Response E:> Stability E:> Filters
(Chapter 9) (Chapter 10) (Chapter 11) (Chapter 12) (Chapter 14)

Figure0.1 Different course structures for quarter and semester systems.

interest of time, | skip a number of sectionsin a quarter system, e.g., voltage doublers and level
shifters.

Chapter 4: Physics of Bipolar Transistors Beginning with the use of a voltage-
controlled current source in an amplifier, this chapter introduces the bipolar transistor as an
extension of pn junctions and derivesits small-signal model. Aswith Chapter 2, the paceisrela-
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Quarter System, Syllabus |

First Quarter:

1.5 Weeks 1.5 Weeks 1 Week 2 Weeks
Introduction to Physics of Diode Models Bipolar Bipolar
Microelectronics > Semiconductors > and Circuits > Transistors Circuits
(Chapter 1) (Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
1 Week 2 Weeks 1 Week
—
”ﬁb Kﬂ@ Op Amp as
Devices E:> Circuits E:> Black Box
(Chapter 6) (Chapter 7) (Chapter 8)
Second Quarter:
2 Weeks 3 Weeks 2 Weeks 3 Weeks
Current Mirrors Differential Frequency Feedback and
and Cascodes E:> Pairs E:> Response E:> Stability
(Chapter 9) (Chapter 10) (Chapter 11) (Chapter 12)

Figure0.2 Timetable for the two courses.

tively slow, but the lectures need not be. | cover structure and operation of the bipolar transistor,
avery simplified derivation of the exponentia characteristic, and transistor models, mentioning
only briefly that saturation is undesirable. Since the T-model of limited usein analysisand carries
little intuition (especially for MOS devices), | have excluded it in this book.

Chapter 5: Bipolar Circuits Thisisthelongest chapter in the book, building the foundation
necessary for all subsequent work in electronics. Following a bottom-up approach, this chapter
establishes critical concepts such asinput and output impedances, biasing, and small-signal anal-
ysis.

While writing the book, | contemplated decomposing Chapter 5 into two chapters, one on the
above concepts and another on bipolar amplifier topologies, so that the latter could be skipped
by instructors who prefer to continue with MOS circuits instead. However, teaching the general
concepts does require the use of transistors, making such a decomposition difficult.

Chapter 5 proceeds slowly, reinforcing, step-by-step, the concept of synthesis and exploring
circuit topologies with the aid of “What if?" examples. As with Chapters 2 and 4, the instructor
can move at a faster pace and leave much of the text for the students to read on their own. In
a quarter system, | cover all of the chapter, frequently emphasizing the concepts illustrated in
Figure 5.7 (the impedance seen looking into the base, emitter, or collector). With about two
(perhaps two and half) weeks allotted to this chapter, the lectures must be precisely designed to
ensure the main concepts are imparted in the classroom.

Chapter 6: Physics of MOS Devices This chapter parallels Chapter 4, introducing the
MOSFET as avoltage-controlled current source and deriving its characteristics. Giventhelimited
time that we generally facein covering topics, | haveincluded only abrief discussion of the body
effect and velocity saturation and neglected these phenomena for the remainder of the book. |
cover all of this chapter in our first course.

Chapter 7: MOS Circuits Drawing extensively upon the foundation established in Chapter
5, this chapter deals with MOS amplifiers but at a faster pace. | cover al of this chapter in our
first course.

Chapter 8: Operational Amplifier as a Black Box Dealing with op-amp-based circuits,
this chapter iswritten such that it can betaught in almost any order with respect to other chapters.
My own preferenceis to cover this chapter after amplifier topologies have been studied, so that
the students have some bare understanding of the internal circuitry of op amps and its gain
limitations. Teaching this chapter near the end of the first course also places op amps closer



to differential amplifiers (Chapter 10), thus allowing the students to appreciate the relevance of
each. | cover al of this chapter in our first course.

Chapter 9: Cascodes and Current Mirrors This chapter serves as an important step
toward integrated circuit design. The study of cascodes and current mirrors here also provides
the necessary background for constructing differential pairs with active loads or cascodes in
Chapter 10. From this chapter on, bipolar and MOS circuits are covered together and various
similarities and contrasts between them are pointed out. In our second microel ectronics course, |
cover all of the topicsin this chapter in approximately two weeks.

Chapter 10: Differential Amplifiers This chapter deals with large-signal and small-signal
behavior of differential amplifiers. The students may wonder why we did not study the large-
signal behavior of various amplifiersin Chapters5 and 7; so | explain that the differential pair is
aversatile circuit and is utilized in both regimes. | cover al of this chapter in our second course.

Chapter 11: Frequency Response Beginning with a review of basic concepts such as
Bode's rules, this chapter introduces the high-frequency model of transistors and analyzes the
frequency response of basic amplifiers. | cover all of this chapter in our second course.

Chapter 12: Feedback and Stability Most instructors agree that the students find feed-
back to be the most difficult topic in undergraduate microelectronics. For this reason, | have
made great effort to create a step-by-step procedure for analyzing feedback circuits, especially
where input and output loading effects must be taken into account. As with Chapters 2 and 5,
this chapter proceeds at a deliberately slow pace, allowing the students to become comfortable
with each concept and appreciate the points taught by each example. | cover al of this chapter in
our second course.

Chapter 13: Output Stages and Power Amplifiers This chapter studies circuits that
deliver higher power levels than those considered in previous chapters. Topologies such as push-
pull stages and their limitations are analyzed. This chapter can be comfortably covered in a
semester system.

Chapter 14: Analog Filters This chapter provides a basic understanding of passive and
active filters, preparing the student for more advanced texts on the subject. This chapter can also
be comfortably covered in a semester system.

Chapter 15: Digital CMOS Circuits This chapter is written for microelectronics courses
that include an introduction to digital circuits as a preparation for subsegquent courses on the
subject. Given the time constraints in quarter and semester systems, | have excluded TTL and
ECL circuits here.

Problem Sets In addition to numerous examples, each chapter offers arelatively large prob-
lem set at the end. For each concept covered in the chapter, | begin with simple, confidence-
building problems and gradually raise the level of difficulty. Except for the device physics chap-
ters, al chapters also provide a set of design problems that encourage students to work “in re-
verse” and select the bias and/or component val ues to satisfy certain requirements.

SPICE Some basic circuit theory courses may provide exposureto SPICE, but it isin the first
microel ectronics course that the students can appreciate the importance of simulation tools. Ap-
pendix A of this book introduces SPICE and teaches circuit simulation with the aid of numerous
examples. The objective is to master only a subset of SPICE commands that allow simulation
of most circuits at this level. Due to the limited lecture time, | ask the teaching assistants to
cover SPICE in a specia evening session around the middle of the quarter—just before | begin
to assign SPICE praoblems.

XXi
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Most chapters contain SPICE problems, but | prefer to introduce SPICE only in the second
half of thefirst course (toward the end of Chapter 5). Thisisfor two reasons: (1) the students must
first develop their basic understanding and analytical skills, i.e., the homeworks must exercise
the fundamental concepts; and (2) the students appreciate the utility of SPICE much better if the
circuit contains arelatively large number of devices (e.g., 5-10).

Homeworks and Exams In aquarter system, | assign four homeworks before the midterm
and four after. Mostly based on the problem sets in the book, the homeworks contain moderate
to difficult problems, thereby requiring that the students first go over the easier problemsin the
book on their own.

The exam questions aretypically “twisted” version of the problemsin the book. To encourage
the students to solve all of the problems at the end of each chapter, | tell them that one of the
problems in the book is given in the exam verbatim. The exams are open-book, but | suggest to
the students to summarize the important equations on one sheet of paper.
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Introduction to Microelectronics

Over the past five decades, microelectronics has revolutionized our lives. While beyond the realm
of possibility a few decades ago, cellphones, digital cameras, laptop computers, and many other
electronic products have now become an integral part of our daily affairs.

Learning microelectronicean be fun. As we learn how each device operates, how devices
comprise circuits that perform interesting and useful functions, and how circuits form sophisti-
cated systems, we begin to see the beauty of microelectronics and appreciate the reasons for its
explosive growth.

This chapter gives an overview of microelectronics so as to provide a context for the material
presented in this book. We introduce examples of microelectronic systems and identify important
circuit “functions” that they employ. We also provide a review of basic circuit theory to refresh
the reader’'s memory.

1.1 Electronics versus Microelectronics

The general area of electronics began about a century ago and proved instrumental in the radio
and radar communications used during the two world wars. Early systems incorporated “vacuum
tubes,” amplifying devices that operated with the flow of electrons between plates in a vacuum
chamber. However, the finite lifetime and the large size of vacuum tubes motivated researchers
to seek an electronic device with better properties.

The first transistor was invented in the 1940s and rapidly displaced vacuum tubes. It exhibited
a very long (in principle, infinite) lifetime and occupied a much smaller volume (e.g., less than 1
cm? in packaged form) than vacuum tubes did.

But it was not until 1960s that the field of microelectronics, i.e., the science of integrating
many transistors on one chip, began. Early “integrated circuits” (ICs) contained only a handful
of devices, but advances in the technology soon made it possible to dramatically increase the
complexity of “microchips.”

1.1
%oprocessors contain about 100 million transistors in a chip area of approximately
3 cm x 3 cm. (The chip is a few hundred microns thick.) Suppose integrated circuits were not
invented and we attempted to build a processor using 100 million “discrete” transistors. If each
device occupies a volume of 3 mm3 mm x3 mm, determine the minimum volume for the
processor. What other issues would arise in such an implementation?

The minimum volume is given by 27 mhx 108, i.e., a cube 1.4 m on each side! Of course, the
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Transmitter (TX)

Microphone

Chap. 1 Introduction to Microelectronics

wires connecting the transistors would increase the volume substantially.

In addition to occupying a large volume, this discrete processor would be extrsioejyhe
signals would need to travel on wires as long as 1.4 m! Furthermore, if each discrete transistor
costs 1 cent and weighs 1 g, each processor unit would be priced at one million dollars and weigh
100 tons!

Exercise
How much power would such a system consume if each transistor dissipai#g?L0

This book deals with mostly microelectronics while providing sufficient foundation for gen-
eral (perhaps discrete) electronic systems as well.

1.2 Examples of Electronic Systems

At this point, we introduce two examples of microelectronic systems and identify some of the
important building blocks that we should study in basic electronics.

1.2.1 Cellular Telephone

Cellular telephones were developed in the 1980s and rapidly became popular in the 1990s. To-
day’s cellphones contain a great deal of sophisticated analog and digital electronics that lie well
beyond the scope of this book. But our objective here is to see how the concepts described in this
book prove relevant to the operation of a cellphone.

Suppose you are speaking with a friend on your cellphone. Your voice is converted to an elec-
tric signal by a microphone and, after some processing, transmitted by the antenna. The signal
produced by your antenna is picked up by the your friend’s receiver and, after some processing,
applied to the speaker [Fig. 1.1(a)]. What goes on in these black boxes? Why are they needed?

Receiver (RX) 4 %

D+

=, X = X
j = X Y» Speaker D—j

-4

(@) ()
Figure 1.1 (a) Simplified view of a cellphone, (b) further simplification of transmit and receive paths.

Let us attempt to omit the black boxes and construct the simple system shown in Fig. 1.1(b).
How well does this system work? We make two observations. First, our voice contains frequen-
cies from 20 Hz to 20 kHz (called the “voice band”). Second, for an antennato operate efficiently,
i.e., to convert most of the electrical signal to electromagnetic radiation, its dimension must be a
significant fraction (e.g25%) of the wavelength. Unfortunately, a frequency range of 20 Hz to
20 kHz translates to a wavelengtbf 1.5 x 10” m to 1.5 x 10* m, requiring gigantic antennas
for each cellphone. Conversely, to obtain a reasonable antenna length, e.g., 5 cm, the wavelength
must be around 20 cm and the frequency around 1.5 GHz.

I'Recall that the wavelength is equal to the (light) velocity divided by the frequency.
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Sec. 1.2 Examples of Electronic Systems

How do we “convert” the voice band to a gigahertz center frequency? One possible approach is
to multiply the voice signaks(¢), by a sinusoidA cos(27 f.t) [Fig. 1.2(a)]. Since multiplication
in the time domain corresponds to convolution in the frequency domain, and since the spectrum

x (t) A cos(2 Tifct) Output Waveform
Voice Y N
Signal

t t :
@
X(f) Spectrum of Cosine Output Spectrum
Voice : i ;
Spectrum /V\ /V\ /V\
: _— - : : : -
0 f —fc 0 +fc f ~fe 0 +fe f

—-20 kHz
+20 kHz

(b)

Figure 1.2 (a) Multiplication of a voice signal by a sinusoid, (b) equivalent operation in the frequency
domain.

of the sinusoid consists of two impulsestaf.., the voice spectrum is simply shifted (translated)
to +f. [Fig. 1.2(b)]. Thus, iff. = 1 GHz, the output occupies a bandwidth of 40 kHz centered

at 1 GHz. This operation is an example of “amplitude modulatfon.”
We therefore postulate that the black box in the transmitter of Fig. 1.1(a) contains a
multiplier,? as depicted in Fig. 1.3(a). But two other issues arise. First, the cellphone must deliver

Power

44 Amplifier 44
D—»@—j D—
T f

A cos(2Tifct) Oscillator

(a) (b)

Figure 1.3 (a) Simple transmitter, (b) more complete transmitter.

arelatively large voltage swing (e.g., 0,) to the antenna so that the radiated power can reach
across distances of several kilometers, thereby requiring a “power amplifier” between the mul-
tiplier and the antenna. Second, the sinusdidos 2 f.t, must be produced by an “oscillator.”

We thus arrive at the transmitter architecture shown in Fig. 1.3(b).

Let us now turn our attention to the receive path of the cellphone, beginning with the sim-
ple realization illustrated in Fig. 1.1(b). Unfortunately, This topology fails to operate with the
principle of modulation: if the signal received by the antenna resides around a gigahertz center
frequency, the audio speaker cannot produce meaningful information. In other words, a means of

2Cellphones in fact use other types of modulation to translate the voice band to higher frequencies.
3Also called a “mixer” in high-frequency electronics.
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translating the spectrum back to zero center frequency is necessary. For example, as depicted in
Fig. 1.4(a), multiplication by a sinusoid, cos(2x f.t), translates the spectrum to left and right by
Output Spectrum

Received Spectrum Spectrum of Cosine

Low-Noise
Amplifier Amplifier

Low-Pass Low-Pass
Filter Filter

oscillator oscillator

(b) ()

Figure 1.4 (a) Translation of modulated signal to zero center frequency, (b) simple receiver, (b) more
complete receiver.

fe, restoring the original voice band. The newly-generated componeiitfatcan be removed
by a low-pass filter. We thus arrive at the receiver topology shown in Fig. 1.4(b).

Our receiver design is still incomplete. The signal received by the antenna can be as low as
a few tens of microvolts whereas the speaker may require swings of several tens or hundreds
of millivolts. That is, the receiver must provide a great deal of amplification (“gain”) between
the antenna and the speaker. Furthermore, since multipliers typically suffer from a high “noise”
and hence corrupt the received signal, a “low-noise amplifier” must precede the multiplier. The
overall architecture is depicted in Fig. 1.4(c).

Today’s cellphones are much more sophisticated than the topologies developed above. For
example, the voice signal in the transmitter and the receiver is applied to a digital signal processor
(DSP) to improve the quality and efficiency of the communication. Nonetheless, our study reveals
some of thdundamentabuilding blocks of cellphones, e.g., amplifiers, oscillators, and filters,
with the last two also utilizing amplification. We therefore devote a great deal of effort to the
analysis and design of amplifiers.

Having seen the necessity of amplifiers, oscillators, and multipliers in both transmit and re-
ceive paths of a cellphone, the reader may wonder if “this is old stuff” and rather trivial compared
to the state of the art. Interestingly, these building blocks still remain among the most challenging
circuits in communication systems. This is because the design entails draidaloffsbetween
speed (gigahertz center frequencies), noise, power dissipation (i.e., battery lifetime), weight, cost
(i.e., price of a cellphone), and many other parameters. In the competitive world of cellphone
manufacturing, a given design is never “good enough” and the engineers are forced to further
push the above trade-offs in each new generation of the product.

1.2.2 Digital Camera

Another consumer product that, by virtue of “going electronic,” has dramatically changed our
habits and routines is the digital camera. With traditional cameras, we received no immediate
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feedback on the quality of the picture that was taken, we were very careful in selecting and
shooting scenes to avoid wasting frames, we needed to carry bulky rolls of film, and we would
obtain the final result only in printed form. With digital cameras, on the other hand, we have
resolved these issues and enjoy many other features that only electronic processing can provide,
e.g., transmission of pictures through cellphones or ability to retouch or alter pictures by com-
puters. In this section, we study the operation of the digital camera.

The “front end” of the camera must convert light to electricity, a task performed by an array
(matrix) of “pixels.” Each pixel consists of an electronic device (a “photodiode” that produces
a current proportional to the intensity of the light that it receives. As illustrated in Fig. 1.5(a),
this current flows through a capacitanc¢g,, for a certain period of time, thereby developing a

Amplifier

NENEN|
N
o=

Light

/ = /3
2500 Rows

4 I —L

Photodiode Processing

/-

@) (b) (©

Figure 1.5 (a) Operation of a photodiode, (b) array of pixels in a digital camera, (c) one column of the
array.

proportional voltage across it. Each pixel thus provides a voltage proportional to the “local” light
density.

Now consider a camera with, say, 6.25-million pixels arranged2n0@ x 2500 array [Fig.
1.5(b)]. How is the output voltage of each pixel sensed and processed? If each pixel contains
its own electronic circuitry, the overall array occupies a very large area, raising the cost and the
power dissipation considerably. We must therefore “time-share” the signal processing circuits
among pixels. To this end, we follow the circuit of Fig. 1.5(a) with a simple, compact amplifier
and a switch (within the pixel) [Fig. 1.5(c)]. Now, we connect a wire to the outputs of all 2500
pixels in a “column,” turn on only one switch at a time, and apply the corresponding voltage
to the “signal processing” block outside the column. The overall array consists of 2500 of such
columns, with each column employing a dedicated signal processing block.

mﬂ 1.2 p—————————————————————————
igital camera is focused on a chess board. Sketch the voltage produced by one column as a
function of time.

4The term “pixel” is an abbreviation of “picture cell.”
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The pixels in each column receive light only from the white squares [Fig. 1.6(a)]. Thus, the

o—e

o—e Vcolumn
I Vcolumn

t

@ (b) (c)

Figure 1.6 (a) Chess board captured by a digital camera, (b) voltage waveform of one column.

column voltage alternates between a maximum for such pixels and zero for those receiving no
light. The resulting waveform is shown in Fig. 1.6(b).

Plot the voltage if the first and second squares in each row have the same color.

What does each signal processing block do? Since the voltage produced by each pixel is an
analog signal and can assume all values within a range, we must first “digitize” it by means of an
“analog-to-digital converter” (ADC). A 6.25 megapixel array must thus incorporate 2500 ADCs.
Since ADCs are relatively complex circuits, we may time-share one ADC between every two
columns (Fig. 1.7), but requiring that the ADC operate twice as fast (why?). In the extreme case,

->_/o_. ->_/o_..
i1 '

"o

Figure 1.7 Sharing one ADC between two columns of a pixel array.

we may employ a single, very fast ADC for all 2500 columns. In practice, the optimum choice
lies between these two extremes.

Once in the digital domain, the “video” signal collected by the camera can be manipulated
extensively. For example, to “zoom in,” the digital signal processor (DSP) simply considers only
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a section of the array, discarding the information from the remaining pixels. Also, to reduce the
required memory size, the processor “compresses” the video signal.

The digital camera exemplifies the extensive use of both analog and digital microelectronics.
The analog functions include amplification, switching operations, and analog-to-digital conver-
sion, and the digital functions consist of subsequent signal processing and storage.

1.2.3 Analog versus Digital

Amplifiers and ADCs are examples of “analog” functions, circuits that must process each point
on awaveform (e.g., a voice signal) with great care to avoid effects such as noise and “distortion.”
By contrast, “digital” circuits deal with binary levels (ONEs and ZEROSs) and, evidently, contain
no analog functions. The reader may then say, “I have no intention of working for a cellphone
or camera manufacturer and, therefore, need not learn about analog circuits.” In fact, with digital
communications, digital signal processors, and every other function becoming digital, is there
any future for analog design?

Well, some of the assumptions in the above statements are incorrect. First, not every func-
tion can be realized digitally. The architectures of Figs. 1.3 and 1.4 must employ low-noise and
power amplifiers, oscillators, and multipliers regardless of whether the actual communication is
in analog or digital form. For example, a 20/ signal (analog or digital) received by the antenna
cannot be directly applied to a digital gate. Similarly, the video signal collectively captured by
the pixels in a digital camera must be processed with low noise and distortion before it appears
in the digital domain.

Second, digital circuits require analog expertise as the speed increases. Figure 1.8 exemplifies
this point by illustrating two binary data waveforms, one at 100 Mb/s and another at 1 Gb/s. The
finite risetime and falltime of the latter raises many issues in the operation of gates, flipflops, and
other digital circuits, necessitating great attention to each point on the waveform.

10 ns
-
Xl(t)
1ns t
-
w0 A\C /TN

t
Figure 1.8 Data waveforms at 100 Mb/s and 1 Gb/s.

1.3 Basic Concepts

Analysis of microelectronic circuits draws upon many concepts that are taught in basic courses
on signals and systems and circuit theory. This section provides a brief review of these concepts
so0 as to refresh the reader’s memory and establish the terminology used throughout this book.
The reader may first glance through this section to determine which topics need a review or

simply return to this material as it becomes necessary later.

1.3.1 Analog and Digital Signals

An electric signal is a waveform that carries information. Signals that occur in nature can assume
all values in a given range. Called “analog,” such signals include voice, video, seismic, and music

*This section serves as a review and can be skipped in classroom teaching.
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waveforms. Shown in Fig. 1.9(a), an analog voltage waveform swings through a “continuum” o

vV (t) n ’ \ i V (t) + Noise M “’ .1

Figure 1.9 (a) Analog signal , (b) effect of noise on analog signal.

values and provides information at each instant of time.

While occurring all around us, analog signals are difficult to “process” due to sensitivities
to such circuit imperfections as “noise” and “distortion&s an example, Figure 1.9(b) illus-
trates the effect of noise. Furthermore, analog signals are difficult to “store” because they require
“analog memories” (e.g., capacitors).

By contrast, a digital signal assumes only a finite number of values at only certain points in
time. Depicted in Fig. 1.10(a) is a “binary” waveform, which remains at only one of two levels for

V(t) ONE V (t) + Noise

ZERO

-y

@ (b)
Figure 1.10 (a) Digital signal, (b) effect of noise on digital signal.

each period]". So long as the two voltages corresponding to ONEs and ZEROs differ sufficiently,
logical circuits sensing such a signal process it correctly—even if noise or distortion create some
corruption [Fig. 1.10(b)]. We therefore consider digital signals more “robust” than their analog
counterparts. The storage of binary signals (in a digital memory) is also much simpler.

The foregoing observations favor processing of signals in the digital domain, suggesting that
inherently analog information must be converted to digital form as early as possible. Indeed,
complex microelectronic systems such as digital cameras, camcorders, and compact disk (CD)
recorders perform some analog processing, “analog-to-digital conversion,” and digital processing
(Fig. 1.11), with the first two functions playing a critical role in the quality of the signal.

- Digital
Analog Analog _ | Analog-to-Digital | Processing
Signal Processing Conversion and Storage

Figure 1.11 Signal processing in a typical system.

It is worth noting that many digital binary signals must be viewed and processed as analog
waveforms. Consider, for example, the information stored on a hard disk in a computer. Upon re-
trieval, the “digital” data appears as a distorted waveform with only a few millivolts of amplitude

5Distortion arises if the output is not a linear function of input.
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(Fig. 1.12). Such a small separation between ONEs and ZEROs proves inadequate if this signal

¢ ~3 mV
Hard

Disk t

Figure 1.12 Signal picked up from a hard disk in a computer.

is to drive a logical gate, demanding a great deal of amplification and other analog processing
before the data reaches a robust digital form.

1.3.2 Analog Circuits

Today’s microelectronic systems incorporate many analog functions. As exemplified by the cell-
phone and the digital camera studied above, analog circuits often limit the performance of the
overall system.

The most commonly-used analog function is amplification. The signal received by a cellphone
or picked up by a microphone proves too small to be processed further. An amplifier is therefore
necessary to raise the signal swing to acceptable levels.

The performance of an amplifier is characterized by a number of parameters, e.g., gain, speed,
and power dissipation. We study these aspects of amplification in great detail later in this book,
but it is instructive to briefly review some of these concepts here.

A voltage amplifier produces an output swing greater than the input swing. The voltage gain,
A,, is defined as

4, = Jout (1.1)

Uin

In some cases, we prefer to express the gain in decibels (dB):

Aylas = 201og 224 (1.2)

m

For example, a voltage gain of 10 translates to 20 dB. The gain of typical amplifiers falls in the
range ofL0' to 10°.

mm 1.3 —ssssssssssss———
cellphone receives a signal level of 29, but it must deliver a swing of 50 mV to the speaker
that reproduces the voice. Calculate the required voltage gain in decibels.

We have

50 mV

20 uV

~ 68 dB. 1.4)

A, =20log (1.3)

Exercise
What is the output swing if the gain is 50 dB?
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In order to operate properly and provide gain, an amplifier must draw power from a voltage
source, e.g., a battery or a charger. Called the “power supply,” this source is typically denoted by
Vee or Vpp [Fig. 1.13(a)]. In complex circuits, we may simplify the notation to that shown in

Amplifier

Vee

L
—V
Vin Vout - e Vin Vout Vin _% Vout

= Ground

(a) (b) (c)
Figure 1.13 (a) General amplifier symbol along with its power supply, (b) simplified diagram of (a), (b)
amplifier with supply rails omitted.

Fig. 1.13(b), where the “ground” terminal signifies a reference point with zero potential. If the
amplifier is simply denoted by a triangle, we may even omit the supply terminals [Fig. 1.13(c)],
with the understanding that they are present. Typical amplifiers operate with supply voltages in
the range of 1 Vto 10 V.

What limits thespeedf amplifiers? We expect that various capacitances in the circuit begin
to manifest themselves at high frequencies, thereby lowering the gain. In other words, as depicted
in Fig. 1.14, the gain rolls off at sufficiently high frequencies, limiting the (usable) “bandwidth”

A
£ High—-Frequency
3 Roll-off
ks -
£
IS
<
Frequency

Figure 1.14 Roll-off an amplifier’s gain at high frequencies.

of the circuit. Amplifiers (and other analog circuits) suffer from trade-offs between gain, speed
and power dissipation. Today’s microelectronic amplifiers achieve bandwidths as large as tens of
gigahertz.

What other analog functions are frequently used? A critical operation is “filtering.” For ex-
ample, an electrocardiograph measuring a patient’s heart activities also picks up the 60-Hz (or
50-Hz) electrical line voltage because the patient’s body acts as an antenna. Thus, a filter must
suppress this “interferer” to allow meaningful measurement of the heart.

1.3.3 Digital Circuits

More than80% of the microelectronics industry deals with digital circuits. Examples include
microprocessors, static and dynamic memories, and digital signal processors. Recall from basic
logic design that gates form “combinational” circuits, and latches and flipflops constitute “se-
quential” machines. The complexity, speed, and power dissipation of these building blocks play
a central role in the overall system performance.

In digital microelectronics, we study the design of the internal circuits of gates, flipflops,
and other components. For example, we construct a circuit using devices such as transistors to
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realize the NOT and NOR functions shown in Fig. 1.15. Based on these implementations, we

NOT Gate NOR Gate

AD—DO—OY:A_ ’; } >0——o Y=A+B

Figure 1.15 NOT and NOR gates.

then determine various properties of each circuit. For example, what limits the speed of a gate?
How much power does a gate consume while running at a certain speedfbigstlydoes a
gate operate in the presence of nonidealities such as noise (Fig. 1.16)?

Pl W o

Figure 1.16 Response of a gate to a noisy input.

ma 1 —————————
onsider the circuit shown in Fig. 1.17, where swifghis controlled by the digital input. That

g
R =
[

Figure 1.17

is, if A is high,S; is on and vice versa. Prove that the circuit provides the NOT function.

If Aishigh,S; ison, forcingV,,; to zero. On the other hand, f is low, S; remains off, drawing

no current fromR;,. As a result, the voltage drop acra8g is zero and hencg,,; = Vpp; i.e.,

the output is high. We thus observe that, for both logical states at the input, the output assumes
the opposite state.

Exercise
Determine the logical function if; and Ry, are swapped anl,,,; is sensed acrods;, .

The above example indicates tlsatitchescan perform logical operations. In fact, early dig-
ital circuits did employ mechanical switches (relays), but suffered from a very limited speed (a
few kilohertz). It was only after “transistors” were invented and their ability to act as switches
was recognized that digital circuits consisting of millions of gates and operating at high speeds
(several gigahertz) became possible.

1.3.4 Basic Circuit Theorems

Of the numerous analysis techniques taught in circuit theory courses, some prove particularly
important to our study of microelectronics. This section provides a review of such concepts.
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Figure 1.18 lllustration of KCL.

Kirchoff's Laws  The Kirchoff Current Law (KCL) states that the sum of all currents flowing
into a node is zero (Fig. 1.18):

> I =0. (1.5)
J

KCL in fact results from conservation of charge: a nonzero sum would mean that either some of
the charge flowing into nod& vanisheor this nodeproducescharge.

The Kirchoff Voltage Law (KVL) states that the sum of voltage drops around any closed loop
in a circuit is zero [Fig. 1.19(a)]:

(b)
Figure 1.19 (a) lllustration of KVL, (b) slightly different view of the circuit .

> Vi=0, (1.6)
J

whereV; denotes the voltage drop across element numbiéW/L arises from the conservation
of the “electromotive force.” In the example illustrated in Fig. 1.19(a), we may sum the voltages
in the loop to zero¥; + V» + V3 + Vy = 0. Alternatively, adopting the modified view shown
in Fig. 1.19(b), we can say; is equalto the sum of the voltages across elements 2, 3, and 4:
V1 = Vo + V5 +V,. Note that the polarities assigneditg 13, andV} in Fig. 1.19(b) are different
from those in Fig. 1.19(a).

In solving circuits, we may not know a priori the correct polarities of the currents and voltages.
Nonetheless, we can simply assign arbitrary polarities, write KCLs and KVLs, and solve the
equations to obtain the actual polarities and values.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 13 (1)

Sec. 1.3 Basic Concepts™

e topology depicted in Fig. 1.20 represents the equivalent circuit of an amplifier. The
dependent current sourégis equal to a constang,,,,® multiplied by the voltage drop across

I + v +
Vi - . = out
in (;)_ m=vn 11<§gm v RL = _R Vout
- L -
_ O

r.. Determine the voltage gain of the amplifies,.; /vi,.

We must compute,,,; in terms ofv;,,, i.e., we must eliminate,, from the equations. Writing a
KVL in the “input loop,” we have

YYy

Figure 1.20

Vin = Ur, (1.7)

and hence,,,v: = gmvin. A KCL at the output node yields

Vout
mUr =0. 1.8
ImVr + i (1.8)
It follows that
v,
= —gm B (1.9)

Note that the circuit amplifies the inputgf, R, > 1. Unimportant in most cases, the negative
sign simply means the circuit “inverts” the signal.

Exercise
Repeat the above exampleif — in fty.

igure 1.21 shows another amplifier topology. Compute the gain.

Figure 1.21

SWhat is the dimension af,,, ?
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Solution
Noting thatr, in fact appears in parallel withy,,, we write a KVL across these two components:
Vin = —y. (1.10)

The KCL at the output node is similar to (1.8). Thus,

Vout

= gmRrL. (1.11)

Vin

Interestingly, this type of amplifier does not invert the signal.

Exercise
Repeat the above example'if — in fty.

third amplifier topology is shown in Fig. 1.22. Determine the voltage gain.

+
Vin r-,-[:g VT[ 11 ngT[ =

|

Re

A
W

RIS+

Figure 1.22

We first write a KVL around the loop consisting of,, 7., andRg:
Vin = Uz + Vout- (112)

That is,v; = v, — vout. NeXt, noting that the currents, /r, andg,,v, flow into the output
node, and the current,;:/ R flows outof it, we write a KCL:

Un + gmUr = Yout (1.13)
s RE
Substitutingui, — vou: for v, gives
1 1 1
Uin <_ +gm> = Uout <_ + — + gm) ) (114)
Tr RE Tr
and hence
Dout _ __Tm (1.15)
Vin L + i +
Rp o Im
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(1 + gmrﬂ)RE

= . 1.16
re + (1 4+ gmrz)RE ( )

Note that the voltage gain always remabedow unity. Would such an amplifier prove useful
at all? In fact, this topology exhibits some important properties that make it a versatile building
block.

Exercise
Repeat the above example'if — in fty.

The above three examples relate to three amplifier topologies that are studied extensively in
Chapter 5.

Thevenin and Norton Equivalents While Kirchoff’s laws can always be utilized to solve
any circuit, the Thevenin and Norton theorems can both simplify the algebra and, more impor-
tantly, provide additional insight into the operation of a circuit.

Thevenin’s theorem states that a (linear) one-port network can be replaced with an equivalent
circuit consisting of one voltage source in series with one impedance. lllustrated in Fig. 1.23(a),
the term “port” refers to any two nodes whose voltage difference is of interest. The equivalent

(a) (b)

Figure 1.23 (a) Thevenin equivalent circuit, (b) computation of equivalent impedance.

voltage,vrpeq, IS Obtained by leaving the poopenand computing the voltage created by the
actual circuit at this port. The equivalent impedangg,,.., is determined by setting all indepen-

dent voltage and current sources in the circuit to zero and calculating the impedance between the
two nodes. We also calfr;., the impedance “seen” when “looking” into the output port [Fig.
1.23(b)]. The impedance is computed by applying a voltage source across the port and obtaining
the resulting current. A few examples illustrate these principles.

m@ 1.8 ——sss——————————————
uppose the input voltage source and the amplifier shown in Fig. 1.20 are placed in a box and
only the output portis of interest [Fig. 1.24(a)]. Determine the Thevenin equivalent of the circuit.

We must compute the open-circuit output voltage and the impedance seen when looking into the
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e R
p————oO
oA + 1 i+ + +
nJ) m=vo 1(v)9,Yn ::RLE ‘iout Vin=0| rm=vn 1(¥) 9,V - ngLVin
f— : : ° f— f—
(@ (b) (©
Figure 1.24
output port. The Thevenin voltage is obtained from Fig. 1.24(a) and Eq. (1.9):
UThev = Vout (117)
= —gmRLvin. (1.18)

To calculateZry..,, We setv;, to zero, apply a voltage sourcey, across the output port, and

determine the current drawn from the voltage souige ,As shown in Fig. 1.24(b), setting,,

to zero means replacing it withsort circuit Also, note that the current sourgg v, remains

in the circuit because it depends on the voltage aarpsahose value is not known a priori.
How do we solve the circuit of Fig. 1.24(b)? We must again eliminatd-ortunately, since

both terminals of-, are tied to groundy,, = 0 andg,,v, = 0. The circuit thus reduces 8,

and
. vx
= —. 1.19
X =g (1.19)
That is,
Roypew = Ry (1.20)

Figure 1.24(c) depicts the Thevenin equivalent of the input voltage source and the amplifier. In
this case, we calRr;., (= Rr) the “output impedance” of the circuit.

Exercise
Repeat the above examplejf — oco.

With the Thevenin equivalent of a circuit available, we can readily analyze its behavior in the
presence of a subsequent stage or “load.”

'ma 1.9
e amplimier of Fig. 1.20 must drive a speaker having an impedandg, pfDetermine the
voltage delivered to the speaker.

Shown in Fig. 1.25(a) is the overall circuit arrangement that must solve. Replacing the section
in the dashed box with its Thevenin equivalent from Fig. 1.24(c), we greatly simplify the circuit
[Fig. 1.25(b)], and write

Ry,
Rsp + Ry,

—gmVin(RL||Rsp)- (1.22)

Vout = _ngLUin (121)
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v N + B + =
In ) r-,-[:> VT[ il gm VT[ RL :: i V_out <:Rsp
. () (b)
Figure 1.25
Exercise

Repeat the above examplejf — oco.

!)@m:a 1.10
etermine the Thevenin equivalent of the circuit shown in Fig. 1.22 if the output port is of
interest.

The open-circuit output voltage is simply obtained from (1.16):

(1 + gmrn)RL
= in- 1.23
e+ (14 gmr,r)RLv (1.23)

UThev

To calculate the Thevenin impedance, weggtto zero and apply a voltage source across the
output port as depicted in Fig. 1.26. To eliminate we recognize that the two terminalsof

+

= mEvn 19,V =
- N
REPL Ovx
T R
Figure 1.26 )
are tied to those afx and hence
Up = —UX. (1.24)

We now write a KCL at the output node. The curremi$r,, g,,vr, andix flow into this node
and the currentx /Ry, flows out of it. Consequently,

s RL

or

1 . ux
<E +gm> (—vx) +ix = R (1.26)
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That is,
Rrhey = (1.27)
tx
- — (1’:@; S (1.28)
Exercise

What happens iRy = cc?

Norton’s theorem states that a (linear) one-port network can be represented by one current
source in parallel with one impedance (Fig. 1.27). The equivalent cuikgpt,is obtained by

pcy

: >

1

\ $(§

Figure 1.27 Norton’s theorem.

shorting the port of interest and computing the current that flows through it. The equivalent
impedanceZno:, is determined by setting all independent voltage and current sources in the
circuit to zero and calculating the impedance seen at the port. Of cdiNse= Z7hew-

mm 11] ————————
etermine the Norton equivalent of the circuit shown in Fig. 1.20 if the output port is of interest.

As depicted in Fig. 1.28(a), we short the output port and seek the valwg,05ince the voltage

I'Nor
o NN

v Y 1+ R = Short
N\ m=vn 1 IV L= Circuit 9mYn RL

Yy
AA
YYy

@ (b)
Figure 1.28

acrossRy, is now forced to zero, this resistor carries no current. A KCL at the output node thus
yields

iNor = —YgmUn (1.29)
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Also, from Example 1.8 Rnor (= Rrnrey) = Rr. The Norton equivalent therefore emerges
as shown in Fig. 1.28(b). To check the validity of this model, we observe that the flow,of
through Ry produces a voltage ofg.,, Rpvi,, the same as the output voltage of the original
circuit.

Exercise
Repeat the above example if a resistor of valyds added between the top terminakgf and
the output node.

mm L
etermine the Norton equivalent of the circuit shown in Fig. 1.22 if the output port is interest.

Shorting the output port as illustrated in Fig. 1.29(a), we notefthatarries no current. Thus,

+
Vin Y mEvn @9,V T
B - 1, g g raRL
R = I'Nor (;[ m)¥in T rat (g, rm R
__: Y
(a) (b)
Figure 1.29
. Ur
INor = — + gmUr. (131)
Also, v, = v, (Wwhy?), yielding
. 1
INor = <7“_ + gm) Vin.- (132)
With the aid of Rz, found in Example 1.10, we construct the Norton equivalent depicted in
Fig. 1.29(b).
Exercise

What happens if, = in fty?

1.4 Chapter Summary

e Electronic functions appear in many devices, including cellphones, digital cameras, laptop
computers, etc.
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Amplification is an essential operation in many analog and digital systems.

Analog circuits process signals that can assume various values at any time. By contrast,
digital circuits deal with signals having only two levels and switching between these values
at known points in time.

Despite the “digital revolution,” analog circuits find wide application in most of today’s
electronic systems.

The voltage gain of an amplifier is definedias; /v;,, and sometimes expressed in decibels
(dB) as20 log(vout /vin)-
Kirchoff’s current law (KCL) states that the sum of all currents flowing into any node is

zero. Kirchoff’s voltage law (KVL) states that the sum of all voltages around any loop is
zero.

Norton’s theorem allows simplifying a one-port circuit to a current source in parallel with
an impedance. Similarly, Thevenin’s theorem reduces a one-port circuit to a voltage source
in series with an impedance.
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Basic Physics of
Semiconductors

Microelectronic circuits are based on complex semiconductor structures that have been under
active research for the past six decades. While this book deals with the analysis and design of
circuits, we should emphasize at the outset that a good understandit®yickss essential to

our work. The situation is similar to many other engineering problems, e.g., one cannot design a
high-performance automobile without a detailed knowledge of the engine and its limitations.

Nonetheless, we do face a dilemma. Our treatment of device physics must contain enough
depth to provide adequate understanding, but must also be sufficiently brief to allow quick entry
into circuits. This chapter accomplishes this task.

Our ultimate objective in this chapter is to study a fundamentally-important and versatile
device called the “diode.” However, just as we need to eat our broccoli before having desert, we
must develop a basic understanding of “semiconductor” materials and their current conduction
mechanisms before attacking diodes.

In this chapter, we begin with the concept of semiconductors and study the movement of
charge (i.e., the flow of current) in them. Next, we deal with the fhejunction,” which also
serves as diode, and formulate its behavior. Our ultimate goal is to represent the device by a
circuit model (consisting of resistors, voltage or current sources, capacitors, etc.), so that a circuit
using such a device can be analyzed easily. The outline is shown below.

Semiconductors PN Junction
® Charge Carriers ® Structure
® Doping E> ® Reverse and Forward
® Transport of Carriers Bias Conditions
® |/V Characteristics
® Circuit Models

It is important to note that the task of developing accurate models proves critical foi-
croelectronic devices. The electronics industry continues to place greater demands on circuits,
calling for aggressive designs that push semiconductor devices to their limits. Thus, a good un-
derstanding of the internal operation of devices is necedsary.

L As design managers often say, “If you do not push the devices and circuits to their limit but your competitor does,
then you lose to your competitor.”

21



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 22 (1)

22 Chap. 2 Basic Physics of Semiconductors

2.1 Semiconductor Materials and Their Properties

Since this section introduces a multitude of concepts, it is useful to bear a general outline in
mind:

Modification of
Carrier Densities

Transport of
Carriers

Charge Carriers

in Solids

® Diffusion
® Drift

>

® |ntrinsic Semiconductors
® Extrinsic Semiconductors
® Doping

® Crystal Structure
® Bandgap Energy
® Holes

Figure 2.1 Outline of this section.

This outline represents a logical thought process: (a) we identify charge carriers in solids and
formulate their role in current flow; (b) we examine means of modifying the density of charge
carriers to create desired current flow properties; (¢c) we determine current flow mechanisms.
These steps naturally lead to the computation of the current/voltage (I/V) characteristics of actual
diodes in the next section.

2.1.1 Charge Carriers in Solids

Recall from basic chemistry that the electrons in an atom orbit the nucleus in different “shells.”
The atom’s chemical activity is determined by the electrons in the outermost shell, called “va-
lence” electrons, and how complete this shell is. For example, neon exhibits a complete out-
ermost shell (with eight electrons) and hence no tendency for chemical reactions. On the other
hand, sodium has only one valence electron, ready to relinquish it, and chloride has seven valence
electrons, eager to receive one more. Both elements are therefore highly reactive.

The above principles suggest that atoms having approximately four valence electrons fall
somewhere between inert gases and highly volatile elements, possibly displaying interesting
chemical and physical properties. Shown in Fig. 2.2 is a section of the periodic table contain-

1] v \Y,
Boron Carbon
(B) (&)
... Aluminum Silicon Phosphorous
(A)) (Si) (P)
Galium Germanium Arsenic
(Ga) (Ge) (As)

Figure 2.2 Section of the periodic table.

ing a number of elements with three to five valence electrons. As the most popular material in
microelectronics, silicon merits a detailed analysis.

2Silicon is obtained from sand after a great deal of processing.
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Covalent Bonds A silicon atom residing in isolation contains four valence electrons [Fig.
2.3(a)], requiring another four to complete its outermost shell. If processed properly, the sili-

Covalent
Bond N\ 7\ 7 \ 7\ 7
N \\//\\//\\// \\//\\//\\//
V2RN //%S//\\S//\\ //\\S//\S \\F
7N 7N 7N 7N e

Electron

(@ (b) (©

Figure 2.3 (a) Silicon atom, (b) covalent bonds between atoms, (c) free electron released by thermal
energy.

con material can form a “crystal” wherein each atom is surrounded by exactly four others [Fig.
2.3(b)]. As a result, each atosharesone valence electron with its neighbors, thereby complet-
ing its own shell and those of the neighbors. The “bond” thus formed between atoms is called a
“covalent bond” to emphasize the sharing of valence electrons.

The uniform crystal depicted in Fig. 2.3(b) plays a crucial role in semiconductor devices. But,
does it carry current in response to a voltage? At temperatures near absolute zero, the valence
electrons are confined to their respective covalent bonds, refusing to move freely. In other words,
the silicon crystal behaves as an insulatorfor» 0K . However, at higher temperatures, elec-
trons gain thermal energy, occasionally breaking away from the bonds and acting as free charge
carriers [Fig. 2.3(c)] until they fall into another incomplete bond. We will hereafter use the term
“electrons” to refer to free electrons.

Holes When freed from a covalent bond, an electron leaves a “void” behind because the bond
is now incomplete. Called a “hole,” such a void can readily absorb a free electron if one becomes
available. Thus, we say an “electron-hole pair” is generated when an electron is freed, and an
“electron-hole recombination” occurs when an electron “falls” into a hole.

Why do we bother with the concept of the hole? After all, it is the free electron that actually
moves in the crystal. To appreciate the usefulness of holes, consider the time evolution illustrated
in Fig. 2.4. Suppose covalent bond number 1 contains a hole after losing an electron some time

t=t; t=t, t=ts

N7 N7 N7 N7 N\ 7
SN 2N 7 \\//\\//\\// SN 23y
/)j//\\//\\ //\\SO/\\S//\\ //\\//S\\//\\
Hole 7N 77\ 2N 2N 2N 2N

Figure 2.4 Movement of electron through crystal.

beforet = t;. At t = t5, an electron breaks away from bond number 2 and recombines with the
hole in bond number 1. Similarly, at= ¢35, an electron leaves bond number 3 and falls into the
hole in bond number 2. Looking at the three “snapshots,” we can say one electron has traveled
from right to left, or, alternatively, one hole has moved from left to right. This view of current
flow by holes proves extremely useful in the analysis of semiconductor devices.

Bandgap Energy We must now answer two important questions. First, dogsthermal
energy create free electrons (and holes) in silicon? No, in fact, a minimum energy is required to
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dislodge an electron from a covalent bond. Called the “bandgap energy” and dendiggdthis
minimum is a fundamental property of the material. For silicbp= 1.12 eV.3

The second question relates to the conductivity of the material and is as followsmidow
free electrons are created at a given temperature? From our observations thus far, we postulate
that the number of electrons depends on dgffandT: a greatel, translates to fewer electrons,
but a highefT" yields more electrons. To simplify future derivations, we consided#ssity(or
concentration) of electrons, i.e., the number of electrons per unit volusremnd write for silicon:

E
n; = 5.2 x 10°°T%/2 exp ij'f electrons/cm? (2.1)

wherek = 1.38 x 10~2? J/K is called the Boltzmann constant. The derivation can be found in
books on semiconductor physics, e.g., [1]. As expected, materials having afgrgehibit a
smallern;. Also, asT — 0, so doT/? andexp|[—FE, /(2kT)], thereby bringing:; toward zero.

The exponential dependencesaf upon £, reveals the effect of the bandgap energy on the
conductivity of the material. Insulators display a hifly; for example, £, = 2.5 eV for dia-
mond. Conductors, on the other hand, have a small bandgap. Fs&itgonductors exhibit a
moderateF,, typically ranging from 1 eV to 1.5 eV.

mﬂ 2.
etermine the density of electrons in silicorifat= 300 K (room temperature) anfl = 600 K.

SinceE, = 1.12eV=1.792 x 107! J, we have

ns(T = 300 K) = 1.08 x 10'° electrons/cm® (2.2)
ni(T = 600 K) = 1.54 x 10 electrons/cm®. (2.3)

Since for each free electron, a hole is left behind, the density of holes is also given by (2.2) and
(2.3).

Exercise
Repeat the above exercise for a material having a bandgap of 1.5 eV.

Then; values obtained in the above example may appear quite high, but, noting that silicon
has5 x 10?2 atoms/cm?, we recognize that only one i x 10'? atoms benefit from a free
electron at room temperature. In other words, silicon still seems a very poor conductor. But, do
not despair! We next introduce a means of making silicon more useful.

2.1.2 Modification of Carrier Densities

Intrinsic and Extrinsic Semiconductors The “pure” type of silicon studied thus far is an
example of “intrinsic semiconductors,” suffering from a very high resistance. Fortunately, it is
possible to modify the resistivity of silicon by replacing some of the atoms in the crystal with
atoms of another material. In an intrinsic semiconductor, the electron density,;), is equal

3The unit eV (electron volt) represents the energy necessary to move one electron across a potential difference of 1
V. Note that 1 eV= 1.6 x 10712 J.
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to the hole density. Thus,
np =n?. (2.4)

We return to this equation later.
Recall from Fig. 2.2 that phosphorus (P) contains five valence electrons. What happens if
some P atoms are introduced in a silicon crystal? As illustrated in Fig. 2.5, each P atom shares

WA

NN DN 2

INA N 2N
//SI% //SI%

Figure 2.5 Loosely-attached electon with phosphorus doping.

four electrons with the neighboring silicon atoms, leaving the fifth electron “unattached.” This
electron is free to move, serving as a charge carrier. Thidé ghosphorus atoms are uniformly
introduced in each cubic centimeter of a silicon crystal, then the density of free electrons rises
by the same amount.

The controlled addition of an “impurity” such as phosphorus to an intrinsic semiconductor
is called “doping,” and phosphorus itself a “dopant.” Providing many more free electrons than
in the intrinsic state, the doped silicon crystal is now called “extrinsic,” more specifically, an
“n-type” semiconductor to emphasize the abundance of free electrons.

As remarked earlier, the electron and hole densities in an intrinsic semiconductor are equal.
But, how about these densities in a doped material? It can be proved that even in this case,

np = n?, (2.5)
wheren andp respectively denote the electron and hole densities in the extrinsic semiconductor.

The quantityn; represents the densities in the intrinsic semiconductor (hence the sub)sanigt
is therefore independent of the doping level [e.g., Eq. (2.1) for silicon].

e above result seems quite strange. Howigamemain constant while we add more donor
atoms and increase?

Equation (2.5) reveals thatmust fallbelowits intrinsic level as mora-type dopants are added
to the crystal. This occurs because many of the new electrons donated by the dopant “recombine”
with the holes that were created in the intrinsic material.

Exercise
Why can we not say that + p should remain constant?

mﬁ 2
piece of crystalline silicon is doped uniformly with phosphorus atoms. The doping density is
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10'6 atomsém?®. Determine the electron and hole densities in this material at the room tempera-
ture.

Solution
The addition ofl0'® P atoms introduces the same number of free electrons per cubic centimeter.

Since this electron density exceeds that calculated in Example 2.1 by six orders of magnitude,
we can assume

n = 10'6 electrons/cm?® (2.6)

It follows from (2.2) and (2.5) that

p=—L (2.7)
= 1.17 x 10* holes/cm? (2.8)

Note that the hole density has dropped below the intrinsic level by six orders of magnitude. Thus,

if a voltage is applied across this piece of silicon, the resulting current predominantly consists of
electrons.

Exercise
At what doping level does the hole density drop by three orders of magnitude?

This example justifies the reason for calling electrons the “majority carriers” and holes the
“minority carriers” in ann-type semiconductor. We may naturally wonder if it is possible to
construct a p-type” semiconductor, thereby exchanging the roles of electrons and holes.

Indeed, if we can dope silicon with an atom that provideganfficienlnumber of electrons,
then we may obtain marigcompletecovalent bonds. For example, the table in Fig. 2.2 suggests
that a boron (B) atom—with three valence electrons—can form only three complete covalent
bonds in a silicon crystal (Fig. 2.6). As a result, the fourth bond contains a hole, ready to absorb

NI\

SN N 7

//S'\\Si@BsSi//S'\\
72N\ 2\

Figure 2.6 Available hole with boron doping.

a free electron. In other wordgy boron atoms contributév boron holes to the conduction
of current in silicon. The structure in Fig. 2.6 therefore exemplifigstgpe semiconductor,
providing holes as majority carriers. The boron atom is called an “acceptor” dopant.

Let us formulate our results thus far. If an intrinsic semiconductor is doped with a density of
Np (> n;) donor atoms per cubic centimeter, then the mobile charge densities are given by

Majority Carriers : n &~ Np (2.9)
2

Minority Carriers : p & i (2.10)
Np
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Similarly, for a density ofV4 (> n;) acceptor atoms per cubic centimeter:

Majority Carriers : p & Ny (2.11)
2

Minority Carriers : n i (2.12)
Na

Since typical doping densities fall in the rangel 65 to 10'® atoms/cm?, the above expressions
are quite accurate.

s It possible to use other elements of Fig. 2.2 as semiconductors and dopants?

| Solution

Yes, for example, some early diodes and transistors were based on germanium (Ge) rather than
silicon. Also, arsenic (As) is another common dopant.

Exercise
Can carbon be used for this purpose?

Figure 2.7 summarizes the concepts introduced in this section, illustrating the types of charge
carriers and their densities in semiconductors.

Intrinsic Semiconductor

Si
N\ #
/\ Si /A/ Valence
Covalent 7 N\ . Electron
Bond :
Extrinsic Semiconductor
- N
Silicon Crystal Silicon Crystal
Np Donors/cm 3 N, Acceptors/cm 3
Si Si Si Si
NN VN 7 \ Wl W W7
P B
¢§?§ A wxeﬁfk
Si Si Si Si
Free
-T o . -T
rI]Dop);%? Majority Carrier Free / %opﬁ?ﬁ
(Donor) Majority Carrier (Acceptor)

Figure 2.7 Summary of charge carriers in silicon.

2.1.3 Transport of Carriers

Having studied charge carriers and the concept of doping, we are ready to exanmydment
of charge in semiconductors, i.e., the mechanisms leading to the flow of current.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 28 (1)

28

Chap. 2 Basic Physics of Semiconductors

Drift  We know from basic physics and Ohm'’s law that a material can conduct current in re-
sponse to a potential difference and hence an electric4iglde field accelerates the charge
carriers in the material, forcing some to flow from one end to the other. Movement of charge
carriers due to an electric field is called “drift.”

Semiconductors behave in a similar manner. As shown in Fig. 2.8, the charge carriers are

E
—

/\f‘fv\'

+

Iy
II
Figure 2.8 Diriftin a semiconductor.

accelerated by the field and accidentally collide with the atoms in the crystal, eventually reaching
the other end and flowing into the battery. The acceleration due to the field and the collision with
the crystal counteract, leading t@wanstantvelocity for the carrier§.We expect the velocity;,

to be proportional to the electric field strengfr,

vx F, (2.13)
and hence
v=pkE, (2.14)

wherey is called the “mobility” and usually expresseddm?/(V -s). For example in silicon,

the mobility of electronsy,, = 1350 cm?/(V -s), and that of holesy, = 480 cm?/(V - s).

Of course, since electrons move in a direction opposite to the electric field, we must express the
velocity vector as

—

ve=—tin E . (2.15)
For holes, on the other hand,
—
on=pip E . (2.16)

mm S o ————
uniform piece ofn-type of silicon that is Jum long senses a voltage of 1 V. Determine the
velocity of the electrons.

Since the material is uniform, we ha¥e = V/L, whereL is the length. Thusg = 10,000
V/cm and hence = u, E = 1.35 x 107 cm/s. In other words, electrons takeum)/(1.35 x
107 cm/s) = 7.4 ps to cross the 1m length.

“Recall that the potential (voltage) differendé, is equal to the negative integral of the electric figltj with respect
to distance¥V,, = — fba Edz.

5The convention for direction of current assumes floagitivecharge from a positive voltage to a negative voltage.
Thus, if electrons flow from pointl to point B, the current is considered to have a direction frBrto A.

5This phenomenon is analogous to the “terminal velocity” that a sky diver with a parachute (hopefully, open)
experiences.
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Exercise
What happens if the mobility is halved?

With the velocity of carriers known, how is the current calculated? We first note that an elec-
tron carries a negative charge equajte 1.6 x 10~ C. Equivalently, a hole carries a positive
charge of the same value. Now suppose a voltagis applied across a uniform semiconductor
bar having a free electron densityrofFig. 2.9). Assuming the electrons move with a velocity of

v t=ty t=t1+1s

i meters i
-—,

2y

L -1
; *h /
|
E > E x=
Xl+||_ X1+||_
Il

Vi Vi
Figure 2.9 Current flow in terms of charge density.

v m/s, considering a cross section of the bar at z; and taking two “snapshots” at= ¢, and

t = t; + 1 second, we note that the total charge imeters passes the cross section in 1 second.
In other words, the current is equal to the total charge enclosedriaters of the bar’s length.
Since the bar has a width &F, we have:

I=—v-W-h-n-q, (2.17)

wherev - W - h represents the volume, - ¢ denotes the charge density in coulombs, and the
negative sign accounts for the fact that electrons carry negative charge.

Let us now reduce Eg. (2.17) to a more convenient form. Since for electrens; u,, £/, and
sincelV - h is the cross section area of the bar, we write

Jn = pnE -n-q, (2.18)

where J,, denotes the “current density,” i.e., the current passing throughita cross section
area, and is expressedAn/cm?. We may loosely say, “the current is equal to the charge velocity
times the charge density,” with the understanding that “current” in fact refers to current density,
and negative or positive signs are taken into account properly.

In the presence of both electrons and holes, Eq. (2.18) is modified to

Jtot = nE -n-q+ pp,E-p-q (2.19)
= q(pnn + ppp)E. (2.20)

This equation gives the drift current density in response to an electricHigich semiconductor
having uniform electron and hole densities.
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mm 2 o —————————
n an experiment, it is desired to obtain equal electron and hole drift currents. How should the
carrier densities be chosen?

We must impose

Hn = [1pD, (2.21)
and hence
L (2.22)
P pn
We also recall thatp = n?. Thus,
p= ", (2.23)
P
n= &ni. (2.24)
o

For example, in silicor,, /1, = 1350/480 = 2.81, yielding

p = 1.68n; (2.25)
n = 0.596n;. (2.26)
Sincep andn are of the same order ag, equal electron and hole drift currents can occur

for only a very lightly doped material. This confirms our earlier notion of majority carriers in
semiconductors having typical doping levelslof®-10'® atoms/cm®.

Exercise
How should the carrier densities be chosen so that the electron drift current is twice the hole
drift current?

Velocity Saturation * We have thus far assumed that the mobility of carriers in semicon-
ductors isindependenbf the electric field and the velocity rises linearly wiiaccording to
v = pkE. Inreality, if the electric field approaches sufficiently high levelap longer followsE
linearly. This is because the carriers collide with the lattice so frequently and the time between
the collisions is so short that they cannot accelerate much. As a reswtjes “sublinearly”
at high electric fields, eventually reaching a saturated levg], (Fig. 2.10). Called “velocity
saturation,” this effect manifests itself in some modern transistors, limiting the performance of
circuits.

In order to represent velocity saturation, we must modify= pE accordingly. A simple
approach is to view the slopg, as a field-dependent parameter. The expressiop fioust

*This section can be skipped in a first reading.
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Velocity

Vsat

my

Figure 2.10 Velocity saturation.

therefore gradually fall toward zero &srises, but approach a constant value for srhali.e.,

o
= 2.27
h=T0E (2.27)

wherepy is the “low-field” mobility andb a proportionality factor. We may considgras the
“effective” mobility at an electric fieldz. Thus,

_ Mo
=1 . (2.28)
Since forE — oo, v — Vg4, WE have
Vout = B2 (2.29)
b
and hencé = g /vsq:. In other words,
v = LEE (2.30)
1+ Ho
Usat

O —————————
MCe of semiconductor 0;2n long sustains a voltage of 1 V. If the low-field mobility
is equal to 135@m?/(V -s) and the saturation velocity of the carriel®” cm/s, determine
the effective mobility. Also, calculate the maximum allowable voltage such that the effective
mobility is only 10% lower tham.

We have
\%
E = — 2.31
7 (2:31)
= 50kV/cm. (2.32)
It follows that
Ho
h=— (2.33)
| 4 foF
Usat
_ o
75 (2:34)

=174 cm?/(V -5). (2.35)
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If the mobility must remain within 10% of its low-field value, then

Ho

09y = —————, (2.36)

| 4 ok

Vsat

and hence
B = 1Yt (2.37)
9 o

=823 V/cm. (2.38)

A device of length 0.22m experiences such a field if it sustains a voltagee8 V /cm) x (0.2 x
10~ % cm) = 16.5 mV.

This example suggests that modern (submicron) devices incur substantial velocity saturation
because they operate with voltages much greater than 16.5 mV.

Exercise
At what voltage does the mobility fall by 20%?

Diffusion  In addition to drift, another mechanism can lead to current flow. Suppose a drop of
ink falls into a glass of water. Introducing a high local concentration of ink molecules, the drop
begins to “diffuse,” that is, the ink molecules tend to flow from a region of high concentration to
regions of low concentration. This mechanism is called “diffusion.”

A similar phenomenon occurs if charge carriers are “dropped” (injected) into a semiconduc-
tor so as to create monuniformdensity. Even in the absence of an electric field, the carriers
move toward regions of low concentration, thereby carrying an electric current so long as the
nonuniformity is sustained. Diffusion is therefore distinctly different from drift.

Figure 2.11 conceptually illustrates the process of diffusion. A source on the left continues
to inject charge carriers into the semiconductor, a nonuniform charge profile is created along the
x-axis, and the carriers continue to “roll down” the profile.

Semiconductor Material

Injection
of Carriers (o 8 g

.*..
\ b

Nonuniform Concentration
Figure 2.11 Diffusion in a semiconductor.

The reader may raise several questions at this point. What serves as the source of carriers in
Fig. 2.11? Where do the charge carriers go after they roll down to the end of the profile at the
far right? And, most importantly, why should we care?! Well, patience is a virtue and we will
answer these questions in the next section.

!ma 2.8
source Injects charge carriers into a semiconductor bar as shown in Fig. 2.12. Explain how the
current flows.
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Injection
of Carriers

JEN |
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0

Figure 2.12 Injection of carriers into a semiconductor.

In this case, two symmetric profiles may develop in both positive and negative directions along
thex-axis, leading to current flow from the source toward the two ends of the bar.

Exercise
Is KCL still satisfied at the point of injection?

Our qualitative study of diffusion suggests that the more nonuniform the concentration, the
larger the current. More specifically, we can write:

I (2.39)
dz

wheren denotes the carrier concentration at a given point along:taeis. We calldn /dz the
concentration “gradient” with respect 9 assuming current flow only in thedirection. If each
carrier has a charge equal¢pand the semiconductor has a cross section areg &f. (2.39)
can be written as

I ag (2.40)
dz
Thus,
=440, (2.41)
dr

whereD,, is a proportionality factor called the “diffusion constant” and expressechitys. For
example, in intrinsic siliconD,, = 34 cm? /s (for electrons), and, = 12 cm?/s (for holes).

As with the convention used for the drift current, we normalize the diffusion current to the
cross section area, obtaining the current density as

d
Jn = qDp . (2.42)
dx
Similarly, a gradient in hole concentration yields:
dp
Jy, = —qD,—. 2.43
P q P ir ( )
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With both electron and hole concentration gradients present, the total current density is given by

(2.44)

dn d
Jtot = q (Dn p) .

dr " Pdx

!mg 2.9
onsider the scenario depicted in Fig. 2.11 again. Suppose the electron concentration is equal to
N atz = 0 and falls linearly to zero at = L (Fig. 2.13). Determine the diffusion current.

=<y

Figure 2.13 Current resulting from a linear diffusion profile.

We have
Jn = gD, 20 (2.45)
dzx
N
=—qD,, - —. 2.46
q T (2.46)

The current is constant along theaxis; i.e., all of the electrons entering the materiat at 0
successfully reach the pointat= L. While obvious, this observation prepares us for the next
example.

Exercise
Repeat the above example for holes.

!;ﬁimg 2.10
epeat the above example but assume an exponential gradient (Fig. 2.14):

N
Injection >

0 L x

Figure 2.14 Current resulting from an exponential diffusion profile.

n(x) = N exp T (2.47)
d
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whereL, is a constant.

We have
J, = and_" (2.48)
dx
—qD,N —x
= - —. 2.4
I, exp I, (2.49)

Interestingly, the current isot constant along the-axis. That is, some electrons vanish while
traveling fromz = 0 to the right. What happens to these electrons? Does this example violate
the law of conservation of charge? These are important questions and will be answered in the
next section.

Exercise
At what value ofz does the current density drop to 1% its maximum value?

Einstein Relation  Our study of drift and diffusion has introduced a factor for eagh{or
up) @andD,, (or D,), respectively. It can be proved thatndD are related as:

D_iT

K q

(2.50)

Called the “Einstein Relation,” this result is proved in semiconductor physics texts, e.g., [1]. Note
thatkT'/q ~ 26 mV atT = 300 K.
Figure 2.15 summarizes the charge transport mechanisms studied in this section.

Drift Current Diffusion Current
E
—
(&
Q A~ | Q& |

dn

Ja=qniunE Jn:anE
Jp=qp U, E _ dp
P Tp=-aDp 5y

Figure 2.15 Summary of drift and diffusion mechanisms.

2.2 PN Junction

We begin our study of semiconductor devices with phejunction for three reasons. (1) The
device finds application in many electronic systems, e.g., in adapters that charge the batteries of
cellphones. (2) Then junction is among the simplest semiconductor devices, thus providing a

"The factorL, is necessary to convert the exponent to a dimensionless quantity.

35
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good entry point into the study of the operation of such complex structures as transistors. (3)
The pn junction also serves as part of transistors. We also use the term “diode” to refer to
junctions.

We have thus far seen that doping produces free electrons or holes in a semiconductor, and
an electric field or a concentration gradient leads to the movement of these charge carriers. An
interesting situation arises if we introducetype andp-type dopants into two adjacent sections
of a piece of semiconductor. Depicted in Fig. 2.16 and callaghguinction,” this structure plays
a fundamental role in many semiconductor devices.Taedn sides are called the “anode” and

ln : p\ N
/' '\ Cathode Anode
Si Si Si Si
N\ 7_ N 7
P B
AN N\
Si Si Si Si

@ (b)
Figure 2.16 PN junction.

the "cathode,” respectively.

In this section, we study the properties and I/V characteristigs ¢finctions. The following
outline shows our thought process, indicating that our objective is to degietnjit models that
can be used in analysis and design.

PN Junction PN Junction PN Junction
in Equilibrium Under Reverse Bias Under Forward Bias

® Depletion Region E> ® Junction Capacitance E> ® |/\/ Characteristics
® Built-in Potential

Figure 2.17 Outline of concepts to be studied.

2.2.1 PN Junction in Equilibrium

Let us first study then junction with no external connections, i.e., the terminals are open and
no voltage is applied across the device. We say the junction is in “equilibrium.” While seemingly
of no practical value, this condition provides insights that prove useful in understanding the
operation under nonequilibrium as well.

We begin by examining the interface betweenshendp sections, recognizing that one side
contains a large excess of holes and the other, a large excess of electrons. The sharp concentration
gradient for both electrons and holes across the junction leads to two large diffusion currents:
electrons flow from the: side to thep side, and holes flow in the opposite direction. Since we
must deal with both electron and hole concentrations on each side of the junction, we introduce
the notations shown in Fig. 2.18.

SN 2.]1] p——————
A pn junction employs the following doping level®’y = 10'¢ cm 2 andNp = 5x10® cm 3.
Determine the hole and electron concentrations on the two sides.

Solution
From Egs. (2.11) and (2.12), we express the concentrations of holes and electrong sidéhe
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n p
Majority : Majority
Carriers : Carriers
Mino_rity/' : .\Minqrity
Carriers Carriers
n, : Concentration of electrons on n side
pp : Concentration of holes on n side
P, : Concentration of holes on p side
Figure 2.18 . N, : Concentration of electrons on p side
respectively as:
Pp & Na (2.51)
=10"%cm™3 (2.52)
2
n;
~ 2.53
’I’Lp NA ( )
1.08 x 10'° ¢cm—3)?
_( cm™) (2.54)
1016 cm—3
~1.1x10% cm ™3, (2.55)
Similarly, the concentrations on theside are given by
=5x10* cm® (2.57)
2
ns
N L 2.58
Pn Np ( )
1.08 x 10'0 cm—3)?
_ (LO8x 107 cm™) (2.59)
5 x 1015 ¢cm—3
=23x10* cm™3. (2.60)

Note that the majority carrier concentration on each side is many orders of magnitude higher
than the minority carrier concentration on either side.

Exercise
Repeat the above exampleNf, drops by a factor of four.

The diffusion currents transport a great deal of charge from each side to the other, but they
must eventually decay to zero. This is because, if the terminals are left open (equilibrium condi-
tion), the device cannot carry a net current indefinitely.

We must now answer an important question: what stops the diffusion currents? We may pos-
tulate that the currents stop after enough free carriers have moved across the junction so as to
equalize the concentrations on the two sides. However, another effect dominates the situation and
stops the diffusion currents well before this point is reached.
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To understand this effect, we recognize that for every electron that departs fronsithe, a
positive ionis left behind, i.e., the junction evolves with time as conceptually shown in Fig. 2.19.
In this illustration, the junction is suddenly formedtat 0, and the diffusion currents continue
to expose more ions as time progresses. Consequently, the immediate vicinity of the junction is
depleted of free carriers and hence called the “depletion region.”

t=0 t=tg t=00
n p n p n p
————————— +:+:+:+:+ - - 8 8 +:+:+:+ ______'88 88:+++++
_________ :+:+:+:+: N OHS) :+:+:+: N CIOHGIS) ++++++
T T_T_T_®:0 R O CHO SN
Y ++\+++++++ - - - -®i @ Sty - - = (-D(-D @@ PN
- / F\ / ‘\ ——
ree ree :
Electrons Holes Positive Negative Deple.tlon
Donor  Acceptor Region
lons lons

Figure 2.19 Evolution of charge concentrations irpa junction.

Now recall from basic physics that a particle or object carrying a net (nonzero) charge creates
an electric field around it. Thus, with the formation of the depletion region, an electric field
emerges as shown in Fig. 2.20nterestingly, the field tends to force positive charge flow from

n E. p
T ie®ieet, LT,
- - 0000k + +.
L0000k Ty

OO0,
ST ie®ie6 T+ e

Figure 2.20 Electric field in apn junction.

left to right whereas the concentration gradients necessitate the flow of holes from right to left
(and electrons from left to right). We therefore surmise that the junction reagoébriumonce

the electric field is strong enough to completely stop the diffusion currents. Alternatively, we can
say, in equilibrium, the drift currents resulting from the electric field exactly cancel the diffusion
currents due to the gradients.

mm 2
In the junction shown in Fig. 2.21, the depletion region has a widthaf then side andz on
thep side. Sketch the electric field as a functionvof

Beginning atz < —b, we note that the absence of net charge yidlds: 0. At z > —b, each
positive donor ion contributes to the electric field, i.e., the magnitude i$es as: approaches
zero. As we pass = 0, the negative acceptor atoms begin to contribute negatively to the field,
i.e., E falls. Atz = a, the negative and positive charge exactly cancel each othef and.

8The direction of the electric field is determined by placing a small positive test charge in the region and watching
how it moves: away from positive charge and toward negative charge.
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n — p

" _.66 ®®++ +1y

@@ ee'++++++

=Yy

<y

Figure 2.21 Electric field profile in gon junction.

Exercise
Noting that potential voltage is negative integral of electric field with respect to distance, plot
the potential as a function af

From our observation regarding the drift and diffusion currents under equilibrium, we may be
tempted to write:

[ Larite,p + Larite,n| = |Laig,p + Laifr,nl, (2.61)

where the subscripts andn refer to holes and electrons, respectively, and each current term
contains the proper polarity. This condition, however, allows an unrealistic phenomenon: if the
number of the electrons flowing from theside to thep side is equal to that of the holes going
from thep side to then side, then each side of this equation is zero while electrons continue
to accumulate on the side and holes on the side. We must therefore impose the equilibrium
condition oneachcarrier:

[ Tarie,p| = |aif,p| (2.62)
| Larigs,n| = |Laif,nl- (2.63)
Built-in Potential ~ The existence of an electric field within the depletion region suggests that

the junction may exhibit a “built-in potential.” In fact, using (2.62) or (2.63), we can compute
this potential. Since the electric field = —dV/dz, and since (2.62) can be written as

dp
FE =qD,— 2.64
qhipp 4Dy (2.64)
we have
v dp
_,Upp% =Dy dz’ (2.65)

Dividing both sides by and taking the integral, we obtain

T2 Pp d
—up/ dv = Dp/ L
&1 n p

(2.66)

39
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n p
Jo p
X1 XIZ 7

Figure 2.22 Carrier profiles in @n junction.

wherep,, andp, are the hole concentrationsat andz,, respectively (Fig. 2.22). Thus,

D
Vizs) —V(z) = ——Lln 22, (2.67)
Hp Pn

The right side represents the voltage difference developed across the depletion region and will
be denoted by}. Also, from Einstein’s relation, Eq. (2.50), we can repldgg/ 1, with £T'/q:

T
Vo] = %m”—p. (2.68)

n

Exercise
Writing Eq. (2.64) for electron drift and diffusion currents, and carrying out the integration,
derive an equation fdry in terms ofn,, andn,,.

Finally, using (2.11) and (2.10) for, andp,, yields

kT . NN
Vo= —In—2.
q ny

(2.69)

Expressing the built-in potential in terms of junction parameters, this equation plays a central
role in many semiconductor devices.

Exam | e P R
A silicon pn junction employsV, = 2 x 10'% em =2 andNp = 4 x 10'% cm 3. Determine the
built-in potential at room temperaturé = 300 K).

Recall from Example 2.1 that; (7 = 300 K) = 1.08 x 10 cm 3. Thus,

(2 x 10'%) x (4 x 10'°)
(1.08 x 1010)2
~ 768 mV. (2.71)

Vo = (26 mV) In (2.70)

Exercise
By what factor shouldVp be changed to lowéry by 20 mV?
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m@ e
quation (2.69) reveals thaf, is a weak function of the doping levels. How much ddgs
change ifN4 or Np is increased by one order of magnitude?

We can write
10N4 - N, Ny -N
AVO =Vrln 7A2 b Vrln 4 2 L (272)
n; n;
=VrIn10 (2.73)
~ 60mV (at T = 300 K). (2.74)
Exercise

How much doed/}, change ifN4 or Np is increased by a factor of three?

An interesting question may arise at this point. The junction carries no net current (because its
terminals remain open), but it sustains a voltage. How is that possible? We observe that the built-
in potential is developed twpposeahe flow of diffusion currents (and is, in fact, sometimes called
the “potential barrier.”). This phenomenon is in contrast to the behavior of a uniform conducting
material, which exhibits no tendency for diffusion and hence no need to create a built-in voltage.

2.2.2 PN Junction Under Reverse Bias

Having analyzed then junction in equilibrium, we can now study its behavior under more
interesting and useful conditions. Let us begin by applying an external voltage across the device
as shown in Fig. 2.23, where the voltage source makes #ige morepositivethan thep side.
We say the junction is under “reverse bias” to emphasize the connection of the positive voltage
to then terminal. Used as a noun or a verb, the term “bias” indicates operation under some
“desirable” conditions. We will study the concept of biasing extensively in this and following
chapters.

We wish to reexamine the results obtained in equilibrium for the case of reverse bias. Let
us first determine whether the external voltagdanceshe built-in electric field oopposest.
Since under equilibriurﬂ_«;> is directed from thes side to thep side,Vy enhances the field. But, a
higher electric field can be sustained only if a larger amount of fixed charge is provided, requiring
that more acceptor and donor ions be exposed and, therefore, the depletion region be widened.

What happens to the diffusion and drift currents? Since the external voltage has strengthened
the field, the barrier rises even higher than that in equilibrium, thus prohibiting the flow of current.
In other words, the junction carries a negligible current under reversé bias.

With no current conduction, a reverse-biagedjunction does not seem particularly useful.
However, an important observation will prove otherwise. We note that in Fig. 2.233 as-
creases, more positive charge appears omtlsale and more negative charge on hside.

9As explained in Section 2.2.3, the current is not exactly zero.
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Figure 2.23 PN junction under reverse bias.

Thus, the device operates asapacitor[Fig. 2.24(a)]. In essence, we can view the conductive
n andp sections as the two plates of the capacitor. We also assume the charge in the depletion

region equivalently resides on each plate.

+ -
+==— \I/:

N VR1 p n R2 p
- T 000000, *
- _gg 88};; - —s@@@seees{{
T O® 004 T ——®®®@®@++
" '®® @@++++++ _iO0®:i000:

+ - - i OO®000:

- - - ODIO0+ + + A
- +
- + - +
S,
+ -
= —
Vig Vg, (more negative than Vg)

(@ (b)

Figure 2.24 Reduction of junction capacitance with reverse bias.

The reader may still not find the device interesting. After all, since any two parallel plates can
form a capacitor, the use ofya junction for this purpose is not justified. But, reverse-biased
pn junctions exhibit a unique property that becomes useful in circuit design. Returning to Fig.
2.23, we recognize that, 8%; increases, so does the width of the depletion region. That is, the
conceptual diagram of Fig. 2.24(a) can be drawn as in Fig. 2.24(b) for increasing valdgs of
revealing that the capacitance of the structigereasess the two plates move away from each
other. The junction therefore displays a voltage-dependent capacitance.

It can be proved that the capacitance of the junction per unit area is equal to

C; = _ G (2.75)
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whereC, denotes the capacitance corresponding to zero bigs<{ 0) and 1 is the built-in
potential [Eq. (2.69)]. (This equation assumésis negative for reverse bias.) The valueltf
is in turn given by

€ NaNp 1
Cio = _— 2.76
70 \/ 2 Ni+NpVy’ (2.76)

wheree,; represents the dielectric constant of silicon and is equil ox 8.85 x 1014 F/cm 10
Plotted in Fig. 2.25¢'; indeed decreases &g increases.

G

-
-

|
0 Vr

Figure 2.25 Junction capacitance under reverse bias.

SCUYY 2.15 p——
A pn junction is doped withV,4 = 2 x 10'® cm™ andNp = 9 x 10! cm~2. Determine the
capacitance of the device with (B}, = 0 andVyp = 1 V.

Solution
We first obtain the built-in potential:

NaN,
Vo = Vpln =252 (2.77)
n;
=0.73 V. (2.78)
Thus, forVz = 0andg = 1.6 x 10~'° C, we have
€si¢ NaNp 1
Cin = D = 2.79
70 \/2NA+ND Vo (2.79)
=2.65 x 107® F/cm?. (2.80)
In microelectronics, we deal with very small devices and may rewrite this result as
Cjo = 0.265 fF /um?, (2.81)
where 1 fF (femtofarad} 10~ F. ForVg =1V,
C; = _Cio (2.82)
1418
Vo
= 0.172 fF/pm”. (2.83)

10The dielectric constant of materials is usually written in the fepmy, wheree,. is the “relative” dielectric constant
and a dimensionless factor (e.g., 11.7), andhe dielectric constant of vacuurg.§5 x 10~ F/cm).
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Exercise
Repeat the above example if the donor concentration o\ttside is doubled. Compare the
results in the two cases.

The variation of the capacitance with the applied voltage makes the device a “nonlinear”
capacitor because it does not sati§fy= C'V. Nonetheless, as demonstrated by the following
example, a voltage-dependent capacitor leads to interesting circuit topologies.

2. —————
mmcorpormes a 2-GHz oscillator whose frequency is defined by the resonance fre-
quency of anL(C' tank (Fig. 2.26). If the tank capacitance is realized aspihgunction of
Example 2.15, calculate the change in the oscillation frequency while the reverse voltage goes
from 0 to 2 V. Assume the circuit operates at 2 GHz at a reverse voltage of 0 V, and the junction
area is 200Qum?.

Oscillator

C L
VR

Figure 2.26 Variable capacitor used to tune an oscillator.

Recall from basic circuit theory that the tank “resonates” if the impedances of the inductor and
the capacitor are equal and opposjtBw,..s = —(jCw,.s) . Thus, the resonance frequency is
equal to

fres = %\/%_C (2.84)
At Vg =0, C; = 0.265 fF/um?, yielding a total device capacitance of
Cjtot(Vr = 0) = (0.265 fF/um?) x (2000 pym?) (2.85)
=530 {F. (2.86)
Setting f,..s to 2 GHz, we obtain
L =119 nH. (2.87)
If Vg goesto 2V,
Citot(VR =2V) = G x 2000 pm? (2.88)

/ 2
14+ =
* 0.73

— 274 F. (2.89)
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Using this value along witl, = 11.9 nH in Eq. (2.84), we have
fres(VR =2V) = 2.79 GHz. (2.90)

An oscillator whose frequency can be varied by an external volfégén(this case) is called
a “voltage-controlled oscillator” and used extensively in cellphones, microprocessors, personal
computers, etc.

Exercise
Some wireless systems operate at 5.2 GHz. Repeat the above example for this frequency,
assuming the junction area is still 20Q@n> but the inductor value is scaled to reach 5.2
GHz.

In summary, a reverse-biasgd junction carries a negligible current but exhibits a voltage-
dependent capacitance. Note that we have tacitly developed a circuit model for the device under
this condition: a simple capacitance whose value is given by Eq. (2.75).

Another interesting application of reverse-biased diodes is in digital cameras (Chapter 1). If
light of sufficient energy is applied toza junction, electrons are dislodged from their covalent
bonds and hence electron-hole pairs are created. With a reverse bias, the electrons are attracted to
the positive battery terminal and the holes to the negative battery terminal. As a result, a current
flows through the diode that is proportional to the light intensity. We sayittjanction operates
as a “photodiode.”

2.2.3 PN Junction Under Forward Bias

Our objective in this section is to show that ghejunction carries a current if theside is raised

to a morepositivevoltage than the: side (Fig. 2.27). This condition is called “forward bias.”
We also wish to compute the resulting current in terms of the applied voltage and the junction
parameters, ultimately arriving at a circuit model.

Figure 2.27 PN junction under forward bias.

From our study of the device in equilibrium and reverse bias, we note that the potential barrier
developed in the depletion region determines the device’s desire to conduct. In forward bias, the
external voltagel/r, tends to create a field directed from gheide toward the: side—opposite
to the built-in field that was developed to stop the diffusion currents. We therefore surmise that
Vr in fact lowersthe potential barrier by weakening the field, thus allowing greater diffusion
currents.
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To derive the I/V characteristic in forward bias, we begin with Eq. (2.68) for the built-in
voltage and rewrite it as

Pn,e = . pp?/() 5 (291)
XD —
p Vr

where the subscriptemphasizes equilibrium conditions [Fig. 2.28(a)] &id= kT'/q is called

(@) (b)

Figure 2.28 Carrier profiles (a) in equilibrium and (b) under forward bias.

the “thermal voltage”4£ 26 mV at7" = 300 K). In forward bias, the potential barrier is lowered
by an amount equal to the applied voltage:

Pp,
Pn,f = Vg f_ Vi (292)
p———o

Vr

ex

where the subscript denotes forward bias. Since the exponential denominator drops consider-
ably, we expecp,, s to be much higher thap, . (it can be proved that, ; ~ pp. =~ Na).
In other words, theminority carrier concentration on theside rises rapidly with the forward
bias voltage while the majority carrier concentration remains relatively constant. This statement
applies to the: side as well.

Figure 2.28(b) illustrates the results of our analysis thus far. As the junction goes from equi-
librium to forward biaspn,, andp,, increase dramatically, leading to a proportional change in the
diffusion currents.! We can express the change in the hole concentration an site as:

Apn = Pn,f — Pn,e (293)
_ Pp.s __Dpe
= - Ty . T (2.94)
p 7VT p Vi
N Vi
N ——A(exp — — 1). (2.95)
exp Yo Vr
Vr

Similarly, for the electron concentration on thside:

An, & N ﬁ/ (exp Ve 1). (2.96)

1 The width of the depletion region actually decreases in forward bias but we neglect this effect here.
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Note that Eq. (2.69) indicates thatp(V,/Vr) = NaNp/n?.
The increase in the minority carrier concentration suggests that the diffusion currents must
rise by a proportional amount above their equilibrium value, i.e.,

Vi Np Vi
Lot o ———(exp - — 1 L. 2.97
tot X - V% (exp Vr )+ . I (exp Vo ) ( )
Vr Vr
Indeed, it can be proved that [1]
Iiot = Is(exp ? - 1), (2.98)
T

wherels is called the “reverse saturation current” and given by

D D
Is = Aqna(-2n 4 Do
s qn’(NALn+NDLp

). (2.99)

In this equation A is the cross section area of the device, andand L, are electron and hole
“diffusion lengths,” respectively. Diffusion lengths are typically in the range of tens of microm-
eters. Note that the first and second terms in the parentheses correspond to the flow of electrons
and holes, respectively.

S 2.1 ————————————————————————
Determinels for the junction of Example 2.13 & = 300K if A = 100 um?, L,, = 20 um,

andL, = 30 um.

Usingg = 1.6 x 107!? C, n; = 1.08 x 10 electrons/cm? [Eq. (2.2)],D,, = 34 cm?/s, and
D, = 12 cm?/s, we have

Is =1.77 x 1077 A. (2.100)

Sincelg is extremely small, the exponential term in Eq. (2.98) must assume very large values so
as to yield a useful amount (e.g., 1 mA) ;.

Exercise
What junction area is necessary to ralggo 10> A.

An interesting question that arises here is: are the minority carrier concentratiostant
along thez-axis? Depicted in Fig. 2.29(a), such a scenario would suggest that electrons continue
to flow from then side to thep side, but exhibit no tendency to go beyand= z, because of
the lack of a gradient. A similar situation exists for holes, implying that the charge carriers do
not flow deep into the andn sides and hence no net current results! Thus, the minority carrier
concentrations must vary as shown in Fig. 2.29(b) so that diffusion can occur.

This observation reminds us of Example 2.10 and the question raised in conjunction with it:
if the minority carrier concentration falls with, what happens to the carriers and how can the
current remain constant along theaxis? Interestingly, as the electrons enterttsgde and roll
down the gradient, they gradualigcombinewith the holes, which are abundant in this region.
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Electron Hole Electron Hole

Flow Flow Flow Flow
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Figure 2.29 (a) Constant and (b) variable majority carrier profiles ioutside the depletion region.

Similarly, the holes entering the side recombine with the electrons. Thus, in the immediate
vicinity of the depletion region, the current consists of mostly minority carriers, but towards the
far contacts, it is primarily comprised of majority carriers (Fig. 2.30). At each point along the
x-axis, the two components add upfig;.

+
+
+
A+ + +
 J

Figure 2.30 Minority and majority carrier currents.

2.2.4 1/V Characteristics

Let us summarize our thoughts thus far. In forward bias, the external voltage opposes the built-in
potential, raising the diffusion currents substantially. In reverse bias, on the other hand, the ap-
plied voltage enhances the field, prohibiting current flow. We hereafter write the junction equation
as:

ID = Is(eXp ‘;—: - 1), (2101)

wherelp andVp denote the diode current and voltage, respectively. As expdétes, 0 yields
Ip = 0. (Why is this expected?) Aisp becomes positive and exceeds sevEfalthe exponential
term grows rapidly andp =~ Isexp(Vp/Vr). We hereafter assumep(Vp/Vr) > 1in the
forward bias region.

It can be proved that Eq. (2.101) also holds in reverse bias, i.e., for negativié 1, < 0
and|Vp| reaches severdfr, thenexp(Vp /Vr) < 1 and

ID ~ —Is. (2102)
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Figure 2.31 plots the overall I/V characteristic of the junction, revealing Whys called the
“reverse saturation current.” Example 2.17 indicates fhas typically very small. We therefore

Reverse Forward
Bias Bias
- > -
Io A
Vi

Nlg exp b

Vr
- IS VTD

Figure 2.31 |-V characteristic of @n junction.

view the current under reverse bias as “leakage.” Note Ehatnd hence the junction current
are proportional to the device cross section area [Eq. (2.99)]. For example, two identical devices
placed in parallel (Fig. 2.32) behave as a single junction with twicd ¢he

A

n p AL

>

Figure 2.32 Equivalence of parallel devices to a larger device.

mm 2. ] G —————————
ach junction in Fig. 2.32 employs the doping levels described in Example 2.13. Determine the
forward bias current of the composite device ¥y = 300 mV and 800 mV afl" = 300 K.

From Example 2.17[s = 1.77 x 10~!7 A for each junction. Thus, the total current is equal to

Ip.iot(Vp = 300 mV) = 2Ig(exp % -1) (2.103)
T
= 3.63 pA. (2.104)
Similarly, for Vp = 800 mV:

Ip.tot(Vp = 800mV) = 82 pA. (2.105)

Exercise
How many of these diodes must be placed in parallel to obtain a current ofiAORith a
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voltage of 750 mV.

mﬂ 2 ————
lode operates in the forward bias region with a typical current level [i.e.,

Ip =~ Isexp(Vp/Vr)]. Suppose we wish to increase the current by a factor of 10. How
much change iV, is required?

Let us first express the diode voltage as a function of its current:

I
Vp=Vrin 2. (2.106)
Is

We definel; = 101p and seek the corresponding voltaye, :

101
Vi = VirIn 200D (2.107)
S
Ip
=Vrin 2> + Vrin10 (2.108)
S
=Vp + VrIn10. (2.109)

Thus, the diode voltage must rise By In 10 ~ 60 mV (atT' = 300 K) to accommodate a tenfold
increase in the current. We say the device exhibits a 60-mV/decade characteristic, miganing
changes by 60 mV for a decade (tenfold) chang&inMore generally, am-fold change infp
translates to a change bf Inn in Vp.

Exercise
By what factor does the current change if the voltages changes by 120 mV?

'gﬁma 2.20

e cross section area of a diode operating in the forward bias region is increased by a factor of
10. (a) Determine the change Iy if Vp is maintained constant. (b) Determine the change in

Vp if Ip is maintained constant. Assunig ~ Is exp(Vp/Vr).

(a) Sincels « A, the new current is given by

v
Ip1 = 10Igexp ~—2 (2.110)
Vp
= 10Ip. (2.111)
(b) From the above example,

Vo = Vil 22 (2.112)

= n .

D1 T 1075

I
= Vrln I—D — VrIn10. (2.113)
S
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Thus, a tenfold increase in the device area lowers the voltage by 60 ipvémains constant.

Exercise
A diode in forward bias withl, ~ Isexp(Vp/Vr) undergoes two simultaneous changes: the
currentis raised by a factor ef and the area is increased by a factonobDetermine the change
in the device voltage.

Constant-Voltage Model ~ The exponential I/V characteristic of the diode results in nonlinear
equations, making the analysis of circuits quite difficult. Fortunately, the above examples imply
that the diode voltage is a relatively weak function of the device current and cross section area.
With typical current levels and areds;, falls in the range of 700 - 800 mV. For this reason, we
often approximate the forward bias voltage byomstantalue of 800 mV (like an ideal battery),
considering the device fully off i"p < 800 mV. The resulting characteristic is illustrated in Fig.
2.33(a) with the turn-on voltage denoted B ,,,. Note that the current goes to infinity &

tends to exceellp ,,, because we assume the forward-biased diode operates as an ideal voltage
source. Neglecting the leakage current in reverse bias, we derive the circuit model shown in Fig.
2.33(b). We say the junction operates as an open circljs ik Vp ,, and as a constant voltage
source if we attempt to increa$g beyondVp ,,,. While not essential, the voltage source placed

in series with the switch in the off condition helps simplify the analysis of circuits: we can say
that in the transition from off to on, only the switch turns on and the battery always resides in
series with the switch.

Reverse Bias
o - =
Vb ,on

Forward Bias

+ -
- - = —0’0—I|—
| VD,on VD

VD,on

€Y (b)

Figure 2.33 Constant-voltage diode model.

A number of questions may cross the reader’s mind at this point. First, why do we subject
the diode to such a seemingly inaccurate approximation? Second, if we indeed intend to use this
simple approximation, why did we study the physics of semiconductorgraphctions in such
detail?

The developments in this chapter are representative of our treatmahsefmiconductor de-
vices: we carefully analyze the structure and physics of the device to understand its operation; we
construct a “physics-based” circuit model; and we seek to approximate the resulting model, thus
arriving at progressively simpler representations. Device models having different levels of com-
plexity (and, inevitably, different levels of accuracy) prove essential to the analysis and design
of circuits. Simple models allow a quick, intuitive understanding of the operation of a complex
circuit, while more accurate models reveal the true performance.

!ﬁi;l:a 2.21
onsider the circuit of Fig. 2.34. Calculalg for Vx = 3 VandVx = 1 V using (a) an

exponential model witfls = 10~'¢ A and (b) a constant-voltage model witf, ., = 800 mV.
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wO .

Figure 2.34 Simple circuit using a diode.

(a) Noting that/p = I'x, we have

Vx = IxRy+Vp (2.114)
Vp =Vrlnx. (2.115)
This equation must be solved by iteration: we guess a valuggocompute the corresponding

Ix from IxR; = Vx — Vp, determine the new value éfp from Vp = VrIn(Ix/Is) and
iterate. Let us guedsp = 750 mV and hence

Vx = Vb
Ix = —— 2.116
x="5 (2.116)
3V-0.7V
= 2.117
1k ( )
= 2.25mA. (2.118)
Thus,
Ix
Vp =Vrln— (2.119)
Is
=799 mV. (2.120)
With this new value o/, we can obtain a more accurate valuefgr.
3V -0.799V
=2.201 mA. (2.122)
We note that the value dfy rapidly converges. Following the same procedurdfer= 1V, we
have
1V-07V
= 0.25 mA, (2.124)

which yieldsVp = 0.742 V and hencd x = 0.258 mA. (b) A constant-voltage model readily
gives

Iy =22mAforVy =3V (2.125)
Ix =02mAfor Vy =1 V. (2.126)
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The value oflx incurs some error, but it is obtained with much less computational effort than
that in part (a).

Exercise
Repeat the above example if the cross section area of the diode is increased by a factor of
10.

2.3 Reverse Breakdowh

Recall from Fig. 2.31 that then junction carries only a small, relatively constant current in re-
verse hias. However, as the reverse voltage across the device increases, eventually “breakdown
occurs and a sudden, enormous current is observed. Figure 2.35 plots the device I/V characteris-
tic, displaying this effect.

Vep

oY

Breakdown

Figure 2.35 Reverse breakdown characteristic.

The breakdown resulting from a high voltage (and hence a high electric field) can occur in
anymaterial. A common example is lightning, in which case the electric field in the air reaches
such a high level as to ionize the oxygen molecules, thus lowering the resistance of the air and
creating a tremendous current.

The breakdown phenomenon jm junctions occurs by one of two possible mechanisms:
“Zener effect” and “avalanche effect.”

2.3.1 Zener Breakdown

The depletion region in @n junction contains atoms that have lost an electron or a hole and,
therefore, provide no loosely-connected carriers. However, a high electric field in this region
may impart enough energy to the remaining covalent electrons to tear them from their bonds
[Fig. 2.36(a)]. Once freed, the electrons are accelerated by the field and swephtsitiesof

the junction. This effect occurs at a field strength of ad@itv/cm (1 V/um).

In order to create such high fields with reasonable voltagemreow depletion region is
required, which from Eqg. (2.76) translates to high doping levels on both sides of the junction
(why?). Called the “Zener effect,” this type of breakdown appears for reverse bias voltages on
the order of 3-8 V.

*This section can be skipped in a first reading.
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Figure 2.36 (a) Release of electrons due to high electric field, (b) avalanche effect.

2.3.2 Avalanche Breakdown

Junctions with moderate or low doping levets (0'° cm?) generally exhibit no Zener break-

down. But, as the reverse bias voltage across such devices increases, an avalanche effect takes
place. Even though the leakage current is very small, each carrier entering the depletion region
experiences a very high electric field and hence a large acceleration, thus gaining enough energy
to break the electrons from their covalent bonds. Called “impact ionization,” this phenomenon
can lead to avalanche: each electron freed by the impact may itself speed up so much in the field
as to collide with another atom with sufficient energy, thereby freeing one more covalent-bond
electron. Now, these two electrons may again acquire energy and cause more ionizing collisions,
rapidly raising the number of free carriers.

An interesting contrast between Zener and avalanche phenomena is that they display opposite
temperature coefficients (TCS)szp has a negative TC for Zener effect and positive TC for
avalanche effect. The two TCs cancel each otheVigs ~ 3.5 V. For this reason, Zener diodes
with 3.5-V rating find application in some voltage regulators.

The Zener and avalanche breakdown effects do not damage the diodes if the resulting cur-
rent remains below a certain limit given by the doping levels and the geometry of the junction.
Both the breakdown voltage and the maximum allowable reverse current are specified by diode
manufacturers.

2.4 Chapter Summary

e Silicon contains four atoms in its last orbital. It also contains a small number of free elec-
trons at room temperature.

e When an electron is freed from a covalent bond, a “hole” is left behind.

e The bandgap energy is the minimum energy required to dislodge an electron from its co-
valent bond.

e To increase the number of free carriers, semiconductors are “doped” with certain impuri-
ties. For example, addition of phosphorous to silicon increases the number of free electrons
because phosphorous contains five electrons in its last orbital.

e For doped or undoped semiconductors, = n?. For example, in am-type material,
n =~ Np and hence ~ n?/Np.

e Charge carriers move in semiconductors via two mechanisms: drift and diffusion.
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e The drift current density is proportional to the electric field and the mobility of the carriers
and is given by, = q(pnn + ppp)E.

e The diffusion current density is proportional to the gradient of the carrier concentration
and given byJ,o;, = g(Dpdn/dz — Dpdp/dz).

e A pn junction is a piece of semiconductor that receinetype doping in one section and
p-type doping in an adjacent section.

e Thepn junction can be considered in three modes: equilibrium, reverse bias, and forward
bias.

e Upon formation of then junction, sharp gradients of carrier densities across the junction
result in a high current of electrons and holes. As the carriers cross, they leave ionized
atoms behind, and a “depletion resgion” is formed. The electric field created in the deple-
tion region eventually stops the current flow. This condition is called equilibrium.

e The electric field in the depletion results in a built-in potential across the region equal to
(kT/q)In(NaNp)/n?, typically in the range of 700 to 800 mV.

e Under reverse bias, the junction carries negligible current and operates as a capacitor. The
capacitance itself is a function of the voltage applied across the device.

e Under forward bias, the junction carries a current that is an exponential function of the
applie voltageZs[exp(Vy /Vr) — 1].

e Since the exponential model often makes the analysis of circuits difficult, a constant-

voltage model may be used in some cases to estimate the circuit’s response with less
mathematical labor.

¢ Under a high reverse bias voltage, junctions break down, conducting a very high cur-
rent. Depending on the structure and doping levels of the device, “Zener” or “avalanche”
breakdown may occur.

Problems

1. The intrinsic carrier concentration of germanium (GE) is expressed as

- 153 /2 —_Eg -3
n; = 1.66 x 10™°7T"/“ exp o (2.127)
whereEg = 0.66 eV.
(a) Calculater; at300 K and600 K and compare the results with those obtained in Example
2.1 for Si.
(b) Determine the electron and hole concentrations if Ge is doped with P at a density of
5 x 106 cm™3,

2. An n-type piece of silicon experiences an electric field equal to OpdmV//
(a) Calculate the velocity of electrons and holes in this material.
(b) What doping level is necessary to provide a current density of JumA/under these
conditions? Assume the hole current is negligible.

3. A n-type piece of silicon with a length of).1 ym and a cross section area of
0.05 pumx0.05 pm sustains a voltage difference of 1 V.
(a) If the doping level i90'” cm~3, calculate the total current flowing through the device at
T =300 K.
(b) Repeat (a) fol" = 400 K assuming for simplicity that mobility does not change with
temperature. (This is not a good assumption.)

55
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4. From the data in Problem 1, repeat Problem 3 for Ge. Assume 3900 cm?/(V - s) and
pp = 1900 cm?/(V - s).
5. Figure 2.37 shows g-type bar of silicon that is subjected to electron injection from the left

5x10%° 2x 10
L

Electrons > <SHoles

Figure 2.37 0 2Hm - x

and hole injection from the right. Determine the total current flowing through the device if the
cross section area is equal tauh x 1 pm.

6. In Example 2.9, compute the total number of electrons “stored” in the materialfren to
x = L. Assume the cross section area of the bar is equal to

7. Repeat Problem 6 for Example 2.10 but foe= 0 to z = oo. Compare the results for linear
and exponential profiles.

8. Repeat Problem 7 if the electron and hole profiles are “sharp” exponentials, i.e., they fall to
negligible values at = 2 um andz = 0, respectively (Fig. 2.38).

5x10%° 2x 10
L

Electrons >  [<gHoles

Figure 2.38 0 ZUm - x

9. How do you explain the phenomenon of drift to a high school student?
10. A junction employsNp =5 x 107 cm 2 and Ny = 4 x 106 ecm 3 .
(a) Determine the majority and minority carrier concentrations on both sides.
(b) Calculate the built-in potential dt = 250 K, 300 K, and350 K. Explain the trend.

11. Due to a manufacturing error, theside of apn junction has not been doped. Np =
3 x 10'® cm—3, calculate the built-in potential 4t = 300 K.

12. A pn junction with Np = 3 x 10 cm 2 and N4 = 2 x 10'® cm 3 experiences a reverse
bias voltage of 1.6 V.
(a) Determine the junction capacitance per unit area.
(b) By what factor shouldv 4 be increased to double the junction capacitance?

13. An oscillator application requires a variable capacitance with the characteristic shown in Fig.
2.39. Determine the requiredp if N4 = 10'7/cm?.

14. Consider gn junction in forward bias.
(a) To obtain a current of 1 mA with a voltage of 750 mV, how shalglde chosen?
(b) If the diode cross section area is now doubled, what voltage yields a current of 1 mA?

15. Figure 2.40 shows two diodes with reverse saturation currerdis ainds» placed in paral-
lel.
(a) Prove that the parallel combination operates as an exponential device.
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Figure 2.40

(b) If the total current id,,;, determine the current carried by each diode.
16. Two identicalpn junctions are placed in series.

(a) Prove that this combination can be viewed as a single two-terminal device having an

exponential characteristic.

(b) For a tenfold change in the current, how much voltage change does such a device require?

17. Figure 2.41 shows two diodes with reverse saturation currerts afndZs- placed in series.

Figure 2.41

Calculatelz, Vp1, andVps interms ofVg, Is1, andlss.
18. In the circuit of Problem 17, we wish to increasg by a factor of 10. What is the required

change inVg?
19. Consider the circuit shown in Fig. 2.42, whdie= 2 x 10~!° A. CalculateVp, andIx for

I'x
+ R1S2kQ
Vi _ v Dy
Figure 2.42

Vx =0.5V,0.8V, 1V, and 1.2 V. Note thdtp, changes little fol’x > 0.8 V.
20. Inthe circuit of Fig. 2.42, the cross section aredgfis increased by a factor of 10. Determine

Vp1 andIx for Vx = 0.8 V and 1.2 V. Compare the results with those obtained in Problem

19.

57
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21. SupposeD; in Fig. 2.42 must sustain a voltage of 850 mV fisxy = 2 V. Calculate the
requiredlg.

22. For what value ofx in Fig. 2.42, does; sustain a voltage equal 1oy /2? Assumels =
2 x 10716 A,

23. We have received the circuit shown in Fig. 2.43 and wish to deterfinend 5. We note

Figure 2.43

thatVx =1V — Ix =0.2mAandVxy =2V — Ix = 0.5 mA. CalculateR, andIs.
24. Figure 2.44 depicts a parallel resistor-diode combinatiohs K 3 x 10716 A, calculateVp,

for Ix = 1 mA, 2 mA, and 4 mA.
’x%} R, = 1kQ %Dl

25. In the circuit of Fig. 2.44, we wistD; to carry a current of 0.5 mA folx = 1.3 mA.
Determine the requirefks.

26. For what value offx in Fig. 2.44, doesk; carry a current equal tdy /2? Assumels =
3 x 10716 A

27. We have received the circuit shown in Fig. 2.45 and wish to deterijnend /5. Measure-

Figure 2.44

Dy

\
<
S
Ry
=
A
1Al

Figure 2.45

ments indicate thaty = 1 mA — Vy = 1.2V andlix = 2mA — Vx = 1.8 V. Calculate
Ry andls.
28. The circuit illustrated in Fig. 2.46 employs two identical diodes with= 5 x 1076 A,

Dy

Ix R, = 2kQ Dy

Figure 2.46

Calculate the voltage acro&y for Ix = 2 mA.
29. In the circuit of Fig. 2.47, determine the value Bf such that this resistor carries 0.5 mA.
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Dy
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Ix(M)1mA Ry D,

Figure 2.47

Assumels = 5 x 10~16 A for each diode.

30. SketchVx as a function oflx for the circuit shown in Fig. 2.48. Assume (a) a constant-
voltage model, (b) an exponential model.

Dy

.
x
S
Ry
=
A
YW

Figure 2.48

SPICE Problems
In the following problems, assunlg = 5 x 1016 A,

31. For the circuit shown in Fig. 2.49, plét,.,; as a function of;,,. Assumel;,, varies from 0 to
2mA.

lin D1 Vout

Figure 2.49

32. Repeat Problem 31 for the circuit depicted in Fig. 2.50, where= 1 k2. At what value of
I;,, are the currents flowing through, andR; equal?

+
lin D1 =R, Vou
o

33. Using SPICE, determine the value Bf in Fig. 2.50 such thaD; carries 1 mA ifl;,, = 2
mA.

34. In the circuit of Fig. 2.51R; = 500 Q. PlotV,,,; as a function ol;,, if V;,, varies from—2
V to +2 V. At what value ofV;,, are the voltage drops acroBs and D, equal?

Figure 2.50

Ry
VOUt

Figure 2.51
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35. In the circuit of Fig. 2.51, use SPICE to select the valud?pfsuch thatl,,,; < 0.7 V for
Vin < 2 V. We say the circuit “limits” the output.
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Having studied the physics of diodes in Chapter 2, we now rise to the next level of abstraction and
deal with diodes as circuit elements, ultimately arriving at interesting and real-life applications.
This chapter also prepares us for understanding transistors as circuit elements in subsequent
chapters. We proceed as follows:

Diodes as
Circuit Elements Applications
¢ |deal Diode E> ® Regulators
® Circuit Characteristics ® Rectifiers
® Actual Diode ® | imiting and Clamping Circuits

3.1 Ideal Diode
3.1.1 Initial Thoughts

In order to appreciate the need for diodes, let us briefly study the design of a cellphone charger.
The charger converts the line ac voltage at 110avid 60 HZ to a dc voltage of 3.5 V. As
shown in Fig. 3.1(a), this is accomplished by first stepping down the ac voltage by means of a
transformer to about 4 V and subsequently converting the ac voltage to a dc qéiditétysame
principle applies to adaptors that power other electronic devices.

How does the black box in Fig. 3.1(a) perform this conversion? As depicted in Fig. 3.1(b),
the output of the transformer exhibits a zero dc content because the negative and positive half
cycles enclose equal areas, leading to a zero average. Now suppose this waveform is applied to
a mysterious device that passes the positive half cycles but blocks the negative ones. The result
displays a positive average and some ac components, which can be removed by a low-pass filter
(Section 3.5.1).

The waveform conversion in Fig. 3.1(b) points to the need for a devicetbaiminatesbe-
tween positive and negative voltages, passing only one and blocking the other. A simple resistor
cannot serve in this role because ifirgear. That is, Ohm’s law}) = IR, implies that if the
voltage across a resistor goes from positive to negative, so does the current through it. We must

I This value refers to the root-mean-square (rms) voltage. The peak value is therefore edqoal 2o
2The line ac voltage in most countries is at 220 V and 50 Hz.
3The actual operation of adaptors is somewhat different.
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Figure 3.1 (a) Charger circuit, (b) elimination of negative half cycles.

therefore seek a device that behaves as a short for positive voltages and as an open for negative
voltages.

Figure 3.2 summarizes the result of our thought process thus far. The mysterious device gener-
ates an output equal to the input for positive half cycles and equal to zero for negative half cycles.
Note that the device is nonlinear because it does not satisfyvz; if z — —z,y A —y.

Figure 3.2 Conceptual operation of a diode.

3.1.2 Ideal Diode

The mysterious device mentioned above is called an “ideal diode.” Shown in Fig. 3.3(a), the diode
is a two-terminal device, with the triangular head denoting the allowable direction of current flow
and the vertical bar representing the blocking behavior for currents in the opposite direction. The
corresponding terminals are called the “anode” and the “cathode,” respectively.

Forward and Reverse Bias  To serve as the mysterious device in the charger example of
Fig. 3.3(a), the diode must turn “on” fanode > Veathode @and “off” if Vinode < Veathode [FiQ.
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Figure 3.3 (a) Diode symbol, (b) equivalent circuit, (c) water pipe analogy.

3.3(b)]. DefiningVanode — Veathode = Vb, We say the diode is “forward-biased”Wfp tends to
exceed zero and “reverse-biasedVjf < 0.%

A water pipe analogy proves useful here. Consider the pipe shown in Fig. 3.3(c), where a
valve (a plate) is hinged on the top and faces a stopper on the bottom. If water pressure is applied
from the left, the valve rises, allowing a current. On the other hand, if water pressure is applied
from the right, the stopper keeps the valve shut.

mg 3] ———————————————
s with other two-terminal devices, diodes can be placed in series (or in parallel). Determine
which one of the configurations in Fig. 3.4 can conduct current.

D, D, D, D, D, D,
Ao—b——h—oC  Ao—Db——K—C  Ao——K—Dh—oC
B B B

@ (b) (©)

Figure 3.4 Series combinations of diodes.

In Fig. 3.4(a), the anodes @&f; and D, point to the same direction, allowing the flow of current
from A to B to C but not in the reverse direction. In Fig. 3.4(18), stops current flow fronB

to A, andD-, from B to C. Thus, no current can flow in either direction. By the same token,
the topology of Fig. 3.4(c) behaves as an open for any voltage. Of course, none of these circuits
appears particularly useful at this point, but they help us become comfortable with diodes.

Exercise
Determine all possible series combinations of three diodes and study their conduction proper-
ties.

4In our drawings, we sometimes place more positive nodes higher to provide a visual picture of the circuit's operation.
The diodes in Fig. 3.3(b) are drawn according to this convention.
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I/V Characteristics  In studying electronic devices, it is often helpful to accompany equa-
tions with graphical visualizations. A common type of plot is that of the current/voltage (I/V)
characteristic, i.e., the current that flows through the device as a function of the voltage across it.

Since an ideal diode behaves as a short or an open, we first construct the I/V characteristics
for two special cases of Ohm’s law:

R=0= 1= =00 (3.1)

D= ==

R=o00 = I=—==0. (3.2)
The results are illustrated in Fig. 3.5(a). For an ideal diode, we combine the positive-voltage
region of the first with the negative-voltage region of the second, arriving ait/é , charac-
teristic in Fig. 3.5(b). HereVp = Vanode — Veathode, @NdIp is defined as the current flowing
into the anode and out of the cathode.

Ip

/A !
Reverse Forward
R=0 Bias Bias

|

Vb

() (b)

Figure 3.5 1/V characteristics of (a) zero and infinite resistors, (b) ideal diode.

e said that an ideal diode turns on for positive anode-cathode voltages. But the characteristic
in Fig. 3.5(b) does not appear to show diyvalues forVp > 0. How do we interpret this plot?

This characteristic indicates that & exceeds zero by a very small amount, then the diode
turns on and conducts infinite currahtthe circuit surrounding the diode can provide such a
current. Thus, in circuits containing only finite currents, a forward-biased ideal diode sustains a
zero voltage—similar to a short circuit.

Exercise
How is the characteristic modified if we place &resistor in series with the diode?

ot the I/V characteristic for the “antiparallel” diodes shown in Fig. 3.6(a).

If V4 > 0, Dy is on andDs is off, yieldingI4 = oo. If V4 < 0, Dy is off, but D5 is on, again
leading tol 4 = co. The resultis illustrated in Fig. 3.6(b). The antiparallel combination therefore
acts as a short for all voltages. Seemingly a useless circuit, this topology becomes much more
interesting with actual diodes (Section 3.5.3).
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Va
@ (b)
Figure 3.6 (a) Antiparallel diodes, (b) resulting I/V characteristic.
Exercise
Repeat the above example if a 1-V battery is placed is series with the parallel combination of the
diodes.

!mg 3.4
ot the I/V characteristic for the diode-resistor combination of Fig. 3.7(a).

Ry
(@ (b) (©)
I'a
+ -
Va R, =
Va

e
Figure 3.7 (a) Diode-resistor series combination, (b) equivalent circuit under forward bias, (c) equivalent
circuit under reverse bias, (d) I/V characteristic, (e) equivalent circi; ifs on.

We surmise that, it’4 > 0, the diode is on [Fig. 3.7(b)] anfly = V4 /R, becausé&’p; = 0 for
an ideal diode. On the other handVif < 0, D; is probably off [Fig. 3.7(c)] andp = 0. Figure
3.7(d) plots the resulting I/V characteristic.

The above observations are based on guesswork. Let us study the circuit more rigorously. We
begin withV4 < 0, postulating that the diode is off. To confirm the validity of this guess, let us
assumeD; is on and see if we reach a conflicting resultDif is on, the circuit is reduced to that
in Fig. 3.7(e), and if/4 is negative, so id,4; i.e., the actual current flows from right to left. But
this implies thatD; carries a current from its cathode to its anode, violating the definition of the
diode. Thus, fol’4 < 0, D; remains off and 4 = 0.

As V4 rises above zero, it tends to forward bias the diode. Dogturn on for anyl’y > 0
or doesR; shift the turn-on point? We again invoke proof by contradiction. Suppose for some
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V4 > 0, D, is still off, behaving as an open circuit and yieldihg = 0. The voltage drop across
R, is therefore equal to zero, suggesting thigi = V4 and hencdp; = oo and contradicting
the original assumption. In other word3; turns on for any’4 > 0.

Exercise
Repeat the above analysis if the terminals of the diode are swapped.

The above example leads to two important points. First, the series combinafigresid R,
acts as an open for negative voltages and as a resistor of Ralfer positive voltages. Second,
in the analysis of circuits, we can assume an arbitrary state (on or off) for each diode and proceed
with the computation of voltages and currents; if the assumptions are incorrect, the final result
contradicts the original assumptions. Of course, it is helpful to first examine the circuit carefully
and make an intuitive guess.

y are we interested in I/V characteristics rather than V/I characteristics?

In the analysis of circuits, we often prefer to consider the voltage to be the “cause” and the
current, the “effect.” This is because in typical circuits, voltage polarities can be predicted more
readily and intuitively than current polarities. Also, devices such as transistors fundamentally
produce current in response to voltage.

Exercise
Plot the V/I characteristic of an ideal diode.

n the circuit of Fig. 3.8, each input can assume a value of either zex@ &f. Determine the
response observed at the output.

D,
Vpo—F—

Vgo—}—¢—o Vout
D;

—AMA
W
By
=

Figure 3.8 OR gate realized by diodes.

If V4 = +3V,andVp = 0, then we surmise thd®; is forward-biased and-, reverse-biased.
Thus,V,.: = Va = +3 V. If uncertain, we can assume bofhy, and D, are forward-biased,
immediately facing a conflictD, enforces a voltage of3 V at the output wherea®, shorts
Vout 10 Vg = 0. This assumption is therefore incorrect.
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The symmetry of the circuit with respect 1§, andVp suggests thalt,,; = Vg = +3 V if
Va4 = 0andVp = +3 V. The circuit operates as a logical OR gate and was in fact used in early
digital computers.

Exercise
Construct a three-input OR gate.

s an Ideal diode on or off it/ = 0?

An ideal diode experiencing a zero voltage must carry a zero current (why?). However, this does
not mean it acts as an open circuit. After all, a piece of wire experiencing a zero voltage behaves
similarly. Thus, the state of an ideal diode with = 0 is somewhat arbitrary and ambiguous. In
practice, we consider slightly positive or negative voltages to determine the response of a diode
circuit.

Exercise
Repeat the above example if dlresistor is placed in series with the diode.

Input/Output Characteristics Electronic circuits process an input and generate a corre-
sponding output. It is therefore instructive to construct the input/output characteristics of a circuit
by varying the input across an allowable range and plotting the resulting output.

An example, consider the circuit depicted in Fig. 3.9(a), where the output is defined as the
voltage acros®;. If V3, < 0, D, is reverse biased, reducing the circuit to that in Fig. 3.9(b).
Since no current flows througR;, we haveV,,,;, = V;,. If V;,, > 0, thenD; is forward bi-
ased, shorting the output and forcikig,; = 0 [Fig. 3.9(c)]. Figure 3.9(d) illustrates the overall
input/output characteristic.

3.1.3 Application Examples

Recall from Fig. 3.2 that we arrived at the concept of the ideal diode as a means of conwgiting
to y(t). Let us now design a circuit that performs this function. We may naturally construct the
circuit as shown in Fig. 3.10(a). Unfortunately, however, the cathode of the diode is “floating,”
the output current is always equal to zero, and the state of the diode is ambiguous. We therefore
modify the circuit as depicted in Fig. 3.10(b) and analyze its response to a sinusoidal input [Fig.
3.10(c)]. SinceR; has a tendency to maintain the cathoddefnear zero, a¥;, rises,D; is
forward biased, shorting the output to the input. This state holds for the positive half cycle. When
Vi, falls below zero D, turns off andR; ensures thal,,; = 0 becausdp R, = 0.° The circuit
of Fig. 3.10(b) is called a “rectifier.”

It is instructive to plot the input/output characteristic of the circuit as well. Noting that if
Vin < 0, Dy is off andV,,; = 0, and ifV;,, > 0, D; is on andV,,; = V;,, we obtain the

5Note that withoutR; , the output voltage is not defined because a floating node can assume any potential.
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Vip >0

(@) (b) ©

(d)
Figure 3.9 (a) Resistor-diode circuit, (b) equivalent circuit for negative input, (c) equivalent circuit for
positive input, (d) input/output characteristic.

behavior shown in Fig. 3.10(d). The rectifier is a nonlinear circuit becausg if> —V;,, then
Vout 7L> _Vout-

s It a coincidence that the characteristics in Figs. 3.7(d) and 3.10(d) look similar?

No, we recognize that the output voltage in Fig. 3.10(b) is simply equBl I&y in Fig. 3.7(a).
Thus, the two plots differ by only a scaling factor equalio

Exercise
Construct the characteristic if the terminalsiof are swapped.

We now determine the time average (dc value) of the output waveform in Fig. 3.10(c) to
arrive at another interesting application. Suppge= V,, sin wt, wherew = 27 /T denotes the
frequency in radians per second dhdhe period. Then, in the first cycle aftee= 0, we have

T
Vout = Vpsinwt for0 <t < 3

(3.3)
=0 for=<t<T (3.4)
To compute the average, we obtain the area uhglgrand normalize the result to the period:
1 T
Vout,avg = T/ Vout(t)dt (35)
0
1

T/2

= Vp sinwtdt (3.6)
T Jo
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D,
——o
+ j +
Vin Vin ) Ri= Vou
o
(@) (b)
; ;; ; ; Vout
Vin O Vin ( ) %
Rectified
Vout W Half Cycles
T 2T t

© (d)

Figure 3.10 (@) A diode operating as a rectifier, (b) complete rectifier, (c) input and output waveforms, (d)
input/output characteristic.

Vo

w

[— cos f.ut]g/2 (3.7)

3| Sl

(3.8)

Thus, the average is proportionalitp, an expected result because a larger input amplitude yields
a greater area under the rectified half cycles.

The above observation reveals that the average value of a rectified output can serve as a mea-
sure of the “strength” (amplitude) of the input. That is, a rectifier can operate as a “signal strength
indicator.” For example, since cellphones receive varying levels of signal depending on the user’s
location and environment, they require an indicator to determine how much the signal must be
amplified.

cellphone receives a 1.8-GHz signal with a peak amplitude ranging froivi @ 10 mV. If
the signal is applied to a rectifier, what is the corresponding range of the output average?

The rectified output exhibits an average value ranging fromVZ (7) = 0.637 pV to 10
mV/(r) = 3.18 mV.

Exercise
Do the above results change if ddresistor is placed in series with the diode?
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In our effort toward understanding the role of diodes, we examine another circuit that will
eventually (in Section 3.5.3) lead to some important applications. First, consider the topology in
Fig. 3.11(a), where a 1-V battery is placed in series with an ideal diode. How does this circuit
behave? Ifi; < 0, the cathode voltage is higher than the anode voltage, pldeing reverse
bias. Even ifi; is slightly greater than zero, e.g., equal to 0.9 V, the anode is not positive enough
to forward biasD;. Thus,V; must approach +1 V fob; to turn on. Shown in Fig. 3.11(a), the
I/V characteristic of the diode-battery combination resembles that of a diode, but shifted to the

right by 1 V.
I1
I
wQ
v _1V TRV V=1

@

C
9

(b)

(©
Figure 3.11 (a) Diode-battery circuit, (b) resistor-diode circuit, (c) addition of series battery to (b).

Now, let us examine the circuit in Fig. 3.11(b). Here, 165, < 0, D; remains off, yielding
Vout = Vin. ForV;, > 0, Dy acts a short, antl,,,; = 0. The circuit therefore does not allow the
output to exceed zero, as illustrated in the output waveform and the input/output characteristic.
But suppose we seek a circuit that must not allow the output to exegéad(rather than zero).
How should the circuit of Fig. 3.11(b) be modified? In this cd3emust turn on only wheiw,;
approaches +1V, implying that a 1-V battery must be inserted in series with the diode. Depicted
in Fig. 3.11(c), the modification indeed guarantégs < +1 V for any input level. We say the
circuit “clips” or “limits” at +1 V. “Limiters” prove useful in many applications and are described
in Section 3.5.3.

mp 3.10 p————————————————————————————
etch the time average bf,,; in Fig. 3.11(c) for a sinusoidal input as the battery voltdge,
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varies from—oo to +oc.

If Vp is very negativeD, is always on becausg,, > —V,,. In this case, the output average is
equal toVg [Fig. 3.12(a)]. For—-V,, < Vg < 0, D, turns off at some point in the negative half
cycle and remains off in the positive half cycle, yielding an average greater-thgrbut less
thanVp. ForVp = 0, the average reachesV, /(x). Finally, for Vg > V,, no limiting occurs
and the average is equal to zero. Figure 3.12(b) sketches this behavior.

Vg <-V, -V, <Vg
t V. Vout "', t
.................................... y B NSNSy
A P
Vour = VB
Vg=0 y +V, <Vg
=

VARV oot
Vi
__________________________ iy out

(@)

Figure 3.12 .

Exercise
Repeat the above example if the terminals of the diode are swapped.

Example K8
s the circuit of Fig. 3.11(b) a rectifier?

Yes, indeed. The circuit passes only negative cycles to the output, producing a negative average.

Exercise
How should the circuit of Fig. 3.11(b) be modified to pass only positive cycles to the out-
put.




BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 72 (1)

72 Chap. 3 Diode Models and Circuits

3.2 PN Junction as a Diode

The operation of the ideal diode is somewhat reminiscent of the current conductianunc-

tions. In fact, the forward and reverse bias conditions depicted in Fig. 3.3(b) are quite similar to
those studied fopn junctions in Chapter 2. Figures 3.13(a) and (b) plot the I/V characteristics of
the ideal diode and then junction, respectively. The latter can serve as an approximation of the
former by providing “unilateral” current conduction. Shown in Fig. 3.13 is the constant-voltage
model developed in Chapter 2, providing a simple approximation of the exponential function and
also resembling the characteristic plotted in Fig. 3.11(a).

2

4\ A V=D ‘7
7
() (b)
P!
/-l-i VD,on

k/ IVD,on \7D

+
-l-_ VD,on

©

Figure 3.13 Diode characteristics: (a) ideal model, (b) exponential model, (c) constant-voltage model.

Given a circuit topology, how do we choose one of the above models for the diodes? We may
utilize the ideal model so as to develop a quick, rough understanding of the circuit’s operation.
Upon performing this exercise, we may discover that this idealization is inadequate and hence
employ the constant-voltage model. This model suffices in most cases, but we may need to resort
to the exponential model for some circuits. The following examples illustrate these points.

mm B ——————
ot the Input/output characteristic of the circuit shown in Fig. 3.14(a) using (a) the ideal model
and (b) the constant-voltage model.

(a) We begin withV;,, = —oo, recognizing thaD; is reverse biased. In fact, féf,, < 0, the
diode remains off and no current flows through the circuit. Thus, the voltage drop dtrass
zero andV,,; = Vin.

As V;,, exceeds zerad); turns on, operating as a short and reducing the circuit to a voltage



Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 73 (1)

Sec. 3.2 PN Junction as a Diode

(©

Figure 3.14 (a) Diode circuit, (b) input/output characteristic with ideal diode model, (c) input/output
characteristic with constant-voltage diode model .

divider. That is,

Ry

Vout = Tt I Vin for V;, > 0. (3.9
Figure 3.14(b) plots the overall characteristic, revealing a slope equal to unit¥,fer 0 and
Ry /(R» + Ry) for Vi, > 0. In other words, the circuit operates as a voltage divider once the
diode turns on and loads the output node with
(b) In this caseD; is reverse biased fdr;,, < Vp on, Yielding Vs, = Vi,. As V;, exceeds
Vb,on, D1 turns on, operating as a constant voltage source with a Valyg, [as illustrated in
Fig. 3.13(c)]. Reducing the circuit to that in Fig. 3.14(c), we apply Kirchoff’s current law to the
output node:

‘/in - Vout _ Vout - VD,on

= 3.10
) i (3.10)
It follows that
%‘/zn + VD,on
Vour = ——¢ (3.11)
1+ =2
Ry

As expectedVoy: = Vpon It Vin, = Vb opn. Figure 3.14(d) plots the resulting characteristic,
displaying the same shape as that in Fig. 3.14(b) but with a shift in the break point.

Exercise
In the above example, plot the current throughas a function o/, .
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3.3 Additional Examples’

'ﬁmma 3.13
n the circult of Fig. 3.15; and D, have different cross section areas but are otherwise identi-
cal. Determine the current flowing through each diode.

’in Ry

+
Vi D1 D>

Figure 3.15 Diode circuit.

In this case, we must resort to the exponential equation because the ideal and constant-voltage
models do not include the device area. We have

Iin, = Ip1 + Ips. (312)
We also equate the voltages acrégsandD-:

Ip: Ips

In—— = Vyln —== A
VT n ISl VT n ISZ, (3 3)
that is,
Ipy  Ipo
= 2= 3.14
Isi  Iso ( )
Solving (3.12) and (3.14) together yields
I;
Ip = = (3.15)
1+ =
Is;
I,
Ips = ! T (3.16)
s1
1+ —
Isy

As expected]p; = Ips = I;, /2 1f Ig1 = Iso.

Exercise
For the circuit of Fig. 3.15, calculaféy is terms ofl;,,, Is1, andIss.

*This section can be skipped in a first reading
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mlm 3 —————
sing the constant-voltage model plot the input/output characteristics of the circuit depicted in
Fig. 3.16(a). Note that a diode about to turn on cazE®scurrent but sustaingp .

R1 R1
Vin o—M—— Vout Vin o—MWy—-- Vout

Vout |
Vbon | '
’ v,
f R1 in
----- ' 1+ —)V,
R, ( R, ) Vb.on
R2 + Rl

(©

Figure 3.16 (a) Diode circuit, (b) equivalent circuit whel; is off, (c) input/output characteristic.

In this case, the voltage across the diode happens to be equal to the output voltage. We note that
if V;, = —o0, Dy is reverse biased and the circuit reduces to that in Fig. 3.16(b). Consequently,

Ry

out = ————Vin. 3.17
Vout Ry + Ry ( )

At what point doesD; turn on? The diode voltage must redch ,,,, requiring an input voltage
given by:

Rs

————Vin = Vb.on, 3.18
R+ Ry D, ( )

and hence

R
Vi, = (1 + —1> VD .on. (3.19)
Ry

The reader may question the validity of this result: if the diode is indeed on, it draws current
and the diode voltage is no longer equala / (R, + R-)]V;,. So why did we express the diode
voltage as such in Eqg. (3.18)? To determine the break point, we adsymeadually increases
so that it places the diode at tedgeof the turn-on, e.g., it creatds,,; ~ 799 mV. The diode
therefore still draws no current, but the voltage across it and hence the input voltage are almost
sufficient to turn it on.
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For Vi, > (1 4+ Ri/R2)Vp on, D1 remains forward-biased, yielding,.; = Vp,o». Figure
3.16(c) plots the overall characteristic.

Exercise
Repeat the above example but assume the termindls aefe swapped, i.e., the anode is tied to
ground and the cathode the output node.

Exercise
For the above example, plot the current throdgjhas a function of/;,,.

!#!iil:la 3.15
ot the Iinput/output characteristic for the circuit shown in Fig. 3.17(a). Assume a constant-
voltage model for the diode.

1
Dy < B
X = Rl
X
Vin +——Vout ° Vout
R < V, + =
:;Rl D,on D1 ::RZ
Vih =-co
(@ (b)
Vout “
R>
Vino—W— Vout (1+R1)V — R
—)VYD,on
Rl Rz RJ:RZ
| Vi
i1

(© (d)

Figure 3.17 (a) Diode circuit, (b) illustration for very negative inputs, (c) equivalent circuit whgnis
off, (d) input/output characteristic.

We begin withV;,, = —co, and redraw the circuit as depicted in Fig. 3.17(b), placing the more
negative voltages on the bottom and the more positive voltages on the top. This diagram suggests
that the diode operates in forward bias, establishing a voltage atXiaggial toV;,, + Vp on.

Note that in this regimé/x is independent of?; becausd); acts as a battery. Thus, so long as

D, is on, we have

Vout = Vin + VD,on- (320)
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We also compute the current flowing throuBh and R :

VD on
Igs = . 3.21
o = (3.21)
0—-Vx
Ir = 3.22
n=p (3.22)
_(‘/zn + VD on)
= —— 3.23
Ry ( )

Thus, asV;, increases from-oo, I, remains constant byfr, | decreases; i.e., at some point
Ips = Igs.

At what point doedD; turn off? Interestingly, in this case it is simpler to seek the condition
that results in a zero current through the diode rather than insufficient voltage across it. The
observation that at some poitiz, = Ig; proves useful here as this condition also implies that
D, carries no current (KCL at nod¥). In other words,D; turns off if V;,, is chosen to yield
Is = Iry. From (3.21) and (3.23),

VD,on _‘/;'n + VD,on

= 3.24
s R (3.24)
and hence
Vin =—(1+4+ &)VDM. (3.25)
Ry
As V;,, exceeds this value, the circuit reduces to that shown in Fig. 3.17(c) and
Ry

Vou = _‘/;'n- 3.26
t R+ R» ( )

The overall characteristic is shown in Fig. 3.17(d).

The reader may find it interesting to recognize that the circuits of Figs. 3.16(a) and 3.17(a)
are identical: in the former, the output is sensed across the diode whereas in the latter it is sensed
across the series resistor.

Exercise
Repeat the above example if the terminals of the diode are swapped.

As mentioned in Example 3.4, in more complex circuits, it may be difficult to correctly predict
the region of operation of each diode by inspection. In such cases, we may simply make a guess,
proceed with the analysis, and eventually determine if the final result agrees or conflicts with
the original guess. Of course, we still apply intuition to minimize the guesswork. The following
example illustrates this approach.

mm 3.16 p——————————————————————
ot the Input/output characteristic of the circuit shown in Fig. 3.18(a) using the constant-voltage
diode model.

We begin withV,, = —oo, predicting intuitively thatD; is on. We also (blindly) assume that
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L

= R,
V,
Dl Rl _ out VOU[
X / Vv
R1 + Rl B - V.
Vin | SV T T Ry -Ve
+ I - + =00 X y
D, Y Ry v + nY +
2 VB: 2V D,on 2 n D,on VD,on
Vi, =— I
I o Vin =-00
(@ (b) (c)
Dl X R]_ Dl X Rl
Vir‘l o—¢ ' - Vout Vin == VD,on +y - | o Vout
|_
Ry Y Ry
b2 Vg=2V
(d) (e
Vout | Vout § il -
/ }%
- Vb.on ~Vbon / L

Y

=

f
-+

L,

N

R
) D2 VB: 2V 1 ~ +\ -7
D turns off. = _ll_WV%

® @ (h)
Figure 3.18 (a) Diode circuit, (b) possible equivalent circuit for very negative inputs, (c) simplified circuit,

(d) equivalent circuit, (€) equivalent circuit fof;,, = —Vp ., (f) section of input/output characteristic,
(g9) equivalent circuit, (f) complete input/output characteristic.

is on, thus reducing the circuit to that in Fig. 3.18(b). The path thrdggh, andVp creates a
difference ofVp ,,, + Vi betweenV;,, andV,., i.e.,Vour = Vi, — (Vp,on + V). This voltage
difference also appears across the branch consistifig ahdVp .., yielding

Rilg: + VD,on = _(VB + VD,on): (327)
and hence
—Vg—2
Ip = M. (3.28)
Ry

That is, Iz, is independent oi/;,,. We must now analyze these results to determine whether
they agree with our assumptions regarding the stafe,cdind D,. Consider the current flowing
throughR>:

Vout

Tro = — 3.29
=g (3:29)
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‘/in - (VD on — VB)
= - ’ 3.30
o, (3.30)

which approaches-co for V;,, = —oo. The large value of z» and the constant value @k
indicate that the branch consistingig¢ andD- carries a large current with the direction shown.
That is,D> must conduct current from its cathode to it anode, which is not possible.

In summary, we have observed that the forward bias assumptidifranslates to a current
in a prohibited direction. Thug), operates in reverse bias gy, = —oco. Redrawing the circuit
as in Fig. 3.18(c) and noting thék = V;, + Vb on, we have

Ry

Vout = (‘/zn + VD,on)m-

(3.31)

We now raisé/;,, and determine the first break point, i.e., the point at wiikghurns off orD,
turns on. Which one occurs first? Let us assubheturns off first and obtain the corresponding
value ofV},,. SinceD, is assumed off, we draw the circuit as shown in Fig. 3.18(d). Assuming
that D, is still slightly on, we recognize that &f,, ~ —Vp on, Vx = Vin + Vb,on approaches
zero, yielding a zero current throuddy, R», and henceD,. The diode therefore turns off at
Vin = _VD,on-

We must now verify the assumption thB: remains off. Since at this break poinfy =
Vout = 0, the voltage at nod¥ is equal to+Vp whereas the cathode &f, is at—Vp ,,, [Fig.
3.18(e)]. In other wordsl)- is indeed off. Fig. 3.18(f) plots the input-output characteristic to the
extent computed thus far, revealing that,; = 0 after the first break point because the current
flowing throughR, andR; is equal to zero.

At what point doesD, turn on? The input voltage must exce®d by Vp ,,. Before D,
turns on,V,,: = 0, andVy = Vp; i.e., V;, must reaci/s + Vp ,,, after which the circuit is
configured as shown in Fig. 3.18(g). Consequently,

Vout - ‘/zn - VD,on - VB- (332)

Figure 3.18(h) plots the overall result, summarizing the regions of operation.

Exercise
In the above example, assug turns on beforé); turns off and show that the results conflict
with the assumption.

3.4 Large-Signal and Small-Signal Operation

Our treatment of diodes thus far has allowed arbitrarily large voltage and current changes, thereby
requiring a “general” model such as the exponential I/V characteristic. We call this regime “large-
signal operation” and the exponential characteristic the “large-signal model” to emphasize that
the model can accommodate arbitrary signal levels. However, as seen in previous examples, this
model often complicates the analysis, making it difficult to develop an intuitive understanding of
the circuit’s operation. Furthermore, as the number of nonlinear devices in the circuit increases,
“manual” analysis eventually becomes impractical.

The ideal and constant-voltage diode models resolve the issues to some extent, but the sharp
nonlinearity at the turn-on point still proves problematic. The following example illustrates the
general difficulty.
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3.17
mns 2.4-V cellphone charger, an electrical engineering student tries several stores
but does not find adaptors with outputs less than 3 V. He then decides to put his knowledge of
electronics to work and constructs the circuit shown in Fig. 3.19, where three identical diodes
in forward bias produce a total voltage ©f,; = 3Vp ~ 2.4 V and resistorR; sustains the
remaining 600 mV. Neglect the current drawn by the cellphfoii@) Determine the reverse

I'x
N =p -
600mv = R1=100Q
. a
+
Vad =3 V| Adaptor
Vv,
- out I cellphone

Figure 3.19 Adaptor feeding a cellphone.

saturation currentlg; so thatV,,;, = 2.4 V. (b) ComputeV,,; if the adaptor voltage is in fact
3.1V

(&) WithV,,; = 2.4V, the current flowing througi®; is equal to

Ix = W (3.33)
1

= 6 mA. (3.34)

We note that each diode carrieg and hence

Ix =1Ig exp@. (3.35)
Vr
It follows that
800 mV
6 mA = Isexp %6 mV (3.36)
and
Is =2.602 x 10716 A, (3.37)

(b) If V,q increases to 3.1V, we expect tHat,; increases only slightly. To understand why,
first supposé/,,; remains constant and equal to 2.4 V. Then, the additional 0.1 V must drop
acrossiy, raisinglx to 7 mA. Since the voltage across each diode has a logarithmic dependence
upon the current, the change from 6 mA to 7 mA indeed yields a small changg,in

To examine the circuit quantitatively, we begin with = 7 mA and iterate:

Vour = 3Vp (3.38)

6Made for the sake of simplicity here, this assumption may not be valid.
"Recall from Eq. (2.109) that a tenfold change in a diode’s current translates to a 60-mV change in its voltage.
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=3Vrln Ix (3.39)
Is
=2412V. (3.40)
This value ofV/,,,; gives a new value fofx:
Vad - Vout
Ix = — 3.41
x = (3.41)
= 6.88 mA, (3.42)
which translates to a neW,,;:
Vout = 3Vp (3.43)
=2411V. (3.44)

Noting the very small difference between (3.40) and (3.44), we concludéihat= 2.411 V
with good accuracy. The constant-voltage diode model would not be useful in this case.

Exercise
Repeat the above example if an output voltage of 2.35 is desired.

The situation described above is an example of small “perturbations” in circuits. The change in
Vaq from 3 V to 3.1 V results in a small change in the circuit’s voltages and currents, motivating
us to seek a simpler analysis method that can replace the nonlinear equations and the inevitable
iterative procedure. Of course, since the above example does not present an overwhelmingly
difficult problem, the reader may wonder if a simpler approach is really necessary. But, as seenin
subsequent chapters, circuits containing complex devices such as transistors may indeed become
impossible to analyze if the nonlinear equations are retained.

These thoughts lead us to the extremely important concept of “small-signal operation,”
whereby the circuit experiences only small changes in voltages and currents and can therefore be
simplified through the use of “small-signal models” for nonlinear devices. The simplicity arises
because such models dneear, allowing standard circuit analysis and obviating the need for
iteration. The definition of “small” will become clear later.

To develop our understanding of small-signal operation, let us consider dipde Fig.

3.20(a), which sustains a voltadg; and carries a curreriy; [point A in Fig. 3.20(b)]. Now
suppose a perturbation in the circuit changes the diode voltage by a small afxiggripoint
B in Fig. 3.20(c)]. How do we predict the change in the diode cur&ii; ? We can begin with
the nonlinear characteristic:

A
IDQ = IS exp W (345)
T
A
= Igexp % exp V—;/ (3.46)

If AV <« Vp, thenexp(AV/Vy) = 1+ AV/Vy and

Vi AV Vi
Ipy = Igexpﬂ + ——Isexp Dl

— 3.47
Vr Vr Vr ( )

81
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Vb1 Vo

@ (b) (©

Figure 3.20 (a) General circuit containing a diode, (b) operating poinbef (c) change i, as a result
of change inVp.

AV
=Ip1 + —1Ip1. (3.48)
Vr
That s,
A
Alp =2V (3.49)
Vr

The key observation here is thAt/, is alinear function of AV, with a proportionality factor
equal tolp, /Vr. (Note that larger values dfp; lead to a greateA I, for a givenAVp. The
significance of this trend becomes clear later.)

The above result should not come as a surprise: if the changg is small, the section of
the characteristic in Fig. 3.20(c) between poiAtand B can be approximated by a straight line
(Fig. 3.21), with a slope equal to the local slope of the characteristic. In other words,

Figure 3.21 Approximation of characteristic by a straight line.

Alp dIp
—_— = — 3.50
NPT |vD=v D1 ( )
Is Vb1
= — exp — 3.51
v exp v ( )
Ipy
= — 3.52
Vo ( )

which yields the same result as that in Eq. (3.49).

8This is also to be expected. Writing Eq. (3.45) to obtain the changgirior a small change iVp is in fact
equivalent to taking the derivative.
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Let us summarize our results thus far. If the voltage across a diode changes by a small amount
(much less tharvr), then the change in the current is given by Eq. (3.49). Equivalently, for
small-signal analysis, we can assume the operation is at a point suchdsg. 3.21 and, due
to a small perturbation, it moves on a straight line to p&inwith a slope equal to the local slope
of the characteristic (i.edIp /dVp calculated atp = Vpy or Ip = Ipy). PointA is called the
“bias” point or the “operating” point.

mg 3.18 p———————————
lode IS biased at a current of 1 mA. (a) Determine the current changedhanges by 1 mV.
(b) Determine the voltage changdif changes by 10%.

(a) We have
Ip
Alp = = AVp (3.53)
Vr
= 38.4 uA. (3.54)
(b) Using the same equation yields
AVp = EAID (3.55)
Ip
26 mV
= < TmA ) x (0.1 mA) (3.56)
=2.6mV. (3.57)

Exercise
In response to a current change of 1 mA, a diode exhibits a voltage change of 3 mV. Calculate
the bias current of the diode.

Equation (3.55) in the above example reveals an interesting aspect of small-signal operation:
as far as (small) changes in the diode current and voltage are concerned, the device behaves as a
linear resistor. In analogy with Ohm’s Law, we define the “small-signal resistance” of the diode
as:

Vr

= 1 (3.58)

rd

This quantity is also called the “incremental” resistance to emphasize its validity for small
changes. In the above examptg,= 26 Q.

Figure 3.22(a) summarizes the results of our derivations for a forward-biased diode. For bias
calculations, the diode is replaced with an ideal voltage source of Valug,, and for small
changes, with a resistance equatjoFor example, the circuit of Fig. 3.22(b) is transformed to
that in Fig. 3.22(c) if only small changes s andV,,,; are of interest. Note that, andv,,; in

9Also called the “quiescent” point.



BR

Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 84 (1)

84 Chap. 3 Diode Models and Circuits

Fig. 3.22(c) represemhangesn voltage and are called small-signal quantities. In general, we
denote small-signal voltages and currents by lower-case letters.

+ _

o—P—o R
——o0
VD,on / \ rq + +
- 21 = v
o—ll—o o—AM\—o ) d CLut
Bias Small-Signal °
Model Model

(@) (b) (c)

Figure 3.22 Summary of diode models for bias and signal calculations, (b) circuit example, (c) small-
signal model.

!aﬁimg 3.19

sinusoldal signal having a peak amplitudelgf and a dc value o¥; can be expressed as
V(t) = Vo + V, coswt. If this signal is applied across a diode aVig < V7, determine the
resulting diode current.

The signal waveform is illustrated in Fig. 3.23(a). As shown in Fig. 3.23(b), we rotate this dia-
gram by90° so that its vertical axis is aligned with the voltage axis of the diode characteristic.
With a signal swing much less tha#-, we can view; and the corresponding curreiig, as the

bias point of the diode antd, as a small perturbation. It follows that,

Ly
(@) (b)

Figure 3.23 (a) Sinusoidal input along with a dc level, (b) response of a diode to the sinusoid.

Iy = Isexp —0, (3.59)
and

rq = —. (3.60)
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Thus, the peak current is simply equal to

I, =V,/ra (3.61)
Io
= — 3.62
Vi, (3.62)
yielding
Ip(t) = Io + I, coswt (3.63)
= Isexp VK;)* + é—;Vp cos wt. (3.64)
Exercise

The diode in the above example produces a peak current of 0.1 mA in respdfyse 800 mV
andV,, = 1.5 mV. Calculatels.

The above example demonstrates the utility of small-signal analysis. Were large, we
would need to solve the following equation

Vo + Vp coswt

ID(t):ISexp VT 5

(3.65)

a task much more difficult than the above linear calculatiGns.

mm 3.20 p———————

n the derivation leading to Eq. (3.49), we assumed a small chan@® iand obtained the
resulting change idp. Beginning withVp, = Vi In(Ip/I), investigate the reverse case, i.e.,
Ip changes by a small amount and we wish to compute the changs in

Denoting the change ifip by AVp, we have

Ipn + AT
Vi1 + AVp = Vrln y (3.66)
S
I AT
= Vrln [ﬂ (1 + D)] (3.67)
Is Ipy
— Ve 2 4y <1 + MD) . (3.68)
Is Ipy

For small-signal operation, we assulé, < Ip; and note thaln(1 + ¢) =~ ¢ if ¢ < 1. Thus,

Alp
Ipy’

AVp = Vi - (3.69)

which is the same as Eq. (3.49). Figure 3.24 illustrates the two cases, distinguishing between the
cause and the effect.

10The functionexp(a sin bt) can be approximated by a Taylor expansion or Bessel functions.
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Alp
w — AVp + _
o [ ol =82 ag o, o oo
— V.
= AVD E‘ = AID /—T
(a) VT (b) b1

Figure 3.24 Change in diode current (voltage) due to a change in voltage (current).

Exercise
Repeat the above example by taking the derivative of the diode voltage equation with respect to
Ip.

With our understanding of small-signal operation, we now revisit Example 3.17.

!ma 3.21
epeat part (b) of Example 3.17 with the aid of a small-signal model for the diodes.

Since each diode carrids,; = 6 mA with an adaptor voltage of 3 V andp; = 800 mV,

we can construct the small-signal model shown in Fig. 3.25, whgre= 100 mV andr; =

(26 mV)/(6 mA) = 4.33 Q. (As mentioned earlier, the voltages shown in this model denote
small changes.) We can thus write:

R1
AMA,
Yy
¢—o0
=r +
+ - d
Vad <>— = rq Vout
=ry -
O
Figure 3.25 Small-signal model of adaptor.
37‘d
B — 3.70
Vout Ry + 31y Vad ( )
=11.5mV. (3.71)

That is, a 100-mV change il,4 yields an 11.5-mV change if,,;. In Example 3.17, solu-
tion of nonlinear diode equations predicted an 11-mV changé.jp The small-signal analysis
therefore offers reasonable accuracy while requiring much less computational effort.

Exercise
Repeat Examples (3.17) and (3.21) if the valué&efin Fig. 3.19 is changed to 200.
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Considering the power of today’s computer software tools, the reader may wonder if the small-
signal model is really necessary. Indeed, we utilize sophisticated simulation tools in the design of
integrated circuits today, but the intuition gained by hand analysis of a circuit proves invaluable
in understanding fundamental limitations and various trade-offs that eventually lead to a com-
promise in the design. A good circuit designer analyzes and understands the circuit before giving
it to the computer for a more accurate analysis. A bad circuit designer, on the other hand, allows
the computer to think for him/her.

'%ﬁima 3.22
n Examples 3.17 and 3.21, the current drawn by the cellphone is neglected. Now suppose, as
shown in Fig. 3.26, the load pulls a current of 0.5 FhAnd determiné’, ;.

~6mA § £R;=1000Q

Vg C)i + *0.5 mA
Vout

Cellphone

Figure 3.26 Adaptor feeding a cellphone.

Since the current flowing through the diodes decreases by 0.5 mA and since this change is much
less than the bias current (6 mA), we write the change in the output voltage as:

AVout = AID - (3Td) (372)
=0.5mA(3 x 4.33 Q) (3.73)
=6.5mV. (3.74)

Exercise
Repeat the above examplefif is reduced to 8M.

In summary, the analysis of circuits containing diodes (and other nonlinear devices such as
transistors) proceeds in three steps: (1) determine—perhaps with the aid of the constant-voltage
model— the initial values of voltages and currents (before an input change is applied); (2) de-
velop the small-signal model for each diode (i.e., calcutgje (3) replace each diode with its
small-signal model and compute the effect of the input change.

LA cellphone in reality draws a much higher current.
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3.5 Applications of Diodes

The remainder of this chapter deals with circuit applications of diodes. A brief outline is shown
below.

Half-Wave and ED Limiting ED Voltage ED Level Shiftersl
Full-Wave rectifiers I Circuits Doublers and Switches

Figure 3.27 Applications of diodes.

3.5.1 Half-Wave and Full-Wave Rectifiers

Half-Wave Rectifier ~ Let us return to the rectifier circuit of Fig. 3.10(b) and study it more
closely. In particular, we no longer assumbk is ideal, but use a constant-voltage model. As
illustrated in Fig. 3.28)%,,; remains equal to zero unfif;,, exceedd/p ,,, at which pointD,
turns on and’,u; = Vi — Vi ,on- FOrViy, < Vp on, Dy is off'? andV,,,; = 0. Thus, the circuit
still operates as a rectifier but produces a slightly lower dc level.

out

D
VD,: — o

Figure 3.28 Simple rectifier.

!zﬁi!:lq 3.23
rove that the circuit shown in Fig. 3.29(a) is also a rectifier.

Vi
D,

5<
|
2
A
v
i

(@) (b)
Figure 3.29 Rectification of positive cycles.

In this case D; remains on fonegativevalues ofV;,,, specifically, forV;, < —Vp ,,. As Vi,
exceeds-Vp o, D; turns off, allowing R, to maintainl;,; = 0. Depicted in Fig. 3.29, the
resulting output reveals that this circuit is also a rectifier, but it blocks the positive cycles.

Exercise
Plot the output ifD; is an ideal diode.

12If v;,, < 0, Dy carries a small leakage current, but the effect is negligible.
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Called a “half-wave rectifier,” the circuit of Fig. 3.28 does not produce a useful output. Unlike
a battery, the rectifier generates an output tleaitesconsiderably with time and cannot supply
power to electronic devices. We must therefore attempt to creaiastanbutput.

Fortunately, a simple modification solves the problem. As depicted in Fig. 3.30(a), the resistor
is replaced with a capacitor. The operation of this circuit is quite different from that of the above
rectifier. Assuming a constant-voltage model for in forward bias, we begin with a zero initial
condition acrosg’; and study the behavior of the circuit [Fig. 3.30(b)]. Ks, rises from zero,

Dy is offuntil V;;, > Vp op, at which pointD; begins to act as a battery abigh: = Vi, — Vb, on.
Thus,V,,: reaches a peak value ©f — Vp ,,,. What happens &is;,, passes its peak value? At
t = t1, we haveV;,, =V, andV,: = V,, — Vp on. As V;, begins to fall,V,,; must remain
constant This is because i¥,,; were to fall, thenC'; would need to belischargeddy a current
flowing from its top plate through the cathodelof, which is impossiblé3 The diode therefore
turns off aftert,. At t = ts, Vip, = V, — Vb on = Vous, i.€., the diode sustains a zero voltage
difference. Att > t», Vi, < V,. and the diode experiences a negative voltage.

out

~Y

ty ts

Maximum
Reverse
Voltage
(a) (b)
Figure 3.30 (a) Diode-capacitor circuit, (b) input and output waveforms.
Continuing our analysis, we note thattat ts, Vi, = —V),, applying @ maximum reverse

bias ofV,.,: — Vi, = 2V, — Vp ,», across the diode. For this reason, diodes used in rectifiers must
withstand a reverse voltage of approximatzly, with no breakdown.

DoesV,,: change aftet = t,? Let us considetr = ¢, as a potentially interesting point. Here,
Vin just exceed¥/,,; but still cannot turnD on. Att = t5, Vi, =V, = Vour + Vb on, andD;
is on, butV,,,; exhibits no tendency to change because the situation is identical to thatiat
In other words},,; remains equal t&}, — Vp ,,, indefinitely.

mm R
ssuming an ideal diode model, (a) Repeat the above analysis. (b) Plot the voltagelagross

Vb1, as a function of time.

(a) With a zero initial condition across,, D, turns on ag/;,, exceeds zero and,,; = V;,.
After t = ty, V;, falls belowV,,;, turning D, off. Figure 3.31(a) shows the input and output
waveforms.

(b) The voltage across the diodelis; = Vi, — V,.:. Using the plots in Fig. 3.31(a), we
readily arrive at the waveform in Fig. 3.31(b). Interestingly, is similar toV;,, but with the

13The water pipe analogy in Fig. 3.3(c) proves useful here.
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(b)
Figure 3.31 (a) Input and output waveforms of the circuit in Fig. 3.30 with an ideal diode, (b) voltage
across the diode.

average value shifted from zero teV,,. We will exploit this result in the design of voltage
doublers (Section 3.5.4).

Exercise
Repeat the above example if the terminals of the diode are swapped.

The circuit of Fig. 3.30(a) achieves the properties required of an “ac-dc converter,” generating
a constant output equal to the peak value of the input sindédilit how is the value of’;
chosen? To answer this question, we consider a more realistic application where this circuit must

provide acurrentto a load.

mm G D
aptop computer consumes an average power of 25 W with a supply voltage of 3.3 V. Deter-
mine the average current drawn from the batteries or the adapter.

Solution
SinceP = V - I, we havel ~ 7.58 A. If the laptop is modeled by a resista®;, thenRy =
V/I =0.436 Q.

Exercise
What power dissipation does aflload represent for such a supply voltage?

14Thjs circuit is also called a “peak detector.”
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As suggested by the above example, the load can be represented by a simple resistor in some
cases [Fig. 3.32(a)]. We must therefore repeat our analysisiyjtbresent. From the waveforms
in Fig. 3.32(b), we recognize th&t,,; behaves as before until= ¢, still exhibiting a value of
Vin — Vb,on = Vp — Vb on if the diode voltage is assumed relatively constant. Howevér;,as
begins to fall aftet = ¢;, so doed/,,; becausd?;, provides a discharge path 6. Of course,
since changes iW,,; are undesirable; must be so large that the current drawn®y does
not reducé’/,,; significantly. With such a choice @f,, V,,, falls slowly andD; remains reverse
biased.

(@) (b)

Figure 3.32 (a) Rectifier driving a resistive load, (b) input and output waveforms.

The output voltage continues to decrease while goes through a negative excursion and
returns to positive values. At some poitt- ¢, V;,, andV,,; become equal and slightly later,
att = t3, V;,, exceedd/,,; by Vp o, thereby turningD, on and forcingVou: = Vi, — VD, on-
Hereafter, the circuit behaves as in the first cycle. The resulting variatidh,jnis called the
“ripple.” Also, C| is called the “smoothing” or “filter” capacitor.

mp 3. 20 o ——
etch the output waveform of Fig. 3.32 @5 varies from very large values to very small

values.

If Cy is very large, the current drawn b§; when D, is off creates only a small change in
Vout- Conversely, ifC is very small, the circuit approaches that in Fig. 3.28, exhibiting large
variations inV,,,;. Figure 3.33 illustrates several cases.

Large C;

Y

Very Small Cq

Figure 3.33 Output waveform of rectifier for different values of smoothing capacitor.

Exercise
Repeat the above example for different value&gfwith C; constant.
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Ripple Amplitude * In typical applications, the (peak-to-peak) amplitude of the ripilg,

in Fig. 3.32(b) must remain below 5 to 10% of the input peak voltage. If the maximum current
drawn by the load is known, the value@f is chosen large enough to yield an acceptable ripple.
To this end, we must compuié; analytically (Fig. 3.34). Sinc&,,; = V, — Vp o, att = t4,

the discharge of’; throughR;, can be expressed as:

@ (b)
Figure 3.34 Ripple at output of a rectifier.

Vout(t) = (Vp - VD,on) exp RLCI

0<t<ts, (3.75)

where we have chosen = 0 for simplicity. To ensure a small ripple?, C; must be much
greater than; — t;; thus, noting thaéxp(—e) ~ 1 — e fore <« 1,

t

ou ~ — on) | 1— g
Voua 0) = V= Von) (1= 7 (376)
Vo =Voion

~(V,—Vbon) — .
(p D7) RL Cl

(3.77)
The first term on the right hand side represents the initial condition acfpssid the second
term, a falling ramp—as if a constant current equa(itp — Vp )/ R discharge€’; .15 This
result should not come as a surprise because the nearly constant voltagefgcresslts in a
relatively constant current equal (o, — Vp on)/ Rz

The peak-to-peak amplitude of the ripple is equal to the amount of discharge @t Since
ty — t3 is equal to the input period;,,, we writets — t; = Ty, — AT, whereAT' (= t, — t3)
denotes the time during whidh, is on. Thus,

— Vp - VD,on Tin — AT

-
i RL C,

(3.78)

Recognizing that iiC; discharges by a small amount, then the diode turns on for only a brief
period, we can assumkT’ < T}, and hence

~ Vp - VD,on Tin

\% - — 3.79
R 7, C, (3.79)

Vp - VD on
N 3.80
RiCi fin (3.80)

*This section can be skipped in a first reading.
I5Recall thatl = C'dV/dt and hencelV = (I/C)dt.
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wheref;, = T L.

m

B o ———————————————
%r converts the 110-V, 60-Hz line voltage to a peak-to-peak swing of 9 V. A half-
wave rectifier follows the transformer to supply the power to the laptop computer of Example
3.25. Determine the minimum value of the filter capacitor that maintains the ripple below 0.1 V.
AssumeVp ,, = 0.8 V.

We havel, = 4.5V, Ry = 0.436 Q, andT}, = 16.7 ms. Thus,

Vp — VD on Tin
C, =t =0 " 3.81
1 " R, (3.81)
= 1.417F. (3.82)

This is a very large value. The designer must trade the ripple amplitude with the size, weight, and
cost of the capacitor. In fact, limitations on size, weight, and cost of the adaptor may dictate a
much greater ripple, e.g., 0.5V, thereby demanding that the circuit following the rectifier tolerate
such a large, periodic variation.

Exercise
Repeat the above example for 220-V, 50-Hz line voltage, assuming the transformer still
produces a peak-to-peak swing of 9 V. Which mains frequency gives a more desirable choice of
C,?

In many cases, the current drawn by the load is known. Repeating the above analysis with the
load represented by a constant current source or simply vieing Vp .,.)/Rr in Eq. (3.80)
as the load currenfy,, we can write

Iy,

VR - lezn

(3.83)

Diode Peak Current * We noted in Fig. 3.30(b) that the diode must exhibit a reverse break-
down voltage of at least 2,)/ Another important parameter of the diode is the maximum forward
bias current that it must tolerate. For a given junction doping profile and geometry, if the current
exceeds a certain limit, the power dissipated in the died& ) may raise the junction tem-
perature so much as to damage the device.

We recognize from Fig. 3.35, that the diode current in forward bias consists of two compo-
nents: (1) the transient current drawn @y, C,dV,,:/dt, and (2) the current supplied @y,
approximately equal t6V,, — Vp o)/ Rr.. The peak diode current therefore occurs when the first
component reaches a maximum, i.e., at the pdintturns on because the slope of the output
waveform is maximum. Assumintp ., < V), for simplicity, we note that the point at which
D, turns onis given bW, (t1) =V, — Vg. Thus, forV;,,(t) =V, sinw,t,

Vp sin wmtl = Vp — VR, (384)

*This section can be skipped in a first reading.
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Figure 3.35 Rectifier circuit for calculation of .

and hence

sinwmtl =1- E (385)
Vo

With Vp ., neglected, we also havé,,; (t) = V;, (t), obtaining the diode current as

dVour V]
Ip,(t) = C,— + 2 3.86
pi(t) = C1 7 +RL (3.86)
Vo
= Ciw;nVp coswipnt + ——. (3.87)
Ry,
This current reaches a peaktat t;:
Ip = Clmep COS wmtl + _p, (388)
Ry,
which, from (3.85), reduces to
Ve\® W,
I, = in 1-(1—-=—= L 3.89
» = CiwinVy ( V,,) + %, (3.89)
2Ve V2
= CwinVpy | =2 — B 4 2 3.90
inte\ Ty, T v T Ry (3.90)
SinceVy < V,, we neglect the second term under the square root:
VgV,
I, ~ CrwinVpy | — + == 3.91
P 1WinVp v, +RL ( )
Vp 2VR
~ — | RLCiwipny | — +1]. 3.92
RL( rCiw v, + > ( )

!ma 3.28
etermine the peak diode current in Example 3.27 assuiiiyg, ~ 0 andC; = 1.417F.

We havel, = 4.5V, Ry = 0.436 Q, w;;, = 27(60 Hz), andVy = 0.1 V. Thus,

I, =51TA. (3.93)
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This value is extremely large. Note that the current draw@'bis much greater than that flowing
throughRy,.

Exercise
Repeat the above exampleif = 1000 uF.

Full-Wave Rectifier ~ The half-wave rectifier studied above blocks the negative half cycles of
the input, allowing the filter capacitor to be discharged by the load for almost the entire period.
The circuit therefore suffers from a large ripple in the presence of a heavy load (a high current).
It is possible to reduce the ripple voltage by a factor of two through a simple modification.
lllustrated in Fig. 3.36(a), the idea is to pass both positive and negative half cycles to the output,
but with the negative half cycléaverted(i.e., multiplied by—1). We first implement a circuit
that performs this function [called a “full-wave rectifier” (FWR)] and next prove that it indeed
exhibits a smaller ripple. We begin with the assumption that the diodes are ideal to simplify
the task of circuit synthesis. Figure 3.36(b) depicts the desired input/output characteristic of the
full-wave rectifier.

VOUt

Vout

(b)

Figure 3.36 (a) Input and output waveforms and (b) input/output characteristic of a full-wave rectifier.

Consider the two half-wave rectifiers shown in Fig. 3.37(a), where one blocks negative half
cycles and the other, positive half cycles. Can we combine these circuits to realize a full-wave
rectifier? We may attempt the circuit in Fig. 3.37(b), but, unfortunately, the output contains both
positive and negative half cycles, i.e., no rectification is performed because the negative half
cycles are not inverted. Thus, the problem is reduced to that illustrated in Fig. 3.37(c): we must
first design a half-wave rectifier thaverts Shown in Fig. 3.37(d) is such a topology, which can
also be redrawn as in Fig. 3.37(e) for simplicity. Note the polarity’nf in the two diagrams.
Here, ifV;,, < 0, bothD, andD; are on and’,,;, = —V;,. Conversely, if;,, > 0, both diodes
are off, yielding a zero current throug®, and hencé/,,; = 0. In analogy with this circuit,
we also compose that in Fig. 3.37(f), which simply blocks the negative input half cycles; i.e.,
Vour = 0for V3, < 0andV,,; = V3, for v;,, > 0.

With the foregoing developments, we can how combine the topologies of Figs. 3.37(d) and (f)
to form a full-wave rectifier. Depicted in Fig. 3.38(a), the resulting circuit passes the negative half
cycles throughD; and D, with a sign reversal [as in Fig. 3.37(d)] and the positive half cycles
throughD3; andD, with no sign reversal [as in Fig. 3.37(f)]. This configuration is usually drawn
as in Fig. 3.38(b) and called a “bridge rectifier.”

Let us summarize our thoughts with the aid of the circuit shown in Fig. 3.38(k), Ik 0,

D, and D, are on andD3; and D, are off, reducing the circuit to that shown in Fig. 3.38(c) and
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o—kK}———o ———o
o— o + — +
_Q_ s R = Vin R = Vout Vin R = Vout
T U > : > 5
o—DfF——e——o o—K——e——o
R ° D D
1 4

(c) (d) (e) (U]
Figure 3.37 (@) Rectification of each half cycle, (b) no rectification, (c) rectification and inversion, (d)
realization of (c), (e) path for negative half cycles, (f) path for positive half cycles.

X
| 5
By
e
AAA
AAAJ
1 g<

(© (d)

Figure 3.38 (a) Full-wave rectifier, (b) simplified diagram, (c) current path for negative input, (d) current
path for positive input.

yielding V,.; = —V;,. On the other hand, i¥;,, > 0, the bridge is simplified as shown in Fig.
3.38(d), and/,; = Vi

How do these results change if the diodes are not ideal? Figures 3.38(c) and (d) reveal that the
circuit introduceswo forward-biased diodes in series wilty,, yieldingV,,: = —Vip, — 2V on
for V;,, < 0. By contrast, the half-wave rectifier in Fig. 3.28 produtgs = Vin, — Vp,on. The
drop of2Vp ., may pose difficulty ifl/, is relatively small and the output voltage must be close
to V.

mm R e
ssuming a constant-voltage model for the diodes, plot the input/output characteristic of a
full-wave rectifier.

The output remains equal to zero 16f,| < 2Vp ., and “tracks” the input fofVi,| > Vb on
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with a slope of unity. Figure 3.39 plots the result.
out

\ / Vout
Vin t

-2 VD,on +2VD|on

Figure 3.39 Input/output characteristic of full-wave rectifier with nonideal diodes.

Exercise
What is the slope of the characteristic {oF,| > 2Vp ,,,?

We now redraw the bridge once more and add the smoothing capacitor to arrive at the com-
plete design [Fig. 3.40(a)]. Since the capacitor discharge occurs for about half of the input cycle,
the ripple is approximately equal to half of that in Eq. (3.80):

-y

(b)

Figure 3.40 (a) Ripple in full-wave rectifier, (b) equivalent circuit.

1 V,~2Vpon

~ 3.94
Ve 2 RiCifin ( )

where the numerator reflects the droRdb ,,, due to the bridge.
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In addition to a lower ripple, the full-wave rectifier offers another important advantage: the
maximum reverse bias voltage across each diode is approximately edgatather thar2V/,.
As illustrated in Fig. 3.40(b), wheW, is nearl/, andDs is on, the voltage acrods,, Vag, is
simply equal toVp o, + Vour =V, — Vp,on- A similar argument applies to the other diodes.

Another point of contrast between half-wave and full-wave rectifiers is that the former has a
common terminal between the input and output ports (n@de Fig. 3.28), whereas the latter
does not. In Problem 38, we study the effect of shorting the input and output grounds of a full-
wave rectifier and conclude that it disrupts the operation of the circuit.

mm 3.30 —————————————————————————————
ot the currents carried by each diode in a bridge rectifier as a function of time for a sinusoidal
input. Assume no smoothing capacitor is connected to the output.

From Figs. 3.38(c) and (d), we haVg,: = —Vi, + 2Vp o, for Vi, < —2Vp op andV,y: =
Vin — 2Vp on fOr Vi, > +2Vp o, In each half cycle, two of the diodes carry a current equal to
Vout / R1, @and the other two remain off. Thus, the diode currents appear as shown in Fig. 3.41.

Figure 3.41 Currents carried by diodes in a full-wave rectifier.

Exercise
Sketch the power consumed in each diode as a function of time.

The results of our study are summarized in Fig. 3.42. While using two more diodes, full-wave
rectifiers exhibit a lower ripple and require only half the diode breakdown voltage, well justifying
their use in adaptors and chargéfs.

16The four diodes are typically manufactured in a single package having four terminals.
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Reverse Bias & 2Vp Reverse Bias =& V,

@ (b)

Figure 3.42 Summary of rectifier circuits.

m 3.3] ———————————————————————————————
esign a full-wave rectifier to deliver an average power of 2 W to a cellphone with a voltage of
3.6 Vand aripple of 0.2 V.

We begin with the required input swing. Since the output voltage is approximately equal to
Vp — 2VD on, We have

Vinp =36V +2Vp on (3.95)

~52V. (3.96)

Thus, the transformer preceding the rectifier must step the line voltagé/(1,10or 220V ,.,,.5)
down to a peak value of 5.2 V.

Next, we determine the minimum value of the smoothing capacitor that ensgres0.2 V.
Rewriting Eqg. (3.83) for a full-wave rectifier gives

Iy

= 3.97
VR 2C11fzn ( )

2W 1
= —- . 3.98
3.6V 2Cifin ( )

ForVg = 0.2V and f;,, = 60 Hz,

Cy = 23,000 uF. (3.99)

The diodes must withstand a reverse bias voltage of 5.2 V.

Exercise
If cost and size limitations impose a maximum value of 1@80on the smoothing capacitor,
what is the maximum allowable power drain in the above example?

99
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mm 3 3

radio frequency signal received and amplified by a cellphone exhibits a peak swing of 10 mV.
We wish to generate a dc voltage representing the signal amplitude [Eq. (3.8)]. Is it possible to
use the half-wave or full-wave rectifiers studied above?

No, it is not. Owing to its small amplitude, the signal cannot turn actual diodes on and off,
resulting in a zero output. For such signal levels, “precision rectification” is necessary, a subject
studied in Chapter 8.

Exercise
What if a constant voltage of 0.8 V is added to the desired signal?

3.5.2 Voltage Regulation

The adaptor circuit studied above generally proves inadequate. Due to the significant variation
of the line voltage, the peak amplitude produced by the transformer and hence the dc output vary
considerably, possibly exceeding the maximum level that can be tolerated by the load (e.g., a
cellphone). Furthermore, the ripple may become seriously objectionable in many applications.
For example, if the adaptor supplies power to a stereo, the 120-Hz ripple can be heard from the
speakers. Moreover, the finite output impedance of the transformer leads to chariggéfithe
current drawn by the load varies. For these reasons, the circuit of Fig. 3.40(a) is often followed
by a “voltage regulator” so as to provide a constant output.

We have already encountered a voltage regulator without calling it such: the circuit studied
in Example 3.17 provides a voltage of 2.4 V, incurring only an 11-mV change in the output for
a 100-mV variation in the input. We may therefore arrive at the circuit shown in Fig. 3.43 as a
more versatile adaptor having a nominal outpu3p ,,, ~ 2.4 V. Unfortunately, as studied in
Example 3.22, the output voltage varies with the load current.

Diode
Bridge

Figure 3.43 \oltage regulator block diagram.

Figure 3.44(a) shows another regulator circuit employing a Zener diode. Operating in the
reverse breakdown regiol),; exhibits a small-signal resistanaeg,, in the range of 1 to 10,
thus providing a relatively constant output despite input variations i R;. This can be seen
from the small-signal model of Fig. 3.44(b):

*This section can be skipped in a first reading.
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Ry Ry
in Vout Vin Vout

r
Dq d

(@) (b)

Figure 3.44 (a) Regulator using a Zener diode, (b) small-signal equivalent of (a).

D
out — in- 3.100
Vout D +R1U ( )

For example, iffp = 5 Q andR; = 1 k2, then changes iir;,, are attenuated by approximately
a factor of 200 as they appear¥,;. The Zener regulator nonetheless shares the same issue
with the circuit of Fig. 3.43, namely, poor stability if the load current varies significantly.

Our brief study of regulators thus far reveals two important aspects of their design: the stability
of the output with respect to input variations, and the stability of the output with respect to load
current variations. The former is quantified by “line regulation,” defined\&35,; /AV;,,, and
the latter by “load regulation,” defined asV/,,.; /A I} .

'#ﬁima 3.33

n the circuit of Fig. 3.45(a)V;, has a nominal value of 5 \g; = 100 2, andD, has a reverse
breakdown of 2.7 V and a small-signal resistance ¢i.5AssumingVp ., ~ 0.8 V for Dy,
determine the line and load regulation of the circuit.

R1 R1 i
Vin Vout Vin

ra1 Constant +
a2 F'a2 Vout
(a) (b) (c)
Figure 3.45 Circuit using two diodes, (b) small-signal equivalent, (c) load regulation.
Solution
We first determine the bias currentBf and hence its small-signal resistance:
Vin = Vi -V
IDl _ rin D,on D2 (3101)
Ry
= 15mA. (3.102)
Thus,
V
rpp = —— (3.103)
Ip,

1.73 Q. (3.104)
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From the small-signal model of Fig. 3.44(b), we compute the line regulation as

Vout rp1 + TD2

_—— 3.105

Vin rp1 +rp2 + Ry ( )
= 0.063. (3.106)

For load regulation, we assume the input is constant and study the effect of load current varia-
tions. Using the small-signal circuit shown in Fig. 3.45(c) (where= 0 to represent a constant
input), we have

Vout

P 3.107
or F ol (3.107)
That is,
T = ror 4 ra)l| By (3.108)
=6.310Q. (3.109)

This value indicates that a 1-mA change in the load current results in a 6.31-mV change in the
output voltage.

Exercise
Repeat the above example @ = 50 (2 and compare the results.

Figure 3.46 summarizes the results of our study in this section.

11 l ] V+
Ci Load Ei>> o
I- T ]

Load

+—

Figure 3.46 Summary of regulators.

3.5.3 Limiting Circuits

Consider the signal received by a cellphone as the user comes closer to a base station (Fig. 3.47).
As the distance decreases from kilometers to hundreds of meters, the signal level may become
large enough to “saturate” the circuits as it travels through the receiver chain. It is therefore
desirable to “limit” the signal amplitude at a suitable point in the receiver.

How should a limiting circuit behave? For small input levels, the circuit must simply pass the
input to the output, e.g¥,.. = Vin, and as the input level exceeds a “threshold” or “limit,”
the output must remain constant. This behavior must hold for both positive and negative inputs,
translating to the input/output characteristic shown in Fig. 3.48(a). As illustrated in Fig. 3.48(b),
a signal applied to the input emerges at the output with its peak values “clipped’at

We now implement a circuit that exhibits the above behavior. The nonlinear input-output
characteristic suggests that one or more diodes must turn on or Bff, approache< V7. In
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Y LA O

Receiver ‘7 Receiver

o —>-

(@) (b)
Figure 3.47 Signals received (a) far from or (b) near a base station.

VOUt

+VL
_VL

tY
(@ (b)

Figure 3.48 (a) Input/output characteristic of a limiting circuit, (b) response to a sinusoid.

fact, we have already seen simple examples in Figs. 3.11(b) and (c), where the positive half cycles
of the input are clipped at 0 V angl V, respectively. We reexamine the former assuming a more
realistic diode, e.g., the constant-voltage model. As illustrated in Fig. 3.49(a)is equal to

Vin for Vi, < Vp,on @and equal td’p ,,, thereafter.

To serve as a more general limiting circuit, the above topology must satisfy two other con-
ditions. First, the limiting level};,, must be an arbitrary voltage and not necessarily equal to
Vb,on- INspired by the circuit of Fig. 3.11(c), we postulate that a constant voltage source in se-
ries with D, shifts the limiting point, accomplishing this objective. Depicted in Fig. 3.49(b), the
resulting circuit limits ati’;, = Vg1 + Vp ,,. Note thatl’g; can be positive or negative to shift
V1, to higher or lower values, respectively.

Second, the negative valuesigf, must also experience limiting. Beginning with the circuit
of Fig. 3.49(a), we recognize that if the anode and cathode,oére swapped, then the circuit
limits atV;,, = —Vp ., [Fig. 3.50(a)]. Thus, as shown in Fig. 3.50(b), two “antiparallel” diodes
can create a characteristic that limitsdat’p ,,,. Finally, inserting constant voltage sources in
series with the diodes shifts the limiting points to arbitrary levels (Fig. 3.51).

!ma 3.34
signal must be limited a100 mV. AssumingVp ., = 800 mV, design the required limiting
circuit.

Figure 3.52(a) illustrates how the voltage sources must shift the break points. Since the positive
limiting point must shift to the left, the voltage source in series wWithmust benegativeand

equal to 700 mV. Similarly, the source in series with must be positive and equal to 700 mV.
Figure 3.52(b) shows the result.

103
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Vout A

VD,on """ d

ty
(@

Vout A

Vb,on * V1|3 ;

ty

(b)
Figure 3.49 (a) Simple limiter, (b) limiter with level shift.

Exercise
Repeat the above example if the positive values of the signal must be limitezDatmV and
the negative values atl.1 V.

Before concluding this section, we make two observations. First, the circuits studied above ac-
tually display a nonzero slope in the limiting region (Fig. 3.53). This is becau$g, ascreases,
so does the current through the diode that is forward biased and hence the diode Voltage.
Nonetheless, the 60-mV/decade rule expressed by Eq. (2.109) implies that this effect is typically
negligible. Second, we have thus far assurhgg = V;, for =V, < V;,, < +Vp, butitis
possible to realize a non-unity slope in the regigh;; = aVj,.

3.5.4 Voltage Doubler$

Electronic systems typically employ a “global” supply voltage, e.g., 3 V, requiring that the
discrete and integrated circuits operate with such a value. However, the design of some circuits
in the system is greatly simplified if they run fromh@gher supply voltage, e.g., 6 V. “Voltage
doublers” may serve this purpose.

Before studying doublers, it is helpful to review some basic properties of capacitors. First, to
charge one plate of a capacitorta), the other platenustbe charged te-@. Thus, in the circuit
of Fig. 3.54(a), the voltage acro6s cannotchange even i¥;,, changes because the right plate

TRecall thatVp = Vi In(Ip/Is).
*This section can be skipped in a first reading.
I8\pltage doublers are an example of “dc-dc converters.”
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Ry

Figure 3.50 (a) Negative-cycle limiter, (b) limiter for both half cycles.
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— +V,
VD,on \D,on
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(b)

Vout |

\j

Figure 3.51 General limiter and its characteristic.

of C; cannotreceive or release charge£ C'V). SinceV; remains constant, an input change

AV;, directly appears at the output. This is an important observation.

Second, a capacitive voltage divider such as that in Fig. 3.54(b) operates as folldjys. If
becomes more positive, the left plate(®f receives positive charge froh,,, thus requiring that
the right plate absorb negative charge of the same magnitude from the top plateHdiving
lost negative charge, the top plate@f equivalently holds more positive charge, and hence the
bottom plate absorbs negative charge from ground. Note that all four plates receive or release

105 (1)

VOLII

equal amounts of charge because and C> are in series. To determine the changé/ip,,
AV, resulting fromAV;,,, we write the change in the charge 6h asAQ> = Cs - AV,
which also holds folC;: AQ> = AQ:. Thus, the voltage change acrdsSs is equal toCs -
AV,.+/C1. Adding these two voltage changes and equating the resilttg, we have

C>

Ava = _Avout + AVvout-

Ch

(3.110)
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R1

/- Vin _ Vout
+V, —
X Voen Ty AT
+100 mV
700 mV
(@ (b)
Figure 3.52 (a) Example of a limiting circuit, (b) input/output characteristic.
_/‘ Vin
Figure 3.53 Effect of nonideal diodes on limiting characteristic.
+V01_ .
—o I— o
A\ | + C + A\ | + C, + +
n Vin ) ! Vout " Vin é_ ! 6 Vout
- J__. - - J__.
(@ (b)
Figure 3.54 (a) Voltage change at one plate of a capacitor, (b) voltage division.
That is,
i
AVt = =——AV;,. 3.111
out Cl + 02 in ( )

This result is similar to the voltage division expression for resistive dividers, excepCthat
(rather thanCy) appears in the numerator. Interestingly, the circuit of Fig. 3.54(a) is a special
case of the capacitive divider withh, = 0 and hence\V,,,; = AVj,,.

As our first step toward realizing a voltage doubler, recall the result illustrated in Fig. 3.31:
the voltage across the diode in the peak detector exhibits an average vahig ahd, more
importantly, a peak value of2V], (with respect to zero). For further investigation, we redraw
the circuit as shown in Fig. 3.55, where the diode and the capacitors are exchanged and the
voltage acros®; is labeledV,,;. While V,,; in this circuit behaves exactly the samelgs,
in Fig. 3.30(a), we derive the output waveform from a different perspective so as to gain more
insight.

Assuming an ideal diode and a zero initial condition acKkdsswe note that a¥;,, exceeds
zero, the input tends to place positive charge on the left platé; aind hence draw negative
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Figure 3.55 (a) Capacitor-diode circuit and (b) its waveforms.

charge fromD;. ConsequentlyD; turns on, forcing/,.; = 0.'° As the input rises towardl,,,

the voltage acros€’; remains equal td/;,, because its right plate is “pinned” at zero by .

After t = t;, V;, begins to fall and tends to dischargg, i.e., draw positive charge from the
left plate and hence from»,. The diode therefore turns off, reducing the circuit to that in Fig.
3.54(a). From this time, the output simply tracks the changes in the input whikustains a
constant voltage equal 1g,. In particular, ad/;,, varies from+V,, to —V,, the output goes from
zero to—2V,,, and the cycle repeats indefinitely. The output waveform is thus identical to that
obtained in Fig. 3.31(b).

mm 3.35
ot the output waveform of the circuit shown in Fig. 3.56 if the initial condition acdss

zero.
+ Cl + "” ,': t
Vin D1 Vou !
- clu Vin
= A oty ty .
t P t
Vm |—o !
- ¥ \
- Vv
V|n°_"__L H _p
7 L
=
(b) )

@

Figure 3.56 Capacitor-diode circuit and (b) its waveforms.

191f we assumeD; doesnotturn on, then the circuit resembles that in Fig. 3.54(a), requiringWthat rise andD1
turn on.
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AsV;, rises from zero, attempting to place positive charge on the left plate ahd hence draw
negative charge fror,, the diode turns off. As a resulf; directly transfers the input change to
the output for the entire positive half cycle. Aftee ¢, the input tends to push negative charge
into C1, turning Dy on and forcing/,,; = 0. Thus, the voltage acro§% remains equal td7,,
until t = ¢, at which point the direction of the current through andD; must change, turning
D, off. Now, C; carries a voltage equal ig, and transfers the input change to the output; i.e.,
the output tracks the input but with a level shift-s1/,, reaching a peak value af2V/,.

Exercise
Repeat the above example if the right platecafis 1 V more positive than its left plate at
t=0.

We have thus far developed circuits that generate a periodic output with a peak val2g,of
or +2V, for an input sinusoid varying betweesl, and+V,. We surmise that if these circuits
are followed by gpeak detectofe.g., Fig. 3.30(a)], then a constant output equat2d/, or +2V,,
may be produced. Figure 3.57(a) exemplifies this concept, combining the circuit of Fig. 3.56 with
the peak detector of Fig. 3.30(a). Of course, since the peak detector “loads” the first stage when
D, turns on, we must still analyze this circuit carefully and determine whether it indeed operates
as a voltage doubler.

Figure 3.57 Voltage doubler circuit and its waveforms.

We assume ideal diodes, zero initial conditions ac€dsandC>, andC, = Cs. In this case,
the analysis is simplified if we begin with a negative cycle lAsfalls below zero D, turns on,
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pinning nodeX to zero?® Thus, fort < t;, D, remains off and/,,; = 0. At t = ¢;, the voltage
acrossC; reaches-V,. Fort > t1, the input begins to rise and tends to deposit positive charge
on the left plate of’,, turning D, off and yielding the circuit shown in Fig. 3.57.

How doesD, behave in this regime? Sinég, is now rising, we postulate thaty also tends
to increase (from zero), turnin@, on. (If D, remains off, ther; simply transfers the change in
Vin to nodeX, raisingVx and hence turning), on.) As a result, the circuit reduces to a simple
capacitive divider that follows Eq. (3.111):

1
AVvout = §A‘/zn: (3112)

becaus&’; = (5. In other words}Vx andV,,; begin from zero, remain equal, and vary sinu-
soidally but with an amplitude equal ¢, /2. Thus, fromt; to ¢, a change o2V}, in V;,, appears
as a change equal 19, in Vx andV,,;. Note att = ¢», the voltage across§ is zero because
bothV;, andV,,; are equal to+V,.

What happens aftér= t,? SinceV;, begins to fall and tends to draw charge frafm, D,
turns off, maintainingV,,; at +V,. The reader may wonder if something is wrong here; our
objective was to generate an output equallth rather tharl/,. But patience is a virtue and we
must continue the transient analysis. Eor t-, both D; and D, are off, and each capacitor
holds a constant voltage. Since the voltage aofgss zero,Vy = V;,, falling to zero at = 5.

At this point, D, turns on again, allowing’; to charge to-V), att = t4. As V;,, begins to rise
again,D; turns off andD, remains off becausgx = 0 andV,,; = +V),. Now, with the right
plate ofCy floating, Vx tracks the change at the input, reachinl, asV;,, goes from—V,, to

0. Thus,D- turns on att = t5, forming a capacitive divider again. After this time, the output
change is equal to half of the input change, i1, increases from-V,, to +V, + V,,/2 asV,
goes from 0 to+V},. The output has now reachaif, /2.

As is evident from the foregoing analysis, the output continues to ri$é by, /2, V,,/4, etc.,
in each input cycle, approaching a final value of

11
Vout = Vp (1 + 5 + Z + . > (3113)
_ Vpl (3.114)
1=3
=2V, (3.115)

The reader is encouraged to continue the analysis for a few more cycles and verify this trend.

!F’i;l;!ﬂ 3.36
etch the current through; in the doubler circuit as function of time.

Using the diagram in Fig. 3.58(a), noting thiaf andC; carry equal currents wheh, is forward
biased, and writing the current ds, = —C,dV;,/dt, we construct the plot shown in Fig.
3.58(b)?' For0 < t < t;, D; conducts and the peak current corresponds to the maximum slope
of V;,, i.e., immediately aftet = 0. Fromt = t; to ¢t = t3, the diode remains off, repeating the
same behavior in subsequent cycles.

20As always, the reader is encouraged to assume otherwiseXi.eemains off) and arrive at a conflicting result.
2L As usual,Ip; denotes the current flowing from the anode to the cathode.
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Figure 3.58 Diode current in a voltage doubler.

Exercise
Plot the current througlP, in the above example as a function of time.

3.5.5 Diodes as Level Shifters and Switchés

In the design of electronic circuits, we may need to shift the average level of a signal up or down
because the subsequent stage (e.g., an amplifier) may not operate properly with the present dc
level.

Sustaining a relatively constant voltage in forward bias, a diode can be viewed as a battery and
hence a device capable of shifting the signal level. In our first attempt, we consider the circuit
shown in Fig. 3.59(a) as a candidate for shifting the lel@vnby Vp ,,,. However, the diode
current remains unknown and dependent on the next stage. To alleviate this issue we modify the
circuit as depicted in Fig. 3.59(b), whefgdraws a constant current, establishing ,,, across
D, .22 If the current pulled by the next stage is negligible (or at least consfant)is simply
lower thanV;,, by a constant amountp o, .

mﬁma 3.37
esign a circuit that shifts up the dc level of a signalsp o,

To shift the levelup, we apply the input to theathode Also, to obtain a shift oRVp ,,, we
place two diodes in series. Figure 3.60 shows the result.

*This section can be skipped in a first reading.
22The diode is drawn vertically to emphasize that,; is lower thanV;,, .
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i |

(@) (b)

Figure 3.60 Positive voltage shift by two diodes.

Exercise
What happens if; is extremely small?

The level shift circuit of Fig. 3.59(b) can be transformed to an electronic switch. For example,
many applications employ the topology shown in Fig. 3.61(a) to “samiglg acrossC; and
“freeze” the value wheli$; turns off. Let us replacé; with the level shift circuit and allow,
to be turned on and off [Fig. 3.61(b)]. If is on,V,,; tracksV;, except for a level shift equal to
Vb,on- Whenl; turns off, so doed,, evidently disconnecting’; from the input and freezing
the voltage across; .

We used the term “evidently” in the last sentence because the circuit’s true behavior somewhat
differs from the above description. The assumption fhaturns off holds only ifC; draws no
currentfromDy, i.e., only if V;;, —Vj,,; remains less thavip ,,,. Now consider the case illustrated
in Fig. 3.61(c), wherd; turns off att = ¢, allowing C to store a value equal iG,,1 — Vp on.

As the input waveform completes a negative excursion and exdégdatt = ¢,, the diode is
forward-biased again, chargirdgg with the input (in a manner similar to a peak detector). That
is, even thoug is off, D, turns on for part of the cycle.

To resolve this issue, the circuit is modified as shown in Fig. 3.61(d), wheris inserted
betweenD; andC, andI, provides a bias current fdp,. With both 7; and; on, the diodes
operate in forward biasyxy = V;, — Vpi, andV,y = Vx + Vpo = Vi if Vp1 = Vpa.
Thus,V,.: tracksV;, with no level shift. When/; andI, turn off, the circuit reduces to that in
Fig. 3.61(e), where the back-to-back diodes fail to conduct for any valug,of V.., thereby
isolatingC; from the input. In other words, the two diodes and the two current sources form an
electronic switch.
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I Cq Vout Vout Vout
= CK —p | —p

J_I_ ! T €1 T G 4 D1 turns on
= = = D, turns off. =2

~y

ty b

(@) (b) (c)

VOUt

(d) (e)

Figure 3.61 (a) Switched-capacitor circuit, (b) realization of (a) using a diode as a switch, (c) problem of
diode conduction, (d) more complete circuit, (€) equivalent circuit whesnd I, are off.

!ma 3.38
ecall from Chapter 2 that diodes exhibit a junction capacitance in reverse bias. Study the effect
of this capacitance on the operation of the above circuit.

Figure 3.62 shows the equivalent circuit for the case where the diodes are off, suggesting that
the conduction of the input through the junction capacitances disturbs the output. Specifically,
invoking the capacitive divider of Fig. 3.54(b) and assuntifjg = Cj» = C;, we have

Vin O‘C Q—l—" Vout
Cy
lew cp 1

Figure 3.62 Feedthrough in the diode switch.

Gil2 Ay, (3.116)

A out = N 7o 1 o~ in
Vt C]’/2+Cl

To ensure this “feedthrough” is small; must be sufficiently large.

Exercise
Calculate the change in the voltage at the left plat€’gf (with respect to ground) in terms of
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AVip,.

Problems
In the following problems, assunié, ,,, = 800 mV for the constant-voltage diode model.

3.6 Chapter Summary

¢ Silicon contains four atoms in its last orbital. It also contains a small number of free electrons

at room temperature.

e When an electron is freed from a covalent bond, a “hole” is left behind.
e The bandgap energy is the minimum energy required to dislodge an electron from its covalent

bond.

e To increase the number of free carriers, semiconductors are “doped” with certain impurities.

For example, addition of phosphorus to silicon increases the number of free electrons because
phosphorus contains five electrons in its last orbital.

e For doped or undoped semiconductans= n?. For example, in an-type materialp ~ Np

and hence ~ n?/Np .

e Charge carriers move in semiconductors via two mechanisms: drift and diffusion.
e The drift current density is proportional to the electric field and the mobility of the carriers

and is given by, = q(pnn + ppp)E.

e The diffusion current density is proportional to the gradient of the carrier concentration and

given by Jio: = q(Dydn/dx — D,dp/dz).

e A pn junction is a piece of semiconductor that receivetype doping in one section and

p-type doping in an adjacent section.

e The pn junction can be considered in three modes: equilibrium, reverse bias, and forward

bias.

e Upon formation of thepn junction, sharp gradients of carrier densities across the junction

result in a high current of electrons and holes. As the carriers cross, they leave ionized atoms
behind, and a “depletion region” is formed. The electric field created in the depletion region
eventually stops the current flow. This condition is called equilibrium.

e The electric field in the depletion results in a built-in potential across the region equal to

kT/q) In(N4Np)/n?, typically in the range of 700 to 800 mV.

e Under reverse bias, the junction carries negligible current and operates as a capacitor. The

capacitance itself is a function of the voltage applied across the device.

e Under forward bias, the junction carries a current that is an exponential function of the applied

voltage:Is[exp(Vr/Vr) — 1].

¢ Since the exponential model often makes the analysis of circuits difficult, a constant-voltage

model may be used in some cases to estimate the circuit’'s response with less mathematical
labor.

e Under a high reverse bias voltage, junctions break down, conducting a very high current.

Depending on the structure and doping levels of the device, “Zener” or “avalanche” break-
down may occur.

1. Plot the I/V characteristic of the circuit shown in Fig. 3.63.
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X _ D1 X |deal

Figure 3.63

2. If the input in Fig. 3.63 is expressed Hs = V; cos wt, plot the current flowing through the
circuit as a function of time.

3. PlotIx as afunction of/x for the circuit shown in Fig. 3.64 for two caség; = —1 V and
I'x
Ry

Vg <>+ D1 ¥ |deal

+
T
Figure 3.64
VB =+1V.
4. Ifin Fig. 3.64,Vx = V, coswt, plotIx as a function of time for two casebz = —1 V and
VB =+1V.

5. For the circuit depicted in Fig. 3.65, pldt as a function of’x for two casesVg = -1V

Figure 3.65

andVg = +1V.
6. PlotIx andIp; as a function o¥x for the circuit shown in Fig. 3.66. Assumé& > 0.

- Vg Dl_h%ldeal

Ip1

Figure 3.66

7. For the circuit depicted in Fig. 3.67, pldk andg; as a function ofi’yx for two cases:
Ve =—-1VandVp = +1V.

8. In the circuit of Fig. 3.68, plofx and/g; as a function of’x for two casesVp = -1V
andVp = +1 V.

9. Plot the input/output characteristics of the circuits depicted in Fig. 3.69 using an ideal model
for the diodes. Assumgg = 2 V.
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Vi C>+ /R1+EER1 D1 Y Ideal

Figure 3.67
Figure 3.68
V|
Vg B
——o
N * in y
Vm /) Rl :E VOUt —
(b) (c)
Vg
Rl + _
+ +
Vln D; Vout

(e)

Figure 3.69

10.
11.

12.

13.
. Assuming the input is expressedlds = Vj coswt, plot the output of each circuit in Fig.

14

15.

16.

17.

18.

Repeat Problem 9 with a constant-voltage diode model.

If the input is given by,, = 1, coswt, plot the output of each circuit in Fig. 9 as function
of time. Assume an ideal diode model.

Plot the input/output characteristics of the circuits shown in Fig. 3.70 using an ideal model
for the diodes.

Repeat Problem 12 with a constant-voltage diode model.

3.70 as a function of time. Use an ideal diode model.

Assuming a constant-voltage diode model, digt; as a function ofl;,, for the circuits
shown in Fig. 3.71.

In the circuits of Fig. 3.71, plot the current flowing throuBh as a function of/;,,. Assume

a constant-voltage diode model.

For the circuits illustrated in Fig. 3.71, plét,,; as a function of time ifl;,, = Iy coswt.
Assume a constant-voltage model and a relatively ldgge

PlotV,,; as a function off;,, for the circuits shown in Fig. 3.72. Assume a constant-voltage
diode model.
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R.= D1 D Ry VB
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Figure 3.72

19. Plot the current flowing througR; in the circuits of Fig. 3.72 as a function &f,. Assume
a constant-voltage diode model.

20. In the circuits depicted in Fig. 3.72, assuthg = Iy cos wt, wherel is relatively large.
PlotV,,; as a function of time using a constant-voltage diode model.

21. For the circuits shown in Fig. 3.73, plb},; as a function of;,, assuming a constant-voltage
model for the diodes.

22. Plot the current flowing througR; as a function of;,, for the circuits of Fig. 3.73. Assume
a constant-voltage diode model.

23. Plot the input/output characteristic of the circuits illustrated in Fig. 3.74 assuming a constant-
voltage model.
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Figure 3.74

24. Plot the currents flowing througR, andD; as a function o¥/,, for the circuits of Fig. 3.74.
Assume constant-voltage diode model.

25. Plot the input/output characteristic of the circuits illustrated in Fig. 3.75 assuming a constant-
voltage model.

26. Plot the currents flowing througR, andD; as a function o#/,, for the circuits of Fig. 3.75.
Assume constant-voltage diode model.

27. Plot the input/output characteristic of the circuits illustrated in Fig. 3.76 assuming a constant-
voltage model.

28. Plot the currents flowing througR, andD; as a function o#/,, for the circuits of Fig. 3.76.
Assume constant-voltage diode model.

29. Plot the input/output characteristic of the circuits illustrated in Fig. 3.77 assuming a constant-
voltage model andl’g = 2 V.
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30.

31.

32.

33.

34.

35.
36.

Plot the currents flowing througR; andD; as a function o¥/;,, for the circuits of Fig. 3.77.
Assume constant-voltage diode model.

Beginning withVp ., ~ 800 mV for each diode, determine the changelin,: if Vi,
changes from+2.4 V to +2.5 V for the circuits shown in Fig. 3.78.

Beginning withVp ,,, &~ 800 mV for each diode, calculate the changé/y; if I;, changes
from 3 mA to 3.1 mA in the circuits of Fig. 3.79.

In Problem 32, determine the change in the current flowing through tieredistor in each
circuit.

AssumingV;,, = V), sinwt, plot the output waveform of the circuit depicted in Fig. 3.80 for
an initial condition of+0.5 V acrossC;. Assumel, = 5 V.

Repeat Problem 34 for the circuit shown in Fig. 3.81.

Suppose the rectifier of Fig. 3.32 drives a 1@0ead with a peak voltage of 3.5 V. For a
1000F smoothing capacitor, calculate the ripple amplitude if the frequency is 60 Hz.
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37. A 3-V adaptor using a half-wave rectifier must supply a current of 0.5 A with a maximum

38.

39.

40.

41.

42.

ripple of 300 mV. For a frequency of 60 Hz, compute the minimum required smoothing
capacitor.

Assume the input and output grounds in a full-wave rectifier are shorted together. Draw the
output waveform with and without the load capacitor and explain why the circuit does not
operate as a rectifier.

Plot the voltage across each diode in Fig. 3.38(b) as a function of tifdg & 1j cos wt.
Assume a constant-voltage diode model &pd> Vp ,p,.

While constructing a full-wave rectifier, a student mistakenly has swapped the terminals of
D3 as depicted in Fig. 3.82. Explain what happens.

A full-wave rectifier is driven by a sinusoidal inpit,, = Vj coswt, wherely = 3V
andw = 27 (60 Hz). AssumingVp ., = 800 mV, determine the ripple amplitude with a
1000F smoothing capacitor and a load resistance d?30

Suppose the negative terminalsigf andV,,; in Fig. 3.38(b) are shorted together. Plot the
input-output characteristic assuming an ideal diode model and explaining why the circuit
does not operate as a full-wave rectifier.
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43. Suppose in Fig. 3.43, the diodes carry a current of 5 mA and the load, a current of 20 mA. If
the load current increases to 21 mA, what is the change in the total voltage across the three
diodes? Assum&; is much greater thadv.

44. In this problem, we estimate the ripple seen by the load in Fig. 3.43 so as to appreciate
the regulation provided by the diodes. For simplicity, neglect the load. Also+= 60 Hz,
C1 =100 uF, Ry = 1000 2, and the peak voltage produced by the transformer is equal to 5
V.
(a) AssumingR; carries a relatively constant current avig ,, ~ 800 mV, estimate the
ripple amplitude across;.
(b) Using the small-signal model of the diodes, determine the ripple amplitude across the
load.
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45, In the limiting circuit of Fig. 3.51, plot the currents flowing throufh and D, as a function
of time if the input is given by coswt andVy > Vp o, + Va1 and—Vy > —Vp o, — Vpo.

46. Design the limiting circuit of Fig. 3.51 for a negative threshold-ef.9 V and a positive
threshold oft+2.2 V. Assume the input peak voltage is equal to 5 V, the maximum allowable
current through each diode is 2 mA, avig ,,, ~ 800 mV.

47. We wish to design a circuit that exhibits the input/output characteristic shown in Fig. 3.83.
Using 1-K2 resistors, ideal diodes, and other components, construct the circuit.

Vout A

+2V|--ee, — 05
-2V i _

H +2V V;

------- -2V

Figure 3.83

48. “Wave-shaping” applications require the input/output characteristic illustrated in Fig. 3.84.
Using ideal diodes and other components, construct a circuit that provides such a character-

Vout A
P2V s
-4V -2V -
. oV wRY V;
"""" -2V

Figure 3.84

istic. (The value of resistors is not unique.)

49. Suppose a triangular waveform is applied to the characteristic of Fig. 3.84 as shown in Fig.
3.85. Plot the output waveform and note that it is a rough approximation of a sinusoid.
How should the input-output characteristic be modified so that the output becomes a better
approximation of a sinusoid?

SPICE Problems
In the following problems, assunig = 5 x 10716 A,

50. The half-wave rectifier of Fig. 3.86 must deliver a current of 5 mARtofor a peak input
level of 2 V.

(a) Using hand calculations, determine the required value, of
(b) Verify the result by SPICE.

51. In the circuit of Fig. 3.87,R; = 500 2 and R, = 1 k2. Use SPICE to construct the
input/output characteristic for2 V. < V;,, < +2 V. Also, plot the current flowing through
R, as a function oV,.

52. The rectifier shown in Fig. 3.88 is driven by a 60-Hz sinusoid input with a peak amplitude
of 5 V. Using the transient analysis in SPICE,
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(a) Determine the peak-to-peak ripple at the output.

(b) Determine the peak current flowing throuf.

(c) Compute the heaviest load (smallét) that the circuit can drive while maintaining a
ripple less than 2001V ,,,.

53. The circuit of Fig. 3.89 is used in some analog circuits. Plot the input/output characteristic for
-2V <V, < 42V and determine the maximum input range across WHigh—V,,:| < 5
mV.

54. The circuit shown in Fig. 3.90 can provide an approximation of a sinusoid at the output
in response to a triangular input waveform. Using the dc analysis in SPICE to plot the in-
put/output characteristic far < V;, < 4V, determine the values dfg; andVpg, such that
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Vee =+2.5V

Vin VOUt
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Figure 3.89
the characteristic closely resembles a sinusoid.
2kQ
Vout

Figure 3.90
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Physics of Bipolar Transistors

The bipolar transistor was invented in 1945 by Shockley, Brattain, and Bardeen at Bell Lab-
oratories, subsequently replacing vacuum tubes in electronic systems and paving the way for
integrated circuits.

In this chapter, we analyze the structure and operation of bipolar transistors, preparing our-
selves for the study of circuits employing such devices. Following the same thought process as in
Chapter 2 fopn junctions, we aim to understand the physics of the transistor, derive equations
that represent its I/V characteristics, and develop an equivalent model that can be used in circuit
analysis and design. Figure 4 illustrates the sequence of concepts introduced in this chapter.

Voltage—-Controlled Structure of Operation of Large-Signal Small-Signal
Device aIS Amplifying IE:> Bipolar Transistor I::>Bipolar Transistor E> Model E> Model
Element

4.1 General Considerations

In its simplest form, the bipolar transistor can be viewed as a voltage-dependent current source.
We first show how such a current source can form an amplifier and hence why bipolar devices
are useful and interesting.

Consider the voltage-dependent current source depicted in Fig. 4.1(a), fyherpropor-
tional to Vi: I; = KV;. Note thatK has a dimension ofesistance™!. For example, with
K =0.001 27!, an input voltage of 1 V yields an output current of 1 mA. Let us now construct
the circuit shown in Fig. 4.1(b), where a voltage souvge controls/; and the output current
flows through a load resistdty,, producingV,,;. Our objective is to demonstrate that this cir-
cuit can operate as an amplifier, i.®,,; is an amplified replica o¥;,,. Sincel; = V;,, and
Vout = —Rp I, we have

Vout = _KRL‘/;'n- (41)

Interestingly, if K Ry > 1, then the circuit amplifies the input. The negative sign indicates that
the output is an “inverted” replica of the input circuit [Fig. 4.1(b)]. The amplification factor or
“voltage gain” of the circuitAy, is defined as

VOU
Ay = th (4.2)
= KRy, (4.3)
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Figure 4.1 (a) Voltage-dependent current source, (b) simple amplifier.

and depends on both the characteristics of the controlled current source and the load resistor.
Note thatK signifies how strongly; controlsiy, thus directly affecting the gain.

onsider the circuit shown in Fig. 4.2, where the voltage-controlled current source exhibits an
“internal” resistance of;,,. Determine the voltage gain of the circuit.

Figure 4.2 \oltage-dependent current source with an internal resistapce

Sincel; is equal toV;,, regardless of the value of,,, the voltage gain remains unchanged. This
point proves useful in our analyses later.

Exercise
Repeat the above example'jf, = co.

The foregoing study reveals that a voltage-controlled current source can indeed provide sig-
nal amplification. Bipolar transistors are an example of such current sources and can ideally be
modeled as shown in Fig. 4.3. Note that the device contains three terminals and its output current
is an exponential function df;. We will see in Section 4.4.4 that under certain conditions, this
model can be approximated by that in Fig. 4.1(a).

As three-terminal devices, bipolar transistors make the analysis of circuits more difficult. Hav-
ing dealt with two-terminal components such as resistors, capacitors, inductors, and diodes in
elementary circuit analysis and the previous chapters of this book, we are accustomed to a one-
to-one correspondence between the current through and the voltage across each device. With
three-terminal elements, on the other hand, one may consider the current and voltage between
every two terminals, arriving at a complex set of equations. Fortunately, as we develop our under-
standing of the transistor’s operation, we discard some of these current and voltage combinations
as irrelevant, thus obtaining a relatively simple model.

125
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]
Figure 4.3 Exponential voltage-dependent current source.

4.2 Structure of Bipolar Transistor

The bipolar transistor consists of three doped regions forming a sandwich. Shown in Fig. 4.4(a)
is an example comprising ofjalayer sandwiched between tworegions and called ampn”
transistor. The three terminals are called the “base,” the “emitter,” and the “collector.” As ex-
plained later, the emitter “emits” charge carriers and the collector “collects” them while the base
controls the number of carriers that make this journey. The circuit symbol fortheransistor

is shown in Fig. 4.4(b). We denote the terminal voltaged/by Vi, andV¢, and the voltage
differences bWgg, Vo, andVeg. The transistor is labele@; here.

Collector Collector

l ©

Baseo—| p

Emitter
(B)
(a) (b)

Figure 4.4 (a) Structure and (b) circuit symbol of bipolar transistor.

Emitter

We readily note from Fig. 4.4(a) that the device containsjtwgunction diodes: one between
the base and the emitter and another between the base and the collector. For example, if the
base is more positive than the emitt€gz > 0, then this junction is forward-biased. While
this simple diagram may suggest that the device is symmetric with respect to the emitter and the
collector, in reality, the dimensions and doping levels of these two regions are quite different. In
other words E andC' cannot be interchanged. We will also see that proper operation requires a

thin base region, e.g., about 1@0n modern integrated bipolar transistors.

As mentioned in the previous section, the possible combinations of voltages and currents
for a three-terminal device can prove overwhelming. For the device in Fig. 414a),Visc,
and Vo can assume positive or negative values, leadin@*tpossibilities for the terminal
voltages of the transistor. Fortunately, oolyeof these eight combinations finds practical value
and comes into our focus here.

Before continuing with the bipolar transistor, it is instructive to study an interesting effect in
pn junctions. Consider the reverse-biased junction depicted in Fig. 4.5(a) and recall from Chapter
2 that the depletion region sustains a strong electric field. Now suppose an electron is somehow
“injected” from outside into the right side of the depletion region. What happens to this electron?
Serving as a minority carrier on theside, the electron experiences the electric field and is rapidly
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swept away into the: side. The ability of a reverse-biasged junction to efficiently “collect”
externally-injected electrons proves essential to the operation of the bipolar transistor.
Electron injected

e
R,
_:_:_:_58585+1+:+:+
- - - = + + + +
e
o Heiei e
—

E
al i
II
VR

Figure 4.5 Injection of electrons into depletion region.

4.3 Operation of Bipolar Transistor in Active Mode

In this section, we analyze the operation of the transistor, aiming to prove that, under certain
conditions, it indeed acts as a voltage-controlled current source. More specifically, we intend to
show that (a) the current flow from the emitter to the collector can be viewed as a current source
tied between these two terminals, and (b) this current is controlled by the voltage difference
between the base and the emitiész.

We begin our study with the assumption that the base-emitter junction is forward-biased
(Vee > 0) and the base-collector junction is reverse-biadési-( < 0). Under these condi-
tions, we say the device is biased in the “forward active region” or simply in the “active mode.”
For example, with the emitter connected to ground, the base voltage is set to about 0.8 VV and the
collector voltage to dighervalue, e.g., 1 V [Fig. 4.6(a)]. The base-collector junction therefore
experiences a reverse bias of 0.2 V.

+
o T
Vgg =+0.8V I-

I— - - VBE =+0.8V

VCE =+1V

() (b)

Figure 4.6 (a) Bipolar transistor with base and collector bias voltages, (b) simplistic view of bipolar
transistor.

Let us now consider the operation of the transistor in the active mode. We may be tempted
to simplify the example of Fig. 4.6(a) to the equivalent circuit shown in Fig. 4.6(b). After all, it
appears that the bipolar transistor simply consists of two diodes sharing their anodes at the base
terminal. This view implies thab, carries a current anB®, does not; i.e., we should anticipate
current flow from the base to the emitter but no current through the collector terminal. Were this
true, the transistor would not operate as a voltage-controlled current source and would prove of
little value.

To understand why the transistor cannot be modeled as merely two back-to-back diodes, we
must examine the flow of charge inside the device, bearing in mind that the base region is very
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thin. Since the base-emitter junction is forward-biased, electrons flow from the emitter to the
base and holes from the base to the emitter. For proper transistor operation, the former current
component must be much greater than the latter, requiring that the emitter doping level be much
greater than that of the base (Chapter 2). Thus, we denote the emitter region"withere the
superscript emphasizes the high doping level. Figure 4.7(a) summarizes our observations thus
far, indicating that the emitter injects a large number of electrons into the base while receiving a
small number of holes from it.

+ Depletion
Veg =+1V Region g

p I‘

Depletion

Region g

Vge =+0.8 VJI—+_

T
<

(©

Figure 4.7 (a) Flow of electrons and holes through base-emitter junction, (b) electrons approaching col-
lector junction, (c) electrons passing through collector junction.

What happens to electrons as they enter the base? Since the base region is thin, most of
the electrons reach the edge of the collector-base depletion region, beginning to experience the
built-in electric field. Consequently, as illustrated in Fig. 4.5, the electrons are swept into the
collector region (as in Fig. 4.5) and absorbed by the positive battery terminal. Figures 4.7(b) and
(c) illustrate this effect in “slow motion.” We therefore observe that the reverse-biased collector-
base junction carries a current because minority carriers are “injected” into its depletion region.

Let us summarize our thoughts. In the active modeyain bipolar transistor carries a large
number of electrons from the emitter, through the base, to the collector while drawing a small
current of holes through the base terminal. We must now answer several questions. First, how do
electrons travel through the base: by drift or diffusion? Second, how does the resulting current
depend on the terminal voltages? Third, how large is the base current?

Operating as a moderate conductor, the base region sustains but a small electric field, i.e., it
allows most of the field to drop across the base-emitter depletion layer. Thus, as explained for
pn junctions in Chapter 2, the drift current in the base is negligideaving diffusion as the
principal mechanism for the flow of electrons injected by the emitter. In fact, two observations
directly lead to the necessity of diffusion: (1) redrawing the diagram of Fig. 2.29 for the emitter-
base junction [Fig. 4.8(a)], we recognize that the density of electrans-at; is very high; (2)

1 This assumption simplifies the analysis here but may not hold in the general case.
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since any electron arriving at = x> in Fig. 4.8(b) is swept away, the density of electrons falls

to zero at this point. As a result, the electron density in the base assumes the profile depicted in

Fig. 4.8(c), providing a gradient for the diffusion of electrons.

L Ay Reverse L Ay
n + Biased +
Vee Vee
P p I A =ee I
Vee JE / """" X1 VBe JE ................
T X T
- n - n
Forward T T
Biased J:' J:'
@ (b)
i A,
n " y
CE
w I
% S £ceor_Aon SO X )
1
o I_ +
Electron
Density

Figure 4.8 (a) Hole and electron profiles at base-emitter junction, (b) zero electron density near collector,
(c) electron profile in base.

4.3.1 Collector Current

We now address the second question raised above and compute the current flowing from the
collector to the emittet. As a forward-biased diode, the base-emitter junction exhibits a high
concentration of electrons at= z; in Fig. 4.8(c) given by Eq. (2.96):

An(zy) = Nﬁfo (exp V‘}/STE — 1> (4.4)
exp V_T
Np VBE
=5 IBE 4 4.5
: ( p 2 ) (45)

Here,Np andNpg denote the doping levels in the emitter and the base, respectively, and we have
utilized the relationshipexp(Vo/Vr) = NgNg/n?. In this chapter, we assumé&- = 26 mV.
Applying the law of diffusion [EQ. (2.42)], we determine the flow of electrons into the collector
as

J, = and_" (4.6)
dz
= ¢D,, - 0 — An(z1) 4.7)

Wa ’

2In annpn transistor, electrons go from the emitter to the collector. Thus, the conventional direction of the current
is from the collector to the emitter.

129



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 130 (1)

130

Chap. 4 Physics of Bipolar Transistors

whereWWp is the width of the base region. Multipling this quantity by the emitter cross section
area,A g, substituting forAn(x;) from (4.5), and changing the sign to obtain the conventional
current, we obtain

ApqDn} VeE
Ir = L —1]. 4.8
C NoWp €xp Vr (4.8)
In analogy with the diode current equation and assuraindVer/Vr) > 1, we write
V
I = Igexp 22, (4.9)
Vp
where
AEann2
Is = —. 4.10
5= i (4.10)

Equation (4.9) implies that the bipolar transistor indeed operates as a voltage-controlled cur-
rent source, proving a good candidate for amplification. We may alternatively say the transistor
performs “voltage-to-current conversion.”

mﬂ A ——————
etermine the currerty in Fig. 4.9(a) if(); and(),, are identical and operate in the active mode
andV; = Vs,

(b)
Figure 4.9 (a) Two identical transistors drawing current frdrp, (b) equivalence to a single transistor
having twice the area.
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Sincelx = I + Ic», we have

AEann% V1

Ix ~2 —.
X NpWg P Vr

(4.11)

This result can also be viewed as the collector current gihgle transistor having an emitter
area of2Ag. In fact, redrawing the circuit as shown in Fig. 4.9(b) and noting ¢hatind Q-
experience identical voltages at their respective terminals, we say the two transistors are “in
parallel,” operating as a single transistor with twice the emitter area of each.

Exercise
Repeat the above example @#; has an emitter area ofip and Q> an emitter area of
8AE.

mﬂ A o ——————————————
n the circuit of Fig. 4.9(a)(); and(- are identical and operate in the active mode. Determine
Vi — Vo such thatfy = 101¢s.

From Eqg. (4.9), we have

Igex E
Iy _ S ExXP Vi
LT (4.12)
Ios Isexp E
Vr
and hence
Vi—V;
exp ———2 = 10. (4.13)
Vr
That s,
Vi—Va=Vrinlo (4.14)
~ 60mV at T = 300° K. (4.15)

Identical to Eq. (2.109), this result is, of course, expected because the exponential dependence
of I uponVgg indicates a behavior similar to that of diodes. We therefore consider the base-
emitter voltage of the transistor relatively constant and approximately equal to 0.8 V for typical
collector current levels.

Exercise
Repeat the above exampleji and(@- have different emitter areas, i.elg; = nAgs-.
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A
%ete bipolar transistors have a large area, #@.;m x 500 um, whereas modern
integrated devices may have an area as smdlllagm x 0.2 um. Assuming other device pa-
rameters are identical, determine the difference between the base-emitter voltage of two such
transistors for equal collector currents.

From Eq. (4.9), we hav€pr = Vr In(I¢/Is) and hence

I
VBEint — VBEdis = Vrln %, (4.16)
s2

whereVegint = VrIn(Ige/Is2) andVerais = Vrln(Ie1/Is1) denote the base-emitter volt-
ages of the integrated and discrete devices, respectively. Hinged g,

A
Vepint — VBEais = Vrln A—E2 (4.17)
Bl

For this exampled g2 /Ar1 = 2.5 x 108, yielding

VBEint — VBEdis = 383 mV. (4.18)
In practice, howevel/sgint — VBE4is falls in the range of 100 to 150 mV because of differences
in the base width and other parameters. The key point here i¥that 800 mV is a reasonable

approximation for integrated transistors and should be lowered to about 700 mV for discrete
devices.

Exercise
Repeat the above comparison for a very small integrated device with an emitter area of
0.15 pm x 0.15 p

Since many applications deal witholtage quantities, the collector current generated by a
bipolar transistor typically flows through a resistor to produce a voltage.

Example ERs
Determine the output voltage in Fig. 4.10F = 5 x 10716 A,

R. = 1kQ
+
Y 3v

Figure 4.10 Simple stage with biasing.

Using Eg. (4.9), we writd~ = 1.69 mA. This current flows througl®;,, generating a voltage
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drop of 1 K2 x 1.69 mA = 1.69 V. SinceVgg = 3V — Io Ry, we obtain

Viut = 1.31 V. (4.19)

Exercise
What happens if the load resistor is halved.

Equation (4.9) reveals an interesting property of the bipolar transistor: the collector current
does not depend on the collector voltage (so long as the device remains in the active mode). Thus,
for a fixed base-emitter voltage, the device draws a constant current, acting as a current source
[Fig. 4.11(a)]. Plotted in Fig. 4.11(b) is the current as a function of the collector-emitter voltage,
exhibiting a constant value fdicg > V;.? Constant current sources find application in many
electronic circuits and we will see numerous examples of their usage in this book. In Section 4.5,
we study the behavior of the transistor igfg < VgEg.

Ic
Forward Active
| vy Region
exp — f-----
S V. !

T

| \'/l
(@ (b)

Figure 4.11 (a) Bipolar transistor as a current source, (b) I/V characteristic.

Vee

4.3.2 Base and Emitter Currents

Having determined the collector current, we now turn our attention to the base and emitter cur-
rents and their dependence on the terminal voltages. Since the bipolar transistor must satisfy
Kirchoff’s current law, calculation of the base current readily yields the emitter current as well.

In the npn transistor of Fig. 4.12(a), the base currefy, results from the flow of holes.
Recall from Eq. (2.99) that the hole and electron currents in a forward-bjasgthction bear
a constantratio given by the doping levels and other parameters. Thus, the number of holes
entering from the base to the emitter is a constant fraction of the number of electrons traveling
from the emitter to the base. As an example, for every 200 electrons injected by the emitter, one
hole must be supplied by the base.

In practice, the base current contains an additional component of holes. As the electrons in-
jected by the emitter travel through the base, some may “recombine” with the holes [Fig. 4.12(b)];
in essence, some electrons and holes are “wasted” as a result of recombination. For example, on
the average, out of every 200 electrons injected by the emitter, one recombines with a hole.

In summary, the base current must supply holes for both reverse injection into the emitter and
recombination with the electrons traveling toward the collector. We can therefored/yi@as a

3Recall thatV; > V1 is necessary to ensure the collector-base junction remains reverse biased.
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H’E
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Figure 4.12 Base current resulting from holes (a) crossing to emitter and (b) recombining with electrons.

constant fraction of g or a constant fraction af-. It is common to write
Ic = B, (4.20)

whereg is called the “current gain” of the transistor because it shows how much the base current
is “amplified.” Depending on the device structure, thef npn transistors typically ranges from
50 to 200.

In order to determine the emitter current, we apply the KCL to the transistor with the current
directions depicted in Fig. 4.12(a):

Ip=1I1c+1p (4.21)
1
=Ic (1 + —) . (4.22)
B
We can summarize our findings as follows:
Vi
Io = Isexp 22 (4.23)
Vr
1 VBE
Ip=-1I —_— 4.24
B 3 S €exXp Vr ( )
8+1 VBE
Iy = I . 4.25
E 3 S exXp Vr ( )

It is sometimes useful to writé~ = [3/(8 + 1)]Ir and denotes/ (5 + 1) by a. For 3 = 100,
a = 0.99, suggesting that ~ 1 andI~ ~ Ig are reasonable approximations. In this book, we
assume that the collector and emitter currents are approximately equal.

0. O o —

A bipolar transistor havinds = 5 x 10~'¢ A is biased in the forward active region withs z =

750 mV. If the current gain varies from 50 to 200 due to manufacturing variations, calculate the
minimum and maximum terminal currents of the device.

For a givenl/z i, the collector current remains independengof

Ie = Igexp _V§TE (4.26)
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= 1.685mA. (4.27)
The base current varies frofa /200 to I /50:
8.43 nA < Ip < 33.7 pA. (4.28)

On the other hand, the emitter current experiences only a small variation bégause / is
near unity for larges:

1.005I¢ < Ip < 1.021¢ (4.29)
1.693 mA < I < 1.719mA. (4.30)

Exercise
Repeat the above example if the area of the transistor is doubled.

4.4 Bipolar Transistor Models and Characteristics
4.4.1 Large-Signal Model

With our understanding of the transistor operation in the forward active region and the derivation
of Eqgs. (4.23)-(4.25), we can now construct a model that proves useful in the analysis and design
of circuits—in a manner similar to the developments in Chapter 2 fopth@nction.

Since the base-emitter junction is forward-biased in the active mode, we can place a diode
between the base and emitter terminals. Moreover, since the current drawn from the collector and
flowing into the emitter depends on only the base-emitter voltage, we add a voltage-controlled
current source between the collector and the emitter, arriving at the model shown in Fig. 4.13.
As illustrated in Fig. 4.11, this current remains independent of the collector-emitter voltage.

Figure 4.13 Large-signal model of bipolar transistor in active region.

But how do we ensure that the current flowing through the diode is equglxdimes the
collector current? Equation (4.24) suggests that the base currentis equal to that of a diode having
areverse saturation currentlf/ 5. Thus, the base-emitter junction is modeled by a diode whose
cross section area ig g times that of the actual emitter area.

With the interdependencies of currents and voltages in a bipolar transistor, the reader may
wonder about the cause and effect relationships. We view the chain of dependengigs-as
I — Ip — Ig; i.e., the base-emitter voltage generates a collector current, which requires a
proportional base current, and the sum of the two flows through the emitter.

A, o ———
Consider the circuit shown in Fig. 4.14(a), whékeg: = 5 x 107'7 A and Vg = 800 mV.
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s A
)
2.0

1.424

0.800 : .

500 1041 R (Q)
(b)
Figure 4.14 (a) Simple stage with biasing, (b) variation of collector voltage as a function of collector

resistance.

Assumei = 100. (a) Determine the transistor terminal currents and voltages and verify that the
device indeed operates in the active mode. (b) Determine the maximum vabgetbat permits
operation in the active mode.

(a) Using Eq. (4.23)-(4.25), we have

Ic = 1.153 mA (4.31)
Ip = 11.53 uA (4.32)
Ip = 1.165 mA. (4.33)

The base and emitter voltages are equat-&)0 mV and zero, respectively. We must now cal-
culate the collector voltagé/x . Writing a KVL from the 2-V power supply and acro&s- and
1, we obtain

Voo = Rolo + Vx. (4.34)
That is,
Vx =1.424 V. (4.35)

Since the collector voltage is more positive than the base voltage, this junction is reverse-biased
and the transistor operates in the active mode.

(b)What happens to the circuit d&- increases? Since the voltage drop across the resistor,
R¢Iq, increases whil&®- ¢ is constant, the voltage at nodedrops The device approaches the
“edge” of the forward active region if the base-collector voltage falls to zero, i.&€xas +800
mV. Rewriting Eq. (4.34) yields:

_ Voo — Vx

R
c To

(4.36)

which, forVy = +800 mV, reduces to
Rc =1041 Q. (4.37)

Figure 4.14(b) plotd’x as a function ofR¢.
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This example implies that there exists a maximum allowable value of the collector resistance,
R¢, in the circuit of Fig. 4.14(a). As we will see in Chapter 5, this limits the voltage gain that
the circuit can provide.

Exercise
In the above example, what is the minimum allowable valu&gf for transistor operation in
the active mode? Assunie~ = 500 (2.

The reader may wonder why the equivalent circuit of Fig. 4.13 is called the “large-signal
model.” After all, the above example apparently contaiosignals! This terminology empha-
sizes that the model can be usedddritrarily large voltage and current changes in the transistor
(so long as the device operates in the active mode). For example, if the base-emitter voltage
varies from 800 mV to 300 mV, and hence the collector current by noashgrs of magnitudé
the model still applies. This is in contrast to the small-signal model, studied in Section 4.4.4.

4.4.2 1/V Characteristics

The large-signal model naturally leads to the 1/V characteristics of the transistor. With three ter-
minal currents and voltages, we may envision plotting different currents as a function of the
potential difference between every two terminals—an elaborate task. However, as explained be-
low, only a few of such characteristics prove useful.

The first characteristic to study is, of course, the exponential relationship inherent in the de-
vice. Figure 4.15(a) ploté~ versusVgp with the assumption that the collector voltage is con-
stant and no lower than the base voltage. As shown in Fig. 41is,independent of - g; thus,
different values ol i do not alter the characteristic.

IcA
V,
Isexp —=2 |.... VBe = Va2
VT
V,
Isexp BEL | VBe = Va1
_ Vy
VBE ”

(a) (b)
Figure 4.15 Collector current as a function of (a) base-emitter voltage and (b) collector-emitter voltage.
Next, we examind for a givenVgg but with Vo g varying. lllustrated in Fig. 4.15(b), the
characteristic is a horizontal line becaugeis constant if the device remains in the active mode

(Ver > VaEg). On the other hand, if different values are chosenWigg, the characteristic
moves up or down.

4A 500-mV change i/ leads 10500 mV /60 mV = 8.3 decades of change if;.
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The two plots of Fig. 4.15 constitute the principal characteristics of interest in most analysis
and design tasks. Equations (4.24) and (4.25) suggest that the base and emitter currents follow
the same behavior.

SCUYY 4.8 ——
For a bipolar transistofls = 5 x 10~!7 A and 8 = 100. Construct thelo-Vzg, Ic-Veog,
Ig-VgeE, andIg-V-E characteristics.

We determine a few points along tlie-Vg g characteristics, e.g.,

Vepr = 700 mV = Io; = 24.6 pA (4.38)
Veps = 750 mV = Ics = 169 puA (4.39)
Vers = 800mV = I = 1.153 mA. (4.40)

The characteristic is depicted in Fig. 4.16(a).
oA IcA

1.153 mA 1.153 MA oo Vg =800 MV

169 HA 169 PA |- s e Ve = 750 MV

24.6 PHA

24.6 PA|----- —_— Vg =700 mV

-
-

Vee

(b)

o IgA

115 pA 115 PA|— Vg =800 mV
0.169 UA 0.169 UA | Ve =750mV
0.025 HA 0.025 PA | Vge =700mV

,8 E § VBE Vee
(mv)
(© (d)

Figure 4.16 (@) Collector current as a function dfz g, (b) collector current as a function & g, (c)
base current as a function B g, (b) base current as a function4f g .

Using the values obtained above, we can also plof th& g characteristic as shown in Fig.
4.16(b), concluding that the transistor operates as a constant current source of, eué. jfit9
base-emitter voltage is held at 750 mV. We also remark that, for equal increménisinc
jumps by increasingly greater steps: 24/4to 169 A to 1.153 mA. We return to this property
in Section 4.4.3.

For Iz characteristics, we simply divide tle values by 100 [Figs. 4.16(c) and (d)].
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Exercise
What change ig g doubles the base current?

The reader may wonder what exactly we learn from the I/V characteristics. After all, com-
pared to Egs. (4.23)-(4.25), the plots impart no additional information. However, as we will see
throughout this book, the visualization of equations by means of such plots greatly enhances our
understanding of the devices and the circuits employing them.

4.4.3 Concept of Transconductance

Our study thus far shows that the bipolar transistor acts as a voltage-dependent current source
(when operating in the forward active region). An important question that arises here is, how is
the performanceof such a device quantified? In other words, what is the measure of the “good-
ness” of a voltage-dependent current source?

The example depicted in Fig. 4.1 suggests that the device becomes “strongeMazases
because a given input voltage yields a larger output current. We must therefore concentrate on the
voltage-to-current conversion property of the transistor, particularly as it relates to amplification
of signals. More specifically, we ask, if a signal changes the base-emitter voltage of a transistor
by a small amount (Fig. 4.17), how muchanges produced in the collector current? Denoting
the change i~ by Alq, we recognize that the “strength” of the device can be represented by
Alo/AVpg. For example, if a base-emitter voltage change of 1 mV resultsAd@a of 0.1
mA in one transistor and 0.5 mA in another, we can view the latter as a better voltage-dependent
current source or “voltage-to-current converter.”

Figure 4.17 Test circuit for measurement ¢fy, .

The ratioAl-/AVgg approachedl-/dVgg for very small changes and, in the limit, is
called the “transconductance,,:
dIc

= ) 4.41
g pT. (4.41)

Note that this definition applies to any device that approximates a voltage-dependent current
source (e.g., another type of transistor described in Chapter 6). For a bipolar transistor, Eq. (4.9)

gives
d VBE

m = ———  Igexp -ZE 4.42
Im = Gy ( seXp > (4.42)
— — Igexp-LE 4.43
7 s exp 7o (4.43)

I
= —. 4.44
T (4.44)

The close resemblance between this result and the small-signal resistance of diodes [Eq. (3.58)]
is no coincidence and will become clearer in the next chapter.
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Equation (4.44) reveals that, &s increases, the transistor becomes a better amplifying de-
vice by producing larger collector current excursions in response to a given signal level applied
between the base and the emitter. The transconductance may be expréssedirisiemens,”

S. For example, if = 1 mA, then withV’7 = 26 mV, we have

gm = 0.0385 Q7! (4.45)
=0.0385S (4.46)
= 38.5mS. (4.47)

However, as we will see throughout this book, it is often helpful to vigwas the inverse of a
resistance; e.g., fdiz = 1 mA, we may write

1
Im =550 (4.48)

The concept of transconductance can be visualized with the aid of the transistor I/V charac-
teristics. As shown in Fig. 4.18,,, = dI/dVpE simply represents the slope bf-Vpp char-
acteristic at a given collector currerdt;, and the corresponding base-emitter voltdgeg,.

In other words, ifl’g g experiences a small perturbatiem\ V' aroundVggq, then the collector
current displays a change sfy,,, AV aroundl, whereg,, = Ico/Vr. Thus, the value of -
must be chosen according to the requiggdand, ultimately, the required gain. We say the tran-
sistor is “biased” at a collector current ffy, meaning the device carries a bias (or “quiescent”)
current ofIq in the absence of signals.

Figure 4.18 lllustration of transconductance.

mm A o ———————
onsider the circuit shown in Fig. 4.19(a). What happens to the transconductafj¢dfdhe

area of the device is increased by a facton®f |
Nico

(b)

Figure 4.19 (a) One transistor and (k) transistors providing transconductance.

5Unless otherwise stated, we use the term “bias current” to refer to the collector bias current.
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Sincels «x Ag, Is is multiplied by the same factor. Thug; = Is exp(Vgg/Vr) also rises by

a factor ofn becausé/gg is constant. As a result, the transconductance increases by a factor of
n. From another perspective,rifidentical transistors, each carrying a collector currenfQf

are placed in parallel, then the composite device exhibits a transconductance egqtiah¢s

that of each. [Fig. 4.19(b)]. On the other hand, if the total collector current remains unchanged,
then so does the transconductance.

Exercise
Repeat the above exampldif gq is reduced by Inn.

It is also possible to study the transconductance in the context dfti& g characteristics
of the transistor with/’g g as a parameter. lllustrated in Fig. 4.20 for two different bias currents
I~ andIgs, the plots reveal that a changeA&V in Vg results in a greater change ip for
operation around¢» than around¢; because,,,> > gm1-

Ich g
_____ — U Vg =Vt AV

lea|-- T Vee = Ve2

..... v Vg = Vgy + AV
lei]--- T Vee = Ve
9., Av
Ve

Figure 4.20 Transconductance for different collector bias currents.

The derivation ofy,, in Eqs. (4.42)-(4.44) suggests that the transconductance is fundamen-
tally a function of the collector current rather than the base current. For examplereéimains
constant bui varies, thery,,, does not change bui does. For this reason, the collector bias
current plays a central role in the analysis and design, with the base current viewed as secondary,
often undesirable effect.

As shown in Fig. 4.10, the current produced by the transistor may flow through a resistor to
generate a proportional voltage. We exploit this concept in Chapter 5 to design amplifiers.

4.4.4 Small-Signal Model

Electronic circuits, e.g., amplifiers, may incorporate a large number of transistors, thus posing
great difficulties in the analysis and design. Recall from Chapter 3 that diodes can be reduced
to linear devices through the use of the small-signal model. A similar benefit accrues if a small-
signal model can be developed for transistors.

The derivation of the small-signal model from the large-signal counterpart is relatively
straightforward. We perturb the voltage difference between every two terminals (while the third
terminal remains at a constant potential), determine the changes in the currents flowing through
all terminals, and represent the results by proper circuit elements such as controlled current
sources or resistors. Figure 4.21 depicts two conceptual examplesWghe V¢ g is changed
by AV and the changes ift, Ig, and/g are examined.
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Figure 4.21 Excitation of bipolar transistor with small changes in (a) base-emitter and (b) collector-
emitter voltage.

Let us begin with a change g while the collector voltage is constant (Fig. 4.22). We
know from the definition of transconductance that

Alc= gmAVBE Alc

Figure 4.22 Development of small-signal model.

AIC = gmAVBE, (449)

concluding that a voltage-controlled current source must be connected between the collector and
the emitter with a value equal tg,, AV'. For simplicity, we denot& Vg by v, and the change
in the collector current by, v,

The change i/ creates another change as well;

AL, = Bl (4.50)
g
- %”AVBE. (4.51)

That is, if the base-emitter voltage changesXdygg, the current flowing between these two
terminals changes b,/ 3) AV E. Since the voltage and current correspond to the same two
terminals, they can be related by Ohm’s Law, i.e., by a resistor placed between the base and
emitter having a value:

_ AVgg

4.52
Al (4.52)

I'r
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= ﬁ (4.53)
Im
Thus, the forward-biased diode between the base and the emitter is modeled by a small-signal
resistance equal t8/g,,. This result is expected because the diode carries a bias current equal
to I/ and, from Eq. (3.58), exhibits a small-signal resistanc&ef(I-/5) = 8(Vr/Ic) =
ﬁ/gm-

We now turn our attention to the collector and apply a voltage change with respect to the
emitter (Fig. 4.23). As illustrated in Fig. 4.11, for a const&ptz, the collector voltage has no
effect onl- or Iy becausd = Isexp(Vpr/Vr) andip = Ic/f. SinceAVeg leads to no
change in any of the terminal currents, the model developed in Fig. 4.22 need not be altered.

Al

J_' Mee [

Ve

Figure 4.23 Response of bipolar transistor to small chang®/ir:.

How about a change in the collector-base voltage? As studied in Problem 18, such a change
also results in a zero change in the terminal currents.

The simple small-signal model developed in Fig. 4.22 serves as a powerful, versatile tool in
the analysis and design of bipolar circuits. We should remark that both parameters of the model,
gm andr,, depend on the bias current of the device. With a high collector bias current, a greater
gm 1S Obtained, but the impedance between the base and emitter falls to lower values. Studied in
Chapter 5, this trade-off proves undesirable in some cases.

mm A 1O
onsider the circuit shown in Fig. 4.24(a), whererepresents the signal generated by a mi-
crophonels = 3 x 10719 A, 8 = 100, andQ; operates in the active mode. (a)uf = 0,

Vi

800 mV

(@ (b)

Figure 4.24 (a) Transistor with bias and small-signal excitation, (b) small-signal equivalent circuit.

determine the small-signal parametergaf. (b) If the microphone generates a 1-mV signal,
how much change is observed in the collector and base currents?

(a) Writing I = Isexp(Vpr/Vr), we obtain a collector bias current of 6.92 mA g =
800 mV. Thus,

I
9m =

=1 (4.54)
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1
— _ 4.
3.75Q° (4.55)
and
e = ﬂ (4.56)
Im
=3750. (4.57)

(b) Drawing the small-signal equivalent of the circuit as shown in Fig. 4.24(b) and recognizing
thatv, = vy, we obtain the change in the collector current as:

Alo = gy (4.58)
1mV
— - 4.
3.75Q (4.59)
= 0.267 mA. (4.60)

The equivalent circuit also predicts the change in the base current as

U1

Alg = (4.61)
Tr
1mV
=370 (4.62)
= 2.67 uA, (4.63)

which is, of course, equal tAl-/f.

Exercise
Repeat the above exampld§ is halved.

The above example is not a useful circuit. The microphone signal produces a chdage in
but the result flows through the 1.8-V battery. In other words, the circuit generates no output. On
the other hand, if the collector current flows through a resistor, a useful output is provided.

mm A 1 o ——

e circuit of Fig. 4.24(a) is modified as shown in Fig. 4.25, where resigtoiconverts the
collector current to a voltage. (a) Verify that the transistor operates in the active mode. (b)
Determine the output signal level if the microphone produces a 1-mV signal.

Solution
(a) The collector bias current of 6.92 mA flows throug, leading to a potential drop of
I« Rc = 692 mV. The collector voltage, which is equal 1Q,,, is thus given by:
Vout = Voo — Rele (4.64)
=1.108 V. (4.65)

Since the collector voltage (with respect to ground) is more positive than the base voltage, the
device operates in the active mode.
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= +
Rc= 100 Q Vee=18V

| P

Figure 4.25 Simple stage with bias and small-signal excitation.

(b) As seen in the previous example, a 1-mV microphone signal leads to a 0.267-mA change
in I. Upon flowing throughR, this change yields a change®267 mA x 100 Q = 26.7 mV
in V,.¢. The circuit thereforamplifiesthe input by a factor of 26.7.

Exercise
What value ofR¢ places results in a zero collector-base voltage?

The foregoing example demonstrates the amplification capability of the transistor. We will
study and quantify the behavior of this and other amplifier topologies in the next chapter.

Small-Signal Model of Supply Voltage We have seen that the use of the small-signal
model of diodes and transistors can simplify the analysis considerably. In such an analysis, other
components in the circuit must also be represented by a small-signal model. In particular, we
must determine how the supply voltadé;, behaves with respect to small changes in the
currents and voltages of the circuit.

The key principle here is that the supply voltage (ideally) remagmstanteven though var-
ious voltages and currents within the circuit may change with time. Since the supply does not
change and since the small-signal model of the circuit entails only changes in the quantities, we
observe thaV-« must be replaced with zerovoltage to signify the zero change. Thus, we sim-
ply “ground” the supply voltage in small-signal analysis. Similarly, any other constant voltage
in the circuit is replaced with a ground connection. To emphasize that such grounding holds for
only signals, we sometimes say a node is an “ac ground.”

4.4.5 Early Effect

Our treatment of the bipolar transistor has thus far concentrated on the fundamental principles,
ignoring second-order effects in the device and their representation in the large-signal and small-
signal models. However, some circuits require attention to such effects if meaningful results are
to be obtained. The following example illustrates this point.

!gli;l:la 4.12
onsidering the circuit of Example 4.11, suppose we rélseto 2002 and Vo« to 3.6 V.
Verify that the device operates in the active mode and compute the voltage gain.

The voltage drop acrogg8- now increases t6.92 mA x 200 2 = 1.384V, leading to a collector
voltage 0f3.6 V — 1.384 V = 2.216 V and guaranteeing operation in the active mode. Note that
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if Voo is not doubled, theW,,; = 1.8 V — 1.384 V = 0.416 V and the transistor is not in the
forward active region.

Recall from part (b) of the above example that the change in the output voltage is equal to the
change in the collector current multiplied B¢ . Since R is doubled, the voltage gain must
also double, reaching a value of 53.4. This result is also obtained with the aid of the small-signal
model. lllustrated in Fig. 4.26, the equivalent circuit yields; = —gv-Rc = —gmv1 Re and
hencev,y:/v1 = —gmRc. With g,,, = (3.75 Q)= andR¢ = 200 Q, we havev,,; /v = —53.4.

_||.
RcZ 200 Q
+ 7 +
Vil m= V_T[ ImVm Vout
= n

Figure 4.26 Small-signal equivalent circuit of the stage shown in Fig. 4.25.

Exercise
What happens i = 250 Q7?

This example points to an important trend Hf increases, so does the voltage gain of the
circuit. Does this mean that, R~ — oo, then the gain also grows indefinitely? Does another
mechanism in the circuit, perhaps in the transistor, limit the maximum gain that can be achieved?
Indeed, the “Early effect” translates to a nonideality in the device that can limit the gain of
amplifiers.

To understand this effect, we return to the internal operation of the transistor and reexamine
the claim shown in Fig. 4.11 that “the collector current does not depend on the collector voltage.”
Consider the device shown in Fig. 4.27(a), where the collector voltage is somewhat higher than
the base voltage and the reverse bias across the junction creates a certain depletion region width.
Now supposé’c g is raised td/c g» [Fig. 4.27(b)], thus increasing the reverse bias and widening
the depletion region in the collector and base areas. Since the base charge profile must still
fall to zero at the edge of depletion regiat, theslopeof the profile increases. Equivalently,
the effective base widtH} gz, in Eq. (4.8) decreases, thereby increasing the collector current.
Discovered by Early, this phenomenon poses interesting problems in amplifier design (Chapter
5).

How is the Early effect represented in the transistor model? We must first modify Eq. (4.9)
to include this effect. It can be proved that the rise in the collector currentWith can be
approximately expressed by a multiplicative factor:

ApqDpn? VBE Vee
o = 2B22nT BB 1) (14 B 4,
CT Ngws \TP ) (4.69)
VBE Ve

wherelV g is assumed constant and the second fatter/cz/V.4, models the Early effect. The
guantityV, is called the “Early voltage.”
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~ Veez

(@) (b)
Figure 4.27 (a) Bipolar device with base and collector bias voltages, (b) effect of higher collector voltage.

It is instructive to examine the I/V characteristics of Fig. 4.15 in the presence of Early effect.

For a constantx g, the dependence @f: uponVgg remains exponential but with a somewhat
greater slope [Fig. 4.28(a)]. On the other hand, for a condfgpt the I- Vg characteristic
displays a nonzero slope [Fig. 4.28(b)]. In fact, differentiation of (4.67) with respekt o

yields
5o VBE 1
=1 “BEN (. 4.68
iy =5 (=0 ) () 69
1
zv—i (4.69)

where itis assumetl-r < V4 and hencd¢ =~ Isexp(Ver/Vr). Thisis areasonable approx-
imation in most cases.

With .
Ich Early Effect IcA Earl\;/vg?fect
. . | < ex BEL [ __.. -—m .
' ~e— Without s &Xp < Without
Early Effect T Early Effect
VBE >

Vee
(@) (b)

Figure 4.28 Collector current as a function of (&g z and (b)Vo g with and without Early effect.

The variation off~ with V- in Fig. 4.28(b) reveals that the transistor in fact does not operate
as anideal current source, requiring modification of the perspective shown in Fig. 4.11(a). The
transistor can still be viewed as a two-terminal device but with a current that varies to some extent

!#ﬁ;l:’ﬂ 413
Ipolar transistor carries a collector current of 1 mA withg = 2 V. Determine the required
base-emitter voltage if4 = oo or V4 = 20 V. Assumels =2 x 10716 A,

With V4 = oo, we have from Eq. (4.67)

I
Vep = Vrln = (4.70)
Is

147
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(sexp 2Ly (1 25y
Xp — + =
S PVT A

Figure 4.29 Realistic model of bipolar transistor as a current source.

= 760.3 mV (4.71)
If V4 =20V, we rewrite Eq. (4.67) as
I 1
Vep =Vrln | £ ——— (4.72)
IS 1+ VCE
Va
= 757.8mV. (4.73)

In fact, forVep < Va, we have(l + Vo /Va) = 1 —Vogr/Va

I 1%
Vg ~ Vrln =S + Vpln (1 - =22 (4.74)
Is Va
Ic Ver
~Vrln— —Vr—— 4.75
Tin IS T VA ) ( )

where it is assumelth (1 — ¢) ~ —e fore < 1.

Exercise
Repeat the above example if two such transistors are placed in parallel.

Large-Signal and Small-Signal Models The presence of Early effect alters the transistor
models developed in Sections 4.4.1 and 4.4.4. The large-signal model of Fig. 4.13 must now be
modified to that in Fig. 4.30, where

VBE Vee
I~=11 — 14+ = 4.7
c (SeXpVT><+VA> (4.76)
Ip=—-11 —_— 4.77
b= (1sew ) @77)
Ig =1Ic + Ip. (4.78)

Note that/g is independent of -~ and still given by the base-emitter voltage.
For the small-signal model, we note that the controlled current source remains unchanged and
gm IS expressed as

dIc
Im =

= 4.79



BR

Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 149 (1)

Sec. 4.4 Bipolar Transistor Models and Characteristics

Vee

Figure 4.30 Large-signal model of bipolar transistor including Early effect.

1 VBE Ver
=— |1 — 1+ — 4.
VT<Sexp VT>< + VA> (4.80)
Ic
= —. 4.81
vy (4.81)
Similarly,
N1 (4.82)
Im
_ 5‘1/_7“_ (4.83)
C

Considering that the collector current does vary Withg, let us now apply a voltage change at
the collector and measure the resulting current change [Fig. 4.31(a)]:

o+ Al = (Igexp 222 (14 Vop + AVes ) (4.84)
Vr Va
It follows that
Vee\ AVee
Al = |1 —_— 4.85
c (sexpVT> T (4.85)

which is consistent with Eq. (4.69). Since the voltage and current change correspond to the same
two terminals, they satisfy Ohm'’s Law, yielding an equivalent resistor:

. AVer
ro = AIC (486)
__ Va_ (4.87)
Isexp @
Vr
~ VA (4.88)
Ic

Depicted in Fig. 4.31(b), the small-signal model contains only one extra eleraeito, represent
the Early effect. Called the “output resistance;’ plays a critical role in high-gain amplifiers
(Chapter 5). Note that both, andro are inversely proportionally to the bias curreht,

mm A —————
transistor Is biased at a collector current of 1 mA. Determine the small-signal mgtlel if00
andVy, = 15 V.

149
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B o— ——o C
+
m=Vvn Invn =ro

(b)

Figure 4.31 (a) Small change i g and (b) small-signal model including Early effect.

We have
Ic
= 4.89
g Vo (4.89)
- (4.90)
260 '
and
Tr = L (4.91)
Im
= 2600 Q. (4.92)
Also,
ro = E (493)
Ic
=15 kQ. (4.94)
Exercise

What early voltage is required if the output resistance must reacf225 k

In the next chapter, we return to Example 4.12 and determine the gain of the amplifier in the
presence of the Early effect. We will conclude that the gain is eventually limited by the transistor
output resistance . Figure 4.32 summarizes the concepts studied in this section.

Animportant notion that has emerged from our study of the transistor is the concept of biasing.
We must create proper dc voltages and currents at the device terminals to accomplish two goals:
(1) guarantee operation in the active motlg { > 0, Vog > 0); e.g., the load resistance tied
to the collector faces an upper limit for a given supply voltage (Example 4.7); (2) establish a
collector current that yields the required values for the small-signal paramsgters, andr .

The analysis of amplifiers in the next chapter exercises these ideas extensively.

Finally, we should remark that the small-signal model of Fig. 4.31(b) does not reflect the high-
frequency limitations of the transistor. For example, the base-emitter and base-collector junctions
exhibit a depletion-region capacitance that impacts the speed. These properties are studied in
Chapter 11.
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o VBE
Operation in lc=lsexp —
Active Mode Vr

Large-Signal
Model

Small-Signal
Model

Modified Small-Signal
Model

B o— ——o C

m=vn I.Vn =ro

+
VBE I_

Figure 4.32 Summary of concepts studied thus far.

4.5 Operation of Bipolar Transistor in Saturation Mode

As mentioned in the previous section, it is desirable to operate bipolar devices in the forward
active region, where they act as voltage-controlled current sources. In this section, we study the
behavior of the device outside this region and the resulting difficulties.

Let us setV/py to a typical value, e.g., 750 mV, and vary the collector voltage from a high
level to a low level [Fig. 4.33(a)]. A3 approached’zr, and V- goes from a negative
value toward zero, the base-collector junction experiences less reverse bi&s.Fer Vg,
the junction sustains a zero voltage difference, but its depletion region still absorbs most of the
electrons injected by the emitter into the base. But what happégsif< Vg, i.e.,Vee > 0
and the B-C junction is forward biased? We say the transistor enters the “saturation region.”
Supposd/cr = 550 mV and hencé’z~ = +200 mV. We know from Chapter 2 that a typical
diode sustaining 200 mV of forward bias carries an extremely small cUtiEmas, even in this
case the transistor continues to operate as in the active mode, and we say the device is in “soft
saturation.”

If the collector voltage drops further, the B-C junction experiences greater forward bias, car-

6 About nine orders of magnitude less than one sustaining 75Q #¢:mV — 200 mV) /(60 mV /dec) ~ 9.2.
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Figure 4.33 (a) Bipolar transistor with forward-biased base-collector junction, (b) flow of holes to collec-
tor.

rying a significant current [Fig. 4.33(b)]. Consequently, a large number of holes must be supplied
to the base terminal—asf is reduced. In other words, heavy saturation leads to a sharp rise in
the base current and hence a rapid falBin

!#ﬁima 4.15

Ipolar transistor is biased wittigg = 750 mV and has a nominal of 100. How much B-C
forward bias can the device toleratedifmust not degrade by more thaf%? For simplicity,
assume base-collector and base-emitter junctions have identical structures and doping levels.

If the base-collector junction is forward-biased so much that it carries a current equal to one-
tenth of the nominal base currediz, then theg degrades by 0%. Sincelp = I~/100, the

B-C junction must carry no more thda:/1000. We therefore ask, what B-C voltage results in a
current ofl /1000 if Vg = 750 mV gives a collector current df-? Assuming identical B-E

and B-C junctions, we have

I 1-/1000
VBE — VBC = VT In —C — VT In L (4.95)
Is Is
= Vi In 1000 (4.96)
~ 180 mV. (4.97)

Thatis,Vpc = 570 mV.

Exercise
Repeat the above exampldifp = 800 mV.

Itis instructive to study the transistor large-signal model and I-V characteristics in the satura-
tion region. We construct the model as shown in Fig. 4.34(a), including the base-collector diode.
Note that the net collector curredécreasess the device enters saturation because part of the
controlled currenfs; exp(Vig/Vr) is provided by the B-C diode and need not flow from the
collector terminal. In fact, as illustrated in Fig. 4.34(b), if the collector is left open, ihga is
forward-biased so much that its current becomes equal to the controlled current.

The above observations lead to the- Vg characteristics depicted in Fig. 4.35, whége
begins to fall forVog less thanl, about a few hundred millivolts. The term “saturation” is
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Figure 4.34 (a) Model of bipolar transistor including saturation effects, (b) case of open collector terminal.

used because increasing the base current in this region of operation leads to little change in the
collector current.

Saturation
+ _ Forward
Active Region
+

ok \—ji

-
|

'v Vee
Figure 4.35 Transistor I/V characteristics in different regions of operation.

In addition to a drop i, thespeedf bipolar transistors also degrades in saturation (Chapter
11). Thus, electronic circuits rarely allow operation of bipolar devices in this mode. As a rule of
thumb, we permit soft saturation withs < 400 mV because the current in the B-C junction is
negligible, provided that various tolerances in the component values do not drive the device into
deep saturation.

It is important to recognize that the transistor simply draws a current from any component
tied to its collector, e.g., a resistor. Thus, it is the external component that defines the collector
voltage and hence the region of operation.

mm 2. 10 —————— e —
or the circuit of Fig. 4.36, determine the relationship betw&gnand V¢ that guarantees
operation in soft saturation or active region.

In soft saturation, the collector current is still equalltoexp(Ver/Vr). The collector voltage
must not fall below the base voltage by more than 400 mV:

Voo — Role > Vg — 400 mV;; (4.98)
Thus,

Vee > IcRe + (VBE — 400 mV). (4.99)
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Acceptable
Region

(b)
Figure 4.36 (a) Simple stage, (b) acceptable rangd@pf- andR.

For a given value of2¢, Vo must be sufficiently large so th&t. — I Re still maintains a
reasonable collector voltage.

Exercise
Determine the maximum tolerable value R .

In the deep saturation region, the collector-emitter voltage approaches a constant value called
Ve, sqt (@bout 200 mV). Under this condition, the transistor bears no resemblance to a controlled
current source and can be modeled as shown in Fig. 4.37. (The battery tied between C and E
indicates thal/ g is relatively constant in deep saturation.)

Figure 4.37 Transistor model in deep saturation.

4.6 The PNP Transistor

We have thus far studied the structure and properties ofpheransistor, i.e., with the emitter
and collector made of-type materials and the base made pftgpe material. We may naturally
wonder if the dopant polarities can be inverted in the three regions, formipg tevice.
More importantly, we may wonder why such a device would be useful.

4.6.1 Structure and Operation

Figure 4.38(a) shows the structure opmp transistor, emphasizing that the emitter is heavily
doped. As with thewpn counterpart, operation in the active region requires forward-biasing the
base-emitter junction and reverse-biasing the collector junction. Thys,< 0 andVgc > 0.

Under this condition, majority carriers in the emitter (holes) are injected into the base and swept
away into the collector. Also, a linear profile of holes is formed in the base region to allow
diffusion. A small number of base majority carriers (electrons) are injected into the emitter or
recombined with the holes in the base region, thus creating the base current. Figure 4.38(b)
illustrates the flow of the carriers. All of the operation principles and equations described for
npn transistors apply tpnp devices as well.
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Hole
Density

(d

Figure 4.38 (a) Structure opnptransistor, (b) current flow ipnptransistor, (c) proper biasing, (d) more
intuitive view of (c).

Figure 4.38(c) depicts the symbol of thep transistor along with constant voltage sources
that bias the device in the active region. In contrast to the biasing efthéransistor in Fig. 4.6,
here the base and collector voltageslavesrthan the emitter voltage. Following our convention
of placing more positive nodes on the top of the page, we redraw the circuit as in Fig. 4.38(d) to
emphasizéd/gg > 0 andVgc > 0 and to illustrate the actual direction of current flow into each
terminal.

4.6.2 Large-Signal Model

The current and voltage polaritiessimpn andpnp transistors can be confusing. We address this
issue by making the following observations. (1) The (conventional) current always flows from a
positive supply (i.e., top of the page) toward a lower potential (i.e., bottom of the page). Figure
4.39(a) shows two branches employimgn and pnp transistors, illustrating that the (conven-
tional) current flows from collector to emitter impn devices and from emitter to collector in

pnp counterparts. Since the base current must be included in the emitter current, we note that
I, andI¢c; add up tol; wheread g, “loses” g, before emerging a&--. (2) The distinction

between active and saturation regions is based on the B-C junction bias. The different cases are

summarized in Fig. 4.39(b), where the relative position of the base and collector nodes signifies
their potential difference. We note that apn transistor is in the active mode if the collector
(voltage) isnotlower than the base (voltage). For thep device, on the other hand, the collector
must not behigherthan the base. (3) Thepn current equations (4.23)-(4.25) must be modified

as follows for thepnp device

VEB

Io = Isexp 2B (4.100)
Vr
Is VEB
1, 1s 4.101
B 3 exp Vr ( )
1
o= B e VEB (4.102)

B Vi’
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Active Edge of Saturation
Mode Saturation Mode
N +
_ + 0 - _
le2
! +
ct | Q2 - Vcc Active Edge of Saturation
B2 / - Mode Saturation Mode
Q1 c2
Ig1
leq I_I: ’_I:
+ +
+ 0 -

(a) (b)
Figure 4.39 (a) Woltage and current polarities impn and pnp transistors, (b) illustration of active and
saturation regions.

where the current directions are defined in Fig. 4.40. The only difference betweeprttend

pnp equations relates to the base-emitter voltage that appears in the exponent, an expected result
becausd/zr < 0 for pnp devices and must be changedifpg to create a large exponential

term. Also, the Early effect can be included as

_ Vep Vec
Io = (IS exp > (1 g > : (4.103)
E
Is
B

Ig Ic

Figure 4.40 Large-signal model gbnptransistor.

mm . LT
n the circult shown in Fig. 4.41, determine the terminal current§ pfind verify operation in
the forward active region. Assunig = 2 x 10~'¢ Aand3 = 50, butV, = oo.

1.2V—s

Figure 4.41 Simple stage using pnptransistor.
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We haveVgg =2V — 1.2V = 0.8 V and hence

Vep
Ie =1 —_—
c S €xXp Vr
= 4.61 mA.
It follows that
Ip =92.2 pA
Ip =4.70mA.
We must now compute the collector voltage and hence the bias across the B-C junction. Since
R carriesl¢,
Vx = Relco
=0.922V,

which islower than the base voltage. Invoking the illustration in Fig. 4.39(b), we conclude that

(4.104)
(4.105)

(4.106)
(4.107)

(4.108)
(4.109)

(), operates in the active mode and the use of equations (4.100)-(4.102) is justified.

Exercise

What is the maximum value di is the transistor must remain in soft saturation?

We should mention that some books assume all of the transistor terminal currents flow into
the device, thus requiring that the right-hand side of Egs. (4.100) and (4.101) be multiplied by
a negative sign. We nonetheless continue with our notation as it reflects the actual direction

of currents and proves more efficient in the analysis of circuits containing mygumand pnp

transistors.

mﬂ A, ] G —————
n the circuit of Fig. 4.42);,, represents a signal generated by a microphone. Detefipjpe

for Vi, =0andV;, = +5mVif Ig =1.5 x 10716 A,

Q1
|

V,
) ° cC
out

= 300Q

+
- 25V

Figure 4.42 PNP stage with bias and small-signal voltages.

ForV;, =0, Vgg = +800 mV and we have

_ VEB
Vin=0 = IS exXp ——

1
e} Ve

(4.110)
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= 3.46 mA, (4.111)

and hence
Vout = 1.038 V. (4.112)

If V;,, increases ta-5 mV, Vgg1 = +795 mV and

Ic

Vii—t5mv = 2.85 mA, (4.113)
yielding

Vout = 0.856 V. (4.114)
Note that as the base voltagses the collector voltagéalls, a behavior similar to that of the
npn counterparts in Figs. 4.25. Since a 5-mV changé&iirgives a 182-mV change i,

the voltage gain is equal to 36.4. These results are more readily obtained through the use of the
small-signal model.

Exercise
Determinel/,,; is V;, = —5 mV.

4.6.3 Small-Signal Model

Since the small-signal model represedtsngesn the voltages and currents, we expagh
andpnp transistors to have similar models. Depicted in Fig. 4.43(a), the small-signal model of
the pnp transistor is indeedlenticalto that of thenpn device. Following the convention in Fig.
4.38(d), we sometimes draw the model as shown in Fig. 4.43(b).

E
) I'e
B o—»— p—a——o C le
+
rT[EE Yt gm VT[ EErO - i =
- rm=vq g,vn ='o
+
ile B o—»— ———o C
ib I'c
E

(b)
Figure 4.43 (a) Small-signal model gbnptransistor, (b) more intuitive view of (a).

The reader may notice that the terminal currents in the small-signal model bear an opposite
direction with respect to those in the large-signal model of Fig. 4.40. This is not an inconsistency
and is studied in Problem 49.

The small-signal model ginp transistors may cause confusion, especially if drawn as in Fig.
4.43(b). In analogy witlwpn transistors, one may automatically assume that the “top” terminal
is the collector and hence the model in Fig. 4.43(b) is not identical to that in Fig. 4.31(b). We
caution the reader about this confusion. A few examples prove helpful here.
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|¥iﬂaa 4.19
the collector and base of a bipolar transistor are tied together, a two-terminal device results.
Determine the small-signal impedance of the devices shown in Fig. 4.44(a). A$Sumex.

ix

Q1 vx() OLMS

(@) (b)
Figure 4.44

We replace the bipolar transist@r; with its small-signal model and apply a small-signal voltage
across the device [Fig. 4.44(b)]. Noting thgt carries a current equal to; /7, we write a KCL
at the input node:

UX 4 govn = ix. (4.115)
T'r
Sinceg,,r, = 8> 1, we have
1
L0 S (4.116)
1x dm + Tr
1
N — (4.117)
Im
_r (4.118)
Ic

Interestingly, with a bias current di, the device exhibits an impedance similar to that of a
diode carrying the same bias current. We call this structure a “diode-connected transistor.” The
same results apply to thewp configuration in Fig. 4.44(a).

Exercise
What is the impedance of a diode-connected device operating at a current of 1 mA?

!3“1“’3 4.20
raw the small-signal equivalent circuits for the topologies shown in Figs. 4.45(a)-(c) and
compare the results.

Asiillustrated in Figs. 4.45(d)-f, we replace each transistor with its small-signal model and ground
the supply voltage. Itis seen that all three topologies reduce to the same equivalent circuit because
Vee is grounded in the small-signal representation.
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O
+
Vout
+
(d)
O
+
o Vout
* i
Vout = -
n
(e)
O
+
Vout
+
Figure 4.45 (a) Simple stage using awpntransistor, (b) simple stage usingap transistor, (c) another
pnpstage, (d) small-signal equivalent of (a), (e) small-signal equivalent of (b), (f) small-signal equivalent
of (f).
Exercise
Repeat the above example if a resistor is placed between the collector and base of each
transistor.

mﬂ 4. o ——————
raw the small-signal equivalent circuit for the amplifier shown in Fig. 4.46(a).
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—in ’—|"
Rc= ' ‘

A

+ + L +
Vin 'm=Vvm ImVm =rg,; - +
L +——o Reo Vout
- - J_-
(b)

Figure 4.46 (a) Stage usingpnandpnpdevices, (b) small-signal equivalent of (a).

Figure 4.46(b) depicts the equivalent circuit. Note that, Rc1, andr,» appear in parallel.
Such observations simplify the analysis (Chapter 5).

Exercise
Show that the circuit depicted in Fig. 4.47 has the same small-signal model as the above
amplifier.
VCC
=Rp
Re1 = o,
Q2
Q1

Figure 4.47 Stage using twapndevices.

4.7 Chapter Summary

e Avoltage-dependent current source can form an amplifier along with a load resistor. Bipolar
transistors are electronic devices that can operate as voltage-dependent current sources.

e The bipolar transistor consists of twa junctions and three terminals: base, emitter, and
collector. The carriers flow from the emitter to the collector and are controlled by the base.

e For proper operation, the base-emitter junction is forward-biased and the base-collector junc-
tion reverse-biased (forward active region). Carriers injected by the emitter into the base
approach the edge of collector depletion region and ae swept away by the high electric field.
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The base terminal must provide a small flow of carriers, some of which go to the emitter and
some others recombine in the base region. The ratio of collector current and the base current
is denoted bys.

In the forward active region, the bipolar transistor exhibits an exponential relationship be-
tween its collector current and base-emitter voltage.

In the forward active region, a bipolar transistor behaves as constant current source.

The large-signal model of the bipolar transistor consists of an exponential voltage-dependent
current source tied between the collector and emitter, and a diode (accounting for the base
current) tied between the base and emitter.

The transconductance of a bipolar transistor is givep,by= I /V; and remains indepen-
dent of the device dimensions.

The small-signal model of bipolar transistors consists of a linear voltage-dependent current
source, a resistance tied between the base and emitter, and an output resistance.

If the base-collector junction is forward-biased, the bipolar transistor enters saturation and
its performance degrades.

The small-signal models ofpn andpnyp transistors are identical.

In the following problems, unless otherwise stated, assume the bipolar transistors operate in the
active mode.

1.

Suppose the voltage-dependent current source of Fig. 4.1(a) is constructeld wtl20
mA/V. What value of load resistance in Fig. 4.1(b) is necessary to achieve a voltage gain of
15?

. A resistance ofRRs is placed in series with the input voltage source in Fig. 4.2. Determine

Vout /‘/zn .

. Repeat Problem 2 but assuming thatandK are relatedr;,, = a/z andK = bz. Plot the

voltage gain as a function af

4. Due to a manufacturing error, the base width of a bipolar transistor has increased by a factor
of two. How does the collector current change?
5. In the circuit of Fig. 4.48, it is observed that the collector current9 pind Q- are equal
lc1 e
Q1 Q2
+ +
VBEL T = VBE2 T =
Figure 4.48
if Vg1 — Vep2 = 20 mV. Determine the ratio of transistor cross section areas if the other
device parameters are identical.
6. In the circuit of Fig. 4.49]51 = Is» = 3 x 10716 A,
(a) Calculatd/’p such thatfx = 1 mA.
(b) With the value of’s found in (a), chooséss such thatly = 2.5 mA.
7. Consider the circuit shown in Fig. 4.50.

(@) If Is; = 2I5, = 5 x 10716 A, determingVs such thatfx = 1.2 mA.
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Iy
Qs
Figure 4.49
Re3 +I Vee=25V
Yix %
Q1 | Q2
L]
Ve I_ H H
Figure 4.50

(b) What value ofi¢ places the transistors at the edge of the active mode?
8. Repeat Problem 7 ¥« is lowered to 1.5 V.
9. Consider the circuit shown in Fig. 4.51. Calculate the valugpthat places); at the edge

Figure 4.51

of the active region. Assumi; = 5 x 10716 A,

10. In the circuit of Fig. 4.52, determine the maximum valué/et- that places); at the edge
of saturation. Assumés = 3 x 10716 A.

Figure 4.52

11. CalculateVx in Fig. 4.53ifIs = 6 x 10716 A,

12. An integrated circuit requires two current sourcBs= 1 mA andl, = 1.5 mA. Assuming
that only integer multiples of a unit bipolar transistor havihg= 3 x 10~!¢ A can be
placed in parallel, and only a single voltage souficg, is available (Fig. 4.54), construct
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Vee=2V

Figure 4.53
L]
Vg I_ /
Unit
Transistor
Figure 4.54

the required circuit with minimum number of unit transistors.

13. Repeat Problem 12 for three current sourfes= 0.2 mA, I, = 0.3 mA, andlz = 0.45
mA.

14. Consider the circuit shown in Fig. 4.55, assumifig= 100 andIs = 7 x 10716 A, If
Ry = 10 k, determiné/p such thatlc = 1 mA.

Ic
Ry
Q1
+

Vi I— =

Figure 4.55

15. In the circuit of Fig. 4.55)5 = 800 mV andRpg = 10 k2. Calculate the collector current.
16. In the circuit depicted in Fig. 4.5@¢; = 2Iso = 4 x 10710 A If 3, = B, = 100 and

Figure 4.56

Ry = 5k, computelp such thatl xy = 1 mA.

17. In the circuit of Fig. 4.56Js; = 3 x 10710 A, Igo = 5 x 10716 A, 3; = 3
Ry = 5k, andVg = 800 mV. Calculatelx andIy .

18. The base-emitter junction of a transistor is driven by a constant voltage. Suppose a voltage
source is applied between the base and collector. If the device operates in the forward active

= 100,
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region, prove that a change in base-collector voltage results in no change in the collector and
base currents. (Neglect the Early effect.)

19. A transistor withls = 6 x 10716 A must provide a transconductancelgf(13 Q). What
base-emitter voltage is required?

20. Most applications require that the transconductance of a transistor remain relatively constant
as the signal level varies. Of course, since the signal changes the collector ayyreat,
Io/Vr does vary. Nonetheless, proper design ensures negligible variationt €§s, If a
bipolar device is biased dt: = 1 mA, what is the largest change Iz g that guarantees
only £10% variation ing,,,?

21. Determine the operating point and the small-signal mode&) pffor each of the circuits
shown in Fig. 4.57. AssumB; = 8 x 107 1% A, 8 = 100, andV = cc.

Figure 4.57

22. Determine the operating point and the small-signal mode) pffor each of the circuits
shown in Fig. 4.58. AssumB; = 8 x 10716 A, 3 = 100, andV4 = oo.

10 pA

Figure 4.58
23. Afictitious bipolar transistor exhibits afy:-Vg g characteristic given by

Ic = Isexp @, (4.119)
nVT

wheren is a constant coefficient. Construct the small-signal model of the devigesf still
equal tosip.
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24. Afictitious bipolar transistor exhibits the following relationship between its base and collec-
tor currents:

Ic =al, (4.120)

wherea is a constant coefficient. Construct the small-signal model of the devigeis still
equal tols exp(Vee/Vr).

25. The collector voltage of a bipolar transistor varies from 1 V to 3 V while the base-emitter
voltage remains constant. What Early voltage is necessary to ensure that the collector current
changes by less thai¥?

26. In the circuit of Fig. 4.59]s = 5 x 1077 A. DetermineVx for (a) V4 = oo, and (b)

Figure 4.59

Vai=5W
27. In the circuit of Fig. 4.60)c changes from 2.5to 3 V. Assumidg = 1 x 10~'7 A and

Figure 4.60

Va4 =5V, determine the change in the collector currenf)gf

28. In Problem 27, we wish to decreaBg to compensate for the changelin. Determine the
new value ofi/z.

29. Consider the circuit shown in Fig. 4.61, whdfreis a 1-mA ideal current source aid =
3x 10717 A,

Figure 4.61

(a) Assumingl’y = oo, determind/g such thatf; = 1 mA.
(b) If V4 = 5V, determinel/g such thatf = 1 mA for a collector-emitter voltage of 1.5 V.
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30. A bipolar current source is designed for an output current of 2 mA. What valug guar-
antees an output resistance of greater thart1.0 k

31. In the circuit of Fig. 4.62p identical transistors are placed in parallell4f= 5 x 1016 A

Vg=08V

;_

Figure 4.62

andV, = 8 V for each device, construct the small-signal model of the equivalent transistor.
32. Consider the circuit shown in Fig. 4.63, whdie= 6 x 10~'6 AandV, = co.

Figure 4.63

(a) Determind/ such that); operates at the edge of the active region.
(b) If we allow soft saturation, e.g., a collector-base forward bias of 200 mV, by how much
canVp increase?

33. For the circuit depicted in Fig. 4.64, calculate the maximum valugef that produces a

T Vee

Q1 -
Figure 4.64

collector-base forward bias of 200 mV. Assutize= 7 x 10718 AandV, = .

34. Assumels = 2 x 10717 A, V4 = oo, and3 = 100 in Fig. 4.65. What is the maximum
value of R if the collector-base must experience a forward bias of less than 200 mVv?

100k Q =Ry R¢
Vee=25V

+
-I
Q1 -

Figure 4.65

167
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35. Consider the circuit shown in Fig. 4.66, wheie = 5 x 107'6 AandV, = oo. If Vg is
chosen to forward-bias the base-collector junction by 200 mV, what is the collector current?

Figure 4.66

36. In the circuit of Fig. 4.673 = 100 andV4 = oo. Calculate the value ofs such that the
base-collector junction is forward-biased by 200 mV.

RcE9kQ
Vee=25V

-I

R, = 1kQ -

Figure 4.67

37.If Is; = 315, = 6 x 10716 A, calculatel x in Fig. 4.68.

Figure 4.68

38. Determine the collector current 6f; in Fig. 4.69 ifIs = 2 x 107 Aand3 = 100.

Figure 4.69

39. In the circuit of Fig. 4.70, it is observed that = 3 mA. If 3 = 100, calculatels.
40. Determine the value afs in Fig. 4.71 such thaf); operates at the edge of the active mode.

41. What is the value off that place€); at the edge of the active mode in Fig. 4.72? Assume
Is =8 x 10716 A,

42. Calculate the collector current 6f; in Fig. 4.73 ifIs = 3 x 107'7 A.
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Figure 4.70

Vg=12V =

Figure 4.71

Figure 4.72

25V

Figure 4.73

43. Determine the operating point and the small-signal mode) pffor each of the circuits
shown in Fig. 4.74. AssumB; = 3 x 10717 A, 3 = 100, andV4 = oo.

Figure 4.74

44. Determine the operating point and the small-signal mode) pffor each of the circuits
shown in Fig. 4.75. AssumB; = 3 x 10717 A, 3 = 100, andV4 = oo.

45. Inthe circuit of Fig. 4.76]s = 5 x 10~ '7 A. CalculateVx for (a) V4 = oo, and (b)V4 = 6
V.
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2 A

@ (b) (©
Figure 4.75

Figure 4.76

46. A pnp current source must provide an output current of 2 mA with an output resistance of
60 k2. What is the required Early voltage?

47. Repeat Problem 46 for a current of 1 mA and compare the results.
48. Supposé’4 = 5V in the circuit of Fig. 4.77.

Figure 4.77

(a) What value of’s places); at the edge of the active mode?
(b) How does the result in (a) changéif = co?

49. The terminal currents in the small-signal model of Fig. 4.43 do not seem to agree with those
in the large-signal model of Fig. 4.40. Explain why this is not an inconsistency.

50. Consider the circuit depicted in Fig. 4.78, whége=6 x 10716 A, V4 =5V, andl; = 2
mA.

Figure 4.78

(a) What value o/ yieldsVy = 1 V?
(b) If Vs changes from the value found in (a) by 0.1 mV, what is the chan@& h
(c) Construct the small-signal model of the transistor.

51. In the circuit of Fig. 4.793 = 100 andV4 = ooc.
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Figure 4.79

(a) Determindls such that), experiences a collector-base forward bias of 200 mV.
(b) Calculate the transconductance of the transistor.

52. Determine the region of operation @ in each of the circuits shown in Fig. 4.80. Assume
Is =5x 1070 A 3 =100,V4 = .

25V

(d)
Figure 4.80

53. Consider the circuit shown in Fig. 4.81, whelg; = 3Is, = 5 x 10716 A, 8, = 100,
ﬁ2 =50, V4 = o0, andRC = 500 .

Figure 4.81

(a) We wish to forward-bias the collector-base junctionlaf by no more than 200 mV.
What is the maximum allowable value ©f,?

171
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(b) With the value found in (a), calculate the small-signal parameteé€g, odnd (), and
construct the equivalent circuit.

Repeat Problem 53 for the circuit depicted in Fig. 4.82 but for part (a), determine the mini-
mum allowable value of;,,. Verify that(); operates in the active mode.

Figure 4.82

55.

Repeat Problem 53 for the circuit illustrated in Fig. 4.83.

Figure 4.83

56.

In the circuit of Fig. 4.84]s; = 2Iss = 6 x 1077 A, 3, = 80 andf3, = 100.

Figure 4.84

57.

58.

59.

(a) What value oV, yields a collector current of 2 mA fap,?
(b) With the value found in (a), calculate the small-signal parameteé€g, odnd (), and
construct the equivalent circuit.
SPICE Problems

In the following problems, assum® ,,, = 5 x 10716 A, B, = 100, V4 npn = 5V,
Is pnp =8 x 10710 A, Bynp = 50, Vapnp = 3.5 V.
Plot the input/output characteristic of the circuit shown in Fig. 4.8%fer V;, < 2.5 V.
What value ofi;,, places the transistor at the edge of saturation?

Repeat Problem 57 for the stage depicted in Fig. 4.86. At what valug, afoes(); carry a
collector current of 1 mA?

Plot I; andIg» as a function ol;,, for the circuits shown in Fig. 4.87 far < V;,, < 1.8
V. Explain the dramatic difference between the two.
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Figure 4.85

Figure 4.86

(a) (b)

Figure 4.87

60. Plot the input/output characteristic of the circuit illustrated in Fig. 4.8®fer V;,, < 2 V.
What value ofi;,, yields a transconductance @ Q) for Q,?

Figure 4.88

61. Plot the input/output characteristic of the stage shown in Fig. 4.89 forl;,, < 2.5 V. At
what value ofV;,, do @, and@, carry equal collector currents? Can you explain this result
intuitively?
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Bipolar Amplifiers

With the physics and operation of bipolar transistors described in Chapter 4, we now deal with
amplifier circuits employing such devices. While the field of microelectronics involves much
more than amplifiers, our study of cellphones and digital cameras in Chapter 1 indicates the
extremely wide usage of amplification, motivating us to master the analysis and design of such
building blocks. This chapter proceeds as follows.

General Concepts Operating Point Analysis Amplifier Topologies
® |nput and Output Impedances ® Simple Biasing ® Common-Emitter Stage
® Biasing E> ® Emitter Degeneration E> ® Common-Base Stage
® DC and Small-Signal Analysis ® Self-Biasing ® Emtter Follower

® Biasing of PNP Devices

Building the foundation for the remainder of this book, this chapter is quite long. Most of
the concepts introduced here are invoked again in Chapter 7 (MOS amplifiers). The reader is
therefore encouraged to take frequent breaks and absorb the material in small doses.

5.1 General Considerations

Recall from Chapter 4 that a voltage-controlled current source along with a load resistor can form
an amplifier. In general, an amplifier produces an output (voltage or current) that is a magnified
version of the input (voltage or current). Since most electronic circuits both sense and produce
voltage quantities$,our discussion primarily centers around “voltage amplifiers” and the concept
of “voltage gain,"voy: /vin.-

What other aspects of an amplifier's performance are important? Three parameters that readily
come to mind are (1) power dissipation (e.g., because it determines the battery lifetime in a
cellphone or a digital camera); (2) speed (e.g., some amplifiers in a cellphone or analog-to-digital
converters in a digital camera must operate at high frequencies); (3) noise (e.g., the front-end
amplifier in a cellphone or a digital camera processes small signals and must introduce negligible
noise of its own).

LExceptions are described in Chapter 12.

175
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5.1.1 Input and Output Impedances

In addition to the above parameters, the input and output (I/O) impedances of an amplifier play
a critical role in its capability to interface with preceding and following stages. To understand
this concept, let us first determine the 1/O impedances adeal voltage amplifier. At the input,
the circuit must operate as a voltmeter, i.e., sense a voltage without disturbing (loading) the
preceding stage. The ideal input impedance is therefore infinite. At the output, the circuit must
behave as a voltage source, i.e., deliver a constant signal level to any load impedance. Thus, the
ideal output impedance is equal to zero.

In reality, the 1/0 impedances of a voltage amplifier may considerably depart from the ideal
values, requiring attention to the interface with other stages. The following example illustrates
the issue.

D ]
mmth a voltage gain of 10 senses a signal generated by a microphone and applies
the amplified output to a speaker [Fig. 5.1(a)]. Assume the microphone can be modeled with a
voltage source having a 10-mV peak-to-peak signal and a series resistancéof28®assume
the speaker can be represented by dhrésistor.

Microphone  Amplifier ~ Speaker

/ ’szlo \

@

<
3
|C+
D <
3 -
S+
AAA
YYyY
B
=}

(b) (c)

Figure 5.1 (a) Simple audio system, (b) signal loss due to amplifier input impedance, (c) signal loss due
to amplifier output impedance.

(a) Determine the signal level sensed by the amplifier if the circuit has an input impedance of
2 k2 or 50092.

(b) Determine the signal level delivered to the speaker if the circuit has an output impedance
of 10Q or 21.

Solution
(a) Figure 5.1(b) shows the interface between the microphone and the amplifier. The voltage
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sensed by the amplifier is therefore given by

v = RmR+Rmvm. (5.1)
For R;, = 2 kQ,
v1 = 0.91v,,, (5.2)
only 9% less than the microphone signal level. On the other hand? fpr= 500 2,
v = 0.71vpy, (5.3)

i.e., nearly 3@ loss. It is therefore desirable to maximize the input impedance in this case.
(b) Drawing the interface between the amplifier and the speaker as in Fig. 5.1(c), we have

Vout = ]%Lf;gampvamp. (5.4)
For Rymp =10 Q,
Vout = 0.4404mp, (5.5)
a substantial attenuation. Fay,,, = 2 2,
Vout = 0.8Vgmp. (5.6)

Thus, the output impedance of the amplifier must be minimized.

Exercise
If the signal delivered to the speaker is equa) fv,,, find the ratio ofR,,, andRy,.

The importance of I/O impedances encourages us to carefully prescribe the method of mea-
suring them. As with the impedance of two-terminal devices such as resistors and capacitors, the
input (output) impedance is measured between the input (output) nodes of the circuit while all
independent sources in the circuit are set to ZdHoistrated in Fig. 5.2, the method involves ap-
plying a voltage source to the two nodes (also called “port”) of interest, measuring the resulting
current, and definingx /i x as the impedance. Also shown are arrows to denote “looking into”
the input or output port and the corresponding impedance.

The reader may wonder why the output port in Fig. 5.2(a) is left open whereas the input port
in Fig. 5.2(b) is shorted. Since a voltage amplifier is driven by a voltage source during normal
operation, and since all independent sources must be set to zero, the input port in Fig. 5.2(b) must
be shorted to represent a zero voltage source. That is, the procedure for calculating the output
impedance is identical to that used for obtaining the Thevenin impedance of a circuit (Chapter
1). In Fig. 5.2(a), on the other hand, the output remains open because it is not connected to any
external sources.

2Recall that a zero voltage source is replaced by a short and a zero current source by an open.
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Output
Port i
X

Short

(@) (b)

Figure 5.2 Measurement of (a) input and (b) output impedances.

Determining the transfer of signals from one stage to the next, the 1/0 impedances are usually
regarded as small-signal quantities—with the tacit assumption that the signal levels are indeed
small. For example, the input impedance is obtained by applying a small change in the input
voltage and measuring the resulting change in the input current. The small-signal models of
semiconductor devices therefore prove crucial here.

ssuming that the transistor operates in the forward active region, determine the inputimpedance

of the circuit shown in Fig. 5.3(a).

_I|.
Vee

AA

Re

>
-
=

Rc ix

Q
3
<
=
VA
-
e}

(@)

Figure 5.3 (a) Simple amplifier stage, (b) small-signal model.

Constructing the small-signal equivalent circuit depicted in Fig. 5.3(b), we note that the input
impedance is simply given by
Yo . (5.7)
2
Sincer, = B/gm = BVr/Ic, we conclude that a highet or lower I~ yield a higher input
impedance.

Exercise
What happens if?2 is doubled?

To simplify the notations and diagrams, we often refer to the impedance seend¢rather
than between two nodes (i.e., at a port). As illustrated in Fig. 5.4, such a convention simply
assumes that the other node is the ground, i.e., the test voltage source is applied between the
node of interest and ground.
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[ —— —o ——o
|—> Short <—I
Rin l_ | o Rout
(@) (b)

Figure 5.4 Concept of impedance seen at a node.

alculate the impedance seen looking into the collect@yoin Fig. 5.5(a).

J. * é}

= rm=v g Vv =
n='mn m' T =r

Vin Q1 Rout o ° R

out

(@ (b)

Figure 5.5 (a) Impedance seen at collector, (b) small-signal model.

Setting the input voltage to zero and using the small-signal model in Fig. 5.5(b), we note that
vr =0, gmv. = 0, and henc&R,,. = 70.

Exercise
What happens if a resistance of valig is placed in series with the base?

mﬂ e
alculate the impedance seen at the emittef ofin Fig. 5.6(a). Neglect the Early effect for

simplicity.
Vee I
I r :>v+ g v
v o S n=Vn m YT
in 1 —
VT[|_>
n

LRout + v
; )V x

() (b)

Figure 5.6 (a) Impedance seen at emitter, (b) small-signal model.

Setting the input voltage to zero and replacing- with ac ground, we arrive at the small-signal
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circuit shown in Fig. 5.6(b). Interestingly, = —vx and

ImVUn + :_ﬂ = —ix. (58)
That is,
1
X Im + —
r

™

Sincer; = B/gm > 1/gm, we haveR,,: = 1/gn.

Exercise
What happens if a resistance of vallde is placed in series with the collector?

The above three examples provide three important rules that will be used throughout this
book (Fig. 5.7): Looking into the base, we segeif the emitter is (ac) grounded. Looking into
the collector, we sego if the emitter is (ac) grounded. Looking into the emitter, we g, if
the base is (ac) grounded and the Early effect is neglected. It is imperative that the reader master
these rules and be able to apply them in more complex ciréuits.

rfo
R e
I'n ac ac ac ;C 4— N

Im
Figure 5.7 Summary of impedances seen at terminals of a transistor.

5.1.2 Biasing

Recall from Chapter 4 that a bipolar transistor operates as an amplifying device if it is biased
in the active mode; that is, in the absence of signals, the environment surrounding the device
must ensure that the base-emitter and base-collector junctions are forward- and reverse-biased,
respectively. Moreover, as explained in Section 4.4, amplification properties of the transistor
such agyy.,, -, andro depend on the quiescent (bias) collector current. Thus, the surrounding
circuitry must also set (define) the device bias currents properly.

5.1.3 DC and Small-Signal Analysis

The foregoing observations lead to a procedure for the analysis of amplifiers (and many other
circuits). First, we compute the operating (quiescent) conditions (terminal voltages and currents)
of each transistor in the absence of signals. Called the “dc analysis” or “bias analysis,” this step
determines both the region of operation (active or saturation) and the small-signal parameters of

3While beyond the scope of this book, it can be shown that the impedance seen at the emitter is approximately equal
to 1/gm only if the collector is tied to a relatively low impedance.
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each device. Second, we perform “small-signal analysis,” i.e., study the response of the circuit
to small signals and compute quantities such as the voltage gain and 1/0 impedances. As an
example, Fig. 5.8 illustrates the bias and signal components of a voltage and a current.

V,
BE Bias (dc)
[\/\j Value

- >
t

Ie Bias (dc)
NS\ T Value

- >
t

Figure 5.8 Bias and signal levels for a bipolar transistor.

It is important to bear in mind that small-signal analysis deals with only (sroladlhgesn
voltages and currents in a circuit around their quiescent values. Thus, as mentioned in Section
4.4.4, allconstantsources, i.e., voltage and current sources that do not vary with time, must be
set to zero for small-signal analysis. For example, the supply voltage is constant and, while es-
tablishing proper bias points, plays no role in the response to small signals. We therefore ground
all constant voltage sourceand open all constant current sources while constructing the small-
signal equivalent circuit. From another point of view, the two steps described above follow the
superposition principle: first, we determine the effect of constant voltages and currents while sig-
nal sources are set to zero, and second, we analyze the response to signal sources while constant
sources are set to zero. Figure 5.9 summarizes these concepts.

DC Analysis Small-Signal Analysis

X
O
=

AAA
vy

AL
YYy

Veg +Y /1 | - Short v
- ~|I_ = —— O_Ut
M Open
—0 00—

A
m
I
n

Figure 5.9 Steps in a general circuit analysis.

We should remark that theesignof amplifiers follows a similar procedure . First, the circuitry
around the transistor is designed to establish proper bias conditions and hence the necessary
small-signal parameters. Second, the small- signal behavior of the circuit is studied to verify the
required performance. Some iteration between the two steps may often be necessary so as to
converge toward the desired behavior.

How do we differentiate between small-signal and large-signal operations? In other words,
under what conditions can we represent the devices with their small-signal models? If the signal
perturbs the bias point of the device only negligibly, we say the circuit operates in the small-
signal regime. In Fig. 5.8, for example, the changddndue to the signal must remain small.

This criterion is justified because the amplifying properties of the transistor syghasdr,. are

4We say all constant voltage sources are replaced by an “ac ground.”
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consideredonstantn small-signal analysis even though they in fact vary as the signal perturbs
Ic. That is, alinear representation of the transistor holds only if the small-signal parameters
themselves vary negligibly. The definition of “negligibly” somewhat depends on the circuit and
the application, but as a rule of thumb, we consitEX; variation in the collector current as the
upper bound for small-signal operation.

In drawing circuit diagrams hereafter, we will employ some simplified notations and symbols.
Illustrated in Fig. 5.10 is an example where the battery serving as the supply voltage is replaced
with a horizontal bar labeleld-.> Also, the input voltage source is simplified to one node called
Vin, With the understanding that the other node is ground.

Ry
(@]
AMA
WY
+
R
(@]

Figure 5.10 Notation for supply voltage.

In this chapter, we begin with the DC analysis and design of bipolar stages, developing skills to
determine or create bias conditions. This phase of our study requires no knowledge of signals and
hence the input and output ports of the circuit. Next, we introduce various amplifier topologies
and examine their small-signal behavior.

5.2 Operating Point Analysis and Design

It is instructive to begin our treatment of operating points with an example.

student familiar with bipolar devices constructs the circuit shown in Fig. 5.11 and attempts to
amplify the signal produced by a microphoneldf = 6 x 10~'¢ A and the peak value of the
microphone signal is 20 mV, determine the peak value of the output signal.

Figure 5.11 Amplifier driven directly by a microphone.

Unfortunately, the student has forgotten to bias the transistor. (The microphone does not produce
a dc output). IV}, (= Vgg) reaches 20 mV, then

AVeE
Vr

AIC = Is exp (5.10)

5The subscriptC'C indicates supply voltage feeding the collector.
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=129 x 107'° A. (5.11)
This change in the collector current yields a change in the output voltage equal to
ReAIc =129 x 10712 V., (5.12)

The circuit generates virtually no output because the bias current (in the absence of the micro-
phone signal) is zero and so is the transconductance.

Exercise
Repeat the above example if a constant voltage of 0.65 V is placed in series with the micro-
phone.

As mentioned in Section 5.1.2, biasing seeks to fulfill two objectives: ensure operation in the
forward active region, and set the collector current to the value required in the application. Let
us return to the above example for a moment.

mm 0.6

aving realized the bias problem, the student in Example 5.5 modifies the circuit as shown in
Fig. 5.12, connecting the baseltp to allow dc biasing for the base-emitter junction. Explain
why the student needs to learn more about biasing.

Vee=25V

Rc= 1kQ
——0

Di—<4liol

out

Figure 5.12 Amplifier with base tied td/c ¢

Solution
The fundamental issue here is that the signal generated by the microptehetiedto V.
Acting as an ideal voltage sourd&;~ maintains the base voltage at@nstantalue, prohibiting
any change introduced by the microphone. Sivigg remains constant, so doEs,;, leading to
no amplification.

Another important issue relates to the valué®fg: with Vg = Voo = 2.5V, enormous
currents flow into the transistor.

Exercise
Does the circuit operate better if a resistor is placed in series with the emitfarof
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5.2.1 Simple Biasing

Now consider the topology shown in Fig. 5.13, where the base is tigdtahrough a relatively

large resistorR g, so as to forward-bias the base-emitter junction. Our objective is to determine
the terminal voltages and currents @f and obtain the conditions that ensure biasing in the
active mode. How do we analyze this circuit? One can replacevith its large-signal model

and apply KVL and KCL, but the resulting nonlinear equation(s) yield little intuition. Instead,
we recall that the base-emitter voltage in most cases falls in the range of 700 to 800 mV and can
be considered relatively constant. Since the voltage drop a&gss equal toRp g, we have

—_ Vee

AA
YYy

Rg Rc
Y
Ic

X
Ig L» Q1

Figure 5.13 Use of base resistance for base current path.

Rplp + Ve = Voo (5.13)

and hence

_ Vee — VBE

I
B Rn

(5.14)

With the base current known, we write

Io = 5M, (5.15)
Rp
note that the voltage drop acraBg is equal toR¢ I, and hence obtailic g as
Veg = Voo — Rele (5.16)
Voo =V,
= Voo — 5%30. (5.17)
B

Calculation of Vo g is necessary as it reveals whether the device operates in the active mode
or not. For example, to avoid saturation completely, we require the collector voltage to remain
above the base voltage:

BVCC — VBE

Rec > VBE. (5.18)
Rp

Vee —

The circuit parameters can therefore be chosen so as to guarantee this condition.

In summary, using the sequenkg — I — Vo g, we have computed the important terminal
currents and voltages 6f;. While not particularly interesting here, the emitter current is simply
equal tolo + Ip.

The reader may wonder about the error in the above calculations due to the assumption of a
constani/zz in the range of 700 to 800 mV. An example clarifies this issue.
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mm S
or the circuit shown in Fig. 5.14, determine the collector bias current. Asgumel00 and
Is = 10~'7 A. Verify that Q; operates in the forward active region.

Vee=25V

100kQ = 1kQ

Figure 5.14 Simple biased stage.

Sincels is relatively small, we surmise that the base-emitter voltage required to carry typical
current level is relatively large. Thus, we uBgr = 800 mV as an initial guess and write Eq.

(5.14) as
Ig = Vec —VBE (5.19)
Rp
~ 17 pA. (5.20)
It follows that
Ic = 1.7mA. (5.21)

With this result forl~, we calculate a new value fofz

I

Vep = Veln -2 (5.22)
Is

= 852mV, (5.23)

and iterate to obtain more accurate results. That is,

Ig = Voc —VBE (5.24)
Rp
=16.5 pA (5.25)
and hence
Ic = 1.65mA. (5.26)

Since the values given by (5.21) and (5.26) are quite close, we codgiderl.65 mA accurate
enough and iterate no more.
Writing (5.16), we have
VCE = VCC - RCIC (527)
=0.85V, (5.28)
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a value nearly equal top . The transistor therefore operates near the edge of active and satura-
tion modes.

Exercise
What value ofRp provides a reverse bias of 200 mV across the base-collector junction?

The biasing scheme of Fig. 5.13 merits a few remarks. First, the efféé of‘'uncertainty”
becomes more pronounced at low valueB@f: becausé’c —Vp g determines the base current.
Thus, in low-voltage design—an increasingly common paradigm in modern electronic systems—
the bias is more sensitive {6z g variations among transistors or with temperature . Second, we
recognize from Eq. (5.15) thdt heavily depends ofi, a parameter that may change consider-
ably. In the above example, if increases from 100 to 120, thép rises to 1.98 mA andlo g
falls to 0.52, driving the transistor toward heavy saturation. For these reasons, the topology of
Fig. 5.13 is rarely used in practice.

5.2.2 Resistive Divider Biasing

In order to suppress the dependencd@fupon 3, we return to the fundamental relationship
Io = Isexp(Vpr/Vr) and postulate thaf- must be set by applying a well-definég .
Figure 5.15 depicts an example, whete and R act as a voltage divider, providing a base-
emitter voltage equal to

Ry

Vx = — Voo, 5.29
O e G (5.29)
if the base current is negligible. Thus,
Ry Voo
Io =1 - = 5.30
C SeXp<R1+R2 VT>, ( )

a quantity independent @f. Nonetheless, the design must ensure that the base current remains
negligible.

- Vee
R = R¢
Y
Ic
X
1 Q1
R, = =

Figure 5.15 Use of resistive divider to definég z.

Determine the collector current ¢f; in Fig. 5.16 ifIs = 10~!7 Aand g = 100. Verify that the
base current is negligible and the transistor operates in the active mode.
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17kQ =

8kQ

Figure 5.16 Example of biased stage.

Neglecting the base current f, we have

Ry

Vx = —————V, 5.31
¥ =g e (5.31)
=800 mV. (5.32)

It follows that
IC = IS exp @ (533)

Vr
= 231 uA (5.34)
and

Ip =2.31 pA. (5.35)

Is the base current negligible? With which quantity should this value be compared? Provided by
the resistive divider/p must be negligible with respect to the current flowing throughand
R2:

Vee

)
Ip € 5. 5.36
B< 2R (5.36)

This condition indeed holds in this example becalise /(R; + R») = 100 pA ~ 431p.
We also note that

Vep = 1345V, (5.37)

and hence), operates in the active region.

Exercise
What is the maximum value @@ if (); must remain in soft saturation?

The analysis approach taken in the above example assumes a negligible base current, requiring
verification at the end. But what if the end result indicates fhats not negligible? We now
analyze the circuit without this assumption. Let us replace the voltage divider with a Thevenin
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equivalent (Fig. 5.17); noting thafr;., is equal to the open-circuit output voltageéx( when
the amplifier is disconnected):

= Vee
My ° R
R, = ¢

Figure 5.17 Use of Thevenin equivalent to calculate bias.

Ry

——Vee. 5.38
G (5.38)

VThev =

Moreover,R1y., IS given by the output resistance of the networkif- is set to zero:

Rrhev = Ri||R2. (5.39)
The simplified circuit yields:
Vx = Vrhev — IBRThew (5.40)
and
I = Igexp Vheo _ViB Rrneo. (5.41)

This result along withl. = I forms the system of equations leading to the valuek-odnd

Ig. As in the previous examples, iterations prove useful here, but the exponential dependence in
Eq. (5.41) gives rise to wide fluctuations in the intermediate solutions. For this reason, we rewrite
(5.41) as

I 1
Ig= [V, —Vrln—= |- 5.42

B ( Thev Tin IS> RThev, ( )
and begin with a guess fdrgy = Vi ln(Io/Is). The iteration then follows the sequence
VBE—)IB —)Ic—)VBE—)---.

SN 59—
Calculate the collector current ¢f; in Fig. 5.18(a). Assumg = 100 and/s = 10717 A,

Constructing the equivalent circuit shown in Fig. 5.18(b), we note that

Ry

———V 5.43
R R, CC (5.43)

Vrhew =



BR

Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 189 (1)

Sec. 5.2 Operating Point Analysis and Design

Vee =25V

170kQ = 5kQ

80k Q

Figure 5.18 (a) Stage with resistive divider bias, (b) stage with Thevenin equivalent for the resistive di-

vider andVg .

=800 mV (5.44)

and
Ryhey = Ry||Ro (5.45)
= 54.4kQ. (5.46)

We begin the iteration with an initial gue$gr = 750 mV (because we know that the voltage
drop acrosdirp., makesipp lessthanVyy,.,), thereby arriving at the base current:

Iy — Vrhew — VBE (5.47)
RThev
= 0.919 pA. (5.48)
Thus,Ic = 815 = 91.9 uA and

Ic
VBE = VT In — (5.49)

Is
=776 mV. (5.50)

It follows thatlp = 0.441 pA and hencd = 44.1 pA, still a large fluctuation with respect to
the first value from above. Continuing the iteration, we obigin, = 757 mV, Iy = 0.79 uA
andlo = 79.0 pA. After many iterationsVpp ~ 766 mV andl- = 63 pA.

Exercise
How much cank, be increased if); must remain in soft saturation?

While proper choice of?; and R, in the topology of Fig. 5.15 makes the bias relatively
insensitive to3, the exponential dependencelpf upon the voltage generated by the resistive
divider still leads to substantial bias variations. For examplB;ifs 1% higher than its nominal
value, so i9/x, thus multiplying the collector current lexp(0.01Vpr/Vr) ~ 1.36 (for Vg =
800 mV). In other words, d % error in one resistor value introduce8@ error in the collector
current. The circuit is therefore still of little practical value.

189



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 190 (1)

190

Chap. 5 Bipolar Amplifiers

5.2.3 Biasing with Emitter Degeneration

A biasing configuration that alleviates the problem of sensitivityg end Vg g is shown in Fig.
5.19. Here, resistaR p appears in series with the emitter, thereby lowering the sensitivity i
From an intuitive viewpoint, this occurs becaugg exhibits dinear (rather than exponential) I-
V relationship. Thus, an error iy due to inaccuracies iR, R», or Vo is partly “absorbed”
by Rg, introducing a smaller error ifvgg and hence. Called “emitter degeneration,” the

Figure 5.19 Addition of degeneration resistor to stabilize bias point.

addition of Rg in series with the emitter alters many attributes of the circuit, as described later
in this chapter.

To understand the above property, let us determine the bias currents of the transistor. Neglect-
ing the base current, we haVa = Voo R2/(R1 + R»). Also, Vp = Vx — Vi, yielding

Vp

Ip = — 5.51

=g (5.51)
1 R»>

= — [ Voo————— — V] 5.52

- ( co BE> (5.52)

if 5> 1. How can this result be made less sensitivetoor Vg variations? If the voltage drop
acrossRp, i.e., the difference betwedrt« R>/(R1 + R2) andVpg is large enough to absorb
and swamp such variations, thén and I~ remain relatively constant. An example illustrates
this point.

!#!iil:la 5.10

alculate the bias currents in the circuit of Fig. 5.20 and verify habperates in the forward
active region. Assumg = 100 andIs = 5 x 10~!7 A. How much does the collector current
change ifR; is 1% higher than its nominal value?

We neglect the base current and write

R

Vx =Voo=—"— 5.54
x =Veop—h (5.54)
=900 mV. (5.55)
Using Vg = 800 mV as an initial guess, we have
Vp=Vx —Vig (5.56)

=100mV, (5.57)
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16kQ =

9kQ

Figure 5.20 Example of biased stage.

and hence
Ig ~ Ic ~1mA. (5.58)

With this result, we must reexamine the assumptioligf = 800 mV. Since

I
Vep = Vrln -2 (5.59)
Is
=796 mV, (5.60)

we conclude that the initial guess is reasonable. Furthermore, Eq. (5.57) suggests that a 4-mV
error inVgg leads to at% error inVp and hencd g, indicating a good approximation.
Let us now determine if); operates in the active mode. The collector voltage is given by

Vy = Voo — IcRe (5.61)
=15V. (5.62)

With the base voltage at 0.9 V, the device is indeed in the active region.

Is the assumption of negligible base current valid? With~ 1 mA, Ip ~ 10 uA whereas the
current flowing throughR; and R, is equal to 10QuA. The assumption is therefore reasonable.
For greater accuracy, an iterative procedure similar to that in Example 5.9 can be followed.

If Rs is 1% higher than its nominal value, then (5.54) indicates thatises to approximately
909 mV. We may assume that the 9-mV change directly appears aggggwising the emitter
currentbyd mV /100 2 = 90 pA. From Eq. (5.56), we note that this assumption is equivalent to
consideringl’gg constant, which is reasonable because the emitter and collector currents have
changed by onl9%.

Exercise
What value ofR; places); at the edge of saturation?

The bias topology of Fig. 5.19 is used extensively in discrete circuits and occasionally in
integrated circuits. lllustrated in Fig. 5.21, two rules are typically followed:[{1}> Iy to
lower sensitivity to3, and (2)Vg g must be large enough (100 mV to several hundred millivolts)
to suppress the effect of uncertaintiedin andVgg.
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- Vee
R, = R. Small Enough to
Avoid Saturation
I e
1,>>1
1 B N
Ry = +

Figure 5.21 Summary of robust bias conditions.

Design Procedure It is possible to prescribe a design procedure for the bias topology of
Fig. 5.21 that serves most applications: (1) decide on a collector bias current that yields proper
small-signal parameters suchg@s andr;; (2) based on the expected variationdtf R., and

VeE, choose a value fovgg ~ IcRg, €.9., 200 mV, (3) calculat€x = Vpg + IcRp with

Vee = Vrin(Ic/Is); (4) chooseR; and R, so as to provide the necessary valud/af and
establish/; > Ig. Determined by small-signal gain requirements, the valuB©@fis bounded

by a maximum that placeg; at the edge of saturation. The following example illustrates these
concepts.

SCUIYEY 5-1] p———
Design the circuit of Fig. 5.21 so as to provide a transconductantg 82 ) for ¢),. Assume

Voo = 2.5V, B =100, andIs =5 x 10717 A, What is the maximum tolerable value Bf?

A g,, of (52 Q)~! translates to a collector current of 0.5 mA antig of 778 mV. Assuming
Rglo = 200 mV, we obtainRg = 400 Q. To establishVy = Vg + Rglc = 978 mV, we
must have

R,
——Veoc =V Rplc, 5.63
it Ry O° BE + Iiplc (5.63)

where the base current is neglected. For the base cuienat5 pA to be negligible,

Veeo
_CC s I, 5.64
it R B (5.64)

e.g., by afactor of 10. Thu®; + R, = 50 k2, which in conjunction with (5.63) yields

Ry = 30.45kQ (5.65)
Ry = 19.55 k(. (5.66)

How large canRo be? Since the collector voltage is equalifec — Ro I, we pose the
following constraint to ensure active mode operation:

Vee — Rele > Vx; (5.67)
that is,

Rolo < 1.522V. (5.68)
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Consequently,
Re < 3.044 k0. (5.69)

If R exceeds this value, the collector voltage falls below the base voltage. As mentioned in
Chapter 4, the transistor can tolerate soft saturation, i.e., up to about 400 mV of base-collector
forward bias. Thus, in low-voltage applications, we may allgw~ Vx — 400 mV and hence a
greater value foR.

Exercise
Repeat the above example if the power budget is only 1 mW and the transconduct@has of
not given.

The two rules depicted in Fig. 5.21 to lower sensitivities do impose some trade-offs. Specif-
ically, an overly conservative design faces the following issues: (1) if we Widb be much
much greater thahg, thenR; + R, and hencd?; and R, are quite small, leading to a lowput
impedancg(2) if we choose a very largég g, thenVy (= Vg + Vgg) must be high, thereby
limiting the minimum value of the collector voltage to avoid saturation. Let us return to the above
example and study these issues.

epeat Example 5.11 but assumirgs = 500 mV andl; > 100/g.

The collector current and base-emitter voltage remain unchanged. The vtye®how given
by 500 mV /0.5 mA = 1 k. Also,Vx = Vpr + Rrplc = 1.278 V and (5.63) still holds. We
rewrite (5.64) as

Veeo
— ¢ >1001g, 5.70
I B (5.70)
obtainingR; + R> = 5 k. It follows that
Ry =1.45k0 (5.71)
Ry = 3.55 k0. (5.72)

Since the base voltage has risen to 1.278 'V, the collector voltage must exceed this value to avoid
saturation, leading to

Ro < Vee —Vx (5.73)
Ic
< 1.044 kQ. (5.74)

As seen in Section 5.3.1, the reductioniip translates to a lower voltage gain. Also, the much
smaller values oR; andR; here than in Example 5.11 introduce a low input impedance, loading
the preceding stage. We compute the exact input impedance of this circuit in Section 5.3.1.
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Exercise
Repeat the above exampldifg is limited to 100 mV.

5.2.4 Self-Biased Stage

Another biasing scheme commonly used in discrete and integrated circuits is shown in Fig. 5.22.
Called “self-biased” because the base current and voltage are provided from the collector, this
stage exhibits many interesting and useful attributes.

Vee
Rc
Rp
Y
Is I'e
X Q1

Figure 5.22 Self-biased stage.

Let us begin the analysis of the circuit with the observation that the base voltage is always
lower than the collector voltagd’x = Vy — IgRp. A result of self-biasing, this important
property guarantees thél; operates in the active mode regardless of device and circuit pa-
rameters. For example, R increases indefinitelyy); remains in the active region, a critical
advantage over the circuit of Fig. 5.21.

We now determine the collector bias current by assunijneg I¢; i.e., R carries a current
equal tol ¢, thereby yielding

Vv = Voo — Rele. (5.75)
Also,
Vy = Rplp + VBE (5.76)
RpI,
= ’ZC + Vi (5.77)

Equating the right hand sides of (5.75) and (5.77) gives

Voo — Vi
Ie =" FF R’ZE. (5.78)
RC + 7

As usual, we begin with an initial guess fog z, computel, and utilizeVipg = Vr In(I¢/Is)
to improve the accuracy of our calculations.

mﬂ 3. 13 p—————————————————————————
etermine the collector current and voltage(@f in Fig. 5.22 if Rc = 1k, Rg = 10 kQ,
Voo =25V, Is =5 x 10717 A, and = 100. Repeat the calculations f@tz = 2 k().
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AssumingVer = 0.8 V, we have from (5.78):
Ic = 1.545 mA, (5.79)

and hencd’pg = VrIn(Io/Is) = 807.6 mV, concluding that the initial guess féfz z and
the value ofl~ given by it are reasonably accurate. We also note fhaks = 154.5 mV and
Vy = Rplp + Vg ~ 0.955 V.

If Re =2kQ, thenwithVgr = 0.8V, Eq. (5.78) gives

Ic =0.810 mA. (5.80)
To check the validity of the initial guess, we writg&;p = Vi ln(Io/Is) = 791 mV. Compared

with Voo — Vg in the numerator of (5.78), the 9-mV error is negligible and the valug,ah
(5.80) is acceptable. SindegIg = 81 mV, Vy ~ 0.881 V.

Exercise
What happens if the base resistance is doubled?

Equation (5.78) and the above example suggest two important guidelines for the design of the
self-biased stage: (I)cc — Vpr must be much greater than the uncertainties in the value of
ViE; (2) R must be much greater thdty /3 to lower sensitivity to3. In fact, if R > R/,
then

Io ~ Voo — VBE’ (5.81)
Rc
andVy = Voo — IcRe =~ Vgg. This result serves as a quick estimate of the transistor bias
conditions.

Design Procedure  Equation (5.78) together with the conditidlx: > Rp// provides the
basic expressions for the design of the circuit. With the required vallie khown from small-
signal considerations, we chooBe = 10Rp /3 and rewrite (5.78) as

Vee — VBE
o= —"F—— .82
&) ].].RC ’ (5 8 )

whereVpp = Vrin(Io/Is). Thatis,

_ Vec —VBE

Ro = il (5.83)
_ BRc¢

Rp = 0 (5.84)

The choice ofRp also depends on small-signal requirements and may deviate from this value,
but it must remain substantially lower tha8®R .

D —————
Design the self-biased stage of Fig. 5.22 for = 1/(13 Q) and Vo = 1.8 V. Assume

Is =5 x 107! Aandj3 = 100.
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Sinceg,, = Ic/Vr = 1/(13 ), we havelo = 2 mA, Vg = 754 mV, and

Voo —Vie

~ 475 Q. (5.86)
Also,
_ BRc¢
Rp = 10 (5.87)
= 4.75 k. (5.88)

Note thatRpIp = 95 mV, yielding a collector voltage df54 mV + 95 mV = 849 mV.

Exercise
Repeat the above design with a supply voltage of 2.5 V.

Figure 5.23 summarizes the biasing principles studied in this section.

R = R¢
Il !
= Q1
> > > +
: 1 Q1
Q1 < = A Rc
R, = - Rp

- = Always in

Sensitive Sensitive 1 Active Mode
to B to Resistor Errors =

Figure 5.23 Summary of biasing techniques.

5.2.5 Biasing of PNP Transistors

The dc bias topologies studied thus far incorporgie transistors. Circuits usingnp devices
follow the same analysis and design procedures while requiring attention to voltage and current
polarities. We illustrate these points with the aid of some examples.

!aliil:la 5.15
alculate the collector and voltage@f in the circuit of Fig. 5.24 and determine the maximum
allowable value ofR~ for operation in the active mode.

The topology is the same as that in Fig. 5.13 and we have,

IgRp + Vg = Ve (5.89)
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Figure 5.24 Simple biasing opnpstage.

That is,

Ig = VCCR;BVEB (5.90)

and

Vee — Ves

Ic =p o

(5.92)
The circuit suffers from sensitivity t6.

If R¢ isincreasedVy rises, thus approachindy (= Voo — Veg) and bringing?; closer to
saturation. The transistor enters saturatiomat= Vy, i.e.,

IcRc maz = Voo — VeB (5.92)
and hence
RC,maz = Vee _—VEB (593)
I
Rp
= 5.94
3 (5.94)

From another perspective, sintg = IgRp andVy = IcRc, we havelgRp = Ic Rc maa
as the condition for edge of saturation, obtainig = SRc maz-

Exercise
For a givenR, what value ofRp places the device at the edge of saturation?

!ma 5.16
etermine the collector current and voltageehifin the circuit of Fig. 5.25(a).

As a general case, we assuthg is significant and construct the Thevenin equivalent of the
voltage divider as depicted in Fig. 5.25(b):

Ry
Vrhewy = =———— V¢ 5.95
Th Rt R, O (5.95)

Brhey = R1||R2 (596)

197
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(b)
Figure 5.25 (a) PNP stage with resistive divider biasing, (b) Thevenin equivalent of divideVapd

Adding the voltage drop acro$sry., andVgp to Vyp,., yields

Vrhew + IBRrhes + VEB = Vo (5.97)
that is,
Iy = Voo — Vrhew — VEB (5.98)
RThev
Ry
———Vecc — VeEB
R + R,
= 5.99
RThev ( )
It follows that
Ry
———Vec — VeB
I = pft B> (5.100)
RThev

As in Example 5.9, some iteration betweknandVz g may be necessary.

Equation (5.100) indicates that if; is significant, then the transistor bias heavily depends
on 3. On the other hand, ifg < I;, we equate the voltage drop acrd3s to Vg, thereby
obtaining the collector current:

Rs
——Vec =V, 5.101
Ry + Ry ¢ EB ( )
Ry, Veco
Ie =1 _— . 5.102
o =sow (i o) (5102

Note that this result is identical to Eq. (5.30).

Exercise
What is the maximum value d@¢ is (; must remain in soft saturation?

mm D e —————————
ssuming a negligible base current, calculate the collector current and voltage iof the
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circuit of Fig. 5.26. What is the maximum allowable value Bf for ), to operate in the
forward active region?

Figure 5.26 PNP stage with degeneration resistor.

With I'p <« I, we havel’x = Voo Ry /(Ry + R»). Adding toVy the emitter-base voltage and
the drop acros&g, we obtain

Vx + Ve + Rplp = Voo (5.103)
and hence
1 R>
Ip=— | ———Voc -V, . 5.104
. RE(R1+R2 o EB) (5.104)

Using I =~ Ig, we can compute a new value folzp and iterate if necessary. Also, with
Ip = I~ /3, we can verify the assumptidiy < .

In arriving at (5.104), we have written a KVL froffio to ground, Eq. (5.103). But a more
straightforward approach is to recognize that the voltage drop aBeassequal toVg g + g RE,
ie.,

R
Voo =—— = Vip + I5RE,

5.105
R+ R» ( )

which yields the same result as in (5.104).
The maximum allowable value @i is obtained by equating the base and collector voltages:

Ry
Voc=— =R 1 5.106
cc Rl T R2 C,ymaxlC ( )
RC max R2
~ - Voo — Vi . 5.107
Conss (T2 Voe Vi) (5107)
It follows that
Ry 1
R = RV . 5.108
C,mazx E CCR1 +R2 R2 ( )

—V
R + Ry ¢

¢ — VEB
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Exercise
Repeat the above examplefif = co.

mm 0. ] o ————————
etermine the collector current and voltageefin the self-biased circuit of Fig. 5.27.

Figure 5.27 Self-biasegnpstage.

We must write a KVL froml¢ through the emitter-base junction@f, Rg, andR to ground.
SinceB > 1 and hencd > Ip, R¢ carries a current approximately equalig, creating
Vy = Rclo. Moreover,Vx = Rglg +Vy = Rglg + Rc ¢, yielding

Voo = Vep +Vx (5.109)
=Vegp + Rplp + IcR¢ (5.110)
R
= Vep + <7B + Rc> Ic. (5.111)
Thus,
Io = M, (5.112)
s + Rc
B

a result similar to Eq. (5.78). As usual, we begin with a gues¥fgs, computel, and deter-
mine a new value foVg g, etc. Note that, since the basehigherthan the collector voltag€),
always remains in the active mode.

Exercise
How far is@; from saturation?
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5.3 Bipolar Amplifier Topologies

Following our detailed study of biasing, we can now delve into different amplifier topologies and
examine their small-signal propertiés.

Since the bipolar transistor contains three terminals, we may surmise that three possibilities
exist for applying the input signal to the device, as conceptually illustrated in Figs. 5.28(a)-
(c). Similarly, the output signal can be sensed from any of the terminals (with respect to ground)
[Figs. 5.28(d)-(f)], leading to nine possible combinations of input and output networks and hence
nine amplifier topologies.

Vin

(©

¢
(:J)
Vout
You
B
(e)

()

+
Vin( )
(@)

(d)

Figure 5.28 Possible input and output connections to a bipolar transistor.

However, as seen in Chapter 4, bipolar transistors operating in the active mode respond to
base-emitter voltage variations by varying their collector current. This property rules out the input
connection shown in Fig. 5.28(c) because hHéredoes not affect the base or emitter voltages.
Also, the topology in Fig. 5.28(f) proves of no value s, is not a function of the collector
current. The number of possibilities therefore falls to four. But we note that the input and output
connections in Figs. 5.28(b) and (e) remain incompatible becdygsevould be sensed at the
inputnode (the emitter) and the circuit would provide no function.

The above observations reveal three possible amplifier topologies. We study each carefully,
seeking to compute its gain and input and output impedances. In all cases, the bipolar transistors
operate in the active mode. The reader is encouraged to review Examples (5.2)-(5.4) and the three
resulting rules illustrated in Fig. 5.7 before proceeding further.

5.3.1 Common-Emitter Topology

Our initial thoughts in Section 4.1 pointed to the circuit of Fig. 4.1(b) and hence the topology of
Fig. 4.25 as an amplifier. If the input signal is applied to the base [Fig. 5.28(a)] and the output
signal is sensed at the collector [Fig. 5.28(d)], the circuit is called a “common-emitter” (CE)
stage (Fig. 5.29). We have encountered and analyzed this circuit in different contexts without
giving it a name. The term “common-emitter” is used because the emitter terminal is grounded
and hence appeairs commorto the input and output ports. Nevertheless, we identify the stage
based on the input and output connections (to the base and from the collector, respectively) so as
to avoid confusion in more complex topologies.

SWhile beyond the scope of this book, the large-signal behavior of amplifiers also becomes important in many
applications.
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VOUI

Output Sensed
at Collector

Q1

Input Applied
to Base

Figure 5.29 Common-emitter stage.

We deal with the CE amplifier in two phases: (a) analysis of the CE core to understand its
fundamental properties, and (b) analysis of the CE stage including the bias circuitry as a more
realistic case.

Analysis of CE Core  Recall from the definition of transconductance in Section 4.4.3 that a
small increment oAV applied to the base @, in Fig. 5.29 increases the collector current by
gm AV and hence the voltage drop acrdgs by ¢,, AV R¢. In order to examine the amplifying
properties of the CE stage, we construct the small-signal equivalent of the circuit, shown in Fig.
5.30. As explained in Chapter 4, the supply voltage ndde;, acts as an ac ground because its
value remains constant with time. We neglect the Early effect for now.

o Vout

'm=Vvn IV _Vout Re

Figure 5.30 Small-signal model of CE stage.

Let us first compute the small-signal voltage gdin= v, /vi,. Beginning from the output
port and writing a KCL at the collector node, we have

Vout
— = GmUr, 5.113
R~ ImY ( )
andv, = v;,. It follows that
Av = _ngC~ (5114)

Equation (5.114) embodies two interesting and important properties of the CE stage. First, the
small-signal gain isegativebecause raising the base voltage and hence the collector current in
Fig. 5.29lowersV,,,;. Second A, is proportional tay,, (i.e., the collector bias current) and the
collector resistorR.

Interestingly, the voltage gain of the stage is limited by the supply voltage. A higher collector
bias current or a largeR~ demands a greater voltage drop acré&gs but this drop cannot
exceedVoc. In fact, denoting the dc drop acro&g; with Vze and writingg,, = I /Vr, we
express (5.114) as

IcR¢

Ayl =
4ol = 5=

(5.115)
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Vre
= —. 5.116
Vr ( )

SinceVgye < Vee,

Ve
14, < ==<. (5.117)
Vi
Furthermore, the transistor itself requires a minimum collector-emitter voltage of &pguto
remain in the active region, lowering the limit to

|4, | < Yoo —Vor, (5.118)
Vi

!;ﬁimg 5.19
esign a CE core withic = 1.8 V and a power budgerf?, of 1 mW while achieving maximum
voltage gain.

SinceP = I¢ - Voo = 1 mW, we havel = 0.556 mA. The value ofR that place%), at the
edge of saturation is given by

Vee — Rele = Ve, (5.119)
which, along withVz g =~ 800 mV, yields

Vee — VBE

R < —————= (5.120)
I
< 1.8kQ. (5.121)
The voltage gain is therefore equal to
Ay = —gmRe (5.122)
= —-38.5. (5.123)

Under this condition, an input signal drives the transistor into saturation. As illustrated in Fig.
5.31(a), a 2-rv,;, input results in a 77-M,;, output, forward-biasing the base-collector junction
for half of each cycle. Nevertheless, so longiasremains in soft saturation/ge > 400 mV),
the circuit amplifies properly.

A more aggressive design may all@\ to operate in soft saturation, e.§fgr ~ 400 mV

and hence
Re < Vec — 400 mV (5.124)
Ic
< 2.52kQ. (5.125)
In this case, the maximum voltage gain is given by
A, = —53.9. (5.126)

Of course, the circuit can now tolerate only very small voltage swings at the output. For example,
a 2-mV,,;, input signal gives rise to a 107.8%g,, output, driving(); into heavy saturation [Fig.
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Vee 7TmVy,

(b)

Figure 5.31 CE stage (a) with some signal levels, (b) in saturation.

5.31(b)]. We say the circuit suffers from a trade-off between voltage gain and voltage “head-

room.”

Exercise

Repeat the above exampldifc = 2.5 V and compare the results.

Let us now calculate the I/O impedances of the CE stage. Using the equivalent circuit depicted

in Fig. 5.32(a), we write

Rin

(5.127)

(5.128)

Thus, the input impedance is simply equal®ty,, = 8Vr /I~ and decreases as the collector

bias increases.

(b)
Figure 5.32 (a) Input and (b) output impedance calculation of CE stage.

The output impedance is obtained from Fig. 5.32(b), where the input voltage source is set to
zero (replaced with a short). Sineg = 0, the dependent current source also vanishes, leaving
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R¢ as the only component seendy . In other words,

Ry = X (5.129)
X
= Re. (5.130)

The output impedance therefore trades with the voltage gajp.Rc.

Figure 5.33 summarizes the trade-offs in the performance of the CE topology along with the
parameters that create such trade-offs. For example, for a given value of output impétiance,
is fixed and the voltage gain can be increased by incredsintpereby lowering both the voltage
headroom and the input impedance.

Voltage

Headroom
(Swings)
Voltage

Im Gain Rc
Input Output
Impedance Impedance
B Rc

In
Figure 5.33 CE stage trade-offs.

!@E 5.20
stage must achieve an input impedanc&gf and an output impedance &f,,;. What is
the voltage gain of the circuit?

SinceR;,, = rx = /gm and R, = R, we have

Av = _ngC (5131)
Rout

= —f[B—-". 5.132

o (5.132)

Interestingly, if the 1/0 impedances are specified, then the voltage gain is automatically set. We
will develop other circuits in this book that avoid this “coupling” of design specifications.

Exercise
What happens to this result if the supply voltage is halved?

Inclusion of Early Effect Equation (5.114) suggests that the voltage gain of the CE stage
can be increased indefinitely R« — oo while g,, remains constant. Mentioned in Section
4.4.5, this trend appears validlit;¢ is also raised to ensure the transistor remains in the active
mode. From an intuitive point of view, a given change in the input voltage and hence the collector
current gives rise to an increasingly larger output swinggasncreases.
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In reality, however, the Early effect limits the voltage gain eveR#f approaches infinity.
Since achieving a high gain proves critical in circuits such as operational amplifiers, we must
reexamine the above derivations in the presence of the Early effect.

Figure 5.34 depicts the small-signal equivalent circuit of the CE stage including the transistor
output resistance. Note thap appears in parallel witlk ¢, allowing us to rewrite (5.114) as

Ay = —gm(Rellro)- (5.133)

We also recognize that the input impedance remains equal whereas the output impedance
falls to

Rout = RC||rO- (5134)

Vin *+—o Vout
+ 4
rm= vt é}gm vp 3o %Rc

A
Yy

Figure 5.34 CE stage including Early effect.

mm D o ——————
The circult of Fig. 5.29 is biased with a collector current of 1 mA dhd = 1 kQ. If 5 = 100
andV, = 10V, determine the small-signal voltage gain and the I/O impedances.

We have
Ic
m = T 5.135
g = o (5.135)
=(260)""! (5.136)
and
ro = Va (5.137)
Ic
= 10 kQ. (5.138)
Thus,
Ay = —gm(Rcl|ro) (5.139)
~ 35. (5.140)

(As a comparison, ity = oo, thenA, ~ 38.) For the I/O impedances, we write

Rin = rx (5.141)
_L (5.142)
Im

= 2.6 k) (5.143)
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and
Rout = Rc||ro (5.144)
= 0.91 k. (5.145)
Exercise

Calculate the gain ity = 5 V.

Let us determine the gain of a CE stageas — oco. Equation (5.133) gives
Av = —gmTO- (5146)

Called the “intrinsic gain” of the transistor to emphasize that no external device loads the circuit,
gmTo represents theaximunvoltage gain provided by a single transistor, playing a fundamental
role in high-gain amplifiers.

We now substitute,,, = I/Vr andro = Va/I¢ in Eq. (5.133), thereby arriving at

Va
|A,| = V' (5.147)
Interestingly, the intrinsic gain of a bipolar transistor is independent of the bias current. In modern
integrated bipolar transistor¥, falls in the vicinity of 5 V, yielding a gain of nearly 200In
this book, we assumg,,ro > 1 (and henceo > 1/g,,) for all transistors.
Another parameter of the CE stage that may prove relevant in some applications is the “current
gain,” defined as

Ap = ot (5.148)
Lin
wherei,,; denotes the current delivered to the load andhe current flowing to the input. We
rarely deal with this parameter for voltage amplifiers, but note that 3 for the stage shown
in Fig. 5.29 because the entire collector currentis deliverdéito

CE Stage With Emitter Degeneration In many applications, the CE core of Fig. 5.29 is
modified as shown in Fig. 5.35(a), where a resigtgrappears in series with the emitter. Called
“emitter degeneration,” this technique improves the “linearity” of the circuit and provides many
other interesting properties that are studied in more advanced courses.

As with the CE core, we intend to determine the voltage gain and 1/0 impedances of the
circuit, assuming); is biased properly. Before delving into a detailed analysis, it is instructive to
make some qualitative observations. Suppose the input signal raises the base vat&gg-y.
5.35(b)]. If R were zero, then the base-emitter voltage would also increagd/hyproducing
a collector current change gof, AV. But with Ry # 0, some fraction oAl appears across
Rg, thus leaving a voltage change across the BE junction tHass&than AV. Consequently,
the collector current change is also less thgam\ V. We therefore expect that the voltage gain of

7But other second-order effects limit the actual gain to about 50.
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()
Figure 5.35 (a) CE stage with degeneration, (b) effect of input voltage change.

the degenerated stagdasverthan that of the CE core with no degeneration. While undesirable,
the reduction in gain is incurred to improve other aspects of the performance.

How about the input impedance? Since the collector current change is lesg,{hdn, the
base current also changes by less tham\V//3, yielding an input impedancgreater than
B/gm = rr. Thus, emitter degenerationcreaseghe input impedance of the CE stage, a de-
sirable property. A common mistake is to conclude Rat = r. + Rg, but as explained below,
Rip, =rz+ (B+1)RE.

We now quantify the foregoing observations by analyzing the small-signal behavior of the
circuit. Depicted in Fig. 5.36 is the small-signal equivalent circuit, whgfe is replaced with
an ac ground and the Early effect is neglected. Notethatppears across. andnotfrom the
base to ground. To determimg,; /vi,, we first write a KCL at the output node,

Vout

Vout
mUr = — ; 5.149
gmv o ( )
obtaining
Vout
Vp = ————. 5.150
ngC ( )

We also recognize that two currents flow through: one originating fromr,. equal tov, /r
and another equal t@,,v,.. Thus, the voltage drop acrogs; is given by

VRE = (:—ﬂ + gmvn> REg. (5.151)

Since the voltage drop across and Ry must add up te;,,, we have
Vin = Ur + URE (5152)

= v, + (:—” + gmvn> Rg (5.153)

™
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:’Uﬂ.

1+ (ri + gm> RE} . (5.154)

Substituting for,, from (5.150) and rearranging the terms, we arrive at

Jout gm o (5.155)
Vin

_ . )
1+<r—+gm>RE

As predicted earlier, the magnitude of the voltage gain is lower ghaRo for Rg # 0. With
B> 1, we can assumg,, > 1/r, and hence

ngC

Ay = ——"F———.
v 1+ gnRE

(5.156)

Thus, the gain falls by a factor af+ g,,, Rg.
To arrive at an interesting interpretation of Eq. (5.156), we divide the numerator and denomi-
nator byg,,,

A, =T (5.157)

x + Rg

Im
It is helpful to memorize this result as “the gain of the degenerated CE stage is equal to the total
load resistance seen at the collector (to ground) dividetl/lpy, plus the total resistance placed
in series with the emitter.” (In verbal descriptions, we often ignore the negative sign in the gain,
with the understanding that it must be included.) This and similar interpretations throughout this
book greatly simplify the analysis of amplifiers—often obviating the need for drawing small-
signal circuits.

mm D
etermine the voltage gain of the stage shown in Fig. 5.37(a).

(@) (b)
Figure 5.37 (a) CE stage example, (b) simplified circuit.

We identify the circuit as a CE stage because the inputis applied to the h@sentl the output

is sensed at its collector. This transistor is degenerated by two defigesnd the base-emitter
junction of@-. The latter exhibits an impedanceigk (as illustrated in Fig. 5.7), leading to the
simplified model depicted in Fig. 5.37(b). The total resistance placed in series with the emitter is
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therefore equal t®g||r 2, yielding

A, = —IL. (5.158)

— + RE||T71'2

ml

Without the above observations, we would need to draw the small-signal model apbpatihd
(- and solve a system of several equations.

Exercise
Repeat the above example if a resistor is placed in series with the emitgr of

!ﬁiﬂ:’g 5.23
alculate the voltage gain of the circuit in Fig. 5.38(a).

Vee
Rc
I Vout Vee
Vin Q1
R =Qz
(a) (b)

Figure 5.38 (a) CE stage example, (b) simplified circuit.

The topology is a CE stage degeneratediy, but the load resistance between the collector of

@, and ac ground consists &f~ and the base-emitter junction &f,. Modeling the latter by

rr2, We reduce the circuit to that shown in Fig. 5.38(b), where the total load resistance seen at
the collector ofQ); is equal toR¢||r.=2. The voltage gain is thus given by

(5.159)

Exercise
Repeat the above example if a resistor is placed in series with the emitgr of

To compute the input impedance of the degenerated CE stage, we redraw the small-signal
model as in Fig. 5.39(a) and calculate /i x . Sincev, = rix, the current flowing througR g
is equal toix + gmrrix = (1 + B)ix, creating a voltage drop @2 g (1 + £)ix. Summingu,
andvgp and equating the result to¢, we have
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B+ Re
(b)
Figure 5.39 (@) Input impedance of degenerated CE stage, (b) equivalent circuit.
vx =Tqix + Re(1+ B)ix, (5.160)
and hence
Rin = = (5.161)
X
=7+ (B+1)RE. (5.162)

As predicted by our qualitative reasoning, emitter degeneration increases the input impedance
[Fig. 5.39(b)].

Why is R;,, not simply equal to,, + Rg? This would hold only if-, and Rr were exactly
in series, i.e., if the two carried equal currents, but in the circuit of Fig. 5.39(a), the collector
current,g,, v, also flows into nodé.

Does the facto? + 1 bear any intuitive meaning? We observe that the flow of both base
and collector currents througRg results in a large voltage drof3 + 1)ix Rg, even though
the current drawn fromax is merelyi x. In other words, the test voltage soureg,, supplies a
current of onlyix while producing a voltage drop @8 + 1)i x Rr acrosskRgp—as ifix flows
through a resistor equal {® + 1) R.

The above observation is articulated as follows: any impedance tied between the emitter and
ground is multiplied by3 + 1 when “seen from the base.” The expression “seen from the base”
means the impedance measured between the base and ground.

We also calculate the output impedance of the stage with the aid of the equivalent shown in
Fig. 5.40, where the input voltage is set to zero. Equation (5.153) applies to this circuit as well:

i

]

Figure 5.40 Output impedance of degenerated stage.

Vin =0=v; + (:—“ + gmvn> RE, (5.163)

T

yieldingv,, = 0 and hence,,v, = 0. Thus, all ofi x flows throughR«, and

Rout = U_X (5164)
tx
= Re, (5.165)
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revealing that emitter degeneration does not alter the output impedance if the Early effect is
neglected.

mﬂ D —————
stage is biased at a collector current of 1 mA. If the circuit provides a voltage gain of
20 with no emitter degeneration and 10 with degeneration, deterRineR g, and the 1/O
impedances. Assumg= 100.

For A, = 20 in the absence of degeneration, we require

gmRc =20, (5.166)
which, together withy,, = Ic./Vr = (26 Q)~!, yields

Re =520 Q. (5.167)

Since degeneration lowers the gain by a factor of two,

14 gmRe =2, (5.168)
ie.,

Rp = gi (5.169)
= 2(? Q. (5.170)

The input impedance is given by
Ripn =1+ (B+1)RE (5.171)
-2y (B+1Rg (5.172)
~ 2:; (5.173)

because > 1 andRg = 1/g,, in this example. ThusR;,, = 5200 Q. Finally,

Rout = Re (5.174)
=520 Q. (5.175)
Exercise
What bias current would result in a gain of 5 with such emitter and collector resistor val-
ues?

!ma 5.25
ompute the voltage gain and 1/0 impedances of the circuit depicted in Fig. 5.41. Assume a
very large value for’;.
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Figure 5.41 CE stage example.

If Cy isvery large, it acts as a short circuit for the signal frequencies of interest. Also, the constant
current source is replaced with an open circuit in the small-signal equivalent circuit. Thus, the
stage reduces to that in Fig. 5.35(a) and Egs. (5.157), (5.162), (5.165) apply.

Exercise
Repeat the above example if we tie another capacitor from the base to ground.

The degenerated CE stage can be analyzed from a different perspective to provide more in-
sight. Let us place the transistor and the emitter resistor in a black box having still three terminals
[Fig. 5.42(a)]. For small-signal operation, we can view the box as a new transistor (or “active”
device) and model its behavior by new values of transconductance and impedances. Denoted by
G, to avoid confusion withy,,, of @1, the equivalent transconductance is obtained from Fig.
5.42(b). Since Eq. (5.154) still holds, we have

@ (b)

Figure 5.42 (a) Degenerated bipolar transistor viewed as a black box, (b) small-signal equivalent.

Lout = ImUn (5176)

i , (5.177)
1+ (7" + gm)RE

= 9m

and hence

G = 20 (5.178)

Vin
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Im
N — 5.179
1+ gnREg ( )

For example, the voltage gain of the stage with a load resistanie & given by—G,,, Rp.

An interesting property of the degenerated CE stage is that its voltage gain becomes relatively
independent of the transistor transconductance and hence bias cugreRgf > 1. From Eq.
(5.157), we note that, — — R/ Rg under this condition. As studied in Problem 40, this trend
in fact represents the “linearizing” effect of emitter degeneration.

As a more general case, we now consider a degenerated CE stage containing a resistance in
series with the base [Fig. 5.43(a)]. As seen beléiw, only degradeghe performance of the
circuit, but often proves inevitable. For exampleg may represent the output resistance of a
microphone connected to the input of the amplifier.

Vee
Rc

Vout

Vin Q1 Vin

B+ Re

(a) (b)

Figure 5.43 (a) CE stage with base resistance, (b) equivalent circuit.

To analyze the small-signal behavior of this stage, we can adopt one of two approaches: (a)
draw the small-signal model of the entire circuit and solve the resulting equations, or (b) recog-
nize that the signal at nodéis simply an attenuated version@f, and write

Vout — U_A . Vout (5 180)

Uin Vin VA

Here,v4 /v;,, denotes the effect of voltage division betwdep and the impedance seen at the
base 0f), andv,,: /v4 represents the voltage gain from the bas@ pfo the output, as already
obtained in Egs. (5.155) and (5.157). We leave the former approach for Problem 44 and continue
with the latter here.

Let us first compute 4 /v;,, with the aid of Eq. (5.162) and the model depicted in Fig. 5.39(b),
as illustrated in Fig. 5.43(b). The resulting voltage divider yields

2
Combining (5.155) and (5.157), we arrive at the overall gain as
Your _ _tatB+DRe  —gmBc (5.182)
Vin rx+(B+1)Rg+ Rp 1+<rl+gm> Ry
TG ReiE TG (199
_ —BRc (5.184)

re+(8+1)Rg + Rp’
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To obtain a more intuitive expression, we divide the numerator and the denominator by

-R

Ay m = ¢ . (5.185)
— +Rp +

gm T BT

Compared to (5.157), this result contains only one additional term in the denominator equal to
the base resistance divided By 1.

The above results reveal that resistances in series with the emitter and the base have similar
effects on the voltage gain, bRtz is scaled down by + 1. The significance of this observation
becomes clear later.

For the stage of Fig. 5.43(a), we can define two different input impedances, one seen at the
base of, and another at the left terminal & (Fig. 5.44). The former is equal to

Figure 5.44 Input impedances seen at different nodes.

Ripi =1+ (B+1)RE (5.186)
and the latter,
Rin» = Rp+r-+ (8 +1)RE. (5.187)

In practice,R;,,; proves more relevant and useful. We also note that the outputimpedance of the
circuit remains equal to

Rout = RC (5 188)

even withRp # 0. This is studied in Problem 45.

!aﬁim]ﬂ 5.26
microphone having an output resistance ofLdenerates a peak signal level of 2 mV. Design
a CE stage with a bias current of 1 mA that amplifies this signal to 40 mV. Assuyme 4/g.,,

andg = 100.

The following quantities are obtaine®s = 1 k2, g, = (26 Q)7 , |A,| = 20, andRg =
104 Q. From Eg. (5.185),

1 Rp
Re =|A,| | —+R 5.189
o= '(gﬁ E+ﬂ+1> (5189

~ 2.8 kQ. (5.190)
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Exercise
Repeat the above example if the microphone output resistance is doubled.

mﬂ D o ———————
etermine the voltage gain and I/O impedances of the circuit shown in Fig. 5.45(a). Assume a
very large value foC’; and neglect the Early effect.

(b)

Figure 5.45 (a) CE stage example, (b) simplified circuit.

ReplacingC; with a short circuit,/; with an open circuit, and-¢ with ac ground, we arrive
at the simplified model in Fig. 5.45(b), whef and Rc appear in parallel ané&, acts as an
emitter degeneration resistor. Equations (5.185)-(5.188) are therefore written respectively as

4, = ——BellB) (5.191)
L R,y B
Im 2 B+1
Rin =Rp+71:+ (B+1)Ry (5.192)
Rout = Rol|Ry. (5.193)
Exercise
What happens if a very large capacitor is tied from the emittép,ofo ground?
Effect of Transistor Output Resistance The analysis of the degenerated CE stage has

thus far neglected the Early effect. Somewhat beyond the scope of this book, the derivation of
the circuit properties in the presence of this effect is outlined in Problem 48 for the interested
reader. We nonetheless explore one aspect of the circuit, namely, the output resistance, as it
provides the foundation for many other topologies studied later.
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Our objective is to determine the output impedance seen looking into the collector of a degen-
erated transistor [Fig. 5.46(a)]. Recall from Fig. 5.7 tRaf; = ro if Rg = 0. AlsO, Ry = 00
if V4 = oo (why?). To include the Early effect, we draw the small-signal equivalent circuit as in
Fig. 5.46(b), grounding the input terminal. A common mistake here is to Wijie = ro + RE.
Sinceg,,, v, flows from the output node int®, resistors'o andRg are not in series. We readily
note thatRy andr, appear in parallel, and the current flowing throughl||r, is equal toi x.
Thus,

( Rout iy
Hpb—

+
VTt
I_J-
E
(@

Figure 5.46 (a) Output impedance of degenerated stage, (b) equivalent circuit.

Vin Ql r-,-[:;

=

A

AA {
YYy
~

(@]

I~
<
X

-

i x
R

9. Vrt
(b)

Ur = _iX(RE||Tﬂ), (5194)

where the negative sign arises because the positive sidg isfat ground. We also recognize
thatro carries a current ofy — g, v and hence sustains a voltage(o¢ — g., v, )ro. Adding
this voltage to that acro93g (= —v,) and equating the result i, we obtain

UVx = (ZX - gmvﬂ')rO — Ur (5195)
=[ix + gmix(Rel|lr=)]ro + ix(Rgl||rz). (5.196)
It follows that
Rout = [1 + gm(REl|rs)lro + Rellrx (5.197)
=710+ (gmro + 1)(Rel|rr). (5.198)

Recall from (5.146) that the intrinsic gain of the transisigrro > 1, and hence

Rout R To + gmTo (RE| |T7T) (5199)
~ ro[l + gm(Rel|r-)]- (5.200)

Interestingly, emitter degeneraticsisesthe output impedance from, to the above value, i.e.,
by a factor oflL + g (Rg||rx).

The reader may wonder if the increase in the output resistance is desirable or undesirable.
The “boosting” of output resistance as a result of degeneration proves extremely useful in circuit
design, conferring amplifiers with a higher gain as well as creating more ideal current sources.
These concepts are studied in Chapter 9.

It is instructive to examine (5.200) for two special cases > r, andRg < r.. For
Rg > rr, we haveRg||r, — rr and

Rouwt o1+ gmrx) (5.201)
~ fro, (5.202)
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because? > 1. Thus, the maximum resistance seen at the collector of a bipolar transistor is
equal topro—if the degeneration impedance becomes much largenthan
ForRp < r,, we haveRg||r, — Rg and

Rout ~ (1 + ngE)rO- (5203)

Thus, the output resistance is boosted by a factar-pfy,,, Rg.

In the analysis of circuits, we sometimes draw the transistor output resistance explicitly to
emphasize its significance (Fig. 5.47). This representation, of course, as@uriteslf does not
contain anotherg.

; Rout

N
=}
AA
YYy
~
(e]

Figure 5.47 Stage with explicit depiction aofp.

!#ﬁi!l:la 5.28

e wish to design a current source having a value of 1 mA and an output resistance(of 20 k
The available bipolar transistor exhibits = 100 andV, = 10 V. Determine the minimum
required value of emitter degeneration resistance.

Sincerp = Va/Ic = 10 k2, degeneration must raise the output resistance by a factor of two.
We postulate that the conditidiy < r, holds and write

1+ gmRe =2. (5.204)

That is,
Rp = gi (5.205)
= 2(? Q. (5.206)

Note that indeed, = 3/g,, > Rg.

Exercise
What is the output impedancefg is doubled?

!ma 5.29
alculate the output resistance of the circuit shown in Fig. 5.48(&) i very large.

ReplacingV, andC; with an ac ground and; with an open circuit, we arrive at the simplified
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{ Rout { Rout
=R, o
<
Vb = R -
=Rz I Cy I
= R2

(@ (b) (c)

Figure 5.48 (a) CE stage example, (b) simplified circuit, (c) resistance seen at the collector.

model in Fig. 5.48(b). Sinc&; appears in parallel with the resistance seen looking into the
collector of ), we ignoreR; for the moment, reducing the circuit to that in Fig. 5.48(c). In
analogy with Fig. 5.40, we rewrite Eq. (5.200) as

Ryt = [1 + gm(RQHTW)]TO- (5207)

Returning to Fig. 5.48(b), we have

Rowt = RoutlHRl (5208)
={[1 + gm(Rallrz)lro} || Ri. (5.209)
Exercise
What is the output resistance if a very large capacitor is tied between the emittar arid
ground?

The procedure of progressively simplifying a circuit until it resembles a known topology
proves extremely critical in our work. Called “analysis by inspection,” this method obviates the
need for complex small-signal models and lengthy calculations. The reader is encouraged to
attempt the above example using the small-signal model of the overall circuit to appreciate the
efficiency and insight provided by our intuitive approach.

!gﬁima 5.30
etermine the output resistance of the stage shown in Fig. 5.49(a).

Solution
Recall from Fig. 5.7 that the impedance seen at the collector is equalitthe base and emitter
are (ac) grounded. Thu§. can be replaced withys [Fig. 5.49(b)]. From another perspective,
()> is reduced tao» because its base-emitter voltage is fixed/®y, yielding a zerqy,,,2vxs.

Now, ro2 plays the role of emitter degeneration resistance@er In analogy with Fig.
5.40(a), we rewrite Eq. (5.200) as

Rout = [1 4 gm1(roz2]|ra1)]ro1- (5.210)
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{ Rout

Q1

(b)
Figure 5.49 (a) CE stage example, (b) simplified circuit.

Called a “cascode” circuit, this topology is studied and utilized extensively in Chapter 9.

Exercise
Repeat the above example for a “stack” of three transistors.

CE Stage with Biasing  Having learned the small-signal properties of the common-emitter
amplifier and its variants, we now study a more general case wherein the circuit contains a bias
network as well. We begin with simple biasing schemes described in Section 5.2 and progres-
sively add complexity (and more robust performance) to the circuit. Let us begin with an exam-

ple.

!a!jil:la 531

student familiar with the CE stage and basic biasing constructs the circuit shown in Fig. 5.50
to amplify the signal produced by a microphone. Unfortunatglycarries no current, failing to
amplify. Explain the cause of this problem.

Vee =25V

100kQ SRy Rc=1kQ

o [

out

F)J.:<
1} 'O
iy

Figure 5.50 Microphone amplifier.

Many microphones exhibit a small low-frequency resistance (e.g100 2). If used in this
circuit, such a microphone creates a low resistance from the ba@e tf ground, forming a
voltage divider withRp and providing a very low base voltage. For example, a microphone
resistance of 10Q yields

100 Q
- PR o 211
VX = Toomar1o0a <20V (5.211)
~2.5mV. (5.212)

Thus, the microphone low-frequency resistance disrupts the bias of the amplifier.
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Exercise
Does the circuit operate betterkfg is halved?

How should the circuit of Fig. 5.50 be fixed? Since only #ignal generated by the micro-
phone is of interest, a series capacitor can be inserted as depicted in Fig. 5.51 so as to isolate
the dc biasing of the amplifier from the microphone. That is, the bias poi@t sEmains inde-
pendent of the resistance of the microphone becaysarries no bias current. The value®@f
is chosen so that it provides a relatively low impedance (almost a short circuit) for the frequen-
cies of interest. We sa§/; is a “coupling” capacitor and the input of this stage is “ac-coupled”
or “capacitively-coupled.” Many circuits employ capacitors to isolate the bias conditions from
“undesirable” effects. More examples clarify this point later.

Vee =25V

100kQ =Ry Rc=1kQ

e—oV
X out
D_:i-—l H‘E@l

G

Figure 5.51 Capacitive coupling at the input of microphone amplifier.

The foregoing observation suggests that the methodology illustrated in Fig. 5.9 must include
an additional rule: replace all capacitors with an open circuit for dc analysis and a short circuit
for small-signal analysis.

Let us begin with the stage depicted in Fig. 5.52(a). For bias calculations, the signal source is
set to zero and’; is opened, leading to Fig. 5.52(b). From Section 5.2.1, we have

Figure 5.52 (a) Capacitive coupling at the input of a CE stage, (b) simplified stage for bias calculation,
(c) simplified stage for small-signal calculation, (d) simplified circuit for input impedance calculation, (e)
simplified circuit for output impedance calculation.

3 Vee — VBE

I~ =
c RB ’

(5.213)

221
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Vee — VBE

VW =Vee — BRe Tn

(5.214)

To avoid saturationyy > Vgg.

With the bias current known, the small-signal parameggrsr,., andro can be calculated.

We now turn our attention to small-signal analysis, considering the simplified circuit of Fig.
5.52(c). Here(’, is replaced with a short anid-¢ with ac ground, but), is maintained as a
symbol. We attempt to solve the circuit by inspection: if unsuccessful, we will resort to using a
small-signal model fo€); and writing KVLs and KCLs.

The circuit of Fig. 5.52(c) resembles the CE core illustrated in Fig. 5.29, excegt gor
Interestingly,R g has no effect on the voltage at nodleso long a%;,, remains an ideal voltage
source; i.e.px = v, regardless of the value @tz. Since the voltage gain from the base to the
collector is given by, /vx = —gmRc, we have

% = —gmRe. (5.215)
If V4 < oo, then
Vout

However, the input impedance is affected By; [Fig. 5.52(d)]. Recall from Fig. 5.7 that the
impedance seen looking into the bage,, is equal tor,; if the emitter is grounded. Her&® g
simply appears in parallel witR;,,1, yielding

Rin2 = r1||RB. (5.217)
Thus, the bias resistor lowers the input impedance. Nevertheless, as shown in Problem 51, this
effect is usually negligible.

To determine the output impedance, we set the input source to zero [Fig. 5.52(e)]. Comparing
this circuit with that in Fig. 5.32(b), we recognize tha$,; remains unchanged:

Rout = Re|ro. (5.218)
because both terminals & are shorted to ground.

In summary, the bias resistak gz, negligibly impacts the performance of the stage shown in
Fig. 5.52(a).

mm D3
aving learned about ac coupling, the student in Example 5.31 modifies the design to that shown
in Fig. 5.53 and attempts to drive a speaker. Unfortunately, the circuit still fails. Explain why.

Vee =25V

100kQ =Ry Rc=1kQ

Figure 5.53 Amplifier with direct connection of speaker.
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Typical speakers incorporate a solenoid (inductor) to actuate a membrane. The solenoid exhibits
a very low dc resistance, e.g., less thai.TThus, the speaker in Fig. 5.53 shorts the collector to
ground, driving@; into deep saturation.

Exercise
Does the circuit operate better if the speaker is tied between the output notie add

mp 5. 33—

e student applies ac coupling to the output as well [Fig. 5.54(a)] and measures the quiescent
points to ensure proper biasing. The collector bias voltage is 1.5V, indicatin@ thaggerates in

the active region. However, the student still observes no gain in the circuit@=f5 x 10~17

Vec =25V

100kQ SRy Rc=1kQ |J * +—o Vout
X — + 01 Rc%le Rsp%8§2
D_i—ll—‘—liol C, v §+ 100 k Q %RBL} il il
cl in ) - - -

(@ (b)
Figure 5.54 (a) Amplifier with capacitive coupling at the input and output, (b) simplified small-signal

model.

A andVy, = oo, compute thes of the transistor. (b) Explain why the circuit provides no gain.

(a) A collector voltage of 1.5 V translates to a voltage drop of 1 V aci®ssand hence a
collector current of 1 mA. Thus,

1

Veg = Vrln =2 (5.219)

Is
= 796 mV. (5.220)

It follows that
Ip = Veo —Vie (5.221)
Rp

= 17 jA, (5.222)

andg = I /Ip = 58.8.

(b) Speakers typically exhibit a low impedance in the audio frequency range, 8.g2r&w-
ing the ac equivalent as in Fig. 5.54(b), we note that the total resistance seen at the collector node
is equal tol kQ2||8 €2, yielding a gain of

|Av| = gm(Rc||Rs) = 0.31 (5.223)
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Exercise
Repeat the above example B¢ = 500 (2.

The design in Fig. 5.54(a) exemplifies an improper interface between an amplifier and a load:
the output impedance is so much higher than the load impedance that the connection of the load
to the amplifier drops the gain drastically.

How can we remedy the problem of loading here? Since the voltage gain is proportional
to g,,, we can biag), at a much higher current to raise the gain. This is studied in Problem
53. Alternatively, we can interpose a “buffer” stage between the CE amplifier and the speaker
(Section 5.3.3).

Let us now consider the biasing scheme shown in Fig. 5.15 and repeated in Fig. 5.55(a).
To determine the bias conditions, we set the signal source to zero and open the capacitor(s).
Equations (5.38)-(5.41) can then be used. For small-signal analysis, the simplified circuit in Fig.
5.55(b) reveals a resemblance to thatin Fig. 5.52(b), except thakh@hd R, appear in parallel
with the input. Thus, the voltage gain is still equakg,,(R¢||ro) and the input impedance is
given by

- Vee
Rl EE Rc Vout
* * R
——-o 0 Q1 c
+ Cy ) Vi, N R, =R, l\} <
Vin ) R, = - A" L
(a) (b)
Figure 5.55 (a) Biased stage with capacitive coupling, (b) simplified circuit.
Rip = rx|| R || Ra. (5.224)

The output resistance is equalRe:||ro.
We next study the more robust biasing scheme of Fig. 5.19, repeated in Fig. 5.56(a) along
with an input coupling capacitor. The bias point is determined by opefiingnd following
Egs. (5.52) and (5.53). With the collector current known, the small-signal parametgyscahn
be computed. We also construct the simplified ac circuit shown in Fig. 5.56(b), noting that the
voltage gain is not affected b§; and R, and remains equal to
A, = 1&, (5.225)
— + Rg
Im

where Early effect is neglected. On the other hand, the input impedance is lowered to:
Rin = [rr + (B + 1)RE]||R1]||R2, (5.226)
whereas the output impedance remains equéldaf V4 = co.

As explained in Section 5.2.3, the use of emitter degeneration can effectively stabilize the bias
point despite variations ifi ands. However, as evident from (5.225), degeneration also lowers
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- Vee
Rl EE Rc VOUI
. . o) R
I—‘ Q]_ + R R 1 C
+ Cl d Vin 1 2 RE -
Vin ) R2 :E RE — — —
(@) (b)

Figure 5.56 (a) Degenerated stage with capacitive coupling, (b) simplified circuit.

the gain. Is it possible to apply degeneration to biasingniotito the signal? Illustrated in Fig.
5.57 is such a topology, whetg is large enough to act as a short circuit for signal frequencies
of interest. We can therefore write

Figure 5.57 Use of capacitor to eliminate degeneration.

Av = _ngC (5227)

and
R, = rx||Ry||R2 (5.228)
Rout = RC- (5229)

!gﬁima 5.34

esign the stage of Fig. 5.57 to satisfy the following conditiolas:= 1 mA, voltage drop
acrossRp = 400 mV, voltagegain = 20 in the audio frequency range (20 Hz to 20 kHz), input
impedance > 2 kQ. Assume3 = 100, Is = 5 x 10716, andVoc = 2.5 V.

With I = 1 mA = Ig, the value ofRg is equal to 40Q2. For the voltage gain to remain
unaffected by degeneration, the maximum impedancé ohust be much smaller thay g,,, =
26 Q2.8 Occurring at 20 Hz, the maximum impedance must remain below ro@ghk/(1/g,,) =
2.6 Q:

1 1
G <10 o for w = 27 x 20 Hz. (5.230)

8 A common mistake here is to make the impedanc€'pofmuch less thamk z; .
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Thus,
Csy > 6120 uF. (5.231)
(This value is unrealistically large, requiring modification of the design.) We also have
|Ay| = gm Rc = 20, (5.232)
obtaining
Re = 512Q. (5.233)
Since the voltage acrod®y is equal to 400 mV and’sr = Vr In(I¢/Is) = 736 mV, we have

Vx = 1.14 V. Also, with a base current of 10A, the current flowing througl®; and R, must
exceed 10Q.A to lower sensitivity tog:

Veeo
—— > 101 5.234
R + R» B ( )
and hence
Ry + Ry < 25 k0. (5.235)
Under this condition,
Ve m =12yl =114V (5.236)
X ~ Rl +R2 cc — 1. ) .
yielding
Ry =114k (5.237)
Ry = 13.6 k. (5.238)
We must now check to verify that this choice Bf and R, satisfies the conditio®;,, > 2 k).
That s,
Ry = rx||Ry||R2 (5.239)
= 1.85 k0. (5.240)

Unfortunately,R; and R, lower the input impedance excessively. To remedy the problem, we
can allow a smaller current throudghl andR, than10/g, at the cost of creating more sensitivity

to 8. For example, if this current is set5dp = 50 pA and we still neglecf i in the calculation

of Vx,

Veeo
——— > 51 5.241
it R B ( )

and

Ry + Ry < 50kQ. (5.242)
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Consequently,
Ry = 22.4kQ (5.243)
Ry = 27.2k9, (5.244)
giving
R = 2.14 k0. (5.245)
Exercise

Redesign the above stage for a gain of 10 and compare the results.

We conclude our study of the CE stage with a brief look at the more general case depicted in
Fig. 5.58(a), where the input signal source exhibits a finite resistance and the output is tied to a
load Ry,. The biasing remains identical to that of Fig. 5.56(a), Bytand R, lower the voltage
gainwv,.:/vi,. The simplified ac circuit of Fig. 5.58(b) revedls, is attenuated by the voltage

division betweemRs and the impedance seen at nodeR, || R:||[r~ + (8 + 1)REg], i.e.,

Vee
R = =R G
Rs C1 — Vout
— Q1 RL
+ -
V|r| Rz :E RE -
@
Rs

(b)

Figure 5.58 (a) General CE stage, (b) simplified circuit, (c) Thevenin model of input network.

vx _ _ Ri||Ro|lfrx + (B + 1)Rg]
vin  Ri||Ra||[rx + (8 +1)Rp] + Rs’

The voltage gain from;,, to the output is given by

Vout _ UX Uout
Vin Vin Ux

Ry || Ry|[rx + (B + 1) Ri]

Rc||RL

" Ri||Re||[rx + (B+ 1)Rp] + Rs 1 t Rp

m

(5.246)

(5.247)

(5.248)

227
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As expected, lower values @f; andR, reduce the gain.

The above computation views the input network as a voltage divider. Alternatively, we can uti-
lize a Thevenin equivalent to include the effectityf, R, andR» on the voltage gain. lllustrated
in Fig. 5.58(c), the idea is to replacg,, Rs andR; || Re With vppe, @aNdRypey:

Ri||R
= —————Vin 5.249
Ri||Rs + Rs (5:249)

Ryhey = Rs||R1||Rs. (5.250)

UThev

The resulting circuit resembles that in Fig. 5.43(a) and follows Eq. (5.185):

Rc||Rr _ Ri|[R>

1 RTheU R1||R2 + RS7
— 4 Rp + e
gm0 B+

A, =—

(5.251)

where the second fraction on the right accounts for the voltage attenuation given by Eq. (5.249).
The reader is encouraged to prove that (5.248) and (5.251) are identical.

The two approaches described above exemplify analysis techniques used to solve circuits
and gain insight. Neither requires drawing the small-signal model of the transistor because the
reduced circuits can be “mapped” into known topologies.

Figure 5.59 summarizes the concepts studied in this section.

Headroom

; \/\/\ Giin E> r
VR N T TR T

out

Figure 5.59 Summary of concepts studied thus far.

5.3.2 Common-Base Topology

Following our extensive study of the CE stage, we now turn our attention to the “common-base
(CB) topology. Nearly all of the concepts described for the CE configuration apply here as well.
We therefore follow the same train of thought, but at a slightly faster pace.

Given the amplification capabilities of the CE stage, the reader may wonder why we study
other amplifier topologies. As we will see, other configurations provide different circuit proper-
ties that are preferable to those of the CE stage in some applications. The reader is encouraged to
review Examples 5.2-5.4, their resulting rules illustrated in Fig. 5.7, and the possible topologies
in Fig. 5.28 before proceeding further.
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Figure 5.60 shows the CB stage. The input is applied to the emitter and the output is sensed

at the collector. Biased at a proper voltage, the base acts as ac ground and hence as a node

“common” to the input and output ports. As with the CE stage, we first study the core and
subsequently add the biasing elements.

Vee

Output Sensed
4 at Collector

out

g

— Input Applied
to Emitter

Figure 5.60 Common-base stage.

Analysis of CB Core  How does the CB stage of Fig. 5.61(a) respond to an input siynal?
If Vi, goes up by a small amourkV, the base-emitter voltage 6f; decreasedy the same
amount because the base voltage is fixed. Consequently, the collector current fg)lAby,
allowing V,,; torise by g¢,, AV Rc. We therefore surmise that the small-signal voltage gain is
equal to

(b)

Figure 5.61 (a) Response of CB stage to small input change, (b) small-signal model.

A, = gmRec. (5.252)

Interestingly, this expression is identical to the gain of the CE topology. Unlike the CE stage,
however, this circuit exhibits positivegain because an increaselip, leads to an increase in
Vout-

Let us confirm the above results with the aid of the small-signal equivalent depicted in Fig.
5.61(b), where the Early effect is neglected. Beginning with the output node, we equate the
current flowing througti to g, v

vou
- Rot = ImUr, (5253)

9Note that the topologies of Figs. 5.60-5.61(a) are identical even th@ughk drawn differently.

229
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obtainingu, = —v,ut/(9mRc). Considering the input node next, we recognize that —v;,,.
It follows that

Vout

= gmRc. (5.254)

Vin

As with the CE stage, the CB topology suffers from trade-offs between the gain, the voltage
headroom, and the 1/O impedances. We first examine the circuit's headroom limitations. How
should the base voltag®j, in Fig. 5.61(a) be chosen? Recall that the operation in the active
region require¥’gg > 0 andVgc < 0 (for npn devices). Thusl, must remairhigherthan the
input by about 800 mV, and the output must remain higher than or eqigl teor example, if
the dc level of the input is zero (Fig. 5.62), then the output must not fall below approximately
800 mV, i.e., the voltage drop acrofs: cannot exceeldlcc — Vpg. Similar to the CE stage
limitation, this condition translates to

A, = Ie -Re (5.255)
Vr
Vee — VBE
= -c¢¢_ 'BF 5.256
i ( )

mﬂ 0.3 ————————————

e voltage produced by an electronic thermometer is equal to 600 mV at room temperature.
Design a CB stage to sense the thermometer voltage and amplify the change with maximum
gain. Assumé/cc = 1.8V, Ic = 0.2mA, Is = 5 x 10717 A, and = 100.

Illustrated in Fig. 5.63(a), the circuit must operate properly with an input level of 600 mV. Thus,
Vo = Ve + 600 mV = VrIn(Io/Is) + 600 mV = 1.354 V. To avoid saturation, the collector
voltage must not fall below the base voltage, thereby allowing a maximum voltage drop across
R¢ equaltol.8 V — 1.354 V = 0.446 V. We can then write

A, = gmRe (5.257)
IcRe

— 5.258

= (5.258)

17.2. (5.259)
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Ry
O
A
YW
A
W
R
=

Thermometer

@ (b)

Figure 5.63 (a) CB stage sensing an input, (b) bias network for base.

The reader is encouraged to repeat the problem fvith= 0.4 mA to verify that the maximum
gain remains relatively independent of the bias curtént.

We must now generafig,. A simple approach is to employ a resistive divider as depicted in
Fig. 5.63(b). To lower sensitivity t@, we choosel; ~ 10Iz ~ 20 pA ~ Voc/(Ry + R,).
Thus,R; + Rs = 90 k. Also,

R,

Vi —————V, 5.260
R TR (5.260)
and hence
Ry = 67.7kQ (5.261)
Ry = 22.3kQ. (5.262)
Exercise

Repeat the above example if the thermometer voltage is 300 mV.

Let us now compute the I/O impedances of the CB topology so as to understand its capabil-
ities in interfacing with preceding and following stages. The rules illustrated in Fig. 5.7 prove
extremely useful here, obviating the need for small-signal equivalent circuits. Shown in Fig.
5.64(a), the simplified ac circuit reveals thay, is simply the impedance seen looking into the
emitter with the base at ac ground. From the rules in Fig. 5.7, we have

Rin = — (5.263)

if V4 = oo. The input impedance of the CB stage is therefore relatilely e.g., 2692 for
I = 1 mA (in sharp contrast to the corresponding value for a CE s{agg,).

10This example serves only as an illustration of the CB stage. A CE stage may prove more suited to sensing a
thermometer voltage.
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Vee
Rc
Q1
- ac

(@) (b)

Figure 5.64 (a) Input impedance of CB stage, (b) response to a small change in input.

The input impedance of the CB stage can also be determined intuitively [Fig. 5.64(b)]. Sup-
pose a voltage sourdéy tied to the emitter of); changes by a small amountl. The base-
emitter voltage therefore changes by the same amount, leading to a change in the collector current
equal tog,, AV. Since the collector current flows through the input source, the current supplied
by Vx also changes by,,AV. ConsequentlyR;,, = AVx /Alx = 1/g.,.

Does an amplifier with a low input impedance find any practical use? Yes, indeed. For exam-
ple, many stand-alone high-frequency amplifiers are designed with an input resistanée tof 50
provide “impedance matching” between modules in a cascade and the transmission lines (traces
on a printed-circuit board) connecting the modules (Fig. 565).

50-Q 50-Q
Transmission Transmission
E Line E Line E
50Q 50Q

Figure 5.65 System using transmission lines.

The output impedance of the CB stage is computed with the aid of Fig. 5.66, where the input
voltage source is set to zero. We note that,; = R,u:1||Rc, whereR,,:; is the impedance
seen at the collector with the emitter grounded. From the rules of Fig. 5.7, wetiame= ro
and hence

Figure 5.66 Output impedance of CB stage.

Rout = rol|Rc (5.264)

LLIf the input impedance of each stage is not matched to the characteristic impedance of the preceding transmission
line, then “reflections” occur, corrupting the signal or at least creating dependence on the length of the lines.
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or

Rout = Re if Vi = . (5.265)

!mq 5.36
common-base amplifier is designed for an input impedande;gfand an output impedance
of R,.:- Neglecting the Early effect, determine the voltage gain of the circuit.

SinceR;,, = 1/gm andR,.,: = R, we have

A, = . (5.266)

Exercise
Compare this value with that obtained for the CE stage.

From Egs. (5.256) and (5.266), we conclude that the CB stage exhibits a set of trade-offs
similar to those depicted in Fig. 5.33 for the CE amplifier.

It is instructive to study the behavior of the CB topology in the presence of a finite source
resistance. Shown in Fig. 5.67, such a circuit suffers from signal attenuation from the input to
nodeX, thereby providing a smaller voltage gain. More specifically, since the impedance seen
looking into the emitter of); (with the base grounded) is equallitfy,, (for V4 = oo), we have

R
S X
+
Vin ) ﬁ
1
vx = —Im o, (5.267)
X — 1 vzn .
Rs + —
Im
1
- i 5.268
1+ gmPRs (5.268)

We also recall from Eq. (5.254) that the gain from the emitter to the output is given by

Vout

= gmPRc. (5.269)
vx
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It follows that

Vout gmBc
—_—= 5.270
— + Rs

aresult identical to that of the CE stage (except for a negative sidty) i§ viewed as an emitter
degeneration resistor.

5.37
mase stage is designed to amplify an RF signal received byQaabenna. De-
termine the required bias current if the input impedance of the amplifier must “match” the
impedance of the antenna. What is the voltage gain if the CB stageldalssa 5042 load?
Assumely = oc.

Figure 5.68 depicts the amplifi€rand the equivalent circuit with the antenna modeled by a
Vee
Rc

Vout

Antenna o} Vg =

Figure 5.68 (a) CB stage sensing a signal received by an antenna, (b) equivalent circuit.

voltage sourcey;,,, and a resistancéls = 50 Q. For impedance matching, it is necessary that
the input impedance of the CB cofi,g,,,, be equal taRs, and hence
Ic = gmVr (5.272)
=0.52mA. (5.273)

If Ro itself is replaced by a 50+ load, then Eq. (5.271) reveals that

A, = IL (5.274)
— + Rs
gm

(5.275)

N | =

The circuit is therefore not suited to driving a S0load directly.

12The dots denote the need for biasing circuitry, as described later in this section.
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Exercise
What is the voltage gain if a 5Q-resistor is also tied from the emitter @f; to ground?

Another interesting point of contrast between the CE and CB stages relates to their cur-
rent gains. The CB stage displays a current gairumity because the current flowing into
the emitter simply emerges from the collector (if the base current is neglected). On the other
hand, as mentioned in Section 5.34Y, = g for the CE stage. In fact, in the above example,
iin = Vin/(Rs + 1/gm), which upon flowing througliR¢, yieldsve,: = Rovin/(Rs +1/gm)-
It is thus not surprising that the voltage gain does not exceed &b iK Rg.

As with the CE stage, we may desire to analyze the CB topology in the general case: with
emitter degeneratioi4 < oo, and a resistance in series with the base [Fig. 5.69(a)]. Outlined
in Problem 64, this analysis is somewhat beyond the scope of this book. Nevertheless, it is in-

Vee

AA

(@ (b)

Figure 5.69 (a) General CB stage, (b) output impedance seen at different nodes.

structive to consider a special case wh&g = 0 but V4 < oo, and we wish to compute
the output impedance. As illustrated in Fig. 5.69(B),.: is equal toR in parallel with the
impedance seen looking into the collectBy,,;;. But R, is identical to the output resistance
of an emitter-degeneratedmmon emittestage, i.e., Fig. 5.46, and hence given by Eq. (5.197):

Routn = [1+ gm(RE||rx)]ro + (Re||rx)- (5.276)
It follows that
Rout = Re|[{[1 + gm(RE||rx)]lro + (REe||rx)} - (5.277)

The reader may have recognized that the output impedance of the CB stage is equal to that of
the CE stage. Is this true in general? Recall that the output impedance is determined by setting
the input source to zero. In other words, when calculaig;, we have no knowledge of the

input terminal of the circuit, as illustrated in Fig. 5.70 for CE and CB stages. It is therefore no
coincidence that the output impedances are idenfithe same assumptions are made for both
circuits (e.g., identical values &f4 and emitter degeneration).

3.38 m—————
%says “the output impedance of the CB stage is substantially higher than that of the
CE stage.” This claim is justified by the tests illustrated in Fig. 5.71. If a constant current is
injected into the base while the collector voltage is varigdexhibits a slope equal bq;l [Fig.
5.71(a)]. On the other hand, if a constant current is drawn from the eniittatisplays much
less dependence on the collector voltage. Explain why these tests do not represent practical
situations.
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Vee Vee Vee
Rc Rc Rc
Vout Vout
Q1 ':> Q1 <—I Yo Q1
N H
Vin Re R Roy
T T = + Re
Vin
@) ) (b)

Figure 5.70 (a) CE stage and (b) CB stage simplified for output impedance calculation.

Vee Ie Ic

@

Open . o
rn% Vo (i) 9.V EEfo<—|
—— R

(©

Hk—e

(b)

" o
+ bR

rm= v 9., vVn <:ro<—|
_I | R

Open

(d)

Figure 5.71 (a) Resistance seens at collector with emitter grounded, (b) resistance seen at collector with
an ideal current source in emitter, (c) small-signal model of (a), (d) small-signal model of (b).

The principal issue in these tests relates to the useméntsources to drive each stage. From a
small-signal point of view, the two circuits reduce to those depicted in Figs. 5.71(c) and (d), with
current source$g andlg replaced with open circuits because they are constant. In Fig. 5.71(c),
the current through; is zero, yieldingy,,v, = 0 and hence?,,; = ro. On the other hand, Fig.
5.71(d) resembles an emitter-degenerated stage (Fig. 5.46) with an infinite emitter resistance,
exhibiting an output resistance of

Rout = [1 + gm(RE||rx)ro + (Re||rx) (5.278)
= (L+ gmrz)ro + 7z (5.279)
~ fBro + =, (5.280)

which is, of course, much greater thag. In practice, however, each stage may be driven by a
voltagesource having a finite impedance, making the above comparison irrelevant.

Exercise
Repeat the above example if a resistor of vaijds inserted in series with the emitter.
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Another special case of the topology shown in Fig. 5.69(a) occurg i= oo but Rg > 0.
Since this case does not reduce to any of the configurations studied earlier, we employ the small-
signal model shown in Fig. 5.72 to study its behavior. As usual, we wjite. = —v,.:/Rc
and hencer, = —v,ut/(9mRc). The current flowing through, (and Rg) is then equal to
U [Tn = —Vout/(gmT=Rc) = —vout/(BRc). Multiplying this current byRp + r,, we obtain
the voltage at nod®:

—Vout
= _ R . 5.281
vp 3R (RB +7x) ( )
Vout
= R ) 5.282
ﬂRc( B +7Tr) ( )
We also write a KCL af:
U 4 gy = 22 Vin, (5.283)
s RE
that is,
Vout
(RB + 1“77) — VUin
1 —Vout ﬂRC
— 4+ 9m = . 5.284
<T7r g > gm o Rg ( )
It follows that
Pout _ ialiey (5.285)

Vin (ﬂ + ]-)RE + RB + Tr ’
Dividing the numerator and denominator By+ 1, we have

Vout ~ RC
Vin - Lip -
Rp + +—
K B+1 Im
As expected, the gain is positive. Furthermore, this expression is identical to that in (5.185) for
the CE stage. Figure 5.73 illustrates the results, revealing that, except for a negative sign, the
two stages exhibit equal gains. Note tlig¢ degrades the gain and is not added to the circuit
deliberately. As explained later in this sectidty may arise from the biasing network.
Let us now determine the input impedance of the CB stage in the presence of a resistance in
series with the base, still assumilig = oo. From the small-signal equivalent circuit shown in

(5.286)
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Figure 5.73 Comparison of CE and CB stages with base resistance.

Fig. 5.74, we recognize that andRp form a voltage divider, thereby producittg

Rp

i IO

= i

Vout

-
>
=

Figure 5.74 Input impedance of CB stage with base resistance.

I'r

= —————Vx. 5.287
v r- + Rp vx ( )
Moreover, KCL at the input node gives
(o .
— 4 gy = —ix. (5.288)
Thus,
L T oy = —i (5.289)
o Im r+ Rp Ux = —ix .
and
Ux r-+ Rp
L el 5.290
ix ﬂ +1 ( )
1 Rp
— . 5.291
Im B+1 ( )

Note thatR;, = 1/gn if Rg = 0, an expected result from the rules illustrated in Fig. 5.7.
Interestingly, the base resistance is divideddy 1 when “seen” from the emitter. This is in
contrast to the case of emitter degeneration, where the emitter resistangkidied by 5 + 1

13 Alternatively, the current through, + R is equal tovx /(r= + Rp), yielding a voltage of-r,vx /(r= + RB)
acrossr.
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when seen from the base. Figure 5.75 summarizes the two cases. Interestingly, these results
remain independent d?¢ if V4 = co.

RB VA: oo VA: [0 @]
Q1 - Q1
1, Re r+ B+ Re FRe
I9m B+l —

Figure 5.75 Impedance seen at the emitter or base of a transistor.

mm 5.3
etermine the impedance seen at the emitte@ efin Fig. 5.76(a) if the two transistors are
identical and’4 = co.

- Vee
Rp =Rc
" Q1 ——o Vout
<_| Q2
R eq L RX
(a)

Figure 5.76 (a) Example of CB stage, (b) simplified circuit.

The circuit employ<)-> as a common-base device, but with its base tied to a finite series resis-
tance equal to that seen at the emitte€ef Thus, we must first obtain the equivalent resistance
R.,, which from Eq. (5.291) is simply equal to

1 Rp
R, = — . 5.292
! Im1 i ﬂ +1 ( )
Reducing the circuit to that shown in Fig. 5.76(b), we have
1 R

Ry = — - 5.293
Y g B ( )

1 1 1 Rp )
_ + — 4 ) 5.294
gm2 ﬂ +1 (gml ﬂ +1 ( )

Exercise
What happens if a resistor of valig is placed in series with the collector f; ?

CB Stage with Biasing  Having learned the small-signal properties of the CB core, we now
extend our analysis to the circuit including biasing. An example proves instructive at this point.
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'ma 5.40

e student in Example 5.31 decides to incorporate ac coupling at the input of a CB stage to
ensure the bias is not affected by the signal source, drawing the design as shown in Fig. 5.77.
Explain why this circuit does not work.

Vee
Rc
VOUt
Q1
+ Vb
v + C - =

Figure 5.77 CB stage lacking bias current.

Unfortunately, the design provides no dc path for the emitter curre@t pforcing a zero bias
current and hence a zero transconductance. The situation is similar to the CE counterpart in
Example 5.5, where no base current can be supported.

Exercise
In what region doe§); operate ifl}, = Vo ?

mp DA ———————
omewhat embarrassed, the student quickly connects the emitter to ground 8gghat V,

and a reasonable collector current can be established (Fig. 5.78). Explain why “haste makes
waste.”

Figure 5.78 CB stage with emitter shorted to ground.

As with Example 5.6, the student has shorteddigealto ac ground. That is, the emitter voltage
is equal to zero regardless of the valuevgf, yieldingv,,; = 0.
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Exercise
Does the circuit operate betterlif is raised?

The above examples imply that the emitter can remain neither open nor shorted to ground,
thereby requiring some bias element. Shown in Fig. 5.79(a) is an example, When@vides a
path for the bias current at the cost of lowering the inputimpedance. We recogni#g thaiw
consists of twgarallel components: (1) /g, seen looking “up” into the emitter (with the base
at ac ground) and (2¥g, seen looking “down.” Thus,

(b)

Figure 5.79 (a) CB stage with biasing, (b) inclusion of source resistance.

1
Fin = || Rp. (5.295)

As with the input biasing network in the CE stage (Fig. 5.58), the reductiét),jrmanifests
itself if the source voltage exhibits a finite output resistance. Depicted in Fig. 5.79(b), such a
circuit attenuates the signal, lowering the overall voltage gain. Following the analysis illustrated
in Fig. 5.67, we can write

vx R

e L 5.296
Vin Rzn + RS ( )
1
—||RE
— lgmi (5.297)
—||RE + Rs
Im
_ 1 (5.298)
1+ (1+9gmRe)Rs '
Sincev,ut /vx = gmRers
Vout _ 1 - gmBo. (5.299)

vin 1+ (14 gmRe)Rs

As usual, we have preferred solution by inspection over drawing the small-signal equivalent.
The reader may see a contradiction in our thoughts: on the one hand, we view the low input
impedance of the CB stageusefulproperty; on the other hand, we consider the reduction of
the input impedance due 8 undesirable To resolve this apparent contradiction, we must
distinguish between the two componeifg,, and Rg, noting that the latter shunts the input
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Figure 5.80 Small-signal input current components in a CB stage.

source current to ground, thus “wasting” the signal. As shown in Fig. 5;88plits two ways,
with only i, reachingR- and contributing to the output signal. Ry decreases whilé/g,,
remains constant, theia also falls'* Thus, reduction ofR;,, due to Ry is undesirable. By
contrast, ifl / g,,, decreases whil& ; remains constant, then rises. ForR g to affect the input
impedance negligibly, we must have

1
Rg > — (5.300)
and hence
IcRg > Vr. (5.301)

That is, the dc voltage drop acroBg muts be much greater thasr.
How is the base voltagé;,, generated? We can employ a resistive divider similar to that

used in the CE stage. Shown in Fig. 5.81(a), such a topology must ehsgrd g to minimize
sensitivity tog, yielding

— Vee — Vee
=Vh E=
" 1

A
Yy

(b)

Figure 5.81 (a) CB stage with base bias network, (b) use of Thevenin equivalent, (c) effect of bypass
capacitor.

Rs
Voo —————Veo. 5.302
"R R R, O ( )

However, recall from Eq. (5.286) that a resistance in series with therbdiseeghe voltage gain
of the CB stage. Substituting a Thevenin equivalentRgrand R, as depicted in Fig. 5.81(b),

14|n the extreme cas®z = 0 (Example 5.41) and, = 0.
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we recognize that a resistancel®f., = R:||R2 now appears in series with the base. For this
reason, a “bypass capacitor” is often tied from the base to ground, acting as a short circuit at
frequencies of interest [Fig. 5.81(c)].

m% D ————————
esign a stage (Fig. 5.82) for a voltage gain of 10 and an input impedanceb&&Bume
Is =5 x 10-16 A, V4 = oo, ﬂ =100, andVCC =25V

YYy

Vout °—1¢

Figure 5.82 Example of CB stage with biasing.

We begin by selectin®®g > 1/g.,, €.9.,Rg = 500 2, to minimize the undesirable effect of

Rpg. Thus,
Rip = gi =500Q (5.303)
and hence
I = 0.52 mA. (5.304)
If the base is bypassed to ground
Ay = gmEc, (5.305)
yielding
Re =500 Q. (5.306)

We now determine the base bias resistors. Since the voltage drop &gréasequal to500 2 x
0.52mA =260 mV andVpg = Vrln(Ic/Is) = 899 mV, we have

Vo = IgREg + VBE (5.307)
— 116 V. (5.308)

Selecting the current through, andR, to bel0lp = 52 uA, we write

R

~ —— V. 5.309
g Voo (5.309)

Vi
Veeo

—YC  — 52 4A. 5.310
Rt iy p ( )
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It follows that

Ri = 258k (5.311)
R» = 22.3 k0. (5.312)

The last step in the design is to compute the required valués ahdC'p according to the
signal frequency. For example, if the amplifier is used at the receiver front end of a 900-MHz
cellphone, the impedances©f andCz must be sufficiently small at this frequency. Appearing
in series with the emitter of);, C; plays a role similar taR?s in Fig. 5.67 and Eq. (5.271).
Thus, its impedance¢; w|~!, must remain much less tharg,, = 50 Q. In high-performance
applications such as cellphones, we may cho6se| ! = (1/g.,)/20to ensure negligible gain
degradation. Consequently, for= 27 x (900 MHz):

209
o, = 2%9m (5.313)
w
— 71 pF. (5.314)

Since the impedance @fg appears in series with the base and plays a role similar to the term
Rp/(6+ 1) in Eq. (5.286), we require that

1

1 11
B+1|Cpw

= —— 5.315
20 gm ( )

and hence
Cp = 0.7 pF. (5.316)

(A common mistake is to make the impedancelf negligible with respect t&, || R, rather
than with respect td/g,,.)

Exercise
Design the above circuit for an input impedance of 200

5.3.3 Emitter Follower

Another important circuit topology is the emitter follower (also called the “common-collector”
stage). The reader is encouraged to review Examples 5.2 - 5.3, rules illustrated in Fig. 5.7, and
the possible topologies in Fig. 5.28 before proceeding further. For the sake of brevity, we may
also use the term “follower” to refer to emitter followers in this chapter.

Shown in Fig. 5.83, the emitter follower senses the input at the base of the transistor and
produces the output at the emitter. The collector is tielitg and hence ac ground. We first
study the core and subsequently add the biasing elements.

Emitter Follower Core  How does the follower in Fig. 5.84(a) respond to a changé,if? If

Vin rises by a small amoumtV;,,, the base-emitter voltage ¢f;, tends to increase, raising the
collector and emitter currents. The higher emitter current translates to a greater dropiaeross
and hence aigherV,,;. From another perspective, if we assume, for exaniplg, is constant,
thenVpp must rise and so mustz, requiring that/,,,; go up. Sincé/,,; changes in the same
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Vee
Output Sensed

Vin Q1 / at Emitter
Input Applied / V,

out
to Base RE

Figure 5.83 Emitter follower.

direction asl;,,, we expect the voltage gain to be positive. Note g} is always lower than
Vin by an amount equal t&g g, and the circuit is said to provide “level shift.”

VCC Vinl + AVin
Vin Ql V. — I
inl A VBE2
Vout
Re " Vee1 Vou * AVout
— Voutt _" I

@ (b)

Figure 5.84 (a) Emitter follower sensing an input change, (b) response of the circuit.

Another interesting and important observation here is that the chan@g:inannot be larger
than the change ii;,,. Supposé/;,, increases fron¥;,,; to V1 + AV;, andV,,; fromV,,;; to
Vout1 + AV, [Fig. 5.84(b)]. If the output changes bygeeateramount than the inpuf\V,,,,; >
AV;,, thenVi s must bdessthanVi ;. But this means the emitter current also decreases and
so doeslpRg = V,y, contradicting the assumption thég,; has increased. ThuaV,,; <
AV;,, implying that the follower exhibits a voltage gain less than uhity.

The reader may wonder if an amplifier with a subunity gain has any practical value. As ex-
plained later, the input and output impedances of the emitter follower make it a particularly useful
circuit for some applications.

Let us now derive the small-signal properties of the follower, first assuiming co. Shown
in Fig. 5.85, the equivalent circuit yields

Figure 5.85 Small-signal model of emitter follower.
o + gmUx = Cout (5.317)
s RE
and hence
Tr Vout
Uy = . . 5.318
B8+1 Rg ( )

15|n an extreme case described in Example 5.43, the gain becomes equal to unity.
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We also have
Vin = Ur + Uout- (5.319)

Substituting for,, from (5.318), we obtain

1
Yout _ (5.320)
UVin Tr 1
1+ —
B8+1 Rg
~ ﬂl. (5.321)
Rp + —
m

The voltage gain is therefore positive and less than unity.

mq e
n integrated circuits, the follower is typically realized as shown in Fig. 5.86. Determine the
voltage gain if the current source is ideal dnig = co.

VC C

Vin Q1

Figure 5.86 Follower with current source.

Since the emitter resistor is replaced with an ideal current source, the vaiygiofEq. (5.321)
must tend to infinity, yielding

A, = 1. (5.322)
This result can also be derived intuitively. A constant current source flowing thi@Qugequires

thatVeg = VrIn(Io/Is) remain constant. Writingy,,... = Vi, — Vg, we recognize that,,:
exactlyfollowsV;,, if Vgg is constant.

Exercise
Repeat the above example if a resistor of valjas placed in series with the collector.

Equation (5.321) suggests that the emitter follower acts as a voltage divider, a perspective
that can be reinforced by an alternative analysis. Suppose, as shown in Fig. 5.87(a), we wish to
modelv;,, and@; by a Thevenin equivalent. The Thevenin voltage is given by the open-circuit
output voltage produced by, [Fig. 5.87(b)], as ifQ; operates witlRg = oo (Example 5.43).
Thus,vrres = vin. The Thevenin resistance is obtained by setting the input to zero [Fig. 5.87(c)]
and is equal td /g,,. The circuit of Fig. 5.87(a) therefore reduces to that shown in Fig. 5.87(d),
confirming operation as a voltage divider.
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Vee
Q1
+
Vin ) Vout = Vin
(b)

V 1
cc Rro = £
Thev gm

Q1
= <_| VThev = Vin
RThev

© (d)

Figure 5.87 (a) Emitter follower stage, (b) Thevenin voltage , (c) Thevenin resistance, (d) simplified

circuit.
m D
etermine the voltage gain of a follower driven by a finite source impedange {ffig. 5.88(a)]
if VA = 0oQ.
Vee
Q1
RThev

(©

Figure 5.88 (a) Follower with source impedance, (b) Thevenin resistance seen at emitter, (c) simplified
circuit.

We model;,, Rs, and@); by a Thevenin equivalent. The reader can show that the open-circuit
voltage is equal t@;,,. Furthermore, the Thevenin resistance [Fig. 5.88(b)] is given by (5.291)
asRs/(B+ 1) + 1/gm. Figure 5.88(c) depicts the equivalent circuit, revealing that

Yout _ gi — (5.323)
Vin
Rp + +—
L B+1 Im

This result can also be obtained by solving the small-signal equivalent circuit of the follower.
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Exercise
What happens iRg = 00?

In order to appreciate the usefulness of emitter followers, let us compute their input and output
impedances. In the equivalent circuit of Fig. 5.89(a), we hauve. = v,.. Also, the current x
and g, v, flow throughRg, producing a voltage drop equal tox + ¢,,v-)Re. Adding the
voltages across, andRg and equating the result ig¢, we have

. Vee Vee
X
" RC — 0
+

+ §
Vx m=Vvn I Vm 0 0

- - |—> 1 |:> |—> 1

Re Rin Re Rin Re

(a) (b)

Figure 5.89 (a) Input impedance of emitter follower, (b) equivalence of CE and follower stages.

vx = Vr + (ix + gmvx)RE (5.324)
= iXTn + (ZX + gmiXTﬂ)REa (5325)
and hence
?—X =rs + (1+B)Rp. (5.326)
X

This expression is identical to that in Eq. (5.162) derived for a degenerated CE stage. This is,
of course, no coincidence. Since the input impedance of the CE topology is independent of the
collector resistor (foly = o0), its value remains unchangedR{- = 0, which is the case for
an emitter follower [Fig. 5.89(b)].

The key observation here is that the follower “transforms” the load resiBiorto a much
larger value, thereby serving as an efficient “buffer.” This concept can be illustrated by an exam-

ple.

D D
mxhibim a voltage gain of 20 and an output resistance(of Ddtermine the voltage
gain of the CE amplifier if
(a) The stage drives an@-speaker directly.
(b) An emitter follower biased at a current of 5 mA is interposed between the CE stage and the
speaker. Assume = 100, V4 = oo, and the follower is biased with an ideal current source.

(a) As depicted in Fig. 5.90(a), the equivalent resistance seen at the collector is now given by
the parallel combination af?¢ and the speaker impedande,,, reducing the gain from 20 to
20 x (Rc||8 2)/Rc = 0.159. The voltage gain therefore degrades drastically.
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(@) (b)
Figure 5.90 (a) CE stage and (b) two-stage circuit driving a speaker.
(b) From the arrangement in Fig. 5.90(b), we note that

Rini =72+ (B+1)R,, (5.327)
— 1058 Q0. (5.328)

Thus, the voltage gain of the CE stage drops from 2Q0to< (R¢||Rin1)/Rc = 10.28, a
substantial improvement over case (a).

Exercise
Repeat the above example if the emitter follower is biased at a current of 10 mA.

We now calculate the output impedance of the follower, assuming the circuit is driven by a
source impedanc®gs [Fig. 5.91(a)]. Interestingly, we need not resort to a small-signal model
here asR,,: can be obtained by inspection. As illustrated in Fig. 5.91(b), the output resistance
can be viewed as the parallel combination of two components: one seen looking “up” into the
emitter and another looking “down” intB . From Fig. 5.88, the former is equal o5 /(8 +
1) + 1/gm, and hence

1
|—>
|~
+
&

(@) (b)
Figure 5.91 (a) Output impedance of a follower, (b) components of output resistance.

Rs 1
Rowt = | m——=+ — | ||RE. 5.329
= (5 + ) IR (5.329)

This result can also be derived from the Thevenin equivalent shown in Fig. 5.88(c) by sgfting
to zero.
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Equation (5.329) reveals another important attribute of the follower: the circuit transforms the
source impedancés, to a much lower value, thereby providing higher “driving” capability. We
say the follower operates as a good “voltage buffer” because it displays a high input impedance
(like a voltmeter) and a low output impedance (like a voltage source).

Effect of Transistor Output Resistance Our analysis of the follower has thus far ne-
glected the Early effect. Fortunately, the results obtained above can be readily modified to reflect
this nonideality. Figure 5.92 illustrates a key point that facilitates the analysis: in small-signal
operationyo appears in parallel witliR . We can therefore rewrite Egs. (5.323), (5.326) and
(5.329) as

A, = Rsllro (5.330)
Rpllro + 25 4+ L
pire B+1 9m
Rin = rx + (8 + 1)(Rg||ro) (5.331)
Rs 1
Rout = — ) IRz ]Iro. 5.332
o= (527 + o) IReliro (5.3%2)

!mq 5.46
etermine the small-signal properties of an emitter follower using an ideal current source (as in
Example 5.43) but with a finite source impedatite

SinceRp = oo, we have

_ o
A, = — R T (5.333)
@ B+1 9m
Rip =7+ (8 +1)ro) (5.334)
Rs 1
Rou = — . 5.335
o= (527 + o) o (5.335)
Also, g,ro > 1, and hence
Ay Tios (5.336)
ro + 11

Rin ~ (B+ Dro. (5.337)
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We note thatd,, approaches unity iRs < (3 + 1)ro, a condition typically valid.

Exercise
How are the results modified R < 00?

The buffering capability of followers is sometimes attributed to their “current gain.” Since
a base currents results in an emitter current ¢fs + 1)ig, we can say that for a curreff
delivered to the load, the follower draws only/(5 + 1) from the source voltage (Fig. 5.93).
Thus,vx sees the load impedance multiplied (#/+ 1).

Figure 5.93 Current amplification in a follower.

Emitter Follower with Biasing The biasing of emitter followers entails defining both the
base voltage and the collector (emitter) current. Figure 5.94(a) depicts an example similar to the
scheme illustrated in Fig. 5.19 for the CE stage. As usual, the current flowing thfdughd

R, is chosen to be much greater than the base current.

= VCC = VCC
R1 5: Rg EE g
— Q1 — Q1
X X
+ C; Jd + C
Vin ) R, = Vout Vin ) Y Vout
= = Re = Re
(a) (b)

Figure 5.94 Biasing a follower by means of (a) resistive divider, (b) single base resistor.

It is interesting to note that, unlike the CE topology, the emitter follower can operate with a
base voltage nedi¢. This is because the collector is tiedifo, allowing the same voltage for
the base without driving); into saturation. For this reason, followers are often biased as shown
in Fig. 5.94(b), wherd? g I g is chosen much less than the voltage drop ackyssthus lowering
the sensitivity to3. The following example illustrates this point.

mm DA ————
e follower of Fig. 5.94(b) employBg = 10 kQ andRg = 1 k2. Calculate the bias current
and voltages ifs = 5 x 10719 A, 8 = 100, andVe¢ = 2.5 V. What happens iff drops to 50?

To determine the bias current, we follow the iterative procedure described in Section 5.2.3. Writ-
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ing a KVL throughR g, the base-emitter junction, artl; gives

Rplc
B

which, withVgg ~ 800 mV, leads to

+Vee + Relc = Veo, (5.338)

Ic = 1.545 mA. (5.339)
It follows thatVg g = Vi ln(Ie/Is) = 748 mV. Using this value in Eq. (5.338), we have
Ic = 1.593 mA, (5.340)

a value close to that in (5.339) and hence relatively accurate. Under this confiti®g, = 159
mV whereasRpIc = 1.593 V.
SincelgRp < Rglc, we expect that variation of and hencd g Rg negligibly affects
the voltage drop acros8r and hence the emitter and collector currents. As a rough estimate,
for 8 = 50, IgRp is doubled & 318 mV), reducing the drop acrogsg by 159 mV. That is,
Ip = (1.593V —0.159 V) /1 k2 = 1.434 mA, implying that a twofold change ifi leads to a
10% change in the collector current. The reader is encouraged to repeat the above iterations with
3 = 50 and determine the exact current.

Exercise
If Rp is doubled, is the circuit more or less sensitive to the variatigifin

As manifested by Eq. (5.338), the topologies of Fig. 5.94 suffer from supply-dependent bias-
ing. In integrated circuits, this issue is resolved by replacing the emitter resistor with a constant
current source (Fig. 5.95). Now, sindgg is constant, so ar€gg and Rglg. Thus, if Voo
rises, so dd’x andVy, but the bias current remains constant.

- Vee
Rg=
— Q1
+ Cq

Figure 5.95 Capacitive coupling at input and output of a follower.

5.4 Summary and Additional Examples

This chapter has created a foundation for amplifier design, emphasizing that a proper bias point
must be established to define the small-signal properties of each circuit. Depicted in Fig. 5.96, the
three amplifier topologies studied here exhibit different gains and I/O impedances, each serving
a specific application. CE and CB stages can provide a voltage gain greater than unity and their
input and output impedances are independent of the load and source impedances, respectively (if
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CE Stage CB Stage Follower

Vee Vee Vee
R R
c c Vin Q1
Vout Vout
ou ou Vout
Vin Q1 Q1 + Re

H Vin _I H

Figure 5.96 Summary of bipolar amplifier topologies.

Va4 = 00). On the other hand, followers display a voltage gain of at most unity but their terminal
impedances depend on the load and source impedances.

In this section, we consider a number of challenging examples, seeking to improve our circuit
analysis techniques. As usual, our emphasis is on solution by inspection and hence intuitive
understanding of the circuits. We assume various capacitors used in each circuit have a negligible
impedance at the signal frequencies of interest.

!ma 5.48
ssumingl4 = oo, determine the voltage gain of the circuit shown in Fig. 5.97(a).

(b) (©
Figure 5.97 (a) Example of CE stage, (b) equivalent circuit with shorted, (c) simplified circuit .

The simplified ac model is depicted in Fig. 5.97(b), revealing tRatappears between base
and ground, an®, between collector and ground. Replacing, Rs, andR; with a Thevenin
equivalent [Fig. 5.97(c)], we have

Ry

UThey = mvm (5.341)
Rypey = Ri||Rs. (5.342)
The resulting circuit resembles that in Fig. 5.43(a) and satisfies Eq. (5.185):
ot R2”}i0 . (5.343)
UThev Thev 4+ — +RE

B+1  gm
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Substituting forr,.,, and Rrpe, gives

Vout R2||Rc R,
- _ . . 5.344
Vin R1||RS+L+R Ry + Rs ( )
B+1 Im &

Exercise
What happens if a very large capacitor is added from the emitt@s b ground?

!ma 5.49
ssumingl’4 = oo, compute the voltage gain of the circuit shown in Fig. 5.98(a).

Figure 5.98 (a) Example of CE stage, (b) simplified circuit.

As shown in the simplified diagram of Fig. 5.98(l&):; appears as an emitter degeneration resis-
tor. As in the above example, we replagg, Rs, andR; with a Thevenin equivalent and utilize

Eq. (5.185):
Yout _ = RCI (5.345)
Vin Thev
—— 4+ —+R
B+1  gm 2
and hence
Vout Rc Ry
Zout _ _ . ) 5.346
Vin Rs|| R n 1 + R Ri + Rs ( )
B+1 9m
Exercise

What happens if’; is tied from the emitter of); to ground?
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!aﬁima 5.50
ssumingl’4 = oo, compute the voltage gain and input impedance of the circuit shown in Fig.

5.99(a).

(a) (b)

Figure 5.99 (a) Example of CE stage, (b) simplified circuit.

The circuit resembles a CE stage (why?) degenerated by the impedance seen at the emitter of

@2, Re,. Recall from Fig. 5.75 that

R, 1

_ﬁ+1 gm2.

The simplified model in Fig. 5.99(b) thus yields

Re,

_RC
1
—— + R
9m1

A, =

—Re
1 Ry 1

Imi B+1 gm?2

The input impedance is also obtained from Fig. 5.75:

Rin =11+ (B+1)Rey
=7rr + R+ reo.

_||.

(5.347)

(5.348)

(5.349)

(5.350)
(5.351)

Exercise

Repeat the above examplefif is placed in series with the emitter Qf.

mq DD
alculate the voltage gain of the circuit in Fig. 5.100(d)if = oco.

255
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Vout

Rcll R,

(b)

@
Figure 5.100 (a) Example of CB stage, (b) simplified circuit.

Since the base is at ac grouril, appears in parallel witliR~ and R, is shorted to ground on
both ends [Fig. 5.100(b)]. The voltage gain is given by (5.271), but Rithreplaced byR || R; :

A, = follBy (5.352)
1
Rs + —

Exercise
What happens iR« is replaced by an ideal currents source?

!3ﬁima 5.52
etermine the input impedance of the circuit shown in Fig. 5.101(&) i oc.

Vee

<

\AS

(b)

Figure 5.101 (a) Example of CB stage, (b) simplified circuit.

In this circuit,@; operates as a common-base device (why?) but with a resisiapde series
with its base [Fig. 5.101(b)]. To obtaif.,, we recognize thap, resembles an emitter follower,
e.g., the topology in Fig. 5.91(a), concluding tifat, can be viewed as the output resistance of
such a stage, as given by Eq. (5.329):

Rp 1
Roy=|——-+ — REg. 5.353
q ([,H gm)nE (5.353)
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Now, from Fig. 5.101(b), we observe th&t,, contains two components: one equal to the resis-
tance in series with the bask,,, divided by + 1, and another equal t/ g,,,1:

Reyy 1

R;, = — 5.354
1 Rp 1 > ] 1

= —-— +— | ||Re| + —. 5.355

ﬂ+1 |:<ﬂ+1 gm?2 || & gm1 ( )

The reader is encouraged to obtdiy, through a complete small-signal analysis and compare
the required “manual labor” to the above algebra.

Exercise
What happens if the current gain @ goes to infinity?

m@ 3
ompute the voltage gain and the output impedance of the circuit depicted in Fig. 5.102(a) with
Vi < 0. VCC

YYy

(@ (b)

Vout

Rell Ryllrg

©

Figure 5.102 (a) Example of emitter follower, (b) circuit witd; shorted, (c) simplified circuit.

Noting thatX is at ac ground, we construct the simplified circuit shown in Fig. 5.102(b), where
the output resistance @}, is explicitly drawn. Replacing;,,, Rs, andR; with their Thevenin
equivalent and recognizing th&g, R,, andro appear in parallel [Fig. 5.102(c)], we employ
Eqg. (5.330) and write

Rs||R
ot 2l 2|1|"O e (5.356)
" RpllBsflro + -+ S
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and hence
Vout Rg | |R2 | |To Ry
— = - . 5.357
1 R5| |R1 Ri + Rgs ( )

Uin
Re||Rallro + — +
El|Rz||ro PR

For the output resistance, we refer to Eq. (5.332):

RThev 1
Rowt = + — Rg||R 5.358
¢ <ﬂ+1 gm>ll( Bl R:|ro) ( )
Rs|| Ry 1 >
=———+ — | ||Re||R . 5.359
(% + ) iRsliRaivo (5.359)

Exercise
What happensifs = 0?

mm D
etermine the voltage gain and I/0 impedances of the topology shown in Fig. 5.103(a). Assume
V4 = oo and equaB’s for npn andpnp transistors.

Figure 5.103 (a) Example of CE stage, (b) simplified circuit.

We identify the stage as a CE amplifier with emitter degeneration and a composite collector
load. As the first step, we represent the rol&€)efand@s by the impedances that they create at
their emitter. SinceR,,; denotes the impedance seen looking into the emittéj-ofvith a base
resistance of?z1, we have from Fig. 5.75

fim | 1 (5.360)

Regi = ——— .
cat ﬁ"_]- gm2
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ilarly,

i N (5.361)

Re = 5 1 ’
q2 ﬂ + 1 Im1

leading to the simplified circuit shown in Fig. 5.103(b). It follows that

4, = fc +1Re"2 (5.362)
Reyi + — + RE
m3
R 1
Bet gt om
=— gmi (5.363)
RBI L + L + R
B+1  Gm2  Gms e
Also,
Rin =773+ (84 1)(Rg + Req1) (5.364)
Rp; 1 )
=rms+(B+1)(Rg+ +—), 5.365
s+ 4y (Res 124 L (5.365)
and
R,ut = Ro + Req2 (5366)
Rpo 1
=Rc + + . 5.367
“ ﬁ + ]- Im1 ( )
Exercise

What happens ikRgy — c0?

5.5

Chapter Summary

In addition to gain, the input and output impedances of amplifiers determine the ease with
which various stages can be cascaded.

\Voltage amplifiers must ideally provide a high input impedance (so that they can sense a
voltage without disturbing the node) and a low output impedance (so that they can drive a
load without reduction in gain).

The impedances seen looking into the base, collector, and emitter of a bipolar transistor
are equal to,; (with emitter grounded);o (with emitter grounded), antl/g,,, (with base
grounded), respectively.

In order to obtain the required small-signal bipolar device parameters sugh, as, and

ro, the transistor must be “biased,” i.e., carry a certain collector current and operate in the
active region. Signals simply perturb these conditions.

Biasing techniques establish the required base-emitter and base-collector voltages while pro-
viding the base current.

259
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¢ With a single bipolar transistor, only three amplifier topologies are possible: common-emitter
and common-base stages and emitter followers.

e The CE stage provides a moderate voltage gain, a moderate inputimpedance, and a moderate
output impedance.

e Emitter degeneration improves the linearity but lowers the voltage gain.
¢ Emitter degeneration raises the output impedance of CE stages considerably.

e The CB stage provides a moderate voltage gain, a low input impedance, and a moderate
output impedance.

e The voltage gain expressions for CE and CB stages are similar but for a sign.

e The emitter follower provides a voltage gain less than unity, a high input impedance, and a
low output impedance, serving as a good voltage buffer.

Problems

1. An antenna can be modeled as a Thevenin equivalent having a sinusoidal voltage source
Vb coswt and an output resistande, ;. Determine the average power delivered to a load
resistancd?;, and plot the result as a function &1, .

2. Determine the small-signal input resistance of the circuits shown in Fig. 5.104. Assume
all diodes are forward-biased. (Recall from Chapter 3 that each diode behaves as a linear
D,

Dy
o——4
~ ~ ]
Rin Rl Rin L Rl L b2 Rin b2

A

YW
R

=

@ (b) (©)
Figure 5.104

resistance if the voltage and current changes are small.)
3. Compute the input resistance of the circuits depicted in Fig. 5.105. AsBymeco.

Vee Vee Vee Vee
" 0
|_> 0, Q1 |_> Q1 |_>
R; R; Q>
R. R in in
in = R|_m> I 1 QZ
()

@ (b)

(d)
Figure 5.105

4. Compute the output resistance of the circuits depicted in Fig. 5.106.

5. Determine the input impedance of the circuits depicted in Fig. 5.107. Assume co.

6. Compute the output impedance of the circuits shown in Fig. 5.108.

7. Compute the bias point of the circuits depicted in Fig. 5.109. Assdme 100, Is =
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R
R { out
{ Rout { out Vee

Rp " Q1 "
Q Rl <—| Ql Ql
! - Rout iy Q
2

+
BT = T T : 0
(a) (b) () (d)
Figure 5.106

Vee
|_> Q1
R
Rin !
(@)
Vee Vee
Q2 |_> Q2
R
|_> Q1 n Q1
Rin ) )
(d) (e)
Figure 5.107
Vee
" Q1
Rc <—|
- Rout
(a)
Figure 5.108

6 x 10710 A andV, = oo.
8. Construct the small-signal equivalent of each of the circuits in Problem 7.

9. Calculate the bias point of the circuits shown in Fig. 5.110. Assmel00, Is = 5x 1016
A, andV, = co.

10. Construct the small-signal equivalent of each of the circuits in Problem 9.
11. Consider the circuit shown in Fig. 5.111, whete= 100, Is = 6 x 107!¢ A, andV = cc.

261
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- Vee=25V - Vee=25V - Vee=25V
100k Q = 500 Q 100kQ = 1kQ 100kQ = 1kQ
Q1 Q1 Q1
= 0.5V =
Q2 - I-
() (b) (c)
Figure 5.109
- Vee=25V - Vee=25V - Vee=25V
¥kQ=E 3kQ 9kQ = 500 Q 12kQ = 1kQ
1 Q1 ) Q1 ) Q1
16kQ= & 16kQ = 1BkQ = .
o - o 4 05V
H S Q> H I_
@ (b) (©)
Figure 5.110
- Vee=25V
Rg= 2kQ
) Q1
3kQ= L
Figure 5.111

(a) What is the minimum value d? g that guarantees operation in the active mode?
(b) With the value found irkR 5, how much base-collector forward bias is sustaingtrites
to 2007

12. In the circuit of Fig. 5.1123 = 100 andV4 = oc.

- Vee=25V
50kQ = 3kQ

1 Q1
30kQ = L

Figure 5.112

(a) If the collector current of); is equal to 0.5 mA, calculate the value if.
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(b) If @, is biased at the edge of saturation, calculate the valde.of
13. The circuit of Fig. 5.113 must be designed for an input impedance of greater thdhdrok

- Vee=25V

5kQ

By]
=

A
VWY

Q1

By
N
Mo
YW

Figure 5.113

agm, of at least1 /(260 Q). If 3 = 100, Is = 2 x 107'7 A, andV4 = oo, determine the
minimum allowable values a®; andR».

14. Repeat Problem 13 forg,, of at leastl /(26 2). Explain why no solution exists.
15. We wish to design the CE stage depicted in Fig. 5.114 for a gaig,(R-) of Ay with an

Vee
R= R¢
1 Q1
R,= =

Figure 5.114

output impedance aR,. What is the maximum achievable input impedance here? Assume

Vi = o0.
16. The circuit of Fig. 5.115 is designed for a collector current of 0.25 mA. Assiisne-
- V=25V
Ri= R:E3kQ
1 Q1
10kQ =R,
+ Rg=200Q
Figure 5.115

6 x 10716 A, 3 =100, andV,4 = co.
(a) Determine the required value Bf .
(b) What is the error id¢ if Rp deviates from its nominal value B%?

17. In the circuit of Fig. 5.116, determine the maximum valugi®fthat guarantees operation
of Q) in the active mode. Assumig= 100, Is = 10717 A, and V4 = oo.

18. Consider the circuit shown in Fig. 5.117, whékg = 2Is> = 5x 1076 A, 8, = 35, = 100,
andVy = co.
(a) Determine the collector currents@f and@-.
(b) Construct the small-signal equivalent circuit.
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30kQ

Figure 5.116
Ve =25V
13kQ =R, Rc=1kQ
Q1 Q2
12kQ =R,
L Rg = 400 Q
Figure 5.117

19. In the circuit depicted in Fig. 5.118s; = Iss = 4 x 10716 A, 3, = B, = 100, and

Vi = o0.
- Vee=25V
9kQ = 100 Q
1 Q1
16kQ=
= Q>
Figure 5.118

(a) Determine the operating point of the transistor.
(b) Draw the small-signal equivalent circuit.

20. The circuit of Fig. 5.119 must be biased with a collector current of 1 mA. Compute the

Vee=25V
1kQ
Rp
Rp 100 Q
Q1

Figure 5.119
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required value oRRp if Is = 3 x 1071 A, 8 = 100, andV = cc.
21. In the circuit of Fig. 5.120Vx = 1.1 V. If 8 = 100 andV4 = oo, what is the value ofs?
Vee=25V

10kQ 300Q
X

Q1

Figure 5.120
22. Consider the circuit shown in Fig. 5.121, whdge= 6 x 10716 A, 3 = 100, andV4 = oo.

Calculate the operating point ¢f; .
Vee=25V

20kQ 500 Q

Q1
400 Q

Figure 5.121

23. Due to a manufacturing error, a parasitic resisiop, has appeared in series with the col-
lector of @, in Fig. 5.122. What is the minimum allowable valueRf if the base-collector

Vee=25V

1kQ
Re
Rp 500 Q
Q1
Figure 5.122

forward bias must not exceed 200 mV? Assufge= 3 x 10716 A, 3 = 100, andV4 = oo.

24. In the circuit of Fig. 5.123]s = 8 x 107'6 A, 8 = 100, andV, = cc.
Vee= 2.5V

10kQ 1kQ

Q1

40k Q=

Yy

Figure 5.123

(a) Determine the operating point €f; .
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(b) Draw the small-signal equivalent circuit.

25. In the circuit of Fig. 5.124]s; = Is» =3 x 1071 A, 3 = 100, andV,4 = cc.
Vee=2.5V

Figure 5.124

(a) Calculatéd’g such thaty; carries a collector current of 1 mA.
(b) Construct the small-signal equivalent circuit.

26. Determine the bias point of each circuit shown in Fig. 5.125. Assipe = 25,,, = 100,

Vee=25V Vee=2.5V
Q1 Q1
60k Q 2000 o,
; 300 Q 80kQ
@) =(|0) )

Figure 5.125

Is =9 x 10710 A andV, = .
27. Construct the small-signal model of the circuits in Problem 26.
28. Calculate the bias point of the circuits shown in Fig. 5.126. Asstmg = 26,n, = 100,

Vee=25V Vee=25V
2kQ »
Q1 32kQ
Q2
18kQ 100 O
T T 1kQ 18kQ
Figure 5.126 @ (b)

Is =9 x 1016 A, andV, = oo.
29. Draw the small-signal model of the circuits in Problem 28.

30. We have choseRp in Fig. 5.127 to plac€); at the edge of saturation. But the actual value
of this resistor can vary by-5%. Determine the forward- or reverse-bias across the base-
collector junction at these two extremes. Assutne 50, Is = 8 x 1071 A, andV = oo.

31. Calculate the value of?p in Fig. 5.128 such thaf); sustains a reverse bias of 300 mV
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Voe=25V
5kQ
Q1
Rs 1kQ
Figure 5.127
Vee=25V
10kQ Re
Q1
10k Q 5k0
Figure 5.128

across its base-collector junction. Assufhe- 50, Is = 8 x 1071% A, andV,4 = co. What
happens if the value dk g is halved?

32. If =80 andV, = oo, what value off s yields a collector current of 1 mA in Fig. 5.129?

Vee=25V

Q1
20kQ = 16kQ

33. The topology depicted in Fig. 5.130(a) is calledi&'r multiplier.”(Thenpn counterpart has
a similar topology.) Constructing the circuit shown in Fig. 5.130(b), determine the collector-

Figure 5.129

Vee
R, = R, =
1 Q1 1 Q1
R3

@) (b)
Figure 5.130
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emitter voltage of); if the base current is negligible. (Theon. counterpart can also be
used.)

34. We wish to design the CE stage of Fig. 5.131 for a voltage gain of 20. What is the minimum
c=25V

VC
50k Q
Vout
Vin Q1

allowable supply voltage if); must remain in the active mode? Assuii¢ = oo and
Vg =08 V.

35. The circuit of Fig. 5.132 must be designed for maximum voltage gain while maintajhing

Vee
Rc= 1kQ
VOUt
Vin Q1

in the active mode. I¥4 = 10 VandVgg = 0.8 V, calculate the required bias current.
36. The CE stage of Fig. 5.133 employs an ideal current source as the load. If the voltage gain

Vee
Ideal
Vout
Vin Q1

is equal to 50 and the output impedance equal to 20determine the bias current of the
transistor.

37. Suppose the bipolar transistor in Fig. 5.134 exhibits the following hypothetical characteris-

VCC
Vout
Vin Q1

v,
Io = Igexp % (5.368)

Figure 5.131

Figure 5.132

Figure 5.133

Figure 5.134

tic:

and no Early effect. Compute the voltage gain for a bias current of 1 mA.
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38. Determine the voltage gain and I/0 impedances of the circuits shown in Fig. 5.135. Assume
V4 = oco. Transistor)), in Figs. 5.135(d) and (e) operates in soft saturation.

Vee Vee
Vee
Q2 I_Lg-Qz
Q> 1

R =Rc
Vout Vout +— Vout
Vin Q1 Vin Q1 Vin O_La-ol
(a) (b) (c)
Vee Vee
Q> Q2
T Vout
R¢ =Rc
Vout

(d)
Figure 5.135

39. Repeat Problem 38 withy < co.

40. Consider Eg. (5.157) for the gain of a degenerated CE stage. Wiiting= I/Vy, we
note thatg,, and hence the voltage gain varyIif changes with the signal level. For the
following two cases, determine the relative change in the gaify ifaries by 10%: (a)
gm RE is nominally equal to 3; (by,, Rg is nominally equal to 7. The more constant gain
in the second case translates to greater circuit linearity.

41. Express the voltage gain of the stage depicted in Fig. 5.136 in terms of the collector bias

Figure 5.136

current,l¢, andVr. If V4 = oo, what is the gain if the dc voltage drops acrégs andRg
are equal t@0Vy and5Vr, respectively?

42. We wish to design the degenerated stage of Fig. 5.137 for a voltage gain of 1Qwith
operating at the edge of saturation. Calculate the bias current and the v&lgéfg? = 100,
Is =5x10718A, andV = oo. Calculate the input impedance of the circuit.

43. Repeat Problem 42 for a voltage gain of 100. Explain why no solution exists. What is the
maximum gain that can be achieved in this stage?
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Vee=25V
Rc
Vout
Vin Q1
200 Q
Figure 5.137
44, Construct the small-signal model of the CE stage shown in Fig. 5.43(a) and calculate the

45,

voltage gain. ASSumg, = co.

Construct the small-signal model of the CE stage shown in Fig. 5.43(a) and prove that the
output impedance is equal & if the Early effect is neglected.

46. Determine the voltage gain and 1/0 impedances of the circuits shown in Fig. 5.138. Assume

Vi = o0.

Vee Vee Vee
Q2 Re Re
R VOLII VOUI
1 Vin Ql Vin Ql
VOUI
Vi
" Q1 Q2 Q2
Re = I
R b c
@ (b) (c)
Vee
Rc
Rg Vout
Vin Q1
Q2
(d)

Figure 5.138
47. Compute the voltage gain the 1/0 impedances of the circuits depicted in Fig. 5.139. Assume

Vi = 0.
48. Using a small-signal equivalent circuit, compute the output impedance of a degenerated CE

stage withl’4 < co. Assumes > 1.
49. Calculate the output impedance of the circuits shown in Fig. 5.140. AsSumd.
50. Compare the output impedances of the circuits illustrated in Fig. 5.141. AsSume.
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Vee
V,
cc
R Vee Q3 Vee
E Re Re
vV
" Q1 Vin Q1 Vin Q1 Vin Q1

> Vout
J ——o V, Vv,
= Re i out Vee out

.Q Vout g Q2 =
2 Q> l__lé-Qz

@ (b) (© (d)
Figure 5.139

CY (b) (c)

Figure 5.140
Vee Vee
Q1 Q1 "
Q2 I Q2 "
ROU[ j ROUt j
(@ (b)
Figure 5.141

51. Writing v, = 8Vr/I¢, expand Eq. (5.217) and prove that the result remains closg to
if IgRp > Vr (which is valid becaus&-¢c and Vg typically differ by about 0.5 V or
higher.)

52. Calculatev,,; /v;, for each of the circuits depicted in Fig. 5.142. Assufge= 8 x 10716
A, 8 =100, andV, = oo. Also, assume the capacitors are very large.

53. Repeat Example 5.33 witi g = 25k2 and R = 250 2. Is the gain greater than unity?

54. The common-base stage of Fig. 5.143 is biased with a collector current of 2 mA. Assume
Vi = 0.
(a) Calculate the voltage gain and I/O impedances of the circuit.
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100k Q =

Yvy
A
Al
Ay
=~
Q

Vino—

@
Figure 5.142

Figure 5.143

(b) How shouldVp and R~ be chosen to maximize the voltage gain with a bias current of 2

mA?
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Vee=25V Vee=25V
50kQ= =1kQ 14kQ = R 10kQ
+— Vout C, +— Vout
Vino—W—— Q1 Vin w i Q1
1kQ ¢ lelle<i
C, T 2kQ i 500 Q
0 C, I 2kQ
(b) (c)
Vee
Rc=500Q
Vout
Q1 Vb
Vin

55. Determine the voltage gain of the circuits shown in Fig. 5.144. Assdme oco.

Vee
Q2
Rc
VOUt
Q1 Vo

@)
Figure 5.144

Vee Vee
Q3 Q3
R.= Rc=
Vin ¢ ¢
——oV,, e— oV
Vb Ql out
¢e—oV
Ve out
Q>
()
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56. Compute the input impedance of the stages depicted in Fig. 5.145. Addumex.

‘ Vee Vee
Ry Ry
Q1 Q

1

— Vee Vee

By]
N

A
VWY

=
Rin Rin B ) Rin
(a) (b) (© (d)
Figure 5.145

57. Calculate the voltage gain and I/O impedances of the CB stage shown in Fig. 5.146. Assume
Va < 0.

Figure 5.146

58. Consider the CB stage depicted in Fig. 5.147, whitre 100, Is = 8 x 10716 A, V4 = oo,
andCp is very large.

Voe=25V
= 1kQ = 13kQ
V >
out 9 CB
(o2} —
Y = 12kQ
n

400Q ~

Figure 5.147

(a) Determine the operating point §f; .
(b) Calculate the voltage gain and I/O impedances of the circuit.

59. Repeat Problem 58 farg = 0.

60. Compute the voltage gain and I/0O impedances of the stage shown in Fig. 51148&ifco
andCp is very large.

61. Calculate the voltage gain and the I/O impedances of the stage depicted in Fig. 5.149 if
Va4 = co andCp is very large.

62. Calculate the voltage gain of the circuit shown in Fig. 5.1504f< oo.

63. The circuit of Fig. 5.151 provides two outputs.llf; = 27g-, determine the relationship
betweernv,yt1 /vin aNdvyyea /Vin. ASSUMEV, = 0.
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Vee
Q2
Ry
Vout CB
Q1 I
=R
Vin 2
Figure 5.148
Vee
ideal
R
VOUt CB
Q1 —
Vin TR
Figure 5.149
Vee
ideal
Vout
Q1 Yo
Vin
Rs
Figure 5.150
Vee
Vourr ©—4 +— Vour

Sy
Vino

64. Using a small-signal model, determine the voltage gain of a CB stage with emitter degener-
ation, a base resistance, aig < oo. Assumes3 > 1.

65. For R = 100 Q2 in Fig. 5.152, determine the bias current@f such that the gain is equal
to 0.8. Assumé’4 = oo.

66. The circuit of Fig. 5.152 must provide an input impedance of greater tham1@ith a
minimum gain of 0.9. Calculate the required bias current Bad Assumes = 100 and
Vi = oo.

67. A microphone having an output impedarge = 200 Q2 drives an emitter follower as shown

Figure 5.151
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Voe=25V
Vin Q1
Vout
Re
Figure 5.152

in Fig. 5.153. Determine the bias current such that the output impedance does not exceed 5
Vee=25V

in Q1

Figure 5.153

Q. Assumes3 = 100 andV4 = co.
68. Compute the voltage gain and 1/0 impedances of the circuits shown in Fig. 5.154. Assume

Vi = o0.
Vee Vee Vee
V.
Vin Q1 Vin Q1 " Q1
V,
Vout Vout R out
s
Yo Q2 Q> Q2
(@ () ©
Vee Vee
Vin Q1 Vin Q1
VOUt
Rg Re
Vout
Q> Q2
(d) (e)
Figure 5.154

69. Figure 5.155 depicts a “Darlington pair,” whe¢g plays a role somewhat similar to an
emitter follower driving@-. AssumeV, = oo and the collectors of); and()- are tied to
Vee. Note thatlgy (& L) = Igo = Lo/ S.

(a) If the emitter of)» is grounded, determine the impedance seen at the bdgge of
(b) If the base of); is grounded, calculate the impedance seen at the emitégs.of
(c) Compute the current gain of the pair, defined&s + Ic2)/IB:.
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Figure 5.155

70. In the emitter follower shown in Fig. 5.156), serves as a current source for the input device

Vee
Vin Q1
; Recs
Y
Q2
Re

Figure 5.156

Q1.

(a) Calculate the output impedance of the current soutee,

(b) Replacel), and Ry with the impedance obtained in (a) and compute the voltage gain
and I/O impedances of the circuit.

71. Determine the voltage gain of the follower depicted in Fig. 5.157. Asslyme 7 x 1016

- Voe=25V
10kQ =
C
! F——Vout
1kQ % 100Q

Figure 5.157

A, 8 = 100, andV,4 = 5 V. (But for bias calculations, assunig = c0.) Also, assume the
capacitors are very large.

72. Figure 5.158 illustrates a cascade of an emitter follower and a common-emitter stage. As-

Figure 5.158

sumely < oo.
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(a) Calculate the input and output impedances of the circuit.
(b) Determine the voltage gain,,: /vin, = (vx /Vin)(Vout /Vx)-
73. Figure 5.159 shows a cascade of an emitter follower and a common-base stage. Assume

- Ve
=Rc

Figure 5.159

Vi = o0.
(a) Calculate the 1/0 impedances of the circuit.
(b) Calculate the voltage gaityy: /vin = (vx /Vin) (Vout /UX).

Design Problems
In the following problems, unless otherwise stated, assdme 100, Is = 6 x 10716 A,
andV4 = co.

74. Design the CE stage shown in Fig. 5.160 for a voltage gain of 10, and input impedance of

Vee=25V
= Rc

AA

g
Rg=

+—oV

out
vmo—uaﬂol
CB —

Figure 5.160

greater than 5®, and an outputimpedance of QkIf the lowest signal frequency of interest
is 200 Hz, estimate the minimum allowable valuebf.

75. We wish to design the CE stage of Fig. 5.161 for maximum voltage gain but with an output

Vee=25V
= Re

AA

g
Rg=

+—oV

out
\/ino_“_EQl

Figure 5.161

impedance no greater than 5Q0Allowing the transistor to experience at most 400 mV of
base-collector forward bias, design the stage.

76. The stage depicted in Fig. 5.161 must achieve maximum input impedance but with a voltage
gain of at least 20 and an output impedance of)1 Resign the stage.

77. The CE stage of Fig. 5.161 must be designed for minimum supply voltage but with a voltage
gain of 15 and an output impedance of Q.Kf the transistor is allowed to sustain a base-
collector forward bias of 400 mV, design the stage and calculate the required supply voltage.
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78. We wish to design the CE stage of Fig. 5.161 for minimum power dissipation. If the voltage

79.
80.

gain must be equal ta,, determine the trade-off between the power dissipation and the
output impedance of the circuit.

Design the CE stage of Fig. 5.161 for a power budget of 1 mW and a voltage gain of 20.
Design the degenerated CE stage of Fig. 5.162 for a voltage gain of 5 and an output

Vee=25V

Ry
e
A
YW
A

<: RC

+— Vout

V. o— 0,

R
N
A
W

Re

Figure 5.162

81.

82.

83.

impedance of 50Q.. AssumeR g sustains a voltage drop of 300 mV and the current flowing
throughR; is approximately 10 times the base current.

The stage of Fig. 5.162 must be designed for maximum voltage gain but an outputimpedance
of no greater than 1(k. Design the circuit, assuming th&g sustains 200 mV, and the
current flowing througtR, is approximately 10 times the base current, ghdexperiences

a maximum base-collector forward bias of 400 mV.

Design the stage of Fig. 5.162 for a power budget of 5 mW, a voltage gain of 5, and a voltage
drop of 200 mV acros$tg. Assume the current flowing througR, is approximately 10

times the base current.

Design the common-base stage shown in Fig. 5.163 for a voltage gain of 20 and an input

Vee=25V

Ry
e

A
YW

A

:Rc

CB ) Vout

"H Q1

Figure 5.163

84.

85.

86.

impedance of 502. Assume a voltage drop d0Vy = 260 mV acrossRg so that this
resistor does not affect the input impedance significantly. Also, assume the current flowing
throughR; is approximately 10 times the base current, and the lowest frequency of interest
is 200 Hz.

The CB amplifier of Fig. 5.163 must achieve a voltage gain of 8 with an output impedance
of 50012. Design the circuit with the same assumptions as those in Problem 83.

We wish to design the CB stage of Fig. 5.163 for an output impedance of2280d a
voltage gain of 20. What is the minimum required power dissipation? Make the the same
assumptions as those in Problem 83.

Design the CB amplifier of Fig. 5.163 for a power budget of 5 mW and a voltage gain of 10.
Make the same assumptions as those in Problem 83.
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87. Design the CB stage of Fig. 5.163 for the minimum supply voltage if an input impedance of
50 and a voltage gain of 20 are required. Make the same assumptions as those in Problem
83.

88. Design the emitter follower shown in Fig. 5.164 for a voltage gain of 0.85 and an input

- Vee=25V
Ri1=
Vip o—4 Q1
VOUt
RL

Figure 5.164

impedance of greater than 1QkAssumeR = 200 2.

89. The follower of Fig. 5.164 must consume 5 mW of power while achieving a voltage gain of
0.9. What is the minimum load resistanég;,, that it can drive?

90. The follower shown in Fig. 5.165 must drive a load resistaite,= 50 2, with a voltage

- Vee=25V
R=
Vino— Q1 c

Figure 5.165

gain of 0.8. Design the circuit assuming that the lowest frequency of interest is 100 MHz.
(Hint: select the voltage drop acroBg to be much greater thdry so that this resistor does

not affect the voltage gain significantly.)

SPICE Problems

In the following problems, assum& ,,,, = 5 x 10716 A, 8,,, = 100, V4 pnpn = 5V,
Ispnp =8 x 10716 A, B,np = 50, VA pnp = 3.5 V.

91. The common-emitter shown in Fig. 5.166 must amplify signals in the range of 1 MHz to 100

MHz.
Vee=25V
100kQ = = 1kQ
P —o° Vout
Vipo— | Q1
Cl
C, T 500Q

Figure 5.166
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(a) Using the .op command, determine the bias conditiorig,cdind verify that it operates
in the active region.

(b) Running an ac analysis, choose the valu€'psuch thaiVp/V;,| ~ 0.99 at 1 MHz.
This ensures that, acts as a short circuit at all frequencies of interest.

(c) Plot|V,.+/Vin| @s a function of frequency for several value€®f e.g., 1uF, 1 nF, and 1
pF. Determine the value @, such that the gain of the circuit at 10 MHz is or% below

its maximum (i.e., folCy = 1 uF).

(d) With the proper value of’; found in (c), determine the input impedance of the circuit
at 10 MHz. (One approach is to insert a resistor in series Withand adjust its value until
Ve [Vin Or Voui / Vi, drops by a factor of two.)

92. Predicting an output impedance of about(l for the stage shown in Fig. 5.166, a student
constructs the circuit depicted in Fig. 5.167, wh&kerepresents an ac source with zero dc
value. Unfortunately}/y /Vx is far from 0.5. Explain why.

Vee=25V
100kQ = = 1kQ
I'x
N ¢
-L_"_. 01 1kQ + v,
=C1 =
C, 500Q H

ik

Figure 5.167

93. Consider the self biased stage shown in Fig. 5.168.

Vec=25V
10kQ 1kQ
VOUI
Vipo— |— Q1
c, P

Figure 5.168

(a) Determine the bias conditions @f, .

(b) Select the value of’; such that it operates as nearly a short circuit (€1gz/V;y,| ~
0.99) at 10 MHz.

(c) Compute the voltage gain of the circuit at 10 MHz.

(d) Determine the input impedance of the circuit at 10 MHz.

(e) Suppose the supply voltage is provided by an aging battery. How muchigarall
while the gain of the circuit degrades by oril}?

94. Repeat Problem 93 for the stage illustrated in Fig. 5.169. Which one of the two circuits is
less sensitive to supply variations?
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Vee=25V

10kQ %1 kQ
AVAVAV VOUl
1kQ
Vlno_"_"Ml_‘ Q]_
Cy

Figure 5.169

95. The amplifier shown in Fig. 5.170 employs an emitter follower to drive £296ad at a

frequency of 100 MHz.
Vee=25V
2kQ =600Q
AVAVAV QZ
2kQ X C3
Vino— —W—— Q1 } Vout
Cq 200Q % 500
Res T C = =
Figure 5.170

(a) Determine the value @, such that), carries a bias current of 2 mA.

(b) Determine the minimum acceptable valu€if C-, andCj if each one is to degrade the
gain by less thain%.

(c) What is the signal attenuation of the emitter follower? Does the overall gain increase if
R¢o is reduced to 10Q? Why?
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Physics of MOS Transistors

Today’s field of microelectronics is dominated by a type of device called the metal-oxide-
semiconductor field-effect transistor (MOSFET). Conceived in the 1930s but first realized in
the 1960s, MOSFETS (also called MOS devices) offer unique properties that have led to the rev-
olution of the semiconductor industry. This revolution has culminated in microprocessors having
100 million transistors, memory chips containing billions of transistors, and sophisticated com-
munication circuits providing tremendous signal processing capability.

Our treatment of MOS devices and circuits follows the same procedure as that taken in Chap-
ters 2 and 3 fopn junctions. In this chapter, we analyze the structure and operation of MOSFETS,
seeking models that prove useful in circuit design. In Chapter 7, we utilize the models to study
MOS amplifier topologies. Figure 6 illustrates the sequence of concepts covered in this chapter.

Operation of MOSFETs MOS Device Models PMOS Devices
® MOS Structure ® | arge-Signal Model ® Structure
® Operation in Triode Region E> ® Small-Signal Model ® Models

® Operation in Saturation
® |/ Characteristics

6.1 Structure of MOSFET

Recall from Chapter 5 that any voltage-controlled current source can provide signal amplifica-
tion. MOSFETSs also behave as such controlled sources but their characteristics are different from
those of bipolar transistors.

In order to arrive at the structure of the MOSFET, we begin with a simple geometry consist-
ing of a conductive (e.g., metal) plate, an insulator (“dielectric”), and a doped piece of silicon.
lllustrated in Fig. 6.1(a), such a structure operates as a capacitor becauysgypleesilicon is
somewhat conductive, “mirroring” any charge deposited on the top plate.

What happens if a potential difference is applied as shown in Fig. 6.1(b)? As positive charge
is placed on the top plate, it attracts negative charge, e.g., electrons, from the piece of silicon.
(Even though doped with acceptors, fhype silicon does contain a small number of electrons.)
We therefore observe that a “channel’fade electrons may be created at the interface between
the insulator and the piece of silicon, potentially serving as a good conductive path if the electron
density is sufficiently high. The key point here is that the density of electrons in the channel
varieswith V7, as evident fron) = CV, whereC denotes the capacitance between the two
plates.
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Conductive |__+_-J|-_-ﬁ-_|
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—a— Insulator + —— +—..—
- - - = __-- Vl |:> |_ -
p-Type P e Channel // —|—
- of Electrons
Silicon by _ |+
Vs

(@) (b) (c)
Figure 6.1 (a) Hypothetical semiconductor device, (b) operation as a capacitor, (¢) current flow as a result
of potential difference.

The dependence of the electron density uppleads to an interesting property: if, as depicted
in Fig. 6.1(c), we allow a current to flow from left to right through the silicon mateflialcan
control the current by adjusting the resistivity of the channel. (Note that the current prefers to
take the path of least resistance, thus flowing primarily through the channel rather than through
the entire body of silicon.) This will serve our objective of building a voltage-controlled current
source.

Equation@) = C'V suggests that, to achieve a strong contraDdfy V', the value ofC' must
be maximized, for example, beducingthe thickness of the dielectric layer separating the two
plates! The ability of silicon fabrication technology to produce extremely thin but uniform di-

electric layers (with thicknesses below &00day) has proven essential to the rapid advancement
of microelectronic devices.

The foregoing thoughts lead to the MOSFET structure shown in Fig. 6.2(a) as a candidate for
an amplifying device. Called the “gate” (G), the top conductive plate resides on a thin dielectric
(insulator) layer, which itself is deposited on the underlyiriype silicon “substrate.” To allow
current flow through the silicon material, two contacts are attached to the substrate through two
heavily-doped:-type regions because direct connection of metal to the substrate would not pro-
duce a good “ohmic” contaétThese two terminals are called “source” (S) and “drain” (D) to
indicate that the former cgmrovidecharge carriers and the latter calmsorbthem. Figure 6.2(a)
reveals that the device is symmetric with respect to S and D; i.e., depending on the voltages ap-
plied to the device, either of these two terminals can drain the charge carriers from the other. As
explained in Section 6.2, with-type source/drain angttype substrate, this transistor operates
with electrons rather than holes and is therefore called-&ype MOS (NMOS) device. (The
p-type counterpart is studied in Section 6.4.) We draw the device as shown in Fig. 6.2(b) for
simplicity. Figure 6.2(c) depicts the circuit symbol for an NMOS transistor, wherein the arrow
signifies the source terminal.

Before delving into the operation of the MOSFET, let us consider the types of materials used
in the device. The gate plate must serve as a good conductor and was in fact realized by metal
(aluminum) in the early generations of MOS technology. However, it was discovered that non-
crystaline silicon (“polysilicon” or simply “poly”) with heavy doping (for low resistivity) exhibits
better fabrication and physical properties. Thus, today’s MOSFETs employ polysilicon gates.

The dielectric layer sandwiched between the gate and the substrate plays a critical role in the
performance of transistors and is created by growing silicon dioxide (or simply “oxide”) on top

IThe capacitance between two plates is giver dyt, wheree is the “dielectric constant” (also called the “permi-
tivity”), A is the area of each plate, and the dielectric thickness.

2Used to distinguish it from other types of contacts such as diodes, the term “ohmic” contact emphasizes bi-
directional current flow—as in a resistor.
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Conductive
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Insulator
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_§T_Ir/ - J_Ef)_ G
tn*l ‘n*’ l

SOJLOD

p—substrate

(b) (c)
Figure 6.2 (@) Structure of MOSFET, (b) side view, (c) circuit symbol.

of the silicon area. The™ regions are sometimes called source/drain “diffusion,” referring to

a fabrication method used in early days of microelectronics. We should also remark that these
regions in fact forndiodeswith the p-type substrate (Fig. 6.3). As explained later, proper opera-
tion of the transistor requires that these junctions remain reverse-biased. Thus, only the depletion
region capacitance associated with the two diodes must be taken into account. Figure 6.3 shows
some of the device dimensions in today’s state-of-the-art MOS technologies. The oxide thickness
is denoted by,

Polysilicon Oxide
S/D Diffusion #
o=
£
n* * n*
Ptox=18 A
: : p—substrate
~—]
Length Oxide-Silicon
90 nm Interface

Figure 6.3 Typical dimensions of today's MOSFETS.

6.2 Operation of MOSFET

This section deals with a multitude of concepts related to MOSFETSs. The outline is shown in
Fig. 6.4.
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® Transconductance
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Other Properties

® Body Effect

® Subthreshold
Conduction

® Velocity Saturation

Figure 6.4 Outline of concepts to be studied.

6.2.1 Qualitative Analysis

Our study of the simple structures shown in Figs. 6.1 and 6.2 suggests that the MOSFET may
conduct current between the source and drain if a channel of electrons is created by making the
gate voltage sufficiently positive. Moreover, we expect that the magnitude of the current can be
controlled by the gate voltage. Our analysis will indeed confirm these conjectures while revealing
other subtle effects in the device. Note that the gate terminal draws no (low-frequency) current
as it is insulated from the channel by the oxide.

Since the MOSFET contains three terminaise may face many combinations of terminal
voltages and currents. Fortunately, with the (low-frequency) gate current being zero, the only
current of interest is that flowing between the source and the drain. We must study the dependence
of this current upon the gate voltage (e.g., for a constant drain voltage) and upon the drain voltage
(e.g., for a constant gate voltage). These concepts become clearer below.

Let us first consider the arrangement shown in Fig. 6.5(a), where the source and drain are
grounded and the gate voltage is varied. This circuit does not appear particularly useful but it
gives us a great deal of insight. Recall from Fig. 6.1(b) thal/asises, the positive charge on
the gate must be mirrored by negative charge in the substrate. While we stated in Section 6.1 that
electrons are attracted to the interface, in reality, another phenomenon precedes the formation of
the channel. A3 increases from zero, the positive charge on the ggielsthe holes in the
substrate, thereby exposing negative ions and creating a depletion region [Fig. 6Nggthat
the device still acts as a capacitor—positive charge on the gate is mirrored by negative charge in
the substrate—but no channelrmbbilecharge is created yet. Thus, no current can flow from the
source to the drain. We say the MOSFET is off.

Can the source-substrate and drain-substrate junctions carry current in this mode? To avoid
this effect, the substrate itself is also tied to zero, ensuring that these diodes are not forward-
biased. For simplicity, we do not show this connection in the diagrams.

What happens aB; increases? To mirror the charge on the gate, more negative ions are
exposed and the depletion region under the oxide becomes deeper. Does this mean the transistor
never turns on?! Fortunately, i becomes sufficiently positive, free electrons are attracted to
the oxide-silicon interface, forming a conductive channel [Fig. 6.5(c)]. We say the MOSFET is
on. The gate potential at which the channel begins to appear is called the “threshold voltage,”
Vry, and falls in the range of 300 mV to 500 mV. Note that the electrons are readily provided
by then™ source and drain regions, and need not be supplied by the substrate.

It is interesting to recognize that the gate terminal of the MOSFET draws no (low-frequency)
current. Resting on top of the oxide, the gate remains insulated from other terminals and simply
operates as a plate of a capacitor.

MOSFET as a Variable Resistor ~ The conductive channel between S and D can be viewed
as a resistor. Furthermore, since the density of electrons in the channel must incréase as

3The substrate acts as a fourth terminal, but we ignore that for now.

4Note that this depletion region contains only one immobile charge polarity, whereas the depletion regjon in a
junction consists of two areas of negative and positive ions on the two sides of the junction.
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p—substrate

e Free Electrons
p—substrate p—substrate \
Depletion Negative lons
Region

(b) (©

Figure 6.5 (a) MOSFET with gate voltage, (b) formation of depletion region, (c) formation of channel.

becomes more positive (why?), the value of this resisbangewwith the gate voltage. Concep-
tually illustrated in Fig. 6.6, such a voltage-dependent resistor proves extremely useful in analog
and digital circuits.

G
[ i |
|52 #|
S o—————ifh—o D

Figure 6.6 MOSFET viewed as a voltage-dependent resistor.

mﬂ 6.] m———————

n the vicinity of a wireless base station, the signal received by a cellphone may become very
strong, possibly “saturating” the circuits and prohibiting proper operation. Devise a variable-gain
circuit that lowers the signal level as the cellphone approaches the base station.

A MOSFET can form a voltage-controlled attenuator along with a resistor as shown in Fig. 6.7.
Since

T
L

Figure 6.7 Use of MOSFET to adjust signal levels.
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Vout — Rl
Vin  Ru+ Ry’

(6.1)

the output signal becomes smallerlas,,; falls because the density of electrons in the channel
decreases an&,,; rises. MOSFETs are commonly utilized as voltage-dependent resistors in
“variable-gain amplifiers.”

Exercise
What happens t®,, if the channel length is doubled?

In the arrangement of Fig. 6.5(c), no current flows between S and D because the two terminals
are at the same potential. We now raise the drain voltage as shown in Fig. 6.8(a) and examine the
drain current (= source current).Wf; < Vg, no channel exists, the device is off, ahgl = 0
regardless of the value dfp. On the other hand, iV > V7w, thenip > 0 [Fig. 6.8(b)].

In fact, the source-drain path may act as a simple resistor, yielding k€, characteristic
shown in Fig. 6.8(c). The slope of the characteristic is equal#®,,,, whereR,,, denotes the
“on-resistance” of the transistor.

_C+ -~ o

T Vg /o
" E 7 R
l I7+ l | n+ l - e VG
4 —
p—substrate / >
! V-
TH Ve

() (d)
Figure 6.8 (a) MOSFET with gate and drain voltages, {)-V characteristic, (cJp-Vp characteristic,
(d) Ip-Vp characteristics for various gate voltages .

Our brief treatment of the MOS 1/V characteristics thus far points to two different views of
the operation: in Fig. 6.8(b)/s is varied whilel, remains constant whereas in Fig. 6.8{¢),
is varied whileV; remains constant. Each view provides valuable insight into the operation of
the transistor.

5The term “on-resistance” always refers to that between the source and drain as no resistance exists between the gate
and other terminals.
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How does the characteristic of Fig. 6.8(b) chang®df increases? The higher density of
electrons in the channel lowers the on-resistance, yieldingaterslope. Depicted in Fig. 6.8(d),
the resulting characteristics strengthen the notion of voltage-dependent resistance.

Recall from Chapter 2 that charge flow in semiconductors occurs by diffusion or drift. How
about the transport mechanism in a MOSFET? Since the voltage source tied to the drain creates
an electric field along the channel, the current results frondttieof charge.

TheIp-Vg andIp-Vp characteristics shown in Figs. 6.8(b) and (c), respectively, play a cen-
tral role in our understanding of MOS devices. The following example reinforces the concepts
studied thus far.

wg 0 . o —
etch the/p-V andIp-Vp characteristics for (a) different channel lengths, and (b) different
oxide thicknesses.

As the channel length increases, so does the on-resistafives, forVy > Vg, the drain
current begins with lesser values as the channel length increases [Fig. 6.9(a)]. Sidiarly,
exhibits a smaller slope as a functionig$ [Fig. 6.9(b)]. It is therefore desirable tinimizethe
channel length so as to achieve large drain currents—an important trend in the MOS technology

development. /
s °) FFm \
i, %@j
T |
b

(@) (b)

In \ In
ViH Vs Vo

(© (d)
Figure 6.9 (a) Ip-V characteristics for different channel lengths, {p)Vp characteristics for different

channel lengths, (cJp-Vi characteristics for different oxide thicknesses, 1g)Vp characteristics for
different oxide thicknesses.

D

How does the oxide thickness,., affect the |-V characteristics? As, increases, the capac-
itance between the gate and the silicon substtateeasesThus, from@ = CV, we note that a
given voltage results ilesscharge on the gate and hence a lower electron density in the channel.
Consequently, the device suffers frorhigheron-resistance, producing less drain current for a
given gate voltage [Fig. 6.9(c)] or drain voltage [Fig. 6.9(d)]. For this reason, the semiconductor
industry has continued to reduce the gate oxide thickness.

Exercise
The current conduction in the channel is in the form of drift. If the mobility falls at high

SRecall that the resistance of a conductor is proportional to the length.
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temperatures, what can we say about the on-resistance as the temperature goes up?

While both the length and the oxide thickness affect the performance of MOSFETS, only
the former is under the circuit designer’s control, i.e., it can be specified in the “layout” of the
transistor. The latter, on the other hand, is defined during fabrication and remains constant for all
transistors in a given generation of the technology.

Another MOS parameter controlled by circuit designers iswidth of the transistor, the
dimension perpendicular to the length [Fig. 6.10(a)]. We therefore observe that “lateral” dimen-
sions such a& andWW can be chosen by circuit designers whereas “vertical” dimensions such as

toz CANNOL. .
e o
% !

(b) (©)
Figure 6.10 (a) Dimensions of a MOSFET and L are under circuit designer’s control.), (b char-
acteristics for different values &V, (c) equivalence to devices in parallel.

How does the gate width impact the I-V characteristics31Asncreases, so does the width
of the channel, thusowering the resistance between the source and the Uwmal yielding
the trends depicted in Fig. 6.10(b). From another perspective, a wider device can be viewed
as two narrower transistoms parallel, producing a high drain current [Fig. 6.10(c)]. We may
then surmise thal must be maximized, but we must also note that the total gate capacitance
increases with4, possibly limiting the speed of the circuit. Thus, the width of each device in
the circuit must be chosen carefully.

Channel Pinch-Off  Our qualitative study of the MOSFET thus far implies that the device
acts as a voltage-dependent resistor if the gate voltage extgedsin reality, however, the
transistor operates ascarrent sourcef the drain voltage is sufficiently positive. To understand

this effect, we make two observations: (1) to form a channel, the potential difference between
the gate and the oxide-silicon interface must exdéegd; (2) if the drain voltage remains higher

than the source voltage, then the voltage at each point along the channel with respect to ground
increases as we go from the source towards the drain. lllustrated in Fig. 6.11(a), this effect arises
from the gradual voltage drop along the channel resistance. Since the gate voltage is constant
(because the gate is conductive but carries no current in any direction), and since the potential
at the oxide-silicon interface rises from the source to the drain, the potential diffdvetveeen

"Recall that the resistance of a conductor is inversely proportional to the cross section area, which itself is equal to
the product of the width and thickness of the conductor.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 290 (1)

290 Chap. 6 Physics of MOS Transistors

the gate and the oxide-silicon interfadecreasesalong thex-axis [Fig. 6.11(b)]. The density of
electrons in the channel follows the same trend, falling to a minimum=at’.

1l
I K] i) K] I +
] | A ] VD

Potential _' V., <' VG ' VG - VD

Difference Gate—-Substrate

Potential Difference
Vi(x)

(b)
Figure 6.11 (a) Channel potential variation, (b) gate-substrate voltage difference along the channel.

From these observations, we conclude that, if the drain voltage is high enough to produce
Vo — Vb < Vrg, then the channel ceases to exist near the drain. We say the gate-substrate
potential difference is not sufficientat= L to attract electrons and the channel is “pinched off”

[Fig. 6.12(a)].

What happens iV, rises even higher thdi; — Vg ? Sincel/ (x) now goes from 0 at = 0
toVp > Vg — Vg atz = L, the voltage difference between the gate and the substrate falls
to Vry at some poinf,; < L [Fig. 6.12(b)]. The device therefore contains no channel between
L, and L. Does this mean the transistor cannot conduct current? No, the device still conducts:
as illustrated in Fig. 6.12(c), once the electrons reach the end of the channel, they experience the
high electric field in the depletion region surrounding the drain junction and are rapidly swept
to the drain terminal. Nonetheless, as shown in the next section, the drain voltage no longer
affects the current significantly, and the MOSFET acts as a constant current source—similar to a
bipolar transistor in the forward active region. Note that the source-substrate and drain-substrate
junctions carry no current.

6.2.2 Derivation of I/V Characteristics

With the foregoing qualitative study, we can now formulate the behavior of MOSFETS in terms
of their terminal voltages.

Channel Charge Density ~ Our derivations require an expression for the channel charge (i.e.,
free electrons) per uniéngth also called the “charge density.” Fragh= C'V', we note that if

C' is the gate capacitance per unit length andhe voltage difference between the gate and
the channel, then) is the desired charge density. Denoting the gate capacitance peremit

by C,. (expressed in Bi? or fF/um?), we write C = W(C,, to account for the width of the
transistor [Fig. 6.13(a)]. Moreover, we haVe= Vs — Vg because no mobile charge exists
for Vas < Vrg. (Hereafter, we denote both the gate and drain voltages with respect to the
source.) It follows that

Q = Wcow(VGS - VTH)- (62)
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Figure 6.13 lllustration of capacitance per unit length.

Note that() is expressed in coulomb/meter. Now recall from Fig. 6.11(a) that the channel voltage
varies along the length of the transistor, and the charge density falls as we go from the source
to the drain. Thus, Eq. (6.2) is valid only near the source terminal, where the channel potential
remains close to zero. As shown in Fig. 6.14, we denote the channel potentiay &f(x) and

write

Q(Jf) = Wcow[VGS - V(ZU) - VTH]:

noting that’(z) goes from zero t&p if the channel is not pinched off.

Drain Current

What is the relationship between the mobile charge density and the current?
Consider a bar of semiconductor having a uniform charge density (per unit length) edual to
and carrying a current (Fig. 6.15). Note from Chapter 2 that (L)is given by the total charge

that passes through the cross section of the bar in one second, and (2) if the carriers move with
a velocity ofv m/s, then the charge enclosedvimeters along the bar passes through the cross

2901



Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 292 (1)

292 Chap. 6 Physics of MOS Transistors

N ] a%}v
3 HoB D
Lo | tveo L

0O > - |
ax
Figure 6.14 Device illustration for calculation of drain current.

section in one second. Since the charge enclosedneters is equal tQ) - v, we have

v t:tl t:tl+1$
i meters |
i L o *
2 }
[ | |
¥ x= ¥ X>
X1 X1
al i i
I II
Vi vy

Figure 6.15 Relationship between charge velocity and current.

I=Q v, (6.4)
As explained in Chapter 2,
v =—upkF, (6.5)
dV
- +ﬂn%: (66)

wheredV/dz denotes the derivative of the voltage at a given point. Combining (6.3), (6.4), and
(6.6), we obtain
dv(z
Ip = Wcow[VGS - V(Jf) - VTH]M?'L%' (67)

Interestingly, sincd p must remain constant along the channel (why?);) anddV/dxz must
vary such that the product &t;s — V(z) — Vi anddV/dx is independent af.

While it is possible to solve the above differential equation to obigin) in terms ofl, (and
the reader is encouraged to do that), our immediate need is to find an expresdignrfaerms
of the terminal voltages. To this end, we write

z=L V(z)=Vps
/ Inde = / 1inConW[Virs — V(&) — Vs dV. (6.8)
z=0 V(z)=0
Thatis,
1 w
Ip = §uyzcozf[2(VGs —Vru)Vps — Vgl (6.9)
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We now examine this important equation from different perspectives to gain more insight. First,
the linear dependence &6 upong,, C,.., andiW/ L is to be expected: a higher mobility yields a
greater current for a given drain-source voltage; a higher gate oxide capacitance leads to a larger
electron density in the channel for a given gate-source voltage; and a 1&iger(called the

device “aspect ratio”) is equivalent to placing more transistors in parallel [Fig. 6.10(c)]. Second,
for a constant/s s, Ip variesparabolicallywith Vs (Fig. 6.16), reaching a maximum of

o)

w 2
% Hn cox T (VGS_VTH) --------------

Y

Vs~ VTH Vbs
Figure 6.16 ParabolicIp-Vpg characteristic.
1 w
ID,mam = §Nncoxf(VGS - VTH)2 (610)

atVps = Vigs — Vrg. Itis common to writd?/ L as the ratio of two values e.@.m/0.18 um

(rather than 27.8) to emphasize the choicélofand L. While only the ratio appears in many
MOS equations, the individual valuesdf and L also become critical in most cases. For exam-

ple, if both1” and L are doubled, the ratio remains unchanged but the gate capacitance increases.

ot thelp-Vps characteristics for different values Bf. s.

As Vgg increases, so dfp ma, andVes — V. lllustrated in Fig. 6.17, the characteristics
exhibit maxima that follow a parabolic shape themselves becgusg. < (Vas — Vrr)?.

/D“ Parabola
=
Ipmaxa |--==mmmmmmmeeeee s :'"'~.,\VGS3
ID,max3 -------------
: . Ves2
Ipmaxe [ /A ‘VGSl )
I I I -
SN Vbs
| | |
— o ™
3 8 O
DN N

Figure 6.17 MOS characteristics for different gate-source voltages.

Exercise
What happens to the above plotgjf is halved?
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The nonlinear relationship betweép andVpg reveals that the transisteannotgenerally
be modeled as a simple linear resistor. Howevérpf < 2(Vas — Virm), EQ. (6.9) reduces to:

%%

Ip =~ unCoxf(VGS - VTH)VDS: (611)
exhibiting a linear/p-Vpgs behavior for a giveri/;s. In fact, the equivalent on-resistance is
given byVps/Ip:

1
Ron = . (612)

w
ljfnCoac f (VGS - VTH)

From another perspective, at smalhs (near the origin), the parabolas in Fig. 6.17 can be

Figure 6.18 Detailed characteristics for smalg.

As predicted in Section 6.2.1, (6.12) suggests that the on-resistance can be controlled by the
gate-source voltage. In particular, fags = Vrg, Ry, = o0, i.€., the device can operate as an
electronic switch.

!ma 6.4
cordless telephone incorporates a single antenna for reception and transmission. Explain how
the system must be configured.

The system is designed such that the phone receives for half of the time and transmits for the
other half. Thus, the antenna is alternately connected to the receiver and the transmitter in regular
intervals, e.g., every 20 ms (Fig. 6.19). An electronic antenna switch is therefore necesséry here.

Receiver Receiver

Transmitter Transmitter

Figure 6.19 Role of antenna switch in a cordless phone.

8Some cellphones operate in the same manner.
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Exercise
Some systems employ two antennas, each of which receives and transmits signals. How many
switches are needed?

In most applications, it is desirable to achieve a low on-resistance for MOS switches. The
circuit designer must therefore maximi¥é/ L andV¢s. The following example illustrates this
point.

6.5 m
MSS phone of Example 6.4, the switch connecting the transmitter to the antenna
must negligibly attenuate the signal, e.g., by no more tH#h. If Vpp = 1.8V, upCor =
100 pA/V?, andVry = 0.4V, determine the minimum required aspect ratio of the switch.
Assume the antenna can be modeled as & Bsistor.

As depicted in Fig. 6.20, we wish to ensure

Ron Transmitter
VOUt Vin

50 Q SR,

Figure 6.20 Signal degradation due to on-resistance of antenna switch.

Vout
>0.9 6.13
Vin = (6.13)
and hence
R,, <5.6€. (6.14)

SettingVss to the maximum valué/p p, we obtain from Eq. (6.12),
% > 1276. (6.15)

(Since wide transistors introduce substantial capacitance in the signal path, this cHi¢é of
may still attenuate high-frequency signals.)
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Exercise
WhatW/L is necessary i¥pp dropsto 1.2 V?

Triode and Saturation Regions Equation (6.9) expresses the drain current in terms of the
device terminal voltages, implying that the current beginfatofor Vps > Vgs — Vrg. We
say the device operates in the “triode regibii’Vps < Vs — Vg (the rising section of the
parabola). We also use the term “deep triode region"Vipg < 2(Vgs — Vrm), where the
transistor operates as a resistor.

In reality, the drain current reaches “saturation,” that is, becaramstanfor Vps > Vgs —
Vru (Fig. 6.21). To understand why, recall from Fig. 6.12 that the channel experiences pinch-off
if Vps = Vas — Vrg. Thus, further increase ifips simply shifts the pinch-off point slightly
toward the drain. Also, recall that Egs. (6.7) and (6.8) are valid only where channel charge exists.
It follows that the integration in (6.8) must encompass only the channel, i.e.,drem0 to
x = L, in Fig. 6.12(b), and be modified to

b Triode i Saturation
Region : Region
w 2 -
% Mn coxT(VGs‘VTH) ---------------------

Ves—VTH Vs

Figure 6.21 Overall MOS characteristic.

.t:Ll V(:E):VGs—VTH
/ Ipdz = / wnCouWVas —V(z) — VpgldV. (6.16)
z=0 V(z)=0

Note that the upper limits correspond to the channel pinch-off point. In particular, the integral on
the right hand side is evaluated upites — Vi rather thari/ps. Consequently,

1 W
ID = EunCOIL_(VGS - VTH)27 (617)
1

a result independent dfps and identical tolp 4, in (6.10) if we assuméd.; ~ L. Called
the “overdrive voltage,” the quantityzs — Vg plays a key role in MOS circuits. MOSFETSs
are sometimes called “square-law” devices to emphasize the relationship bdiweenl the
overdrive. For the sake of brevity, we hereafter dergtevith L.

The |-V characteristic of Fig. 6.21 resembles that of bipolar devices, with the triode and
saturation regions in MOSFETs appearing similar to saturation and forward active regions in
bipolar transistors, respectively. It is unfortunate that the term “saturation” refers to completely
different regions in MOS and bipolar I-V characteristics.

9Also called the “linear region.”
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We employ the conceptual illustration in Fig. 6.22 to determine the region of operation. Note
that the gate-drain potential difference suits this purpose and we need not compute the gate-
source and gate-drain voltages separately.

[E
L3

w 2
% Hn Cox f (VGS_ VTH) --------------

Saturated

Triode Saturation +

Region | Region S =
Ves— VT Vos T
(a) (b)

Figure 6.22 lllustration of triode and saturation regions based on the gate and drain voltages.

Exhibiting a “flat” current in the saturation region, a MOSFET can operate as a current source
having a value given by (6.17). Furthermore, the square-law dependehs@ipbnVgs — Vg
suggests that the device can act as a voltage-controlled current source.

Calculate the bias current éf; in Fig. 6.23. Assume,,C,, = 100 pA/V? andVry = 0.4 V.
If the gate voltage increases by 10 mV, what is the change in the drain voltage?
Vpp=1.8V

RpZ 5kQ
Ip

X
M, W__2

Figure 6.23 Simple MOS circuit.

It is unclear a priori in which regiod/; operates. Let us assuni¢; is saturated and proceed.
SinceVgs =1V,

1 W
ID = §,U/ncozf(VGS - ‘/TTH)2 (618)
— 200 JA. (6.19)

We must check our assumption by calculating the drain potential:

Vx =Vpp — Rplp (6.20)
—0.8V. (6.21)
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The drain voltage is lower than the gate voltage, but by less than The illustration in Fig.
6.22 therefore indicates thaf; indeed operates in saturation.
If the gate voltage increases to 1.01 V, then
Ip = 206.7 pA, (6.22)
loweringVx to

Vx = 0.766 V. (6.23)

Fortunately,M/; is still saturated. The 34-mV changelifk reveals that the circuit caamplify
the input.

Exercise
What choice ofRp places the transistor at the edge of the triode region?

Itis instructive to identify several points of contrast between bipolar and MOS devices. (1) A
bipolar transistor with/’gp = Vo g resides at the edge of the active region whereas a MOSFET
approaches the edge of saturation if its drain voltage falls below its gate voltabieay(2)

Bipolar devices exhibit an exponential-Vg g characteristic while MOSFETS display a square-

law dependence. That is, the former provide a greater transconductance than the latter (for a
given bias current). (3) In bipolar circuits, most transistors have the same dimensions and hence
the samd g, whereas in MOS circuits, the aspect ratio of each device may be chosen differently
to satisfy the design requirements. (4) The gate of MOSFETSs draws no bias dfirrent.

UYL 6.7 ———
Determine the value d’/ L in Fig. 6.23 that placed/; at the edge of saturation and calculate

the drain voltage change for a 1-mV change at the gate. As$gme= 0.4 V.

With Vs = +1V, the drain voltage must fall td;s — Vg = 0.6 V for M, to enter the triode
region. Thatis,

Ip = Vop — Vps (6.24)
Rp
= 240 pA. (6.25)
Sincelp scales linearly witbiV/ L,

W 240 pA 2
— |lmaz = T T 6.26
7 200 pA  0.18 (6.26)

2.4
= 518" (6.27)
If Vs increases by 1 my,

Ip = 248.04 pA, (6.28)

LONew generations of MOSFETS suffer from gate “leakage” current, but we neglect this effect here.
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changingVx by

AVy = Al - Rp (6.29)
=4.02mV. (6.30)

The voltage gain is thus equal to 4.02 in this case.

Exercise
Repeat the above exampléfif, is doubled.

mq 6.8 m————————————————
alculate the maximum allowable gate voltage in Fig. 6.2%ifmust remain saturated.

Vpp=1.8V
RpZ 5kQ
Ip
X
Ves o[ M, vazﬁ

Figure 6.24 Simple MOS circuit.

At the edge of saturation;s — Vry = Vps = Vpp — RpIp. Substituting forlp from (6.17)
gives

R w
Vas = Vra =Vop — TDunComf(VGs —Vru)?, (6.31)
and hence
V V B -1 + \/1 + 2RDVDD/J/nCom% (6 32)
@8 = RDllnCox% ‘ .
Thus,
v -1+ \/]- + 2RDVDD/JnCoz% v 6.33
= + . .
as FopmnCon TH (6.33)
Exercise

Calculate the value dfs if mu,C,, = 100 pA/V? andVyy = 0.4

299
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6.2.3 Channel-Length Modulation

In our study of the pinch-off effect, we observed that the point at which the channel vanishes in
fact moves toward the source as the drain voltage increases. In other words, the \iajua of

Fig. 6.12(b) varies with/p s to some extent. Called “channel-length modulation” and illustrated

in Fig. 6.25, this phenomenon yields a larger drain currefiyasincreases becaugg o« 1/L;

in Eq. (6.17). Similar to the Early effect in bipolar devices, channel-length modulation results in
a finite output impedance given by the inverse of ipeVpg slope in Fig. 6.25.

o)

w 2
R TG AT L — T

Y

Ves—VTH Vbs
Figure 6.25 Variation of I in saturation region.

To account for channel-length modulation, we assuiris constant, but multiply the right
hand side of (6.17) by a corrective term:

I = ginCae t-(Vass — Vim)*(1+ AVs), (6.34)
where) is called the “channel-length modulation coefficient.” While only an approximation, this
linear dependence df, uponVpg still provides a great deal of insight into the circuit design
implications of channel-length modulation.

Unlike the Early effect in bipolar devices (Chapter 4), the amount of channel-length modula-
tion is under the circuit designer’s control. This is becaligeinversely proportional td.: for a
longer channel, theelativechange in. (and hence ifdp) for a given change ifpgs is smaller
(Fig. 6.26)!! (By contrast, the base width of bipolar devices cannot be adjusted by the circuit
designer, yielding a constant Early voltage for all transistors in a given technology.)

T T —
Ly Lo

Figure 6.26 Channel-length modulation.

6.9 p—————————————————————————————
MCarries a drain current of 1 mA witlips = 0.5 V in saturation. Determine the

change inlp if Vpg risesto 1V and\ = 0.1 V~!. What is the device output impedance?

I1since different MOSFETS in a circuit may be sized for differas, we do not define a quantity similar to the
Early voltage here.
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| Solution

We write
1 w 5
Ipi = §,Uncozf(VGS —Vru) (1 + AVpsi1) (6.35)
1 W )
Ips = §,Uncozf(VGS —Vru) (1 + AVps2) (6.36)
and hence
14+ AVpso
Ips = Ip) —————. 6.37
b2 = I T (6.37)

With Ip; = 1 mA, Vg1 = 0.5V, Vpgs = 1V, andx = 0.1 V1,
Ips = 1.048 mA. (6.38)

The change i, is therefore equal to 48A, yielding an output impedance of

_ AVps
ro =31 (6.39)
= 10.42 kQ. (6.40)

Exercise
DoesW affect the above results?

The above example reveals that channel-length modulation limits the output impedance of
MOS current sources. The same effect was observed for bipolar current sources in Chapters 4
and 5.

6.10 p—T
Assuming\ « 1/L, calculateA I, andro in Example 6.9 if bottV and L are doubled.

| Solution |

In Egs. (6.35) and (6.36)¥/ L remains unchanged batdrops to 0.05/ 1. Thus,

14+ AVpsa
Iy = Iy ——— 222 6.41
D2 DI A nsy ( )

= 1.024 mA. (6.42)
That is,AIp = 24 uA and

ro = 20.84 k). (6.43)

301
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Exercise
What output impedance is achievediif and L are quadrupled anf}, is halved.

6.2.4 MOS Transconductance

As a voltage-controlled current source, a MOS transistor can be characterized by its transcon-
ductance:
oIp

Jm = os' (6.44)

This quantity serves as a measure of the “strength” of the device: a higher value correspondsto a
greater change in the drain current for a given chandé&:in Using Eq. (6.17) for the saturation
region, we have

v (Vas — Vrm), (6.45)

Im = ,U/ncom I

concluding that (1), is linearly proportional td¥V/L for a givenVgs — Vg, and (2)g,, is
linearly proportional tozs — Vi for a givenW/ L. Also, substituting fol/zs — Vg from

(6.17), we obtain
g = [ 2aC I, (6.46)

That is, (1)g,, is proportional to,/W/L for a givenI, and (2)g,, is proportional toy/I, for
a givenW/ L. Moreover, dividing (6.45) by (6.17) gives

2Ip

SH 6.47
Vas = Vru ( )

Im

revealing that (1), is linearly proportional td, for a givenVgs — Vg, and (2)g,, is inversely
proportional toVgs — Vg for a givenlp. Summarized in Table 6.1, these dependencies prove
critical in understanding performance trends of MOS devices and have no counterpart in bipolar
transistors2. Among these three expressions §gr, (6.46) is more frequently used because

may be predetermined by power dissipation requirements.

6.1] —————————
For a MOSFET operating in saturation, how gig andVgs — Vg change if botHV/L and

Ip are doubled?

Solution

Equation (6.46) indicates that, is also doubled. Moreover, Eq. (6.17) suggests that the over-
drive remains constant. These results can be understood intuitively if we view the doubling of
W/L andIp as shown in Fig. 6.27. Indeed,lif; s remains constant and the width of the device

is doubled, it is as if two transistors carrying equal currents are placed in parallel, thereby dou-
bling the transconductance. The reader can show that this trend applies to any type of transistor.

I2There is some resemblance between the second column and the behgwior=of - /Vir. If the bipolar transistor
width is increased whilé&g i remains constant, then bothr andg,,, increase linearly.
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w Constant w Variable w Variable
L L L
Vgs— Vry Variable Vgs— Vry Constant Vos— Vry Constant
w
ngC\//D ngCID ngC I
w 1
g o< Vgg— V- g o< — g o< ———
m GS™ VTH m L m Vos— Vi

Table 6.1 Various dependencies of g,.

= O g T

Figure 6.27 Equivalence of a wide MOSFET to two in parallel.

Exercise
How dog,, andVgs — Vg change if onlyiv andIp are doubled?

6.2.5 Velocity Saturatiort

Recall from Section 2.1.3 that at high electric fields, carrier mobility degrades, eventually lead-
ing to aconstanielocity. Owing to their very short channels (e.g., Qrtt), modern MOS devices
experience velocity saturation even with drain-source voltages as low as 1 V. As a result, the I/V
characteristics no longer follow the square-law behavior.

Let us examine the derivations in Section 6.2.2 under velocity saturation conditions. Denoting
the saturated velocity by;,;, we have

Ip = vea - Q (648)
= VUsat - WCOE(VGS — VTH) (649)

Interestingly,/p now exhibits dinear dependence olizs — Vg and no dependence dn'?

*This section can be skipped in a first reading.

130f course, ifL is increased substantially, whilép ¢ remains constant, then the device experiences less velocity
saturation and (6.49) is not accurate.
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We also recognize that

Iy
I = (6.50)
= vsatwcom, (651)

a quantity independent df andp.

6.2.6 Other Second-Order Effects

Body Effect In our study of MOSFETS, we have assumed that both the source and the sub-
strate (also called the “bulk” or the “body”) are tied to ground. However, this condition need
not hold in all circuits. For example, if the source terminal rises to a positive voltage while the
substrate is at zero, then the source-substrate junction remains reverse-biased and the device still
operates properly.

Figure 6.28 illustrates this case. The source terminal is tied to a pot&ptiaith respect to
ground while the substrate is grounded throughtacontact'* The dashed line added to the
transistor symbol indicates the substrate terminal. We denote the voltage difference between the
source and the substrate (the bulk)ys.

Substrate

Contact "I__L LB
Lo J

p—substrate

Figure 6.28 Body effect.

An interesting phenomenon occurs as the source-substrate potential difference departs from
zero: the threshold voltage of the deviceangesIn particular, as the source becomes more
positive with respect to the substraté;y increasesCalled “body effect,” this phenomenon is
formulated as

Vra = Vrro +7(V12¢r + Vss| — V126r)), (6.52)

whereVr o denotes the threshold voltage with s = 0 (as studied earlier), andand¢r are
technology-dependent parameters having typical values af¥.4nd 0.4 V, respectively.

In the circuit of Fig. 6.28, assumés = 05V, Vg = Vp = 1.4V, u,C,, = 100 ,uA/V2,
W/L = 50, andVrgo = 0.6 V. Determine the drain current ¥ = 0.

Since the source-body voltagé s = 0.5V, EqQ. (6.52) and the typical values ferand¢r yield

Vrr = 0.698 V. (6.53)

MThept island is necessary to achieve an “ohmic” contact with low resistance.
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Also, with Vi = Vp, the device operates in saturation (why?) and hence

1 W
ID = §unC’0zf(VG - VS - VTH)2 (654)
— 102 yA. (6.55)

Exercise
Sktech the drain current as a functionl@f asVs goes from zeroto 1 V.

Body effect manifests itself in some analog and digital circuits and is studied in more advanced
texts. We neglect body effect in this book.

Subthreshold Conduction The derivation of the MOS I/V characteristic has assumed that
the transistor abruptly turns on &%:s reaches/rx. In reality, formation of the channel is a
gradual effect, and the device conducts a small current evérsfor< V. Called “subthresh-

old conduction,” this effect has become a critical issue in modern MOS devices and is studied in
more advanced texts.

6.3 MOS Device Models

With our study of MOS I/V characteristics in the previous section, we now develop models that
can be used in circuit analysis and design.

6.3.1 Large-Signal Model

For arbitrary voltage and current levels, we must resort to Eqgs. (6.9) and (6.34) to express the
device behavior:

1 4

Ip = §,uncox T [2(Vas — Vrr)Vps — VAg] Triode Region (6.56)
1 W , . .

Ip = §MnCozf(VGS‘ — Vru)?*(1 + A\Vps) Saturation Region (6.57)

In the saturation region, the transistor acts as a voltage-controlled current source, lending itself
to the model shown in Fig. 6.29(a). Note that does depend olips and is therefore not an

ideal current source. Fdrps < Vgs — Vrm, the model must reflect the triode region, but

it can still incorporate a voltage-controlled current source as depicted in Fig. 6.29(b). Finally,
if Vbs < 2(Vas — V), the transistor can be viewed as a voltage-controlled resistor [Fig.
6.29(c)]. In all three cases, the gate remains an open circuit to represent the zero gate current.

mﬁ 6.13 ———————————————
etch the drain current @f/; in Fig. 6.30(a) versu®; asV; varies from zero td’pp. Assume
A=0.

Noting that the device operates in saturation (why?), we write

1 w
Ip = §UnCOwT(VGS - VTH)2 (6.58)
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@)

Ves> Vrn Ves> Vi
Vbs <Ves~ VrH Vos << 2(Vgs = Vrn)
D Go— D
w 2 * 1
% Hn COXT[Z(VGS_VTH)VDS+VDS] Ron=

- w
Hn Cox = (Vos=Vn)

(b) (©

Figure 6.29 MOS models for (a) saturation region, (b) triode region, (c) deep triode region.

Voo |
D
My
+
vy
I | o~

Voo~V v
@) (b)
Figure 6.30 (a) Simple MOS circuit, (b) variation afp with V7.
1 w
= §Uncoxf(VDD -Vi - VTH)2- (659)

At V7 = 0, Vas = Vpp and the device carries maximum current. Bsrises,V; s falls and
so doedp. If Vi reached’pp — Virg, Vgs drops toVry, turning the transistor off. The drain
current thus varies as illustrated in Fig. 6.30(b). Note that, owing to body effegtyarieswith
V; if the substrate is tied to ground.

Exercise
Repeat the above example if the gateidf is tied to a voltage equal to 1.5 V anthp = 2
V.

6.3.2 Small-Signal Model

If the bias currents and voltages of a MOSFET are only slightly disturbed by signals, the nonlin-
ear, large-signal models can be reduced to linear, small-signal representations. The development
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of the model proceeds in a manner similar to that in Chapter 4 for bipolar devices. Of particular
interest to us in this book is the small-signal model for the saturation region.

Viewing the transistor as a voltage-controlled current source, we draw the basic model as
in Fig. 6.31(a), wherép, = ¢,,vgs and the gate remains open. To represent channel-length
modulation, i.e., variation aofp with vpg, we add a resistor as in Fig. 6.31(b):

Go— D Go— p——o D
+ +
Ves ImYes VGs (i;ngGS =rp

S

(@ (b)
Figure 6.31 (a) Small-signal model of MOSFET, (b) inclusion of channel-length modulation.

YY

(o 7!
o= (a15) (660
= L (6.61)
1 w ' '
§Uncoxf(VGS - VYTH)2 A

Since channel-length modulation is relatively small, the denominator of (6.61) can be approxi-
mated adp - A, yielding

1

Examplc [48

A MOSFET is biased at a drain current of 0.5 mAufC,, = 100 pA/V?, W/L = 10, and
A = 0.1 V!, calculate its small-signal parameters.

We have
Im = 2un00m%ID (6.63)
1
= THq (6.64)
Also,
_ (6.65)
ro = /\ID .
=20 k. (6.66)

This means that the intrinsic gain,,ro, (Chapter 4) is equal to 20 for this choice of device
dimensions and bias current.

Exercise
Repeat the above exampldif/ L is doubled.
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6.4 PMOS Transistor

Having seen bothpn andpnp bipolar transistors, the reader may wonderjfgype counterpart

exists for MOSFETSs. Indeed, as illustrated in Fig. 6.32(a), changing the doping polarities of the
substrate and the S/D areas results in a “PMOS” device. The channel now conlsiesand is

formed if the gate voltage iselowthe source potential by one threshold voltage. That is, to turn
the device on)us < Vg, whereVyry itself is negative. Following the conventions used for
bipolar devices, we draw the PMOS device as in Fig. 6.32(b), with the source terminal identified
by the arrow and placed on top to emphasize its higher potential. The transistor operates in the
triode region if the drain voltage is near the source potential, approaching saturatiprialts

to Vo — Vrm = Vi + |Vrm|. Figure 6.32(c) conceptually illustrates the gate-drain voltages
required for each region of operé?;on.

s D s
1E 31
p* l p* , GO_II:I*/D

n-substrate

(@ (b)

Triode Edge of Saturation
Region Saturation Region
+ + J_I
>| Vrel | Vriel ° ¥
_ THP| < | VTle
(c)

Figure 6.32 (a) Structure of PMOS device, (b) PMOS circuit symbol, (c) illustration of triode and satura-
tion regions based on gate and drain voltages.

mm 6.15 e — s
n the circuit of Fig. 6.33, determine the region of operatiod4fasV; goes fromV/pp to zero.
AssumeVpp = 2.5V and|Vyg| =0.5 V.

DD

V,
My
+
I~ T 1v

Figure 6.33 Simple PMOS circuit.

ForVi = Vpp, Vas = 0andM, is off. AsV; falls and approaché$, p —| V|, the gate-source
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potential is negative enough to form a channel of holes, turning the device on. At thisipoiat,
Vop —|Vru| = +2V while Vp = +1V; i.e., M, is saturated [Fig. 6.32(c)]. Al falls further,
Vas becomes more negative and the transistor current rise§; Fer+1V — |Vrg| = 0.5V,

M, is at the edge of the triode region. A goes below 0.5V, the transistor enters the triode
region further.

The voltage and current polarities in PMOS devices can prove confusing. Using the current
direction shown in Fig. 6.32(b), we expreks in the saturation region as

w
SHpCos 7 (Vas = Vrr)* (1= AVps), (6.67)

ID,sat = - D)

where) is multiplied by a negative sigh. In the triode region,

1 w
__upcowf[Q(VGS —Vru)Vps — Vi) (6.68)

Iptr; = 5

Alternatively, both equations can be expressed in terms of absolute values:

1 w

|[D,sat| = §/~‘pcowf(|VGS| - |VTH|)2(1 + )\|VDS|) (6.69)
1 W ,

D ,tril = §up00zf[2(|VGsl = Vru)|Vps| = Vps]- (6.70)

The small-signal model of PMOS transistor is identical to that of NMOS devices (Fig. 6.31).
The following example illustrates this point.

mm 6.16 m————
or the configurations shown in Fig. 6.34(a), determine the small-signal resistBrcesd
Ry . Assume\ # 0.

{ Rx Voo

My

: e

@
Figure 6.34 (a) Diode-connected NMOS and PMOS devices, (b) small-signal model of (a), (c) small-
signal model of (b).

For the NMOS version, the small-signal equivalent appears as depicted in Fig. 6.34(b), yielding

J
=ro1

Ry = X (6.71)
tx
vx 1

= (gml’UX + TO—].); (672)

15To make this equation more consistent with that of NMOS devices [Eq. (6.34)], we can Méfia to be negative
and expresgp as(1/2)upCoz (W/L)(Vas — Vrm )2 (1 + A\Vps). But, a negative\ carries little physical meaning.
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1
= g—1||7"01- (6.73)

For the PMOS version, we draw the equivalent as shown in Fig. 6.34(c) and write

Ry = X (6.74)
1y
= (grovy + 2y L (6.75)
Ym0y '
1
= —||T02. (676)
Im2

In both cases, the small-signal resistance is equbldg, if A — 0.

In analogy with their bipolar counterparts [Fig. 4.44(a)], the structures shown in Fig. 6.34(a)
are called “diode-connected” devices and act as two-terminal components: we will encounter
many applications of diode-connected devices in Chapters 9 and 10.

Owing to the lower mobility of holes (Chapter 2), PMOS devices exhibit a poorer performance
than NMOS transistors. For example, Eq. (6.46) indicates that the transconductance of a PMOS
device is lower for a given drain current. We therefore prefer to use NMOS transistors wherever
possible.

6.5 CMOS Technology

Is it possible to build both NMOS and PMOS devices on the same wafer? Figures 6.2(a) and
6.32(a) reveal that the two requidifferenttypes of substrate. Fortunatelylatal n-type sub-

strate can be created inpatype substrate, thereby accommodating PMOS transistors. As illus-
trated in Fig. 6.35, an “n-well” encloses a PMOS device while the NMOS transistor resides in
thep-substrate.

p—substrate

Figure 6.35 CMOS technology.

Called “complementary MOS” (CMOS) technology, the above structure requires more com-
plex processing than simple NMOS or PMOS devices. In fact, the first few generations of MOS
technology contained only NMOS transistéfsand the higher cost of CMOS processes seemed
prohibitive. However, many significant advantages of complementary devices eventually made
CMOS technology dominant and NMOS technology obsolete.

16The first Intel microprocessor, the 4004, was realized in NMOS technology.
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6.6 Comparison of Bipolar and MOS Devices

Having studied the physics and operation of bipolar and MOS transistors, we can now compare
their properties. Table 6.2 shows some of the important aspects of each device. Note that the
exponential --Vgr dependence of bipolar devices accords them a higher transconductance for
a given bias current.

Bipolar Transistor MOSFET
Exponential Characteristic Quadratic Characteristic
Active: Vg >0 Saturation: Vpg>Vgs—Vry
Saturation: Vgg <0 Triode: Vpg<Vgs—VH
Finite Base Current Zero Gate Current
Early Effect Channel-Length Modulation
Diffusion Current Drift Current
- Voltage—Dependent Resistor

Table 6.2 Comparison of bipolar and MOS transistors.

6.7 Chapter Summary

e A voltage-dependent current source can form an amplifier along with a load resistor. MOS-
FETSs are electronic devices that can operate as voltage-dependent current sources.

e A MOSFET consists of a conductive plate (the “gate”) atop a semiconductor substrate and
two junctions (“source” and “drain”) in the substrate. The gate controls the current flow
from the source to the drain. The gate draws nearly zero current because an insulating layer
separates it from the substrate.

¢ As the gate voltage rises, a depletion region is formed in the substrate under the gate area.
Beyond a certain gate-source voltage (the “threshold voltage”), mobile carriers are attracted
to the oxide-silicon interface and a channel is formed.

¢ If the drain-source voltage is small, the device operates a voltage-dependent resistor.

e As the drain voltage rises, the charge density near the drain falls. If the drain voltage reaches
one threshold below the gate voltage, the channel ceases to exist near the drain, leading to
“pinch-off.”

e MOSFETSs operate in the “triode” region if the drain voltage is more than one threshold
below the gate voltage. In this region, the drain current is a functidfyefandVps. The
current is also proportional to the device aspect ratig L.

tem MOSFETSs enter the “saturation region” if channel pinch-off occurs, i.e., the drain
voltage is less than one threshold below the gate volatge. In this region, the drain current is
proportional ta(Ves — V)2,

e MOSFETSs operating in the saturation region behave as current sources and find wide appli-

cation in microelectronic circuits.

¢ As the drain voltage exceed;s — Vg and pinch-off occurs, the drain end of the chan-
nel begins to move toward the source, reducing the effective length of the device. Called
“channel-length modulation,” this effect leads to variation of drain current in the saturation
region. Thatis, the device is not an ideal current source.

e A measure of the small-signal performance of voltage-dependent current sources is the
“transconductance,” defined as the change in the output current divided by the change in
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the input voltage. The transconductance of MOSFETs can be expressed by one of three
equations in terms of the bias voltages and currents.

e Operation across different regions and/or with large swings exemplifies “large-signal be-
havior.” If the signal swings are sufficiently small, the MOSFET can be represented by a
small-signal model consisting oflmear voltage-dependent current source and an output
resistance.

e The small-signal model is derived by making a small change in the voltage difference be-
tween two terminals while the the other voltages remain constant.

e The small-signal models of NMOS and PMOS devices are identical.
¢ NMOS and PMOS transistors are fabricated on the same substrate to create CMOS technol-
ogy.

Problems
In the following problems, unless otherwise stated, assymé€,. = 200 uA/V2,
1pCor = 100 uA/VQ, andVyy = 0.4 V for NMOS devices and-0.4 V for PMOS
devices.

1. Two identical MOSFETSs are placed in series as shown in Fig. 6.36. If both devices operate

-l-_/\/le-M2 o> -T-M

lw n eq
w
L

|~|§:_|

Figure 6.36

as resistors, explain intuitively why this combination is equivalent to a single trangistgr,
What are the width and length éf.,?

2. Consider a MOSFET experiencing pinch-off near the drain. Equation (6.4) indicates that the
charge density and carrier velocity must change in opposite directions if the current remains
constant. How can this relationship be interpreted at the pinch-off point, where the charge
density approaches zero?

3. Calculate the total charge stored in the channel of an NMOS devicg, it= 10 fF/um?,

W =5pum,L =0.1um,andVgs — Vrg =1 V. AssumeVps = 0.
4. Referring to Fig. 6.11 and assuming that > 0,
(a) Sketch the electron density in the channel as a functian of
(b) Sketch the local resistance of the channel (per unit length) as a function of

5. AssumingI, is constant, solve Eq. (6.7) to obtain an expressiofi/far). Plot bothV (z)

anddV/dx as a function of: for different values of¥ or Vryr.

6. The drain current of a MOSFET in the triode region is expressed as

w 1.
ID = unCO,;f (VGS — VTH)VDS — EV[Z)S . (6.77)
Suppose the values pf,C,, andW/L are unknown. s it possible to determine these quan-
tities by applying different values df;s — Vg andVps and measuringp ?

7. An NMOS device carries 1 mAwithigs—Vryg = 0.6 Vand 1.6 mAwithVgs—Vry = 0.8
V. If the device operates in the triode region, calculdtg, andW/ L.
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8. Compute the transconductance of a MOSFET operating in the triode region. Pgfiae
0Ip/0Vgs for a constani’ps. Explain whyg,, = 0 for Vpg = 0.

9. An NMOS device operating with a small drain-source voltage serves as a resistor. If the
supply voltage is 1.8 V, what is the minimum on-resistance that can be achievadith=
207?
10. We wish to use an NMOS transistor as a variable resistor ®ith= 500 Q atVgs = 1V
andR,, = 400 Q2 atVgs = 1.5 V. Explain why this is not possible.

11. For a MOS transistor biased in the triode region, we can define an incremental drain-source

resistance as
alp \
= =2 i 6.78
DS, t (aVDS> ( )

Derive an expression for this quantity.
12. Itis possible to define an “intrinsic time constant” for a MOSFET operating as a resistor:

T = RonCGSa (679)

whereCgs = WLC,,. Obtain an expression far and explain what the circuit designer
must do to minimize the time constant.

13. In the circuit of Fig. 6.37 M, serves as an electronic switch.Wif, ~ 0, determind¥’/L

Figure 6.37

such that the circuit attenuates the signal by &ty Assumél; = 1.8 VandRy = 100 (2.

14. In the circuit of Fig. 6.37, the input is a small sinusoid superimposed on a dc Iéyek
Vo coswt + Vi, whereV, is on the order of a few millivolts.
(a) ForV; = 0, obtaint¥/L in terms of R;, and other parameters so thgt,, = 0.95V},,.
(b) Repeat part (a) far; = 0.5 V. Compare the results.

15. For an NMOS device, plafp as a function ol s for different values of/ps.
16. In Fig. 6.17, explain why the peaks of the parabolas lie on a parabola themselves.

17. Advanced MOS devices do not follow the square-law behavior expressed by Eq. (6.17). A
somewhat better approximation is:

1 w

ID = §,Ulncozf(VGS - VTH)ay (680)

wherea is less than 2. Determine the transconductance of such a device.

18. For MOS devices with very short channel lengths, the square-law behavior is not valid, and
we may instead write:

Ip =WCo: (Vas — Vra)Usat, (6.81)

whereus,; is a relativelyconstantelocity. Determine the transconductance of such a device.
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05V
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T

(b)

05V

19. Determine the region of operation #f; in each of the circuits shown in Fig. 6.38.
20. Determine the region of operation &f; in each of the circuits shown in Fig. 6.39.

"

1
Ll
+
1v

Figure 6.39

21.

tolerable value of\?
22.
of saturation.

23.

"

Two current sources realized by identical MOSFETSs (Fig. 6.40) match to withini.e.,
0.99Ips < Ip; < 1.011ps.

If Vbsi1 = 0.5V andVpss = 1V, what is the maximum

Assume\ = 0, computel¥’/ L of M, in Fig. 6.41 such that the device operates at the edge

Using the value of¥/ L found in Problem 22, explain what happens if the gate oxide thick-

ness is doubled due to a manufacturing error.

24,

In the Fig. 6.42, what is the minimum allowable valuelg$p if M; must not enter the
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Ip1 Ip2
—r LM, M
Vg I
Figure 6.40
Vpp=1.8V
M
Ly Lk
I_ H
Figure 6.41
Vpp=18V
Rp= 500 Q
_|_+—| M, W__10
1V L 0.18
I_ H
Figure 6.42

triode region? Assumg = 0.
25. In Fig. 6.43, derive a relationship among the circuit parameters that guaraiitemserates

Figure 6.43

at the edge of saturation. Assure= 0.
26. Compute the value df/ L for M, in Fig. 6.44 for a bias current df . Assume\ = 0.
27. Calculate the bias current éf, in Fig. 6.45ifA = 0.

28. Sketchlx as a function of’y for the circuits shown in Fig. 6.46. Assunig goes from 0
toVpp = 1.8 V. Also, A = 0. Determine at what value dfx the device changes its region
of operation.

29. AssumingW/L = 10/0.18 A = 0.1 V~!, andVpp = 1.8V, calculate the drain current of
M; in Fig. 6.47.
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Vpp=1.8V
My
Rs
Figure 6.44
Voo
Rp
M, W
L
Figure 6.45
I'x I'x I'x
+ + +
Ml 1v EI Ml VX Ml VX
V. + _I 1V I - -
X H S — H H H H
(@ (b) (©)
Figure 6.46
Voo
1kQ=Rp
My

Figure 6.47

30. In the circuit of Fig. 6.48)/L = 20/0.18 and\ = 0.1 V—1. What value of/’s places the
transistor at the edge of saturation?

Vop=1.8V

Rp=5kQ

+ M

;_ =

Vg

Figure 6.48

31. An NMOS device operating in saturation with= 0 must provide a transconductance of
1/(50 Q).
(a) DetermindV/L if Ip = 0.5 mA.
(b) DetermingV/L if Vgs — Vg = 0.5 V.
(C) Determinelp if Vas — Vrg = 0.5 V.
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32. Determine how the transconductance of a MOSFET (operating in saturation) changes if
(a) W/ L is doubled buf, remains constant.
(b) Vas — Vg is doubled but’, remains constant.
(c) Ip is doubled but¥/ L remains constant.
(d) Ip is doubled bulzs — Vg remains constant.

33.1f A = 0.1 V- andW/L = 20/0.18, construct the small-signal model of each of the
circuits shown in Fig. 6.49.

Vop=18V Vpp=18V Vpp=1.8V

Rp= 100 Q Rp= 5kQ 1mA

¥ | Y My My
1V I L L L

(@) (b) (©
Vpp=1.8V Vpp= 1.8V
My My
2kO 0.5 mA
(d) (e)

Figure 6.49

34. The “intrinsic gain” of a MOSFET operating in saturation is definedjaso. Derive an
expression foy,,,ro and plot the result as a function 6f. Assumel/ps is constant.

35. Assuming a constanfp g, plot the intrinsic gaing,,ro, of a MOSFET
(a) as a function o¥ s — Vg if Ip is constant.
(b) as a function of j, if Vs — Vg is constant.

36. An NMOS device withA = 0.1 V! must provide ag,,ro of 20 with Vps = 1.5 V.
Determine the required value @f /L if Ip = 0.5 mA.

37. Repeat Problem 36 for = 0.2 V1.

38. Construct the small-signal model of the circuits depicted in Fig. 6.50. Assume all transistors
operate in saturation and= 0.

39. Determine the region of operation &f; in each circuit shown in Fig. 6.51.

40. Determine the region of operation &f; in each circuit shown in Fig. 6.52.

41. If A = 0, what value ofi¥’/ L placesM at the edge of saturation in Fig. 6.53?

42. With the value ofi¥/ L obtained in Problem 41, what happen¥if changes te+0.8 V?

43. If W/L = 10/0.18 and\ = 0, determine the operating point 8f; in each circuit depicted
in Fig. 6.54.

44. Sketchlx as a function of/x for the circuits shown in Fig. 6.55. Assumi& goes from 0
toVpp = 1.8 V. Also, A = 0. Determine at what value dfx the device changes its region
of operation.

45. Construct the small-signal model of each circuit shown in Fig. 6.56 if all of the transistors
operate in saturation and= 0.
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Vop Voo Voo
RD RD RD
VOUI VOUI VOUI
M |1 ino—[,, M 1 Vin D—[: My
ino—[ M, _I M, My
(@ (b) (c)

VOUt

Figure 6.50

@ (b) (c) (d)
Figure 6.51

46. Consider the circuit depicted in Fig. 6.57, whéile and)/> operate in saturation and exhibit
channel-length modulation coefficients and),, respectively.
(a) Construct the small-signal equivalent circuit and explain Why and M- appear in
“parallel.”
(b) Determine the small-signal voltage gain of the circuit.

SPICE Problems

In the following problems, use the MOS models and source/drain dimensions given in Ap-
pendix A. Assume the substrates of NMOS and PMOS devices are tied to grouhg and
respectively.

47. For the circuit shown in Fig. 6.58, pléfy as a function of x for 0 < Ix < 3 mA. Explain
the sharp change iy as/x exceeds a certain value.

48. Plot the input/output characteristic of the stage shown in Fig. 6.59 fol;,, < 1.8 V. At
what value ofV;,, does the slope (gain) reach a maximum?

49. For the arrangements shown in Fig. 6.60, flgtas a function o’y asVx varies from 0 to
1.8 V. Can we say these two arrangements are equivalent?



BR

Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006]

June 30, 2007 at 13:42 319 (1)
Sec. 6.7 Chapter Summary
My My
1.5 VJE "’ 0.9 vm—o 9
@ (b)
My My
OQVJ:—'*TL—LLOAV lVJ—+ i +—|—0.9V
- = I I- 04av L

d
Figure 6.52 © @)

Figure 6.53
Vpp=1.8V Vpp=1.8V Vpp=1.8V
.l._l M, M, 1kQ
500 Q 1kQ -I-_I M,
(a) (b) (c)
Figure 6.54
Vpp=1.8V
My
+
Vy Ix
() (b)

© (d)

Figure 6.55
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Vino—
Vo °_||: My
+— Vout
L
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o—l M,
Rp= <L
@ (b) (c)
Voo
Vin°_| M]_ VOU'[
Vout Vino—]
R
R1 D
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Figure 6.56
Voo
| iy
Vin — Vout
l My
Figure 6.57
Figure 6.58
Vpp=1.8V
500 Q
Ml Vout
Vigo—]Z 10
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Figure 6.59
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50. Plot Ix as a function of’x for the arrangement depicted in Fig. 6.6114s varies from 0
to 1.8 V. Can you explain the behavior of the circuit?

Figure 6.61

51. Repeat Problem 50 for the circuit illustrated in Fig. 6.62.

Figure 6.62
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Most CMOS amplifiers have identical bipolar counterparts and can therefore be analyzed in the
same fashion. Our study in this chapter parallels the developments in Chapter 5, identifying both
similarities and differences between CMOS and bipolar circuit topologies. It is recommended
that the reader review Chapter 5, specifically, Section 5.1. We assume the reader is familiar with
concepts such as I/0 impedances, biasing, and dc and small-signal analysis. The outline of the
chapter is shown below.

General Concepts MOS Amplifiers

® Biasing of MOS Stages E> ® Common-Source Stage
® Realization of Current Sources ® Common-Gate Stage
® Source Follower

7.1 General Considerations
7.1.1 MOS Amplifier Topologies

Recall from Section 5.3 that the nine possible circuit topologies using a bipolar transistor in fact
reduce to three useful configurations. The similarity of bipolar and MOS small-signal models
(i.e., a voltage-controlled current source) suggests that the same must hold for MOS amplifiers.
In other words, we expect three basic CMOS amplifiers: the “common-source” (CS) stage, the
“common-gate” (CG) stage, and the “source follower.”

7.1.2 Biasing

Depending on the application, MOS circuits may incorporate biasing techniques that are quite
different from those described in Chapter 5 for bipolar stages. Most of these techniques are
beyond the scope of this book and some methods are studied in Chapter 5. Nonetheless, it is still
instructive to apply some of the biasing concepts of Chapter 5 to MOS stages.

Consider the circuit shown in Fig. 7.1, where the gate voltage is defindti land R,. We
assumel/, operates in saturation. Also, in most bias calculations, we can neglect channel-length
modulation. Noting that the gate current is zero, we have

Rs

= —FVpp. 7.1
R+ R, PP (7.1)

Vx

323
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Vop=1.8V

Figure 7.1 MOS stage with biasing.

SinceVx = Vgs + IpRg,

Ry
———Vpp =V IpRs. 7.2
Tt Ry PP as +1Iplis (7.2)
Also,
1 w
ID = 5/1%0096?(‘/@5 — VTH)2- (73)

Equations (7.2) and (7.3) can be solved to obfairand Vs, either by iteration or by finding
Ip from (7.2) and replacing for it in (7.3):

1

Ro 1 W ,
— 2 Vo —Vas ) 5 = = pnCor— (Vars — Vien)2. 7.4
<R1+R2 DD GS) Rs S H L( as — V) (7.4)
Thatis
. . . R
Vas = —-(Vi = Vra) + 4/ (Vi = Vrw)? = Vig + =——=ViVbp, (7.5)
Ry + R»
R>yVpp
— (V. — 249 < = _ 7.6
(Vh VTH)+\/V1 +2V; <R1+R2 VTH>, (7.6)
where
Vi = ! 7.7
LS -
UnCog L S

This value ofV5s can then be substituted in (7.2) to obtdin. Of course,l’yy must exceed
Vx — Vrg to ensure operation in the saturation region.

SCUYY 7] ———
Determine the bias current @f;; in Fig. 7.1 assumingrg = 0.5V, 11,Cop = 100 pA/V?,
W/L = 5/0.18, and\ = 0. What is the maximum allowable value &f for M; to remain in

saturation?
We have
Rs
Vx = ————V] 7.8
X Rl -I-Rz DD ( )

=1.286 V. (7.9)
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With an initial guesd/zs = 1V, the voltage drop acros®s can be expressed & — Vg =
286 mV, yielding a drain current of 286A. Substituting for/ in Eq. (7.3) gives the new value

of Vgg as
21
Vas = Vg + 7DW (7.10)
Uncox f
=0.954V. (7.11)
Consequently,
Ip = Vx —Vas (7.12)
Rs
= 332 uA, (7.13)
and hence
Vas = 0.989 V. (7.14)

This giveslp = 297 pA.

As seen from the iterations, the solutions converge more slowly than those encountered in
Chapter 5 for bipolar circuits. This is due to the quadratic (rather than exponeiiidl);s
dependence. We may therefore utilize the exact result in (7.6) to avoid lengthy calculations.
Sincel; = 0.36 V,

Vas = 0.974 V (7.15)
and
Vx —Vas
Ip=——"= 7.16
b= (7.16)
=312 pA. (7.17)

The maximum allowable value d@tp is obtained ifty = Vx — Vg = 0.786 V. That is,
_ Vpp —Vy
=
=3.25kQ. (7.19)

Rp (7.18)

Exercise
What is the value oR, that places\/; at the edge of saturation?

n the circuit of Example 7.1, assunid; is in saturation and?p = 2.5 k2 and compute
(a) the maximum allowable value ®7/L and (b) the minimum allowable value &s (with
W/L = 5/0.18). Assume\ = 0.
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(a) AsW/L becomes largef}/; can carry a larger current for a givéys. With Rp = 2.5 kQ
andVx = 1.286 V, the maximum allowable value df, is given by

Ip = Vop —Vy (7.20)
Rp
— 406 A. (7.21)

The voltage drop acrod3s is then equal to 406 mV, yieldingzs = 1.286 V —0.406 V = 0.88
V. In other words M; must carry a current of 406A with Vgs = 0.88 V:

1 W
ID = Euncoxf(VGS — VTH)2 (7.22)
2 w 2
406 pA = (50 pA/V )f(0.38 V)Z; (7.23)
thus,
w
— = 56.2. 7.24
i3 56 ( )
(b) With W/L = 5/0.18, the minimum allowable value dRs gives a drain current of 406
pA. Since
21
Vas = Vrm + T (7.25)
/J/ncozf
=1.041V, (7.26)
the voltage drop acrod3s is equal toV'xy — Vgs = 245 mV. It follows that
Rs = Vx —Vas (7.27)
Ip
=604 Q. (7.28)

Exercise
Repeat the above exampldify = 0.35 V.

The self-biasing technique of Fig. 5.22 can also be applied to MOS amplifiers. Depicted in
Fig. 7.2, the circuit can be analyzed by noting thé&t is in saturation (why?) and the voltage
drop acrossig is zero. Thus,

IpRp +Vgs + Rslp = Vpp. (7.29)

Finding Vg s from this equation and substituting it in (7.3), we have

1 w
Ip = _ljfncox -

5 7 [Vbp — (Rs + Rp)Ip — Vrul?, (7.30)
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Voo
Rp
Rg
Ip
—iL
Rs

Figure 7.2 Self-biased MOS stage.

where channel-length modulation is neglected. It follows that

(RS + RD)2I%) -2 (VDD — VTH)(RS + RD) + Ip + (VDD — VTH)2 =0.

1
:U'nCoz %
(7.31)

1
Calculate the drain current aff; in Fig. 7.3 if 11,,C,;, = 100 uA/VZ, Vg = 0.5V, and\ = 0.
What value ofRp is necessary to redude by a factor of two?

Vpp=1.8V
20k Q
W_ 5
—M T 7018
200 Q
Figure 7.3 Example of self-biased MOS stage.
Equation (7.31) gives
Ip = 556 pA. (7.32)
To reducelp to 278uA, we solve (7.31) foRp:
Rp = 2.867 k. (7.33)

Exercise
Repeat the above examplédif,p, dropsto 1.2 V.
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7.1.3 Realization of Current Sources

MOS transistors operating in saturation can act as current sources. As illustrated in Fig. 7.4(a),
an NMOS device serves as a current source with one terminal tied to ground, i.e., it draws current
from nodeX to ground. On the other hand, a PMOS transistor [Fig. 7.4(b)] draws current from
Vpp to nodeY'. If A = 0, these currents remain independenfiaf or Vy (so long as the
transistors are in saturation).

Y VDD
1

X X VDD VDD
Vb°_| M, Vb°_| M
VbHI{Ml => é % = % Voe—[E My
- - Y Y -

X
@ (b) (c) (d)

Figure 7.4 (a) NMOS device operating as a current source, (b) PMOS device operating as a current source,
(c) PMOS topology not operating as a current source, (d) NMOS topology not operating as a current source.

It is important to understand that only tHeain terminal of a MOSFET can draw a dc current
and still present a high impedance. Specifically, NMOS or PMOS devices configured as shown
in Figs. 7.4(c) and (d) dootoperate as current sources because variatidixobr Vy directly
changes the gate-source voltage of each transistor, thus changing the drain current considerably.
From another perspective, the small-signal model of these two structures is identical to that of
the diode-connected devices in Fig. 6.34, revealing a small-signal impedance df/gplyif
A = 0) rather than infinity.

7.2 Common-Source Stage
7.2.1 CS Core

Shown in Fig. 7.5(a), the basic CS stage is similar to the common-emitter topology, with the input
applied to the gate and the output sensed at the drain. For small sigihatgnverts the input
voltage variations to proportional drain current changes, lapdransforms the drain currents

to the output voltage. If channel-length modulation is neglected, the small-signal model in Fig.
7.5(b) yieldsv;,, = v; andv,ut = —gmv1 Rp. Thatis,

Voo
Rp
out

| V.
D \
Output Sensed
Vin°_| M P

1 at Drain
Input Applied / -

to Gate
(@) (b)

Figure 7.5 (a) Common-source stage, (b) small-signal mode.

Yout . Rp, (7.34)

Vin

a result similar to that obtained for the common emitter stage in Chapter 5.
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The voltage gain of the CS stage is also limited by the supply voltage. Since=

V211, Cor(W/L)Ip, we have
Av = - V 2/J’nco:t %IDRD, (735)

concluding that iff 5 or Rp is increased, so is the voltage drop acrBss(= IpRp).' For M;
to remain in saturation,

Vop — RpIp > Vgs — Vru, (7.36)
that is,

RpIp < Vpp — (Vas — Vru). (7.37)

alculate the small-signal voltage gain of the CS stage shown in Fig.I564 1 mA, 14,C,p. =
100 A /V?, Vrg = 0.5V, and\ = 0. Verify that M, operates in saturation.

=18V

VD
Rp= 1kQ
Vout
Vine—{[;. M, %V:;O_ls

Figure 7.6 Example of CS stage.

We have
Gm = \/2unC’0z%ID (7.38)
1
= — . 7.
300 Q2 (7.39)
Thus,
Av - _ngD (740)
= 3.33. (7.41)
To check the operation region, we first determine the gate-source voltage:
21
Vas = Ven + | —57 (7.42)
/J/ncoz f
=1.1V. (7.43)

Lt is possible to raise the gain to some extent by increalifdut “subthreshold conduction” eventually limits the
transconductance. This concept is beyond the scope of this book.
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The drain voltage is equal topp — RpIp = 0.8 V. SinceVgs — Vrg = 0.6 V, the device
indeed operates in saturation and has a margin of 0.2 V with respect to the triode region. For
example, ifRp is doubled with the intention of doubling,,, then A/, enters the triode region

and its transconductance drops.

Exercise
What value ofi’7 i placesi; at the edge of saturation?

Since the gate terminal of MOSFETSs draws a zero current (at very low frequencies), we say
the CS amplifier provides a current gain of infinity. By contrast, the current gain of a common-
emitter stage is equal 0.

Let us now compute the I/0 impedances of the CS amplifier. Since the gate current is zero (at
low frequencies),

R;,, = o0, (7.44)
a point of contrast to the CE stage (whdgg, is equal tor;). The high input impedance of the
CS topology plays a critical role in many analog circuits.
The similarity between the small-signal equivalents of CE and CS stages indicates that the
output impedance of the CS amplifier is simply equal to

Rout - RD- (745)

This is also seen from Fig. 7.7.

Figure 7.7 Output impedance of CS stage.
In practice, channel-length modulation may not be negligible, especialty,ifs large. The
small-signal model of CS topology is therefore modified asl_shown in Fig. 7.8, revealing that

X
"pB—
+

! In¥1 =0 ZR, Vx

ipb—e
il
il

Figure 7.8 Effect of channel-length modulation on CS stage.

AU = —gm(RDHTo) (7.46)
R, = (7.47)
Rout = Rpl|ro. (7.48)

In other words, channel-length modulation and the Early effect impact the CS and CE stages,
respectively, in a similar manner.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 331 (1)

Sec. 7.2 Common-Source Stage 331

ssumingM; operates in saturation, determine the voltage gain of the circuit depicted in Fig.
7.9(a) and plot the result as a function of the transistor channel length while other parameters
remain constant.
V,
DD Ay

» /

Vino_l M]_ -

() (b)

Figure 7.9 (&) CS stage with ideal current source as a load, (b) gain as a function of device channel length.

The ideal current source presents an infinite small-signal resistance, allowing the use of (7.46)
with Rp = oo:

Ay = —gmro. (7.49)

This is the highest voltage gain that a single transistor can provide. Wrijjng =
V21, Cor(W/L)Ip andro = (Ap)~!, we have

2,Uncoz%
MNIp '

This result may imply thajt4, | falls asL increases, but recall from Chapter 6 thak L —!:

14,] [28nCoc WL (7.51)
Ip

Consequently,4,| increases witt. [Fig. 7.9(b)].

|A,| = (7.50)

Exercise
Repeat the above example if a resistor of vaRe is tied between the gate and drain of
M;.

7.2.2 CS stage With Current-Source Load

As seen in the above example, the trade-off between the voltage gain and the voltage headroom
can be relaxed by replacing the load resistor with a current source. The observations made in
relation to Fig. 7.4(b) therefore suggest the use of a PMOS device as the load of an NMOS CS
amplifier [Fig. 7.10(a)].

Let us determine the small-signal gain and output impedance of the circuit. Having a constant
gate-source voltagé/-> simply behaves as a resistor equal to its output impedance [Fig. 7.10(b)]
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Vi é)gszl =ro2

1 Vout
Vino I o1
My = =

@ (b)

Figure 7.10 (a) CS stage using a PMOS device as a current source, (b) small-signal model.

because;, = 0 and hencey,,,»v; = 0. Thus, the drain node dff; sees bothrp; andrp» to ac
ground. Equations (7.46) and (7.48) give

Ay = —gmi(ro1llroz) (7.52)
Rout = ro1l|roz. (7.53)

mm 7.6 e ————————
igure /.11 shows a PMOS CS stage using an NMOS current source load. Compute the voltage
gain of the circuit.

Voo
Vine |5 M,
Vout
Voo M,

Figure 7.11 CS stage using an NMOS device as current source.

Transistor M, generates a small-signal current equalgi@v;,,, which then flows through
rot||roz, Producin@uout = —gm2vin(ro1||roz). Thus,

A, = —9m2 (7“01 | |7“02)- (7-54)

Exercise
Calculate the gain if the circuit drives a loads resistance equa} to

7.2.3 CS stage With Diode-Connected Load

In some applications, we may use a diode-connected MOSFET as the drain load. lllustrated in
Fig. 7.12(a), such a topology exhibits only a moderate gain due to the relatively low impedance
of the diode-connected device (Section 7.1.3). Wits 0, M> acts as a small-signal resistance
equal tol /g2, and (7.34) yields
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Voo Vee n
M 0 1 22,
2 2 Im2 ‘: 02
Vout Vout ) Vout
Vine—[L M %
in 1 Vin Ql Vin OEI ro1
= 1

@ (b) (©

Figure 7.12 (a) MOS stage using a diode-connected load, (b) bipolar counterpart, (c) simplified circuit of

(@)

1

Av = —9m1 - —— (755)
gm2
_ V2 Cox(W/L)1Ip (7.56)
V2110, Cor (W/L)2Ip
__ [(W/L)
= (/L) (7.57)

Interestingly, the gain is given by the dimensionsidf and M> and remains independent of
process parameters, andC,, and the drain currenf.

The reader may wonder why we did not consider a common-emitter stage with a diode-
connected load in Chapter 5. Shown in Fig. 7.12(b), such a circuit is not used because it provides
a voltage gain of only unity:

1
Ay = —9m1 " (758)
gm2
It 1
— _ ¢t 7.59
Vr Ico/Vr (7.59)
~ 1. (7.60)

The contrast between (7.57) and (7.60) arises from a fundamental difference between MOS and
bipolar devices: transconductance of the former depends on device dimensions whereas that of
the latter does not.

A more accurate expression for the gain of the stage in Fig. 7.12(a) must take channel-length
modulation into account. As depicted in Fig. 7.12(c), the resistance seen at the drain is now equal
to (1/gm2)||lroz21lro1, and hence

1
Ay = —gm1 <g—||7“02||1“01> . (7.61)

m?2

Similarly, the output resistance of the stage is given by

m?2

Imq 1.7
Determine the voltage gain of the circuit shown in Fig. 7.13(a)# 0.

1
Rout = g—||7“02||7“01- (7.62)
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VDD
Vin O—I M2
Vout

I

Figure 7.13 CS stage with diode-connected PMOS device.

This stage is similar to that in Fig. 7.12(a), but with NMOS devices changed to PMOS transistors:
M, serves as a common-source device afidas a diode-connected load. Thus,

1
Av = —3m?2 <g—||7“01||7"02> . (763)

ml

Exercise
Repeat the above example if the gatélff is tied to a constant voltage equal to 0.5 V.

7.2.4 CS Stage With Degeneration

Recall from Chapter 5 that a resistor placed in series with the emitter of a bipolar transistor
alters characteristics such as gain, I/O impedances, and linearity. We expect similar results for a
degenerated CS amplifier.

Figure 7.14 depicts the stage along with its small-signal equivalent £f 0). As with the
bipolar counterpart, the degeneration resistor sustains a fraction of the input voltage change.
From Fig. 7.14(b), we have

€Y (b)

Figure 7.14 (a) CS stage with degeneration, (b) small-signal model.

Vin = V1 + gmv1 Rs (7.64)
and hence

Uin
= 7.65
U1 1+ guRs ( )
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Sinceg,, v flows throughRp, vou: = —gmv1 Rp and

Vout ngD
—owt . __Jmirl 7.66
Vin 1+ gmRs ( )
R
- —1717, (7.67)
— + Rs
Im

a result identical to that expressed by (5.157) for the bipolar counterpart.

mg 1 o ——
ompute the voltage gain of the circuit shown in Fig. 7.15(a) # 0.

Vop ]
Rp Rp
Vout Vout
Vino_l M4 Vino_l M4
1
M —_
_I__I 2 Im2
(a) (b)

Figure 7.15 (a) Example of CS stage with degeneration, (b) simplified circuit.

Transistor)M, serves as a diode-connected device, presenting an impedang¢e,of [Fig.
7.15(b)]. The gain is therefore given by (7.67E is replaced withl / g,,»:

Rp
T 1 -
- _+_ -
Im1 9m?2

A, = (7.68)

Exercise
What happens ii # 0 for M,?

In parallel with the developments in Chapter 5, we may study the effect of a resistor appearing
in series with the gate (Fig. 7.16). However, since the gate current is zero (at low frequencies),
R¢ sustains no voltage drop and does not affect the voltage gain or the I/O impedances.

Effect of Transistor Output Impedance As with the bipolar counterparts, the inclusion of
the transistor output impedance complicates the analysis and is studied in Problem 31. Nonethe-
less, the output impedance of the degenerated CS stage plays a critical role in analog design and
is worth studying here.
Figure 7.17 shows the small-signal equivalent of the circuit. SRi¢€arries a current equal
to ix (why?), we havey, = —ix Rg. Also, the current throughy is equal toix — g, v1 =
ix —gm(—ixRs) =ix + gmix Rs. Adding the voltage drops across andRs and equating
the result tavx, we have
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Voo
Rp
V.
RG out
Vino—W—] M4
Rs

Figure 7.16 CS stage with gate resistance.

"pB—
+

21 9.V1 =rg Vy

Figure 7.17 Output impedance of CS stage with degeneration.

ro(ix + gmixRs) +ixRs = vx, (7.69)
and hence
?—j =ro(1 + gmRs) + Rs (7.70)
= (1+gmro)Rs + 1o (7.71)
~ gmroRs + ro. (7.72)

Alternatively, we observe that the model in Fig. 7.17 is similar to its bipolar counterpart in Fig.
5.46(a) but withr, = co. Lettingr, — oo in Egs. (5.196) and (5.197) yields the same results

as above. As expected from our study of the bipolar degenerated stage, the MOS version also
exhibits a “boosted” output impedance.

!ma 7.9
ompute the output resistance of the circuit in Fig. 7.18(&Jifand M, are identical.

{ Rout { Rout

Voo [o M, nH r'o1

1
M ——|Ir
2 9., 02

@ (b)
Figure 7.18 (a) Example of CS stage with degeneration, (b) simplified circuit.

The diode-connected devicéd/, can be represented by a small-signal resistance of
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(1/gm2)||ro2 =~ 1/gm=. TransistorM; is degenerated by this resistance, and from (7.70):

1 1
Rout =To1 <]- + gm1—> + — (773)
gm2 gm?2

which, sincey,,1 = gm2 = gm, reduces to

1
Rout = 2ro1 + — (7.74)
m
~ 2ro1. (7.75)
Exercise
Do the results remain unchanged iff, is replaced with a diode-connected PMOS de-
vice?

mm 1 L o —
etermine the output resistance of the circuit in Fig. 7.19(a) and compare the result with that in
the above example. Assumié¢; and M, are in saturation.

{ Rout ; Rout

Voz *— My n— o1

Vbl ._I M2 oo

(@ (b)

Figure 7.19 (a) Example of CS stage with degeneration, (b) simplified circuit.

With its gate-source voltage fixed, transisfdp operates as a current source, introducing a re-
sistance ofo, from the source ofi/; to ground [Fig. 7.19(b)].
Equation (7.71) can therefore be written as

Rouwt = (1 + gmiro1)roz +ro1 (7.76)

R gmi1To1TO2 + Tro1. (7.77)
Assumingg,,17o2 > 1 (which is valid in practice), we have
Rout = gmiroiroz. (7.78)

We observe that this value is quite higher than that in (7.75).
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Exercise
Repeat the above example for the PMOS counterpart of the circuit.

7.2.5 CS Core With Biasing

The effect of the simple biasing network shown in Fig. 7.1 is similar to that analyzed for the bipo-
lar stage in Chapter 5. Depicted in Fig. 7.20(a) along with an input coupling capacitor (assumed
a short circuit), such a circuit no longer exhibits an infinite input impedance:

Voo Voo Voo
- EE RD - = RD - EE RD
R, = R, = R, =
——oV ——oV —=oO
out out out
Cy Rg Ci1 Rg Cy

Vino——+— M4 Vino—W——+— M4 Vino—W— =+ M4

R, = R, =
I Rs I Rs R, L Rs Icz
(@) (b) (©)

Figure 7.20 (a) CS stage with input coupling capacitor, (b) inclusion of gate resistance, (c) use of bypass
capacitor.

Rin = Ry||Rs. (7.79)
Thus, if the circuit is driven by a finite source impedance [Fig. 7.20(b)], the voltage gain falls to

Ry||R2 —ERp

v:RG+R1||R2.i+RS’

m

(7.80)

where) is assumed to be zero.

As mentioned in Chapter 5, it is possible to utilize degeneration for bias point stability but
eliminate its effect on the small-signal performance by means of a bypass capacitor [Fig. 7.20(c)].
Unlike the case of bipolar realization, this does not alter the input impedance of the CS stage:

Rin = Ri1]|R2, (7.81)

but raises the voltage gain:

Ri||Rs
y= ol p 7.82
Re + Ri||R. TP (7.82)

mﬁ (1] —————————
esign the CS stage of Fig. 7.20(c) for a voltage gain of 5, an input impedance 6f, Z0é a
power budget of 5 mW. Assume,C,,, = 100 pA/V2, Vrg = 0.5V, A = 0, andVpp = 1.8
V. Also, assume a voltage drop of 400 mV acrégs
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The power budget along withipp = 1.8 V implies a maximum supply current of 2.78 mA. As
an initial guess, we allocate 2.7 mA fd; and the remaining 8RA to R; and R;. It follows
that

Rs =148 Q. (7.83)
As with typical design problems, the choice®f, and Rp is somewhat flexible so long as

gm Rp = 5. However, withI p, known, we must ensure a reasonable valué&§gy, e.g.,.Vos = 1
V. This choice yields

2Ip
m=— 7.84
g Vas = Vru ( )
1
T 9260 (7.85)
and hence
Rp = 463 (. (7.86)
Writing
1 w
ID = §anoxf(VGS — VTH)2 (7.87)
gives
W
— = 216. 7.
7 6 (7.88)

With Vs = 1V and a 400-mV drop acrod3g, the gate voltage reaches 1.4V, requiring that

R
— 2y, =14V, 7.89
g Voo (7.89)

which, along withR;,, = R;||R2 = 50 k{2, yields,

Ry = 643k (7.90)
R = 225 k0. (7.91)

We must now check to verify that/; indeed operates in saturation. The drain voltage is
given byVpp — IpRp = 1.8V — 1.25 V = 0.55 V. Since the gate voltage is equal to 1.4 V,
the gate-drain voltage difference exceé&gs;, driving M; into the triode region!

How did our design procedure lead to this result? For the gliygnwve have chosen an ex-
cessively largeRp, i.e., an excessively smajl,, (becausey,,Rp = 5), even though/ss is
reasonable. We must therefore incregseso as to allow a lower value faRp. For example,
suppose we halvBp and doubley,, by increasingV/L by a factor of four:

— 864 7.92
'L[ 86 (7.92)
1

339
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The corresponding gate-source voltage is obtained from (7.84):
Vas =250 mV, (7.94)
yielding a gate voltage of 650 mV.

Is M, in saturation? The drain voltage is equal\fpp — RpIp = 1.17V, a value higher
than the gate voltage minti& 5. Thus,M; operates in saturation.

Exercise
Repeat the above example for a power budget of 3 mWans = 1.2 V.

7.3 Common-Gate Stage

Shown in Fig. 7.21, the CG topology resembles the common-base stage studied in Chapter 5.
Here, if the input rises by a small valud}’, then the gate-source voltage &f; decreasedy

the same amount, thereby lowering the drain curreng, V' andraising V,,: by g AV Rp.

That is, the voltage gain is positive and equal to

VOUt
v, \ Output Sensed
Vin at Drain
Input Applied /
to Source
Figure 7.21 Common-gate stage.
Av - ngD- (795)

The CG stage suffers from voltage headroom-gain trade-offs similar to those of the CB topol-
ogy. In particular, to achieve a high gain, a hifgh or Rp is necessary, but the drain voltage,
Vbbb — Ip Rp, must remain above, — Vg to ensurel/; is saturated.

1
A microphone having a dc level of zero drives a CG stage biasgg at 0.5 mA. If W/L = 50,

pnCop = 100 uA/VZ2, Vrg = 0.5V, andVpp = 1.8 V, determine the maximum allowable
value of Rp and hence the maximum voltage gain. Neglect channel-length modulation.

With W/ L known, the gate-source voltage can be determined from

1 w
Ip = §uncowf(VGS - VTH)2 (7.96)
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as
Ves =0.947 V.
For M, to remain in saturation,
Vop —IpRp >V, = Vru
and hence
Rp < 2.71kQ.
Also, the above value d¥/L andIp, yield g,,, = (447 Q)~! and

A, < 6.06.

Figure 7.22 summarizes the allowable signal levels in this design. The gate voltage can be gen-

erated using a resistive divider similar to that in Fig. 7.20(a).

Vp — V= 0.447 V

Figure 7.22 Signal levels in CG stage.

341 (1)

(7.97)

(7.98)

(7.99)

(7.100)

Exercise

If a gain of 10 is required, what value should be chosefgd.?

We now compute the I/O impedances of the CG stage, expecting to obtain results similar to
those of the CB topology. Neglecting channel-length modulation for now, we have from Fig.

7.23(ay; = —vx and

J:_ +
Vi

Vx

(@) (b)

Figure 7.23 (a) Input and (b) output impedances of CG stage.

X = —gmU1

gmUX -

(7.101)
(7.102)

341
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That is,
R, = —, (7.103)

a relativelylow value. Also, from Fig. 7.23(b}; = 0 and hence
Rouwt = Rp, (7.104)

an expected result because the circuits of Figs. 7.23(b) and 7.7 are identical.

Let us study the behavior of the CG stage in the presence of a finite source impedance (Fig.
7.24) but still withA = 0. In a manner similar to that depicted in Chapter 5 for the CB topology,
we write

RS VX
NI 1
Vin (L) 9
Figure 7.24 Simplification of CG stage with signal source resistance.
1
— gm )
UX = -7 Vin (7.105)
— + Rs
! (7.106)
= ——Vin. .
1+ gnRs
Thus,
Yout _ Vout VX (7.107)
Vin UX  Uin
ngD
7.108
1+ gnRs ( )
R
= 1717 (7.109)
— + Rs
9m

The gain is therefore equal to that of the degenerated CS stage except for a negative sign.

In contrast to the common-source stage, the CG amplifier exhibits a current gain of unity: the
current provided by the input voltage source simply flows through the channel and emerges from
the drain node.

The analysis of the common-gate stage in the general case, i.e., including both channel-length
modulation and a finite source impedance is beyond the scope of this book (Problem 41). How-
ever, we can make two observations. First, a resistance appearing in series with the gate terminal
[Fig. 7.25(a)] does not alter the gain or I/O impedances (at low frequencies) because it sustains
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(@) ()

Figure 7.25 (a) CG stage with gate resistance, (b) output resistance of CG stage.

a zero potential drop—as if its value were zero. Second, the output resistance of the CG stage in
the general case [Fig. 7.25(b)] is identical to that of the degenerated CS topology:

Rout = (1 + ger)RS +ro. (7110)

mﬂ 1 o ——————————
or the circuit shown in Fig. 7.26(a), calculate the voltage gair=f 0 and the outputimpedance
if A>0.

@ (b) (©

Figure 7.26 (a) Example of CG stage, (b) equivalent input network, (c) calculation of output resistance.

We first compute x /v;,, with the aid of the equivalent circuit depicted in Fig. 7.26(b):

TS
Ux Im2 Imi
== i (7.111)
m ——||— 4+ Rs
9gm2 Imi1
1
= . 7.112
1+ (gml + ng)RS ( )
Noting thatv,y: /vx = gm1Rp, we have
Yout _ gm1Rp (7.113)

Vin 1 + (gml + gm2)RS ’

343
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To compute the output impedance, we first consiigy;;, as shown in Fig. 7.26(c), which
from (7.110) is equal to

1
Routt = (14 gmaro1)(—l|roz||Rs) + ro1 (7.114)
gm2
1
~ gm17'o1(g—||Rs) +ro1- (7.115)
m2

The overall output impedance is then given by
Rowt = Rout1||RD (7116)

1
~ [gm1T01(E||Rs) +ro1]||Rp. (7.117)

Exercise
Calculate the output impedance if the gatélff is tied to a constant voltage.

7.3.1 CG Stage With Biasing

Following our study of the CB biasing in Chapter 5, we surmise the CG amplifier can be biased
as shown in Fig. 7.27. Providing a path for the bias current to ground, reBistowers the input

impedance—and hence the voltage gain—if the signal source exhibits a finite output impedance,
Rgs.

VDD
EE RD = Rl
¢—o Vout

R Ml '

S X g
Vino—W—— =R,

c L

R3 =

Figure 7.27 CG stage with biasing.

Since the impedance seen to the right of nddis equal toR3||(1/g..), we have

Yout _ VX  Vout (7.118)

Vin Vin UX
 Rell(1/gm)
R3|(1/gm) + Rs

where channel-length modulation is neglected. As mentioned earlier, the voltage divider consist-
ing of R; andR, does not affect the small-signal behavior of the circuit (at low frequencies).

S 71—

Design the common-gate stage of Fig. 7.27 for the following parametgrsivi, = 5,
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Rs = 0, R3 = 500 Q, 1/g,,, = 50 Q, powerbudget = 2 mW, Vpp = 1.8 V. Assume
1inClog = 100 A/ V2, Vg = 0.5V, and X = 0.

From the power budget, we obtain a total supply current of 1.11 mA. AllocatingAL® the
voltage divider,R; andR,, we leave 1.1 mA for the drain current 6f;. Thus, the voltage drop
acrossis is equal to 550 mV.

We must now compute two interrelated paramet&rgZ and Rp,. A larger value ofiV’/L
yields a greateyp,,, allowing a lower value ofRp. As in Example 7.11, we choose an initial
value forVgg to arrive at a reasonable guess 0¥/ L. For example, ifVzs = 0.8 V, then
W/L = 244, andg,, = 2Ip/(Vgs — Vra) = (136.4 Q)~!, dictating Rp = 682 Q for
Uout/vin =5.

Let us determine whethéll; operates in saturation. The gate voltage is equBkte plus the
drop acrosgrs, amounting to 1.35 V. On the other hand, the drain voltage is giveVifyy —
IpRp = 1.05 V. Since the drain voltage exceeds — Vg, M is indeed in saturation.

The resistive divider consisting d?; and R, must establish a gate voltage equal to 1.35 V
while drawing 10uA:

Vbp
—— =10 A 7.120
Rt By I ( )
Rs
——Vpp =1.35V. 7.121
R+ R, PP ( )

It follows that R, = 45 k2 andR» = 135 kQ.

Exercise
If W/L cannot exceed 100, what voltage gain can be achieved?

1 LD o ——
Suppose in Example 7.14, we wish to minimiZ& L (and hence transistor capacitances). What

is the minimum acceptable value bf/ L?

For a givenIp, asW/L decreasesVzs — Vg increases. Thus, we must first compute the
maximum allowabld’/;s. We impose the condition for saturation as

Vop —IpRp > Vags + Vrs — Vru, (7.122)

whereVgs denotes the voltage drop acrdss, and sey,,, Rp to the required gain:

2Ip

_“D Ry = A, 7.123
Vas —Ver © ( )

Eliminating Rp from (7.122) and (7.123) gives:

A
Vbp — TU(VGS —Vru) > Vas —Vra + Vrs (7.124)
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and hence
Vop —V;
Vas = Vrn < ——=. (7.125)
v
—+1
5 +
In other words,
21
W/L > D S (7.126)
c 2VDD — Vg3
/J/n ox Au _+_ 2
It follows that
W/L > 172.5. (7.127)

Exercise
Repeat the above example fay = 10.

7.4 Source Follower

The MOS counterpart of the emitter follower is called the “source follower” (or the “common-
drain” stage) and shown in Fig. 7.28. The amplifier senses the input at the gate and produces the
output at the source, with the drain tiedt® . The circuit’s behavior is similar to that of the
bipolar counterpart.

Voo
Vino—l[5 M,
Input Applied / Vout
to Gate R \ Output Sensed

- at Source

Figure 7.28 Source follower.

7.4.1 Source Follower Core

If the gate voltage ofi/; in Fig. 7.28 is raised by a small amount};,,, the gate-source voltage
tends to increase, thereby raising the source current and hence the output voltagé’,J;hus,
“follows” V;,. Since the dc level of,,; is lower than that o¥/,, by Vs, we say the follower
can serve as a “level shift” circuit. From our analysis of emitter followers in Chapter 5, we expect
this topology to exhibit a subunity gain, too.

Figure 7.29(a) depicts the small-signal equivalent of the source follower, including channel-
length modulation. Recognizing that appears in parallel wit#®r,, we have

gmv1(rol|RL) = vout- (7.128)



Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 347 (1)

Sec. 7.4 Source Follower

‘__| 1
+ ¥ = g
) v, = = m
Vin Vi IV =rg
- = . Vout

+
°Vout Vin R llrg
:RL

=

MA—e.
il
il

@ (b)

Figure 7.29 (a) Small-signal equivalent of source follower, (b) simplified circuit.

Also,
Vin = U1 + Vout- (7129)
It follows that
Vout Im (7'0 | |RL)
—_— = 7.130
vin 1+ gm(rollRz) (7.130)
__rollfe (7.131)
= ) )
— + TO”RL
9Im

The voltage gain is therefore positive and less than unity. It is desirable to maxitpizand
7‘0).

As with emitter followers, we can view the above result as voltage division between a resis-
tance equal td / g,,, and another equal tey || R, [Fig. 7.29(b)]. Note, however, that a resistance
placed in series with the gate does not affect (7.131) (at low frequencies) because it sustains a
zero drop.

mm 7.16 p———————————————————————————————————————
source follower is realized as shown in Fig. 7.30(a), whife serves as a current source.
Calculate the voltage gain of the circuit.

Vop —in
Vino—[5 M, Vinels, =101

Vout Mgl o out
Voo M, roz

(@) (b)

Figure 7.30 (a) Follower with ideal current source, (b) simplified circuit.

SincelM, simply presents an impedancergf, from the output node to ac ground [Fig. 7.30(b)],
we substituteR;, = rps in Eq. (7.131):

A, = rollroz (7.132)

1
— +ro1l|ro2
ml

347



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 348 (1)

348

Chap. 7 CMOS Amplifiers

If ro1]|ros > 1/gmi1, thend, ~ 1.

Exercise
Repeat the above example if a resistance of vdtyeis placed in series with the source of
M.

mm 1. 17 ——————
esign a source follower to drive a 30ioad with a voltage gain of 0.5 and a power budget of
10 mW. Assume,,Cy, = 100 uA/V2, Vg = 0.5V, A =0, andVpp = 1.8 V.

With Ry, = 50 Q andrp = oo in Fig. 7.28, we have

— + R,
and hence
-1 (7.134)
Im =500 '

The power budget and supply voltage yield a maximum supply current of 5.56 mA. Using this
value forIp in g,, = \/2p,Cor (W/L)Ip gives

W/L = 360. (7.135)

Exercise
What voltage gain can be achieved if the power budget is raised to 15 mW?

It is instructive to compute the output impedance of the source folldwsrillustrated in Fig.
7.31,R,,; consists of the resistance seen looking up into the source in parallel with that seen
looking down intoRy,. With A # 0, the former is equal t61/g,,,)||ro, Yielding

1
R,ut = —||rol|RL (7.136)
Im
1
~ —I||Ry. (7.137)
Im

In summary, the source follower exhibits a very high input impedance and a relatively low
output impedance, thereby providing buffering capability.

2The input impedance is infinite at low frequencies.
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l_||l _Ill
< " E;I’
'||_| =rp |_M|1 o
M4 |:> —o
. b
R - g, 170
L R m

Figure 7.31 Output resistance of source follower.

7.4.2 Source Follower With Biasing

The biasing of source followers is similar to that of emitter followers (Chapter 5). Figure 7.32
depicts an example wheiig; establishes a dc voltage equalifpp at the gate of\/; (why?)
andRg sets the drain bias current. Note tiidt operates in saturation because the gate and drain
voltages are equal. Also, the input impedance of the circuit has dropped from infiiy.to

- Voo
Vin °_| I—"_I My c,
> Vout
Rs

Figure 7.32 Source follower with input and output coupling capacitors.
Let us compute the bias current of the circuit. With a zero voltage drop aBrpsae have
Vas +IpRs = Vpp. (7.138)

Neglecting channel-length modulation, we write

1 W

ID = §,un00xf(VG5 — VTH)2 (7.139)
1 W

= EunComf(VDD — IDRS — VTH)z. (7.140)

The resulting quadratic equation can be solved to ohtain

mp 1 o ——————————
esign the source follower of Fig. 7.32 for a drain current of 1 mA and a voltage gain of 0.8.
Assumeyu,,C,, = 100 pA/V2, Vg = 0.5V, A =0, Vpp = 1.8V, andRg = 50 kQ.

The unknowns in this problem afé;s, W/L, and Rs. The following three equations can be
formed:

1 W

ID = §Uncoxf

IpRs +Vgs =Vpp (7.142)

(Vas — Vru)® (7.141)
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A, = IL. (7.143)
— + Rg
Im

If g, is written a2l /(Vas — V), then (7.142) and (7.143) do not contdify L and can be
solved to determin&s s andRs. With the aid of (7.142), we write (7.143) as

A, = U (7.144)
Vas — Vra R
2Ip s
2IpRs
= 7.145
Vas = Vra + 2IpRs ( )
2IpRs
= . 7.146
Vop —Vra + IpRs ( )
Thus,
_Vpp—Vrg A,
Ry = ~PP (7.147)
— 867 Q. (7.148)
and
Vas = Vpp — IpRs (7.149)
A
=Vpp — (Vbp — VTH)2 _UA (7.150)
— 0.933 V. (7.151)
It follows from (7.141) that
% = 107. (7.152)

Exercise
What voltage gain can be achievediif/ L cannot exceed 50?

Equation (7.140) reveals that the bias current of the source follower varies with the supply
voltage. To avoid this effect, integrated circuits bias the follower by means of a current source
(Fig. 7.33).

7.5 Summary and Additional Examples

In this chapter, we have studied three basic CMOS building blocks, namely, the common-source
stage, the common-gate stage, and the source follower. As observed throughout the chapter, the
small-signal behavior of these circuits is quite similar to that of their bipolar counterparts, with
the exception of the high impedance seen at the gate terminal. We have noted that the biasing
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5 Voo - Voo
c, Rg= o c, Rg=
VineA——HL v, Vine—b——em; o
oV, > Vout
Voo M,

Figure 7.33 Source follower with biasing.

schemes are also similar, with the quadrdiic Vs relationship supplanting the exponential
I--VgE characteristic.

In this section, we consider a number of additional examples to solidify the concepts intro-
duced in this chapter, emphasizing analysis by inspection.

!#!iil:la 7.19
alculate the voltage gain and output impedance of the circuit shown in Fig. 7.34(a).

Vop
Vino—| M4

VOUI

Vb°—| MZ_I__I My

(@ (b)
Figure 7.34 (a) Example of CS stage, (b) simplified circuit.

We identify M, as a common-source device because it senses the input at its gate and generates
the output at its drain. Transistoid, and /5 therefore act as the load, with the former serving

as a current source and the latter as a diode-connected device /SThaan be replaced with

a small-signal resistance equalig,, and M3 with another equal t01/g..3)||ros. The circuit

now reduces to that depicted in Fig. 7.34(b), yielding

1

Ay = —gmi(—||rorl|roz]|ros) (7.153)
gm3

and

1
R,ut = —||ro1l|rozl|ros. (7.154)
9m3

Note thatl/g,,3 is dominant in both expressions.

Exercise
Repeat the above examplélif; is converted to a diode-connected device.




BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 352 (1)

352 Chap. 7 CMOS Amplifiers

m@ e
ompute the voltage gain of the circuit shown in Fig. 7.35(a). Neglect channel-length modulation
in M.

Voo
Mg
Vino—| M4 Vino—| M4
Vout
Voe—[o M,
(a)

Figure 7.35 (a) Example of CS stage, (b) simplified circuit.

Operating as a CS stage and degenerated by the diode-connectedidgviensistorl/; drives
the current-source load/,. Simplifying the amplifier to that in Fig. 7.35(b), we have

A, = _#. (7.155)
— + —|lros
ml gm3

Exercise
Repeat the above example if the gatélff is tied to a constant voltage.

!)ﬂmma 7.21
etermine the voltage gain of the amplifiers illustrated in Fig. 7.36. For simplicity, assume
ro1 = oo in Fig. 7.36(b).

Vop Vop
Vin O_I M2 Vb2 ._I Mz
Vout Vout
Vo5 M, Vo1 *—[o M,
Rs Rs
L Vin
(b)

(@)
Figure 7.36 Examples of (a) CS and (b) CG stages .

Degenerated byRs, transistord/; in Fig. 7.36(a) presents an impedancé bf- ¢,,1701)Rs +
ro1 to the drain of\/». Thus the total impedance seen at the drain is eqUél t9g,,1701) Rs +
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ro1]||roz, giving a voltage gain of

Ay = —gm2 {[(1 + gmiro1)Rs + ro1]llro1 } - (7.156)

In Fig. 7.36(b),M, operates as a common-gate stage Ahds the load, obtaining (7.109):

Ay = ITL (7.157)
— + Rs
Im1

Exercise
ReplaceRs wit a diode-connected device and repeat the analysis.

!ﬁiﬂ:g 7.22
alculate the voltage gain of the circuit shown in Fig. 7.37(3)4 0.

@ (b)

Figure 7.37 (a) Example of a composite stage, (b) simplified circuit.

In this circuit, M, operates as a source follower ahd as a CG stage (why?). A simple method
of analyzing the circuit is to replaaeg,, andM; with a Thevenin equivalent. From Fig. 7.29(b),
we derive the model depicted in Fig. 7.37(b). Thus,

Rp
1 1

A, = (7.158)

Im1 gm?2

Exercise
What happens if a resistance of valdgis placed in series with the drain 81, ?
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WE A
e circult of Fig. 7.38 produces two outputs. Calculate the voltage gain from the input to
and toX. Assume\ = 0 for M;.

Figure 7.38 Example of composite stage.

For V,.:1, the circuit serves as a source follower. The reader can show that if= oo, then
M3 and M, do not affect the source follower operation. Exhibiting a small-signal impedance of
(1/gm2)||ro2, transistorM, acts as a load for the follower, yielding from (7.131)

1
; —|lro
oull _ _ Gm2 : (7.159)
Vin
—|lros + —
m Im

For V,..2, M, operates as a degenerated CS stage with a drain load consisting of the
diode-connected devicé/; and the current sourcé/,. This load impedance is equal to
(1/gms3)||ros!||roa, resulting in

1
— ||rosllroa

fout? o gmy (7.160)
vt —lros
ml gm2

Exercise
Which one of the two gains is higher? Explain intuitively why.

7.6 Chapter Summary

e The impedances seen looking into the gate, drain, and source of a MOSFET are equal to
infinity, 7o (with source grounded), and ¢,,, (with gate grounded), respectively .

¢ In order to obtain the required small-signal MOS parameters sugh, andro, the tran-
sistor must be “biased,” i.e., carry a certain drain current and sustain certain gate-source and
drain-source voltages. Signals simply perturb these conditions.
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e Biasing techniques establish the required gate voltage by means of a resistive path to the
supply rails or the output node (self-biasing).

¢ With a single transistor, only three amplifier topologies are possible: common-source and
common-gate stages and source followers.

e The CS stage provides a moderate voltage gain, a high input impedance, and a moderate
output impedance.

e Source degeneration improves the linearity but lowers the voltage gain.
e Source degeneration raises the output impedance of CS stages considerably.

e The CG stage provides a moderate voltage gain, a low input impedance, and a moderate
output impedance.

e The voltage gain expressions for CS and CG stages are similar but for a sign.

e The source follower provides a voltage gain less than unity, a high input impedance, and a
low output impedance, serving as a good voltage buffer.

Problems

In the following problems, unless otherwise stated, assymé€,. = 200 uA/V2,
pCop = 100 pA/VQ, A = 0, andVypy = 0.4 V for NMOS devices and-0.4 V for
PMOS devices.

1. In the circuit of Fig. 7.39, determine the maximum allowable valudiofL if A; must
Vpp=1.8V

50k Q 1kQ

M,

Figure 7.39

remain in saturation. Assume= 0.

2. We wish to design the circuit of Fig. 7.40 for a drain current of 1 mAMfL = 20/0.18,
computeR; andR, such that the input impedance is at least 20 k

Vpp=18V

R, 500 Q

Figure 7.40

3. Consider the circuit shown in Fig. 7.41. Calculate the maximum transconductandé that
can provide (without going into the triode region.)

4. The circuit of Fig. 7.42 must be designed for a voltage drop of 200 mV adtess
(a) Calculate the minimum allowable valueldf/ L if M; must remain in saturation.
(b) What are the required values Bf and R, if the input impedance must be at least 30
k.

355
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Vpp=18V
10kQ 1kQ

M,
100 Q

Figure 7.41

By
N
M
=W

Figure 7.42

5. Consider the circuit depicted in Fig. 7.43, whéi& L = 20/0.18. Assuming the current
flowing throughR- is one-tenth of p; , calculate the values d@f; andRs so that/p; = 0.5

- Vpp=18V
R = 500 Q
ll—l Ml
R, =
Rg=200Q
Figure 7.43
maA.

6. The self-biased stage of Fig. 7.44 must be designed for a drain current of 1 @A.i#f to

Vop=18V

Figure 7.44

provide a transconductancebf(100 ), calculate the required value &fp.

7. We wish to design the stage in Fig. 7.45 for a drain current of 0.5 mA/AL. = 50/0.18,
calculate the values dt; and R, such that these resistors carry a current equal to one-tenth
of Ipy.

8. Due to a manufacturing error, a parasitic resisiy,has appeared in the circuit of Fig. 7.46.
We know that circuit samples free from this error exhildits = Vpgs whereas defective
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Vpp=1.8V
R1 2kQ
.._l My
R, = L
Figure 7.45
Vpp=1.8V
10kQ= = 1kQ
—AL M, =Ry
20kQ=
= Rs%200Q
Figure 7.46

samples exhibiVos = Vps + V. Determine the values 6¥/L andRp.

9. Due to a manufacturing error, a parasitic resisiys,has appeared in the circuit of Fig. 7.47.
We know that circuit samples free from this error exhildits = Vps + 100 mV whereas

Vpp=1.8V
30kQ=E R =2kQ
A,
vy
—

Figure 7.47

defective samples exhibit;s = Vps + 50 mV. Determine the values 6¥/L andRp.
10. In the circuit of Fig. 7.48 M, and M, have lengths equal to 0.26m and\ = 0.1 V~1.

I'x Iy
¥ —L v,y M,

;_ T H

Vg

Figure 7.48

Determinell’; andWW, such thatly = 21y = 1 mA. AssumeVpgy = Vpse = Vg = 0.8
V. What is the output resistance of each current source?

11. An NMOS current source must be designed for an output resistance ¢f 2@dan output
current of 0.5 mA. What is the maximum tolerable value\@f

12. The two current sources in Fig. 7.49 must be designedfoe Iy = 0.5 mA. If Vg, =1
V, Vgs = 1.2V, A\ =0.1V~!, andL; = L, = 0.25 um, calculate’; andW,. Compare
the output resistances of the two current sources.

357
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I'x Iy
+ M + M2
Ve1

Figure 7.49

13. A student mistakenly uses the circuit of Fig. 7.50 as a current sourté/If = 10/0.25,
A=0.1V~1 Vg =0.2V, andVx has a dc level of 1.2 V, calculate the impedance seen at
the source of\/;.

Figure 7.50

14. In the circuit of Fig. 7.51,M, and M, serve as current sources. Calculéte and Iy if

Figure 7.51

Ve =1VandW/L = 20/0.25. How are the output resistancesidf and/, related?

15. Consider the circuit shown in Fig. 7.52, whe¢i&/L), = 10/0.18 and(W /L), = 30/0.18.
if A =0.1 V1!, calculateVz such that’x = 0.9 V.

Vpp=18V
| RS
v + X
B I_ I Ml

Figure 7.52

16. In the circuit of Fig. 7.53(W/L); = 5/0.18, (W/L), = 10/0.18, A\; = 0.1 V!, and
Ao =0.15 V1,
(a) Determinéd’g such thalp; = |Ip2| = 0.5 mAfor Vx = 0.9 V.
(b) Now sketch/'x as a function of’x asVx goes from 0 td/pp.

17. In the common-source stage of Fig. 7.54/L = 30/0.18 and\ = 0.
(a) What gate voltage yields a drain current of 0.5 mA? (Verify thlatoperates in satura-
tion.)
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E v,
Vi = |

B I_ I Ml

Figure 7.53
Vpp=1.8V
Rp= 2kQ
VOLII
Vino—{ My

Figure 7.54

(b) With such a drain bias current, calculate the voltage gain of the stage.

18. The circuit of Fig. 7.54 is designed wiifiY/L = 20/0.18, A = 0, andIp = 0.25 mA.
(a) Compute the required gate bias voltage.
(b) With such a gate voltage, how much d&f L be increased whil@/, remains in satura-
tion? What is the maximum voltage gain that can be achievét/dsincreases?

19. We wish to design the stage of Fig. 7.55 for a voltage gain of 5 WithL, < 20/0.18.
Vpp=1.8V
Rp
v,

out
Vino— My

Figure 7.55

Determine the required value &, if the power dissipation must not exceed 1 mW.

20. The CS stage of Fig. 7.56 must provide a voltage gain of 10 with a bias current of 0.5 mA.
Assume); = 0.1 V~1, and\, =0.15 VL.

Vpp=18V
Vo= M,

VOUt
Vine—[p, M,

Figure 7.56

(a) Compute the required value @GV /L);.
(b) if (W/L), = 20/0.18, calculate the required value bf.
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21. In the stage of Fig. 7.56\/> has a long length so that <« \;. Calculate the voltage gain
if \y =01V~ (W/L), =20/0.18, andIp = 1 mA.

22. The circuit of Fig. 7.56 is designed for a bias currenfpfvith certain dimensions fok/;
and)/,. If the width and the length of both transistors are doubled, how does the voltage gain
change? Consider two cases: (a) the bias current remains constant, or (b) the bias current is
doubled.

23. Explain which one of the topologies shown in Fig. 7.57 is preferred.

Vop Vop
Vb ._I M2 Vin O_I Mz
Vout Vout
VYin °_| M4 175 ._I My
() (b)

Figure 7.57

24. The CS stage depicted in Fig. 7.58 must achieve a voltage gain of 15 at a bias current of 0.5

Vpp=18V
Vino_l M2
VOUI
Vb._l Ml

Figure 7.58

mA. If \; = 0.15 V=1 and\, = 0.05 V—!, determine the required value @G/ L)s.
25. We wish to design the circuit shown in Fig. 7.59 for a voltage gain of 3N L), =

Vpp=18V
M,

out

Vino_l M4

Figure 7.59

20/0.18, determingWW/L),. Assume\ = 0.
26. In the circuit of Fig. 7.59(W/L),; = 10/0.18 andIp; = 0.5 mA.
(@) If A =0, determingWW/L)- such thatM/; operates at the edge of saturation.
(b) Now calculate the voltage gain.
(c) Explain why this choice ofi¥/ L) yields the maximum gain.

27. The CS stage of Fig. 7.59 must achieve a voltage gain of 5.
(@) If (W/L), = 2/0.18, compute the required value G/ L), .
(b) What is the maximum allowable bias currendifi must operate in saturation?
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Vop Voo
M2 VbO—I M2
Vout Vout
Vino_l Ml Vlno_l Ml M3
(@ (b) (c)
Voo Voo Vop
Vi o—|
Vino—{[ m, " M2 M2
V, R
Vout out D
Vi V,
Voo My Mg b My _I__I M3 out
L L T T Vine—[L M,

(d) (e U]
Figure 7.60

28. If X\ # 0, determine the voltage gain of the stages shown in Fig. 7.60.
29. In the circuit of Fig. 7.61, determine the gate voltage such iaioperates at the edge of
saturation. Assumg = 0.
Vpp=1.8V
Rp
VOU'[
Vino— M,

Rs
Figure 7.61

30. The degenerated CS stage of Fig. 7.61 must provide a voltage gain of 4 with a bias current
of 1 mA. Assume a drop of 200 mV acroBs; and\ = 0.
(@) If Rp = 1 kQ, determine the required value &f /L. Does the transistor operate in
saturation for this choice "/ L?
(b) If W/L = 50/0.18, determine the required value &f,. Does the transistor operate in
saturation for this choice R p?

31. Consider a degenerated CS stage witly 0. Assumingg,,7o > 1, calculate the voltage
gain of the circuit.

32. Calculate the voltage gain of the circuits depicted in Fig. 7.62. Assumé).
33. Determine the output impedance of each circuit shown in Fig. 7.63. Asaugne.

34. The CS stage of Fig. 7.64 carries a bias current of 1 mRjf= 1 kQ and\ = 0.1 V1,
compute the required value @f/ L for a gate voltage of 1 V. What is the voltage gain of the
circuit?
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Voo
M,
VOUt
Vino—] My
(@) ()
Vop
Vo[ M,
Vin O_I Ml
VOUt

M3

Figure 7.62

35.
36.

37.

38.

39.

40.

41.

Repeat Problem 34 with = 0 and compare the results.

An adventurous student decides to try a new circuit topology wherein the input is applied to
the drain and the output is sensed at the source (Fig. 7.65). Assufé, determine the
voltage gain of the circuit and discuss the result.

In the common-source stage depicted in Fig. 7.66, the drain currédt @ defined by the
ideal current sourcé and remains independentBf andR, (why?). Supposé; = 1 mA,

Rp =500, A =0, andC} is very large.

(a) Compute the value 6¥/ L to obtain a voltage gain of 5.

(b) Choose the values dt; and R, to place the transistor 200 mV away from the triode
region whileR; + R, draws no more than 0.1 mA from the supply.

(c) With the values found in (b), what happen$iif/ L is twice that found in (a)? Consider
both the bias conditions (e.g., whethidi; comes closer to the triode region) and the voltage
gain.

Consider the CS stage shown in Fig. 7.67, whgrdefines the bias current 8f; andC, is
very large.

(@) If A = 0 andl; = 1 mA, what is the maximum allowable value Bf,?

(b) With the value found in (a), determi&/ L to obtain a voltage gain of 5.

The common-gate stage shown in Fig. 7.68 must provide a voltage gain of 4 and an input
impedance of 5. If Ip = 0.5 mA, and\ = 0, determine the values ¢p andW/ L.
Suppose in Fig. 7.68p = 0.5 mA, A = 0, andV}, = 1 V. Determine the values d¥’/L
andRp for an input impedance of 50 and maximum voltage gain (whil&/; remains in
saturation).

A CG stage with a source resistance®§ employs a MOSFET with\ > 0. Assuming
gmro, calculate the voltage gain of the circuit.
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Voe—[o M,

Vin°_| Ml M3

(©)
Figure 7.63

Figure 7.64

June 30, 2007 at 13:42 363 (1)

{ Rout

Vino—| M4 M, v

Figure 7.65

42. The CG stage depicted in Fig. 7.69 must provide an input impedancefofb@ an output

impedance of 500.. Assume\ = 0.

(a) What is the maximum allowable value & ?
(b) With the value obtained in (a), calculate the required valu& L.

(c) Compute the voltage gain.

43. The CG amplifier shown in Fig. 7.70 is biased by meang cf 1 mA. Assume\ = 0 and

(4 is very large.

(a) What value o, places the transistdr/; 100 mV away from the triode region?
(b) What is the require®’/ L if the circuit must provide a voltage gain of 5 with the value

of Rp obtained in (a)?

363
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Vpp=18V
Cy +— Vout
s My
PR E
Vi 2T

Figure 7.66
Vpp=18V
R, = =Ry
G +— Vout
M,
+
Ve O
T I T C1
Figure 7.67
Vpp=1.8V
Figure 7.68
Vpp=18V
=Rp
¢——o Vout
T
Vin
Figure 7.69

44. Determine the voltage gain of each stage depicted in Fig. 7.71. Assum@
45, Consider the circuit of Fig. 7.72, where a common-source st&fjeahd R ) is followed
by a common-gate stagé/, andRp-).
() Writing vout /vin = (vx/vin)(vout/vx) @and assumingh = 0, compute the overall
voltage gain.
(b) Simplify the result obtained in (a) Rp1 — oo. Explain why this result is to be expected.
46. Repeat Problem 45 for the circuit shown in Fig. 7.73.

47. Assuming\ = 0, calculate the voltage gain of the circuit shown in Fig. 7.74. Explain why
this stage isiota common-gate amplifier.
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Vpp=18V

J
=Rp

out

Figure 7.70

I—I_‘E.-M \Z/DD

T ° Vout

A er_."—'Vb

V.
Rs

@)

Figure 7.71

48. Calculate the voltage gain of the stage depicted in Fig. 7.75. Asdume and the capaci-
tors are very large.

49. The source follower shown in Fig. 7.76 is biased throligh Calculate the voltage gain if
W/L =20/0.18and\ = 0.1 V1.

50. We wish to design the source follower shown in Fig. 7.77 for a voltage gain of 018/ If =
30/0.18 and\ = 0, determine the required gate bias voltage.

51. The source follower of Fig. 7.77 is to be designed with a maximum bias gate voltage of 1.8
V. Compute the required value &/ L for a voltage gain of 0.8 iA = 0.

52. The source follower depicted in Fig. 7.78 employs a current source. Determine the values of
I, andW/ L if the circuit must provide an outputimpedance less than(1@0th ;s = 0.9
V. Assumel = 0.

53. The circuit of Fig. 7.78 must exhibit an output impedance of less thaf? @ith a power
budget of 2 mW. Determine the required valud®f L. Assume\ = 0.
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Voo
=R
Rpp = b2
—oO VOUI
Mzr_-"_° Y
X 4
Vlno_“-a-Ml
Figure 7.72
Vino—{[E M,
Figure 7.73
VDD
/15
—oO VOLII
—y:g
R
Vin
Figure 7.74
54. We wish to design the source follower of Fig. 7.79 for a voltage gain of 0.8 with a power

55.
56.

57.

58.

budget of 3 mW. Compute the required valué®Bf L. AssumeC is very large anc\ = 0.
Determine the voltage gain of the stages shown in Fig. 7.80. As3ughé.

Consider the circuit shown in Fig. 7.81, where a source followiér énd ;) precedes a
common-gate stagé{, andRp).
(@) Writing vout /vin = (vx /vin) (vout [vx ), cOMpute the overall voltage gain.
(b) Simplify the result obtained in (a) if,,1 = gm2-
Design Problems
In the following problems, unless otherwise stated, asshime).

Design the CS stage shown in Fig. 7.82 for a voltage gain of 5 and an output impedance of 1
k2. Bias the transistor so that it operates 100 mV away from the triode region. Assume the
capacitors are very large atith = 10 k{2.

The CS amplifier of Fig. 7.82 must be designed for a voltage gain of 5 with a power budget

of 2mW. If RpIp = 1V, determine the required value Bf/ L. Make the same assumptions
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Figure 7.75
Vpp=1.8V
Rg=50kQ
Vino—s——[L M,
VOUt
1kQ =Rg
Figure 7.76
Vpp=1.8V
Vino—| My
Vout
500 Q =Rg
Figure 7.77
Vpp=1.8V
Vino— My
VOUI
I
Figure 7.78

as those in Problem 57.
59. We wish to design the CS stage of Fig. 7.82 for maximum voltage gain butijth <
50/0.18 and a maximum output impedance of 300Determine the required current. Make
the same assumptions as those in Problem 57.
60. The degenerated stage depicted in Fig. 7.83 must provide a voltage gain of 4 with a power
budget of 2 mW while the voltage drop acrdss is equal to 200 mV. If the overdrive voltage
of the transistor must not exceed 300 mV dd+ R, must consume less than thai# of
the allocated power, design the circuit. Make the same assumptions as those in Problem 57.

61. Design the circuit of Fig. 7.83 for a voltage gain of 5 and a power budget of 6 mW. Assume
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Figure 7.79
Voo Voo Voo
Vino— M4 Vino— My Vino— My
VOUI VOLIt VOUI
RS Vb._l M2 II M2
Voe—fs M, Rs T T
@ (b) (©)
Voo Voo
Vino— M4 Vo2 *— My
¢e—oV
Ry out 7 °_| M,
AVAVAV ¥
:. I M2 out
R2 :E — V|n°_| M]_
(d) )
Figure 7.80
Figure 7.81

the voltage drop acrosBgs is equal to the overdrive voltage of the transistor dgl =

200 .

62. The circuit shown in Fig. 7.84 must provide a voltage gain of 6, Withserving as a low
impedance at the frequencies of interest. Assuming a power budget of 2 mW and an input
impedance of 20R, design the circuit such that; operates 200 mV away from the triode
region. Select the values 6f andC's so that their impedance is negligible at 1 MHz.

63. In the circuit of Fig. 7.85, serves as a current source. Design the stage for a voltage
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Figure 7.85
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gain of 20 and a power budget of 2 mW. Assuie= 0.1 V! for both transistors and
the maximum allowable level at the output is 1.5 V (i&l; must remain in saturation if

Vout < 1.5V).

64. Consider the circuit shown in Fig. 7.86, whe¥g is very large and,, = 0.5\, = 0.1V 1,

(a) Calculate the voltage gain.

(b) Design the circuit for a voltage gain of 15 and a power budget of 3 mW. Asstume

10(ro1]|roz2) and the dc level of the output must be equaligy /2.

65. The CS stage of Fig. 7.87 incorporates a degenerated PMOS current source. The degener-
ation must raise the output impedance of the current source to abayt such that the
voltage gain remains nearly equal to the intrinsic gainGf Assume\ = 0.1 V~! for both
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Figure 7.86

Figure 7.87

transistors and a power budget of 2 mW.

(@) If Vg = 1V, determine the values ¢7V/ L), andRs so that the impedance seen looking
into the drain ofM5 is equal tol0r o .

(b) Determing(1¥/ L), to achieve a voltage gain of 30.

66. Assuming a power budget of 1 mW and an overdrive of 200 m\AMgr design the circuit
shown in Fig. 7.88 for a voltage gain of 4.

Vop=1.8V

Figure 7.88

67. Design the common-gate stage depicted in Fig. 7.89 for an input impedanceéand a

voltage gain of 5. Assume a power budget of 3 mW.
Vpp=1.8V

AA

:RD

? ° Vout

Figure 7.89
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68. Design the circuit of Fig. 7.90 such thaf; operates 100 mV away from the triode region
while providing a voltage gain of 4. Assume a power budget of 2 mW.

Vop=1.8V

:RD

AA

T ° Vout

Figure 7.90

69. Figure 7.91 shows a self-biased common-gate stage, where 10Rp andC serves as a

Vpp=18V

Figure 7.91

low impedance so that the voltage gain is still giveryhyiz . Design the circuit for a power
budget of 5 mW and a voltage gain of 5. AssuiRe ~ 10/g,, So that the input impedance
remains approximately equal tgg,y,.

70. Design the CG stage shown in Fig. 7.92 such that it can accommodate an output swing of 500

Vpp=18V
=Rp j
=R
Vour o—¢ 2
Ml I—ll
Vin =R,
Rg 4

Figure 7.92

mvV,,, i.e., Vs, can fall below its bias value by 250 mV without drivirdd; into the triode
region. Assume a voltage gain of 4 and an input impedance 6f.5electRs ~ 10/gy,
andR; + R» = 20 k2. (Hint: sinceM; is biased 250 mV away from the triode region, we
haveRsIp + Vgs — Vrg + 250 mV = Vpp — IpRp.)

71. Design the source follower depicted in Fig. 7.93 for a voltage gain of 0.8 and a power budget

of 2 mW. Assume the output dc level is equalifpp /2 and the input impedance exceeds
10 k2.

72. Consider the source follower shown in Fig. 7.94. The circuit must provide a voltage gain of
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- Vpp=18V
Rs=
Vino—s— My
Vout
Rs
Figure 7.93

Figure 7.94

0.8 at 100 MHz while consuming 3 mW. Design the circuit such that the dc voltage at node
X is equal toVpp /2. Assume the input impedance exceeds 20 k

73. In the source follower of Fig. 7.95/, serves as a gurrent source. The circuit must operate
DD~ —

Vino—| My
out
Vb°—| M,

Figure 7.95

with a power budget of 3 mW, a voltage gain of 0.9, and a minimum allowable output of 0.3
V (i.e., M, must remain in saturation ifpg> > 0.3 V). Assuming\ = 0.1 V! for both
transistors, design the circuit.

SPICE Problems

In the following problems, use the MOS models and source/drain dimensions given in Ap-
pendix A. Assume the substrates of NMOS and PMOS devices are tied to grouig and

respectively.
74. In the circuit of Fig. 7.96/]; is an ideal current source equ_allto 1 mA.
DD~ —
/
10kQ !
V,
1kQ we o
Vino———s——5 (7),
1T

Figure 7.96

(a) Using hand calculations, determifi&/L); such that,,,; = (100 Q)~*.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 373 (1)

Sec. 7.6 Chapter Summary 373

(b) Select”; for an impedance of 100 2 (< 1 k2) at 50 MHz.
(c) Simulate the circuit and obtain the voltage gain and output impedance at 50 MHz..
(d) What is the change in the gainlif varies by+20%?

75. The source follower of Fig. 7.97 employs a bias current souvte,
Vpp=1.8V

Figure 7.97

(a) What value o¥/;,, placesM- at the edge of saturation?
(b) What value ofV;,, placesi; atthe edge of saturation?
(c) Determine the voltage gainif;,, has a dc value of 1.5 V.
(d) What is the change in the gainlif changes by-50 mVv?

76. Figure 7.98 depicts a cascade of a source follower and a common-gate stage. Xsstme
1.2Vand(W/L); = (W/L)s = 10 pm/0.18 um.

Figure 7.98

(a) Determine the voltage gain¥if,, has a dc value of 1.2 V.
(b) Verify that the gain drops if the dc value B, is higher or lower than 1.2 V.
(c) What dc value at the input reduces the gain 6% with respect to that obtained in (a)?

77. Consider the CS stage shown in Fig. 7.99, whdkeoperates as a resistor.

Figure 7.99

(a) DetermindV, such that an input dc level of 0.8 V yields an output dc level of 1 V. What

is the voltage gain under these conditions?

(b) What is the change in the gain if the mobility of the NMOS device varies 1§%7? Can

you explain this result using the expressions derived in Chapter 6 for the transconductance?
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78. Repeat Problem 77 for the circuit illustrated in Fig. 7.100 and compare the sensitivities to
the mobility.

Figure 7.100
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Operational Amplifier As A
Black Box

The term “operational amplifier” (op amp) was coined in the 1940s, well before the invention of
the transistor and the integrated circuit. Op amps realized by vacuunt tsée®d as the core

of electronic “integrators,” “differentiators,” etc., thus forming systems whose behavior followed
a given differential equation. Called “analog computers,” such circuits were used to study the
stability of differential equations that arose in fields such as control or power systems. Since
each op amp implemented a mathematmaération(e.g., integration), the term “operational
amplifier” was born.

Op amps find wide application in today’s discrete and integrated electronics. In the cellphone
studied in Chapter 1, for example, integrated op amps serve as building blocks in (active) filters.
Similarly, the analo-to-digital converter(s) used in digital cameras often employ op amps.

In this chapter, we study the operational amplifier as a black box, developing op-amp-based
circuits that perform interesting and useful functions. The outline is shown below.

General Concepts Linear Op Amp Circuits Nonlinear Op Amp Circuits Op Amp Nonidealities
® Op Amp Properties ® Noninverting Amplfier ® Precision Rectifier ® DC Offsets
I::> ® Inverting Amplifier |::>  Logarithmic Amplifier |::> ® Input Bias Currents
® Integrator and Differentiator ® Square Root Circuit ® Speed Limitations
® \/oltage Adder ® Finite Input and Output
Impedances

8.1 General Considerations

The operational amplifier can be abstracted as a black box having two inputs and on€ output.
Shown in Fig. 8.1(a), the op amp symbol distinguishes between the two inputs by the plus and
minus sign;V;,1 andV;,» are called the “noninverting” and “inverting” inputs, respectively. We
view the op amp as a circuit that amplifies tiéferencebetween the two inputs, arriving at the
equivalent circuit depicted in Fig. 8.1(b). The voltage gain is denotedghy

Vour = AO (‘/;nl - ‘/;nZ) (81)

Lvacuum tubes were amplifying devices consisting of a filament that released electrons, a plate that collected them,
and another that controlled the flow—somewhat similar to MOSFETSs.

2In modern integrated circuits, op amps typically have two outputs that vary by equal and opposite amounts.

375
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Vin1 o——
Ving o——

° Vout

+ * +
Vin1 ) - _AO(Vinl_VinZ)
(b)

v
L] ol g<+

()
Figure 8.1 (a) Op amp symbol, (b) equivalent circuit.

It is instructive to plotl,,,; as a function of one input while the other remains at zero. With
Vinz = 0, we haveV,,; = AgVin1, Obtaining the behavior shown in Fig. 8.2(a). The positive
slope (gain) is consistent with the label “noninverting” givef'tp, . On the other hand, if;,,; =
0, Vour = —AoVine [Fig. 8.2(b)], revealing a negative slope and hence an “inverting” behavior.

(@) (b)

Figure 8.2 Op amp characteristics from (a) noninverting and (b) inverting inputs to output.

The reader may wonder why the op amp tvginputs. After all, the amplifier stages studied
in Chapters 5 and 7 have only one input node (i.e., they sense the input voltage with respect to
ground). As seen throughout this chapter, the principal property of the opamps Ao (Vin1 —
Vin2), forms the foundation for many circuit topologies that would be difficult to realize using an
amplifier havingV,,; = AV;,. Amplifier circuits having two inputs are studied in Chapter 10.

How does the “ideal” op amp behave? Such an op amp would proviifdiaite voltage gain,
an infinite input impedance, a zero output impedance, and infinite speed. In fact, the first-order
analysis of an op-amp-based circuit typically begins with this idealization, quickly revealing the
basic function of the circuit. We can then consider the effect of the op amp “nonidealities” on the
performance.

The very high gain of the op amp leads to an important observation. Since realistic circuits
produce finite output swings, e.g., 2 V, the difference betwégn andV,,» in Fig. 8.1(a) is
always small:

Vout
Ay’

Vint = Vinz = (82)

In other words, the op amp, along with the circuitry around it, bririgs andV;,,» close to each
other. Following the above idealization, we may $&y; = V2 if A9 = co.

A common mistake is to interpréf,,; = V;,» as if the two terminald/;,,; andV;,» are
shortedtogether. It must be borne in mind thidt,; — V;,,» becomes onlynfinitesimallysmall
asAy — oo but cannot be assumedactlyequal to zero.

'ma 8.1
e circuit shown in Fig. 8.3 is called a “unity-gain” buffer. Note that the output is tied to the
inverting input. Determine the output voltagéif,; = +1V and A, = 1000.
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Ag=1000
+1V
+ —
V. +
" - VOLI'[
<

Figure 8.3 Unity-gain buffer.

If the voltage gain of the op amp were infinite, the difference between the two inputs would be
zero andV,,,; = V;,.; hence the term “unity-gain buffer.” For a finite gain, we write

Vout = AO(‘/inl - ‘/znZ) (83)
= AO(‘/ZTL - Vout)- (84)
That is,
Vout _ AO
= (8.5)

As expected, the gain approaches unityfsbecomes large. In this exampldg = 1000,
Vin = 1V, andV,; = 0.999 V. Indeed,V;,,; — V2 is small compared td;,, andV,;.

Exercise
What value of4, is necessary so that the output voltage is equal to 0.9999?

Op amps are sometimes represented as shown in Fig. 8.4 to explicitly indicate the supply
voltages,Vpr andVee. For example, an op amp may operate between ground and a positive
supply, in which cas&gg = 0.

Figure 8.4 Op amp with supply rails.

8.2 Op-Amp-Based Circuits

In this section, we study a number of circuits that utilize op amps to process analog signals. In
each case, we first assume an ideal op amp to understand the underlying principles and subse-
guently examine the effect of the finite gain on the performance.
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8.2.1 Noninverting Amplifier

Recall from Chapters 5 and 7 that the voltage gain of amplifiers typically depends on the load
resistor and other parameters that may vary considerably with temperature or présess.
result, the voltage gain itself may suffer from a variation of, sa%0%. However, in some
applications (e.g., A/D converters), a much more precise gain (e.g., 2.000) is required. Op-amp-
based circuits can provide such precision.

lllustrated in Fig. 8.5, the noninverting amplifier consists of an op amp and a voltage divider
that returns a fraction of the output voltage to the inverting input:

Vint I
+ Ao — Vout

v =

in _ Vin2 E: Rl

=R,

Figure 8.5 Noninverting amplifier.
Ry
Vina = mvout- (8-6)

Since a high op amp gain translates to a small difference betWgemandV;,,», we have

R
N ———Vout; 8.8
Rt R, (8.8)
and hence
Vout Rl
~1+—. 8.9
Vi Ry (8.9)

Due to the positive gain, the circuit is called a “noninverting amplifier.”

Interestingly, the voltage gain depends on onlyrdt® of the resistors; iR, andR; increase
by 20%, R, / R, remains constant. The idea of creating dependence on only the ratio of quantities
that have the same dimension plays a central role in circuit design.

Study the noninverting amplifier for two extreme cases/ R, = co andR; /Ry = 0.

If Ry/Rs — o0, €.9., if Ry approaches zero, we note that,; /Vi,, — co. Of course, as depicted
in Fig. 8.6(a), this occurs because the circuit reduces to the op amp itself, with no fraction of the
output fed back to the input. ResistBf simply loads the output node, with no effect on the gain
if the op amp is ideal.

If Ry/R> — 0, e.g., if Ry approaches infinity, we havé,,;/V;,, — 1. Shown in Fig. 8.6(b),
this case in fact reduces to the unity-gain buffer of Fig. 8.3 because the ideal op amp draws no
current at its inputs, yielding a zero drop acrégsand hencé’;,,o = V...

3Variation with process means the circuits fabricated in different “batches” exhibit somewhat different characteristics.
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(b)

Figure 8.6 Noninverting amplifier with (a) zero and (b) infinite value B .

Exercise
Suppose the circuit is designed for a nominal gain of 2.00 butith@nd R, suffer from a
mismatch of 5% (i.e.R; = (1 £ 0.05) R»). What is the actual voltage gain?

Let us now take into account the finite gain of the op amp. Based on the model shown in Fig.
8.1(b), we write

(‘/;'nl - ‘/;'nQ)AO = Vouta (810)
and substitute foV;,,» from (8.6):
You _ 4o : (8.11)
‘/in 1 + R2 AO
R + R»

As expected, this result reduces to (8.9MfR»/(R: + R2) > 1. To avoid confusion between
the gain of the op ampd,, and the gain of the overall amplifiéry,; /Vi,, we call the former
the “open-loop” gain and the latter the “closed-loop” gain.

Equation (8.11) indicates that the finite gain of the op amp creates a small error in the value
of Vout/Vin. If much greater than unity, the teray R, /(R; + R2) can be factored from the
denominator to permit the approximatioh+¢) ! ~ 1 — e fore < 1:

Vaut Rl R1 1

Hll+— | |1—(1+=—)—]. 8.12
Vi <+R2>{ <+R2>A0] (6.12)
Called the “gain error,” the terrfl + R1/R»)/A, must be minimized according to each appli-
cation’s requirements.

noninverting amplifier incorporates an op amp having a gain of 1000. Determine the gain error
if the circuit is to provide a nominal gain of (a) 5, or (b) 50.

For a nominal gain of 5, we have+ R;/R» = 5, obtaining a gain error of:

R\ 1
1+ 2) = =0.5%. 1
<+R2> 3 = 05% (8.13)
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On the other hand, if + R, /R> = 50, then

R\ 1
(1 + R—2> =% (8.14)

In other words, a higher closed-loop gain inevitably suffers from less accuracy.

Exercise
Repeat the above example if the op amp has a gain of 500.

With an ideal op amp, the noninverting amplifier exhibits an infinite input impedance and a
zero output impedance. For a nonideal op amp, the I/O impedances are derived in Problem 7.

8.2.2 Inverting Amplifier

Depicted in Fig. 8.7(a), the “inverting amplifier” incorporates an op amp along with resigtors
andR, while the noninverting input is grounded. Recall from Section 8.1 that if the op amp gain
is infinite, then a finite output swing translatesitg,; — V;,» — 0; i.e., nodeX bears a zero
potential even though it inot shorted to ground. For this reason, nadles called a “virtual
ground.” Under this condition, the entire input voltage appears adtgsproducing a current

of Vi, / R2, which must then flow througR; if the op amp input draws no current [Fig. 8.7(b)].
Since the left terminal ol?; remains at zero and the right terminalat,;,

Yin
Rl Rz Rl
AMA AMA
Yy Yy
R> % R> %
+ —o VOUt + —o VOUI
Vin Vin L
B = Virtual
Ground

(@) (b)

R1
()

Figure 8.7 (a) Inverting amplifier, (b) currents flowing in resistors, (c) analogy with a seesaw.

0— Vout I/;n
_ = 8.15
Ry R, ( )

yielding

= (8.16)




Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 381 (1)

Sec. 8.2 Op-Amp-Based Circuits

Due to the negative gain, the circuit is called the “inverting amplifier.” As with its noninverting
counterpart, the gain of this circuit is given by tta¢io of the two resistors, thereby experiencing
only small variations with temperature and process.

It is important to understand the role of the virtual ground in this circuit. If the inverting input
of the op amp were not near zero potential, then neithef R, norV,,,;/R, would accurately
represent the currents flowing throu@h and R;, respectively. This behavior is similar to a
seesaw [Fig. 8.7(c)], where the point between the two arms is “pinned” (e.g., does not move),
allowing displacement of poind to be “amplified” (and “inverted”) at poinB.

The above development also reveals why the virtual ground canrsitdyéedto the actual
ground. Such a short in Fig. 8.7(b) would force to ground all of the current flowing thrBugh
yieldingV,,; = 0. Itis interesting to note that the inverting amplifier can also be drawn as shown
in Fig. 8.8, displaying a similarity with the noninverting circuit but with the input applied at a

different point.
Ll
:D_“_o Vout

A
Yy

R, = FRu

+
Vin

Figure 8.8 Inverting amplifier.

In contrast to the noninverting amplifier, the topology of Fig. 8.7(a) exhibits an input
impedance equal t®,—as can be seen from the input curréeli, /R», in Fig. 8.7(b). That
is, a lowerR; results in a greater gain but a smaller input impedance. This trade-off sometimes
makes this amplifier less attractive than its noninverting counterpart.

Let us now compute the closed-loop gain of the inverting amplifier with a finite op amp gain.
We note from Fig. 8.7(a) that the currents flowing throdigrandR; are given by(V;,,—Vx)/Rs
and(Vx — V,ut)/ Ry, respectively. Moreover,

Vouwr = AO(I/;'nl - I/;nQ) (817)
— _AgVx. (8.18)

Equating the currents throud®, andR; and substituting-V,,: /Ao for Vx, we obtain

Vout _ 1
7 __i+@(i+1) (8.19)
Ao R1 AO
1
_E+i(1+@)' (8.20)
R1 Ao R1
FactoringR,/R; from the denominator and assumifig+ R; /R»)/Ao < 1, we have
Vout Rl 1 R1
~— 11— —(1+—]]. 8.21
Vi R, { Ap ( * Rz)] (68:21)

As expected, a higher closed-loop gain £ R, / R>) is accompanied with a greater gain error.
Note that the gain error expression is the same for noninverting and inverting amplifiers.

381
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8. ——
Design the inverting amplifier of Fig. 8.7(a) for a nominal gain of 4, a gain errori§t, and an

input impedance of at least 10k

| Solution |

Since both the nominal gain and the gain error are given, we must first determine the minimum
op amp gain. We have

Uy 8.22
7 (8.22)
1 R,
—(1+2) =0.1%. 8.23
1 ( - R2> % (8.23)
Thus,
Ay = 5000. (8.24)

Since the input impedance is approximately equdtipwe choose:

Ry = 10kQ (8.25)
Ry =40 kQ. (8.26)

Exercise
Repeat the above example for a gain error of 1% and compare the results.

In the above example, we assumed the input impedance is approximately edgaHow
accurate is this assumption? Withy, = 5000, the virtual ground experiences a voltage of
—Vout /5000 &~ —4V;, /5000, yielding an input current ofV;,, + 4V;,,/5000)/R;. That is, our
assumption leads to an error of ab6ii8 %—an acceptable value in most applications.

8.2.3 Integrator and Differentiator

Our study of the inverting topology in previous sections has assumed a resistive network around
the op amp. In general, it is possible to employ complex impedances instead (Fig. 8.9). In analogy

with (8.16), we can write
Z3
+ .L:D_‘ —o Vout
in

(8.27)
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where the gain of the op amp is assumed largg, Ibr Z, is a capacitor, two interesting functions
result.

Integrator  Suppose in Fig. 8.9, is a capacitor and, a resistor (Fig. 8.10). That i%}; =
(C1s)~! andZy = R;. With an ideal op amp, we have

Cy
I
R1
+ .L:D_“_O Vout
YO
Figure 8.10 Integrator.
1
Vout 0—18
= ——= 8.28
1
= 8.29
RlCls ( )

Providing a pole at the origifithe circuit operates as an integrator (and a low-pass filter). Figure
8.11 plots the magnitude df,.;/V;,, as a function of frequency. This can also be seen in the
time domain. Equating the currents flowing throughandC; gives

Vout
Vi

n

Figure 8.11 Frequency response of integrator.

I/;n _ dVout
R C1 7 (8.30)
and hence
1
Vou = - V;ndt 8.31
= / (8.31)

Equation (8.29) indicates thaf,,../V;, approaches infinity as the input frequency goes to
zero. This is to be expected: the capacitor impedance becomes very large at low frequencies,
approaching an open circuit and reducing the circuit to the open-loop op amp.

As mentioned at the beginning of the chapter, integrators originally appeared in analog com-
puters to simulate differential equations. Today, electronic integrators find usage in analog filters,
control systems, and many other applications.

mm 8.5 pe————————
ot the output waveform of the circuit shown in Fig. 8.12(a). Assume a zero initial condition
acros<”; and an ideal op amp.

4Pole frequencies are obtained by setting the denominator of the transfer function to zero.
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Vi
Vin
0 -_—
: T
Vi
f:ll ler Ry
LA
2 Ri x 0— —
v qu t o
0 - ou Py
T ﬁ = Vout x _ ViTyp
R - = R.{C
1 " R.C, 1¢1
0 t
(@) ()

Figure 8.12 (a) Integrator with pulse input, (b) input and output waveforms.

When the input jumps from 0 tB;, a constant current equal ¥§/ R, begins to flow through the
resistor and hence the capacitor, forcing the right plate voltagg @b fall linearly with time
while its left plate is pinned at zero [Fig. 8.12(b)]:

1

out — — zndt 8.32

Vo RICI/V (8.32)
Vi

= t t<Tp. 8.33

RO 0<t<T, (8.33)

(Note that the output waveform becomes “sharperRas’; decreases.) WheW;,, returns to
zero, so do the currents through andC,. Thus, the voltage across the capacitor and hence
Vout remain equal te-V1 T,/ (R1 C1) (proportional to the area under the input pulse) thereafter.

Exercise
Repeat the above exampldif is negative.

The above example demonstrates the role of the virtual ground in the integrator. The ideal
integration expressed by (8.32) occurs because the left plateiefpinned at zero. To gain more
insight, let us compare the integrator with a first-order RC filter in terms of their step response.
As illustrated in Fig. 8.13, the integrator forces@nstanturrent (equal td/; / R;) through the
capacitor. On the other hand, the RC filter creates a current eq@#],t6- V,..)/ R, which
decreasesisV,,; rises, leading to an increasingly slower voltage variation adtgs®Ve may
therefore consider the RC filter as a “passive” approximation of the integrator. In fact, for a large
R, C1 product, the exponential response of Fig. 8.13(b) becomes slow enough to be approximated
as a ramp.

We now examine the performance of the integratordgr< co. Denoting the potential of the
virtual ground node in Fig. 8.10 withx, we have

‘/in - VX VX - Vout
= 8.34
T ; (8.34)

018
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Figure 8.13 Comparison of integrator with and RC circuit.

and
_ Vout
Vx = Y (8.35)
Thus,
‘I//"“t . _11 , (8.36)
in _ 1 _
Ao +( + AO)RlCls

revealing that the gain at= 0 is limited to A, (rather than infinity) and the pole frequency has
moved from zero to

-1

- .37
"= Ay + VRO, (8.37)

Such a circuit is sometimes called a “lossy” integrator to emphasize the nonideal gain and pole
position.

ecall Trom basic circuit theory that the RC filter shown in Fig. 8.14 contains a pole at
—1/(RxCx). DetermineRx andCx such that this circuit exhibits the same pole as that of
the above integrator.

Figure 8.14 Simple low-pass filter.

From (8.37),
Rx(Cx = (Ag + 1)R101. (8.38)
The choice ofRx andCx is arbitrary so long as their product satisfies (8.38). An interesting
choice is
Rx =Ry (8.39)
Cx = (4o +1)C. (8.40)

Itis as if the op amp “boosts” the value 6f by a factor of4, + 1.
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Exercise
What value ofR x is necessary i€ x = C1?

Differentiator  If in the general topology of Fig. 8.%; is a resistor and» a capacitor (Fig.

8.15), we have R1
AMA
C]_ vy
X
N I—:EDq—O Vout
Vo)
Figure 8.15 Differentiator.
Vout Rl
= —— 8.41
v T (8.41)
018
= —RlCls. (842)

Exhibiting a zero at the origin, the circuit acts as a differentiator (and a high-pass filter). Figure
8.16 plots the magnitude &f,,; /V;,, as a function of frequency. From a time-domain perspec-
tive, we can equate the currents flowing throdghand R, :

d‘/zn Vout
— A4
Cl dt R1 ’ (8 3)
arriving at
dVin
Vout = —R1C4 i (8.44)

mm O ———
ot the output waveform of the circuit shown in Fig. 8.17(a) assuming an ideal op amp.

Att =0,V = 0andV,, = 0 (why?). WhenV;,, jumps toV;, animpulseof current flows
throughC} because the op amp maintairig constant:
dVin

Iin = C;—2 4
o (8.45)



BR

Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 387 (1)

Sec. 8.2 Op-Amp-Based Circuits

Vi
Vin I |
O
H Tb
lca
Ry
AA
Vl Cl X Yyy
Vipo— =4
0 —o VOUI
Tb Iin —
0 T
(@) (b)
Figure 8.17 (a) Differentiator with pulse input, (b) input and output waveforms.
= C1V10(t). (8.46)
The current flows througR, , generating an output given by
Vout - _Iian (847)
= —RiC1V16(1). (8.48)

Figure 8.17(b) depicts the result. At= T}, V;,, returns to zero, again creating an impulse of
currentinCy:

dVin
In = 20 4
ol (8.49)
It follows that
Vout = _Iian (851)
= RiC1 Vi 5(1). (8.52)

We can therefore say that the circuit generates an impulse of citr€nt; 6(¢)] and “amplifies”
it by R; to produceV,,;. In reality, of course, the output exhibits neither an infinite height
(limited by the supply voltage) nor a zero width (limited by the op amp nonidealities).

Exercise
Plot the output ifi; is negative.

It is instructive to compare the operation of the differentiator with that of its “passive” coun-
terpart (Fig. 8.18). In the ideal differentiator, the virtual ground node permits the input to change
the voltage across; instantaneously. In the RC filter, on the other hand, n&de not “pinned,”
thereby following the input changeiat 0 and limiting the initial currentin the circuit to; / R; .

387
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If the decay time constank, (', is sufficiently small, the passive circuit can be viewed as an
approximation of the ideal differentiator.
R1

AM
2] Wy

V. V.
|_ C1 o 1 |— Ci 1
0 e I_‘_‘L:D_“_° out 0 Vine— Vout k
lin — —\I; Ry
(b)

@)

Figure 8.18 Comparison of differentiator and RC circuit.

Let us now study the differentiator with a finite op amp gain. Equating the capacitor and
resistor currents in Fig. 8.15 gives

I/;'n - VX VX - Vout

T = 7 (8.53)
018
Substituting—V,,.: /Ao for Vx, we have
Vout o —R,Cys
v = 1+L+RICIS' (8.54)
A Ao
In contrast to the ideal differentiator, the circuit contains a pole at
Apg+1
= - . 8.55
T T RO (8.35)

mﬂ 8.8
etermine the transfer function of the high-pass filter shown in Fig. 8.19 and clitpsnd
C'x such that the pole of this circuit coincides with (8.55).
Cx
Vino—] Vout
Rx
Figure 8.19 Simple high-pass filter.
Solution

The capacitor and resistor operate as a voltage divider:

Vout _ RX

- (8.56)

R
X+CXS

RXch

= RxCxsil (8.57)
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The circuit therefore exhibits a zero at the origin=£ 0) and a pole at-1/(RxCx). For this
pole to be equal to (8.55), we require

1 Ag +1
= . 8.58
RxCx R Cy ( )
One choice ofRx andCx is
Rx = A r 1 (8.59)
Cx = (Cj, (8.60)

Exercise
What is the necessary value@fk if Rx = R;?

An important drawback of differentiators stems from the amplification of high-frequency
noise As suggested by (8.42) and Fig. 8.16, the increasingly larger gain of the circuit at high
frequencies tends to boost noise in the circuit.

The general topology of Fig. 8.9 and its integrator and differentiator descendants operate as
inverting circuits. The reader may wonder if it is possible to employ a configuration similar to
the noninverting amplifier of Fig. 8.5 to avoid the sign reversal. Shown in Fig. 8.20, such a circuit
provides the following transfer function

+
+ >_"_° Vout
Vin
L +—T1—
= 7,

Figure 8.20 Op amp with general network.

Lout Zl
=14 — 8.61
Vi Zy (8.61)

if the op amp is ideal. Unfortunately, this function does not translate to ideal integration or dif-
ferentiation. For example]; = R, andZ» = 1/(Css) yield a nonideal differentiator (why?).

8.2.4 Voltage Adder

The need for adding voltages arises in many applications. In audio recording, for example, a
number of microphones may convert the sounds of various musical instruments to voltages, and
these voltages must then be added to create the overall musical piece. This operation is called
“mixing” in the audio industry. For example, in“noise cancelling” headphones, the environmen-

5The term “mixing” bears a completely different meaning in the RF and wireless industry.
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tal noise is applied to an inverting amplifier and subsequently added to the signal so as to cancel
itself.

Figure 8.21 depicts a voltage adder (“summer”) incorporating an op amp. With an ideal op
amp,Vx = 0, andR; and R, carry currents proportional t&; andVs, respectively. The two
currentsaddat the virtual ground node and flow throug-:

RE
R1 W

Figure 8.21 \oltage adder.

E E _ _Vout

= . 8.62
R, + R> Rp ( )
That s,
i W

= — L2, 8.63
Vo = ~Re (o + 1) 863)

For example, ifR; = R> = R, then

—-R

Vour = —=(V; + Va). (8.64)

R

This circuit can therefore add and amplify voltages. Extension to more than two voltages is
straightforward.

Equation (8.63) indicates th&} andV; can be added with differemteightings Rr /R, and
Rr/R,, respectively. This property also proves useful in many applications. For example, in
audio recording it may be necessary to lower the “volume” of one musical instrument for part of
the piece, a task possible by varyiRg andR;.

The behavior of the circuit in the presence of a finite op amp gain is studied in Problem 31.

8.3 Nonlinear Functions

It is possible to implement useful nonlinear functions through the use of op amps and nonlinear
devices such as transistors. The virtual ground property plays an essential role here as well.

8.3.1 Precision Rectifier

The rectifier circuits described in Chapter 3 suffer from a “dead zone” due to the finite voltage
required to turn on the diodes. That is, if the input signal amplitude is less than approximately
0.7V, the diodes remain off and the output voltage remains at zero. This drawback prohibits the
use of the circuit in high-precision applications, e.g., if a small signal received by a cellphone
must be rectified to determine its amplitude.

It is possible to place a diode around an op amp to form a “precision rectifier,” i.e., a circuit
that rectifies even very small signals. Let us begin with a unity-gain buffer tied to a resistive load
[Fig. 8.22(a)]. We note that the high gain of the op amp ensures thatXiddecksV;,, (for both
positive and negative cycles). Now suppose we wish to holdt zero during negative cycles,

i.e., “break” the connection between the output of the op amp and its inverting input. This can be
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accomplished as depicted in Fig. 8.22(b), whBreis inserted in the feedback loop. Note that

Vout 1S sensed ak rather than at the output of the op amp.

(a) (b)

Figure 8.22 (a) Simple op amp circuit, (b) precision rectifier, (c) circuit waveforms.

To analyze the operation of this circuit, let us first assume that= 0. In its attempt to

minimize the voltage difference between the noninverting and the inverting inputs, the op amp

raisesVy to approximatelyp .., turning D, barely on but with little current so thaty ~ 0.
Now if V;,, becomes slightly positivey rises further so that the current flowing throubh

andR; yieldsV,,; ~ V;,. Thatis, even small positive levels at the input appear at the output.

What happens i¥;,, becomes slightly negative? Fgy,,; to assume a negative value,; must

carry a current fromX to Y, which is not possible. Thu#), turns off and the op amp produces
a very large negative output (near the negative supply rail) because its noninverting input falls
below its inverting input. Figure 8.22(c) plots the circuit’'s waveforms in response to an input

sinusoid.

!ma 8.9
ot the waveforms in the circuit of Fig. 8.23(a) in response mput sinusoid.
in

= Vy ‘ ‘ ‘ | >
_VD,On - cTT B t

@ (b)

Figure 8.23 (a) Inverting precision rectifier, (b) circuit waveforms.

ForV;, = 0, the op amp creatds, ~ —Vp ,,, SO thatD, is barely on,R, carries little current,
andX is a virtual ground. Ad/;,, becomes positive, thus raising the current throRghVy only
slightly decreases to allo®; to carry the higher current. That i8x ~ 0 andVy =~ —Vp on
for positive input cycles.

ForV;, < 0, Dy turns off (why?), leading té’x = V;,, and drivingVy to a very positive
value. Figure 8.23(b) shows the resulting waveforms.
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Exercise
Repeat the above example for a triangular input that goes 2 to +2 V.

The large swings at the output of the op amp in Figs. 8.22(b) and 8.23(a) lower the speed of
the circuit as the op amp must “recover” from a saturated value before it ca®{uom again.
Additional techniques can resolve this issue (Problem 39).

8.3.2 Logarithmic Amplifier

Consider the circuit of Fig. 8.24, where a bipolar transistor is placed around the op amp. With an
ideal op ampR; carries a current equal 1g,,/R; and so doe§); . Thus,

Vi
Ry
Ri o [ Q1
V,
+ out
Vin (). <
Figure 8.24 Logarithmic amplifier.
‘/;n/Rl
VBE = VT In ——. (8.65)
Is
Also, V,.; = —Vgg and hence
Vin
Vou =-Vrl . 8.66
t T 1 Rils ( )

The output is therefore proportional to the natural logarithriv;pf As with previous linear and
nonlinear circuits, the virtual ground plays an essential role here as it guarantees the current
flowing through@) is xactly proportional td/;,, .

Logarithmic amplifiers (“logamps”) prove useful in applications where the input signal level
may vary by a large factor. It may be desirable in such cases to amplify weak signals and attenuate
(“compress”) strong signals; hence a logarithmic dependence.

The negative sign in (8.66) is to be expected’jf rises, so do the currents flowing through
R, and @, requiring anincreasein Vgg. Since the base is at zero, the emitter voltage must
fall belowzero to provide a greater collector current. Note thatoperates in the active region
because both the base and the collector remain at zero. The effect of finite op amp gain is studied
in Problem 41.

The reader may wonder what happeng;jf becomes negative. Equation (8.66) predicts that
V,ut 1S not defined. In the actual circuif); cannot carry a “negative” current, the loop around
the op amp is broken, arld,,; approaches the negative supply rail. It is therefore necessary to
ensurel;,, remains positive.

8.3.3 Square-Root Amplifier

Recognizing that the logarithmic amplifier of Fig. 8.24 in fact implementgthersefunction of
the exponential characteristic, we surmise that replacing the bipolar transistor with a MOSFET
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leads to a “square-root” amplifier. lllustrated in Fig. 8.25, such a circuit requiredfthatrry a
current equal td;,, /Ry

Figure 8.25 Square-root circuit.

Vin 1 w >
- — aHnCor - . .67
R, =2t Coa (Vas — Vrr) (8.67)
(Channel-length modulation is neglected here.) Singe = —V,us,
2V

Vout = — —Vru. (868)

w
Hn Cow f Rl

If Vi, is near zero, theiv,,; remains at-Vg, placingM; at the edge of conduction. Ag,,
becomes more positiv®},,; falls to allow M, to carry a greater current. With its gate and drain
at zero,M, operates in saturation.

8.4 Op Amp Nonidealities

Our study in previous sections has dealt with a relatively idealized op amp model—except for
the finite gain—so as to establish insight. In practice, however, op amps suffer from other imper-
fections that may affect the performance significantly. In this section, we deal with such nonide-
alities.

8.4.1 DC Offsets

The op amp characteristics shown in Fig. 8.2 imply tHat; = 0 if V.1 = Vi,e. In reality,

a zero input difference may not give a zero output difference! Illustrated in Fig. 8.26(a), the
characteristic is “offset” to the right or to the left; i.e., figg,; = 0, the input difference must be
raised to a certain valu&,, called the input “offset voltage.”

/ &

| e ol

f -~ i': >
Vin1 ™ Vin1 —~|< Vout

(b) (c)

Figure 8.26 (a) Offsetin an op amp, (b) mismatch between input devices, (c) representation of offset.

Vout

]

What causes offset? The internal circuit of the op amp experiences random asymmetries
(“mismatches”) during fabrication and packaging. For example, as conceptually shown in Fig.
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8.26(b), the bipolar transistors sensing the two inputs may display slightly different base-emitter
voltages. The same effect occurs for MOSFETs. We model the offset by a single voltage source
placed in series with one of the inputs [Fig. 8.26(c)]. Since offsets are random and hence can be
positive or negativel/,; can appear at either input with arbitrary polarity.

Why are DC offsets important? Let us reexamine some of the circuit topologies studied in
Section 8.2 in the presence of op amp offsets. Depicted in Fig. 8.27, the noninverting amplifier
now sees a total input daf;,, + V5, thereby generating

VOS +
Vin y
out
=R,
=R,
Figure 8.27 Offset in noninverting amplifier.
Ry
Vout = <]- + R_> (‘/;n + Vos)- (869)

2

In other words, the circuiamplifiesthe offset as well as the signal, thus incurring accuracy
limitations$

!a!i;ma 8.10

truck weighing station employs an electronic pressure meter whose output is amplified by the
circuit of Fig. 8.27. If the pressure meter generates 20 mV for every 100 kg of load and if the op
amp offset is 2 mV, what is the accuracy of the weighing station?

An offset of 2 mV corresponds to a load of 10 kg. We therefore say the station has an error of
+10 kg in its measurements.

Exercise
What offset voltage is required for an accuracytdfkg?

DC offsets may also cause “saturation” in amplifiers. The following example illustrates this
point.

!iﬁima 8.11

n electrical engineering student constructs the circuit shown in Fig. 8.28 to amplify the signal
produced by a microphone. The targeted gaildisso that very low level sounds (i.e., microvolt
signals) can be detected. Explain what happens if op Amgxhibits an offset of 2 mV.

From Fig. 8.27, we recognize that the first stage amplifies the offset by a factor of 100, generating
a dc level of 200 mV at nod& (if the microphone produces a zero dc output). The second stage

6The reader can show that placiigs in series with the inverting input of the op amp yields the same result.
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Aq Ao

VOUI

AA

=10k Q

L]
AA

=10k Q

100 Q

AMA
W=
AA

=100 Q

Figure 8.28 Two-stage amplifier.

now amplifiesVx by another factor of 100, thereby attempting to genevaie = 20 V. If A,
operates with a supply voltage of, say, 3 V, the output cannot exceed this value, the second op
amp drives its transistors into saturation (for bipolar devices) or triode region (for MOSFETS),
and its gain falls to a small value. We say the second stage is saturated. (The problem of offset
amplification in cascaded stages can be resolved through ac coupling.)

Exercise
Repeat the above example if the second stage has a voltage gain of 10.

DC offsets impact the inverting amplifier of Fig. 8.7(a) in a similar manner. This is studied in
Problem 49.

We now examine the effect of offset on the integrator of Fig. 8.10. Suppose the input is set to
zero andV,, is referred to the noninverting input [Fig. 8.29(a)]. What happens at the output? Re-
call from Fig. 8.20 and Eq. (8.61) that the response to this “input” consists of the input itself [the
unity term in (8.61)] and the integral of the input [the second term in (8.61)]. We can therefore
express/,,; in the time domain as

1 t
Vout = Vs + —— Vysdt 8.70
t *maﬂ (8.70)
Vos
—V,, t 8.71
o (8.71)

where the initial condition acrogs; is assumed zero. In other words, the circuit integrates the
op amp offset, generating an output that tends o or —oo depending on the sign df,;. Of
course, a¥,,; approaches the positive or negative supply voltages, the transistors in the op amp
fail to provide gain and the output saturates [Fig. 8.29(b)].

The problem of offsets proves quite serious in integrators. Even in the presence of an input sig-
nal, the circuit of Fig. 8.29(a) integrates the offset and reaches saturation. Figure 8.29(c) depicts a
modification, where resista, is placed in parallel witlC; . Now the effect ot/ ; at the output
is given by (8.9) because the circuits of Figs. 8.5 and 8.29(c) are similar at low frequencies:

Vout - Vos (1 + &> . (872)
Ry

For example, if,s = 2 mV andR, /R, = 100, thenV,,,; contains a dc error of 202 mV, but at
least remains away from saturation..

395
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R
J:_ —o Vout

+ Vee t=
VOS
(@) (b)
R
We R>
Yy AAA
(o} g‘
ll—l I—ll 1

T v f
= —0 Vout N o Vout
v
+ — -
g -

(© (d)

Figure 8.29 (a) Offset in integrator, (b) output waveform, (c) addition/f to reduce effect of offset, (d)
determination of transfer function.

How doesR, affect the integration function? Disregardiiig, viewing the circuit as shown
in Fig. 8.29(d), and using (8.27), we have

Vout __& 1
Vi - Ry R26’13+1'

(8.73)
Thus, the circuit now contains a pole-al /(R»C ) rather than at the origin. If the input signal
frequencies of interest lie well above this value, tlig; s > 1 and

Vout _ 1
V;' o R1018.

(8.74)

That is, the integration function holds for input frequencies much higherih@R.C,). Thus,
R, /R, must be sufficiently small so as to minimize the amplified offset given by (8.72) whereas
R,C, must be sufficiently large so as to negligibly impact the signal frequencies of interest.

8.4.2 Input Bias Current

Op amps implemented in bipolar technology draw a base current from each input. While rela-
tively small (& 0.1-1 pA), the input bias currents may create inaccuracies in some circuits. As
shown in Fig. 8.30, each bias currentis modeled by a current source tied between the correspond-
ing input and ground. Nominallyz; = Igs.

Let us study the effect of the input currents on the noninverting amplifier. As depicted in Fig.
8.31(a),Ip1 has no effect on the circuit because it flows through a voltage source. The current
I, on the other hand, flows throudh andR;, introducing an error. Using superposition and
settingV;,, to zero, we arrive at the circuit in Fig. 8.31(b), which can be transformed to that in
Fig. 8.31(c) ifIg» and R, are replaced with their Thevenin equivalent. Interestingly, the circuit
now resembles the inverting amplifier of Fig. 8.7(a), thereby yielding
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Vint © +
Ving o—¢ - +
Vout
I1 Y /g2 -

Figure 8.30 Input bias currents.

(©
Figure 8.31 (a) Effect of input bias currents on noninverting amplifier, (b) simplified circuit, (c) Thevenin
equivalent.
R
Vout = —Ralp2 <——1> (8.75)
R,
= RiIps (8.76)

if the op amp gain is infinite. This expression suggests ipatflows only throughR;, an ex-
pected result because the virtual groundan Fig. 8.31(b) forces a zero voltage acrdssand
hence a zero current through it.

The error due to the input bias current appears similar to the DC offset effects illustrated in
Fig. 8.27, corrupting the output. However, unlike DC offsets, this phenomenwot rendom;
for a given bias current in the bipolar transistors used in the op amp, the base currents drawn
from the inverting and noninverting inputs remain approximately equal. We may therefore seek
a method of canceling this error. For example, we can insert a corrective voltage in series with
the noninverting input so as to drivé,; to zero (Fig. 8.32). Sinc¥,,,.. “sees” a noninverting
amplifier, we have

Vout = Veorr (1 + %) +IpaRy. (8.77)
2

ForV,.. =0,

Veorr = _IBZ(R1||R2)- (878)
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Figure 8.32 Addition of voltage source to correct for input bias currents.

mm 8. ]
ipolar op amp employs a collector current of 1 mA in each of the input devicgs=f100
and the circuit of Fig. 8.32 incorporatés, = 1 k2, R; = 10 k2, determine the output error
and the required value 6f.,,.,..

We havelp = 10 A and hence
Vour = 0.1 mV. (8.79)
Thus,V.,,, iS chosen as

Veorr = —9.1 V. (8.80)

Exercise
Determine the correction voltagef= 200.

Equation (8.78) implies thdt..,,., depends ordg> and hence the current gain of transistors.
Since 8 varies with process and temperatuvg,,, cannot remain at éixed value and must
“track” 8. Fortunately, (8.78) also reveals tHat,,.,. can be obtained by passing a base current
through a resistor equal 18, || R, leading to the topology shown in Fig. 8.33. Here[jf; =
Ig>, thenV,,; = 0for V;, = 0. The reader is encouraged to take the finite gain of the op amp
into account and prove th&i,,; is still near zero.

R1 /
y B1
in 5
R VOUt
2 =R
Ig2 !
D
=R,

Figure 8.33 Correction for variation of beta.

From the drawing in Fig. 8.31(b), we observe that the input bias currents have an identical
effect on the inverting amplifier. Thus, the correction technique shown in Fig. 8.33 applies to this
circuit as well.
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In reality, asymmetries in the op amp’s internal circuitry introduce a slight (random) mismatch
between/p, andig,. Problem 53 studies the effect of this mismatch on the output in Fig. 8.33.

We now consider the effect of the input bias currents on the performance of integrators. II-
lustrated in Fig. 8.34(a) witly;,, = 0 andIg; omitted (why?), the circuit forcesg, to flow
throughC; becauseR; sustains a zero voltage drop. In fact, the Thevenin equivaleR{ @ind

I1, [Fig. 8.34(b)] yields
Cq Cy
| |

R1 Ry
AL L
= —lgpo R

IBZ -

(@ (b)

Figure 8.34 (a) Effect of input bias currents on integrator, (b) Thevenin equivalent.

1

out = — zndt 8.81
Vot = =g [V (8.81)
= I .82
g Im Bt (8.82)

Ips
= —=dt. 8.83
- (3.83)

(Of course, the flow off g, throughC'; leads to the same result.) In other words, the circuit
integrates the input bias current, thereby forciig; to eventually saturate near the positive or
negative supply rails.

Can we apply the correction technique of Fig. 8.33 to the integrator? The model in Fig. 8.34(b)
suggests that a resistor equalRe placed in series with the noninverting input can cancel the
effect. The result is depicted in Fig. 8.35.

=0

R1
Vin o—AW—

° Vout

Ry

Figure 8.35 Correction for input currents in an integrator.

mﬂ 8.13
n electrical engineering student attempts the topology of Fig. 8.35 in the laboratory but ob-
serves that the output still saturates. Give three possible reasons for this effect.

Solution

First, the DC offset voltage of the op amp itself is still integrated (Section 8.4.1). Second, the two
input bias currents always suffer from a slight mismatch, thus causing incomplete cancellation.
Third, the two resistors in Fig. 8.35 also exhibit mismatches, creating an additional error.
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Exercise
Is resistorR; necessary if the internal circuitry of the op amp uses MOS devices?

The problem of input bias current mismatch requires a modification similar to that in Fig.
8.29(c). The mismatch current then flows throughrather than througty; (why?).

8.4.3 Speed Limitations

Finite Bandwidth  Our study of op amps has thus far assumed no speed limitations. In re-
ality, the internal capacitances of the op amp degrade the performance at high frequencies. For
example, as illustrated in Fig. 8.36, the gain begins to fall as the frequency of operation exceeds
f1. Inthis chapter, we provide a simple analysis of such effects, deferring a more detailed study
to Chapter 11.

[Av] 4
Ag

Figure 8.36 Frequency response of an op amp.

To represent the gain roll-off shown in Fig. 8.36, we must modify the op amp model offered
in Fig. 8.1. As a simple approximation, the internal circuitry of the op amp can be modeled by a
first-order (one-pole) system having the following transfer function:

Vout AO
o (5= | 8.84
Vint — Vin2 ) 1+ 2 (8.84)
w1

wherew; = 27 f;. Note that at frequencies well belaw, s/w; < 1 and the gain is equal to
Ap. At very high frequencies,/w; > 1, and the gain of the op amp fallstmity atw,, = Agw;.
This frequency is called the “unity-gain bandwidth” of the op amp. Using this model, we can
reexamine the performance of the circuits studied in the previous sections.

Consider the noninverting amplifier of Fig. 8.5. We utilize Eq. (8.11) but replaceith the
above transfer function:

Ao
” 1+
out w1
= . 8.85
A S (8.85)
+ + 3
Ri+Ry + =

w1
Multiplying the numerator and the denominator{y+ s/w, ) gives

ow A
I‘//.t(s): 0 . (8.86)
in 2 A0+1

- —
W1 R1+R2
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The system is still of first order and the pole of the closed-loop transfer function is given by

R
|wp,closed| = (1 + 7R1 -+-2R2 A[)) w1 . (887)

As depicted in Fig. 8.37, the bandwidth of the closed-loop circuit is substantially higher than that
of the op amp itself. This improvement, of course, accrues at the cost of a proportional reduction
in gain—fromAy to 1 + Ry A /(R1 + R2).

a4 Op Amp
Ag Frequency Response

Noninverting Amplifier

Ag Frequency Response
R>
(1+ 0)
Ri+R; 1 : : -
f1 fy f
R,
(1+ m Ao ) fl

Figure 8.37 Frequency response of (a) open-loop op amp and (b) closed-loop circuit.

!zﬁima 8.14
noninverting amplifier incorporates an op amp having an open-loop gain of 100 and band-

width of 1 MHz. If the circuit is designed for a closed-loop gain of 16, determine the resulting
bandwidth and time constant.

For a closed-loop gain of 16, we require that R, /R, = 16 and hence

Ry
closed| = | 1+ =——————A 8.88
|wp7 1 d| < + Rl +R2 0> w1 ( )
= 1+ A[) w1 (889)
Mo
Ry
= 27 x (635 MHz). (8.90)

Given by|w, ci0sea| ', the time constant of the circuit is equal to 2.51 ns.

Exercise
Repeat the above example if the op amp gain is 500.

The above analysis can be repeated for the inverting amplifier as well. The reader can prove
that the result is similar to (8.87).

The finite bandwidth of the op amp may considerably degrade the performance of integrators.
The analysis is beyond the scope of this book, but it is outlined in Problem 57 for the interested
reader.

401
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Another critical issue in the use of op ampsiability; if placed in the topologies seen above,
some op amps mayscillate Arising from the internal circuitry of the op amp, this phenomenon
often requires internal or externsfabilization also called “frequency compensation.” These
concepts are studied in Chapter 12.

Slew Rate In addition to bandwidth and stability problems, another interesting effect is ob-
served in op amps that relates to their response to large signals. Consider the noninverting con-
figuration shown in Fig. 8.38(a), where the closed-loop transfer function is given by (8.86). A
small step ofAV at the input thus results in an amplified output waveform having a time constant
equal tolw, ciosea| ! [Fig. 8.38(b)]. If the input step is raised 2\ 1/, each point on the output
waveform also rises by a factor of twWadn other words, doubling the input amplitude doubles
both the output amplitude and the outgidpe

i |

k Linear
'/_ Settling

t

CY (b) (©)
Figure 8.38 (@) Noninverting amplifier, (b) input and output waveforms in linear regime, (c) input and
output waveforms in slewing regime.

In reality, op amps do not exhibit the above behavior if the signal amplitudes are large. As
illustrated in Fig. 8.38(c), the output first rises witik@nstantslope (i.e., as a ramp) and eventu-
ally settles as in the linear case of Fig. 8.38(b). The ramp section of the waveform arises because,
with a large input step, the internal circuitry of the op amp reduces to a constant current source
charging a capacitor. We say the op amp “slews” during this time. The slope of the ramp is called
the “slew rate” (SR).

Slewing further limits the speed of op amps. While for small-signal steps, the output response
is determined by the closed-loop time constant, large-signal steps must face slewing prior to
linear settling. Figure 8.39 compares the response of a non-slewing circuit with that of a slewing
op amp, revealing the longer settling time in the latter case.

It is important to understand that slewing isxanlinearphenomenon. As suggested by the
waveforms in Fig. 8.38(c), the points on the ramp section do not follow linear scaling-ify,
then2z 4 2y). The nonlinearity can also be observed by applying a large-signal sine wave to
the circuit of Fig. 8.38(a) and gradually increasing the frequency (Fig. 8.40). At low frequencies,
the op amp output “tracks” the sine wave because the maximum slope of the sine wave remains
less than the op amp slew rate [Fig. 8.40(a)]. Writing(t) = Vp sinwt andV, .+ (t) = Vo(1 +
R, /Rs) sinwt, we observe that

"Recall that in a linear system,f(t) — y(t), then2z(t) — 2y(t).
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-~y

Without

Slewing \ K -
.
Vout \,\

™

N\ wi

-~ !
Slewing

t

Figure 8.39 Output settling speed with and without slewing.

< \J \

(@) (b)

J\/\f

Figure 8.40 (a) Simple noninverting amplifier, (b) input and output waveforms without slewing, (c) input
and output waveforms with slewing.

AVout Ry
— = 14+ — . 91
pm Vo< +R2>wcoswt (8.91)

The output therefore exhibits a maximum slop&gb(1 + R, /Rs) (at its zero crossing points),
and the op amp slew rate must exceed this value to avoid slewing.

What happens if the op amp slew rate is insufficient? The output then fails to follow the
sinusoidal shape while passing through zero, exhibiting the distorted behavior shown in Fig.
8.40(b). Note that the outptitacksthe input so long as the slope of the waveform does not
exceed the op amp slew rate, e.g., betwigeandi,.

';ﬁima 8.15

e Internal circuitry of an op amp can be simplified to a 1-mA current source charging a 5-pF
capacitor during large-signal operation. If an amplifier using this op amp produces a sinusoid
with a peak amplitude of 0.5 V, determine the maximum frequency of operation that avoids
slewing.

403
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The slew rate is given by/C = 0.2 V/ns. For an output given by,,; = V, sinwt, where
V, = 0.5V, the maximum slope is equal to

dVout

T|maw = pr. (892)

Equating this to the slew rate, we have
w = 2m(63.7 MHz). (8.93)

That is, for frequencies above 63.7 MHz, the zero crossings of the output experience slewing.

Exercise
Plot the output waveform if the input frequency is 200 MHz.

Equation (8.91) indicates that the onset of slewing depends on the closed-loog gain,
R, /R,. To define the maximum sinusoidal frequency that remains free from slewing, it is com-
mon to assume the worst case, namely, when the op amp produces its maximum allowable volt-
age swing without saturation. As exemplified by Fig. 8.41, the largest sinusoid permitted at the
output is given by

Vop —M8
/\ """" Vimax
"""" U Vimin
0
Figure 8.41 Maximum op amp output swings.
V — Vini V Vi
Vout — max mwn Sin wt + max + mwn (894)

2 )

whereV,,... andV,,;, denote the bounds on the output level without saturation. If the op amp
provides a slew rate of SR, then the maximum frequency of the above sinusoid can be obtained
by writing

dVout _
7|maz =SR (895)

and hence
B SR
WP = Vmaz - szn )
2

(8.96)

Called the “full-power bandwidthurp serves as a measure of the useful large-signal speed of
the op amp.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 405 (1)

Sec. 8.4 Op Amp Nonidealities 405

8.4.4 Finite Input and Output Impedances

Actual op amps do not provide an infinite input impeda@neea zero output impedance—the
latter often creating limitations in the design. We analyze the effect of this nonideality on one
circuit here.

Consider the inverting amplifier shown in Fig. 8.42(a), assuming the op amp suffers from
an output resistancd®, ;. How should the circuit be analyzed? We return to the model in Fig.
8.1 and placeR,,; in series with the output voltage source [Fig. 8.42(b)]. We must solve the
circuit in the presence aR,,;. Recognizing that the current flowing throudty.,; is equal to
(—Aovx — Vout)/Rout, We write a KVL fromu;,, t0 vy, throughR, andR; :

R1 R1

A AMA
Yy Yy

R2 X R> X Rout
e
Vin — Vin )

@)

Figure 8.42 (a) Inverting amplifier, (b) effect of finite output resistance of op amp.

- AO VX — Vout

Vin + (Rl + Rz) R
out

= Vout- (8.97)

To construct another equation fox, we view R, and R, as a voltage divider:

Ry
= 5 Wout — Vin in- 8.98
vx R ik (Vout — Vin) + v (8.98)
Substituting for x in (8.97) thus yields
Rout
Ag —

ot _ BB (8.99)

in 2 out A 4

+ Ry + Ap + 7

The additional terms- R+ / Ry in the numerator an®,.,: / R» in the denominator increase the
gain error of the circuit.

8.16
%engineering student purchases an op ampayite: 10,000 andR,,; = 1 © and
constructs the amplifier of Fig. 8.42(a) usiig = 50 Q@ and R, = 10 2. Unfortunately, the
circuit fails to provide large voltage swings at the output even thaldgh /R, and R,.:/R>
remain much less thad, in (8.99). Explain why.

For an output swing of, say, 2 V, the op amp may need to deliver a current as high as 4nA to
(why?). Many op amps can provide only a small output current even though their small-signal
output impedance is very low.

80p amps employing MOS transistors at their input exhibit a very high input impedance at low frequencies.
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Exercise
If the op amp can deliver a current of 5 mA, what valugfis acceptable for output voltages
as highas 1Vv?

8.5 Design Examples

Following our study of op amp applications in the previous sections, we now consider several
examples of the design procedure for op amp circuits. We begin with simple examples and grad-
ually proceed to more challenging problems.

SCUYEY 8.1 p——
Design an inverting amplifier with a nominal gain of 4, a gain erro0df%, and an input

impedance of at least 10k Determine the minimum op amp gain required here.

For an input impedance of 10X we choose the same value B in Fig. 8.7(a), arriving at
Ry = 40 k2 for a nominal gain of 4. Under these conditions, Eq. (8.21) demands that

1 Ry
— 1+ = 0.1 8.100
1 < + R2> < 0.1% ( )
and hence
Ag > 5000. (8.101)
Exercise

Repeat the above example for a nominal gain of 8 and compare the results.

mm 8.18
esign a noninverting amplifier for the following specifications: closed-loop gaif, gain
error = 1%, closed-loop bandwidte= 50 MHz. Determine the required open-loop gain and
bandwidth of the op amp. Assume the op amp has an input bias currentoh0.2

From Fig. 8.5 and Eqg. (8.9), we have

Ry
— =4 8.102
e (8.102)
The choice ofR; and R, themselves depends on the “driving capability” (output resistance) of
the op amp. For example, we may sel&t = 4 kQ2 and R, = 1 kQ2 and check the gain error
from (8.99) at the end. For a gain error of 1%,
1 Ry

o <1 + R—2> <1% (8.103)
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and hence
Ap > 500. (8.104)

Also, from (8.87), the open-loop bandwidth is given by

W > L&d (8.105)
1+ -2 4
R+ R» 0

Wy > — pclosed (8.106)

Ry |
1+ (1+=)14
+(+R2) 0

27(50 MHz)
> .

T (8.107)

Thus, the op amp must provide an open-loop bandwidth of at least 500 kHz.

Exercise
Repeat the above example for a gain errd%fand compare the results.

!gﬁima 8.19

esign an Integrator for a unity-gain frequency of 10 MHz and an input impedance 61.20 k

the op amp provides a slew rate of 0.1 V/ns, what is the largest peak-to-peak sinusoidal swing at
the input at 1 MHz that produces an output free from slewing?

From (8.29), we have

1
R101 (27‘(’ x 10 MHZ)

=1 (8.108)
and, withR; = 20 k2,

Cy = 0.796 pF. (8.109)

(In discrete design, such a small capacitor value may prove impractical.)
For an input given by,, = V), coswt,

-1V, .
Vout = RiC Ep sin wt, (8.110)
with a maximum slope of
dVout 1
— =—V,. 8.111
dt |maz Rlcl P ( )

Equating this result to 0.1 V/ns gives

V, =159 V. (8.112)
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In other words, the input peak-to-peak swing at 1 MHz must remain below 3.18 V for the output
to be free from slewing.

Exercise

How do the above results change if the op amp provides a slew rate of 0.5 V/ns?

8.6 Chapter Summary

Problems

1.

An op amp is a circuit that provides a high voltage gain and an output proportional to the
differencebetween two inputs.

Due to its high voltage gain, an op amp producing a moderate output swing requires only a
very small input difference.

The noninverting amplifier topology exhibits a nominal gain equal to one plus the ratio of
two resistors. The circuit also suffers from a gain error that is inversely proportional to the
gain of the op amp.

The inverting amplifier configuration provides a nominal gain equal to the ratio of two resis-
tors. Its gain error is the same as that of the noninverting configuration. With the noninverting
input of the op amp tied to ground, the inverting input also remains close to the ground po-
tential ans is thus called a “virtual ground.”

If the feedback resistor in an inverting configuration is replaced with a capacitor, the circuit
operates as an integrator. Integrator find wide application in analog filters and analog-to-
digital converters.

If the input resistor in an inverting configuration is replaced with a capacitor, the circuit acts
as a differentiator. Due to their higher noise, differentiators are less common than integrators.

An inverting configuration using multiple input resistors tied to the virtual ground node can
serve as a voltage adder.

Placing a diode around an op amp leads to a precision rectifier, i.e., a circuit that can rectify
very small input swings.

Placing a bipolar device around an op amp provides a logarithmic function.

Op amps suffer from various imperfections, including dc offsets and input bias currents.
These effects impact the performance of various circuits, most notably, integrators.

The speed of op amp circuits is limited by the bandwidth of the op amps. Also, for large
signals, the op amp suffers from a finite slew rate, distorting the output waveform.

Actual op amps exhibit “nonlinear” characteristics. For example, the voltage gain may be
equal to 1000 for-1V < V,,: < +1V,500forl V < |V,.| < 2V, and close to zero for
|Vout| >2V.

(a) Plot the input/output characteristic of this op amp.

(b) What is the largest input swing that the op amp can sense without producing “distortion”
(i.e., nonlinearity)?
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2. An op amp exhibits the following nonlinear characteristic:

Vout = atanh[ﬂ(le — I/;nQ)] (8113)

Sketch this characteristic and determine the small-signal gain of the op amp in the vicinity
of I/inl - I/;'nQ ~ 0.

3. A noninverting amplifier employs an op amp having a nominal gain of 2000 to achieve a
nominal closed-loop gain of 8. Determine the gain error.

4. A noninverting amplifier must provide a nominal gain of 4 with a gain errdr.b%. Com-
pute the minimum required op amp gain.

5. Looking at Equation (8.11), an adventurous student decides that it is possible to achieve a
zerogain error with a finited, if Ry/(R; + R-) is slightly adjusted from its nominal value.
(a) Suppose a nominal closed-loop gaimefis required. How should?, /(R; + R») be
chosen?

(b) With the value obtained in (a), determine the gain errakifdrops t00.6 Ay.

6. A noninverting amplifier incorporates an op amp having an input impedangg,oModel-
ing the op amp as shown in Fig. 8.43, determine the closed-loop gain and input impedance.

N i N °© Vout
Vi () F Rin () Ao (Ving = Vi)

Figure 8.43

What happens ifi; — 0o?

7. A noninverting amplifier employs an op amp with a finite output impedafigg;. Rep-
resenting the op amp as depicted in Fig. 8.44, compute the closed-loop gain and output

Rout

VOUt

_Vin2)

_AO (Vinl

Figure 8.44

impedance. What happensAfy — co?
8. In the noninverting amplifier shown in Fig. 8.45, resisity deviates from its nominal value

Vin1

out

in V’n2

A

VY
By

i

A
W
By
N

Figure 8.45

409
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by AR. Calculate the gain error of the circuitXR/ R, < 1.
9. The input/output characteristic of an op amp can be approximated by the piecewise-linear
behavior illustrated in Fig. 8.46, where the gain drops frégto 0.8 4y and eventually to

Vout “

-

-4mV -2mV Ag |

2mve MV v - Vi

Figure 8.46

zero agVi,1 — Vine| increases. Suppose this op amp is used in a noninverting amplifier with
a nominal gain of 5. Plot the closed-loop input/output characteristic of the circuit. (Note that

the closed-loop gain experiences much less variation; i.e., the closed-loop circuit is much
more linear.)

10. A truck weighing station incorporates a sensor whose resistance varies linearly with the
weight: Rs = Ro + oW . HereR, is a constant valuey a proportionality factor, antd” the
weight of each truck. Suppodes plays the role ofR, in the noninverting amplifier (Fig.
8.47). Also,V;,, = 1 V. Determine the gain of the system, defined as the chandg,in

Figure 8.47

divided by the change iii/.

11. Calculate the closed-loop gain of the noninverting amplifier shown in Fig. 8.48 i co.
Verify that the result reduces to expected valuds;if— 0 or Rz — 0.

+
+ _A 0 © Vout
Vin |
- =R,
= AA
Yy
B Rs
=R, =Ry

Figure 8.48

12. Aninverting amplifier must provide a nominal gain of 8 with a gain errdr.2%. Determine
the minimum required op amp gain.

13. The op amp used in an inverting amplifier exhibits a finite input impedaRgge,Modeling
the op amp as shown in Fig. 8.43, determine the closed-loop gain and input impedance.
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14. An inverting amplifier employs an op amp having an output impedandg,gf. Modeling
the op amp as depicted in Fig. 8.44, compute the closed-loop gain and output impedance.
15. Aninverting amplifier must provide an inputimpedance of approximately1amkd a nom-

inal gain of 4. If the op amp exhibits an open-loop gain of 1000 and an output impedance of
1 k2, determine the gain error.

16. An inverting amplifier is designed for a nominal gain of 8 and a gain errérld% using an
op amp that exhibits an output impedance of2 K the input impedance of the circuit must
be equal to approximately Xk calculate the required open-loop gain of the op amp.

17. AssumingA4, = oo, compute the closed-loop gain of the inverting amplifier shown in Fig.
8.49. Verify that the result reduces to expected valuég if+ 0 or Rz — 0.

R3 Ry

A o—\\A\

Yy Yy
R2 =
S
Vin

Figure 8.49

18. Determine the closed-loop gain of the circuit depicted in Fig. 8.5G)if= co.

Ry
AAA
Yy

<
35
+
By]
N
>~
L AAA AA} !
g

Figure 8.50

19. The integrator of Fig. 8.51 senses an input signal givei;hy= 1} sin wt. Determine the
Cy
1l

R1
b oV,
+ !;l!."> out
Vin J; .

output signal amplitude ifly = oc.
20. The integrator of Fig. 8.51 is used to amplify a sinusoidal input by a factor of 4, ¥ ~o
andR,C, = 10 ns, compute the frequency of the sinusoid.

21. The integrator of Fig. 8.51 must provide a pole at no higher than 1 Hz. If the valu@s of

andC, are limited to 10 K and 1 nF, respectively, determine the required gain of the op
amp.

Figure 8.51
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22. Consider the integrator shown in Fig. 8.51 and suppose the op amp is modeled as shown in
Fig. 8.43. Determine the transfer functidp,:/V;, and compare the location of the pole
with that given by Eq. (8.37).

23. The op amp used in the integrator of Fig. 8.51 exhibits a finite output impedance and is
modeled as depicted in Fig. 8.44. Compute the transfer fun&fjon/ Vi, and compare the
location of the pole with that given by Eg. (8.57).

24. The differentiator of Fig. 8.52 is used to amplify a sinusoidal input at a frequency of 1 MHz

R
AVAVAV
Cy

L
Vin

by a factor of 5. IfAy = oo, determine the value ak, C, .

25. We wish to design the differentiator of Fig. 8.52 for a pole frequency of 100 MHz. If the
values ofR; andC; cannot be lower than Ifkand 1 nF, respectively, compute the required
gain of the op amp.

26. Suppose the op amp in Fig. 8.52 exhibits a finite inputimpedance and is modeled as shown in
Fig. 8.43. Determine the transfer functidp,:/V;, and compare the result with Eq. (8.42).

27. The op amp used in the differentiator of Fig. 8.52 suffers from a finite output impedance and
is modeled as depicted in Fig. 8.44. Compute the transfer function and compare the result
with Eq. (8.42).

28. Calculate the transfer function of the circuit shown in Fig. 8.533f= co. What choice of
component values reducBs,,; / Vi, | to unity at all frequencies?

Figure 8.52

R>
AAA
Yy
Cy G,
— A
AVAVAV -
+ R 1 _'/_40 —o° VOUt

Figure 8.53

29. Repeat Problem 28 il < oo. Can the resistors and capacitors be chosen so as to reduce
|Vout /Vin| to approximately unity?
30. Consider the voltage adder shown in Fig. 8.54. Plgt; as a function of time ifi; =
Rr

AMA
R> Wy

V2 h > Vout
Ry

Vo sin wt andV, = V; sin(3wt). AssumeR; = Ry and 4y = oo.

Figure 8.54
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31. The op amp in Fig. 8.54 suffers from a finite gain. Calculdfg in terms ofV; andV5.

32. Due to a manufacturing error, a parasitic resistalRgehas appeared in the adder of Fig.
8.55. Calculatd/,,; in terms ofV; andV; for Ay = oo and Ay < oo. (Note thatRp can

RE
R2 MWy
Vie—MW—  X] IS
V, o—W—2 Ap —o Vout
Ry >
=Rp <

Figure 8.55

also represent the input impedance of the op amp.)

33. The voltage adder of Fig. 8.54 employs an op amp having a finite output impedayee,
Using the op amp model depicted in Fig. 8.44, compqtg in terms ofV; andVs.

34. Consider the voltage adder illustrated in Fig.F§F.56, whigpds a parasitic resistance and the
A,

R> Wy
V2 D —o Vout
Ry
Rp

Figure 8.56

op amp exhibits a finite input impedance. With the aid of the op amp model shown in Fig.
8.43, determind’,,,; in terms ofV; andVs.

35. Plot the current flowing througP), in the precision rectifier of Fig. 8.22(b) as a function of
time for a sinusoidal input.

36. Plot the current flowing througP; in the precision rectifier of Fig. 8.23(a) as a function of
time for a sinusoidal input.

37. Figure 8.57 shows a precision rectifier producing negative cycles.W®lpt/,,;, and the

Figure 8.57

current flowing throughD, as a function of time for a sinusoidal input.

38. Consider the precision rectifier depicted in Fig. 8.58, where a parasitic reRistbas ap-
peared in parallel wittD, . PlotVx andVy- as a function of time in response to a sinusoidal
input. Use a constant-voltage model for the diode.

39. We wish to improve the speed of the rectifier shown in Fig. 8.22(b) by connecting a diode
from nodeY” to ground. Explain how this can be accomplished.

40. Supposé/;,, in Fig. 8.24 varies from-1 V to +1 V. SketchV,,,; andVx as a function of
Vin ifthe op amp is ideal.
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Figure 8.58

41. Suppose the gain of the op amp in Fig. 8.24 is finite. Determine the input/output character-
istic of the circuit.

42. A student attempts to constructn@ninvertinglogarithmic amplifier as illustrated in Fig.
8.59. Describe the operation of this circuit.

Figure 8.59

43. Determine the small-signal voltage gain of the logarithmic amplifier depicted in Fig. 8.24 by
differentiating both sides of (8.66) with respectifg,. Plot the magnitude of the gain as a
function ofV;,, and explain why the circuit is said to provide a “compressive” characteristic.

44. The logarithmic amplifier of Fig. 8.24 must “map” an input range of 1 V to 10 V to an output
range of-1Vto —1.5 V.

(a) Determine the required valuesigf andR; .
(b) Calculate the small-signal voltage gain at the two ends of the range.

45, The circuit illustrated in Fig. 8.60 can be considered a “true” square-root amplifier. Deter-

Figure 8.60

mine V,,; in terms ofV},, and compute the small-signal gain by differentiating the result
with respect td/;,,.

46. CalculateV,,,; in terms ofl/;,, for the circuit shown in Fig. 8.61.

47. In the noninverting amplifier of Fig. 8.62, the op amp offset is represented by a voltage
source in series with the inverting input. Calcul&ig;.

48. Suppose each op amp in Fig. 8.28 suffers from an input offset of 3 mV. Determine the
maximum offset error if,,,; if each amplifier is designed for a gain of 10.
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Figure 8.61

Figure 8.62

49. For the inverting amplifier illustrated in Fig. 8.63, calculadfg,; if the op amp exhibits an

Ry
AAA

R
S
Vin

input offset ofV/, ;. AssumeAy = co.

50. The integrator of Fig. 8.29(c) must operate with frequencies as low as 1 kHz while providing
an output offset of less than 20 mV with an op amp offset of 3 mV. Determine the required
values ofR; andR, if C; < 100 pF.

51. Explain why dc offsets are not considered a serious issue in differentiators.

52. Explain the effect of op amp offset on the output of a logarithmic amplifier.

53. Suppose the input bias currents in Fig. 8.31 incur a small offset/gge.= Ig> + Al
CalculateV, ;.

54. Repeat Problem 53 for the circuit shown in Fig. 8.33. What is the maximum allowable value
of Ry ||R- if the output error due to this mismatch must remain below a certain vAlU&,

55. A noninverting amplifier must provide a bandwidth of 100 MHz with a nominal gain of 4.
Determine which one of the following op amp specifications are adequate:

(@) Ag = 1000, f; = 50 Hz.
(@) Ao = 500, fi = 1 MHz.

56. An inverting amplifier incorporates an op amp whose frequency response is given by Eq.

(8.84). Determine the transfer function of the closed-loop circuit and compute the bandwidth.

57. Figure 8.64 shows an integrator employing an op amp whose frequency response is given by

Figure 8.63

A(s) = AOS . (8.114)
1+ —
Wo
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Determine the transfer function of the overall integrator. Simplify the resuliyif >

1/(R1CY).
Ry
| > +—o Vot
+
Vin A (s)

Figure 8.64

58.

59.

60.

61.

62.

63.

A noninverting amplifier with a nominal gain of 4 senses a sinusoid having a peak amplitude
of 0.5 V. If the op amp provides a slew rate of 1 V/ns, what is the highest input frequency
for which no slewing occurs?

The unity-gain buffer of Fig. 8.3 must be designed to drive aQ00ad with a gain error of
0.5%. Determine the required op amp gain if the op amp has an output resistanc@of 1 k
Design Problems

Design a noninverting amplifier with a nominal gain of 4, a gain errdi.2%, and a total
resistance of 20R. Assume the op amp has a finite gain but is otherwise ideal.

Design the inverting amplifier of Fig. 8.7(a) for a nominal gain of 8 and a gain erii &f.
AssumeR,,,; = 100 €.

Design an integrator that attenuates input frequencies above 100 kHz and exhibits a pole at
100 Hz. Assume the largest available capacitor is 50 pF.

With a finite op amp gain, the step response of an integrator is a slow exponential rather than
an ideal ramp. Design an integrator whose step response approxif{aies at with an
error less than.1% for the rang® < V (t) < V5 (Fig. 8.65). Assumer = 10 V/us, Vo = 1

@S,.v" A 0

i |

Figure 8.65

64.

65.

66.

V, and the capacitor must remain below 20 pF.

A voltage adder must realize the following functidfi;,,; = a1 Vi +as Vs, wherea; = —0.5
andas = —1.5. Design the circuit if the worst-case errordn or a; must remain below
0.5% and the input impedance seenljyor V> must exceed 106k.

Design a logarithmic amplifier that “compresses” an input range.ofV 2 V] to an output
range of —0.5V —1V].

Can a logarithmic amplifier be designed to have a small-signal gain,{/dV;,) of 2 at

Vin = 1V and 0.2 atV;;, = 2 V? Assume the gain of the op amp is sufficiently high.
SPICE Problems
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67. Assuming an op amp gain of 1000 ahg = 10~'7 A for D, plot the input/output charac-
teristic of the precision rectifier shown in Fig. 8.66.
Vino—+

Vv,

out

1kQ

Figure 8.66

68. Repeat Problem 67 but assuming that the op amp suffers from an output resistan€k of 1 k

69. In the circuit of Fig. 8.67, each op amp provides a gain of 500. Apply a 10-MHz sinusoid at
the input and plot the output as a function of time. What is the error in the output amplitude
with respect to the input amplitude?

I 10 pF

1kQ 1
> 1k
+ + V.
Vi ; e

Figure 8.67

70. Using ac analysis in SPICE, plot the frequency response of the circuit depicted in Fig. 8.68.

10 pF
1kQ 1KO ——
+ + —O V
Vin L : ou

71. The arrangement shown in Fig. 8.69 incorporates an op amp to “linearize” a common-emitter
stage. Assumés o1 =5 x 10716 A, and3 = 100.

Figure 8.68

Vee=25V

500Q

Figure 8.69

(a) Explain why the small-signal gain of the circuit approacRed R, if the gain of the op
amp is very high. (HintVx =~ V;,.)

417
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(b) Plot the input/output characteristic of the circuitfor V < V;,, < 0.2 V and an op amp
gain of 100.

(c) SubtractV,,; = 5V;, (e.g., using a voltage-dependent voltage source) from the above
characteristic and determine the maximum error.



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 419 (1)

Cascode Stages and Current
Mirrors

Following our study of basic bipolar and MOS amplifiers in previous chapters, we deal with
two other important building blocks in this chapter. The “cascodgiige is a modified version

of common-emitter or common-source topologies and proves useful in high-performance circuit
design, and the “current mirror” is an interesting and versatile technique employed extensively in
integrated circuits. Our study includes both bipolar and MOS implementations of each building
block. Shown below is the outline of the chapter.

Cascode Stages Current Mirrors

® Cacode as Current Source |:> ® Bipolar Mirrors
® Cacode as Amplifier ® MOS Mirrors

9.1 Cascode Stage

9.1.1 Cascode as a Current Source

Recall from Chapters 5 and 7 that the use of current-source loads can markedly increase the
voltage gain of amplifiers. We also know that a single transistor can operate as a current source
but its output impedance is limited due to the Early effect (in bipolar devices) or channel-length
modulation (in MOSFETS).

How can we increase the output impedance of a transistor that acts as a current source? An
important observation made in Chapters 5 and 7 forms the foundation for our study here: emitter
or source degeneration “boosts” the impedance seen looking into the collector or drain, respec-

tively. For the circuits shown in Fig. 9.1, we have

{ Rout { Route
Vb Ql Vb ._I Ml
Re Rs

Figure 9.1 Output impedance of degenerated bipolar and MOS devices.

LCoined in the vacuum-tube era, the term “cascode” is believed to be an abbreviation of “cascaded triodes.”

419
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Rout1 = [1 + gm(REl|rz)]ro + Rel|r= 9.1)
= (14 gmro)(Re||rz) +ro (9.2)
Rouwz = (1 + gmRs)ro + Rs (9-3)
= (1+gmro)Rs +ro, (9.4)

observing thatRp or Rg can be increased to raise the output resistance. Unfortunately, how-
ever, the voltage drop across the degeneration resistor also increases proportionally, consuming
voltage headroom and ultimately limiting the voltage swings provided by the circuit using such

a current source. For example,ify sustains 300 mV an@); requires a minimum collector-
emitter voltage of 500 mV, then the degenerated current source “consumes” a headroom of 800
mV.

Bipolar Cascode In order to relax the trade-off between the output impedance and the volt-
age headroom, we can replace the degeneration resistor with a transistor. Depicted in Fig. 9.2(a)
for the bipolar version, the idea is to introduce a high small-signal resistaneg,{) in the

{ Rout ; Rout

Vb1 Q1 Y Q1
r'o2
Vb2 Q2 =
(@ (b)

Figure 9.2 (a) Cascode bipolar current source, (b) equivalent circuit.

emitter of(); while consuming a headrooimdependentf the current. In this cas€)- requires
a headroom of approximately 0.4 V to remain soft saturation. This configuration is called the
“cascode” stagé.To emphasize thaD, andQ- play distinctly different roles here, we call
the cascode transistor agd the degeneration transistor. Note that ~ I¢» if 3; > 1.

Let us compute the output impedance of the bipolar cascode of Fig. 9.2(a). Since the base-
emitter voltage of)- is constant, this transistor simply operates as a small-signal resistance equal
toro» [Fig. 9.2(b)]. In analogy with the resistively-degenerated counterpart in Fig. 9.1, we have

Rout = [1 + gmi(roz||rx1)lror + roz||rx1- (9.5)
Since typicallyg,1 (roz||r-1) > 1,

Rout = (14 gmiror1)(ro2||r=1) (9.6)

R gm1ro1(roz||rs1). (9.7)

Note, however, thato cannot generally be assumed much greater than

m% 91
1 and Q- in Fig. 9.2(a) are biased at a collector current of 1 mA, determine the output

resistance. Assumeé = 100 andV4 = 5 V for both transistors.

20r simply the “cascode.”
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Since@; and(@- are identical and biased at the same current level, Eq. (9.7) can be simplified
by noting thatg,,, = Ic/Vy,ro = Va/le, andr, = gV /I

Vaz BVr
ICl VAl [CQ ICI
Row ~ 201 1AL doz o1 9.8
BV To VBV 69
Ioo  Icn

1 Va  BVAVr
v LV BVaVr 9.9
Ien Vi Va+pVr (©9)

wherelc = Iy = Igo andVy = Va1 = Vao. At room temperaturd/r ~ 26 mV and hence
Rout ~ 328.9 k. (9.10)
By comparison, the output resistancef with no degeneration would be equalte, = 5 k{2;

i.e., “cascoding” has boostdg,,; by a factor of 66 here. Note that, andr,; are comparable
in this example.

Exercise
What Early voltage is required for an output resistance of 309 k

It is interesting to note that ifop» becomes much greater thap , thenR, ;1 approaches

Rout,mam N Imi1To1Tr1 (911)
~ Biror- (9.12)
This is the maximum output impedance provided by a bipolar cascode. After all, even with

ro2 = oo (Fig. 9.3) [orRE = oo in (9.1)],7,1 still appears from the emitter ¢f, to ac ground,
thereby limitingR,,; t0 Biro1.

{ Rout

" Q1

'
Ideal

Figure 9.3 Cascode topology using an ideal current source.

Suppose in Example 9.1, the Early voltage&fis equal to 50 V2 Compare the resulting output
impedance of the cascode with the upper bound given by Eq. (9.12).

3In integrated circuits, all bipolar transistors fabricated on the same wafer exhibit the same Early voltage. This
example applies to discrete implementations.
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Sinceg,,1 = (26 Q) 71, rr = 2.6 kQ, ro; = 5 kQ, andrps = 50 k), we have

Rout = gmiro1 (TOI ||7'771) (913)
~ 475 KQ. (9.14)

The upper bound is equal to 50Q kabout5% higher.

Exercise
Repeat the above example if the Early voltag€)efis 10 V.

mm 9.3

e wish to Increase the output resistance of the bipolar cascode of Fig. 9.2(a) by a factor of two
through the use of resistive degeneration in the emitt€p-ofDetermine the required value of

the degeneration resistor(; and(- are identical.

Solution
As illustrated in Fig. 9.4, we repla@@, and R with their equivalent resistance from (9.1):

Figure 9.4 .

Routa = [1 + gm2(RE||rx2)]ro2 + RE||rx2- (9.15)
It follows from (9.7) that
Rout X gm1TO1 (RoutA | |7'7r1)- (916)

We wish this value to be twice that given by (9.7):

Routal||rz1 = 2(roz||ra1)- (9.17)
That s,
2roory1
Routa = — 271, (9.18)
Tr1 —TO2

In practice,, is typicallylessthanros, and no positive value aR,,; 4 exists! In other words,
it is impossible to double the output impedance of the cascode by emitter degeneration.
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Exercise
Is there a solution if the output impedance must increase by a factor of 1.5?

What does the above result mean? Comparing the output resistances obtained in Examples
9.1 and 9.2, we recognize that even identical transistors yield,gn(= 328.9 k) that is not
far from the upper bound< 500 k). More specifically, the ratio of (9.7) and (9.12) is equal to
ro2/(roz + rr1), a value greater than 0.51if > r,1.

For completeness, Fig. 9.5 showsrg cascode, wher€); serves as the cascode device and
()» as the degeneration device. The output impedance is given by (9.5).

Vee
Vb2 Q>
V1 Q1

te

out

Figure 9.5 PNP cascode current source.

While we have arrived at the cascode as an extreme case of emitter degeneration, it is also
possible to view the evolution as illustrated in Fig. 9.6. That is, sipgerovides only an output
impedance of oo, we “stack”@); on top of itto raiseR,,;.

{Rout & 9m1 Fo1 (Fozllrm)

{ Rout =roo I:> Vb1 Q1

Figure 9.6 Evolution of cascode topology viewed as stackipgatop@-.

m@ O o ——
xplain why the topologies depicted in Fig. 9.7 a cascodes.

{ Rout ; Rout Vee Vee
Vbl QZ L”rOZ
Vo1 Q1 > Vi Q1 X => Im2
X gin roz Vo2 Q: Via Q
Vb2 Q2 = m2 t t
= R R
(@

out out
(b)
Figure 9.7
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Unlike the cascode of Fig. 9.2(a), the circuits of Fig. 9.7 connect the emitt@r td theemitter

of ()2. Transistor@, now operates as a diode-connected device (rather than a current source),
thereby presenting an impedance(dfg...2)||ro= (rather thamp.) at nodeX. Given by (9.1),

the output impedance, .., is therefore considerably lower:

Rowt =

1 1
1+ gm1 (g—||7“02||7'771>:| roi + g—||7“02||7'771. (919)

m2 m2

In fact, sincel /g2 < ro2, 71 @and SiNCeym1 & gm2 (Why?),

. 1
Ryut = (1 + %) roi + — (9.20)

m2 m2

~ 27“01. (921)

The same observations apply to the topology of Fig. 9.7(b).

Exercise
Estimate the output impedance for a collector bias current of 1 mA/ang 8 V.

MOS Cascodes The similarity of Egs. (9.1) and (9.3) for degenerated stages suggests that
cascoding can also be realized with MOSFETSs so as to increase the outputimpedance of a current
source. lllustrated in Fig. 9.8, the idea is to replace the degeneration resistor with a MOS current

{ Rou ;Rout

Vi M
bl._l 1 |:> Vb._l M,

X
,
Voz 5 M, 02

Figure 9.8 MOS cascode current source and its equivalent.

source, thus presenting a small-signal resistaneg,offrom X to ground. Equation (9.3) can
now be written as

Rouwt = (1 + gmiro2)ron + o2 (9.22)
R gm1To1TO2, (9.23)

where it is assumeg,,1ro1702 > ro1, Tos.
Equation (9.23) is an extremely important result, implying that the output impedance is pro-
portional to the intrinsic gain of the cascode device.

mq O o —
esign an NMOS cascode for an output impedance of 30@&ikd a current of 0.5 mA. For
simplicity, assumeéV/; and M, in Fig. 9.8 are identical (they need not be). Assume&’,, =
100 pA/V? and\ = 0.1 V=1,
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We must determin&’/ L for both transistors such that
IdmiTo1To2 = 500 k€. (9.24)

Sincero; = ro2 = (Mp) ! = 20 kN, we require thay,,,; = (800 Q)~* and hence

w 1
2013, Cop —Ip = ———. 2
HnCoa-ID = 35579 (9.25)
It follows that
w
— =15.6. .2
T =156 (9.26)

We should also note that,17o1 = 25 > 1.

Exercise
What is the output resistancelif /L = 32?

Invoking the alternative view depicted in Fig. 9.6 for the MOS counterpart (Fig. 9.9), we

{Rout AN 9miloilo2

{Rouﬁfoz => VoM,

X
Vo2 =[5 M, Vo2 =[5 M,

Figure 9.9 MOS cascode viewed as stack/df, atop of M>.

recognize that stacking a MOSFET on top of a current source “boosts” the impedance by a factor
of gm2ro2 (the intrinsic gain of the cascode transistor). This observation reveals an interesting
point of contrast between bipolar and MOS cascodes: in the former, raisingventually leads
t0 Rout pip = Bror, whereas in the lattef, .t vos = gmiro1To2 increases with no bourfd.
This is because in MOS devicg$andr, are infinite (at low frequencies).

Figure 9.10 illustrates a PMOS cascode. The output resistance is given by (9.22).

mm 9.6
uring manufacturing, a large parasitic resist®g, has appeared in a cascode as shown in Fig.
9.11. Determine the output resistance.

We observe thak, is in parallel withro; . It is therefore possible to rewrite (9.23) as

Rout = dm1 (r01||Rp)7'02- (927)

4In reality, other second-order effects limit the output impedance of MOS cascodes.
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Voo
Vo2 | M,
X
Vor [ M,

te

out

Figure 9.10 PMOS cascode current source.

;Rout
My

Vo1 o Rp

Figure 9.11

If gm1(ro1]|Rp) is not much greater than unity, we return to the original equation, (9.22), sub-
stitutingro || R, for ros:

Rout = (14 gmiro2)(roil|Rp) + ro2. (9.28)

Exercise
What value ofR,, degrades the output impedance by a factor of two?

9.1.2 Cascode as an Amplifier

In addition to providing a high output impedance as a current source, the cascode topology can
also serve as a high-gain amplifier. In fact, the output impedance and the gain of amplifiers are
closely related.

For our study below, we need to understand the concept of the transconductance for circuits.
In Chapters 4 and 6, we defined the transconductanceafsistoras the change in the collector
or drain current divided by the change in the base-emitter or gate-source voltage. This concept
can be generalized to circuits as well. As illustrated in Fig. 9.12, the output voltage is set to zero

!out

Circuit
v. + 1_ ac
N\ = GND

Figure 9.12 Computation of transconductance for a circuit.

be shorting the output node to ground, and the “short-circuit transconductance” of the circuit is
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defined as

Gm = fout |vout:0- (929)

in

The transconductance signifies the “strength” of a circuit in converting the input voltage to a
current? Note the direction of,,; in Fig. 9.12.

alculate the transconductance of the CS stage shown in Fig. 9.13(a).

VDD

Vout

Vino_l My

@
Figure 9.13

As depicted in Fig. 9.13(b), we short the output node to ac ground and, noting thearries
no current (why?), write

Q,, = o (9.30)
Vin
S (9.31)
VG s1
= gm1- (932)

Thus, in this case, the transconductance of the circuit is equal to that of the transistor.

Exercise
How does,,, change if the width and bias current of the transistor are doubles?

Lemma The voltage gain of a linear circuit can be expressed as
Av = _GmRouty (933)

whereR,,; denotes the output resistance of the circuit (with the input voltage set to zero).
Proof We know that a linear circuit can be replaced with its Norton equivalent [Fig. 9.14(a)].
Norton’s theorem states that,; is obtained by shorting the output to groufd,; = 0) and

5While omitted for simplicity in Chapters 4 and 6, the conditign,; = 0 is also required for the transconductance
of transistors. That is, the collector or drain must by shorted to ac ground.
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VOUt VOUt

Figure 9.14 (a) Norton equivalent of a circuit, (b) computation of short-circuit output current .

computing the short-circuit current [Fig. 9.14(b)]. We also relagte to v;,, by the transconduc-
tance of the circuit(z,,, = i,ut/vin. Thus, in Fig. 9.14(a),

Vout = —loutRout (9.34)
= —GpVinRout (935)
and hence
Vout
o = —GmPRout- (9.36)
Example R
etermine the voltage gain of the common-emitter stage shown in Fig. 9.15(a).
Vee
l1 out
Vout
ac
Vin Q1 Vin Q1 T GND
(a) (b) (©)
Figure 9.15

To calculate the short-circuit transconductance of the circuit, we place an ac short from the output
to ground and find the current through it [Fig. 9.15(b)]. In this cagg,is simply equal to the
collector current of)1, g,1vin, i.€.,

G = 220 (9.37)

Vin

= Gm1.- (9.38)
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Note thatro does not carry a current in this test (why?). Next, we obtain the output resistance as
depicted in Fig. 9.15(c):

Ryt = X (9.39)
(5%
=To1- (940)
It follows that
Ay, = =G Rout (9.41)
= —gm1ToO1- (9.42)

Exercise
Suppose the transistor is degenerated by an emitter resistor eqial ithe transconductance
falls but the ouput resistance rises. Does the voltage gain increase or decrease?

The above lemma serves as an alternative method of gain calculation. It also indicates that the
voltage gain of a circuit can be increased by raisingahput impedanceas in cascodes.

Bipolar Cascode Amplifier Recall from Chapter 4 that to maximize the voltage gain of a
common-emitter stage, the collector load impedance must be maximized. In the limit, an ideal
current source serving as the load [Fig. 9.16(a)] yields a voltage gain of

Vee
Iy
Vout
Vb1 Q2
Vin Q1

@ (b)

Figure 9.16 (a) Flow of output current generated by a CE stage threggh (b) use of cascode to increase
the output impedance.

A, = —9m1TO1 (943)
Va

_ A 9.44

VT (0.49)

In this case, the small-signal curremt,; v;,,, produced by), flows throughro,, thus generating
an output voltage equal to g,,1v;,r01.

Now, suppose we stack a transistor on topgafas shown in Fig. 9.16(b). We know from
Section 9.1.1 that the circuit achieves a high output impedance and, from the above lemma, a
voltage gain higher than that of a CE stage.
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Let us determine the voltage gain of the bipolar cascode with the aid of the above lemma.
As shown in Fig. 9.17(a), the short-circuit transconductance is equal#;,. As a common-

I out !out

(b)

Figure 9.17 (a) Short-circuit output current of a cascode, (b) detailed view of (a).

emitter stage(); still produces a collector current 9f,1v;,,, which subsequently flows through
Q- and hence through the output short:

Lout = Im1Vin. (945)
That s,
G = Gt (9.46)

The reader may view (9.46) dubiously. After all, as shown in Fig. 9.17(b), the collector current
of ()1 must split betweenp; and the impedance seen looking into the emittefef We must
therefore verify that only a negligible fraction ¢f,;v;, is “lost” in ro;. Since the base and
collector voltages of), are equal, this transistor can be viewed as a diode-connected device
having an impedance dfl/g,2)||ro2. Dividing g,,1vi, between this impedance and,, we
have

. To1||T'r2
Lout = Im1Vin || a . (947)

1
ro1||rae + —||ro2
Im2

For typical transistors,/¢,,2 < ro2, ro1, and hence
Z'out X Im1Vin- (948)

That is, the approximatio,,, = g,,1 iS reasonable.
To obtain the overall voltage gain, we write from (9.33) and (9.5),

Av = _GmRout (949)
= —gm1 {[1 + gm2(ro1||r=2)]ro2 + ro1||r=2} (9.50)
R —Gmilgm2(roi||rx2)ro2 + ro1||rsz]. (9.51)

Also, since; and@- carry approximately equal bias currents,; ~ g2 andro; = ros:

Ay = —gm1ro1[gm1(ro1||ra2) + 1] (9.52)
—Gm1T019m1 (ro1]|T72)- (9.53)

X
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Compared to the simple CE stage of Fig. 9.16(a), the cascode amplifier exhibits a gain that is
higher by a factor ofy,,,1(ro1||r-2)—a relatively large value becausg; andr,» are much
greater tharl /g .

wa 9.9 P
e bipolar cascode of Fig. 9.16(b) is biased at a current of 1 mi&4 K= 5 V and 8 = 100 for
both transistors, determine the voltage gain. Assume the load is an ideal current source.

We haveg,,,; = (26 Q) 1, 7r1 & ra2 & 2600 Q, ro1 ~ ro2 = 5 kQ. Thus,
gm1(ro1||rz2) = 65.8 (9.54)
and from (9.53),
|A,| = 12,654. (9.55)

Cascoding thus raises the voltage gain by a factor of 65.8.

Exercise
What Early voltage gives a gain of 5,000?

Itis possible to view the cascode amplifier as a common-emitter stage followed by a common-
base stage. lllustrated in Fig. 9.18, the idea is to consider the cascode dkvias,a common-
base transistor that senses the small-signal current produagd. (yhis perspective may prove
useful in some cases.

Figure 9.18 Cascode amplifier as a cascade of a CE stage and a CB stage.

The high voltage gain of the cascode topology makes it attractive for many applications. But,
in the circuit of Fig. 9.16(b), the load is assumed to be an ideal current source. An actual current
source lowers the impedance seen at the output node and hence the voltage gain. For example,
the circuit illustrated in Fig. 9.19(a) suffers from a low gain becausepthecurrent source
introduces an impedance of onty; from the output node to ac ground, dropping the output
impedance to

Rout = ros|[{[1 + gm2(ro1||r=2)]roz + ro1||rx2} (9.56)

~ ro3||[gmaroz(ro1||rx2) + ro1||rx2]- (9.57)
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Vee
Vo3 Q4
Vee Vee
V,
Vb2 Q3 ros b2 QS
v v t R
out <_| out Rop
Vb1 Q2 E> Vb1 Q2 Rout Vs Qz{ o
Vin Q1 Vin Q1 Vin Q1
(@) (b)

Figure 9.19 (a) Cascode with a simple current-source load, (b) use of cascode in the load to raise the
voltage gain.

How should we realize the load current source to maintain a high gain? We know from Section
9.1.1 that cascoding also raises the output impedance of current sources, postulating that the
circuit of Fig. 9.5 is a good candidate and arriving at the stage depicted in Fig. 9.19(b). The output
impedance is now given by the parallel combination of those ofifheandpnp cascodesR,,,,
andR,,, respectively. Using (9.7), we have

Ron N gm2T02 (TOl | |Tﬂ'2) (958)
Rop X gm3Tros (T’o4||7“7r3). (959)

Note that, sincexpn andpnp devices may display different Early voltages; (= ro2) may not
be equal ta'os (= ro4) .

Recognizing that the short-circuit transconductaidgg, of the stage is still approximately
equal tog,,,1 (why?), we express the voltage gain as

Ay = —gm1 (Ron”Rop) (9.60)
~ —gm1 {[gmaroz(ror||r=2)||[[gmsros(roal|r=s)]} - (9.61)

This result represents the highest voltage gain that can be obtained in a cascode stage. For com-
parable values aoR,,, andR,,, this gain is about half of that expressed by (9.53).

!zﬁima 9.10
uppose the circuit of Example 9.9 incorporates a cascode load psmgansistors with
Va4 =4V andg = 50. What is the voltage gain?

The load transistors carry a collector current of approximately 1 mA. Thus,

Rop = gm3T0o3 (TO4 | |T7T3) (962)
— 151 kO (9.63)

and

Ron = 329 kQ. (9.64)
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It follows that

|Ay| = gm1 (Ronl|Rop) (9.65)
= 3,981 (9.66)

Compared to the ideal current source case, the gain has fallen by approximately a factor of 3
because thgnp devices suffer from a lower Early voltage afid

Exercise
Repeat the above example for a collector bias current of 0.5 mA.

It is important to take a step back and appreciate our analysis techniques. The cascode of
Fig. 9.19(b) proves quite formidable if we attempt to replace each transistor with its small-signal
model and solve the resulting circuit. Our gradual approach to constructing this stage reveals the
role of each device, allowing straightforward calculation of the output impedance. Moreover, the
lemma illustrated in Fig. 9.14 utilizes our knowledge of the output impedance to quickly provide
the voltage gain of the stage.

CMOS Cascode Amplifier ~ The foregoing analysis of the bipolar cascode amplifier can read-
ily be extended to the CMOS counterpart. Depicted in Fig. 9.20(a) with an ideal current-source

Voo
Voz —[E M,
Vb2 [ M,
Voo r
op
I R T Vout
Vout on 1
Vor L M, Vor [ M,
X X
Vino— M4 Vin°_II_E|-M1
(@ (b)

Figure 9.20 (a) MOS cascode amplifier, (b) realization of load by a PMOS cascode.

load, this stage also provides a short-circuit transconduct@pces g, if 1/gm2 < ro1. The
output resistance is given by (9.22), yielding a voltage gain of

Ay = —GmBRout (967)
~ —gm1[(1 + gmaroz2)ro1r + ro2] (9.68)
R —gmiTo19m2To2- (9.69)

In other words, compared to a simple common-source stage, the voltage gain has risen by a factor
of gmaro2 (the intrinsic gain of the cascode device). Sigcandr,, are infinite for MOS devices
(at low frequencies), we can also utilize (9.53) to arrive at (9.69). Note, however/thand
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M, need not exhibit equal transconductances or output resistances (their widths and lengths need
not be the same) even though they carry equal currents (why?).

As with the bipolar counterpart, the MOS cascode amplifier must incorporate a cascode
PMOS current source so as to maintain a high voltage gain. lllustrated in Fig. 9.20(b), the circuit
exhibits the following output impedance components:

Ron X Im2T02T01 (970)
Rop = gmsrosroa. (9.71)

The voltage gain is therefore equal to

Ay & —gmi[(gmaro2ron)||(gmsrosroas)]- (9.72)

mﬂ 9.1] ———————————————————————————

e cascode amplifier of Fig. 9.20(b) incorporates the following device parameters:
(W/L)12 = 30, (W/L)34 = 40, Ip; = --- = Ipy = 0.5 MA. If 4,,Cop = 100 pA/V?,
ppCoz = 50 pA/VZ A, =01V ! and), = 0.15 V1, determine the voltage gain.

With the particular choice of device parameters hgrg, = gm2, ro1 = 02, 9m3 = gma, and
ros = ros. We have

w
9m1,2 = 2/J/ncoz = ID1,2 (973)
L 1,2
= (577Q)"! (9.74)
and
gma,a = (T07 Q)71 (9.75)
Also,
= 1 (9.76)
roi2 = AnIpi2 '
=20k (9.77)
and
ro3,4 = 13.3 k2. (978)

Equations (9.70) and (9.71) thus respectively give

R,, ~ 693 k2 (9.79)
Rop ~ 250 k2 (9.80)

and
Ay, = _gml(Ron”Rop) (9.81)

—318. (9.82)

X
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Exercise
Explain why a lower bias current results in a higher output impedance in the above example.
Calculate the output impedance for a drain current of 0.25 mA.

9.2 Current Mirrors
9.2.1 Initial Thoughts

The biasing techniques studied for bipolar and MOS amplifiers in Chapters 4 and 6 prove inade-
quate for high-performance microelectronic circuits. For example, the bias current of CE and CS
stages is a function of the supply voltage—a serious issue because in practice, this voltage expe-
riences some variation. The rechargeable battery in a cellphone or laptop computer, for example,
gradually loses voltage as it is discharged, thereby mandating that the circuits operate properly
across aangeof supply voltages.

Another critical issue in biasing relates to ambient temperature variations. A cellphone must
maintain its performance at20°C in Finland and+-50°C in Saudi Arabia. To understand how
temperature affects the biasing, consider the bipolar current source shown in Fig. 9.21(a), where

Vee Voo
R R
1 Il 1 / 1
+ Ql + Ml
R, VBE R, Ves
(a) (b)

Figure 9.21 Impractical biasing of (a) bipolar and (b) MOS current sources.

Ry andR; divide Vo down to the required’z . That is, for a desired curret, we have

R,

L
2 Voo =Vrln - 9.83
R+ I cc T nls’ ( )

where the base current is neglected. But, what happens if the temperature varies? The left-hand
side remains constant if the resistors are made of the same material and hence vary by the
same percentage. The right-hand side, however, contains two temperature-dependent parameters:
Vr = kT/q andIs. Thus, even if the base-emitter voltage remains constant with temperature,
I, does not.

A similar situation arises in CMOS circuits. lllustrated in Fig. 9.21(b), a MOS current source
biased by means of a resistive divider suffers from dependentg grand temperature. Here,

we can write
1 W
[1 = iuncomf(VGS — VTH)2 (984)
1 w Ry 2
= —pupCop— | =————=Vpp -V . 9.85
L L(R1+R2 - TH> (9.85)
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Since both the mobility and the threshold voltage vary with temperafuie,not constant even
if Vas is.

In summary, the typical biasing schemes introduced in Chapters 4 and 6 fail to establish a
constant collector or drain current if the supply voltage or the ambient temperature are subject
to change. Fortunately, an elegant method of creating supply- and temperature-independent volt-
ages and currents exists and appears in almost all microelectronic systems. Called the “bandgap
reference circuit” and employing several tens of devices, this scheme is studied in more advanced
books [1].

The bandgap circuit by itself does not solve all of our problems! An integrated circuit may
incorporate hundreds of current sources, e.g., as the load impedance of CE or CS stages to achieve
a high gain. Unfortunately, the complexity of the bandgap prohibits its use for each current source
in a large integrated circuit.

Let us summarize our thoughts thus far. In order to avoid supply and temperature dependence,
a bandgap reference can provide a “golden current” while requiring a few tens of devices. We
must therefore seek a method of “copying” the golden current without duplicating the entire
bandgap circuitry. Current mirrors serve this purpose.

Figure 9.22 conceptually illustrates our goal here. The golden current generated by a bandgap
reference is “read” by the current mirror and a copy having the same characteristics as those of
Irgr is produced. For examplé,,,, = Irer Of 2IpEF.

Vee
)
REF + lons

Current Mirror

Figure 9.22 Concept of current mirror.

9.2.2 Bipolar Current Mirror

Since the current source generatifag,, in Fig. 9.22 must be implemented as a bipolar or MOS
transistor, we surmise that the current mirror resembles the topology shown in Fig. 9.23(a), where
()1 operates in the forward active region and the black box guarantggs= Irrr regardless

of temperature or transistor characteristics. (The MOS counterpart is similar.)

VC C VCC

I Rer

Q; i Current
i Mirror

QRerF Vi | Qrer

@ (b) (©

Figure 9.23 (a) Conceptual illustration of current copying, (b) voltage proportional to natural logarithm
of current, (c) bipolar current mirror.

How should the black box of Fig. 9.23(a) be realized? The black box generates an output
voltage,Vx (= Vig), such that), carries a current equal i

v
Isiexp V_); = IgEF, (9.86)
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where Early effect is neglected. Thus, the black box satisfies the following relationship:

I
Vx = Vpln “2EE (9.87)
Isy
We must therefore seek a circuit whose output voltage is proportional to the natural logarithm
of its input, i.e., the inverse function of bipolar transistor characteristics. Fortunately, a single
diode-connected device satisfies (9.87). Neglecting the base-current in Fig. 9.23(b), we have

I
Vi = Vpln —2EE (9.88)
S,REF

where Is rpr denotes the reverse saturation current)gfz . In other wordsV; = Vx if
IS,REF = Ig1, i.e., if QREF is identical tOQl.

Figure 9.23(c) consolidates our thoughts, displaying the current mirror circuitry. W@ say
“mirrors” or copies the current flowing througPrrr. For now, we neglect the base currents.
From one perspectivé) g g takes the natural logarithm dk g and(); takes the exponential
of Vx, thereby yieldingl..,, = Irrpr. From another perspective, sinGgr and @, have
equal base-emitter voltages, we can write

v
Irpr = Is REF €xp V—X (9.89)
T
Ieopy = Is1 exp V—X (9.90)
Vr
and hence
I
Icopy = %IREFa (991)
S,REF

which reduces td..,, = Irer if Qrer and@, are identical. This holds even thou§lk and
Is vary with temperature. Note th&i does vary with temperature but such tihay,,, does not.

!ma 9.12
n electrical engineering student who is excited by the concept of the current mirror constructs
the circuit but forgets to tie the base@f zr to its collector (Fig. 9.24). Explain what happens.

Vee
/ ?
Irer oy

QReF Q1

Figure 9.24

The circuit provides no path for the base currents of the transistors. More fundamentally, the
base-emitter voltage of the devices is not defined. The lack of the base currents translates to
Teopy = 0.
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Exercise
What is the region of operation 6fggr?

!ﬁmma 9.13

ealizing the mistake in the above circuit, the student makes the modification shown in Fig.
9.25, hoping that the battefyx provides the base currents and defines the base-emitter voltage
of Qrrr and@;. Explain what happens.

V,

Vee cc
I RerF I copy 2 I RerF I copy 2
QREF ol 7 Q1 QREF o7 T Q1
= I Vx = = Vx Vx I =

Figure 9.25

While @, now carries a finite current, the biasing@f is no different from that in Fig. 9.21;
ie.,

.
Leopy = Is1 exp V—’; (9.92)

which is a function of temperature Iy is constant. The student has forgotten that a diode-
connected device is necessary here to ensur&thaemains proportionaltn(Irgr/Is rEF)-

Exercise
Supposé’x is slightly greater than the necessary valigln(Irgr/Is,rer). In What region
does() g Operate?

We must now address two important questions. First, how do we make additional copies
of Irpr to feed different parts of an integrated circuit? Second, how do we obtain different
values for these copies, e.8lgrr, 5Irpr, €tc.? Considering the topology in Fig. 9.22(c), we
recognize that’x can serve as the base-emitter voltage of multiple transistors, thus arriving at
the circuit shown in Fig. 9.26(a). The circuitis often drawn as in Fig. 9.26(b) for simplicity. Here,
transistory); carries a currenk,,,, ;, given by

N
Teopy,j = Is,j exp V—;f (9.93)

which, along with (9.87), yields

Leopy,j = Ts Z’; Irpr. (9.94)



BR Wiley/RazaviFundamentals of Microelectronics[Razavi.cls v. 2006] June 30, 2007 at 13:42 439 (1)

Sec. 9.2 Current Mirrors 439
Vee
| / copyl / copy2 lcopy3
REF
OREF Q1 Q2 Q3

a)

(
Vee
l copy1 I copy2 lcopys I ReF { I copy = 3/RerF
Q2 Q3 Q:J QIZJ Q:J
Q
1 T W

() (c)

Figure 9.26 (a) Multiple copies of a reference current, (b) simplified drawing of (a), (c) combining output
currents to generate larger copies.

'l
m
g<
Y
.|IJ-‘_<_

The key point here is that multiple copiesfzr can be generated with minimal additional
complexity becausérgr and@Q rgr themselves need not be duplicated.

Equation (9.94) readily answers the second question as wédl;Ifoc the emitter area af ;)
is chosen to be timesIs rer (ox the emitter area d) rpr), thenleopy,; = nlrpr. We say the
copies are “scaled” with respectigr . Recall from Chapter 4 that this is equivalent to placing
n unit transistors in parallel. Figure 9.26(c) depicts an example wher€); are identical to
Qrer, providingl..,, = 3IrprF.

mm 0.
multistage amplifier incorporates two current sources of values 0.75 mA and 0.5 mA. Using a
bandgap reference current of 0.25 mA, design the required current sources. Neglect the effect of
the base current for now.

Figure 9.27 illustrates the circuit. Here, all transistors are identical to ensure proper scaling of

IrEF.
Vee

W e %

I RerF

QREF

Figure 9.27
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Exercise
Repeat the above example if the bandgap reference currentis 0.1 mA.

The use of multiple transistors in parallel provides an accurate means of scaling the reference
in current mirrors. But, how do we credi@ctionsof Igrgr? This is accomplished by realizing
Qrer itself as multiple parallel transistors. Exemplified by the circuit in Fig. 9.28, the idea is

VCC
I REE 0.25 mA /

QRrer1 Qrer2 OREF3

Figure 9.28 Copying a fraction of a reference current .

to begin with a largef’s g (= 3Is here) so that a unit transist@p,, can generate a smaller
current. Repeating the expressions in (9.89) and (9.90), we have

IREF = 3.[5 eXpV—X (995)
Vr
Teopy = Isexp ‘;_X (9.96)
T